Theory of Excitation Energy Transfer
in Pigment-Protein Complexes

DISSERTATION
zur Erlangung des akademischen Grades des
Doktors der Naturwissenschaften
(Dr. rer. nat.)

eingereicht am
Fachbereich Biologie, Chemie, Pharmazie

FREIE UNIVERSITAT BERLIN

vorgelegt von
Dipl.- Phys. Julian Adolphs
aus Dusseldorf

Marz 2008



1. Gutachter: Prof. Dr. Ernst-Walter Knapp, FU Berlin
2. Gutachter: Dr. habil. Volkhard May, HU Berlin

Disputation am 20.05.2008



Contents

1.1

1.2
1.3
1.4
15

2.1

2.2

3.1

3.2

3.3

Photosynthetic Pigment — Protein Complexes

Pigments . . . . . .. e e e
1.1.1 Electronic Structure . . . . . . . . . . e e e e
1.1.2 Inuence ofthe Environment. . . . . . . . .. .. ... .. .. . .ca....
Proteins . . . . . . . e e
The FMO Complex of Green Sulfur Bacteria . . . . . . . ... . ... ......
The Photosystem lof GreenPlants . . . . . . . . .. .. . .. . . cuu......
Excitation Energy Transfer Mechanisms . . . . .. .. ... ...............

Theory of Optical Spectra

Hamiltonian of Pigment-Protein-Complexes . . . . . . . .. o . . o o .
2.1.1 Linear Optical Spectra . . . . . . . . . . . . . . . e e
2.1.2 Lineshapefunction . . . .. . ... ... . . .. ... ...
2.1.3 Vibrational Sidebands . . . . . .. ... e
2.1.4 Franck-Condon Principle . . . . . . . . . . . ... . e
215 Frequency Shift. . . . . . . . . . . .. .. e
2.1.6 DifferentLevelsof Theory . . . . . . . . .. .. .. . .. . . ...
2.1.7 Relation of the Present to Earlier Theories . . . . . . ... ... ... ...
2.1.8 Excitationby aShortLaserPulse . .. ... ... ... ... . ........
2.1.9 Exciton Relaxation Dynamics . . . . . . . . . . . . ... . e
Theory of Excitonic Couplings in Dielectric Media

Calculation of Parameters

Spectral Density . . . . . . .. e
3.1.1 Spectral Density Extracted from Fluorescence Linedwang Spectra . . . . .
3.1.2 HighEnergyMode . . . . .. .. ... .. .. .. .. e
3.1.3 Spectral Density from Molecular Dynamics Simulation. . . . . . ... ...
Excitonic Couplings .. . . . . . . . . e e
3.2.1 Excitonic CouplinginVacuum . . . . . . .. .. .. ... ... .0
3.2.2 Dielectric Environment . . . . . . . ...
3.2.3 Test Case — Comparison with Results from Literature . .. . . . . . .. ...
3.2.4 Calculation ofthe Couplings . . . . . . ... .. . .. .. .. . ec... ..
3.25 Dipole Strength . . . . . . . . . e
3.2.6 Systematic Study of Couplings in Dielectric . . . . . .. ... ... .....
Calculation of Site Energies . . . . . . . . . . . . e e
3.3.1 Site Energies from Fit of Optical Spectra e e e e
3.3.2 Site Energies from StructuralData . . . . . ... ... ... ...

10
10
11
12
13

15
15
17
18
19
20
22
23
24
25
26
28

31
31
32
32
34
36
36
38
38
39
41
43
51
51



Application to FMO

4.1 Couplings
4.1.1 Couplings Calculated with Point Dipoles and Traasifiionopoles
4.1.2 Couplings Calculated with TrEspCharges . . . . . . . . ... ... .. ..

4.1.3 Comparison of TM and TrEsp Couplings

4.1.4

DISCUSSION . . . . . . . . e e e
4.2 Site Energies

4.2.1 Site Energies from Fit of Optical Spectra e e e
Electrochromic Site Energy Shifts . . . . ... ... ... ..

4.2.2

4.3 Exciton Relaxation
Delocalization of Excitons . . . . . . .. .. ... ... ...

4.3.1

4.3.2 Spectral Density and Exciton Relaxation

4.3.3
4.3.4

4.4 Discussion
4.5 Molecular Dynamics Simulations

Exciton Relaxation after Excitation by a Short Pulse ......

Exciton Relaxation Perpendicular to the Trimer Plane

Application to Photosystem |

5.1 Couplings
5.1.1 Summary
5.2 Site Energies

5.2.1
5.2.2
5.2.3
524
5.2.5
5.2.6

Summary

Reaction Center Site Energies from Fit of Optical 8pec

Electrochromic Site Energy Shifts . . . . . . ... ... ...

Fit of RC Site Energies with Boundary Conditions

Delocalization of Excitons . . . . .. .. ... ... .....
Localization of the TripletState . . . . .. ... ... ....
Linear Optical Spectraof PSI . . . . . ... ... ... ...
5.3 Discussion

Zusammenfassung

CONTENTS



Introduction

The main challenge of the 21st century is the solution of thdds energy problem. Amazingly in every
hour more solar energy hits the surface of the earth, thahuhman population of the earth consumes in
one year. The direct conversion from light energy to eleanergy (photovoltaics) unfortunately has a
relatively low energy ef ciency (6 % to 18 %), and the comventl solar cells are relatively expensive
due to the high production effort. A cheaper alternativehi® silicon photovoltaics might be organic
solar cells in the future. The process with nearly 100 % quangf ciency’ is the approach used by
plants, bacteria and algae. Although it still might be a levay to a technical adaptation of photosyn-
thesig, it is a fascinating process, created and optimized by #eolwver more than 2 billion years.
In photosynthesis energy from the sunlight is converted to

chemical energy (Fig 1). The photons of the sunlight are

absorbed by so-called antenna pigments (chlorophylls, bac ~
teriochlorophylls and carotenoids) and the excitation en- un \ ,
ergy is transferred to the photosynthetic reaction center, ‘

where transmembrane charge transfer reactions are driven. hv ’ @0
In the oxygenic photosynthesis water is used as an electron /:O
source and the electron transfer is accompanied by proton ; 2
gradients, which drive the production of ATP (Adenosine ‘ o
triphosphate), the universal energy currency, from ADP 0, ; — @0

(Adenosine diphosphate). In this way light energy is con-

verted to chemical energy. As a by-product of the water-

ssion, oxygen is released, which forms a basis of our life.

The oxygenic photosynthesis is performed by higher plants, T CeH1206
H,O

algae and cyanobacteria. The water splitting of oxygenic (Glucose)
photosynthesis requires a relatively high redox potential

which is achieved with two reaction centers connected in ‘ "’Q

series. These two reaction centers are called photosystem | ’&&

and Il (PSI and PSII). Both photosystems receive energy
from antenna pigments or from direct optical excitation.
PSIl is the rst one in the serial connection and it is the
water splitting part while PSl is the second part and the one
where the proton gradient drives the NADP+ to NADPH synthedihe well known overall reaction
scheme for the oxygenic photosynthesis reads:

Figure 1:Cartoon of photosynthesis.

6 CO,+12 H,O !h CgH1205+6 O D)

whereh is the energy of a photon with frequencyandh is Planck's constant an@g H12 Og is the

1The quantum ef ciency is the fraction of absorbed photorat #ngage in photochemistry. The energy ef ciency is a
measure of how much energy in the absorbed photons is sterglteanical products. In photosynthesis about a fourth of the
energy of each photon is stored, hence the energy ef ciemayaund 25 % [1]. .

21 1&; phos = light; " &; s ynthesis = composition.
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chemical formula for glucose. Another, in the sense of dimiuolder process, is the anoxygenic pho-
tosynthesis, performed by anaerobic bacteria, such as grefer bacteria. In contrast to the organisms
performing oxygenic photosynthesis, they have only oneti@a center. It is called bacterial reaction
center (bRC) and is structurally similar to PSI. It is ablekdize hydrogen sul deil,S) and similar
compounds. Its overall reaction scheme reads:

CO,+2 H,S " CH,0 +2S+ H,0 )

whereCH-O0 is the chemical formula of formaldehyde. Although the olleseheme of the primary
photosynthetic reaction is well understood, the molecuiachanisms are still unclear in many cases. A
combined approach by high-resolution structure detertiinaoptical spectroscopy and theory is nec-
essary to understand the building principles of photostittsystems and how function and structure of
these nano-machines are related. This progress waseditigtthe rst high-resolution X-ray structure
(2.8 A) determination of a photosynthetic pigment-proteamplex by Fenna and Matthews in 1975 [2].
In 1988 the Nobel Prize in chemistry was awarded to Deisarhbluber and Michel for the determina-
tion of the rst three-dimensional structure of a photosatic reaction center [3], namely the reaction
center of the purpur bacterRhodopseudomonas viridiwhich performs anoxygenic photosynthesis.

3The ability to convert light energy into chemical energy ibuge advantage in evolution. Photosynthesis came up very
early in the history of life on earth, which began around 3lkolb years ago. Oxygenic photosynthesis arose appraeip2
billion years ago, as geological evidence suggests. Areniggphotosynthesis came up even earlier.



Chapter 1

Photosynthetic Pigment — Protein
Complexes

The rst step of photosynthesis is the capture of
light by a grid of protein bound pigments. The
pigment-protein complexes are therefore term
light-harvesting complexes or antenna complexes.

In 1932 Emerson and Arnold [4] estimated
from experiments investigating the oxygen pro-
duction ef ciency of algae that only a tiny frac-
tional amount (less than 0.05 %) of the pigments
contributes directly to the photochemical reac-
tions. Antenna pigments transfer excitation en-
ergy with high quantum yield to the reaction ce
ters, where it is used to drive charge transfer ¢
more generally, to drive chemical reactions, whig
store the light energy in chemical form. To cha
nel the excitation energy ow in a de ned direc-_. ) )
. C . .Figure 1.1:Antennas collect signal of low density and
tion, there has to be an energetic sink, i.e., P95 hcentrate it on a central acceptor
ments in the target region must have lower absorp- '
tion energies than the initially excited pigments.

Unfortunately, the idea of energy transfer in analogy ofewatwing downhill is too simple. A precon-
dition for energy transfer is the existence of excitonicmgs, due to Coulomb interactions, between
local excited states. These couplings cause the excitesssththe pigment-protein complex to be de-
localized, i.e., the exciton state wave function contaiostiibutions of a number of pigments of the
complex. Adjusted energy transport follows from energeglexation, transferring population between
exciton states of different spatial extends. Because ther ldepends crucially on excitonic couplings
and local transition energies, also the excitation enaysfer of the light harvesting system depends
on them.

The pioneering work of biochemists and crystallographexrs esulted in high resolution crystal
structure data of membrane proteins of astonishing sizeitong some ten thousands of atoms. Among
the largest pigment-protein complexes are those of phstesy| [5] and photosystem 1l [6, 7]. These
structures open the way for an understanding of the molemaghanisms of complex reaction schemes
like light-harvesting and primary charge separation intplgnthesis. A challenging question that should
eventually be answered with these structures is how pmtinceed in functionalizing the same type of
cofactor in different ways. Whereas chlorophylls act abtligarvesting pigments in the antennae, they
perform charge transfer in the reaction center. Cleartyjriter-pigment distances are important, but also
the tuning of the optical and electrochemical propertiethefpigments by their protein environments.
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{ 4 Phytol chain

g

’\,\ O Charge

Separation I N

Figure 1.2: (Lef) Cartoon of excitation energy transfer: Initially excitat event and the subsequent energy
transfer to the reaction center, where the charge sepataties place.Righf) Sketch of a BCd molecule (the
phytyl chain is truncated at the marked position in the gui@olor code: Magnesiumgreen Oxygenred, Carbon
grey, Nitrogenblue The four Nitrogen atoms are labeled according to the stahalamenclature.

The underlying molecular mechanisms are far from being rgtded, even for small proteins. For
the latter, there is a chance to obtain the relevant infdonmadbout the local optical properties (site
energies) of cofactors by a t of optical spectra. These teypde a critical test for any method that
uses a direct calculation based on the structural data. Aor@nt system in this respect is the FMO
protein [8, 9] which acts as a mediator of excitation energyMeen the outer antenna system, i. e., the
chlorosomes [10], and the reaction center complex [11].

1.1 Pigments

The most important photosynthetic pigments are chlord@hyChla), occurring in green plants, oxygen
producing algae and cyanobacteria, and bacteriochloioph{BChla), occurring in anaerobic bacteria.
The name chlorophyll is derived from Greeshloros= green andghyllon = leaf. Chh absorbs most
strongly in the blue and red, but poorly in the green part efgélectromagnetic spectrum. This is the
origin of the green color of chlorophyll containing tissuiég plant leaves.

(Bacterio)chlorophyll is a chlorin pigment, which is sttui@lly similar to other porphyrin pigments
such as heme, appearing for instance in hemoglobin, theemxirgnsporting metallo-protein in red
blood cells. In the case of Chl/BChl, at the center of the hldng a magnesium ion is located (Fig
1.2,right), in contrast to an iron ion in the case of heme. The chlorig dan have several different side
chains, usually including a long phytythain.

There are a few different forms that occur naturally: in ad/gen producing organisms Ghlis
present, furthermore Chlin higher plants and green algae, €l various algae [12] and Citlin
Acaryochloris maring13].

BChla is present in most anoxygenic bacteria, B&Chi purple bacteria, BChlandd in green
bacteria, BCh in brown bacteria and BCglin heliobacteria [12]. These pigments absorb at different
energies to increase the absorption cross section andntodorenergy funnel for the transition energy
from the antenna pigments towards the reaction center.t€als contribute to the stability of pigment-
protein complexes, are also able to act as photo protectoguenching of chlorophyll triplet states,
i.e., they prevent formation of destructive singlet oxygand participate in light harvesting [14, 15].
Bacteriochlorophyll and chlorophyll pigmenits vivo are protein bound. Depending on their function,

IPhytyl is a natural linear diterpene alcohol. It is an oitydid that is nearly insoluble in water, but soluble in mostastic
solvents. Its chemical formula 820 H 40 O.
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their optical spectra can differ substantially from tho§éhe isolated molecules in solution.

The reaction center, where the charge separation takes, ptacomposed either of Ghl (higher
plants, algae, cyanobacteria) or B&h{anoxygenic bacteria). However, the major part of Chis/BCh
(more than 99.5 %) acts as light absorbing antennas, furgnelicitation energy to the reaction center.
The antenna pigments serve to increase the absorptionsgoisn of the RC.

1.1.1 Electronic Structure

Chlorophyll a Bacteriochlorophyll a

phytyl chain phytyl chain

Figure 1.3: Chlorophylla (left) and Bacteriochlorophytk (right). The gray areas mark the cyclicelectron
system. The ellipses mark the positions whereaCitid BChé differ. Figure (except ellipses) from Hanson [16].

The optical properties of pigments are determined by theneldd conjugated-electron systems
of the tetrapyrrolé ring system. The strong optical transitions of Chl and BQkl due to !
transitions.

According to the four-orbital model of Gouterman [17] thetiogl transitions of Chls/BChls arise
from linear combinations of one electron promotions betwie two highest occupied (HOMO-1 and
HOMO) and the two lowest unoccupied (LUMO and LUMO+1)molecular orbitals. Gouterman ex-
plained the orthogonally polarized Q-bandg (31) and Q (S;) of the optical spectra as subtractive
combination of the one electron promotion, while an additombination de nes the high energetic
Soret band. The electronic-system of Chls/BChlis can be thought as a disturbed idaalpygtrole -
system. The destabilization of thesystem arises from the saturation of pyrrol rings (ring & €hl,
and rings Il and IV in the case of BChls). By this saturatiomithitial degeneracy of the two one-electron
promotions is destroyed, and a gain of oscillator strenfthe subtractive combination at the expense
of the additive is induced. Actually the observeg-t@ansition of BChl is stronger than that of éhl
Furthermore, the four orbital model is also capable to emlze red shift of the Qtransition. With the
help of quantum chemical calculations [16] it was possibleerify Gouterman's model, also for triplet
states, which arise (according to Gouterman) from HOMQ@UMO transitions. For CHd, the energy
of the rst triplet stateT is below the lowest excited singlet,(31) -state.

Tetrapyrroles are compounds containing four pyrrole rin@yrrole is an aromatic organic compound, arranged in a
pentagon with the chemical formu@HsN .

®In Knox & Spring [18] the following vacuum dipole strengthE@y transitions in Chl/BChl were determined. B@hl
37.1 ¥, Chla: 21.0 7, Chib: 14.7 .
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Vacuum Transition Energy Site Energy
Vacuum W
n. J

Pigment Protein

E AE1
@ AEo T Eio— AE1 + AEo

Figure 1.4:The vacuum transition energy of a pigment is changed by tba jorotein environment to its local
transition energydite energy.

1.1.2 In uence of the Environment

Pigments that are located in pigment protein complexes bhifeed transition energies. These shifts
have two origins: (i) the Coulomb interaction between pigtseand (i) the interaction with the protein

surrounding. The change in transition energy caused by théoGb interactions between transition

densities of the pigments is termed excitonic shift. Toead#htiate these excitonic shifts from shifts
induced by the individual protein surrounding, the tesite energiess introduced. The site energies

are the transition energies of pigments in their local pnoggvironment, assuming vanishing excitonic
couplings. Site energies can not directly be measuredusedhae excitonic couplings cannot be turned
off during the measurement. The site energies are sensiticearged amino acid groups, hydrogen
bonds, Mg-ligation and deformation of the pigment macrégyc

1.2 Proteins

The word protein originates from the Greek! o0& (protog, which meansof primary importance
These molecules were rst described and entitled by the $&hliethemist Jons Jakob Berzelius in 1838.
However, the central role of proteins in organisms was nibf acknowledged until 1926, when James
B. Sumner showed that the enzynmeasewas a protein [19]. The rst protein sequence was determined
for insulin, by Frederick Sanger, who achieved the Chemistry NobekRnZ958 for his work on the
structure of proteins, especially that of insulin. The pbtein structures were determined in 1958 for
hemoglobin by Max Perutz [20] and myoglobin by Sir John Cowdéendrew [21], by X-ray diffraction
analysis. To both scientists the 1962 Nobel Prize in Cheyngas awarded for these investigations.
Proteins are large organic compounds composed of amine.aldie amino acids form linear chains
and are connected by peptide bonds between the carboxyhaind groups of neighboring amino acid
residues. The amino acid sequence of a protein is deterntipexrigene and encoded in the genetic
code. Although the genetic code speci es only 20 naturalnanaicids, a large variety of proteins with
many speci ¢ functions appear in nature. A still unsolvedigem is the prediction of protein structures,
based on the protein sequence. Reliable structure pauistould be extremely bene cial, because the
determination of the sequence is relatively easy, whilectiistallization, which is a precondition for the
X-ray structure analysis, is a very dif cult and time consamprocess, as well as the X-ray analysis.
For small proteins molecular dynamics is a suitable andessfal structure prediction method, for large
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proteins due to calculation effort, other methods like akoetworks have to be enhanced.

In photosynthetic antennas, pigments are attached to tieipyrwhich often has been called a scaf-
fold which holds the pigments in a proper position. But thet@in part of pigment protein complexes is
much more than only a static scaffold, it also accepts theesprzergy that is dispensed during excitation
relaxation and its fast dynamics (in comparison to typigatical transition times) is important for the
energy transfer through the antenna pigments towards Hutioa center. The slow dynamics of the
protein causes static disorder of the site energies: thesirgies uctuate slowly (compared to the op-
tical transition times) around their mean value, hence lis®gtion lines are broadened. Such a thermal
broadening can typically be described by a Gaussian disiwito function and is termed inhomogeneous
line width.

1.3 The FMO Complex of Green Sulfur Bacteria

Figure 1.5:(Left) Sketch of the FMO trimer, the symmetry axis is perpendictdahe paper plane.Gente)
FMO trimer with the symmetry axis in the paper plane. One nmogiois highlighted and numbered according to
Fenna & Matthews [2].Righf) Sketch of the mutual arrangement of the FMO complex anddhetion center, as
obtained from an electron-microscopic study [11, 22]. THerdgation of the FMO complex is the same as in the
Center

The Fenna-Matthews-Olson (FMO) protein, is a water solgbimplex and was the rst pigment-
protein complex that could be crystallized and analyzed byayspectroscopy in 1975 by Fenna &
Matthews [2]. Meanwhile the resolution of the electron dignmeap has been re ned to 1.9 A by Tronrud
et al. [23] for the FMO complex oProsthecochloris aestuarind to 2.2 A for the structure @hloro-
bium tepidunby Li et al.[24]. The structure of the FMO complex has a 3-fold rotati@ymmetry, i.e.,
it is a trimer (Fig 1.5Jeft). Each of the three monomers contains seven BGhblecules, as shown in
Fig 1.5 cente). The BCha molecules are bound to the protein by ligation of their cntragnesium
atom to histidine, leucine or water bridged oxygen atomse difiginal numbering (Fig 1.5ente) of
the BChls, chosen by Fenna & Matthews, is used throughositvthik. The FMO complex appears in
green sulfur bacteria and mediates the transfers of eixcitanergy between the chlorosorfieshich
are the main light-harvesting antennae of green sulfurdb@ctand the membrane-embedded bacterial
reaction center (Fig 1.5i¢ght) and Fig 1.6). This energy transfer from the antennas tod&etion center
is controlled by the protein with systematic changes of dwall optical transition energies (site ener-
gies) of the pigments. The determination of these site é&a®rgas a problem with partly contradictory
solutions for about 30 years.

The FMO-complex of green sulfur bacteria represents an itappmodel protein for the study of
elementary pigment-protein couplings, because it is orthesimplest antenna protein complexes, ap-

“Large photosynthetic antenna complex found in green sblfisteria. They are ellipsoidal bodies, their length is acbu
100 to 200 nm, width of 50 to 100 nm and height of 15 to 30 nm. Tdmeymostly composed of BCht,(d, or €) with small
amounts of carotenoids and quinones surrounded by a gijédtmonolayer.
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Figure 1.6:Schematic representation of the location of the FMO prdtethe photosynthetic apparatus of green
sulfur bacteria according to the most recent models [10,Ri§lure created by Frank Miih [26].

pearing in nature. Furthermore the resolution of 1.9 A [83hie highest resolution achieved so far for a
pigment-protein complex, and there are many spectrosagiaavailable from various experiments.

Methods developed on the relatively simple FMO protein lapplied to more complex systems,
like photosystem 1.

1.4 The Photosystem | of Green Plants

Figure 1.7:(Lefi) Sketch of the monomeric PSI complex 8f elongatussight nearly parallel to the thylakoid
membrane, in grey the protein is shown while the six core derpigments are coloredCente) Details of the
six core complex pigmentsR{gh?) Spatial arrangement of all 96 pigments of one monomericip§l

The conversion from light energy to chemical energy in @agreen algae and cyanobacteria is
driven by two cooperating large pigment protein complexesnely photosystem | and II, which are
both located in the thylakoid membrane, Fig 1.8.

The concept of the existence of two photosystems came ugilath 1950s to explain the so-called
Emerson-Effect [27]: If single-cell algae or isolated cblglasts are en-lighted by monochromatic light
of either 680 or 700 nm, the sum of the two resulting photdsstit rates (@ production) is signi cantly
smaller than the resulting rate if both monochromatic Bgdre switched on at the same time. This result
can be explained by assuming two photosystems with reacéinters absorbing at speci ¢ wavelengths.
Only if both systems work to full capacity, the maximum preytiathetic rate can be reached. If the
system is en-lighted solely at either 680 or 700 nm, holdupeérelectron transport chain results and the
photosystem cannot work optimal.

The reason for the nanghotosystem (PSI) is due to the fact that PSI was discovered earlier than
PSII, it doesnot re ect the order of the electron ux. The main steps of the rcheal energy storage are
carried out by four protein complexes: PSII, cytochropgle, PSI and ATP synthase. These membrane
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Figure 1.8:The electron and proton transfer in the thylakoid membramairied out vectorially by four protein
complexes. Water is oxidized and protons are released ituthen by PSlI. PSI reduces NADRo NADPH in
the stroma, by the action of ferredoxin (Fd) and the avopnotferredoxin-NADP reductase (FNR). Protons are
also transported into the lumen by the action of the cytati@iaf complex and contribute to the electrochemical
proton gradient. These protons diffuse to the ATP synthasgme, where their diffusion down the electrochemical
potential gradient is used to synthesize ATP in the stromaduRed plastoquinone (P@QHand plastocyanin
transfer electrons to cytochrorbgf and to PSI, respectively. Dashed lines: electron tranSielid lines: proton
movement. Figure from the bodKant Physiology1].

complexes are ariented in the thylakoid membrane as showigit.8 and function as described in the
following (see also Fig 1.9):

PSII oxidizes water to ®in the lumen and delivers protons into the lumen.

Cytochromebsf grasps electrons from PSIl and releases them to PSI. Addityp it conveys
protons from stroma into lumen.

PSIreduces NADPto NADPH in the stroma with the help of ferredoxin (Fd) and tneprotein
ferredoxin-NADP reductase (FNR).

ATP synthase generates ATP while protons diffuse back girdtfrom the lumen into the stroma.

The PSI referred to throughout this work is the recently metieed 2.5 A structure of the thermophilic
cyanobacteriunSynechococcus elongafuetermined in 2001 by Jordat al. [5] in cooperation of the
Freie Universitat BerlinandTechnische Universitat Berlin

The PSI protein exists as a trimer and has a relative moleocwass of3 356 kDa. For the 96
chlorophylls, position and orientation of the chlorophlgtad groups were determined, leading to the
mapping of the orientation of the,Qand Q transition dipole moments.

1.5 Excitation Energy Transfer Mechanisms

In a simple excitation energy transfer reaction an eleatrercitation is transfered between two pig-
ments. In the initial statpAi = jAexBgd pigment A is excited and pigment B is in its ground state.
In the nal statejBi = jAg Bexi the excitation was transferred from pigment A to pigment Bere

are two possible mechanisms for this radiationless eimitdtansfer: Forster-transfer [28] (Fig 1.10,
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Figure 1.9: Simpli ed Z-schemeof photosynthesis. Red light absorption by photosysteniP8I{) produces

a strong oxidant and a weak reductant. Far-red light abisorjply PSI produces a weak oxidant and a strong
reductant. The strong oxidant generated by PSII oxidizaemnvthe strong reductant produced by PSI reduces
NADP* . This scheme is basic to an understanding of photosynthisatron transport. P680 and P700 refer

to the (maximum) absorption wavelength (nm) of the reactienter chlorophylls in PSII and PSI, respectively.

Figure from the boolPlant Physiology1].

t=0 t>0

A B A B d
— ~O— —O— s,
T VAB

o O —O— ¥ s,
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Excitation Forster-Transfer Dexter-Transfer

Figure 1.10:The two excitonic coupling mechanisms (Forster and Dextex)llustrated. At time = 0 (left) an
excitation occurs, at time> 0 either Forster transfecénte)) or, Dexter transferr{ght) takes place.

cente) where the energy is transfered by Coulomb coupling betwieetransition densities of pigment
A and pigment B and Dexter-transfer [29] (Fig 1.1i@ght), where two electrons are exchanged between
A and B. If the distance between the pigments is much largar their extensions, only Forster transfer
takes place and contributions from Dexter transfer areigibtg, since the latter relies on wavefunction
overlap and therefore depends exponentially on distangepigments in close proximity, for example
in the special pair, Dexter couplings need to be includedkpbein experimental results.



Chapter 2

Theory of Optical Spectra

Since atom coordinates of pigment-protein complexes aadadle from high-resolution X-ray spec-
troscopy (see chapténtroduction) it is possible to calculate structure based optical speend to
compare them with measured optical spectra. A realistiorihkas to describe two quantities: The cou-
pling between pigments (pigment-pigment coupling, Fig ft) and the coupling between each pig-
ment and the protein (pigment-protein coupling, Fig 2ight). Unfortunately both coupling strengths
are in the same range, which is a challenge for theory. Irdstantheories one uses perturbation the-
ory for one of the two types of couplings, resulting in Forgteeory of excitation energy transfer and
Kubo/Lax theory of optical spectra in the case of weak ipigment couplings and Red eld theory for
transfer and spectra for strong pigment-pigment couplirige present theory of optical spectra (Renger
& Marcus [30]) includes both, the pigment-pigment and thgnpent-protein coupling beyond perturba-
tion theory. Roughly speaking, the peak positions of opticas are determined by the pigment-pigment
coupling and the lineshape is determined by the pigmertepraoupling, including lifetime broadening
and vibrational sidebands.

2.1 Hamiltonian of Pigment-Protein-Complexes

The theory is based on a standard Hamiltortian for the pigment protein complex, that describes the
pigments as coupled two-level systems interacting withatibnal degrees of freedom of the pigments
and the protein,

H =H +H +H (2.1)
Pigment-Pigment Coupling Pigment-Protein Coupling
o >
>
m ) ﬁll/l chlj
— . : QX
Local States Exciton States L >

Figure 2.1:(Leff) Pigment-pigment coupling leads to delocalized excitatest Righf) Pigment-protein coupling
leads to lifetime broadening and vibrational side bandhéndptical spectra.
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The exciton part X X

H = Emjmihmj + Vnn jmihnj (2.2)

m mén
contains the site energi&s, of the pigments, de ned as the optical transition energi¢gbeaequilibrium

position of nuclei in the electronic ground state, and thatation energy transfer couplingé,. (see
section 3.2).

The HamiltoniarH describes the modulation of site energies by the vibratidrigear depen-
dence of the site energies on the (dimensionless) vib@timoordinateQ is assumed, which is de ned

in terms of creation and annihilation operators of vibnagioquantaQ = CY+ C [30,31]
X X )
H = ~ g’ Q jmihmj: (2.3)

m

The dimensionless coupling constagfg]) = g enter the spectral densii(! ) of the exciton vibra-
tional coupling X

J)=  F¢ 1) (2.4)

which is the key quantity in the expressions for optical s@eand the rate constants for exciton relax-
ation discussed below.(! ) is assumed independent on the site inaex.e., the same local modulation
of site energies by the vibrational dynamics is assumed.

The vibrations are described by an Hamiltonkn of harmonic oscillators

X
H = 'TQ2+T ; (2.5)

whereT s the kinetic energy of nuclei.
The coupling between the pigment-protein complex and agereat radiation eld is described by

the semiclassical Hamiltonigs , which reads in rotating wave approximation
X .
H = ~meE (e ' YjmihQj + h.c.; (2.6)
m

where~, is the molecular transition dipole moment of tieéh pigment,e the polarization of the eld,
and h.c. the hermitian conjugate. The eld may be eitheimtaty, i.e.E (t) = E or time-dependent.
In the latter case a Gaussian shapeHo(t) is assumed

E _
E ()= 9—2_0 e V@9, @2.7)
p

where the full width at half maximum (fwhm) & (t) is 2 pp 2In2.
For the calculations of optical spectra and exciton relarathe above HamiltoniaH +H

is expressed in terms oflgelocalized exciton stgltes, which are given as linear combinations of local-
ized excited statgdl i = cﬁqM )jmi , Wh(—:‘rejc%]'\/| )jz describes the probability that tineth pigment is
excited when the PPC is in tihd th exciton state. The exciton coef ciemé]m and excitation energies
Ev are obtained from the solution of the eigenvalue problemjMi = By jMi, with theH of Eq
2.2. The HamiltoniaH in Eq 2.2, simpli es in the basis of delocalized exciton etato:

X

H = "mIiMihM j: (2.8)
M
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P
The HamiltoniarH in Eq 2.3, in the basis of delocalized exciton states, ugimg= cmM )jM i
becomes X X
H = ~l g (M;N)Q jMihNj (2.9)
M;N
with the exciton vibrational coupling constant
X
g(M;N)= g™ (2.10)

m

that contains now diagonaM = N) as well as off-diagonalM 6 N) parts. The former give rise to
vibrational sidebands of exciton transitions in opticaé&pa and the latter lead to relaxation between

different exciton states. The coupling to the radiatiord El in Eq 2.6 now reads
X .
H = ~v eE (t)e ' jMihQj + h.c; (2.11)
M

where the transition dipole momentg;, of the delocalized exciton states are obtained from thd loca
(M)

transition dipole moments,, and the exciton coef cientsy, ’ as
X (M)
~M = Chn '~m: (2.12)
m

The above Hamiltonians lead to the expressions for lineacaspectra, exciton state occupation prob-
abilities, created by a short pulse, and rate constantsaitbexrelaxation, described in the following.

Delocalization of Excitons

The delocalization of excitons is investigated by the disoraveraged exciton states pigment distribution
functiondn, (! ) that describes the contribution of a given pigmemto the different exciton states [32]
* +
X
dm (1) = Vi ) (2.13)
M dis

The functiondy, (! ) for theN pigments of a pigment protein complex can be compared wildénsity
of exciton states

du(')=h( wm)igs: (2.14)
h i denotes an average over static disorder in site energieausggn distribution function of width
(fwhm) is assumed for these energies, and the disorder average€asnped by a Monte Carlo

method.

2.1.1 Linear Optical Spectra

The linear absorption (! ) is obtained from the Fourier-Laplace transform of the dipdipole correla-
tion functionD (t) [33,34], i. e., Z,

(1)/< dte" D(t); (2.15)
0

whereD (t) = P YRR i mo(t) and yo(0) = 1, with the density matrix v o, for detail see [30]. The
linear absorption spectrum then is
* +
X
(1) / j~m’Dm () (2.16)
M
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whereDy (! ) is the lineshape function. In the calculatiBn of circulachdtbism, the dipole strength

j~mj2in Eq 2.16 is replaced by the rotational strenggh = men C&M)CEM)Rmn (~m ~n),where
denotes a cross product aRgh, is the center to center distance of pigmemtgindn. In the case of

linear dichroismj~y j2 in Eq 2.16 is replaced big-m j2(1  3co$ v ), where y is the angle between

the symmetry axis of the trimer and the excitonic transitiqggnle moment-y, .

Singlet Minus Triplet Spectra

The singlet spectrum is the usual linear absorption spectiN pigments described above (Eq 2.16),
while the triplet spectrum is the linear absorption spentwith a triplet state on one of tHé pigments.
The effect is that the pigment with the triplet state doesatisiorb in the Qregion any more, i.e., does
not effect the absorption spectrum. Hence the triplet spects the linear absorption spectrum of the
remainingN 1 pigments. The T—S spectrum is the difference of both spettrat has the advantage
that in good approximation, only the pigments coupled gfipio the pigment which carries the triplet
state, affect the difference spectrum (see chapter 5).

Cation Minus Neutral Spectra

The P* P spectra are similar to the T—S spectra. In this case theddspeis the linear absorption
spectrum ofN pigments and the Pspectrum is the spectrum with a cation on one ofithgigments.
This pigment does analog to the pigment with the tripletestadt absorb in the egion, hence a
linear absorption spectrum &f 1 pigments results. In contrast to the T—S spectra, additiotize
electrochromic shift of the site energies of the remairihg 1 pigments caused by the charge, must
be considered. This is done by distributing the positivenelstary charge over all heavy atoms of the
pigment and calculating the electrochromic effect of therge distribution on the transition density of
the other pigments, following Eq 3.36 (here the chargeitidion of the pigment with the cation is the
background charge distribution, bg).

2.1.2 Lineshape function

The lineshape functioBy (! ) was obtained using a non-Markovian partial ordering prpgon (POP)
theory. It is given as [30]
Z,

Dm(1)=<  dtell ")teou® Gu g =u (2.17)
0

where< denotes the real part of the integr8@ly (! ) contains both vibrational sidebands and life-time
broadening due to exciton relaxation. The vibrational lséaels are described I8y (t) and the life-
time broadening is described by the dephasing tigpg(discussed in detail below). Both quantities are
related to the spectral densily{! ) in Eq 2.4. The time-dependent functi@, (t) in Eq 2.17, is given
as

Gm ()= wmm G(t) (2.18)
with Z . h | i
G(t) = . d @+n(t)J()e™ +n()I()et (2.19)
and ym being the diagonal part of
N = e R =Re ) ) M) N (2.20

m:n
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It contains the exciton coef cientsfn'vI ), a correlation radiuR. of protein vibration$ and the center to

center distanc®,, between pigmentsy andn.
The functionn(! ) in Eq 2.19 is the mean number of vibrational quanta with eneig that are
excited at a given temperatufe(Bose-Einstein distribution function)

1

wherek is Boltzmann's constant. The dephasing timgin Eq 2.17 is determined by the rate constants
kv N of exciton relaxation, obtained using a Markov approximtior the off-diagonal parts of the

exciton vibrational coupling,

1_1 X
MOT 5 Kmrt N (2.22)
N6 M
where the rate constant reads
kmi n =2 mn CRO(un): (2.23)

It resembles the standard Red eld rate constant (e.g. BRBJ).[TheC(Re) (1 v ) is the real part of the
Fourier-Laplace transform of the pigment's optical eneggyp correlation function [30]:
h i
CRIMyn)= Ay 1+nCmn) IC M)+ nCam)IC M) (2.24)

whereJ(! )=0 for!' < O,and! yn = !'m ! n IS the transition frequency between theth and the
N th exciton state. They in Eq 2.17 is shifted from the purely excitonic transitioeduency! y, due
to the exciton-vibrational coupling

by o=1wm+ mn SO ()
§ X
E
=!m  mm— mn C™ (1w ) ; (2.25)
N&M

where yn IS givenin Eq 2.20 ané& is the local reorganization energy
Z,

E =~ d!J(): (2.26)
0

TheC(™ (1 yn ) in Eq 2.25 is related to the real p&@fR®) (! ) in Eq 2.24 by a Kramers-Kronig relation
[30, 36] .
1

1 cRe
M )=y a0 (227)
1 - MN :
where} denotes the principal part of the integral (details areryimesection 2.1.5).
2.1.3 Vibrational Sidebands
The lineshape functioBy (! ) of Eq 2.17 is rewritten as
z 1 z 1
DM (I ): e Gwm (0) < dtei(! M )te =Ev 4 < dtei(! m )t eGM () 1 e =™
0 0
=ZL(!')+ SB(!) (2.28)

1A value ofR. = 5 A is used, that was determined from transient spectra ofgsiystem Il reaction centers in [30]. The
stationary spectra calculated here do not depend critioalthis value.
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where the zero vibrational quant@!( 0) lineshape is
zL()=e Su@OpMI) (2.29)

with the Lorentzian shaped lineshape funct[mﬁ"k) (! ) obtained from Markov approximation [30]
1

(Mk) — M .
Dy '(I)= ; (2.32)
! ( Fm)2E
The vibrational sideband reads
1
SB(!)=¢e &0 < dte't =m)t gCu(® 1 g Bwm (2.33)
0
We note that the area of the two contributions in the spec&atheir integrals are
z 1 z 1
dzL (1)=e @ and dsSB(1)=1 e &nO; (2.34)
1 1

Hence the importance of non-Markovian effects, i.e. thegrdl weight of vibrational sidebands

R
d'sB (1)
R — aGm (0)
azL () e 1 (2.35)
depends on the function (using Eq 2.18 and Eq 2.19, titl®)

Gu(0)= mm 1d!J(!)(1+2n(!)): (2.36)
0

R
We note that the quantity d!J (! ) in Eg 2.36 is known as the Huang-Rhys factor (see Eq 3.1) that
is a measure of the local exciton-vibrational coupling aedde it seems to be useful to introduce a
Huang-Rhys factor of exciton transiti@y, as [30]:

SM = MM S; with 1 MM Ni: (237)
The factor ym varies between unity for delocalized vibratior®(! 1 ) and &, whereN is the
number of pigments for localized vibrations and delocalieéectronic states. In general, tBefactors
that are reported in the literature for multi-pigment pioiomplexes must be interpreted@gs factors.
For most antenna systerSy;, 1 holds. A notable exception being the red antenna states IcdriRiS
the exciton states formed by the special pair pigments imgaetion centers. We see from Eqs 2.35 and
2.36 that the Markov approximation is valid for low temperas, where(! )  0in combination with
Swm 13,

2.1.4 Franck-Condon Principle

The composition of the lineshape functibry (! ) of the zero vibrational quanta lirigL (! ) and vibra-
tional sidebandB (! ) is due to the well known Franck-Condon principle (FOBRAC de nition [37]:

. . _ e =m 0
2That is because the Fourier-transformationfoft) = o t< 0 reads
z
1 -t i 1 1 1 Lo
1) = - 5 = P
F() p? . dtf (t) e Po= T o= =z (2.30)
and for the zero lin&L (! ) follows from
Z, (0 gt ¢ 1
< O] =M = M . .
i dte e 0 )T 2 (2.31)

R R
n(!) 0 ) Gw@O= wm dI(1)= wuS ) Bg—=e¥w S 1=0 if S O
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Figure 2.2:(Left) Franck-Condon principle energy diagram. Due to the FCRoatransitions occur, favoring
vibrational levels. In the situation shown here, transisidoetween = 0 and ° = 2 (and vice versa) are
favored. Righf) Schematic representation of the line shape of an elect@xgitation. The narrow component
at the frequency-y is the zero-phonon lin€L (! ) and the broader feature at higher frequency is the phonon
sidebandSB(! ). In emission the relative positions of the two componengsraversed. Images by Mark M.
Somoza.

Classically, the Franck Condon principle is the approxiroatthat an electronic transition is most likely
to occur without changes in the positions of the nuclei inff@ecular entity and its environment. The
resulting state is called a Franck Condon state, and theditzon involved, a vertical transition. The
quantum mechanical formulation of this principle is that fhtensity of a vibronic transition is propor-
tional to the square of the overlap integral between theatibnal wavefunctions of the two states that
are involved in the transition.

Usually electronic transitions of molecules are simultarsechanges in electronic and vibrational
energy levels due to absorption or emission of a photon oftineesponding energy. The FCP declares
that during an electronic transition, a change from oneatibnal energy level to another will be more
likely to occur if the two vibrational wave functions oveulanore signi cantly.

The vibrational levels and wavefunctions can be describeduantum harmonic oscillators, or by
more complex approximations to the potential energy of mdks, e.g. Morse potential. In Fig 2.2
(left) the FCP for vibronic transitions in a molecule with a pot&nénergy functions of Morse type (for
ground and excited electronic states) is depicted. In thhedmperature approximation, the molecule is
originally in the = 0 vibrational level of the electronic ground state. The apson of a photon of the
appropriate energy induces a transition to the excitedrelgic state. The new electron con guration
may result in a change of the equilibrium positions of theanoles nuclei. In Fig 2.2€ft) this change in
nuclear coordinates between ground and excited statealethbsyp;. In the case of a diatomic molecule
the nuclear coordinates axis refers to the separation eetweth nuclei. The vibronic transition is
indicated by a vertical arrow due to the assumption of frozedlear coordinates during the transition.
The probability for the molecule to end up in a particularratibnal level is proportional to the square
of the overlap of the vibrational wavefunctions of the amgjiand nal state (Franck-Condon factors,
compare section 3.2.5). In the electronic excited stateeoubds relax to the lowest vibrational level,
quickly. From there the decay to the lowest electronic statirs via photon emission.

The FCP is valid for absorption and uorescence. The vibradl structure is most clearly visible if
inhomogeneous broadening is absent, as it is the case fecuies of a cold diluted gas. In this case
vibronic transitions are narrow, equally spaced Loremtziarves. Equally spaced vibrational levels only
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appear for the parabolic potential of harmonic oscillat®i@ more realistic potentials, such as the Morse
potential, energy spacing decreases with increasing tiolma energy. Electronic transitions from the
lowest vibrational states of the electronic ground statdédowest vibrational states of the rst excited
state are called 0—0 transitions, and have the same eneaipsarption and uorescence. Transitions
from the lowest vibrational states of the electronic grostate to the rst vibrational states of the rst
excited state are called 0—1 transition and so on.

2.1.5 Frequency Shift

The non-diagonal parts of the frequency shift in Eq 2.25 amgeineral small compared to the diagonal
part ym E =~. These non-diagonal parts are obtained with the help of thenkérs-Kronig relation (Eq
2.27) using Eq 2.24:

Z 1 1 2 YA 1

clM(tuk)=So}  dl———Jo(!)+ So}
0 ' MK :

12
d! 22"7Wn(! )Jo(l):  (2.38)
| 12
To solve the principal part integrals in the above equatienayply an approximation of Jang, Cao and
Silbey [38] for the functiom(! ) of Eq 2.21
5 ~1I

n(') e +e 2+ k_lTe s (2.39)

and approximate the spectral denslty ) (Eq 3.2) by a more simple functional form [38]
PPN
Sodo(t) ! —e i (2.40)
i i

wheres; =0:9; s, =0:25; s3=0:15, and~! 1 =2:5meV,~! , =8:7meV,~! 3 = 12:4 meV [39].

The above principal part integrals are then solved for the@pmations introduced above fag(! )
andn(! ). At low temperaturesT < 10 K), considered here, th€!™ (1 yx ) in Eq 2.38 can be
approximated by the rstintegral in Eq 2.38, leading to

Si
12
|

| !
13k Ei M e TR 23 2 g 0 (24)
s

ct™maye) So
i=1

where E(x) is the Exponential integral, which is de ned fgxj < 1 ; x 6 0 (} denotes Cauchy's

principal value) as: 7

X et Rooyn
Ei(x) = } dt — = C+lIn jxj + ; (2.42)
1 t i nont
with the Euler-constant = 0:577215665 It was calculated numerically [40].
The second integral in Eq 2.38, which contributes at highemperatures, yields
Z, z
2! 2! MK X3 25 1 ! 3! MK .
dl s5—=5n(")I(") = So ﬁ d ——e Al 4 (2.43)
0 * MK : 7 j=1 i 0 * MK :
1 3 1 2
oo Stk e KTy Tk e
12 |2 ~ 2 | 2 '
where L ) L c L
-:;+_ :_~+_' -:_~+_: 2.44
i e T A (2.44)
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The rstintegral of Eq 2.43 is given as:

Z 1
a! I!zg!%e al - % e a'MK Eilg! mi )+ €4 MK Ei( al vk ) !ZZK (2.45)
0 * MK : :
the second integral is obtained by replacamdy b in Eq 2.45, and the third integral reads:
L1 gz o,z N b
. d!ﬁe v :Te PMEEI(G! k) e MR EI( 6! mk) o . (2.46)

* MK

Combining the above three expressions that solve Eq 2.43#iR.41 the overall solution f&@ (! mk )
is obtained as

2.1.6

Simul
1.

(
. !
C (!MK):SO IS_IZ!I:\S/IKe ’}AFEIMK
i
+ 1k € ¥ V< Eiag! uk )+ €' V< Ei( a! vk )
i
+ 1 e MM Ei(l wk )+ €M Ei( B! vk )

kT , D ‘
1 hy e GV EI(Gl vk ) €M EI( Gk )

i 202+ 0wk + 12 2k i2+i+kT
i

7

(2.47)

Different Levels of Theory

ated spectra using different levels of theory desctilm the following, are shown in Fig 2.3.

Stick-spectra (Fig 2.3eft, red): obtained from Eq 2.16 by neglecting any homogeneonesden-
ing, i.e., life-time broadening and vibrational sidebarmssettingGy (t) =0 and Ml =0inEq
2.17. In this case the line shape functidg, (! ) becomes just a delta-function that peaks at the
exciton transition frequencyy ,Dm ()= (¢ 'm).

Gauss-dressed stick-spectigft( green): to perform the average over disorder analyticalhy
resonance energy transfer narrowing [41], i.e. a decrddbe wvidth of the distribution of exciton
energies with respect to that of the distribution of locahsition energies is neglected as well.
Assuming a Gaussian distribution function

Cw tw)?
2 2)

Plm !'wm)= p—21 > exp (2.48)

of the same width (fwhn¥ 2p 2In2 ) for all exciton energies! y (a so-calledGauss-dressed
stick-spectrur)) results in

X
1)/ p% j~mjle ¢ 1w ) (2.49)
M

where the mean exciton energieg are those obtained for the mean site energies.

Dynamic theory, Markov approximatiomight, red): Additionally to the solution of the exciton
eigenvalue problem it includes a shift of the peak positiits 2.25) and lifetime broadening due
to pigment-protein coupling, resulting in Lorentzian sbapineshapes (Eq 2.32). The peak shift
of Eq 2.25 can even be simpli ed to the diagonal part only, i.e

E
v = !'m MM —; (2.50)

because the overall spectrum is more affected by the sigadion of the lineshape.
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4. Dynamic theory, non-Markoviarright, green): Beyond the Markov approximation it includes
also vibrational sidebands, i.By (! ) = ZL (' )+ SB(! ), givenin Egs 2.29, 2.32, 2.33, and the
complete peak shift of Eq 2.25.

T I T I T I T I T T I T I ] I T I T
| o Experiment do4 o Experiment _
B 1. Stick-Spectr. ’ — 3. Markov-Approx.
- & 2. Gauss*Stick | - 4. NonMarkov-Theory | -
| o —0,3
5 o i
— o é& —0,2
)

i . @ 1
- g ¥ Jou
J 1 ] | ] 1 | N ! wa

12200 12400 12600 12800 12200 12400 12600 12800

wavenumber / cm” wavenumber / cm”

Figure 2.3: Simulated spectra for different levels of theory are shogeft) 1. stick-spectra (red), 2. Gauss-
dressed stick-spectra (greemjght) 3. Markov approximation (red), 4. non-Markov theory (grgeThe experi-
mental spectrum of the FMO complex frdPhaestuarii is measured by Wendlingt al. [42].

2.1.7 Relation of the Present to Earlier Theories

The theory used by Vultet al. [43] was the method of Gauss-dressed stick-spectra, descabove.
In the theory of Wendlinget al. [42, 44], resonance energy transfer narrowing, life-tinneadening
and vibrational sidebands were taken into account usindollmving approximations for the function
Dwm (V) in Eq 2.17: (i) a shift of the transition frequenty, by the exciton vibrational coupling was
neglected, i.ely = ! in Eq 2.25, (ii) any dependence of the vibrational sidebasfdbie exciton
transitions on the delocalization of exciton states wadewbgd by replacing the functioGy (t) =

mm G(t) in Eq 2.17 by the functiorG(t), that describes the vibrational sidebands of a monomeric
BChla in a protein environment, (iii) the factot ,%AN appearing in Egs 2.22 and 2.24 for the rate
constant of exciton relaxation between tegh and theN th state was approximated by a constagt
that is assumed the same for all transitidhs! N, i.e., instead of th€ (! ) in the lower part of Fig
3.3 ascaled (! ) in the upper part of this gure is used.

The main differences between the non-Markovian theorydikeughout this work) and the two
earlier theories are illustrated in Fig 2.4. Due to the negté vibrational sidebands in the theory of
Vulto et al. [43] (green line), there is less intensity in the blue pathefspectrum. The missing life time
broadening seems to be compensated in part by the negleesa@iance energy transfer narrowing as
seen by the width of the two main peaks. In the theory of Weigdt al. [42, 44] (red line) the neglect
of the dependence of the vibrational sideband on the exsitates delocalization leads to a stronger
vibrational sideband as seen in the blue part of the specnarto a change of the relative height of the
two main peaks. We note that the differences between the theories are partly compensated in the
t of optical spectra by different site energies. Howeves, will be seen below the overall ranking of
optimal site energies is similar in all three approaches.
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Figure 2.4:Calculation of absorption spectra of FMO-trimei@ftepidunusing site energy values from Table 4.3

using three different theories of optical spectra as erplain the text. The black line shows the non-Markovian
theory, the green line Gauss-dressed stick-spectra ad.ifdR8gand the red line a theory in which the vibrational

sidebands of exciton transitions were approximated by eatitmal sideband of monomeric BChl as in Ref. [42].

For better comparison the red line was red-shifted by 50'cand the green line by 35 cm.

2.1.8 Excitation by a Short Laser Pulse

In chapter 4 we want to describe exciton relaxation afteitation by a short laser puls. For this purpose
we rstintroduce the potential energy surface (PES) of torcstates by rewriting the Hamiltoniadh
of Eq 2.4 in terms of exciton statéM i (using Egs 2.5, 2.8 and 2.9) and the completeness relation
joihgj+ , jMihMj=1,as
X X X
H = Uy(Q)j0ih0 + Um (Q)jM ihM j + ~ g(M;N)Q jMihNj+ T (2.51)
M M6N

where the diagonal part of the exciton-vibrational couplimas used to construct potential energy sur-
faces (PES) of exciton states

_ @, X . 2
Uu(Q) ="\ + T(Q +29(M;M)) (2.52)

that are shifted along the coordinate axis g (M; M ) with respect to the PESJy(Q) of the ground
state

X -
Uo(Q) = !TQZ : (2.53)

The energy' fél)) =~ |9/| is the transition energy between the minima of the excitatesind the ground
state PES (see Fig 2.5),
"W="m wmmE (2.54)

where"y = ~! 1 is the vertical transition energy (site energy) @&dthe local reorganization energy
in Eq 2.26, see Fig 2.5. It is assumed that the off-diagongts g the exciton vibrational couplifig
g (M;N), Eq 2.10, are weak enough so that exciton relaxation dubiaghort excitation pulse can be

“The diagonal pary (M; M ) of the exciton vibrational coupling determines the shifttteé PES of exciton statiM i
relative to the ground stajéi, while the non-diagonal pag (M; N ) couples the exciton stat¢dl i andjNi, i.e., leads to
exciton relaxation.
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neglected. In this case, a non-perturbative inclusion efdilagonal part of the exciton vibrational cou-
pling and a second order perturbation theory with respedtto  in Eq 2.11 yields for the population
Pwm (t) of theM th exciton state

22y Z

Pu®="M" d die'C RO DE ()E ()
¥ o n 0
etUn (1) g LU 1) WéEQ) (2.55)
where denotes a trace with respect to the vibrational degreesefirm, and the vibrationally

relaxed initial electronic ground state, is described leyatuilibrium statistical operat(WéeQ)

e (Uo+T )=kT

WD = (2.56)

f e (Uo+T )=kT g
and an average over a random orientation of complexes wsthent to the polarization of the external
eld was performed. By changing the integration variable 1! 1, and settingg ! 1 the
occupation probability is obtained as

VA
Y 1 )
Pu®=2000< e ' R 0ol ) @57)
0
where< denotes the real part afdt; ;) is given as
Z t
f(t 1)= dE ()E (1) (2.58)
1

whichfort!'1  becomes the autocorrelation function of the pulse. Thetfomg( 1) contains the av-
erage over the vibrational degrees of freedom that is pmddrusing a second order cumulant expansion,
which is exact for harmonic oscillators [31]

n . . (0]
g( 1) = e “Uu(1)g Ul 1)W0(eq) = gém (1) Gm() . (2.59)

The population of exciton states after the action of thetspollsepl\(,lp) is obtained by formally setting
t!'1 . WiththeE (t)inEq2.7,the populatioﬁ’l\(,lp) reads

o 2

< de i€ %) &Gu() GuOg 2= §). (2.60)

This result will be used as an initial condition in the cafdidn of exciton relaxation, discussed in the
following.

2.1.9 Exciton Relaxation Dynamics

In Red eld theory a Markovian treatment of the diagonal grthe exciton vibrational coupling is per-
formed, neglecting the mutual shift of the excitonic PES dvid Red eld theory [32,45-47] allows to
treat this shift. By that, the reorganization of nuclei atitg upon exciton relaxation between different
excitonic PES (Fig 2.5) is included. Assuming that the sysie relaxed in the PES of exciton state
jM i, initially, a rate constanky 1 n for exciton relaxation between the two excitonic PES is iolgiz
from second order perturbation theory in the couplings betwthe PES of stajé i andjNi. Using a
harmonic oscillator description for the vibrations, thldaring rate constant is obtained [32,47]:
Z,
Kvi N = d elim ewn () w O+ Gun ( )2+ Fun (] (2.61)
1
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Figure 2.5:Potential energy surfaces of the ground state and two exsitaegM i andjNi. The displacements
of the different PES along the vibrational coordinate Q gitise to vibrational side bands of exciton transitions in
optical spectra and reorganization effects of nuclei intexaelaxation.

with ! 3, following from Eq 2.54:
lun =!'w !'R=!mn (mm  n~n) E (2.62)
and where the time-dependent functions
mn (1) = aun  o(t);  Gun (1) = bun a(t);  Fun ()= cun  2(t) (2.63)
are related to the spectral dens8yJo(! ) via the function (t), withk =0;1; 2,
Z,
k(t) = So die "™ @+ n() ! Q') Jo( ! )): (2.64)
1
The time-independent part in the integrand in Eq 2.4y , iS

MmN = dun E (2.65)

using the local reorganization energy in Eq 2.26 withd (! ) = SgJo(! ). The coef cientsamn , bun
cuN , anddyn in the above equations are given by the exciton coef cientsthe correlation radius of
protein vibrations as [32]

X
aun = (') + () 2P (cV)? e Rm Re (2.66)

mn

v = (G (D) e Fo (2.67)
ﬁ\n

oun = ey e cMce R =R (2.68)

mn

X
dMN = (CST‘IM))Z-'-(CI(TI]\I))Z CEM)CS]N)e Rmn —Rc: (269)
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If the diagonal part of the exciton vibrational couplinge.j.the mutual shift of excitonic PES sur-
faces, is neglected, Eq 2.61 reduces to the Red eld resuigr2.23: The only function in Eq 2.61
that does not contain a diagonal part of the couplingﬁ'sth (t) in Eq 2.63 [47]. After setting
the remaining functions zero, Eq 2.61 becorkgs N = d e'w Fyn (). Ifthe Fyy (t) in

1
Eq 2.63 is introduced and the integration oveis carried out, the rate constant becorkgs N =

2 wn!En @+ nCmn )@ me) I M ). By noting that (L + n(! mk )) = n(! km ), the
equality of the above rate constant with the Red eld resulEq 2.23 is seen.
Exciton relaxation dynamics is described by the rate eqnatior the populationBy, (t) of exciton

states g X
aPM (t)= (Kkmt NPwm (t) + knt m Pn (1)) (2.70)

N6&M

with the initial populationsgPy; (0) = Pl\(,lp) created by the short pulse (Eq 2.60). Alternatively, excito

states which are formed by the pigments at the top of the trimieig 4.10 will be populated at time zero
to mimic excitation energy transfer as it occuryivo between the chlorosomes and the RC. For the rate
constantky 1 n the modi ed Red eld result in Eq 2.61 or the Red eld expressiin Eq 2.23 is used.

In matrix form Eq 2.70 read%P(t) = AP(t); where thel\@,th element ofP () is Py (t) and the
kinetic matrixA contains in the diagonal the elemeftgn = (emKv! ~ and in the off-diagonal
Aun = kni wm. The standard solution fd?(t) is given asP(t) = , dige it where the ; and

€ are the eigenvalues and (rigt]g) eigenvectors of the kimetitrix A and the constant are obtained
from the initial conditionP (0) = ; dig.

2.2 Theory of Excitonic Couplings in Dielectric Media

The following perturbative treatment of solute-solveriemaction is a part of [48]. We consider a pair of
excitonically coupled solute (pigment) molecules, deddigA andB, that is surrounded by solvent

denoted asA©@i, jB@i, andjcl,)i, denoting the states of the system whérds in its rst excited

state,B is in its rst excited state, and solvent moleculés in excited staten , respectively, while all
other molecules are in their ground state. The respectiggg@s ardEp, Eg andEy, . The energyEg

of the ground state of the compl@i is set to zero. The intermolecular Coulomb-coupling Hamnitin
¥ contains three parts X

V= Ve + VUrc + Ve ; (2.71)

the coupling betweeA andB, A andC , andB andC , respectively. In the following, a perturbation
theory in the solute-solvent coupling is uséd derive an expression for the matrix element for excitatio
energy transfer betweek andB. For moleculesA andB which are not excitonically coupled to each
other but to the solvent molecules, we can express the pomeing states g&i = jA@i + j A ©j
(jBi analog), used in Eq 2.72:

ve) = mjojBi

h AQj¥iBOi+ hAjQiB@i + hA@j¥jB i (2.72)
where rst order perturbation theory in the solute-solveotipling gives for the wavefunctiond i :
X Vi,
jAI = ———iCn i; 2.73
JAI En E.iCm (2.73)

;m

P
5The term¥ag is the main part of the Hamiltonian, while the term  ¥Vac + ¥sc  is considered as the small pertur-
bation.
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analog forj B i. After inserting Eq 2.73 into Eq 2.72 we obtain
ex) — /(0 (ex)
Vag~ = Vag * Vas (2.74)

WhereVA(g) = hA@ (0 jB@i describes the excitonic coupling in vacuum akf (gx) contains the
effect of the dielectric medium, with

X 1 1
(ex) _
v = V.V +
AB Ack) 'ch'B En E,, Eg Em

,m
X VAC,(n)VC,(n)B
Em

(2.75)

;m

In the second line of Eq 2.75 we have used the fact that théagixei energies of the solvent molecules
are much larger than that of the rst excited state of thetsslui.e., it hold€ 5-p Em .

Starting from a many electron wavefunction for the solute #ae solvent molecule, the above matrix
elements are described by the Coulomb coupling betweeni@partial charges [49]

X qVond” om). 276
(A ) (2.76)
1;J JR| RJ J

M jCm i =

WhereRl(A) and RSC ) are the position vectors of thigh atom of moleculeA and theJth atom of

moleculeC , analog for moleculd8. The atomic partial charger}#AzB)(O; 1) and q(]C )(O;m ) are
determined from a t of theab initio electrostatic potentials of the transition densities efdblute and
solvent molecules, respectively. If a dipole approxintatfor solvent moleculeC is used, Eq 2.76

becomes, using q(]C )(0; m)=0:

X qM©;ndgn RY R
ML) jCm i = : (2.77)
el TR R

analog flgr B. TheR points to the center of theh solvent molecule with transition dipole moment
dgr% = q(]C )(0; m )RSC ) After inserting Eq 2.77 into Eq 2.75, we obtain

(B) A (A)
(R} R )™ (R R, ); (2.78)

X X
(ex) _ (B)/n- (A) (-
Vag' = o '(0;1)g" 7 (0; 1)~ - :
3 iR RPFRM R 3

where the polarizability tensdr of the th solvent molecule was introduced. The tensor elements
withi;j = fx;y;zg, are given as [50]:

X (dS) i),
()y=2 —m o3, (2.79)

m Em

The interpretation of Eq 2.78 is as follows: The transiticbmr@esql(A)(O; 1) of soluteA produces an
electric eldEMR )= VO pR  RW)FR™ R j3 at the location of the solvent molecule

. This eld induces a dipole momerpt,(.z\ =n EI(A) in the solvent molecule. The latter interacts with

P P
the chargeg”’ (0; 1) of soluteB to yield V &9 = ;6201 ) (RE) where () (R =
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pl(;,i RSB) R ):jRSB) R j2 is the electrostatic potential plf;,i at theJ th partial charge of solute
B . The overall excitonic coupling thus may be written as

X
v =" o1 MRP) (2.80)
J

where the electrostatic potentiafiA)(RgB)) reads
8 9
< X (B) (A=
A), o (B A 1 (R R) (R RyY)
YR = 01, Y L=

S — ) (2.81)
. jR|(A) RSB)j jRI(B) R j3jRI(A) R j3 )

The rst contribution on the right hand side re ects the direoupling between solutés andB and the
second contribution contains the effect of the dielectredium discussed above.
Eqg 2.81 suggests the following calculation by using a camtm approximation for the solvent

molecules. The potentiall(A) is obtained from the solution of a Poisson equation

X
oo Wy = 4 Moy R (2.82)
|

where the atomic partial charge#A)(O; 1) are determined from the t of thab initio electrostatic
potential of the transition density of solufein vacuum. The (r) equalsn?, if r points to the solvent
region, and one inside the molecule-shaped cavity. We mateanly the electronic polarizability of
the solvent (protein) needs to be taken into account, simeetclei are frozen on the time-scale of an
electronic transition (Franck-Condon principle).



Chapter 3

Calculation of Parameters

3.1 Spectral Density

P
The spectral density of exciton vibrational couplig¢} ) = g (! I ) (Eq 2.4) describes how
the con guration of nuclei of the protein changes upon etmut excitation of the pigment. The spectral
density is related to the Huang-Rhys factor by

Z, X
S= dJ ()= g% (3.1)
0

Since the displacement of the minima of the potential enstgfaces of the two electronic states with
respect to each other equal®g (Fig 3.1,left), the more this displacement, the largerThe exciton-
vibrational coupling is weak whe8 1, and strong whers 1. The typical coupling in photo-
synthetic antenna complexes lies in an intermediate ra@ge, 1. If the potential energy surfaces are
unshifted relatively to each other, the spectral densityskes and the spectra do not contain vibrational
sidebands.

11

Energy

|0) e

> S
_Zga Qé Jg

0

Figure 3.1:(left) Franck Condon transition with non-vanishing spectrakitgmwith negativey . (right) Model for
the B777-complex. The model has been adapted from the asgimiture of the LH2 complex [51] (Brookhaven
Protein Data le 1kzu.pdb), gure adopted from [30].
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Figure 3.2:(top) Spectral density (! ), extracted from the t of uorescence line narrowing spectf the B777-
complex. pottom) Correlation function of the pigment transition energy afB-complexes af = 1:6 K. Solid
and dashed lines show the real and imaginary parts, regplctiThe inset in the lower half is a zoom into the
small amplitude long time components of the correlatiorcfiom. Figure adopted from [30].

3.1.1 Spectral Density Extracted from Fluorescence Line Naowing Spectra

Renger and Marcus [30] used the B777-complex (Fig B8ght) as a model system to investigate the
local interaction between a pigment and the protein in photthetic antennas. They extracted the
spectral density of the pigment-protein interaction fror6 K uorescence line narrowing spectra of
B777-complexes, measured [52] at different excitationelavgth. They used an empirical functional
form for J (! ) (see [30]) and determined it nally to

1 X Sj | 3 e 0=
121 4°
S1 + 52i=1;27-2-|

)1=2

J() = (3.2)

with the extracted parametess = 0:8, s, = 0:5, ~! ; = 0:069meV and~! , = 0:24 meV. The spectral
densityJ (! ) from Eq 3.2 and the resulting correlation functiGiit), calculated from Eq 3.3 [30]

C(t) = lm!%u+mnuam“t+mnun&g; (3.3)
0

is depicted in Fig 3.2 (adopted from [30]).

3.1.2 High Energy Mode

In the model we used in Adolphs and Renger [53], the spectaastity J(! ) contains both a broad
low frequency contributiorSoJo(! ) by the protein vibrations with Huang-Rhys fact®g and a single
effective high-energy vibrational mode of the pigmentdwkituang-Rhys factos

J(1)= Sedo(1)+S (0 ! ): (3.4)
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Figure 3.3:Upper part: Comparison of the low-frequency p&¢fo(! ) of the spectral density and the uores-
cence line narrowing spectrum 6f tepiduni44]. Lower part: The functioi©®® (! ) is shown that results from
theSpJo(! ) in the upper part (Eq 2.24). The factofigy are shown as bars centered at the mean transition energy
~I vun between the exciton states. The numbers at the top of thesbavsbetween which excitomd andN the

transition takes place (in the FMO monomer).

For the normalized low-frequency functiaip(! ), i.e., F;l Jo(!)d!' = 1, we assume that it has the
same form ad (! ) in Eq 3.2.

The Huang-Rhys factdgy of the pigment-protein coupling in Eq 3.4 was estimated ftbmtem-
perature dependence of the absorption spectra [44, 54]eoFMO complexes oP. aestuariiand C.
tepidumto be approximately 0.4. A comparison of the functilyf! ) with the uorescence line narrow-
ing spectrum ofC. tepidum[44] is shown in the upper part of Fig 3.3. The experimenta&csium (for
the present weak exciton-vibrational coupling) shouldib®lar [30] to theJ (! ) in Eq 3.4. On the basis
of this comparison, the Huang-Rhys factor and the energhehtgh-frequency mode were estimated
asS =0:22and! =180cm 1. By taking into account that the energy of the high-freqyemode
is large compared to the thermal energyTat 5 K), i.e., ~! KT, the functionGy (t) in Eq 2.18
becomes, using Eqgs. 2.19 and 3.4

Zi h | N |
Gm(t)= mm So d @+n()Jdo(')e™ +n(1)Jo(t)e" + wm Se" !
0
=GO+ uw Selt (3.5)

By introducing thisGy (t) into Eq 2.17, using a series expansiondap( yy S e ' 1), the fol-
lowing lineshape functio®y (! ) is obtained
Z,
Du(l)=e S v < dt
0 k=0

R S )k © ©
( MMkl ) d urk NG M 690 g = u - (3.6)
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Figure 3.4: Calculation of the correlation function. The run with a xedndow size gives one point of the
correlation function. To obtain the whole function the wamdsize has to be varied from O t@ay.

The aboveD, (! ) differs from the one obtained previously (Eq 2.17) in thah@ludes now also vi-
brational satellites of a high-frequency vibrational modde d'e:phasing timey of the M th exciton
transition and the off-diagonal part of the shift in traigsitenergy gy mn CU™ (! mn ) in Eq 2.25
are determined by the low frequency contributBgdg(! ) of the spectral density.

3.1.3 Spectral Density from Molecular Dynamics Simulation
The correlation functiolC,, (t) of the time-dependent site energieg (t) andE, (t) reads [30]
1 .
Cn ()= ZhEm(t) En(0)i; (3.7)

whereh ::i denotes an average over all trajectories. Both casé& n andm = n (auto-correlation)
are possible. Thee , (1) is the deviation oE, (t) from the mean valubE i,

Em(t)= Em(t) hEni; (3.8)
and can be calculated (in discrete form) according to

W

Emi= —  Em(t) (3.9)
Nt
i=1
whereNT is the number of time stepst andt; = i t. Application of theergodic theorerhon Eq 3.7
leads to b
— l H l T .
Con()= Zlim = d Em(t+ ) En(); (3.10)

whereT is the length of the time-trace amds the variable time window. In discrete form it reads:

1 X
Crn (1) = Ny Em(tj + ti) En(ti): (3.11)
i=1
The argument of the correlation function, i.e(ort; = t j in discrete form) must be considered as

time-window, which is shifted over the hole trajectory tdotgate the (auto-) correlation between the
site energy at all times and all times + t by integrating over , see Fig 3.4. For one window site
this gives only one point of the (auto-) correlation funnoti©(t). To get the hole function for an interval
[t;tmax ], one has to calculate the (auto-) correlation function fbpassible window sizes. The time-
dependent site energi€s, (t) can be calculated for each time step of a molecular dynarinugation

very ef ciently and suf ciently with the Charge Density Coupling Method that will be introduced

in section 3.3.2. The site energi&s, (t) are obtained from Eq 3.36, where the time-dependent atom

positionsr (™ = r{™(t) andr{"® = r{*9(t) are obtained from molecular dynamics simulations.

Ergodic theorem: In the case of ergodicity (trajectory comes arbitrary clmsevery phase-space point), the phase-space
mean is equal to the time mean.



3.1. SPECTRAL DENSITY 35

Extraction of the Spectral Density

From a semi-classical harmonic oscillator approach, asidakcorrelation function can be obtained
[55,56] as:

y
caty X T (1)! coslt); (3.12)
- 0

which is also known as Wiener-Khintchin theorem. It is vadidy for high temperatures, which is the
case in usual MD-simulations. The above relation (Eq 3.EivbenC(t) andJ (! ) will be used to
extract] (! ) from classical molecular dynamics simulations of the FM@ptex, and has been used be-
fore by Warshel & Hwang [55] to extract a spectral densityle€ton transfer. A Fourier transformation
Cu(' ) = FTfCy(t)g of Eq (3.12) together with Euler's formula leads to:

Cu(l) = dte " Cy(t) = KT dld (1)! dt(e" +e ")e 't (3.13)
1 - 0 1

The second integral of the right hand side can be writtén as

die i Dty dte 'C*Dt=2 [ )+ (@ +1)]: (3.14)
1 1

For the Fourier transformed correlation function follows:

Z
)= 2T Tas oy e @+
0

:£[J(!)! J( ! (3.15)

Having in mind thatJ( ! ) = 0 and replacing by! andC by C, we get an equation for the com-
putation of the spectral density via the classical corn@tatunction of site energies calculated by MD
simulations:

~ C().

2kT | (3.16)

J() =

whereC(! ) = Cg(!).

Correlation Radius

The correlation radiufRR. of protein vibrations has been introduced in Eq 2.20. Up tor iy was
assumed to be around 5 A [30]. For the relation betw@gn (t) and Cmm (t) we assumeCmy (t) =
exp ( RRLC“) Cmm (t) for m 6 n, whereRy, is the center to center distance between pigmants
andn. With the correlation function€,, (t) for m 6 n andm = n from MD we will be able to prove
or disprove the upper relation, and if it ts it will yield theorrelation radiusc.

Summary

From the autocorrelation functiof(t) = Cym (t) the spectral density (! ) can be extracted. Assum-

ing Cn (1) = exp( RRmC“ ) Cmm (t) for m & n will yield the correlation radiu®k¢. In general the

correlation function has the propet®Gn (t) 6 Chom ().

R+ il
2For the Dirac delta function one possible representation hsl e dt=2 (1)
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3.2 Excitonic Couplings

In 1948 Forster suggested a mechanism that is able to tramaféation between molecules [28]. He
related the rate constant of this transfer mechanism tovkdap of the uorescence spectrum of the
donor and the absorption spectrum of the acceptor. The @dutmupling of the electrons of the excited
molecule with those of the molecule in the ground state iedihe excitation energy transfer, due to
Forster. The respective coupling matrix element is givethigycoupling between the transition dipole
moments of the molecules. Since structural informationafasponding complexes is available, ex-
citation energy transfer in photosynthesis can be undsdsito molecular detail. If the intermolecular
distances between photosynthetic pigments are in the @rgen smaller than the pigments extension,
additional short-range contributions to the matrix eletnman be expected, which have two reasons:
electron exchange between the molecules, rst mentioneDdxter [29], and the point dipole approxi-
mation fails for the Foérster coupling matrix element.

By means of the innovative work of Weiss [57] and Chang [58hrfitative corrections for the
convenient point dipole approximation for the Forster dmgpmatrix element became available. The
point dipole approximation is achieved from a multipole &xgion of the transition densities of the
interacting molecules. It is only valid if the extension b&tmolecular wave function is small compared
to the distance between the molecule centers.

While for the point dipole approximation only informatiobh@ut geometry and strength of the molec-
ular transition dipole elements and the intermoleculatadises is needed, for the more exact method
of Weiss and Chang, so-called transition monopole chargesn&oduced. Those are obtained from
semi-empirical quantum chemical calculations, using &amisistent eld method. These transition
monopoles re ect the transition density of a molecule, Whii@s no classical analogue. It contains a
product of ground and excited-state wave functions, imstdfaan absolute square of a wave function,
as an ordinary charge density. The excitation energy tamsfupling can simply be calculated as the
Coulomb coupling between the transition charges of one catdewith those of the other, i.e., it can
easily be applied if the transition charges are known.

3.2.1 Excitonic Coupling in Vacuum

The excitonic couplinymn between a pigment in an excited electronic state and a pigm#re ground-
state, introduced in Eq 2.2, is conveyed by Coulomb couplifige respective matrix elements of excita-
tion energy transfer reads:

Vin = W mo njVecoulomb] m nol (3.17)

where =, denote the ground and, o0 the excited state wavefunctions of pigmemtn. Veouomb IS
the Coulomb coupling between both, electrons and nucldiefwo pigments.

Point Dipole Approximation

If the extension of the electronic wavefunction of pigmeistsmall compared to their center to center
distance Vcoulomp Can be Taylor expanded, and the rst non-zero term of thidofageries is the point
dipole approximation, where the excitonic coupling is giees

2

Vi = 23 [en & 3(&n @m)(& @)l (3.18)

whereg,, is a unit vector along the transition dipole moment of i pigment, the unit vectog,,, is
oriented along the line connecting the centers of pigmenendn, and gﬁ = 2,c is the effective
dipole strength of the (Xransition of BCha (see section 3.2.2).

In Eq 3.18 the excitonic coupling is expressed as dipoleldigoupling between optical transition
dipoles. These transition dipoles are an approximatiortiferquantum mechanical transition density,
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which has no classical analoge (see below). The orientatiohposition of pigments transition dipoles
can be obtained from structural data. The orientation ofQpetransition dipole moment of (bacte-
rio)chlorophylls is approximately along thegN Np axis (Fig 1.2) of the molecules [49]. The dipole
strength are estimated from optical spectra measureddotgbo)chlorophylls in different solvents [18].

Extended Dipole Approximation

A rst improvement of the point dipole approximation, is te&tended dipole approximation. This ap-
proximation considers a certain extend of the pigmentdreleic wavefunctions, by placing two partial
charges of opposite sign g, in a certain distanckon the transition dipole direction @N Np axis).
The charges gm have to be chosen as to achigve,j = |j qmj with j nj of the optical transition.
The excitonic coupling is given by the Coulomb interacti@tvireen the point charges of pigmentand
n:
X
Vo = ij —m AN (3.19)
i = I ]
whereij = 1i6] andjry, rnjisthe distance between the partial chargeg,, and qy.

Transition Density

A general expression for the excitonic coupling can be dated by a quantum chemical method. The
couplingVmn is written as a Coulomb coupling between transition dessiti

z
Vo = dty df m(*1) n(f2)

n 3.20
Jf1. - 2 ( )

where the transition density of pigmemtis de ned as integral over the product of ground and excited
state wavefunctions, and o [49,59, 60]:
z Z
m(f1) = ds dfy  din m(ffiiiitn) mo(frf2;iiitN)
S
z
= N drp dmv m(fufiiien)  po(fasf2iiiifn); (3.21)

where the integration is performed over tespin coordinates and thé 1 spatial coordinates.

After calculation of the transition densities by a quantumeroical method, there are several oppor-
tunities to determine the excitonic couplings. One poksikis to approximate the coupling of Eq 3.20
by discrete transition charges of the two pigments. Thesegels can be obtained from the transition
densities by integration over particular volume elemeftse oldest approach is the so-called transition
monopole method of Weiss [57] and Chang [58]. They calcdl&i@nsition charges for each atom of a
pigment, using a semi-empirical Pariser-Parr-Pople ntetho

The transition density cube method of Kruegérl. [61] fractionizes the space around the pigment
into cubes and solves the integral of Eq 3.20 numericallyhan three dimensional grid. Roughly half
a million cubes are required for one (bacterio)chloropipiiment to reach convergence of the inte-
gral. The latest method of Madjet al. [49], the so-called TrEsp-method, determines atomic ttians
charges by tting the electrostatic potential of point ajes to the electrostatic potential of the quantum
chemical transition density. Because the couplings fragrtridinsition density cube method converge for
small cubes against the TrEsp couplings [49], this methodamos the full information of the ab initio
transition density. Therefore it is more accurate than thmsition monopole method, even though the
coupling calculations nally need the same relatively sihedfort, compared with the high numerical
effort of the transition density cube method.
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3.2.2 Dielectric Environment

Although the excitonic couplings, in contrast to the sitergies, can be calculated straightforwardly
from the structural data, there is an unknown scaling fatttair contains the uncertainty about the effect
of the dielectric environment on the Coulomb (excitonidgmaction:

Vi = f v {vacuun. (3.22)

The factorf describes the enhancement of the dipole strénatidl the screening of the Coulomb cou-
pling by the dielectric environment with optical dielectdonstant', where 2 is the dipole strength
of the Q transition of BChh (Chla) in vacuum and ("))? in the dielectric,
wy 2
f=og O : (3.23)

If the distance between the pigments is large compared tettension of their ground and excited
state wavefunctions, the screening fag@qualsl=", which is the case for the empty cavity situation.
The dipole strength of a point dipolein a spherical cavity in a dielectric medium is enhanced £j:[6

= 2371 vac (€mpty cavity model). In the simplest approximation thetda¢ for two interacting
point dipoles in spherical cavities, both dipoles are enhdrby the empty cavity factor, the interaction
is screened bg=" and the therefore the effective (shielding included) engawyjity factor is then just the
product of all factorsf = ﬁz If two pigments are very close, it can be expected that thiofa
f becomes distance dependent, because the two pigments flrmateparate cavities with dielectric
medium in between but are rather situated in the same c#stpointed out by Knox and van Ameron-
gen [63] the enhancement of the dipole strength, i.e. thegdha quantum mechanical transition proba-
bility by the dielectric can be classically understood by thhange of local electric eld interacting with
the vacuum transition dipole. Recently, Knox and Springd Hr&alyzed the dip%le strength of BGhin
15 different solvents and found the empirical relatior{"))2 = (43:3 + 24:2(" ™ 1)) 2 between
the dipole strengtlf (*))? in the solvent with dielectric constatitand the vacuum valug (1))2. If
this empirical formula is compared with the predictionswbtcavity models, the empty cavity model
was found to provide the best explanation [18]. Within thitela the dipole strength of BCalin the
solvent is obtained ag ("))2 = 37:1 (3"=(2" + 1)) 2 D?, that contains the vacuum dipole strength

2 =( (1))? =37:1D? For the dipole strength of Cél they [8.8] analyzed the dipole strength in 43
different solvents and fount the relati¢n("))2 = (20:2 + 23:5( ™ 1)) 2. The extracted vacuum
dipole strength for Clal is 2 =21:0D2.

3.2.3 Test Case — Comparison with Results from Literature

In a recent study Hset al. [64] demonstrated that the excitonic coupling between tvategules in a
dielectric environment that results from a quantum mea®nieatment using time dependent density
functional theory, can be obtained also classically. Thesital calculation just involves the electrostatic
coupling between the transition densities of the two mdixtaking into account the fast (optical) part
of the dielectric response of the medium. Hstual. [64] showed, using a multipole expansion, that
the interaction between two transition dipoles in a splaégavity can be either increased or decreased
by the dielectric response of the environment, dependinthemgeometry of the transition dipoles. As
described in detail below the present method is based on anahsolution of the Poisson equation and
allows thereby to treat also non-spherical cavities, asedtaj the BChlis in the FMO-protein. We have
tested our numerical procedure by reproducing the sph&awiy results of Hstet al,, as shown in Fig
3.5. In this calculation, the transition dipoles are repnéed by two transition charges of opposite sign

3Here we use the usual but non-SI unit D (Debye), respectdélfor the (electric) dipole strength. The conversion to Sl
units follows 1 B= 3:33564 10 ¥ Cm. Primary de nition: a positive and a negative elementztmgrge, separated by 1 A,
have a dipole moment of 4.8 D.
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Case I: Sandwich Case II: In-line

VE/V .

0,6

8>1 8>l 04t . é . : . 17

Figure 3.5:Left part: Sketch of the spherical cavity containing twans#tion dipoles with different geometries:
The dipoles are located at (-0.8,0,0) and (0.1,0,0), thé&yceadius equals 1. Right part: Ratio of the Coulomb
coupling obtained for different dielectric constarits>( 1) and the Coulomb coupling in vacuuth € 1) for the
two geometries in the left part. The values obtained eabeHsu et al. [64] using a multipole expansion are
shown also.

at close distance. The two geometries are depicted in thpdefof Fig 3.5 and the resulting couplings
are shown in the right part in dependence on the dielectnstemt.

3.2.4 Calculation of the Couplings

The excitonic couplings are obtained from the Coulomb dogpl between the transition densities of
the BChls. To take into account the in uence of the dielectvie introduced the following method [53],
based on the theoretical considerations of section 2.2ekeclric volume of the protein is created from
overlapping spheres of its atoms with atomic radii takemfthe CHARMM?22 force eld [65]. The
transition density of BChim, is described by atomic transition chargqég‘)(l; 0) that are located in

the respective cavities in the FMO protein, (+) = P | ql(m)(l; 0) (r R,(m)). An optical dielectric
constant of = 2 is assumed for the protein ahd-= 1 (i.e. vacuum) for the BChl cavities. The transition
charges are rescaled such as to result in the correct mdgrofithe vacuum transition dipole moment
magnitude of 6.1 D as determined in an empty cavity analygiknnx & Spring [18] from absorption
data of BCha in different solvents. The Poisson equation

X
rrEr wE@)= 4 4™ ¢ R™M) (3.24)
|

is solved for each BChl numerically by a nite difference el using the program MEAD [66]. The
value of"(¥) equals 2 if * points to a position in the protein and 1 in the case of BChionithe
resulting electrostatic potential, (¥) of the transition density of BChh, the excitonic coupling with
BChln is given as [53]
z X
Von = dF m(®) o(®) = w®™M)4"(10) (3.25)
[

In a rst approach [53] the atomic transition monopole (TMiatgesqg of Chang [58] were used
for the transition chargeq(m)(l,O). In a second approach [67] the transition chaqﬁ@%(l,O) are ob-
tained from a t of the electrostatic potential of the trarsi density (TrEsp, [49]), obtained with time
dependent density functional theory using a 6-3b@sis set and a B3LYP exchange correlation (XC)
functional. A geometry optimization is performed, consiirgg the torsional angle of the 3-acetyl group
to its value in the crystal structure [23] to study the in werof the acetyl group orientation of the BChls
on the excitonic coupling. Alternatively, the coupling elaulated with transition charges obtained for
fully geometry optimized BCla [49]. In this case, all BChls carry the same set of chafggg. The
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Figure 3.6: Dielectric volume considered in the calculations of extitocouplings. (Left) The pigments are
surrounded by protein with = 2, outside of the proteih equals 1(Right) The BChls are surrounded by protein
and solvent, both described by 2. In both cases the BChl shaped cavities Hawel inside.

guantum chemical calculations were performed with the ranog [68] and QChem [69] and the t of
the electrostatic potential with the CHELP-BOW program][70

In a simpli ed version of the method, the polarizability dfa solvent is taken into account, using
the same optical dielectric constdnt= 2 as for the protein. In this case, there is no need to create a
dielectric volume of the protein, and the BChls are modeledacuum cavities containing the TrEsp
charges in the homogeneous dielectric. The simpli ed moogéther with the TrEsp charges for @hl
is also applied on the central part of photosystem I. The tifferdnt types of dielectrics are illustrated
in Fig 3.6.

The results obtained by the above methods are comparedheigirhple point dipole approximation
of Eqg 3.18. It will be investigated, which value Dfgives the closest agreement with the values obtained
from the electrostatic calculations above. We note thatimegalf is distance and orientation dependent
[71].

Finally, we note that the Knox/Spring analysis of the dipstlengths was limited to the 0—0 transi-
tion of the BChh Q transition, i.e., it does not include excitations of int@etular vibrations (see also
section 3.2.5). To take into account excitonic couplingd thvolve intramolecular vibrational transitions
would require to include those vibrational modes via th@eetive Franck-Condon factors explicitly in
the theory (see e.g. [72, 73]), which is beyond the scopeisftidy.
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3.2.5 Dipole Strength

The vacuum dipole strength(z0 9 = 37:1D?

from Knox & Spring [18] is limited to the 0— 1 el
0 transition, i.e., the excitation of intramolecular —_—C $h0) |
vibration is not included. Therefore a legitimate , et

question is, whether we have to use this vacuum
dipole strength 087:1D?, if we take into account Voo.11
only the 0—0 transition in the simulation of spec-
tra, or if we have to use the accumulated dlpoIEA Viooy EB
strength of the 0-0 an;:i 0-1 transitic2>n united on Voo
the'? 0 transition, i.e. é t 0 b g1 g1
wo excitonically couple p|gments with each
having a vibrational ground and excited level in Y $h® A A
the electronic ground and excited state (Fig 3.7) A 90 B g0

will have dimer eigenstates that re ect the exci-

tonic couplings between the different transitiongigure 3.7: Two pigments A and B, each having a vi-
Since the 0—0 transitions couple strongest thbsational level in the ground and excited electronic state.
will show the largest splitting and the transitionBlack arrows: possible transitions. Green arrows: se-
involving vibrational levels will not be splitted lected excitonic couplings between transitions.

that much (by coupling with a transition of the

other molecule) because of their low dipole strength. Soremsing the dipole strength of the 0-0
transition would put the oscillator strength in a differgtdce of the spectrum than by explicitly includ-
ing the vibrational transitions in the diagonalization gdure.

In the following dimer calculations are performed to inigate this point in detail. For this purpose
we study a dimer where one vibrational level for the ground axcited state is taken into account.
The vibrational frequency is set to 180 ch taken from [44], see Fig 3.3. The matrix of excitonic
couplings between all possible transitions and the enerfieespective states is presented in Table 3.1.
Notation:jA g0i stands for molecule A in electronic and vibrational groutadesjA gli means molecule
A is in electronic ground and vibrational excited stgfegOi means molecule A is in electronic excited
and vibrational ground state aplgli means molecule A is in electronic and vibrational excitedest
analog for molecule B.

The diagonal elements of the left upper and right lower regitaof the matrix in Table 3.1 do not
belong to transitions but are the energy of the actual state.instance the (4,4)-entrfgg + 2~! ) is
the energy of molecule A in electronic ground state and vidanal excited statA gli, which amounts
to~! and the energy of molecule B in electronic and vibrationalted statgB eli, which amounts to
Eg + ~! , see Fig 3.7.

In the right upper and left lower rectangle the respectiv@teric couplings are listed. For example
the excitonic coupling/oo;11 is the excitonic coupling of the transition of pigment A beenjg0i and
je0i and pigment B betweejgli andjeli (Fig 3.7). The matrix element$;mn withi;j;m;n = f0; 1g
of Table 3.1 can be calculated with the Franck-Condon faabEq 3.27 as shown exemplary in Eq 3.26

<

Voo:11 = hAg0 BeljVjAeOBgli = h g eoiah e1j g1ishAg BejVjAe Bgi; (3.26)

wherehAg BelVjAe Bg is calculated as explained in section 3.2 and the Francld@oifiactors are
obtained as (see e.qg. [31]):

M np_np—ms IN I
. ()" ST S MIN!

min! MmN ny MmN o

hguj eni =€ (3.27)

m=0 n=0
where e, g is the electronic index (here ground and excitg)sN; M is the number on vibrational
quanta, in our casd; M = fO0; 1g andS is the Huang-Rhys factor of the vibrational level. Rér= N
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Table 3.1:Matrix of excitonic couplings! = 180 cm 1! is the vibration frequency of the vibrational mode.

Ag0  AgO Agl Agl | Ae0  Ae0 Ael Ael
BeO Bel BeO Bel B g0 Bgl Bg0 Bgl

Ago || Eg 0 0 0 Voo,oo  Voo,01 Vo1:00 Vo101
BeO
Ag0 0 Eg+ ~! 0 0 Vooio  Voo11 Vo110 Vo111
Bel
Agl 0 0 Eg+ ~! 0 Viooo  Vioo1 Vit.00 Vito1
BeO
Agl 0 0 0 Eg+2~! | Vigio  Viou1 Vit10 Vit11
Bel
AeO0 || Voooo  Voo01 Vo100 Vo101 Ea 0 0 0
B g0
Ael || Vooio  Voo11 Vo110 Vo111 0 Ea+ ~! 0 0
Bgl
Ael | Vigoo  Vioo1 V1100 V1101 0 0 Ea+ ~! 0
B g0
Ael | Vigio Viour V1110 Vit11 0 0 0 Ea+2-!
Bgl

the Franck-Condon factors simplify to

Xogm Ml
hguj ewi = e 572 ( S) : (3.28)

o (M2 (M m)!

With Eqg 3.27 and 3.28 we determine the required Franck-Co rs to: D

hgl ool =€ 52 hgj eri =€ 521 S);hgj i = €52 S;hgj ol =€ 52 S
Without vibrational levels th8 8-matrix in Table 3.1 reduces to tf2 2 exciton matrix for two

pigments described in Eq 2.2. Then the diagonal elementtharsite energies and the non-diagonal

elements are the usual excitonic couplings explainedeganlithis chapter.

With the matrix in Table 3.1, Eq 3.26 and Eq 3.27 we performeddudation of dimer spectra (Gauss-
dressed stick-spectra) with and without excitonic coupfior the case with vibrational level in ground
and excited state (Fig 3.8, black lines). To elucidate wéreithis better to use the 0—0 dipole strength
in the calculation or the accumulated dipole strength ofXth® and 0—1 transition, calculation without
vibrational level with the 0—0 dipole strength (37.%)Fig 3.8, green lines) and the accumulated 0—0
and 0—1 dipole strength (1.Z7.1 *)* have been performed (Fig 3.8, green lines). The calcukation
were done for the BChl 1 — BChl 2 dimer of the FMO complex fr@mtepidum with strong coupling,
taking into account the site energies (12410 and 12530 from the genetic t (Table 4.3, Trimer).

Both calculations deviate from the result with vibratiotelels. However, it seems that just taking
into account the dipole strength of the 0—0 transition pfesia better description of the spectral position
of the two main bands.

Increasing the effective dipole strength would also addhé¢dite time broadening of the 0—0 transi-
tion in an arti cial way.

4Knox & Spring [18] alert that the dipole strengths they repdrare the 0— 0 strengths and that the remainder of jtm€d
strength is around 20 %. We interpret that they mean a relafi@0 % dipole strength belong to the 0—0 transition and 20 %
to 0—1 and (higher) transitions. Hence we chose the Huang-Rictor to S=0.25.
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Figure 3.8:(Top) Energy scheme for two pigments with vibrational level i #lectronic ground and excited
level. (Cente) Solution with vibrational levels for couplingswitched off site energies 12410 and 12530 cm
vibrational levels +180 cm!. (Botton) Three possible results for couplingwitched orand same site energies as
in center

3.2.6 Systematic Study of Couplings in Dielectric

Here the idea is to investigate the in uence of the dieleatnedium on the pigment-pigment-coupling in
a systematic way to eventually nd a rule how the in uence lo¢ tielectric can be effectively included
in the calculation of pigment couplings in vacuum. The factb0.8, estimated before for FMO is in
principle only valid for strongly coupled pigments (whicreadominating the spectra of FMO), and a
more general factor would be very useful. Schadesl. [71] recently published a distance dependent
factor s(r) (Eq 3.29), based on an exponential function, resulting fedaborate quantum chemical
calculations for 100 pairs of molecules in four differenbpsynthetic proteins.

= Ae " +5sg; with A=2:68 =0:27, so=0:54 (3.29)

As our calculations will show, beside the distance also th&ual orientation is important. The calcula-
tions here have been done with the program Mead [75] for B®@¥ith the TrEsp charges from Madjet
et al. [49], rescaled to the dipole moment 37.2 Bf Knox & Spring [18]. All calculations are done in
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Figure 3.9:(Left) Calculations are either done for xed distanceidirection R), differentangles and different
distances irx-direction or different angles and different distances ir-direction. (Right) VMD [74] picture

(perspective) of two pigments with=6 A, x =14 A and =0 . The colored areas hate= 1 and the black
area’ = 2 for medium calculations.

vacuum { = 1) and dielectric medium with = 2, to extract the in uence of the medium by compari-
son. The vacuum couplings from Mead were reproduced witmalsi Fortran program, that calculates
the vacuum couplings in point dipole approximation (Eq 3d& in extended dipole approximation (Eq
3.19), using the dipole extend d§ = 8:8 A from Madjetet al. [49]. From Fig 3.10 it is evident that
the vacuum couplings are reproduced in good approximagidhdextended dipole couplings, while the
point dipole approximation is not suf cient.

800 F
i 1 — V
5 vac
£ 600 | Ly
on 400 ED
o0 "
g Vop
&, 200
g L
o OF
_200 i 1 i 1 i 1 i 1 i i 1 i 1 i 1 i [ i
10 15 20 25 10 15 20 25 30
r / angstrom r / angstrom

Figure 3.10:Excitonic couplings in vacuum (red), extended dipole agpnation (black) with extensiod, = 8:8
A and point dipole approximation (green), plotted versestinter-to-center distance(Left) Move inx-direction
andz=3 A, =0 .(Right)Move inz-directionandk =0 A, =0 .

Interestingly, it is possible to reproduce the differenetaen the vacuum couplings and the cou-
plings in the dielectric (Fig 3.11left) by the couplings of an extended dipole of an enlarged length
d; = 10 A, multiplied by a factor (Fig 3.11sight) vV f VEP(d; = 10 A). As one can see in
Fig 3.11, the minimum position of V is a critical measure of the extend of the dipole to be use@. Th

Vv(aECD) for 10 and 11 A describe the functionV with nearly the same quality, but the 10 A curve
describes the couplings for small distances a little bitdvet

To investigate the angle dependence &f, the couplings have been calculated for xedlistance
(R = 3 A) at several different angles (=0 ; 10 ; 20 ; 30 ; 45 ; 60 ; 75 ; 135 ) for distances varied
in x-direction as shown in Fig 3.9¢ft). The resulting couplings are presented in Fig 3.17. Thdeang
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90 is skipped, because the coupling nearly vanishes at thie &iag 3.18, 3.19) and therefore numeric
artefacts would be enhanced. To identify the angle depamrdefthe factof that yields

f() Viao(d);

the difference of the couplings in Fig 3.17 are calculated thie extended dipole couplings fdy = 10
A are tted to them (Fig 3.12), yielding different factofg ) for the respective angles.

V = Vac Vmed (3.30)

T i T 11— AV 4 200
_ 800:\ v —ees V88|
‘2 600 T e V@0 [ 1150
©Q VE])(IO') -4 100
~
éﬂ 400. )
= 200
% I
o) 0
O I
-200
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r / angstrom

15 20 25
r / angstrom

Figure 3.11:(Left) Excitonic couplings in medium (red) and vacuum (black)cuokdted withMead (Right)

Difference of vacuum and medium coupling®/ = Vyac

Vimed, iIN cOmMparison with extended dipole couplings

with different dipole extensions. For better comparisbe,ED couplings are scaled with individual factors.
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Figure 3.12:Black circles: difference between vacuum couplings angtings in dielectric with" = 2 (from
Fig 3.17),i.e., V = Viac Vmes calculated for plan parallel bacteriochlorophylls witars distanceR = 3 A
at certain angles between both Qtransition dipole moments, plotted versus center-toametistance (see Fig
3.9). Blue line: scaled coupling (scaling factogiven in the gure) of two extended dipol&4ED(d;), following
Eq 3.19, with extensions 10 A and dipole strengths 321 D
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In Fig 3.13 the tfactors of Fig 3.12 are shown for angles be¢én0 and135 (R = 3 A). Obviously
these factors are well tted by a scaled cosine function.

'0,2 C 1 L 1 L 1 L 1 L 1 L 1 L 1 L -
0 20 40 60 80 100 120 140
angle o / degree

Figure 3.13: Scaling factord ( ) (Eq 3.30) obtained from Fig 3.12, in dependence of the angler xed
z-distanceR = 3 A (red circles), in comparison with a scaled cosine (black)i

To investigate the distance dependence, the couplings beem calculated for three different an-
gles ( = 0 ;20 ;45) and distances between 0 and 30 A ziirection. The results are shown
in Fig 3.16. It is evident that is also distance dependent, i.e., in the simplest case itléHwld
f = frr (R;r) f (). The function which is suitable to describe the data poistsfithe type
f(R;r)/ 1 e @R 2" whereR is the distance between the planes, described by the Nitroge
atoms M, —Np in the BChls and is the center-to-center distance.

The coef cients have been determined by a manual t usingtogramgnuplot[76].

Now it is possible to present a formula for the coordinateedasalculation of the couplings in media
without an explicit numerical solution of the Poisson-Balann Equation:

V@ =\ f VED(d)); (3.31)

med

wheref is angle and distance dependent:
f=f(:R;r)=ag cos (1 e &R gamn (3.32)

with ag = 0:42;, a; = 0:28; a, = 0:04 for BChla. For other types of pigments (e.g. BG&hir Chl) it
is necessary to do the calculation again and extract speoef cients ag; ai; az, because they might
depend on the pigment type.

As a test of the empirical derived formulas Eq 3.31 and Eq,&a3&lculation with a different xed
z-distanceR = 6 A and angle = 0 is done for center-to-center distanaebetween 6 and 25 A. The
result is shown in Fig 3.14.

In Fig 3.15 the ratio oVeqg andVy4c for the Mead values is compared to the Scholes function (Eq
3.29)s(r) and the ratio of our approximation (Eq 3.31, 3.32) to the uac@ouplingsv, @P"=\(... The
zero crossing of the ratio of calculated couplings (Fig 3lé8) is well described by our approximation,
as well as the limit for large distances ts very well with capproximation. The Scholes functis(r)
ts only better for a move irk-direction in the range of 8 to 13 A, while it fails in the degtion of the
overall behavior and gives wrong limits.

In Fig 3.16(left) the approximated medium couplings using our approximgtied) and the Scholes
approximation (orange) is compared to the exact medium lcmsgobtained by solving the Poisson
equation numerically. Our approximation ts very well toetexact values, while the Scholes values t
well for distances larger than 10 A. In Fig 3.17 also our agpnation (red) ts very well to the medium
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Figure 3.14:(Left) Vacuum couplingd/c (red) and couplings in dielectric medium with= 2, Vpeq (black).
(Right)Couplings in medium (black circlesy, %™ following Eq 3.31, 3.32 foran angle= 0 and plane distance
R =6 A (orange) in comparison with the Scholes-approximation3E29)s(r) Vyac (green).

values, while the Scholes values (orange) t very well fastdices larger than 7 A. In the range of 10 to
13 A the Scholes values even t slightly better.

As a result of the good agreement between the extended dippteximation with the exact vacuum
couplings (Fig 3.10) we can give an even simpler expressoiktf] 3.31. Here only the coordinates of
the Nitrogen atoms are needed.

V@0 = ED(gy  f VED(dy); (3.33)

med

with dp = 8:8A, dg = 10 Aand f speci ed in Eq 3.32.

Figure 3.15:(Left)Move inx-direction withR =3 A and = 0. (Right)move inz-direction, = 0. s(r) from
Eq 3.29, in comparison withime=Wac from the mead calculations (Figs 3.17 and 3.16).
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Figure 3.16:(Left) Couplings in dielectric with' = 2, (Vimes green circles) and vacuum couplingé4, black
line) calculated with Mead in comparison with the approxiomV, 2" following Eq 3.31 and 3.32 (red) and
the Scholes values (Eq 3.29)r) Wac (orange) for a move irz-direction and different angles between the
transition dipoles Q (Right) Ratio of coupling difference V.= Vyac  Vmed andV,52(d1) (black circles) and

fr (R) coq ) (redline). vac
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Figure 3.17:Move in x-direction. Vacuum couplings (black) and couplings in datic with" = 2 (green
circles), calculated for plan parallel BChis with distafRe= 3 A at certain angles between the transition dipole
moments Q (see Fig 3.9). Calculations are done with the program Me&H /755 calculated following Egs 3.31

and 3.32s(r) Wyac calculated following Eq 3.29.
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3.3 Calculation of Site Energies

In the following, four independent methods to obtain thealdcansition energies (site energies) of the
seven BCH molecules of the monomeric subunits of the FMO proteif.odiestuarii andC. tepidum
are described. First the site energies are used as parartteteare optimized by a genetic algorithm in
the tof optical spectra. Afterwards, three methods whielicalate the site energies directly at different
levels of approximation, are presented.

3.3.1 Site Energies from Fit of Optical Spectra
Evolutionary Algorithm

An evolutionary algorithm is an optimization method, whiakes the biological evolution as a paradigm.
The evolution has the ability to adapt complex life-formsl anganisms to their environmental and life
conditions by manipulating their genetic constitution.efidby a very dif cult optimization problem is
solved. The most amazing property of evolution is the neddyi simple procedure and the cooperation
of different control mechanisms. In a simple model the dearocedure can be reduced to three simple
principles: Mutation, selection and recombination.

Description of the Algorithm

An often successful way to treat nonlinear multidimensiamimization problems is to use an evolu-
tionary algorithm as a t routine [77—79]. An overview of tlaptimization process is given in Fig 3.18.
In the initial stepN sets of site energies are generated (a so-calgdilationof N chromosomés one

Figure 3.18:Left Working scheme of the genetic algorithm used in the t of oplispectra to obtain the site
energiesRightGenetic operations, recombinatidog) and mutationlfotton).

set is provided (start set) amtdl 1 are randomly created. The corresponding spectra ardatduand

the different sets are ranked according to theiess value which is obtained from the reciprocal of the
mean square deviation between the calculated and expadhspectrum. To get better individuals from
generation to generation it is necessary to use a suitadiébdition function which takes into account
the ranking of chromosomes by choosing higher ranked chsomes with higher probability than those
with lower rank: the so—calledelectionof chromosomes. With these selected chromosomes genetic
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Table 3.2: Test of the genetic algorithm, using the FMO coordinated. sk¢ energies are expressed in units
of cm 1. TheTrue values are site energies that were used to calculate a spethtat is used instead of the
experimental spectrum in the t. Thimitial values are different sets of initial site energies used & thas
explained in the text, and tHdt-Resultvalues are the respective optimal site energies obtaimed fine genetic
algorithm.

Initial Fit-Result
BChl || Center Swap| Center Swap| True

1 12460 124500 12451 12442 12450
12460 12470 12521 12514 12520
12460 12550 12210 12207 12210
12460 12540 12320 12317 12320
12460 12210 12548 12558 12550
12460 123200 12542 12538 12540
12460 125200 12471 12469 12470

NOoO o~ wWDN

operations [77—79]réproduction recombinatiorandmutatior) are performed.

Reproduction:; To avoid the loss of important information, in each stepdhmmosome with the highest
rank is copied to the next cycle.

Recombinationt Two sets of parameters are selected and it is decided bydamanumber after which
position across-over(see gure 3.18) is done to produce a new parameter set.

Mutation: One or two elements of a chromosome are selected by randdrhein values are changed
by adding a random number (reasonable boundaries!). Mutatin be done after selection of one set of
parameters or additional after recombination. The tisdaterely completed. In this work 100 to 200 t
cycles were computed, with a population of 100 chromosomes.

Test of the Algorithm for FMO

The algorithm was tested (using the FMO coordinates) rstdplacing the experimental spectrum by a
calculated spectrum, shown as circles in Fig 3.19, that Wwteimed for the site energies given in the last
column (True) of Table 3.2. A simultaneous t of the absorption (OD), laredichroism (LD), circular
dichroism (CD) and the derivative of the absorption @dpectrum was performed. A typical population
of 100 chromosomes was used. After 200 iteration steps,ahmes for the site energies found by the
algorithm were within 2 cm ! of the true values for convenient initial values and withi cm * for
inconvenient initial values. The algorithm converges,fifsall initial values for the site energies are
chosen equal at an energy of 12460 énin the center of the target spectrum. The spectrum resifting
those initial site energies is shown as dotted line in Fi®@3The most dif cult situation occurred with
an inverted order of the initial values with respect to theroal values, the respective initial spectrum is
shown as a dashed line in Fig 3.19. If only the OD spectrumealoas tted, the optimal site energies
obtained were wrong, even if a population of 500 chromosoneasused.

Test of the Algorithm for PS1

Again the experimental spectra are replaced by simulatedtisy here triplet minus singlet (T—S) and
cation minus neutral (P—P) spectra and the derivatives of both. For the algorittshtte triplet state

is placed on R and the charge ongP. For each inhomogeneous spectrum N = 2000 homogenous spec-
tra are averaged. The special pair coupling is set to 180'cmhat is relatively close to the expected
special pair coupling. In contrast to the FMO t, also theanmogeneous line-widths (fwhm) are treated
as t parameters. A simultaneous t of the T—S antl PP spectra and their derivatives was performed.

A typical population of 200 chromosomes was used. After 28faiion steps, the values for the site
energies found by the algorithm were withilOcm * of the true values and the values for the inho-
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Figure 3.19:Test of the genetic algorithm, using the FMO coordinatese fi¥o Initial spectra are obtained for
different initial sets of site energies used in the gendtgodhm as explained in the text. Therue spectrum

is used in place of the experimental spectrum, it is obtafoe@d set of known test values of site energies. The
Fit-Results(solid line) shows the spectra obtained for the two sets tifrap site energies given in Table 3.2.

Figure 3.20:Test of the genetic algorithm, using the PSI coordinatese imtial spectrum for T—S is scaled
by factor 0.4, because of better visualization. Thigal (green line) spectra are obtained for the initial set of site
energies used in the genetic algorithm as explained in thie The True Valuespectrum (black dots) is used in
place of the experimental spectrum, it is obtained for a Skhown test values of site energies. THé&Results
(red dashed line) shows the spectra obtained for the twm§efstimal site energies given in Table.
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Table 3.3:Test of the genetic algorithm, using the PSI coordinatds. Siergiesk, ) and inhomogeneous line-
widths (fwhm) are expressed in units of cfn The True values are site energies that were used to calculate a
spectrum that is used instead of the experimental spectnuirei t. The Initial values is the set of initial site
energies used in the t, as explained in the text, andRitdResultvalues are the respective optimal site energies
obtained from the genetic algorithm.

Initial Fit True

Chl Em fwhm| E, fwhm| E, fwhm
1011 (R) || 14550 150 | 14689 258 | 14680 250
1021 (B) || 14550 150 | 14496 257 | 14500 290

1012 14550 150 | 14764 157 | 14770 160
1022 14550 150 | 14438 197 | 14440 190
1013 14550 150 | 14732 119 | 14730 140
1023 14550 150 | 14180 175 | 14170 180

mogeneous line-widths are within20cm 1, except for B, where the deviation is around 30 ctn for
the given initial values. The algorithm converges fast|lifratial values for the site energies are chosen
equal at an energy of 14550 crhin the center of the target spectrum. The spectrum resultintghe
initial site energies is shown as thin green line, the Testspm for the True Values is the black dotted
line and the spectrum resulting for the tted values is thetdashed curve in Fig 3.20.

3.3.2 Site Energies from Structural Data

In the following, three methods are described that aim atrecticalculation of site energies from the
structural data. In these approaches no absolute siteieséxg relative site energy shifts are calculated.
The site energ¥n, for pigmentm is given by:

Em=Eo+ Em; (3.34)

where the site energy shift E, is obtained by the methods described below, and the conBtant
is assumed to be equal for all pigments and will be determinem the overall spectral position in
comparison with experiment.

Point Charge — Dipole Method

From classical theory the interaction between a dipodnd an electric eldE (in vacuum) is given as
W = ~ E. The ground and excited states of the pigments are desdviptieeir dipole moments,
and~ey, respectively, and the electrochromic shift of the traosienergy is obtained as the difference in
interaction energies of the excited and the ground st&e= Wex Wj,. We note that an additional shift

1=2 E 2 occurs because of the difference in polarizability of the two electronic states [80, 81].
Including the  reported for BChh from Stark experiments [82], spectral band shift measurgsnea
solution [83] and quantum chemical calculations [80] hasalkeffect on the calculated electrochromic
shifts. The site energies obtained, including the-term are withinl0% of those obtained by neglecting
this term. The large variance in the reported values ranging from 4:3 A3 [80] to 16 A3 [83] makes
it dif cult to obtain a reliable estimate of the small cortem term for the site energies. Therefore this
second order correction is neglected in this study and ¢yt order term described above is taken
into account.

The shift E, of the transition energy of themth pigment in a eld ofN point chargesk in a

dielectric medium then follows as:

Em = ok _~m Fmk (3.35)
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Figure 3.21:Left: Structure of monomeric subunit of the FMO complex®ftepidumas used in PCD method:
BChls green, positively charged amino acids (Arg, Lys) meglgatively charged amino acids (Asp, Glu) blue,
neutral amino acids greyright: Calculation of site energy shifts as in CDC method: all atopartial charges of
the environment (charged and neutral) as well as the difterén charge density between excited and ground state
of the pigments (negative charge density red, positive)ldue considered.

where ~, = ~& ~{is the difference of the permanent dipole moments of groamd- excited
state of themth pigment andkn = fyn ¢ iS the vector connecting the center of timth pigment
with thekth point charge. The effective dielectric constagt in the denominator of Eq 3.35 is used to
describe the screening and local eld effects by the digleenvironment [84] in an effective way. This
method has been successfully applied to calculate eléctotc shifts of pigment transition energies
due to oxidized and reduced pigments in bacterial react@necs [84] and photosystem Il reaction
centers [32]. Here, the method is applied to calculate siéegy shifts due to charged amino acids.

The experiments were performed at pH 8 [42, 43]. For sinplicve assume that this pH value
also applies to the environment of all the titratable groumpthe protein and hence arginine (Arg) and
lysine (Lys) are negatively charged, whereas aspartic(@ad) and glutamic acid (Glu) carry a positive
elementary charge (Fig 3.21). The charges were locatedeatehter of charge of the amino acid,
obtained from the atomic partial charges of the CHARMMZ23 [igce eld.

The difference vector of excited and ground state permadipote moments ~, is assumed to be
of equal magnitude and orientation with respect to the BGhacrocycle for all pigments. From Stark
spectra of BCHd [85] a value folj ~j between 1.6 D and 2.4 D and an orientation of approximately
along the N ! Np axis of the BChl can be estimated [85] In the present calculations we use
j ~j = 2:0 D and determing's from the t of the overall width of the spectrum obtained fdret
calculated site energies. In the following we refer to thetimod as the the PCD method.

Poisson —Boltzmann Quantum Chemical Method

In the Poisson-Boltzmann quantum chemical (PBQC) apprapantum chemistry of BCalin vacuum

is combined with electrostatics of the whole protein in atodetail including polarization effects of the

solvent and the protein and an average over the protonaatesf the titratable residues [26]. In short,
atomic partial charges of the BChls are obtained by a t ofdlextrostatic potential of the ground and
excited state charge densities [49]. The site energy diffegs E, are then obtained by calculating the

SFor BChhk in polystyrene { = 2:6) a valuej ~j=f of 2-3 was reported [85]. Using the empty cavity facfor=
3"=(2" +1) thenresultsip ~j=1:6 24.
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electrostatic free energy change that occurs when movingitb sets of partial charges from the solvent
(with dielectric constantsgy) into the speci ¢ binding site of BChin in the protein. Further details are
given in [26].

Charge Density Coupling Method

In the charge density coupling (CDC) method, the PBQC ambratescribed above is simpli ed by
(i) assuming a standard protonation pattern and (ii) desgrithe polarization effects by screening the
charge density coupling by an effective dielectric constan. To evaluate the charge density coupling,
two sets of partial charges are needed,q™ g andfq®@g. The o™ = ™@;1) o™ (0;0)
describe the shift in charge density of the PPC when B@lk excited. It is non-zero only on the
macrocycle of BChin. The remaining charge density of the PPC is described byatlegoound charges
q(]bg) that include the whole protein, certain water molec§lesl BChlsn 6 m in the ground state and
also the phytyl chain of BChh.

The electrochromic shift of theath pigment is calculated from the Coulomb interaction of diife

ference of ground and excited state partial chargqg") of pigmentm with the background charges
(bg)

v X (m) (b9

Em = o : (cr]rlw) cPbg)- !
eff |21 =1 I ry™)

whereN is the number of partial charges of the macrocycle of B@hK is the total number of back-
ground partial charges aif™  r9j s the distance between théh difference partial charge of the
mth pigment and thd th partial charge of the background.

The background charges of the protein and the water are takarthe CHARMM22 force eld [65].
The partial charges of BChls are obtained from a t of #ieinitio electrostatic potential of the ground
and excited state charge densities as described in defd®jnThe quantum chemical calculations are
either performed on a fully geometry optimized B&mesulting in the same partial charges for all BChls,
or after performing a restricted geometry optimization vehghe torsional angle of the acetyl groups of
BChis is kept as in the crystal structure [23]. In the lat@se; we also included the direct effect of the
acetyl group rotation on the transition energy as obtainewch the quantum chemical calculations. The

site energy is then obtained B, = Eq+ En + ,(ﬁ'c) with Ep, in Eq 3.36 and adjusting to

describe the spectra. We note thdt r(r?c) is also considered in the PBQC method.

(3.36)

5These water molecules are the hydrogen bond donor to thetglaroup of BChl 1, the axial ligand to the Mg atom of
BChl 2, and two water molecules bridging the side chains gf 234 and Ser 235 via H-bonds.
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Application to FMO

Figure 4.1:The absorbance of light of a photosynthetic pigment-pnoteimplex (FMO protein oP. aestuari)
is explained by structure-based simulations. The dipolenert of an -helix determines the energy sink at a
particular pigment in this system by electrostatic intéans as illustrated in the lower part.
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Since the rst high resolution crystal structure of the FM@tein appeared more than 30 years ago [2],
there have been numerous of theoretical approaches trymgptain the low-temperature optical spectra.

In these approaches, the structural data have been usettitata excitonic couplings between
the seven BClal pigments that are bound per FMO monomer and the site enesgiestreated as t
parameters. Nevertheless, it has been an unsolved problemadire than 20 years to nd a satisfying
description of the different linear optical spectra and mowmn set of site energies.

A large part of the puzzle was solved by Aartsma and coworf2s86] who used a smaller ef-
fective dipole strengths of the BChls in the calculation xgimnic couplings than assumed previously.
The smaller excitonic couplings allowed for a simultanedescription of absorption and linear and
circular dichroism. We have recently checked [53] that thkies for the optimal site energies do not
change qualitatively, if a more sophisticated theory ofagbtspectra [30] is used that contains vibra-
tional sidebands, life-time broadening and resonanceggnesnsfer narrowing, which were neglected
in the original approach [86].

In addition, we presented [53] a quantitative explanatibtihe low effective dipole strength. In this
approach, a Poisson equation is solved for the electrogtatential of transition charges originating
from the transition monopole approximation of tBg! S; transition of BChé [58]. The monopoles
are positioned in vacuum cavities in the dielectric voluni¢he protein, where the cavity shapes are
determined by van-der-Waals radii of the atoms of the BCdaiors and the protein volume by the
radii of protein atoms.

Recently, a new method (TrEsp) has been developed by Metdiet[49] to obtain transition charges
from a t of the electrostatic potential of thab initio transition density. The coupling from these tran-
sition charges was shown to be identical with the one thabtaioed in the transition density cube
method [61]. Here, we will use the TrEsp transition chargessimplify the description of the dielectric
environment by including the solvent and assigning the sdiglectric constant to the protein and the
solvent.

The drawback of a tting procedure for the site energies & this impossible to relate the obtained
optimal values to structural details of the pigment-prommplex. A rst attempt of a direct calculation
of site energies from structural data was reported by GuklaMdowaket al. [87]. Quantum chemical
calculations of BChl transition energies were performéghginto account the different conformations
of the macrocycles of the BChls, including the acetyl grongation and also all charged amino acids in
the vicinity of the BChls. However, the reported site enesgio not describe the optical spectra, most
likely because important long-range electrostatic irtgoas were neglected in this purely quantum
chemical approach.

We have recently used a very simple electrostatic methodtfBiclude all charged amino acids
of the protein, assuming a standard protonation patterm sitb energy shifts were obtained from the
difference in Coulomb couplings between the charge dessit the charged amino acid residues and the
ground and excited state charge densities of the BChls. drnast were described by point charges and
the latter by the difference permanent dipole moment batwyesund and excited state. We will therefore
term this approach PCD (point charge-dipole) method. Aitatale description of experimental data
was obtained, after performing a partial t of the site enesgof those two BChis that are not ligated
by His but by Leu (BChl 5) and water (BChl 2). The major drawbat this approach is a too simple
description of interactions between BChls and their closérenment as is evident from the difference
potential between the charge density of the excited and riwgng state of BClal [49] in Fig. 4.11.
This potential is clearly different from that of a dipole,datinerefore, e.g., hydrogen bond effects to the
13'-keto and 3-acetyl group are incorrectly described in th® R@proach. The difference potential
indicates how a partial charge of the protein varies thesttiam energy of the BChls. For example, if
a positive charge is located in the negative differencerpatie(shown in red) a stronger stabilization of
the excited state and therefore a red shift of the transé@iergy results.

To take into account both, the short- and the long-rangeaotens in an appropriate way, a new
calculation method was proposed by Méihal. [26], combining quantum chemistry with electrostatics
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in atomic detail. The charge density of both the protein &iedpigments was described by atomic partial
charges. Moreover, polarization effects of the dieleadfithe protein and the solvent were considered as
well as a realistic protonation pattern by solving a PoisBotizmann equation and using a Monte Carlo
approach to sample the possible protonation states oftth&atle residues. We will call this approach
the PBQC (Poisson-Boltzmann Quantum Chemistry) method.tHeo rst time, it became possible to
reach quantitative agreement between experimental spaatt calculations that essentially contain no
free parameters. On this basis, the importance of diffgraris of the protein could be analyzed. Rather
unexpectedly, the electric eld of the backbone of twehelices was identi ed to determine the energy
sink at BChl 3 [26]. Besides this effect, charged amino adiyslrogen bonds between the keto and
acetyl groups of BChls and their protein environment, arftbiotharge density couplings contribute
to the shifts. Polarization effects and the different comfations of the BChls were found to be least
important.

The latter nding provided the inspiration to study whetheis possible to simplify the PBQC
approach by just taking into account the Coulomb couplingvben the charge densities of the ground-
and excited states of the BChls and those of the protein. isnafproach that we term CDC (charge
density coupling) method, any polarization effects araeximated by screening the Coulomb coupling
by an effective dielectric constaht . Furthermore, a standard protonation pattern is assumdtido
titratable residues.

4.1 Couplings

Here the couplings calculated with the methods introduceskttion 3.2 for the FMO complex @.
tepidum andP. aestuarii are presented.

4.1.1 Couplings Calculated with Point Dipoles and Transitbon Monopoles

The results for the couplings calculated in the transitiamnaopole approximation and fr= 2 (Table
4.1, column 3a and 3b) are compared to the values obtainéd=fdr in the transition monopole (column
la/b), and point dipole approximation from Eq 3.18, uding 1:0 (column 2a/b) and = 0:8 (column
4a/b). A least mean square Y, (" =2)= f V,, (" =1), for the transition monopole couplings
in columns 1 and 3 results ih = 0:80. The closest agreement betwedp, (" = 2) and the point
dipole approximation (column 2) were obtained by using &ofaof f = 0:81 (P. aestuari) and0:82(C.
tepidun), i.e., we obtain nearly the same correction factor as fedifference betweev,,, (" =2) and
Vion (" =1). Itis clear, thereby that the point dipole approximatiorrkeowell and that the main effect
on the couplings is due to the dielectric environment. Thes@nt factor 0£:80 0:82 is somewhat
larger than the factor 0.72 obtained for point dipoles intaesical cavity.

A closer examination, using extended dipoles instead oftti@an monopoles, shows that about half
of the deviations occur because of the more realistic chdigggabution and the remaining half due to the
more realistic cavity shape and the fact that cavities gjm@dring pigments overlap. However, overall
the simple spherical empty cavity model is seen to work ssirgly well, being just off by about 10
%. In the calculation of optical spectra and exciton relaxapresented below we use the point dipole
approximation and a factdr = 0:8 for both P. aestuariiandC. tepidum

4.1.2 Couplings Calculated with TrEsp Charges

The excitonic couplings (only fdP. aestuari) were calculated in vacuum £ 1) and in a dielectric'( =
2), representing the protein (prot) or the protein and thessul(psol). TrEsp transition monopole charges
were used obtained either for fully geometry optimized ptaBChla (plan) or taking into account the

For" = 2 inserted into the empty cavity factor that includes theatitic shielding?, i.e.f (" = 2) = ﬁz =0:72
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conformation of the acetyl group (conf). The results foisthgarious calculations are presented in Table
4.2. As seen from a comparison of columns (1) - (4), there g @minor in uence of the acetyl group
conformation on the couplings. The couplings obtainedHetprot and thepsol dielectric are also very
similar. However, the comparison of these calculation& it vacuum calculation$ € 1) in columns

(5) and (6) shows that there is a reduction of the strongastlitms by about 20 % due to the dielectric
medium. The excitonic couplings determined by the variotssp methods can be well approximated
by the point dipole approximation and a facfor= 0:8 as seen in the last column of Table 4.2 and
in Fig 4.2, where the optical spectra obtained with TrEsp/fsonf) and PD{ = 0:8) are compared

to experimental data [42]. In the TrEsp calculation, thengjin transition dipole orientation-f,)
was taken into account. We nd, however, that all transitibpole moments-,, lie within 2 of the

Ng Np axis of the respective BClmh. The site energies of the PBQC approach [26] were used in the
calculation of the spectra.

4.1.3 Comparison of TM and TrEsp Couplings

If we compare the couplings calculated with TrEsp chargeplmar BChls (prot) anti = 2 (column 1,
table 4.2) with the couplings calculated with TM charges bffig [58] (Table 4.1, column 3b), which
are also calculated for planar BChls in the same environmentnd that the couplings are very similar.
The largest deviation of 14 cm is found for the coupling between pigment 5 and 6, the otheiatiens
are smaller than 9 cnt. The highest couplingl( 2) is exactly the same for both methods.

The couplings with TrEsp charges have been calculated onk.faestuarij but we can expect that
also forC. tepidumthe point dipole approximation and a facfor 0:8 is a good approximation.

4.1.4 Discussion

The calculations with TrEsp charges (section 4.1.2) camate the conclusion from the former calcu-
lations of section 4.1.1 that the excitonic couplings in BMO protein can be well described by the
point-dipole approximation taking into account the in wenof the dielectric by an effective dipole
strength offdZ2,. = 30 D2. The semi-empirical transition monopole charges of Ch&&j {ised in
section 4.1.1 were replaced by thk initio TrEsp charges of Madjett al. [49], taking into account the
in uence of the acetyl group rotation. In addition, the satt was included by assigning to it the satme
as to the protein. All of these extensions do not change fhetife dipole strength and therefore support
our earlier explanation. If at all, there is a slight decesabthe factorf from 0.80 in the calculations
of section 4.1.1 to 0.76—-0.78 in section 4.1.1. Howeverhatgresent level of theory, we consider
such a small change as not signi cant. The assumption ofdheedfactof becomes incorrect for the
small couplings obtained at large inter pigment distanb8% [The error made for these small couplings
does not in uence the spectra signi cantly because of theniating in uence of the nearest neighbor
couplings.
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Table 4.1: Excitonic couplings foiC. tepidumandP. aestuariiin units of cm 1. (1) Transition monopole ap-
proximation using transition charges of Chang [58], (2)npdiipole approximation witfi = 1 in Eq 3.18, (3)
electrostatic calculation of transition monopole couglin dielectric environment of the protein (with optical di-
electric constant = 2) using the program Mead and the same transition charges #efoalculations in columns
(1), (4) Point-dipole couplings, Eq 3.18, obtainedffor 0:8. The large couplings are highlighted.

| [

C. tepidum [ P. aestuarii |

(1a) (2a) (39) (4a) (1b) (2b) (3b) (4b)

™ PD ™ PD ™ PD ™ PD
BChl Eq 3.18 Eq3.18 Eq3.18 Eq3.18

vac prot vac prot

"= f=1 |"=2 |f=08|"= f=1 |"=2 | f=038
1-2 -122 -110 -96 -88 -133 -123 -104 -98
1-3 7 7 5 6 7 7 5 5
1-4 -8 -7 -4 -6 -8 -7 -4 -6
1-5 8 8 5 7 9 9 5 7
1-6 -17 -17 -13 -14 -20 -19 -15 -15
1-7 -10 -12 -6 -10 -11 -17 -8 -14
2-3 39 39 33 31 38 38 33 31
2-4 10 10 7 8 10 10 7 8
2-5 1 1 5 1 2 2 5 1
2-6 13 15 7 12 15 16 8 13
2-7 4 5 -0 4 6 11 1 9
3-4 -73 -67 -51 -54 -69 -70 -47 -56
3-5 -2 -3 1 -2 -2 -2 1 -2
3-6 -12 -12 -8 -10 -11 -12 -8 -10
3-7 7 8 8 6 4 4 5 3
4-5 -95 -88 =77 -71 -88 -82 -71 -66
4-6 -21 -21 -14 -17 -22 -23 -15 -18
4-7 -82 -79 -67 -63 -76 -73 -62 -58
5-6 95 101 78 81 109 111 90 89
5-7 -3 -2 -0 -1 -6 -4 -3 -3
6-7 49 50 38 40 41 46 33 37

Table 4.2: Excitonic couplings foP. aestuariiin units of cm ! obtained with different methods explained in

detail in the text. The large couplings are highlighted.
| I P. aestuarii |

@ @ 3 4 ®) (6) M
TrEsp | TrEsp | TrEsp | TrEsp || TrEsp | TrEsp PD

BChl plan plan conf conf plan conf Eq3.18

prot psol prot psol vac vac

"=2 | "=2 | "=2 | "=2 "=1 | "=1 f=0:8
1-2 -104 -101 -101 -98 -133 -130 -98
1-3 5 3 5 3 7 7 5
1-4 -4 -4 -4 -4 -8 -7 -6
1-5 5 4 5 4 9 8 7
1-6 -18 -18 -16 -15 -24 -21 -15
1-7 -8 -8 -7 -7 -12 -11 -14
2-3 34 25 33 24 39 38 31
2-4 7 6 7 6 10 10 8
2-5 5 3 6 3 2 3 1
2-6 8 8 8 8 15 14 13
2-7 2 1 2 1 6 6 9
3-4 -56 -52 -50 -45 -81 -72 -56
3-5 3 1 -2 0 0 -1 -2
3-6 -8 -6 -8 -6 -11 -11 -10
3-7 6 7 1 2 3 3 3
4-5 -70 -68 -71 -68 -87 -88 -66
4-6 -16 -15 -15 -15 -24 -23 -18
4-7 -58 -59 -58 -59 -70 -70 -58
5-6 76 77 70 71 97 89 89
5-7 7 6 4 3 5 1 -3
6-7 32 27 31 26 40 39 37
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Figure 4.2:Comparison of 4 K absorption (OD), circular dichroism (CByldinear dichroism (LD) experimental

data [42] with calculations using site energies from PBQQable 4.5 and different methods for the excitonic

couplings: The green dashed curves were obtained for e@gtalculated in point dipole approximation with

f = 0:8, assuming the transition dipoles to be oriented in Nlp direction. The red solid lines were obtained for
the TrEsp/prot/solv (conf) couplings including the in umnof the BChl conformations on the transition charges

and on the orientations of local transition dipole moments
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4.2 Site Energies

The site energies presented in the following are obtaingl thie methods introduced in section 3.3.
They are calculated for the FMO complex ©f tepidum andP. aestuarii, using the X-ray structures
from the protein data bank, i.e., from Tronretdal. [23] for P. aestuariiand Liet al. [24] for C. tepidum

4.2.1 Site Energies from Fit of Optical Spectra

A genetic algorithm was used for a simultaneous t of the OMQ%Qderivative of OD), CD and LD
spectra ofC. tepidumand P. aestuarii (Adolphs & Renger [53]), measured by Vult al. [43] and
Wendlinget al. [42]. The temperature of measurement and simulation wasd@ K ftepidumand 4 K
for P. aestuarii A width of 100 cm 1 for the distribution function of site energies gave the lagseement
between the calculated and experimental spectra. Thevaicitouplings in Table 4.1, column (4a/b) for
C. tepidunrespectivelyP. aestuariiwere used in the optimization. The t of site energies wasgened

for the monomeric as well as for the trimeric structure of O complex, to evaluate the effect of the
inter-monomer couplings. Later [67] it turned out that itrisre realistic to use the monomer structure,
because that includes implicitly the dynamic localizat{eee below).

The optimal site energies obtained from the ts are showrahl@ 4.3. As one can see the maximum
deviation of optimal site energies between monomer ancetrizalculations (with high energy mode) is
70 cm 1 (BChl 7 of P. aestuari) and the ranking of the site energies is almost identicahceordance
with some of the earlier results [42, 43], pigment number 8tha lowest site energy f@. tepidumand
P. aestuariiand the largest deviation in site energies between the teciepis obtained for BChl 5. The
overall ranking in site energies obtained here, is almcesttidal to those obtained earlier by Vulk
al. [43] and Wendlinget al. [42] as seen in Table 4.3. The spectra obtained for the pregptimal site
energies for monomers and trimers are compared in Fig 4tBthatexperimental data [42,43]. Although
the spectra for the monomers and the trimers are very sirttiaire are some quantitative differences for
the CD spectrum oP. aestuarij that cannot be ignored. Hence all calculations of optipgicga in
Adolphs & Renger [53] have been done for the trimeric stmeturhe quality of the trimer tis very
good for all spectra of. tepidumand for OD and LD ofP. aestuariiand somewhat weaker for CD of
the latter.

Inspired by the further development of the structure bagedesergy calculations (PBQC by Mih
et al. [26] and CDC, section 3.3.2) we revised the genetic t andsgwhe slightly changed new results:
The FMO protein fronP. aestuarii has been investigated with improved methods in Adoktdted. [67].
Again the genetic algorithm was used for the t of OD, ®BD and LD spectra of Wendlingt al. [42]
at 4 K. The differences to the calculations from Adolphs & Ben[53] are: (i) the high energy mode in
the spectra simulation program is skipped, (ii) insteachefd¢ame inhomogeneous broadening we used
different width for the seven pigmestsand (iii) instead of using the trimeric structure, only roareric
structures were used, because the strongest excitonitimpbptween two BCld molecules in different
FMO monomers is around an order of magnitude smaller thalotiaéreorganization enerdy . Hence,
the coherence between the excited states of these pignsedéstructed by protein vibrations. This
dynamical localization is included implicitly by assumitigat delocalized states can be formed only
between pigments of the same FMO monomer, i.e., we neglestnmonomer excitonic couplings.

The optimal site energies obtained from these new tsHoaestuariiare shown in Table 4.3. The
highest deviation to the former results is obtained for B&hThe ranking order is the same as for the
trimer t from Adolphs & Renger [67] and Wendlingt al. [42].

2We use different widths for the seven pigments. Pigment #4: 3whm = 60 cm 1. Pigment 2: fwhm = 100 cm® ;
Pigment 5 - 7: fwhm = 120 cnt. This empirical assignment is based on the assumptionitbaetBChls, which according to
the crystal structure have more water molecules bound intt@nity, should have a larger disorder because of thecstiral
heterogeneity of the water molecules.
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Table 4.3:Site energies in units of cnt for C. tepidumandP. aestuariiobtained from the t of optical spectra
in Fig 4.3 for FMO monomers and trimers, together with earli¢esults of Vulto et al. [43] and Wendlinget
al. [42]. The bold numbers give the rank starting with the snsaléite energy.

\ | C. tepidum | P. aestuarii \
\ | Adolphs & Renger | Ref[43] | Adolphs & Renger | Adolphset al. | Ref [42] |
|

BChI || Monomer.  Trimer | Monomer| Monomer  Trimer | Monomer | Trimer |
1 124453 124103 | 12400 3 124755 124453 12470 4 12430 4
2 125206 125306 | 12600 7 124604 124504 12450 3 12405 3
3 122051 122101 | 121401 122251 122301 12190 1 121751
4 123352 123202 | 122802 124052 123552 12380 2 123152
5 124905 124805 | 125005 126657 126807 125707 12625 7
6 126407 126307 | 12500 6 125456 12560 6 12565 6 12500 6
7 124504 124404 | 124304 124403 125105 124755 124505
C. tepidum P. aestuarii
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Figure 4.3:Low temperature optical spectra calculated feft) optimal site energies from Table 4.3, depicted
are monomer (green) and trimer (red) calculatiofiRight) site energies from electrochromic shifts of Table 4.4
and patrtial t of site energies of BChl 2 and 5 as explainedhie text. The calculations were performed for the
trimer structure assuming two different angles for thediiithe Q, transition dipole moment of the BChls toward
their 13!-keto-group:0 (green line) and (red line). The experimental data of Vuka al. [43] for C. tepidum
and of Wendlinget al. [42] for P. aestuariiare shown as circles.
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Table 4.4:Electrochromic shifts Er,, obtained with PCD method (Eq 3.35) and respective siteghesE
from Eq 3.34 for monomeric FMO structure 6f tepidumandP. aestuariiin units of cm *.

C. tepidum P. aestuarii

BChl Em Eo+ Enm Em Eo+ En
m || "e =3:8 Eg=12315| "¢ =4:3 Eg=12350
1 115 12430 135 12485
2 -50 12265 -15 12335
3 -105 12210 -135 12215
4 120 12435 105 12455
5 -70 12245 35 12385
6 195 12510 165 12515
7 0 12315 30 12380

Figure 4.4: Correlation between site energies obtained from electomoft shift calculations Table 4.4 and t
of optical spectra [53], foC. tepidum (leftandP. aestuarii (right) The arrows indicate the shift of the elec-
trochromic site energies of the two BChls which are not kgaby His, obtained from a partial t as explained in

the text.
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4.2.2 Electrochromic Site Energy Shifts

First the results calculated with the CDC method are preskrithe electrochromic shiftsg; calculated
by Eq (3.35) for monomeric FMO structures ©f tepidumandP. aestuariiare listed in Table 4.4. The
strongest red shift is obtained for BChl 3 for both specid® largest difference between the two species
is obtained for BChl 5. Whereas the site energy of this pigrshiits to the red irC. tepidum it shifts

to the blue inP. aestuarii The main contributors to the redshift of BChl 3 are Arg-32pA260, Lys-30,
Lys-34, and Lys-267 irC. tepidumand their equivalents Arg-32, Asp-261, Lys-30, Lys-34, ayd-
268 inP. aestuarii The situation is different for BChl 5, where the number ofm@ontributors is much
larger and the equivalence of the dominating charged anaigls & much less in the two species. A main
contributor to the large blue shift of BChl 6 is its positiyeharged hydrogen bond donor ARG-95 which
is conserved in both species and is responsible for one dhitide difference in site energies between
BChl 3 and BChl 6. The speci c contributions of each titrdealgroup to the electrochromic shift of
the different pigments is given in the supplementary makeri Adolphs & Renger [53]. The largest
deviations between the tted site energies in Table 4.3 &edvalues obtained from the electrochromic
shift calculation in Table 4.4 are obtained for BChls 2 and/Bich are the only two pigments which are
not ligated by histidine but by a water bridge to asparagB@h( 2) and by leucine (BChl 5).

To take into account the in uence of the different ligandstbe site energy, a partial t of the OD,
OD;, LD and CD spectra was performed using just the site easrgf BChis 2 and 5 as t parameters
and applying the site energies obtained from the electomalwr shift calculations in Table 4.4 for the
remaining ve BChls. In case of BChl 5 which is ligated by leue (Leu) in both speciex;. tepidum
andP. aestuarij nearly the same blue shifts, 295 ctand 280 cm?, respectively, with respect to the
electrochromic shift values in Table 4.4, are obtained. dnti@ast, the site energy of BChl 2, which is
bound by a water bridge, shifts differently in the two baiete’A blue shift of 170 cm? results forC.
tepidum for P. aestuariithe shift is just 100 cm?. In other words the energlo in Eq 3.34 is now
assumed to depend on the ligand. 'E[ffés for histidine (His) is equal to th&g in Table 4.4, for Leu
itis E{S + 295 cm ! andEL'S +280 cm ! in C. tepidumandP. aestuarij respectively and for water
itis E{S + 170 cm 1 in C. tepidumandE{''S + 100 cm ! in P. aestuarii A correlation plot of the
electrochromic shift values (with and without partial thd the site energies obtained from the t of
the spectra is shown in Fig 4.4. The spectra calculated ampaxed in Fig 4.3 with the experimental
data [42,43]. The absorption and LD spectra t very well, wéges for CD a much better agreement can
be obtained if the direction of the,&ransition dipole moment is rotated By towards thel 3'-keto-
group (IUPAC-numbering) with respect to thg N N;; (sameas ! Np) axis of the BChls.

In the following the results published in Adolplet al. [67], where only the FMO protein from
P. aestuarii has been investigated, are presented. In Table 4.5, thersitgies obtained by the t
are compared with those of the simple PCD approach [53], apgisticated PBQC method [26] and
the CDC [67] approach. In contrast to the calculations preskin Adolphs & Renger [53], where
the electrochromic shifts have been calculated on the lohsiee monomeric FMO structures, here the
trimeric structure of the FMO protein froi aestuarii is used for the electrochromic shift calculations
(the spectra are calculated for the monomer structure} dduises the main difference of the results for
P. aestuarii from Table 4.4 and the PCD-results from Table 4.5. A smaltrioution to the difference
has its origin in the fact that in Adolphs & Renger [53] onletheavy atoms from the coordinates le
are used, while in Adolphst al. [67] also the hydrogen atoms are included. The correlatiotihe
directly calculated and the tted site energies (Table &Shown in Fig 4.51€ft). There is a signi cant
improvement of the correlation when going from the PCD to@R¥C approach. The correlation of the
PBQC site energies with the values from the tis the higheBhe spectra obtained with the various
sets of site energies are compared in Fig 4.7 with the expatish data [42]. The PCD spectra deviate
strongly from the experiment, whereas there is a semi-gatne agreement between the CDC spectra
and the experiment. The PBQC calculations describe theiexpetal OD and LD spectra quantitatively
and the CD spectra semi-quantitatively. The CDC and the PB@tod result in nearly the sari®),
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Table 4.5: Comparison of site energy shifts of the FMO protein fr@maestuarii obtained directly from the
trimeric structure using different methods with valuesaidx¢d from the t. The values fof, andEg in PCD and
CDC were treated as parameters obtained from comparistnexierimental data. The values 1.8/10.0 for the
dielectric constant in PBQC refer to the dielectric conttarsed for the protein and the solvent respectively.

| BChl | Fit PCD | PBQC | CDC

1 -90 4| 305 7| -150 3 56
2 -110 3| -10 2 -60 5| -180 2
3 -370 1| -130 1| -365 1| -380 1
4 -180 2| 190 6 | -165 2| -85 4
5 10 7 10 3 60 7 50 7
6 56| 1555 50 6| -70 5
7 -85 5 90 4| -100 4 | -135 3

\ | - | 18 |18100f 25 |
| Eo || 12560] 12320 | 12560 | 12540 |

o

Table 4.6:Site energy shifts E,, =cm ! caused by certain parts of the PPC: Side chain groups ($@nhds
(Lig), protein backbone (BB), backbone ofhelices (Hel), explicitly modeled water molecules (Wéydrogen
bonds (HB) and BChls. The calculations were performed wighGDC approach.
| BChl || SC | Lig | BB | Hel | Wat | HB | BChl |
1 95| 15 5| 25| -95| -85 10
-225| 65| -20| -25| 75| -115 -15
15| -35| -320| -225 0| -150 -80
130| 10| -210| -185| 15| -65 -20
145| 40| -100| -20| 30 0 -25
-80 0 60 55| 25| -115 -75
-30 | -35 40| 115| -50 0 -95

N([o|joalbh|lwWN

whereas the one in the PCD approach is very different.

In accordance with some of the earlier tting results [42],48gment number 3 has the lowest site
energy, independent of the method. The overall rankingta esiergies obtained here from the tis
exactly identical to that obtained earlier [42].

In Fig 4.5 ight), the in uence of the acetyl group conformation of BChls dw tcalculated site
energies is investigated by taking into account the condétion of this group in the quantum chemical
calculation of partial charges. Although there are somentiadive differences, the site energies ob-
tained by using the same set of partial charges for all BOfdsvary similar. Therefore, all following
calculations are performed neglecting the acetyl grougororation in the calculation of BChl partial
charges. Here, we uses = 2:5in Eq 3.36, as determined from the comparison of calculatB€ C
spectra and experimental data in Fig 4.7.

In uence of Certain Parts of the PPC

In the following the results of the investigation of certgiarts of the FMO protein oP. aestuarij
investigated with the CDC method, are presented.

The advantage of a direct structure-based calculatiort@siergies is, that it is possible to identify
the in uence of certain parts of the protein. Here, we inigege the in uence of the amino acid side
chains, the protein backbone, the backbone of thelices, the water molecules, the hydrogen bonds
and the BChils, using the CDC method. The resulting site gradits are summarized in Tables 4.6 and
4.7 and illustrated in Fig 4.6.
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Figure 4.5:(Left) Correlation of P. aestuarij site energies calculated with PCD (black circles), CD@ (riecles)
and PBQC (green circles) with the site energies from the @mar) t, Table 4.5. The horizontal lines refer to
the pigments (black numbers on the right axi@ight) Site energy shifts E,,=cm ! obtained by using partial
charges of fully optimized BChl(plan) or by taking into account the rotation of acetyl greafthe BChls as in
the crystal structure (conf).

As seen in Fig 4.61¢ft), the site energies of BChls are in uenced by all of the cibottions consid-
ered. Side chains have a large in uence on BChls 1, 2, 4 ankde5ptotein backbone is important for
BChis 3 and 4, H-bonds lead exclusively to red shifts (BChigl16) and also the BChl—BChl charge
density coupling has some in uence (BChls 3, 6, 7). Intengdy, the large red shift of BChl 3 is due
to its charge density coupling with the backbone elelix 5 and 6 (see Mkt al. [26]), as shown in
detail in Table 4.71éft) and Fig 4.6.

In the FMO complex, two types of hydrogen bonds to BChl appéat differ in the H-bond accep-
tor group of BChl: H-bonds to the 3-acetyl group and to #3&-keto group. Two BChls are without
hydrogen bonds (BChl 3and 7), one has a H-bond to a water molecule (BChl 1), and 8Gh( 2, 3,
4, 6) have up to three H-bonds to amino acids (Ala, Arg, lle, 38, Tyr). The detailed contributions
of these groups are given in Table 4riglt).

4.3 Exciton Relaxation

In the following the temporal and spatial relaxation of ¢éses is calculated in the monomeric subunit
of the FMO complex ofC. tepidum The exciton dynamics iR. aestuariiis very similar and therefore
not shown.

4.3.1 Delocalization of Excitons

The delocalization of excitons in the FMO complex is invgated by the disorder averaged exciton states
pigment distribution functionl, (! ) (see Eq 2.13) that describes the contribution of a given eigm to

the different exciton states [32]. In Fig. 4.9 the functayq(! ) for the 7 pigments of the FMO-monomer
of C. tepidumis compared with the density of exciton statiks(! ), Eq 2.14. In the calculations, the site
energies obtained from the genetic t (trimer) in Table 4.8rerused. It is seen, that the excited states

3The close proximity of one water molecule to th&'-keto group of BChl 5 suggests formation of an H-bond theua, b
in our structural model this water molecule is oriented talsahe negatively charged Asp 234, so that no H-bond is fdrme
Turning the water molecule towards tha"-keto group of BChl 5 results in a moderate red shift 060 cm *.
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Figure 4.6:(Left) Site energy shifts E,, =cm ! (Table 4.6) caused by the backbone, side chains, BChls and
H-bonds.(Right)Site energy shifts E,, =cm ! caused by -helices 5 and 6 and the remaining backbone (Tables
4.6 and 4.7left).

Table 4.7:(Left) Site energy shifts E,, =cm ! caused by the backbone of certaihelices, obtained with the
CDC method.(Right) Site energy shifts E,, =cm ! caused by hydrogen bond donors, obtained with the CDC
approach. In the second column, the hydrogen bond donoeis ed, where (B) indicates that the backbone is
the H-bond donor. The side chain of Arg 95 is positively cleakrg

BChl H-Bond H-Bond E

donor acceptor| cm 1

BChl -Helix 1 H,O 3-acetyl | -85
1]2[]3]4] 5 ]6 2 Ser72 | 3-acetyl| -57

1 5/-35] 5] 5 o] -5 lle 137 (B) | 13'-keto | -36
2 5]-10] 15| 10| -20] -15 Tyr 138 (B) | 13'-keto | -21
3 0| 5| -5| 5/|-145|-75 3 Tyr 15 3-acetyl | -103
4 ol o] ol-10]-105]-75 Ala 40 (B) | 13'-keto | -48
5 5| 5| o 10| -10]-10 4 Tyr345 | 13'-keto| -67
6 0| 15| 20| 45| 25]-10 S - - -
7 15| 20| 25| -10| 70| -5 6 Trp 184 | 3-acetyl| -40
Arg95 | 13'-keto| -75

7 - - _

of the pigments contribute to more than one exciton statehlBR@nd BChl 2 form an excitonic hetero
dimer and dominate exciton levels 3 and 6. BChls 3 and 4 ddamifi@ two lowest exciton levels 1 and
2, and BChl 4 has additional contributions in exciton levebnd 5. The excited states of the remaining
pigments5 7 are distributed oveR 4 different exciton states predominantly in the blue sidehef t
spectrum.

4.3.2 Spectral Density and Exciton Relaxation

The spectral densit$yJo(! ) that is used in the calculations of exciton relaxation is parad in the
upper part of Fig. 3.3 to the vibrational sideband measuydd@éndlinget al. [44] on the FMO complex
of C. tepidum TheJg(! ), that was originally extracted from uorescence line nanmy spectra of
B777-complexes [30], is similar to the experimental sidebmeasured fo€. tepidum Based on this
comparison a high frequency vibrational mode with a wavepemof 180 cm?® was included in the
calculation of optical spectra in addition to the low-fregay partSgJo(! ), as noted before.

The lower part of Fig. 3.3 contains the functiGniR®) (! ) that is obtained from the spectral density
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Figure 4.7:Comparison of 4 K absorption (OD), circular dichroism (CBydinear dichroism (LD) experimental
data [42] (circles) with calculations, using the site efmes@btained with different methods (Table 4.5) and a point
dipole approximation for the excitonic couplings (Eq 3.f.8; 0:8).

SoJo(!) in the upper part of this gure by Eq. 2.24. Whereas 8tdo(! ) peaks at about 20 cm the
quadratic! dependence of(Ré) (1) shifts the maximum to larger energies at around 200 tnThe
vertical bars in the lower part of this gure contain the ftinoo \y in Eq. 2.20 at the average energetic
position of the exciton transition energies yn . The C(R€) (1) covers the whole range of transition
energies between the different exciton states.

4.3.3 Exciton Relaxation after Excitation by a Short Pulse

The population of exciton states after initial excitationab50 fs (fwhm) pulse centered at the blue edge
(12626 cm 1) of the spectrum was calculated and is shown in Fig &8)( For comparison, Red eld
(solid lines) as well as modi ed Red eld (dashed lines) ratmstants were used in the calculation of
exciton relaxation. The two types of rate constants givg samilar results, the modi ed Red eld theory
predicts slightly slower exciton relaxation. The pulsejaktis spectrally broad, populates exciton levels
2 7. The high energy exciton state populations decay on a sodguond time scale and the low energy
ones on a picosecond timescale. After 4 ps the lowest stdtéoamvery minor extent the third exciton

state carry the whole excitation.

4.3.4 Exciton Relaxation Perpendicular to the Trimer Plane

Itis nally investigated how the transfer of excitation egg occurs along the normal of the trimer plane.
For this purpose as an initial condition the exciton stateiklwhave the largest contribution of pigments
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Figure 4.8:(Left) Disorder averaged population dynamics of exciton stafés, aptical excitation with a 50 fs
pulse centered energetically at 12626 ¢m The solid lines were obtained using Red eld theory ratestants
(Eq. 2.61) and the dashed lines show the modi ed Red eld thieesults.

(Right) Disorder averaged population dynamics of exciton statesilzded in Red eld theory, where the initial
population was created assuming that the excitation ersrges from above the trimer in Fig. 4.10 as explained
in detail in the text.

1 and 6 located on the upper part of the trimer in Fig. 4.10 wemlated, weighted by the transition
dipole moment square of those exciton states. The evolofiexciton state populatiorBy (t) for this
initial condition is shown in Fig. 4.8right). At time zero mainly exciton states 3 and 7 are populated.
The subsequent relaxation times of the two populationgdbly an order of magnitude. The exciton
initially on exciton state 7 relaxes within 200 fs apd the onestate 3 in 2 ps. The corresponding local
occupation probabilities of the pigmen®y(t) = =, jcn’j2Py (t) are shown in the lower part of
Fig. 4.10 for three different times. At time zero BChls 1, 2aBd 6 in the upper half of the trimer carry
the excitation. After 200 fs, all the pigments are excitddl ps the excitation is localized on pigments
1 4, and after about 5 ps the equilibrated excited state of thgtex is reached were only pigments 3
and 4 at the bottom of the trimer are in the excited state.

4.4 Discussion

Discussion of the Results folC. tepidumand P. aestuarii

For the rst time, a convincing correlation between two ipdadent calculation methods of pigment
transition energies in proteins, the so-called site ersrgs obtained [53]. The site energies of FMO
complexes from two different green sulfur bactefaaestuariiand C. tepidum were obtained from a

t of optical spectra and, independently, by a calculatidrelectrochromic shifts due to charged amino
acids. The three main results of those calculations arégf@nt number three has the lowest site energy,
(if) for pigment number ve the strongest deviation occuetveeen the two species and (iii) for the ve
BChls which are bound to His, BChl 6 has the largest site gndfgom the two possible orientations
of the FMO trimer relative to the membrane, that were ideadiby LD measurements on isolated FMO
trimers and membrane fragments [88], only the one with BCat the bottom and BChl 6 at the top
allows for an ef cient transfer of excitation energy to theaction center.

From the earlier ts [42,43,86,89-92] those by Vulto [43]Jdawendling [42] predicted the correct
site energies. The main difference between the presenthase two earlier ts [42,43] is the use of
a more advanced theory for optical spectra that results iateibagreement with experimental data,
and the explanation of the low effective dipole strengthdusethe calculation of the excitonic cou-
plings. The effective dipole strength 2,. = 30 D2 obtained here justi es the earlier use of similar
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Figure 4.9:The top part contains the disorder averaged density of@xsiatesly (! ) de ned in Eq. 2.14, and
the lower parts the exciton states pigment distributiorcfiomsdy, (! ) in Eq. 2.13.

Figure 4.10:Left upper part: BChls of the FMO trimer. The BChls 7 of one monomeric subunit are high
lighted (numbering according to Fenna and Matthews [Rlight upper part:sketch of the mutual arrangement
of the FMO complex and the reaction center, as obtained froelectron-microscopic study [11, 22] Lower part:
spatial and temporal relaxation of excitons from the topht® hottom of the complex. As initial condition the
exciton states with large contributions from BChls 1 and @eygpulated. The color of thesystem of the BChls

is varied between light and dark red according to the pojmuriatf the excited states. The enclosed areas mark the
delocalized exciton states that are populated (see als@lRgight).



4.4. DISCUSSION 73

low valuesf 2,. = 29 D?in [43] andf 2, = 31 D? in [42], which have been treated essentially as
t parameters. The present explanation of the effectiveolfistrength is based on electrostatic calcula-
tions of the Coulomb coupling between transition chargeB@ffil in the dielectric environment of the
protein, assuming an optical dielectric constdnt 2 for the latter and a vacuum dipole strength of

2 = 37:1 D? as determined recently by Knox & Spring [18] for the presenpty cavity model. The
explanation of the low effective dipole strength is impattaince, it seems, the use of a higher dipole
strengths 1  55D?) prevented the other ts [89-92] from nding the right siteergies.

However, also for the present low effective dipole strengils not guaranteed that there exists a
unique tand that there is no other set of site energies wharmexplain the spectra. In the present study
we tried to minimize this possibility by a check of the geaetigorithm using calculated spectra as a test
set for the algorithm. However, a real proof of the globaliminm requires an independent determination
of the site energies. Such a determination was achievedblyetee calculation of electrochromic shifts
in site energies due to charged amino acids. Although, asdirelation plot in Fig 4.4 shows, there
are deviations between the tted and directly determindd shergies, there is a clear correlation. In
particular the large difference in site energies betweemlBCand BChl 6 in the genetic t is well
reproduced by the electrochromic shifts, allowing to decabout the orientation of the FMO trimer
relative to the membrane containing the reaction centee réld shift of BChl 3 and the blue shift of
BChl 6 are caused by charged amino acids that are conservbeé iwo bacteria, as for example the
positively charged hydrogen bond donor ARG-95 of BChl 6.

The effective dielectric constants of 3.8 and 4.3 inferred from the electrochromic shift calcu-
lations for C. tepidumand P. aestuarij respectively, are in between earlier values estimatedhfer
two branches of bacterial reaction center [84] and agres\waith values for the dielectric constant of
proteins obtained independently: From molecular dynamédsulations [93, 94] and normal mode cal-
culations [95] using Kirkwood-Frohlich dielectric theoaydielectric constant in the range 2f 6 has
been calculated for the interior of proteins. A valu€' gf = 4 is routinely used in calculations of redox
potentials of cofactors in proteins [96—99].

The major deviations between the electrostatic calculatiand the tted values of site energies
are obtained for the two BChls which are not ligated by His. tdke into account the effect of the
ligand a partial t was performed, where the two site enesgéthe pigments with non-His ligand were
optimized. In agreement with mutation studies, which ssggieat His ligands lead to low transition
energies [100], a blue shift of the site energy of the two BGfihich are not ligated by His is obtained
from the partial t. A reason for the low transition energiesthe BChls with a His ligand might be
the large polarizability of the conjugatedelectrons of His that results in a large dispersive int@wac
[101-103] which is known to yield a red shift of the transitienergy. Taking into account the effect of
the ligand, there is an approximately equal additional ishié of the site energies of BChl 5, which is
bound by Leu, for, bothC. tepidumandP. aestuarii In contrast, the site energy of BChl 2, which is
bound by a water bridge to Asn-79 (asparagin), shifts difidy for the two species. An inspection of
the water ligand of the Mg atom of BChl 2 in the structures adv¢hat the Mg-O distance . tepidum
is 2.4 A, whereas itP. aestuariiit is just 1.9 A, a difference that might explain the differeshifts of
the site energies of BChl 2. A reason for the different positf the water molecule could be that one
neighboring amino acid of Asn 79, which binds the water, ffedint in the two species. Mutation
studies would be helpful to clarify this point.

The optical spectra calculated from the electrochromic thediwo partially tted site energies in
Fig 4.3 agree surprisingly well despite the simplicity oétmodel. The agreement suggests that the
major contribution to the shift in site energies in the prtsgystem is from charged amino acids and
the ligands. In particular, these effects explain the diffiece in the absorption spectra between the two
bacteria, i.e., the switch in relative intensity of the twaimbands. A major contributor to this switch is
BChl 5 which is the only pigment for which the electrochrorshift in Table 4.4 has a different sign in
the two species.

The largest deviation between experimental and calculspedtra occur for the CD spectra, both
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of C. tepidumandP. aestuarii Those deviations might have several reasons, the nedlsiteanergy
shifts by hydrogen bonds, by the different conformationshef pigments and by different protonation
states of the titratable groups of the protein. We are ctlyrémvestigating those effects in detail. Alter-
natively, the deviations in the CD spectra become much smafhen a 7 rotation of the Q transition
dipole moment of the BChls towards tfi&"-keto-group is assumed. It is interesting to note that such a
rotation is discussed in the literature for bacteriochpbngl a [104, 105] and for the related chlorophyll
a molecule [106, 107]. The exact value of the tilt angle id aiil open question, and might depend also
on the protein environment. From experiments on Brthbedded in a liquid crystal matrix, evidence
was reported for a partial x-polarization of thg @ansition [104], that depends on the type of matrix
environment. In [105] an angle of has been inferred for the B85@Chls of the LH2 light-harvesting
complex on the basis of modeling CD data. For chlorophylfirom an analysis of time resolved uo-
rescence anisotropy measurements on the peridinin-gighea-protein, an angle of4:5 2:5) was
estimated [107]. An angle &0 was reported [106], based on linear dichroism experimemishtoro-
phyll a oriented in a lamellar phase of glycerylmonooctanoai&H

By the tuning of site energies, the proteins can trigger theial and temporal way of excitons
through the FMO-complex, on their way from the outer antetimachlorosomes, to the reaction center.
Since this spatial transfer is connected with an energelaxation, on the basis of the site energies de-
termined here, we conclude that the linker pigments betwleeirMO complex and the reaction center
are BChls 3 and 4 which form the lowest exciton state (Fig 4r8) are situated at the bottom of the
trimer shown in Fig 4.10. The actual calculation of excitetakation, either initiated by assuming an
excitation by an ultrashort optical pulse or by assuming ti excitation arrives from above the trimer,
where the chlorosomes are situatedvivo, reveals the occurrence of a fast subpicosecond as well as
a relatively slow picosecond transfer branch of excitonsvben the upper part of the trimer and the
bottom containing BChls 3 and 4. The fast branch involvesIB6Gh6 and 7, and the slow branch BChls
1 and 2. It is not clear whether there is a physiological stgimce of the difference of one order of
magnitude in relaxation times between the two branches.sd ldferent relaxation times were found
also in transient absorption measurements [108, 109] assfied in the introduction. A difference of
the present calculations with respect to the earlier Retaalculations [108] is the use of the correct
cRe)(1y/ 123(1) instead of thec(Re) (1) / J(!) that incorrectly favors relaxation between exciton
state with small energy differences. In addition, the preséudy contains an estimation of the maxi-
mum rate constants (obtained for uncorrelated uctuatibsite energies) of exciton relaxation without
using a free parameter to adjust the relaxation times [188lifference between the present calculation
of exciton relaxation with the modi ed Red eld/Forster iy study [109] is the use of a spectral den-
sity that was extracted from experiments and the compan$dhe modi ed Red eld theory with the
much simpler Red eld theory. The spectral density that wagimally extracted from calculations of
uorescence line narrowing spectra of B777-complexes 1y g@milar in shape to the uorescence line
narrowing spectrum measured on the FMO-comple® aepidum(Fig 3.3). This similarity, that is also
found with respect to spectral densities extracted forratbenplexes [110, 111], suggests that the local
modulation of pigment transition energies by the protemirenment is a global quantity that does not
so much differ for the speci ¢ environments of the pigmeritke comparison of the relaxation dynamics
obtained in modi ed Red eld theory with that in Red eld thepin Fig 4.8 (eft) shows that there are
only minor differences. The slightly slower modi ed Reddtates might be due to the barriers created
between the excitonic PES due to their mutual shifts whielnaglected in Red eld theory. On the other
hand the delocalization of excited states leads to ratihge laff-diagonal parts of the exciton vibrational
coupling, and so there are also corrections to the modi ed & rates due to the fact that the nuclei do
not relax in the excitonic PES determined solely by the diadjpart of the exciton vibrational coupling.

An advantage of Red eld theory is the simple form of the rab@stant that allows to analyze the
different relaxation channels, present in the FMO compl&e focus therefore on the Red eld rate
constant in Eq. 2.23 in the following. The latter is given gg@duct of the function vy in Eq. 2.20
andC®Re) (1 ik ) in Eq. 2.24. The former contain the exciton coef cients ahd torrelation radius



4.4. DISCUSSION 75

of protein vibrations that describes in an effective way hbes uctuation of site energies of different
pigments are correlated. Inthe lini®. ! 1 we have yn = MmN, i-€. there is no relaxation of
excitonspwhereas the fastest relaxation occurs for ualeded uctuations of site energies. In this case

vn = mic)j2ici)j2, i.e. relaxation occurs between such exciton states whigh bontributions
from the same pigments. From a comparison with relaxatida deeasured in transient absorption
experiments [54, 108,112, 113] it can be concluded that iteeesergies of the pigments in the FMO
complex uctuate rather uncorrelated, i.B; < 10A 4. Important insights into the relaxation channels
are obtained by investigating the disorder averaged exsti@tes pigment distribution functiods, (! ),
shown forC. tepidumin Fig 4.9. As seen there, BChl 1 and BChl 2 form an excitonineti there
are no major contributions from those two pigments in otheiten states, explaining why the;; and

32 and therefore the exciton relaxation rates from excitotes3ato the lower states are so small. In
contrast, the remaining pigments via their exciton statssildutions ef ciently connect the remaining
exciton states and lead to the fast subpicosecond relax@éti®s. The disorder averaged factogsy
are shown as bars in the lower part of Fig 3.3 together witHithetion C(R®) (1 ) which describes how
well the protein vibrations can dissipate the excess engfrgxcitons during relaxation. The respective
transition energies that occur during relaxation, depidtg the energetic position of thg,y bars, t
very well into the energetic range of the functiGi?®) (1 ), which at low temperature is proportional to
12J(!) with theJ (! ) from the upper part of this gure. Itis seen thereby that thectral density of the
pigment-protein coupling is well optimized to dissipate #xcess energy of excitons during relaxation.

The present method of obtaining site energies and excitaniplings from electrostatics calculations

provides an additional basis for the elucidation of strrestiwnction relationships in pigment-protein
complexes and a testing ground for the development of dycarthieories. The latter will allow for a
more complete comprehension of the rich information cotgiin the newly measured 2D photon echo
spectra [109, 115]. The present calculations of excitonigtings show that it is very unlikely that the
second strongest excitonic coupling occurring between|BGind 6 in the FMO complex is reduced
by almost 60 % with respect the to coupling obtained in poipblé approximation, a reduction that
was inferred from the calculation of the photon echo spddi@®, 115]. Neither deviations from the
point dipole approximation nor the in uence of the dieléctprotein environment support this reduc-
tion. Besides the point dipole approximation, which in tmesent study is shown to be valid, Chb
al. [109, 115] pointed out that another approximation in thewalions of the photon echo spectra, that
could be crucial, was the neglect of electronic cohereraesfer terms in the non —linear polarization.
It is interesting to note that although those terms were dotinbe small in the calculations of linear
absorption spectra of the LH2-light harvesting complexg]1in the calculation of nhon—linear uores-
cence anisotropy decay spectra on the same complex theysypended to be important [117]. Another
correction that could improve the agreement between trealledbd and measured photon echo spectra
concerns the detuning of two exciton state energies [1b8Jexample, by intramolecular excited state
absorption of the BChls [92].

Conclusions

Based on two independent methods, using a t of optical spegith a genetic algorithm, and by direct
electrochromic shift calculations, the site energies ef T BChls in the FMO monomeric subunits of
the FMO-complexes o€. tepidumand P. aestuariiwere determined and used to calculate the spatial
and temporal relaxation of excitons. From those calcutatibcan be concluded: (i) the most important
contributions to the shift in site energies are due to clthegeino acids and the ligands, (ii) the charged
amino acids are responsible for the low site energy of BChih& large site energy of BChl 6 and the
large difference in site energy of BChl 5 betwe€ntepidumand P. aestuarij (iii) histidine ligands
lead to lower site energies than leucine or water, (iv) ineor allow for ef cient excitation energy

“Avalue ofR. =5 A is used, that was determined from transient spectra ofgslystem Il reaction centers in [114]. The
stationary spectra calculated here do not depend critioalthis value.
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transfer to the reaction center, the relative orientatibthe FMO trimer with respect to the reaction
center is such that BChls 3 and 4 are at the interface betvireetwvb complexes, (v) exciton relaxation
through the FMO complex between the chlorosomes and theioramenter in green sulfur bacteria
occurs along a fast subpicosecond and a slow picoseconchbrahe present simple electrostatic method
of calculating site energies can be readily applied to laegeplexes for which an unambiguous t of site
energies from optical spectra is not possible because tditlpe number of pigments, and hence the large
number of parameters. The advantage of an electrostatitoshetompared to a solely quantum chemical
method [87, 119], is that the whole protein, and not just allserwironment of the pigments, can be
included in the calculations. At the moment, the method ieligped further by performing an average
over the different protonation states of the titratableugsy using a more sophisticated electrostatic
description in atomic detalil that is capable also of inahgdihe effect of hydrogen bonds, the in uence
of the charge density of the neutral amino acid residuestamthtuence of the water/glycerol dielectric
environment.

Discussion of Molecular Details

As seen in Figs 4.9€ft) and 4.7, there is an impressive improvement in accuracyt@kesergies cal-
culated with the new CDC method compared to our earlier PGidageh. The RMSD between the site
energies directly calculated and those obtained from tiedreases from 245 cmiin PCD to 65 cm*

in CDC and to 40 cm! in PBQC. The signi cant improvement between PCD and CDC destrates
the importance of the charge density of neutral amino agdloes and of the correct description of
the difference potential of BChls, which allows now to déseralso hydrogen bonding effects to the
13'-keto and 3-acetyl groups.

In our earlier PCD calculations, it was necessary to readisssite energies of BChis 2 and 5 by
performing a partial t. The resulting blue shifts &, andEs were ascribed to the different nature of
the axial ligands of these BChls, i. e., water and the backlzbheu, respectively, compared to His [53].
An inspection of the ligand contributions to the site enesgjfts in the CDC approach in Table 4.6
shows that indeed the strongest blue shifts are obtaine@iGhit 2 and 5. However, the magnitudes are
smaller than predicted by the partial t, indicating a cartamount of error compensation in our earlier
approach.

As with the PBQC approach [26], it turns out with the CDC methioat the dominating effect on
the energy sink at BChl 3 is due to the electric eld of the Hamke of -helices 5 and 6. The dipole
moments of these -helices amount to 33 D and 37 D, respectively. The largeldipmoments of -
helices were suggested to stabilize the structure of helidles [120] and were found important for the
tuning of redox potentials in photosynthetic reaction een{121]. The present and our recent PBQC
results [26] provide clear evidence thathelices can tune transition energies of pigments and,ién th
way, direct the energy ow. The mechanism of this tuning caerunderstood in the following way. As
reported by [120], the electric eld of an-helix can be well approximated by two partial charges of
opposite sign and a magnitude of 0.5 elementary chargez gk the ends of the helix. As seen in Fig
4.11 (eft), the positive partial charge of-helix 5 is located in the negative difference potential and
the negative partial charge in the positive of BChl 3. Therefore, a larger stabilization of the excited
state and hence a red shift of the site energy results. Tdhishié is further increased by-helix 6 which,
however, points away from BChl 3 so that only its negative emrtributes signi cantly.

In qualitative agreement with experimental results on o#rgenna systems [122], hydrogen bond
donors to BChl cause red shifts of the site energies as sdeig .6 (eft) and Table 4.7r{ght). The
result that hydrogen bonds always lead to red shifts can derstood on the basis of the difference
potential in Fig 4.11: It is negative around the acetyl arelkéto group. A hydrogen bond donor from
the protein will place a partially positively charged hydgem atom into the negative difference potential,
causing thereby a red shift of the transition energy. As amgte, the site energy shift of BChl 2 by the
hydrogen bond of its 3-acetyl group with Ser 72 is illustdaire Fig 4.11 €ente).
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Figure 4.11:Dominant in uence of local protein environments on optitransition energies of BChl 3, 2, and 5.
The upper part contains structural elementshélices, hydrogen bond donors, charged amino acid resjdunel
the lower part places the charge distribution of these etésnelative to the difference in electrostatic potential

= 1(r) oo(r) between excited stat® and ground stat8, of BChla [49], shown as a contour plotin
the plane of the pigmenBlue: Positive potential valuefed: Negative potential values.

Besides the -helices and the hydrogen bond donors, the charged amidaesidues in uence the
site energies. The largest blue shift of a site energy in tkegmt system is caused by the positively
charged Arg 95 that is located in the positive (blue) of BChl 5 (Fig 4.11right). We note that this
residue is calculated to be protonated in the PBQC appraaehthe standard protonation state assumed
in CDC is correct for this group. In general, however, thetible residues could be in a non-standard
state.

Therefore, the best description of experimental data iainbt with the PBQC method, which in-
cludes an average over the protonation probabilities daabtato account polarization effects in a more
sophisticated way by solving a Poisson-Boltzmann equathssuming a standard protonation pattern
in the PBQC approach results in a broader spectrum, i. emtheémal difference between site energies
is 495 cm ! compared to 425 cm' in the non-standard protonation pattern [26]. This effecidmpen-
sated for in the CDC method by using a higher effective digeconstant, resulting in a maximal site
energy difference of 430 cnt.

These results are very valuable because one can exploitcilaulations of the spectral density
J(!) of the pigment protein coupling by combining CDC with molkswdynamics (MD) simulations.
The important advantage of CDC compared to PBQC in this mtspéhe fast evaluation of the (time-
dependent) site energies.
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Up to now thed (! ) has been extracted [30] from experiments and the shfh& was assumed for
all sites in the calculation of the spectra. With the MD siatigins we plan to compare the spectral den-
sities of all seven pigments, and we will also study the dati@n between modulations of different site
energies. We aim at a microscopic model for the correlatamhius of the exciton-vibrational coupling,
that we introduced as an empirical quantity earlier [30, 92]
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4.5 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations are a mighty instruttminvestigate molecules with known
structures from X-ray crystallography. It is of high intstéo inspect whether the X-ray structure is
roughly kept or if major changes take place. Also it is vereiasting what the timescales of these
changes are and if these changes are periodically (as ebtaira normal-mode analysis). Due to rising
computer power, it is even possible to treat large molecofesany kD&, like the FMO complex, that
has a size of 41 kDa and is a rather big complex for a MD sinadati

The idea behind a MD simulation of the FMO complex is not owlshow that the X-ray structure
is stable. Rather we want to get information about the dyoarof the system, in particular we are in-
terested in the calculation of time dependent site energilesse site energies can be calculated with the
CDC method (section 3.3.2) very ef ciently for each timepstd a MD simulation. With these time de-
pendent site energies we can calculate a correlation um{q 3.11), that is connected with the spectral
density. Hence we can extract the spectral density from Miukitions (Eq 3.16), independently and
compare this result with the spectral density extractedifeB777-complex by Renger & Marcus [30].

The MD simulations performed here, have been done for thdemMRBIO trimer in a water-box
with the program NAMD [123]. The site energies were obtaindith the CDC method, processed with
Charmm [124], in cooperation with Jorge Numata from the A@pm The calculation of the correlation
function and the spectral density was done with a C-progiachydingNumerical RecipeBFT-routines.

Test of the Fourier Transformation

For testing the fast Fourier transformation (FFT) and tHeutation of the spectral density following
Eqg 3.16, we used the correlation function of Renger & Mar@,[following Eq 3.3 § (! ) of Eq 3.2)
and calculated the spectral density followi@g (! ) = FTfC(t)g and Eq 3.16, to compare it with
the spectral density of [30], Fig 3.2. In [30] the spectrahglty was found by tting uorescence line
narrowing spectra of the B777-complex and then the coroeldtinction was calculated, here it was
done in the inverse direction.

As one can see by comparing Fig 4.12 with Fig 3.2, the caledfaft) andJ (! ) is in agreement with
the correlation function and spectral density of [30] fogthtemperature, but not for low temperature,
re ecting that the classical correlation function from E4.3is only valid for high temperatures.

First Results

A time-trace of the site energy uctuation (Eq 3.8) of BChlslshown in Fig 4.12r{ght, top), together
with the resulting correlation function (Eq 3.Xight, center) and the resulting spectral density (Egs 3.13,
3.16,right, bottom). The short-time behavior of th&t) and the spectral density from MD is in the same
range as the one of Renger & Marcus [30]. Longer time-tracesemuired for higher resolution.

We can conclude from these rst results that it is in prineiglossible to calculate a reasonable
correlation function of site energy uctuations with MD sifations.

®Da (dalton) = uni ed atomic mass unit (u)
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Figure 4.12:(Left) Test of the Fourier transform, transforming t@¢t) from Eqs 3.2, 3.3 and calculation of
the spectral density following, Eq 3.16. Top: correlatiandtionC(t). Center: Fourier transformatid@i(! ) of
C(t). Bottom: spectral density(! ) following from Eq 3.16.(Right) Preliminary results for BChl 1. Top: time
dependent uctuation of the site energies, Eq 3.8. Centerrdlation functionC(t), Eq 3.11. Bottom: spectral
densityJ (! ) following from C(t), Cu(! ) = FTf Cu(t)g, Eq 3.16.



Chapter 5

Application to Photosystem |

Since the 2.5 A structure of photosystem | from the thermiapbyanobacteriunBynechococcus elon-
gatusappeared in 2001 [5], for the rst time a high resolution ¢aysstructure of PSI is available. It is
a photosynthetic pigment protein complex that binds badélctien center pigments and light harvesting
antenna pigments inseparably on the same protein subtisita property of PSI that all primary photo-
synthetic processes take place within one and the samerpooi@plex. Therefore it is on the one hand
possible to study the interplay of light absorption, exaita energy transfer and trapping by electron
transfer within one functional unit. On the other hand ttze sind complexity of PSl is a challenge for
theory and it is necessary to apply methods, that have bestoged and tested on simple systems rst.

The PSI complex of. elongatusconsists of 12 subunits. The structure we refer to [5] idesti
96 Chls, 22 carotenoids, two phylloquinones, three irdfusuclusters, four lipids, around 200 water
molecules and a metal ion. The two largest subunits are teiPsaA and PsaB and bind most of the
antenna pigments, as well as the following redox cofactspgcial pair P700 (dimer off/{Chla) and
Ps (Chla)), accessory chlorophyll A(Chla), A; (phylloquinone), ik and the terminal electron accep-
tors Fy and Fg are both coordinated by the PsaC subunit, which is one ofitlee istromal side subunits.
Fx, Fa, Fg, are 4Fe —4S iron sulfur clusters.

In this chapter the methods developed and tested on the Fi(ler will be applied to PSI. The
main difference is, that it is not appropriate to run a ttipgpcedure for the absorption, circular dichro-
ism and linear dichroism optical spectra [125] in which thie energies of the 96 Chls of PSI are treated
as t parameters in the same way as for FMO, because the nuofilparameters is too large. But there
are some difference spectra available [126], which can mileéed by only using the reaction center
of PSI. The number of pigments determining these differespaetra is only six, hence a t will give
reasonable results.

Figure 5.1:The six reaction center pigments of photosystem | with thalmering used here for the couplings.
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5.1 Couplings

Here the couplings are calculated for the PSI reaction cent8. elongatus using the methods intro-
duced in section 3.2. The numbering used here is depictei)ib. E.

The excitonic couplings for PSI fror8. elongatuswere calculated in vacuumi (= 1) and in a
dielectric medium'{ = 2), representing the protein and the solvgrgd]in chapter 4). TrEsp transition
monopole charges were used obtained for fully geometryropgid planar Cld (planin chapter 4) [49]
which have been rescaled to result in a&Hipole strength of 21 Bas determined by Knox & Spring
[18]. For the extended dipole approximation (ED), Eq 3.18ipale extend of 8.7 A, suggested for @hl
in PSI by Madjetet al. [49], was used. The magnitude of the two partial charges w#srihined as

0:11e such as to result in a dipole moment square of 21 The same dipole strength was used in the
point dipole approximation (PD), Eq 3.18.

The results for these calculations are presented in Tableli®.column (1) the couplings for TrEsp
charges in vacuum are presented, in column (2) the coupfimg$rEsp charges in cavities (= 1)
surrounded by a dielectric mediurh € 2). In the right half of the table the results for extended tBpo
(column 5) and point dipole approximation (column 6) in vacuare presented. For the special pair
coupling (1-2) unexpected couplings result: the couplstiny in the exact and extended dipole cal-
culation and huge in the point dipole approximation. | wdhee back to the reason for this discrepancy
later and skip the special pair coupling in the following.

A least mean square WmnoX(" =2) = f VenSX" = 1) is done with the couplings of column
(1) and (2) (skipping the special pair coupling), resulting factorf = 0:8. For better comparison the
vacuum TrEsp couplings are multiplied with this factor M&olumn (3). A second least mean square
t, Vmnol(" =2)= f VEDP(" = 1) is done with the couplings of column (2) and (5) (also skipptine
special pair coupling) resulting in a factbr= 0:7. Also the extended dipole couplings are multiplied
with this factorf and shown in in column (4). From the comparison of column (2) @) one nds that
the maximum deviation between these values is 4 tni.e., the couplings of PSI can be obtained by
calculating the TrEsp couplings in vacuum and multiplyihgrh with a factor of 0.8. From the compar-
ison of column (2) and (4) one nds that the maximum deviatimiween these couplings is 9 cfn
i.e., the couplings of PSI can even be obtained by a simplended dipole approximation in vacuum
and multiplying them with a factor of 0.7 instead of runnimgdatively complicated and time consuming
MEAD [75] calculations. The point dipole approximation issuitable for PSI, as one can see by com-
paring the vacuum couplings of 1 -3 and 2 -4, which are urzkisn point dipole approximation and
3-5and 4-6, which are oversized in point dipole approxiomati

Taking into account the different conformations of the glcgtoups of the pigmentscénf) in the
guantum chemical calculation of transition charges, wgspgkl because the investigations on the FMO
complex have shown that there are only minor differencefénrésults if the different conformations
are included. In chapter 4 two slightly different ways to sider the proteinpsol andprot, have been
used. The results did not differ signi cantly, hence we ubede the simple methqasol

5.1.1 Summary

The PSI couplings, except for the special pair coupling, @#mer be approximated by Coulomb cou-
plings of extended dipoles, scaled by a factor of 0.7 rejptesg the in uence of the dielectric (Eq 3.19)
or by the Coulomb couplings between the TrEsp point chamggaduum, scaled by a factor of 0.8. The
point dipole approximation is not appropriate for the RC.

The special pair coupling has only a tiny Coulomb part, théwnsantribution is of the Dexter type
and must be calculated by quantum chemical methods. Inipkinihe other pigments have Dexter type
contributions to the couplings, too, but due to calculagioh Madjetet al. [127], even for those where
one can expect larger contributions because of small piggnent distances, i.e., AccC.A—A (3—-5)
and Acc.B—AB (4-6), these are around 10 % of the Coulomb part, i.e. aréradmmportance. Due to
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Figure 5.2:The six RC pigments of PSI with the major couplings in wavebars (cm 1).

Table 5.1:Excitonic couplings for PSI fron$. elongatusn units of cm * obtained with different methods ex-
plained in detail in the text. The large couplings are higfhted and the special pair couplings are separated in an
own line.

| [ Excitonic Couplings /cm? |

@) ) ®) 4) (%) (6)
Chl TrEsp | TrEsp | TrEsp ED ED PD

"=1 | "=2 |"=1 f=07|f=1]f=1

*0.8
[1-2] -5 | 17 ] -4 ] 1] 2] 465]

1-3 -119 -93 -93 -93 -133 -101
1-4 -35 -27 -27 21 -30 -27
1-5 16 9 12 10 15 16
1-6 6 5 4 5 7 7
2-3 -35 -27 -27 -21 -30 -26
2-4 -115 -91 -90 -87 -124 -95
2-5 4 4 3 4 6 7
2-6 15 9 12 9 13 15
3-4 39 26 30 27 38 31
3-5 75 56 59 65 93 177
3-6 -10 -6 -8 -7 -10 -10
4-5 -11 -6 -8 -8 -12 -11
4-6 72 59 56 62 89 215
5-6 3 1 2 2 3 3

the exponential distance dependence of the Dexter coypghirgexcitonic couplings between pigments
with larger distances do not contain a signi cant Dextertcibation.

5.2 Site Energies

In contrast to the site energy determination for the FMO dempn PSI the number of pigments is too
large for a t of the site energies of all 96 pigments. Nevel#ss there exist the attempt of Byrdih
al. [125] who did a t by hand, considering symmetry relationgiahligands, H-bonding and functional
arguments concerning the location of the red pigments, lmdttempt of Briiggemargt al.[79], who
used an genetic algorithm after assigning some chromogptiorthe red-most states.

Furthermore there exist measurements of Schlodtat. [126, 128] (Fig 5.3) that contain informa-
tion exclusively about the reaction center pigments. Thgsetra are triplet minus singlet (T-S) and
cation minus neutral (P P) spectra. Inthe T—S case by optical excitation a tripkess created on
one of the special pair pigments and the absorption spedsuneasured. The triplet carrying pigment



84 CHAPTER 5. APPLICATION TO PHOTOSYSTEM |

does not absorb in the,@egion anymore, hence a spectrum of the remaining 95 pigneSI| is mea-
sured. After the decay of the triplet state the so calledlstrgpectrum is measured, which is identical
with the absorption spectrum (Eq 2.16) of all 96 pigmentsoAs can see in Fig 1.Tight), in the center

of PSI are there six pigments that are spatially separatea tine outer pigments. These six pigments are
strongly coupled, while the coupling to the outer pigmentaéak. Hence, it is possible to describe the
spectrum as a sum of the spectrum of the outer 90 pigmentdargpectrum of the inner 6 pigments. If
atriplet state is generated on one of the inner pigmentg,tbalspectrum of the inner pigments changes.
As a result in the difference of triplet and singlet spedieagpectrum of the outer pigments vanishes and
the difference spectrum is a spectrum of the six RC pigmémtgpod approximation.

The P* P spectrum is similar to the T—S spectrum: by optical exoita cation is created on one
of the special pair pigments and the absorption spectrune&sored. The pigment with the cation is op-
tically deactivated, the difference to the effect of thpl&i state is, that the cation causes electrochromic
shifts of the pigment site energies. Again the absorptich and without the cation is measured and in
the difference the spectrum of the outer pigments vanisiibat means that we can determine the site
energies of the six RC pigments by tting T—S and P P spectra.

5.2.1 Reaction Center Site Energies from Fit of Optical Spdra

Figure 5.3:Difference spectra of PSI measured by Schlodsteal. [126]: triplet minus singlet (T—S), cation
minus neutral (P P) and linear dichroism of triplet minus singlet, LDTS, aeaperature of 5 K.

The ts presented here are simultaneous ts of T—S arid FP spectra, where the excitonic cou-
plings were calculated in extended dipole approximatioth witransition dipole moment of 4.58 D [18]
and a dipole extension of 8.7 A [49] together with a scalingtdaof 0.7 for all but the special pair
coupling. The special pair coupling was varied between 10'ciand 280 cm? for different ts, be-
cause the Coulomb coupling of the special pair is very sroatiMadijetet al. [127] calculated a Dexter
coupling of 230 cm?, including a small Coulomb contribution.

| note that the spectra are nearly identical, due to the apsfimmetry, if the triplet position, the
cation position and all site energies (and inhomogenecesdenings) are interchanged between the two
branches A and B. Therefore the ts were performed only assgrmiplet state localization onAand
cation localization on g The triplet and the cation are located on the special paimbt on the same
pigment (section 5.2.5).

From the test of the genetic algorithm (section 3.3ést of the Algorithm for P§lwe have an
estimate of the error of the tresult: E;, 10cm land fwhm 30cm 1. As an additional test
of the tresults, the linear dichroism of the triplet minusglet spectrum (LDTS) is calculated with the
site energies and inhomogeneous broadenings obtainedliormof T—S and P*  P.

It was tried to t the RC spectra only with the six site enemges t parameters and with xed and
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Table 5.2:Fitness values for ts of T-S and®P P spectra for different special pair couplings in units of
cm 1. The maximum value is highlighted. The tness value is dedras explained in section 3.3.1.
Vsp/ cm 1 10 110 150 180 | 210 | 220 | 230 | 240 | 260 | 280

Fitness || 0.121| 0.126| 0.130| 0.151| 0.151| 0.160| 0.167| 0.152| 0.163| 0.161

identical inhomogeneous broadenings (analog to FMO, eha@t It was not possible to nd any satis-
fying result. Hence | tried to run the t with additional 6 inilnogeneous broadenings as t parameters,
that were allowed to vary between 100 and 300 émFor large enough special pair couplings it was
possible to nd satisfactory solutions. Interestingly thess value of the resulting set of site energies
and inhomogeneous broadenings has a maximum for a spetiabpaling of 230 cm* (Tab 5.2), i.e.
the best tis obtained for the special pair coupling alsccoddted by Madjegt al. [127] directly from
the structural data by an ab initio method. As one can seegrbHi, the t with the small Coulomb
coupling for the special pair (10 cm, blue) does not t at all, while the result for a special paupling

of 230 cm ! ts, also for the LDTS-spectrum (Fig 5.4 and 5.5, red), astegualitatively.

Figure 5.4:Fit result for special pair couplings of 10 crh(blue) and 230 cm? (red) of the T-S, P P and
LDTS spectra in comparison to experimental spectra [128], 12

Figure 5.5:Fit result for special pair couplings of 110 crh(blue) and 230 cm* (red) of the T-S, P P and
LDTS spectra in comparison to experimental spectra [128], 12
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Table 5.3:Site energies for PSI fror8. elongatusn units of cm * obtained from tof T-S and P P spectra
with a genetic algorithm, using different special pair clings Vs, The highlighted values are those obtained for
maximum tness value.

| Vsp || Pa | Ps [Acc.A| Acc.B| ApA | A¢B |
10 | 14495| 14231| 14342 14448| 14582| 15113
210 || 14680 14500 | 14770 | 14440 | 14730| 14170
220 | 14700 14480 | 14690 | 14410| 15100 14140
230 | 14730 14480 | 14690 | 14430 | 15140 | 14160
240 | 14720 14510| 14740 | 14430 | 14710| 14150
260 | 14740 14490 | 14760 | 14380 | 14690 | 14130
280 || 14740| 14510| 14750 | 14370 | 14700| 14160

Table 5.4:Inhomogeneous broadenings for PSI frémelongatusn units of cm ! obtained from tof T—S and
P* P spectra with a genetic algorithm, using different spegét couplingsvsp. The highlighted values are
those obtained for maximum tness value.
| Vsp || Pa | Ps | Acc.A | Acc.B | AgA | AgB |

10 || 250 | 250 | 150 150 | 150 | 150
210 || 250 | 290 | 160 190 | 140 | 180
220 || 200 | 290 | 100 220 | 100 | 150
230 || 110| 290 | 100 180 | 100 | 160
240 || 190 | 290 | 100 180 | 160 | 160
260 || 100| 290 | 130 250 | 100 | 160
280 || 110| 280 | 120 290 | 120 | 170

5.2.2 Electrochromic Site Energy Shifts

The site energies presented in this section are calculatadive CDC method (section 3.3.2), following
Eq 3.34 and Eqg 3.36. The site energies are calculated fo6aligments of the PSI complex frof.
elongatuswith the amino acids of the protein in standard protonattaites The spectral width suggested
values"er = 1:8, andEg = 14450 cm tin Eq 3.34 respectively Eq 3.36. In Tab 5.5 only the RC site
energies are shown, together with the site energies from théor comparison. The site energies for all
96 Chls are shown in Table 5.7. If one compares the CDC sitayimseof the RC (Table 5.5) with each
other, one nds that the values for Acc.A and Acc.B as well aggAand AyB are nearly equal, due to the
structural symmetry. For the special pair the site enefi€% is signi cantly smaller than B, according

to the broken structural symmetry of the special pair: intst to B, Pa has an H-bond, which causes
a redshift. Furthermore one nds that the CDC site energies fthe A-branch are very close to the site
energies from the t, while all CDC site energies from the Bufich are blue shifted, compared to the
site energies from the t. In Table 5.6 the tted inhomogensedroadenings, are shown. A remarkable
result is that the inhomogeneous broadening is much laagdtsfthan for all other pigments.

Conclusions

From the comparison of site energies from the free tand tB¥CGnethod, it is evident that not all site
energies from the free t are reasonable. On the one handadtietspatial symmetry it is expected that
the site energies for Acc.A and Acc.B are nearly equal, a$ agethe site energies of A and AgB.
The special pair is not symmetric, because there exist anrd-bo R but not to . Hence we expect
different site energies for fand Fs. Moreover it is expected that the energy sink is on the piymar
electron donor (special pair or accessory Chl), otherwiseshergy ux would not be ef cient (see Fig

Free Fitin Table 5.5 and in the following, because all site energiegevallowed to vary independently from each other.
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Table 5.5:Site energies in cm! from free tand ts with boundary conditions (BC) of T—S and*P P spectra,
and site energies from CDC-method. BC Fit 6 respectively @maet with BC only for the RC respectively for
the RC and the 3 additional pigments. All ts were performeithva special pair coupling of 230 cm.
\ H Pa \ Ps \ Acc.A \ Acc.B \ AoA \ AoB \ 1239 \ 1237 \ 1238 \
Free Fit || 14730| 14480 | 14690 | 14430| 15140 14160 - - -
CDC 14680 | 15010 14810 | 14800| 15190| 15270| 14590| 15080 | 15080

BCFit6 | 14740| 14420| 14780| 14780 | 14690| 14690 - - -
BCFit9 | 14730| 14420 | 14820| 14820| 14670| 14670 | 14870 | 14840| 14930

Table 5.6:Inhomogeneous broadenings in chirom free t and ts with boundary conditions (BC) of T—S
and P* P spectra. BC Fit 6 respectively 9 means t with BC only for fR€ respectively for the RC and the 3
additional pigments. All ts performed with a special paoupling of 230 cm*.

‘ H Pa ‘ Ps ‘ Acc.A ‘ Acc.B ‘ AoA ‘ AoB ‘ 1239‘ 1237\ 1238\
Free Fit || 110| 290 | 100 180 | 100 | 160 - - -
BCFit6 || 110 | 290 | 190 190 | 110 | 110 - - -
BCFit9 | 110| 390 | 190 190 90 90 | 150 | 160 | 190

4.10). This is not the case for the site energies from frethere the pigment with the lowest site energy
is AgB.

5.2.3 Fit of RC Site Energies with Boundary Conditions

Because of the former conclusions we decided to run a newth thie boundary conditions that the site
energy of Acc.A equals the site energy of Acc.B and the siergnof AjA equals the site energy of
AoB, while P, and s can vary freely. The inhomogeneous broadening was allowedrly between 60
cm 1 and 400 cm? (that yielded better results than the interval 100 —300 tmAs one can see in
Table 5.5, the resulting site energies for the special paivary similar to those of the free t, and as in
the free t, Pa has a higher site energy thag.FMore convincing at these new site energies is, that the
lowest site energy is in the special pair, namely gnahd not on AB as for the free t. As one can see
in Fig 5.6 (red), the resulting spectra do t not as well astfue free t, but they t in a reasonable way.

In the experimental spectra there are more peaks than weepesduce by our t with 6 pigments.
Therefore we tried to increase the quality of the t by indlugl 3 more pigments (1237, 1238, 1239)
which are coupled relatively strongly to the RC pigmentstisa 5.2.6, Fig 5.11). As one can see in
Table 5.5, the site energies of the six RC pigments resultorg the 9-pigments-BC- t are very similar
to those obtained from the 6-pigments-BC-t. In Fig 5.6, aram see that the result for nine pigments
(blue) ts slightly better to the experiment than the redaltsix pigments (red).

5.2.4 Delocalization of Excitons

The delocalization of excitons in the RC is investigatedhmy disorder averaged exciton states pigment
distribution functiondy, (! ), Eq 2.13, that describes the contribution of a given pigmetd the different
exciton states [32]. In Fig 5.7 the functiady (! ) for the six pigments of the RC ofS. elongatus

is compared with the density of exciton stathg(! ), Eq 2.14. In the calculations, the site energies
obtained from the genetic t with boundary conditions (Tabl.5, BC Fit 6) were used. Itis evident, that
the excited states of the pigments contribute to more thareaniton state. Land B form an excitonic
hetero dimer and dominate the lowest and the highest exeeh Acc.A and Acc.B as well asgd and
AoB form also dimers, what seems to be astonishing in the casgfand AyB, because these pigments

The result for nine pigments did not include additional mfation, but was not so clearly as for six pigments.
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Figure 5.6:Fit result of BC t for 6 (red) and 9 (blue) pigments (Table bdbtained for a special pair couplings
of 230 cm tin comparison to experimental T—S}P P and LDTS spectra [126, 128].

are coupled weakly to each other (Fig 5.2), but the coupBrapnveyed over the other pigments. Exciton
level 5 is mainly determined by Acc.B, and exciton levels @ &are mainly determined by A and
AgB, but all in all one has to say that the exciton levels 2 -5 aterthined of the four non-special pair
pigments. Although the reaction center pigments are monediike, P\ has a signi cant contribution to
exciton levels 3 and 4. Altogether, the delocalization igenaronounced compared to FMO. The most
important conclusion is, that the lowest exciton level igmiyadetermined by B, i.e. R represents the
energy sink of the RC.

5.2.5 Localization of the Triplet State

First we notice that both, the triplet state and the catienlecated on the two special pair pigments. It
hast been concluded from EPR/ENDOR experiments [129] teatation is mainly localized of one of
the special pair pigments. For the triplet state there isesewidence from virtually identical zero- eld-
splitting parameters ofP700 and of monomerChla or 3Chlalin organic solvents at low temperature
that it is localized mainly on one chlorophyll [130]. Additially, the orientation dependence of the triplet
state showed that the plane of the triplet carrying pigmerdriented perpendicular to the membrane
[131], i.e. the triplet state is localized on Br Pg.

Under that condition, four combinations are possible: @ihiahe triplet state and the cation oR,P
(i) both on R, (iii) triplet on P5 and cation on Pand (iv) cation on R and triplet on B. We conclude
that the triplet state and the cation are located on diftespecial pair pigments from the following
considerations. The effect of the triplet state and theonai in principle the same: the respective
pigment does not absorb in thg, @gion and hence only a spectrum of the ve remaining pigment
results (in good approximation). The difference betweeretfect of triplet and cation is, that in the case
of a cation additionally an electrochromic shift result&cBuse this shift is rather small (see below), the
T-S and P P spectra are rather similar, if the cation and the triple@cated on the same pigment.
The P* P spectrum is calculated with and without including eledttromic shifts, for comparison.
As one can see in Fig 5.8, the’P P spectrum obtained without including electrochromictshsfill is
similar to the experimental P P spectrum, while it differs strongly from the T—S spectrufmom
this result we conclude that the large difference betweeredtperimental P P and T—S spectra is
not due to electrochromic effects. Hence we can concluddtikariplet state and the cation are located
on different special pair pigments.

Due to the fact that the difference spectra look like neatgntical for interchanged site energies and
triplet/cation localization of A- and B-branch, mutatioxperiments are needed to distinguish whether
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Figure 5.7:The top part contains the disorder averaged density of@xsitatesiy (! ) de ned in Eq 2.14, and
the lower parts the exciton states pigment distributiorcfiomsd,, (! ) in Eq 2.13.

the triplet state is located omPr Ps. Suitable experiments on PSI froBhlamydomonas reinhardtii
have been done by Wigt al. [128]: T—S spectra have been measured for the wilde ty@e winhardtii

and for a mutant with removed H-bohtb Pa, what causes a blue-shift of the site energy of that pigment.
These mutation spectra enable us to decide whether thettisdbcated on Ror Ps.

For that we calculate a T—S spectrum with a suitable set @fesiergies from t, with triplet local-
ized on R, this is the simulated wild type spectrum (Fig 9€5t, black). For the same set of site energies
but blue-shifted R site energy we calculate a T—S spectrum again, which is titamhapectrum (Fig
5.9left, red). To simulate the mutation, we have to blue-shift tkeanergy of R by a reasonable value,
we used 200 cmt. For the calculation with the triplet orgRve have to interchange the site energies of
A- and B-branch (without blue-shift). The simulated wilgp&yT—S spectrum is obtained by these site
energies (Fig 5.9ight, black). The mutant T—S spectrum is obtained by blue-sigifthe new R site
energy (Fig 5.9right, red).

The resulting spectra are compared to the experimentatrapecFig 5.9. The special pair cou-
pling used here was 230 crh and the site energies as well as the inhomogeneous brogdeinam
S. elongatugTab 5.5, Free Fit) were used. The fact that we use the stejotouplings, site energies
and inhomogeneous broadenings fr@nelongatusto simulate the spectra of a different speci€s (
reinhardtii), results in calculated spectra with a higher deviatiomfitbe experimental data than 8t
elongatus Nevertheless, from comparing the experimental specttative simulations (Fig 5.9) assum-
ing triplet localization on R (left) or on R (right), it is evident that the triplet is localized o PEven
the blue-shift of the red-most peak can be reproduced byittihdation with triplet on R (green arrows)
although the simulated shift is smaller than the measuredh&rmore the trend of the intensity relation

3A present hydrogen bond shifts the local transition enefgymigment to the red (explained in section Discussion of
Molecular Detaild, hence a removed H-bond shifts it in comparison to the pitddebond to the blue.
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Figure 5.8:Simulated T—S spectra assuming triplet localized graitd P* P spectra assuming cation local-
ized on R, using the site energies from Table 5.5 (BC Fit 9) in comperi® experimental data [126,128].

between the 14250 cnt and 14550 cm?! peaks is reproduced by the simulation with triplet on P

From that we can draw the conclusion that the cation is locateRs, in accordance with ENDOR
studies of p700 which led to the conclusion that at least 85 % of the spin dgrisilocalized on
Ps [129].

Figure 5.9:(Left) Simulated T—S spectra with triplet localized og. RVild type (black), mutant (red)Center)
Experimental T—S spectra of the PSI complex frGareinhardtii for the wilde type (black) and a mutant with
removed H-bond to P(red), measured by Wit al. [128]. (Right)Simulated T—S spectra with triplet localized
on Bs. Wild type (black), mutant (red).

5.2.6 Linear Optical Spectra of PSI

In the following, spectra of whole PSI complexes are catedaising the 96 site energies, obtained with
the CDC-method. If these spectra are calculated as deddribghapter 2, for each cycle of the Monte
Carlo method a matrix with dimension 986 has to be diagonalized. Because not all of the 96 pigments
have a signi cant excitonic coupling with all other 95 pignts, it is reasonable to determidemains
That has also the advantage that the dynamic localizationgBcitly included by the use of domains.
Up to now there is no theory for an explicit treatment of the@aiyic localization through the protein
vibration, hence the use of all 96 pigments as a single domegnlts in a stronger delocalization of
excitation energy than we expect to be realistic.

The domains are de ned to contain pigments with couplinggdathan a certain cutoff coupling
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strength (here 35 cnt), that is chosen in the same order as the reorganizatiogyenéthe local optical
excitations of the pigments to take into account dynamioedlization effects in an effective way. For
a 35 cm ! cutoff we nd 21 domains. The largest domain contains 27 mgts, the second largest 26
pigments and the third largest domain is the domain with t8e tRat contains 9 pigments, the former
six RC pigments and three additional pigments (Fig 5.11¢v&h domains consist of single pigments.

Forthe tof T-S and P P spectra we rst used the six RC pigments, but now it turnstioait
we cannot nd a cutoff that results in a domain that contaixectly the six RC molecules. Interestingly
the three antenna pigments that belong to the RC domaineatelbon the B-side of the RC. This result
re ects a certain asymmetry in the organization of the améepigments around the RC. The maximum
coupling of the three antenna pigments on the B-side (12338,11239) occurs between 1239 and 1023
(AoB), and amounts 65 cnt, while the maximum coupling of the three antenna pigmenthem\-side
(1138, 1139, 1140) occurs between 1140 and 101b2JAvith a value of around 31 cm'.

After determination of the domains, we can calculate thetspm as a sum of the 21 domain spectra,
i.e., we have a maximum matrix of dimension 2¥7 for diagonalization. This procedure decreases
the computation time by a factor §96=27)3 45. The parameters of the simulations are: equal
inhomogeneous broadenings of 300 dnfwhm) for all pigments, a temperature of 295 K, a special
pair coupling of 230 cm?, a screening factor of 0*8&and 100 Monte Carlo steps for each spectrum
(due to the high temperature and the large inhomogeneoasiémongs more Monte Carlo steps do not
improve the spectra).

In Fig 5.10 the experimental LD, CD and absorption spectrByotlin et al. [125] (left andright),
together with simulated spectra are shown. In the left paRi@5.10, the spectra calculated with the
site energies obtained with the CDC method (Table 5.7, ned$laown. Alternatively the spectra were
calculated using the nine site energies tted for the RC danf@able 5.5) and the remaining 87 site
energies from Table 5.7 (blue). In the right part of Fig 5th@,spectra calculated by Yét al. [132] with
site energies from two quantum chemical methods are shawmrtoinparison. Our CD and absorption
spectra t very well with the experimental ones. The dewatof the calculation from the experiment
is much larger for the LD spectrum, but still there is someilgirity, including the position of the main
peak and the fact that the spectrum is mainly positive. Inpamson with the simulation of Yiret
al. [132], our LD spectrum ts much better. In their calculatiotwo positive main peaks are obtained
for the INDO method, one on the low energy side and one thedmigigy side of the experimental peak,
and a very large negative peak. With the CAM—B3LYP method thigain a very large negative peak,
and a slightly red shifted main peak.

5.3 Discussion

In this chapter the excitonic couplings of the photosystemattion center frons. elongatushave been
calculated using TrEsp transition monopoles [49] and dmsig the dielectric medium by solving the
Poisson equation numerically [75]. It was shown that theptings can also be calculated by extended
dipole approximation and representing the in uence of theirenment by an effective factor of 0.7,
extracted from the comparison between the exact solutidrtfaextended dipole approximation. The
extended dipole approximation together with the factor.@fi§ valid for all RC pigments but the special
pair pigment. From ts of difference spectra, T—S antl PP, we found the same special pair coupling
of 230 cm ! which was calculated by Madjeit al. [127] with a quantum chemical method. The
extended dipole approximation yields wrong results fot twpling, because the mayor part of it is of
the Dexter type and only a small contribution is of the Couddype and our method is only capable to
consider the Coulomb part.

It was possible to nd a set of site energies for the RC pigragthiat is able to reproduce the spectra

“The couplings have been calculated by the domain-programng J$Esp charges. Hence the facfor= 0:8, determined
for this case in section 5.1 has been used.
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Figure 5.10: (Left) Spectra simulated with site energies from CDC method @&b¥), and site energies of
RC domain from t (Table 5.5) combined with site energies afemna from CDC method (Table 5.7)Righ)
Simulated spectra from the literature for site energieaiobt with two different quantum chemical methods (Yin
et al. [132]). The calculated spectra in the left and right half@@mpared with experimental data [125].

suf ciently and to be reasonable in terms of energy ux. Thet of site energies was found by a t with
boundary conditions, taking into account the spatial sytmyrad the system. With this set of site energies
the delocalization of the excitation energy over the RC migte was calculated. It turned out that the
lowest exciton level is mainly determined by,R.e., this pigment acts as an energy sink. Interestingly,
P which has a red-shifting H-bond is not the energy sink, kytwhich has no H-bond. This might be
due to exchange effects of the wave function, which can nabbsidered in the CDC method.

With the CDC method site energies of the PSI complex have bakulated. These site energies
have been used to calculate optical spectra of the PSI camp@éiernatively the tted values were
applied for the 6 RC and the 3 additionally pigments (Fig bdrid combined with the CDC values for
the remaining 87 pigments. The absorption and CD spectraenkeroduced very well, while the LD
spectrum did not t as well as OD and CD, but much better thandpectra obtained from quantum
chemical calculations by Yiet al. [132]. The agreement between the spectra calculated with Sli@
energies and the experiment might improve if it will be pbksto identify the red Chls and to consider

them in the calculation of the spectra.
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Figure 5.11:RC complex (1011=F 1012=Acc.A, 1013=AA, 1021=R;, 1022=Acc.B, 1023=4B) with six
additional excitonically coupled antenna pigments (Aesid138, 1139, 1140. B-side: 1237, 1238, 1239). The
three antenna pigments of the B-side belong to the RC donfdie.numbering is according to the protein data

base numbering of the le 1JBO0.pdb.

Table 5.7:Site energies (SE) of 96 Chls of PSI fro®n elongatusn cm !, determined with the CDC method.

Numbering according to the pdb nomenclature (1JB0.pdb).

| No.

SE [ No.

SE [ No.

SE [ No.

SE [ No.

SE [ No.

SE |

1011
1021
1012
1022
1013
1023
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110

14680
15010
14810
14800
15190
15270
15080
15080
14590
14990
14750
14420
15060
14890
14990
14970

1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126

14620
14840
14670
14970
14950
15110
14580
14800
14610
14710
14930
14690
14820
14780
15140
14730

1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1201
1202

14580
15170
14940
15230
15150
14570
14490
14780
14960
14720
14710
14790
14480
15040
14950
14520

1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218

14810
14500
14300
14960
14760
14760
15120
14790
14930
14690
14970
14990
14620
14540
14730
14560

1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234

14500
14570
14840
14700
15090
14670
14710
14870
14790
15170
14940
14610
14540
14830
15000
14750

1235
1236
1237
1238
1239
1301
1302
1303
1401
1402
1501
1502
1503
1601
1701
1801

14670
14780
15200
14500
14920
14990
14760
14720
14790
14970
14750
14940
14880
15300
14780
14770
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Chapter 6

Summary

Since the rst high resolution X-ray crystal structure ofigment-protein-complex (FMO complex [2])
has been determined more than 30 years ago, nhumerous pioblkcéied to explain the optical low-
temperature spectra of this complex. The X-ray crystakstine has been used to calculate the excitonic
couplings of the pigments, while their local transition eyes (site energies) have been treated as t
parameters. The main reason why it took over 20 years to ndtiafging description of the different
linear spectra and a unique set of site energies, was the o$an oversized dipole strength (up to 51.6
D? [89]) for the optical transition dipole moment of the pigrenAartsma and coworkers [42, 43, 86]
found that using a smaller effective dipole strength (282) &lows one to signi cantly improve the
description of optical spectra. They treated the dipolengith as a t parameter. Here, for the rsttime,
the effective dipole strength has been calculated directly

For that purpose we have developed a theory of excitonic lcmsoin dielectric media using a
perturbative treatment of the pigment-solvent interactidVith this theory, it is possible to calculate
the excitonic couplings in the dielectric medium by solvihg Poisson equation numerically. We cal-
culated the excitonic couplings for two different pigmembtein-complexes (FMO and PSI) with an
existing software [75]. Thereby we used the values of Knoxptii®y [18]* for the transition dipoles of
BChla/Chla and the TrEsp charges of Madjet al. [49]? for the atomic transition charges. We found
that the effective dipole strength is nearly equal to theeaited before in [42, 43, 86], namely 29.7°D
for BChla. We also pointed out that the usage of the point dipole appration for the FMO complex,
respectively the extended dipole approximation for the &Biplex, are suitable for the calculation of
the excitonic couplings, if the factors, = 0:8 for FMO andf = 0:7 for PSI, are considered. These
factors suggested here, describe the in uence of the digdgshielding and local eld effects) in an ef-
fective way. These factors are not universally valid (sdeviog but are valid for the large couplings (the
small couplings are not relevant for the spectra) in the gaoes of FMO and the PSI reaction center.

With the methodology of coupling calculation, a systematiedy of the distance and angle de-
pendence of couplings in a dielectric medium has been peddr We found the relatioWmeq
VEP(do) f VED(d1), wheref is distance and angle dependemE2(d;) is the vacuum coupling
of an extended dipole of extensiah = 10 A, and V,ED(dp) is the vacuum coupling of an extended
dipole of extensiordy = 8:8 A. The advantage of this method is, that it is not necessasplve the
Poisson equation numerically. Nevertheless the coupluagsbe determined with high accuracy. The
parameter§ anddp have to be recalculated for each pigment type. The paramgieen here are valid
for BChla.

The exponential distance dependence of the ratio betweerotipling in medium and the coupling
in vacuum, recently published by Schoksal. [71], has been con rmed only for speci c geometries of
the interacting molecules.

1An analysis of the dipole strength of BGHh 15 different solvents yielded a vacuum dipole strengtB®i 7.
2The TrEsp-method determines atomic transition chargesttinyg the electrostatic potential of point charges to thexel
trostatic potential of the quantum chemical transitiongieis.
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For a long time the theory used for the calculation of spestia based on the calculation of stick-
spectra, resulting from the exciton eigenstates and tbairatution with Gauf3 functions [43,86,133] that
take into account the pigment-protein-coupling in an difeovay. In the present work a theory of higher
complexity [30] was applied. It considers the Hamiltonignttie complete pigment-protein-complex
Hppc = Hex+ Hexwib + Hyin, cOmposed of the excitonic and the vibrational part, anccthsribution
of exciton-vibrational coupling. Previously, often onllyet excitonic part was included. Finally the
pigment-protein-complex Hamiltonian used here yield$if@jime broadening, (i) vibrational sidebands
and (iii) an energy shift of the transitions compared to tla@gition energy following from the exciton
Hamiltonian.

In the framework of this thesis two basically different neadh for the calculation of site energies
were developed: A genetic algorithm, which is capable tonémr several spectra (and their derivatives)
simultaneously to the respective experimental spectr&rélly the site energies are the t parameters.
During the application to PSI it turned out that it is necegsa treat the inhomogeneous broadening of
each pigment as additional t parameter.

The other method (CDC) is based on a direct calculation o€lla@ge density interaction of ground
and excited states of the pigments with the protein. Botlhods are based on the X-ray crystal structure.
The t needs only the positions of the pigments (respecyivafl the Nitrogen atoms N—Np) for the
calculation of the excitonic couplings. In the CDC methog #itomic structure of the complete pigment-
protein-complex is considered for a direct calculationite# energies.

Itis of large bene t to have two independent methods for thiewaation of the site energies, because
it gives corresponding results a high relevance, if theyaaigieved in two independent ways. Fur-
thermore the CDC method allows to draw conclusions aboustitueture-function relationships of the
pigment-protein-complex. Contributions of single amirdda and their side chains, hydrogen bonds, as
well as the in uence of the protein backbone, respectivelgtpof it, have been calculated.

A more accurate method, the Poisson-Boltzmann Quantum €ae(®BQC) method [26] com-
bines quantum chemical methods on B&hi vacuum with electrostatic calculations for the whole
pigment-protein-complex. Different protonation statéghe titratable residues and the polarizability
of the medium are also considered. This method is more tiedlsn the CDC method, but much more
complex and highly expensive, in terms of computationatsobdlevertheless, the results of the CDC
method are rather similar to the results from the PBQC meféia[

For the FMO complex of two different green sulfur bacteRegsthecochloris aestuarandChloro-
bium tepidum beside the excitonic couplings also the site energies baga determined. They differ
only slightly from those determined earlier by Vukt al. [43] and Wendlinget al. [42]. Whereas the
spectra calculated here with the advanced theory are glemne similar to the experimental spectra. A
main result is, that pigment 3 (numbering according to FéaMatthews [2]) has the lowest site energy.
Calculations of the excitation energy relaxation con rnattthe main part of the excitation energy re-
laxes within 5 ps to pigment 3. Therefore we were able to aniveequestion concerning the orientation
of the FMO complex relative to the reaction center. It waswkmdefore, that either pigment 1 and 6
or pigment 3 and 4 are oriented towards the reaction ceniefp]. Since the FMO complex functions
as an excitation energy bridge between the outer chloros@mneé the reaction center, it follows that it
must be oriented with pigments 3 and 4 toward the reactiotecemd with pigments 1 and 6 toward
the chlorosomes. Investigations on the contributions ghae parts of the protein to the shift of the site
energies of the seven pigments show that the electric eldhefbackbone of two -helices determines
the energy sink on pigment 3 and 4 and thereby the directidheoéxcitation energy transfer.

Molecular dynamics simulations have been performed for ®RNiner in a water-box, to determine
the spectral density and the correlation radius. Firstli®suwe promising, however it is necessary to
calculate longer time traces to obtain meaningful cori@tafiunctions and spectral densities with higher
resolution. The calculation of the correlation functiom&sed on the CDC method, developed and tested
rst for static structures.
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For the PSI complex of the cyanobacteri@ynechococcus elongatosside the excitonic couplings,
the site energies of the reaction center have been detatmgieg a t and the CDC method. In addition,
with the t also the inhomogeneous broadenings have beegrmi@rted, i.e. the width of the Gaussian
distribution of the site energies due to slow (in comparispexcited state life-times) protein vibrations.
Since the special pair is coupled mainly by the Dexter meishanit was not possible to calculate that
contribution by solving a Poisson equation, because ordyGbulomb part is considered. Hence the
ts have been performed for a set of special pair couplint®: (: 280 cm 1). We obtained the best
t (highest tness-value) for a special pair coupling of 28tn ! in agreement with the value Madjet
et al. [127] obtained for the sum of Dexter and Coulomb contributiy the use of quantum chemical
methods.

For the t of the site energies it was necessary to considertiaundary conditions, following from
the symmetry of the crystal structure and from the CDC catéuhs: the site energies of pigments Acc.A
and Acc.B as well as those of pigmentgAdand ApB have to be equal. The resulting spectra are similar
to the experimental spectra and the site energies havenaaesovalues, in particular the special pair
pigment BB has the lowest site energy, i.e. the excitation energy esléx k.

With the help of mutation experiments [130], where the Hdbém P, has been removed, from the
calculation of the spectra the localization of the triplettes could be assigned t@ Pwhile the cation is
located on B.

With the CDC approach, a method is available that allowedatoutate the site energies for all 96
pigments of the complete PSI complex. With these site eegngie calculated absorption, CD and LD
spectra and compared them with the experimental spectmraByrdin et al. [125]. For the absorption
and CD spectra the agreement was rather good, while it wasageeing for the LD spectrum. An
improvement could be achieved by assigning the red chligitsgplwhat was not possible up to now. In
comparison with the spectra calculated with the site easrgbtained by Yiret al. [132] from an ab
initio method, our spectra are much more similar to the arpemt, especially the LD spectrum.

In the framework of this thesis two of the three parametex githe pigment-protein-complex Hamil-
tonian, namely the excitonic couplings and site energiee baen determined based on a microscopic
model. The third parameter of the pigment-protein-comgtiamiltonian is the spectral density, that
is obtained from uorescence line narrowing spectra [30]iththese quantities it is now possible to
calculate optical spectra on the basis of the crystal stracpractically without t parameters. The elec-
trostatic calculation of site energies provides the basiairect calculation of the spectral density by a
combined electrostatic / molecular dynamics approaclst Fésults in that direction are promising.
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Chapter 7

Zusammenfassung

Nachdem die erste hochaufgeloste Rontgen-Kristallstrugines Pigment-Protein-Komplexes (FMO-
Komplex [2]) vor Uber 30 Jahren aufgeklart worden war, wurdeahlreichen Veréffentlichungen ver-
sucht die optischen Tieftemperatur-Spektren dieses Kexeplzu erklaren. Dabei wurde die Rontgen-
Kristallstruktur verwendet, um die exzitonischen Kopman zwischen den Pigmenten zu berechnen
und die lokalen Ubergangsenergien der Pigmente wurderitePaFameter behandelt.

Der Hauptgrund, warum die Suche nach einer zufriedenstle Beschreibung der verschiedenen
linearen Spektren und einem einheitlichen Satz lokalerrgtbeysenergien tiber 20 Jahre dauerte, war
die Verwendung einer zu groRen effektiven Dipolstarke this51.6 ¥ [89]) fiir das optische Uber-
gangsdipolmoment der Pigmente. Eine geringere effektipelBtarke wurde erstmals von Aartsma und
Mitarbeitern [42,43, 86] vorgeschlagen, und zwar 2827fDr BChla), wobei sie die Dipolstérke als Fit-
Parameter behandelt hatten. Wir konnten hier die effelQip®Istarke erstmals quantitativ begrinden.

Dazu haben wir Uber eine stérungstheoretische Behandkmgigment-Losungsmittel-Wechselwir-
kung eine Theorie der exzitonischen Kopplung in diele&tresr Medien entwickelt. Nach dieser Theorie
ist es moglich, die exzitonischen Kopplungen im dielektien Medium Uber die (numerische) Lésung
der Poisson-Gleichung zu berechnen. Wir haben die exgitban Kopplungen fiir zwei verschiedene
Pigment-Protein-Komplexe (FMO und PSI) unter Verwendungrebestehenden Software [75] berech-
net. Dabei haben wir als Vakuum Ubergangsdipolstarken déetéMiir BCh&/Chla von Knox &
Spring [18} und fiir die atomaren Ubergangsladungen die TrEsp-LadumngerMadijetet al. [49]?
verwendet.

Wir haben dabei herausgefunden, dass sich die effektivel®grke auf ungefahr den zuvor schon
in [42, 43, 86] verwendeten Wert reduziert (29.7 fir BChla). Weiterhin konnten wir zeigen, dass
die Verwendung der Punktdipol Néherung fir den FMO-Komptleziehungsweise dextendeeDipol
Naherung fir PSI geeignet sind um die exzitonischen Komg#nreu berechnen, wenn man dabei die von
uns angegebenen Faktoren bertcksichiigt 0:8 fur FMO undf = 0:7 fur PSI), die den Ein ul3 des
Dielektrikums beschreiben (Abschirmung und Lokalfeldrtéitur). Die hier angegebenen Faktoren
sind nicht allgemeingltig (s.u.), sondern gelten nur figr groRBen Kopplungen (die kleinen sind nicht
relevant fir die Spektren) und nur aufgrund der hier vodreten Geometrien.

Mit der in der Arbeit entwickelten Methode der Kopplungsli#mung wurde eine systematische
Studie zur Abstands- und Richtungsabhangigkeit der Koy in einem dielektrischen Medium durch-
gefiihrt. Es ergab sich der Zusammenhslipgy  V.E2(do) f VED(d1), wobeif abstands- und winkel-
abhangig und/EP(d;) die Vakuum-Kopplung einesxtendeeDipols der Langel; = 10 A ist, wahrend
Vyvad(do) die Vakuum-Kopplung irextendeeDipol Naherung mit einem Dipol der Langlg = 8:8 A ist.
Der Vorteil dieser Beziehung ist, dass es nicht mehr nétidiesPoisson Gleichung numerisch zu l6sen

Eine Analyse der Dipolstarken von B@hin 15 verschiedenen Lésungsmitteln ergab eine VakuumiBigadke von
37.1D.

2Die TrEsp-Methode bestimmt atomare Ubergangsladungechdampassen des electrostatischen Potentials von Punkt-
ladungen an das electrostatischen Potential der quamtensthen Ubergangsdichten.
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und dennoch die Kopplungen recht genau berechnet werderekhtobDie Parametdr unddy missen flr
jeden Pigment-Typ neu bestimmt werden, die hier bestimRemameter gelten fir BCl Die kirz-
lich von Scholet al. [71] verdffentlichte exponentielle Abhangigkeit des \V@thisses der Kopplung
im Medium zur Kopplung im Vakuum konnte nur fir bestimmte @edrien der wechselwirkenden
Molekiile bestétigt werden.

Die zur Berechnung der Spektren verwendete Theorie bad@rge Zeit lediglich auf der Berech-
nung von Strich-Spektren, die aus den Exzitonen Eigenadstiiund deren Faltung mit Gaul3-Kurven
[43, 86, 133] (zur effektiven Beschreibung der PigmenttéimeKopplung) resultieren. In der vorliegen-
den Arbeit wurde eine komplexere Theorie [30] verwendeg, zivar dhnliche lokale Ubergangsen-
ergien ergab wie zuvor [42, 43], jedoch Spektren erzeugt,déim Experiment starker ahneln als die
vorhergender Ansatze. Die in dieser Arbeit verwendete fibdmeriicksichtigt den Hamilton-Operator
des gesamten Pigment-Protein-Komplekig,c = Hex + Hex.vib + Hyib, bestehend aus dem exzito-
nischen und dem vibronischen Anteil, und dem Anteil der ExeiSchwingungs Kopplung, wahrend
zuvor oft nur der exzitonische Teil berticksichtig wurde.tztlch flhrt der hier verwendete Pigment-
Protein-Komplex-Hamiltonian zu (i) Lebensdauerverlaeinhg, (i) Schwingungs-Seitenbanden und (iii)
einer Verschiebung der einzelnen Ubergéange relativ zu dmrdgangsenergie die aus dem Exziton-
Hamiltonian resultiert.

Im Rahmen dieser Arbeit wurden zwei im Ansatz sehr unteesitithe Methoden zur Berechnung
von lokalen Ubergangsenergien entwickelt: Zum einen wetidegenetischer Algorithmus entwickelt,
der ein oder mehrere Spektren (und deren Ableitungen) tamah die entsprechenden experimentellen
Spektren anpassen kann. Die Fit-Parameter sind dabeildiletoUbergangsenergien. Bei der Anwen-
dung auf das Reaktionszentrum des Photosystem | hat edsicbtaeendig herausgestellt, die inhomo-
genen Verbreiterungen fir jedes einzelne Pigment eberdhIFit-Parameter zu behandeln. Die zweite
Methode (CDC) basiert auf einer direkten Berechnung deuhgsdichte-Wechselwirkung der Grund-
und angeregten Zustande der Pigmente mit dem Protein. Béideoden basieren auf der Réntgen-
Kristallstruktur, wobei fir den Fit nur die Positionen dagmente (bzw. der Stickstoff Atome AN-
Np) bendétigt werden, um daraus die exzitonische Wechselwgkau berechnen. In der CDC-Methode
hingegen wird die atomare Struktur des gesamten PigmeneiRfKomplexes berticksichtigt.

Es ist von groRem Vorteil zwei unabhangige Methoden zur @ereng der lokalen Ubergangsen-
ergien zur Verfligung zu haben, da es einem UlbereinstimmeBdgebnis eine hohe Glaubwirdigkeit
verleiht, wenn es auf zwei vollig unabhé&ngigen Wegen eghalturde. Zudem erlaubt die CDC-Methode
Ruckschlisse auf die Struktur-Funktions-Beziehung dgmeit-Protein-Komplexes. Die Beitrdge ein-
zelner Aminosauren und deren Seitenketten, WassersttfkBnbindungen, sowie der Ein u3 des Pro-
tein-Ruckgrates beziehungsweise Teile dessen, konntechreet werden.

Die PBQC-Methode [26], die quantenchemische RechnungeBCirla im Vakuum und elektro-
statische Rechnungen fiir den gesamten Pigment-Proteimpléa kombiniert, sowie die verschiedenen
Protonierungs-Zustande der titrierbaren Residuen unBadrisierbarkeit des Mediums bertcksichtigt,
ist zwar einerseits realistischer als die CDC-Methodegerdeits jedoch sehr viel komplexer, und mit
hohem Rechenaufwand verbunden. Die mit der CDC-Methoagsdterten Ergebnisse ahneln den mit der
PBQC-Methode erhaltenen recht stark [67].

Fur den FMO-Komplex zweier verschiedener griiner Schwakadisien,Prosthecochloris aestuarii
und Chlorobium tepidumwurden neben den exzitonischen Kopplungen auch die loKadleergangs-
energien bestimmt, die sich nur wenig von den von Veltal. [43] und Wendlinget al. [42] friiher
bestimmten unterscheiden. Allerdings sind die hier mitvdeiterentwickelten Theorie [30] berechneten
Spektren dem Experiment deutlich &hnlicher. Ein wesdmicResultat ist, dass das Pigment mit der
Nummer drei (in der Nummerierung nach Fenna & Matthews [&)rdedrigste lokale Ubergangsen-
ergie hat. Rechnungen zur Relaxation der Anregungsenbagtitigten, dass ein Grof3teil der Anre-
gungsenergie innerhalb von 5 ps auf Pigment 3 relaxiert.iSannten wir die Frage der Orientierung
des FMO-Komplex relativ zum Reaktionszentrum beantwortés war zuvor bekannt, dass entweder
Pigment 1 und 6 oder Pigment 3 und 4 zum Reaktionszentrumrigntirt sind [11, 22]. Da der FMO-
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Komplex als Anregungsenergie-Briicke zwischen den duen@rosomen und dem Reaktionszentrum
fungiert, muf3 er mit den Pigmenten 3 und 4 zum Reaktionsaentmd mit den Pigmenten 1 und 6 zu
den Chlorosomen hin orientiert sein. Untersuchungen zuinaBeeinzelner Teile des Proteins zu den
Verschiebungen der lokalen Ubergangsenergien fiir dieesi€igmenten zeigten, dass das elektrische
Feld des Rickgrates zweierHelizes die energetische Senke bei den Pigmenten 3 und dami die
Richtung des Anregungsenergietransfers bestimmt.

Zur Bestimmung der Spektraldichte und des Korrelationasadiurden Molektldynamik Simulati-
onen des FMO-Trimers in einer Wasserbox durchgefuhrt. Bitee Ergebnisse sind vielversprechend,
es ist jedoch notwendig langere Zeitspuren zu berechneraussagekraftigere und besser aufgeloste
Korrelationsfunktionen und sich daraus ergebende Spdidinden zu erhalten. Die Berechnung der
Korrelationsfunktion basiert hierbei auf der zuvor furtisiehe Strukturen entwickelten CDC-Methode.

Fur das Photosystem | des CyanobakterilBysechococcus elongatusirden neben den exzito-
nischen Kopplungen die lokalen Ubergansenergien fiir dakt@szentrum mittels Fit und CDC-
Methode bestimmt, desweiteren wurden mit dem Fit auch dienrogene Breiten bestimmt, d.h. die
Breite der GauR-Verteilung der lokalen Ubergangsenergigfigrund der langsamen (im Vergleich zur
Lebensdauer angeregter Zustande) Proteinschwingungardagspecial pairhauptséchlich tber den
Dexter-Mechanismus gekoppelt ist, war es nicht mdgliclsaligopplung Uber die Losung der Pois-
son Gleichung zu bestimmen, da dabei nur der Coulomb Anggildksichtigt werden kann. Die Fits
wurden daher fiir eine Reihe von Werten fir digecial pair Kopplung (L0::: 280 cm 1) berechnet.
Dabei erhielten wir den besten Fit (héchster Fitnesswiértginespecial pairKopplung von 230 cm?,
in Ubereinstimmung mit den Werten die Madgtal. [127] mit quantenchemischen Methoden fiir die
Summe von Dexter- und Coulomb-Anteil erhalten haben.

Beim Fit der lokalen Ubergangsenergien war es notwendig Rardbedingungen, die aus der Sym-
metrie der Rontgen-Kristallstruktur und den CDC-Rechmmfplgen, zu beachten, und zwar, dass die
lokalen Ubergangsenergien der Pigmente Acc.A und Acc.Rlglsind, ebenso wie die der Pigmente
ApA und AgB. Die resultierenden Spektren dhneln den experiment8pggktren stark und die lokalen
Ubergansenergien haben plausible Werte. Insbesondedagspecial pairPigment B die niedrigste
lokale Ubergangsenergie, dass heif3t, die Anregungseneigixiert nach g

Mit Hilfe von Mutations-Experimenten [130], bei denen eilasserstoff- Briickenbindung zy Bnt-
fernt wurde, konnte aus der Berechnung der Spektren dielis@dang des Triplett-Zustandes Buge-
ordnet werden, wahrend das Kation agflékalisiert ist.

Durch die CDC-Methode stand uns eine Methode zur Verfugumity,der wir die lokalen Uber-
gangsenergien fir den gesamten PSI-Komplex mit seinen @@d?iten berechnen konnten. Mit den
so erhaltenen lokalen Ubergangsenergien haben wir disohygin Absorptions-, CD- und LD-Spektren
berechnet und mit den experimentellen Spektren von Byetah. [125] verglichen. Fur Absorption und
CD ergab sich dabei eine recht gute Ubereinstimmung, fir in@ eeniger gute. Eine Verbesserung
koénnte hier durch die Zuordnung der rotverschobenen Cploite erreicht werden, die aber bis jetzt
noch nicht eindeutig méglich war. Im Vergleich mit den Spekt die sich mit den lokalen Ubergangsen-
ergien ergeben haben, die Yah al. [132] mit einer ab-initio Methode berechnet haben, seheerm
Spektren den experimentellen wesentlich ahnlicher, smiigere beim LD-Spektrum.

Im Rahmen dieser Arbeit wurden zwei der drei Parameters#gseHamilton-Operators des Pig-
ment-Protein-Komplexes, namlich die exzitonischen Kapgen und die lokalen Ubergangsenergien,
basierend auf einem mikroskopischen Modell, bestimmt. ddite Parameter dieses Hamilton-Opera-
tors ist die Spektraldichte, die aus Fluoreszkne-narrowingSpektren erhalten wurde [30]. Mit diesen
Grof3en ist es nun moglich, optische Spektren praktisch Bhirfgarameter nur auf der Rontgen-Struktur
basierend, zu berechnen. Die elektrostatische Berechiemigkalen Ubergangsenergien bildet die Ba-
sis fur die direkte Berechnung der Spektraldichte durch Bioation von elektrostatischen Rechnungen
mit Molekildynamik-Simulationen. Erste Ergebnisse irsdieRichtung sind vielversprechend.
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