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"Loll, Kern, Saenger, Zouni, Biesiadka

Nature 2005

"Jordan, Fromme, Witt, Klukas,
Saenger, Krauss, Nature 2005

trigger excitation
energy transfer ?



Light harvesting in green sulfur bacteria:

The role of pigment-protein coupling

- Fenna et al. Nature 1975,
- Tronrud et al.
J. Mol. Biol. 1986 (1.9 A)




Light-harvesting in purple bacteria:

The role of pigment-pigment coupling
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Interactions in Pigment-Protein Complexes
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"Excitation energy transfer

-Delocalized excited states

Pigment-Protein
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t
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"Different site energies
-Dynamic modulation of site energies

-Static disorder



Development of theory and calculation of parameters
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Theories of optical spectra and excitation
energy transfer

pigment-pigment coupling pigment-protein coupling

Delocalized states h _ q Localized states
Redfield Theory Forster Theory,
/ Nof Kubo/ Lax
"Generalized Forster Theory (Fetisova et al. 1996, Sumi et al. 1999, Jang et al. 2004,

Raszewski, Renger et al. 2005, Raszewski and Renger 2008), Transfer between
aggregates

"Modified Redfield Theory (Mukamel and coworkers 1998, Yang und Fleming 2002,
Renger und Marcus 2003, ...), Excitonic potential energy surfaces

-Non-Markovian Density Matrix Theory (Zwanzig 1960, van Kampen 1974, Renger and

May 2001, Renger and Marcus 2002, Jang and Silbey 2003, Renger 2004%&
Vibrational sidebands and life time broadening, dy namic localization

-Reduced hierarchy equation approach (Ishizaki and Fleming 2009)



Solvay conference 1927: ,Electrons and photons*

Foundation of
guantum mechanics

Solvay conference October 2010: ,, Quantum effects in chemistry and biology*

Quantum systems in interaction with environment



Model systems

B777 complex B820 complex IB-WSCP

Horigome et al.
J. Biol. Chem. 2007




Extraction of Spectral Density of Monomer Complex

B777 Complex FLN Spectra

Spectral Density

Renger and Marcus, J. Chem. Phys. 116, 9997 (2002)



Calculation of Fluorescence Line Narrowing Spectra
of Dimer Complex

B820 Complex ' (

Renger and Marcus, J. Chem. Phys. 116, 9997 (2002)



Structure Prediction of WSCP

Structural model for
lIA-WSCP-complex

with Chl a / Chl a of
cauliflower a = 25-30°

S=0.8

é a» 60 Structural model for
IHA-WSCP-complex

with Chl b / Chl b of
cauliflower

Hughes et al., JACS (2006) Renger, Trostmann et al. JPCB (2007)



Comparison

crystal structure of [IB-WSCP theoretical prediction of IA-WSCP
a=27 a = 25-30°
Crystal structure of Structural model for
Chla/Chla dimer in Chla/Chla dimer in
1B WSCP-complex lIA-WSCP-complex

of cauliflower

Horigome et al.
J. Biol. Chem. (2007) Renger, Trostmann et al.
JPCB (2007)

-> |IA-WSCP and 1IB-WSCP share the same Chl binding motif



Exciton relaxation in WSCP
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Calculation of parameters
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Excitonic coupling

Point dipole approximation

R M (AR R
l R e
— e

Transition density cube (TDC) method (Kriger, Schol  es, Fleming 1998)

Vo = A7 (1) (1)

1 2

Transition charges from electrostatic potential (Tr Esp) method
(Madjet, Abdurahman, Renger 2006)

Fit of ab-initio ESP of v = ¢ I(m)qgn)
transition density by atomic mn | ) |
partial charges 1,J R| F%




Influence of the dielectric medium on excitonic couplings

E=2

N[&N7 (] =-40  qd(r- R™)

Result for FMO
protein: f = 0.8

Renger and Adolphs, Biophys. J. 2006




Calculation of parameters
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Site energies from fit of optical spectra

Louwe et al. 1997 (FMO, N=7) El V

Vulto et al. 1998 (FMO, N=7) mn
Wendling et al. 2002 (FMO, N=7) E2

Adolphs and Renger 2006 (FMO, N=7)

Raszewski, Renger et al. 2005 (D1D2cytb559, N=8)

Novoderezhkin et al. 2005 (LHC-I1I, N=14)

Byrdin et al. 2002 (PSI, N=96)

Brueggemann et al. 2004 (PSI, N=96) Vm N

E\

many more

Advantage: Spectra agree with experiment
Disadvantages: We do not know how the protein tunes the site energies

There may be more than one solution



Tuning of site energies by the protein

|S1>

|S0>

f(S1)-f (S0), BChl a

Madjet, Abdurahman, Renger, JPC B 2006



Tuning of site energies by the protein

|S1>

|S0>

f(S1)-f (S0), BChl a

Madjet, Abdurahman, Renger, JPC B 2006



Tuning of site energies by the protein

|S1>

|S0>

f(S1)-f (S0), BChl a

Madjet, Abdurahman, Renger, JPC B 2006



Tuning of site energies by the protein

@ |S1>

|SO> v

f(S1)-f (S0), BChl a

Madjet, Abdurahman, Renger, JPC B 2006
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Quantum Chemistry Atomic Electrostatics

-Electrostatic free
energy calculations

-Average over
protonation states of
titratable groups

f(S1)-f (S0), BChl a

(TDDFT/B3LYP) FMO-Protein
Vacuum
|S1> .... DEg, Protein,
binding site m
E, '
Em

|S0> ——......




Protonation probabilities of titratable amino acid residues

from
experiment
DG, (AH,A)
Solvent >
from electrostatic DG,  (AH) DG, (A) from electrostatic
calculations P P calculations

DG, (AH,A)
Protein > @




Continuum electrostatics calculations

N[e(r) Nf(r)]=-4or ¢ ¥k *€9 ()




Results for the FMO-Proteln

Experiment:
Wendling et al.
Photos. Res. 2002

Calculation:
Muh, Renger et al.
PNAS 2007



Correlation between fitted site energies and direct calculations

N _

! \ Wendling et al. Photos.
Res. 2002

Adolphs and Renger
Biophys. J. 2006



Exciton relaxation between baseplate and reaction center

Muh, Renger et al. PNAS 2007



Orientation of FMO-complex

RC

Adolphs and Renger Biophys. J. 2006

Remigy et al. J. Mol. Biol. 1999

Adolphs and Renger (Biophys. J. 2006): ,, Efficient transfer of excitation energy to the
reaction center requires BChl 3 and 4 to be the linker pigments.”

Wen, Blankenship et al. (PNAS 2009): Membrane orientation of the FMO antenna protein from Chlorobaculum
tepidum as determined by mass spectrometry-based footprinting: ,,The large differences in the modification of
certain peptides show that the Bchl a #3 side of the FMO trimer interacts with the cytoplasmic membrane,
which is consistent with recent theoretical predictions. “



Nep = 96 * 3



Comparison of present approach with quantum chemical calculations from the
literature

Damjanovic et al. J. Phys. Chem. B 2002
Yin et al. J. Phys. Chem. B 2007

Present work: Adolphs, Mih, Madjet,
Schmidt am Busch, Renger JACS 2010

Experiment (black): Byrdin et al.
Biophys. J. 2002



Location of low-energy exciton states

Concentration of low-energy states is higher at the side of
the A-branch of the reaction center
Asymmetric light-harvesting



Different types of reaction centers

purple
bacteria

photosystem || photosystem |



Summary

Development of theory and calculation of parameters

Structure

Quantum
Chemistry

Electrostatics

Experiments

Density Matrix

Theory

R

-structure prediction for lla-WSCP

-a-helices direct excitation energy flow in FMO-protein

-prediction of orientation of FMO-protein relative to reaction center
-asymmetry in light-harvesting of photosystem |



Outlook

Quantum

Chemistry
Structure —> — Function

Electrostatics

Molecular
Dynamics

-Calculation of spectral density -Non-perturbative description of
-Calculation of site energies of PS Il different interactions
-Application to color tuning and signal

transduction in photoreceptors

-Application to simulate FRET
experiments on conformational
transitions of proteins



Theory of optical spectra:

Quantum chemical
calculations:

Electrostatic calculations:

Calculation of spectra:

Experiments, WSCP:

Experiments, PS-I.
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New Cooperations

Human Frontier Science
Program

Field of excellence: Nano-, bio-, and polymersystems:
From structure to function

-P. Pohl, P. Hinterdorfer (Biophysics): characterization of
conformational transitions of translocon protein by single
molecule FRET experiments

-U. Langer, S. Beuchler (Numerical mathematics): Efficient
solution of electrostatic partial differential equations —
combination of electrostatic and molecular dynamics
simulations

-H. Kirchhoff (Washington State University), W. Cramer (Purdue
University): A new tool for imaging the dynamics of membrane
proteins (protein design)

-Y. Shibata (Nagoya University), interpretation of optical
spectra of photosystem |



