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Abstract: A structure-based modeling and analysis of the primary photophysical reactions in photosystem
Il (PS-Il) core complexes is presented. The modeling is based on a description of stationary and time-
resolved optical spectra of the CP43, CP47, and D1—-D2—cytb559 subunits and whole core complexes. It
shows that the decay of excited states in PS-Il core complexes with functional (open) reaction centers
(RCs) is limited by the excitation energy transfer from the CP43 and CP47 core antennae to the RC occurring
with a time constant of 40—50 ps at room temperature. The chlorophylls responsible for the low energy
absorbance bands in the CP43 and CP47 subunits are assigned, and their signatures in hole burning,
fluorescence line narrowing, and triplet-minus-singlet spectra are explained. The different locations of these
trap states in the CP43 and CP47 antennae with respect to the reaction center lead to a dramatic change
of the transfer dynamics at low temperatures. The calculations predict that, compared to room temperature,
the fluorescence decay at 77 K should reveal a faster transfer from CP43 and a much slower and highly
dispersive transfer from CP47 to the RC. A factor of 3 increase in the fastest decay time constant of
fluorescence that was reported to occur when the RC is closed (the plastoquinone Qa is reduced) is
understood in the present model by assuming that the intrinsic rate constant for primary electron transfer
decreases from 100 fs~* for open RCs to 6 ps™! for closed RCs, leading to a reduction of the primary
electron acceptor Pheop;, in 300 fs and 18 ps, respectively. The model suggests that the reduced Qa
switches the photosystem into a photoprotective mode in which a large part of the excitation energy of the
RC returns to the CP43 and CP47 core antennae, where the physiologically dangerous triplet energy of
the chlorophylls can be quenched by the carotenoids. Experiments are suggested to test this hypothesis.
The ultrafast primary electron transfer inferred for open RCs provides further support for the accessory
chlorophyll Chlp; to be the primary electron donor in photosystem II.

Introduction In the latter, water is used as an electron source and is split
into molecular oxygen that we breath and protons that drive
the synthesis of ATP.

As noted above, nature has functionalized the chlorophylls

Photosynthesis provides the food and oxygen for our life. In
plants and oxygenic photosynthetic bacteria, two photosystems

working in series perform the transformation of solar energy o ) . !
into chemical energy. In both photosystelahd photosystem (Chls) in different ways. They act as light-harvesting pigments
Il (PS-I1),23 a few reaction center pigments are surrounded by in the antennae and perform electron transfer in the RC. Besides

a large number of antennae pigments that collect the light andthe tuning of optical and electrochemical properties by the
transfer the excitation energy via an exciton mechanism to the Protéin environment, the interpigment distances are important.
reaction center (RC). The excitation energy is used there to drive” "elatively large separation between the reaction center and
electron-transfer reactions. From the excited state P* of the RCthe aljtenna pigments appears tobe a g_ene_ral buﬂdmg p”nC'ple
an electron is transferred to the pheophytin of the electron for this type of complex. In this way oxidative/reductive side

transfer active D1 branch, Phaoand a charge-separated state, reactions involving the an.tenna pigments can be avoided. This
Pt Pheg,,, is formed. The electron is transferred further to the aspect seems tq be p.artu':ularly important for photosystem .
plastoquinone @ and the hole via a tyrosine, Tyrto the beca_use of the high OX|daF|v_e power_of the reaction center Chls
oxygen-evolving center (recent reviews are given in ref§y req?'fed for t_he water-splitting regcuon. .
Different Views about the Relative Time Scale of Exciton
(1) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Saenger, W.; Krauss, N. Transfer and Charge Separation.Despite a long history of
Nature 2001, 411, 909. experimental studies on the primary excitation energy and

(2) Ferreira, K. N.; lverson, T. M.; Maghlaouli, K.; Barber, J.; lwataS8ience
2004 303 1831.

(3) Loll, B.; Kern, J.; Saenger, W.; Zouni, A.; BiesiadkaNature2005 438, (6) Photosystem II: The Light-Dsen Water Plastoquinone Oxidoreductase
1040. Wydrzynski, T., Satoh, K., Eds.; Springer: Dordrecht, The Netherlands,

(4) Dekker, J; van Grondelle, RRhotosynth. Re200Q 63, 195. 2005.

(5) Diner, B. A.; Rappaport, FAnnu. Re. Plant Biol. 2002 53, 551. (7) Kern, J.; Renger, G2hotosynth. Re2007, 94, 183.
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charge-transfer reactions in PS-Il, different views exist about assumed, and the site energies used in the calculations were
the kinetic and mechanistic details. At the extreme there is the assigned without calculations of optical spectra. In addition, the
so-called excited-state radical pair equilibrium (ERPE) niodel energy transfer calculations were based on a preliminary
that assumes the equilibration of excited states in the whole structural modéf in which about 50% of the transition dipole
core complex to be fast compared to the primary electron- moments were incorrectly assigned, with nearly perpendicular
transfer reaction in the RC. This trap-limited model was used directions with respect to the true orientations that were resolved
to explain the variable fluorescence observed for open and closedn the recent structural studyAll of these shortcomings have
reaction centef? and for PS-1l complexes of different siz€s.  to be overcome to provide a definite answer to the above
Holzwarth and co-workers in early experiments obsetvéuat guestion. There are two main problems for the theory: (1) to
the fastest component detected for the fluorescence decay otake into account both the excitonic and the exciteibrational
PS-Il core complexes slows from 80 ps for open RCs to 220 ps coupling in an appropriate way and (2) to assign realistic site
for closed RCs, that is, by a factor of almost 3. The main 40 ps energies to the 35 Claland 2 Phe@ molecules that are bound
time constant observed in recent time-resolved fluoreséénce in the PS-Il core complex. A site energy is defined as the
and pump-probe spectrd on PS-Il core complexes with open  hypothetical optical transition energy of a pigment in its binding
RCs was explained within the ERPE model by reversible site in the protein for absent excitonic coupling with the other
electron transfer, assuming that the equilibration time of excited pigments.
states in the whole system is about 1.5 ps and that primary |f one of the two types of couplings in problem 1 dominates,
charge separation, that is, the reduction of Bhetakes about  there are standard theories to describe the spectra and the
3 ps. excitation energy transfer. In the case of strong excitonic
The ERPE model was challenged by studies on PS-II coupling, the excited states will be delocalized and the excitons
containing membranes (BBY particléspnd PS-Il core com- will relax between these delocalized states, as described by
plexest#*>which reported evidence for relatively slow excitation Redfield theory (e.g., ref 20) or modified Redfield thedky?
energy transfer. From recent time-resolved visible pump/ mid- In the other limit, localized states are excited, andskar
infrared probe studié®a 20-30 ps time constant for exciton  theory425 describes the transfer between these states. One
relaxation between CP43, CP47, and thé' R@s inferred. The aspect, often overlooked, is that the excited states are not only
same technique was applied to-B2—cyth559 RC complexes,  localized by static disorder but also by the dynamic modulation
and it was concluded that the reduction of Rkeoccurs in of transition energies. Even if two pigments have the same site
600-800 fs6 In this case electron transfer in the RC is much energy, their excited states are delocalized only if the excitonic
faster than excitation energy transfer to the RC, and the decaycoupling is comparable to or larger than the nuclear reorganiza-
of excited states is limited by the transfer to the trap. Alternative tion energy of the local optical transitions. This aspect is
to this transfer-to-the-trap limited model, from time-resolved particularly important if one of the two pigments represents a
fluorescence data of RECP47 complexes it was concluded sink for the excitation energy, for example, because electron
that the decay of excited states is neither trap nor transfer-to-transfer starts from this pigment. Without dynamical localization,
the-trap limited, but that primary charge separation and excita- the excitation energy of the other pigment would be immediately
tion energy transfer occur on the same time sééle. qguenched, independent of the strength of excitonic coupling
Objectives and Theoretical AspectsA main goal of the between the two pigments, if they happen to have the same
present paper is to provide an answer to the following ques- site energy. Dynamical localization, in the case of weak
tion: What is the bottleneck for the decay of excited states in excitonic coupling, requires excitation energy transfer to the
PS-1I core complexesBesides the controversial interpretations sink before the quenching.
of experimental studies discussed above, there have been Unfortunately, at present there exists no line shape theory
calculations by Vasiliev and co-workers on this pdift? The that can describe lifetime broadening and vibrational side3&nds
latter have led to the conclusion that the decay is limited by and, in addition, a dynamic localization of exciton stales.
the transfer to the trap. However, localized excited states wereHowever, the latter may be treated implicitly by assuming that
delocalized excited states can be formed only between pigments

® fgg?%heéﬂi Brock, H.; Holzwarth, A. Reroc. Natl. Acad. SciU.S.A. that are coupled more strongly than their local reorganization
(9) Schatz, G. H.; Brock, H.; Holzwarth, A. Riophys. J.1988 54, 397. energy of the excitonvibrational coupling?® If such domains

(10) Barter, L. M. C.; Bianchietti, M.; Jeans, C.; Schilstra, M. J.; Hankamer, i i insi i
B. Diner. B. A Barber J.. Durrant,J. R.: Kiug. D. Riochemistry2001 are defined, exciton transfer between the domains is described

40, 4026. by generalized Frster theory??-34 whereas the exciton relax-
(11) Miloslavina, Y.; Szczepaniak, M.; Mer, M. G.; Sander, J.; Nowaczyk,
M.; Rogner, M.; Holzwarth, A. RBiochemistry2006 45, 2436.
(12) Holzwarth, A. R., Mller, M. G.; Reus, M.; Nowaczyk, M.; Sander, J.; (20) Renger, T.; May, V.; Kin, O.Phys. Rep2001, 343 138.

Rogner, M.Proc. Natl. Acad. SciU.S.A.2006 103 6895. (21) Zhang, W. M.; Meier, T.; Chernyak, V.; Mukamel,5.Chem. Physl998
(13) Broess, K.; Trinkunas, G.; van der Wei-de Wit, C. D.; Dekker, J. P.; van 108 7763.

Hoek, A.; van Amerongen, HBiophys. J.2006 91, 3776. (22) Yang, M.; Fleming, G. RChem. Phys2002 275, 355.
(14) Jennings, R. G.; Elli, G.; Garlaschi, F. M.; Santabarbara, S.; Zucchelli, G. (23) Renger, T.; Marcus, R. Al. Phys. Chem. 2003 107, 8404.

Photosynth. Re200Q 66, 225. (24) Faster, T.Ann. Phys1948 2, 55.
(15) Pawlowicz, N. P.; Groot, M.-L.; Van Stokkum, I. H. M.; Breton, J.; van  (25) May, V.; Kthn, O.Charge and Energy Transfer Dynamics in Molecular

Grondelle, RBiophys. J.2007, 93, 2732. Systems: A Theoretical Introductiowiley-VCH: Berlin, Germany, 2000.
(16) Groot, M.-L.; Pawlowicz, N. P.; Van Wilderen, L. J. G. W.; Breton, J.;  (26) Renger, T.; Marcus, R. Al. Chem. Phys2002 116, 9997.

Van Stokkum, I. H. M.; van Grondelle, FProc. Natl. Acad. SciU.S.A. (27) Renger, TPhys. Re. Lett 2004 93, art. no. 188101.

2005 102 13087. (28) Yang, M.; Damjanovic, A.; Vaswani, H. M.; Fleming, G. Riophys. J.
(17) Andrizhiyevskaya, E. G.; Frolov, D.; van Grondelle, R.; Dekker, PHys. 2003 85, 140.

Chem. Chem. Phy2004 6, 4810. (29) Fetisova, Z.; Freiberg, A.; Mauring, K.; Novoderezhkin, V.; Taisova, A.;
(18) Vasilev, S.; Orth, P.; Zouni, A.; Owens, T. G.; Bruce,Moc. Natl. Acad. Timpmann, K.Biophys. J.1996 71, 995.

Sci U.S.A.2001, 98, 8602. (30) Sumi, H.J. Phys. Chem. B999 103 252.
(19) Vasilev, S.; Lee, C. |.; Brudvig, G. W.; Bruce, Biochemistry2002 41, (31) Mukai, K.; Abe, S.; Sumi, HJ. Phys. Chem. B999 103 6096.

12236. (32) Scholes, G. D.; Fleming, G. R. Phys. Chem. B00Q 104, 1854.
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ation within the domains is treated by Redfield theory or
modified Redfield theory.

Concerning point 2, an estimation of the site energies can be
obtained from a fit of optical spectra of the subunits. The site
energies of the RC pigments were previously determined and
verified from a description of a large number of optical spectra
of D1-D2—cyth559 complexe$® The site energies determined
for the RC pigments in D2D2—cyth559 preparations also
describe optical difference spectra of the RC pigments in PS-II
core preparation® There are two minor differences: (i) The
site energy of the accessory Chl of the D1 branchpGhs
red-shifted by 4 nm in PS-II core complexes and less inhomo-
geneously distributed. (ii) Besides the site energy ob¢tilat

excitation energy from higher energy exciton states is trapped
by the B-staté? Some evidence for excitonic coupling of the
B-state pigments was reported from high-energy satellite holes
at 673 and 678 nrf® Recently, Hughes et &f.investigated
CP43 complexes with NPHB and non-wavelength-selective
photoconversion spectroscopy. They proposed a different in-
trinsic photoconversion efficiency of the A- and B-states due
to the strong hydrogen bond of the B-state Chls reported earlier
by Groot et af” This explanation allows both low-energy states
to participate equally in excitation energy transfer to the RC,
whereas Jankowiak et &linferred from the narrow zerezero

line widths in their NPHB data that the two states are uncoupled
and therefore located in different layers in the membrane. From

shows the same temperature dependence in core complexes a$ycular dichroism difference spectra, Hughes etabported

in D1—D2—cyth559 complexeg? in core complexes also the
site energy of B; shifts with temperature, from 666 nm at 5 K
to 670 nm at room temperatui®.The site energies of the

remaining pigments are temperature independent. In the presenb

work, the site energies of the CP43 and CP47 subunits are

determined from a fit of their experimental linear optical

spectrd—40 and verified by calculations of time-resolved pump

probe spectra and comparison with experimental Hata.
Experimental Facts about Low-Energy Absorbance Bands

in CP43 and CP47Important information about the low-energy

evidence that the B-state is excitonically correlated with higher
energy states at 677 and 682 nm.

The low-energy states of CP47 were studied in great detalil
y de Weerd et a® From a Gaussian band fitting of the
absorption and linear dichroism spectra, it was concluded that
the low-energy state around 690 nm is due to a monomeric Chl
with a distinct orientation of its Qy-transition relative to the
membrane plane (with an angle larger tharf)3&nd that the
next higher excited state around 683 nm carries the oscillator

states, the so-called trap states in the CP43 and CP47 subunité,t'rength of approximately three Chls. The finding about the 690

was obtained from spectroscopy inthe frequency doffaffi#2-44
Excitation-dependent fluorescence line-narrowing sp&aave
first evidence that in CP43 at low temperatures there are two
emitting states with different inhomogeneous distributions. From
the vibrational fine structure of the excitation-dependent emis-
sion it was inferred that one of the two low-energy states is
due to Chls with a hydrogen bond between their-k&to group

nm emitting Chl supported earlier investigations of van Dorson
et al*2 From polarized emission measurements, de Weerd et
al.38 obtained additional evidence for a single emitting state at
690 nm. The depolarized 683 nm emission was interpreted by
assuming that at least two isoenergetic states with nonparallel
transition dipole moments contribute. From the vibrational fine
structure in the FLN spectra it was inferred that there is a strong

and the protein, whereas the other state showed signatures ofiydrogen bond between the '#eto group of the 690 nm

six-coordinated Chls that do not form such hydrogen bonds.
The Stark and triplet-minus-singlet {1S) spectra provided
evidence about partially delocalized excited states in GP43.

monomeric Chl and the protein, whereas the Chls contributing
to the 683 nm states form less strong hydrogen béhds.
Additional evidence for the monomeric nature of the 690 nm

The two quasi-degenerate low-energy states in CP43 werestate was reported from the relative decrease of a 80 omde

further characterized by non-photochemical hole burning (NPHB)
and triplet bottleneck hole burning spectra by Jankowiak é¢ al.,
who termed these states A- and B-states. Interestingly, the
A-state was found to mainly contribute to the triplet bottleneck

at long wavelengths in the emission. This mode is thought to
represent intermolecular vibrations modulating the coupling
between pigment®¥ Interestingly, the ¥S spectra did show

no bleaching at 690 nm, but only the 683 nm state appeared

spectrum, whereas the B-state was detected, instead, in thealong with some higher energy satellites that were taken as

NPHB spectrunt? These findings were explained by assuming
a longer lifetime of the triplet state of A and that most of the

(33) Jang, S.; Newton, M. D.; Silbey, R. Bhys. Re. Lett 2004 92, art. no.
218301.

(34) Mih, F.; Madjet, M. E.; Adolphs, J.; Abdurahman, A.; Rabenstein, B.;
Ishikita, H.; Knapp, E. W.; Renger, Proc. Natl. Acad. Sci. U.S.£007,
104, 16862.

(35) Raszewski, G.; Saenger, W.; RengerBiophys. J.2005 88, 986.

(36) Raszewski, G.; Diner, B. A.; Schlodder, E.; RengeBibphys. J.in press.

(37) Groot, M. L.; Frese, R. N.; de Weerd, F. L.; Bromek, K.; Petterson, A
Peterman, E. J. G.; van Stokkum, I. H. M.; van Grondelle, R.; Dekker, J.
P. Biophys. J.1999 77, 3328.

(38) de Weerd, F. L.; Palacios, M. A.; Andrizhiyevskaya, E. G.; Dekker, J. P.;
van Grondelle, RBiochemistry2002 41, 15224.

(39) Groot, M. L.; Peterman, E. J. G.; van Stokkum, I. H. M.; Dekker, J. P.;
van Grondelle, RBiophys. J.1995 68, 281.

(40) Alfonso, M.; Montoya, G.; Cases, R.; Rodriguez, R.; PicoreBiechem-
istry 1994 33, 10494,

(41) de Weerd, F. L.; van Stokkum, I. H. M.; van Amerongen, H.; Dekker, J.
P.; van Grondelle, RBiophys. J2002 82, 1586.

(42) Van, Dorsson, R. J.; Plijter, J. J.; Dekker, J. P.; Den, Ouden, A.; Amesz,
J. Biochim. BiophysActa 1987, 890, 134.

(43) Jankowiak, R.; Zazubovich, V.;"B&p, M.; Matsuzaki, S.; Alfonso, M.;
Picorel, R.; Seibert, M.; Small, G. J. Phys. Chem. B00Q 104, 11805.

(44) Hughes, J. L.; Picorel, R.; Seibert, M.; Krausz Biochemistry2006 45,
12345.

evidence for the delocalized nature of the 683 nm sfatevo
alternatives were offered for the absence of a 690 nm bleaching
in the T—S spectra: either an artifact due to the high excitation
power leading to a permanent bleaching of this state or an
efficient quenching of the triplet state formed at the 690 nm
Chl by a nearby carotenofd.

The fluorescence of the 690 nm state that gives rise to an
emission maximum at 695 nm was used as a marker for the
presence of PS-II core complexes in thylakoid membranes in
mutation experiments on various histidines in CP47 by Shen
and Vermaad® When His B114 was mutated to Tyr, the 695
nm band was completely lost and also ne &olution was
detectable, whereas a mutation of His B114 to GIn led to a
70% reduction in the amplitude of the 695 nm emission apd O
evolution and in addition to a blue shift of the emission to 693

(45) Peterman, E. J. G.; van Amerongen, H.; van Grondelle, R.; Dekker, J. P.
Proc. Natl. Acad. SciU.S.A.1998 95, 6128.
(46) Shen, G.; Vermaas, W. F. Biochemistry1994 33, 7379.
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nm. These results were taken as evidence that His B114 and The modulation of pigment transition energies by the protein
the Chl it binds are important for the assembly and function of dynamics, contained itle«vib, is described by the spectral density
PS-||46 J(w).28 The vibrations are treated as harmonic oscillatorslg, and

In the present study we will suggest the molecular identities the coupling to external light fields is described iy in rotating
of the above trap states in CP43 and CP47 and explain their’Va'€ approximation. EXplicit forms fafle.vi, Hvi, and Hex-raq are
signatures in the various spectra. given 'B ref 2.6' . v Coupled Pi If th o

Time-Resolved Experiments on Exciton Transfer in CP43 (a)- omains o tron-gy P Igmemsf the e-XCItomc

’ p ’ ) coupling between the optical transitions of the pigments is larger than

and CP47.The excitation energy transfer in CP43 and CP47 the static and dynamic disorder by the pigmeptotein coupling, a
was investigated by time-resolved absorptlo.n and fluorescencegelocalized excited state is formed. The localization of exciton states
spectroscop¥ at 77 K. In both complexes, time constants of by static disorder in site energies is included in the calculations by a
0.2-0.4 and 2-3 ps were found that were attributed to exciton Monte Carlo method used to generate the disorder and to average the
transfer between Chls in the same, stromal or lumenal, layer spectra obtained for the different sets of site energies. Dynamic
and that between pigments in different |aye|'5, respective|y_ In localization is modeled |mpI|C|tIy by aIIowmg delocalization onIy
CP47, in addition, a slower 1728 ps component was detected between those pigments, for which the excitonic coupling is comparable
for transfer to the 690 nm trap state. The present calculations © ©F stronger than the local dynamic disorder. A quantitative measure

provide a structure-based analysis of these puprpbe spectra

and also serve to check the exciton relaxation times predicted
by the theory. It is important to note that no adjustable parameter

of the latter is the reorganization energy of the optical transition

E, = [ dohw(w) (4)

is used to tune the transfer rates. This approach was successfullyhat describes the energy that is released when the nuclei relax to a

tested in calculations of exciton relaxation in smaller complexes
before§4,35,4F49

Theory

In the following, we briefly summarize the theory of optical spectra

and excitation energy transfer and the parameters entering the theory.

Hamiltonian. The Chls of the pigmentprotein complex (PPC) are
described as two-level systems including their groun)l §8d excited
(S)) state. The Hamiltonian of the PPC contains four parts:

H= Hex+ Hex—vib + Hvib+ H (1)
The excitonic parHex contains the energies of the localized one- and

two-exciton stategm > and |mn >, respectively, and the excitonic
couplingsVio,01 between different one- and two-exciton states:

ex—rad

Hey=Enm><mi+ 5 (E,+E,+ 0% mn>< mn +

m>n
z Vigor (M N)im><n| + Z Z Vig,01(M, K)Imn> < kn|
mn men

(2)

In |m >, themth pigment is excited and all others are in the groupd S
state, whereas ifmn >, in addition to themth pigment, thenth pigment

is excited. The excitonic couplingio0/(m,n) describes the Coulomb
interaction between the transition densities of the ground-to-exicted
state transitions of pigmentsandn. Any double excitation of a single
pigment®is neglected, for simplicity. The energies of the two-exciton
states in eq 2 contain the two-exciton shiff*®

2 —
6§nﬁxc)— Vig1(m N) = Vi odM, N) = Voo 1{(m, n)  (3)
that results from the charge density couplMg », (m,n) between the

statem of pigmenta and the state of pigmentb, as derived in the
Supporting Information (Sl). The two-exciton shiﬁ%ﬁxc), which are

new equilibrium position after optical excitation of a pigment. If two
pigmentsmandn are coupled by an excitonic coupliMgo of(m,n) that

is comparable to or larger than the reorganization eng&ggyhey are
included in the same domath One-exciton states

_ M
Mg > =% cfdimy > (5)
My
and two-exciton states
2Mg> =5 cfnd Imyng > (6)

Mg~ Ny

are obtained for the pigments in one domain by diagonalization of the
exciton Hamiltonian that contains in the diagonal the site energies and
in the off-diagonal the excitonic couplings. After this diagonalization,
the exciton HamiltoniarHe in eq 2 becomes

Hey = Z_ g w Mg > < Myl + % € |2Mg > < 2My| +
d

d
Z % Vi, IMa > < Nyl (7)
a=b Ma,Np

with the energies of the delocalized one- and two-exciton states
andean,, respectively, and the coupling,., between delocalized one-
exciton states|M, > and [N, > in different domainsa and b,
respectively

Z C%a) Cg:b) V10,01 (M) ®)

My, Ny

Vi,

a

where Vip0(ma,Np) is the excitonic coupling between the optical
transitions of pigmenin, in domaina andn, in b. We note that in the
present limit of low pump intensities a population of two-exciton states
can be neglected. Therefore, it is not necessary to take into account
the coupling between two-exciton states in different domains.

usually neglected, are included in the present treatment because they Linear Optical Spectra. The linear optical spectra are obtained as
have an influence on the nonlinear spectra. The charge density couplings, ¢\, over the domain spectra. The absorption speat(affollows

Vaapb(mM,n) as well as the excitonic couplingso oM, n) are obtained
by a method developed previouZlysee below).

(47) Renger, T.; Marcus, R. Al. Phys. Chem. B002 106, 1809.

(48) Adolphs, J.; Renger, Biophys. J.2006 91, 2778.

(49) Renger, T.; Trostmann, |.; Theiss, C.; Madjet, M. E.; Richter, M.; Paulsen,
H.; Eichler, H. J.; Knorr, A.; Renger, G. Phys. Chem. B007, 111, 10487.

(50) Renger, T.; May, VPhotochem. Photobioll997, 66, 618.

(51) Madjet, M. E.; Abdurahman, A.; Renger, I..Phys. Chem. B006 110,
17268.
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as

o(w) = g oy(w) = Z 0™ ()i 9)

where[l.[dis denotes an average over the disorder in site energies. An
independent variation of the site energies is assumed described by a
Gaussian distribution function of the same width, for all sites, with
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one exception. The inhomogeneous distribution of the site energy of
Chlp; is chosen to be 40% smaller. This result was obtained on the
basis of calculations of optical difference spectra of the RC pigments
and comparison with experimental data, in particular, the triplet-minus- which is a slightly simplified expression of our earlier resflt.

Dy (@) = % [ dte 7! 0 -CuOg g (17)

singlet spectruni® The disorder average is performed numerically by
a Monte Carlo method.
The homogeneous absorption of domélirs obtained as

af™ (@) D ; |t Dy (@) (10)
d
with the transition dipole moment
fim, =Y Co i, (12)
my

wheren, is the local transition dipole moment of pigmem§. The
line shape functioy,(w) was obtained from a non-Markovian POP-
line shape theory within secular approximation and Markov approxima-

tion for the off-diagonal elements of the excitevibrational coupling:
26

Dy (@) = 2_171 [ dtel et Pud)- OO Mg (12)

The time-dependent functidBw,(t) describes the vibrational sideband
of the exciton transition, the dephasing timg describes the lifetime
broadening due to exciton relaxation, adto is the transition
frequency that is shifted from the exciton transition frequesgy =
em/h by the exciton-vibrational coupling®52 All of these quantities
depend on the exciton coefficient%"), the spectral density(w), the
correlation radius of protein vibratior&,2%2653and the mean number
of vibrational quantan(w) that are excited at a given temperature
(Bose-Einstein distribution function). Explicit expressions for these
guantities are given in the SlI.

In the calculation of the linear dichroism (LD) and circular dichroism

(CD) spectra the same disorder average as for linear absorption and

the same line shape functi@,(w) in eq 12 are used, but thew,|?
in eq 10 is replaced in the calculation of CD by the rotational strength

er - Z C(Md) C(Md) Rm 14Ny llll'nd X ‘und (13)
Mg~ Ny
and in the case of LD by
Juw |(1 = 3 c0$(6),) (14)

Here, O, is the angle between the transition dlpole “moméntand
the membrane normal, and the vecmnd — Ry in eq 13
connects the centers of pigmemis and ng.

Excitation by an Ultrashort Pump Pulse. The creation of exciton
population by an ultrashort pump pulse is described in second-order
perturbation theory in the excitemradiational coupling and within
rotating wave approximation. A Gaussian-shaped pulse envelope

5

Tp

)

Eo(t) = (18)

is assumed, where the full width at half-maximum (fwhm)&i(t) is
21,7/ 2In2. Neglecting exciton relaxation, that is, the off-diagonal part
of the excitor-vibrational coupling, during the action of the short pump
pulse, the exciton populatioR(y)(0) created by such a pulse is
obtained &%

d —
P, (0=
2= |2
M f‘” dre (@07 Buy(®)~Cuy(O)g—7(47,7) (19)
Ghz«/z_np e
wherewuo = wwgpo — YmamgEdR with the E; in eq 4 and the/ygw, in

the SI, is the energy difference between the minima of the PES of
exciton state|My > and the ground statf > and Q is the center
frequency of the optical pulse. Equation 19 includes the diagonal part
of the excitor-vibrational coupling, that is, the mutual shift of exciton
potential energy surfaces, without approximation.

Excitation Energy Transfer. (a) Intradomain Exciton Relaxation.
Exciton relaxation between different exciton stafils > and|Ng >
in the same domaid is described by the Redfield rate constant (e.g.,
ref 20)

Ky,

ZﬂdeNdwade X
{I@wupn )3+ n(wy ) + Aoy )Ny} (20)

where ymn, depends on the exciton coefficients and the correlation
radius of protein vibrations (see Sl).

(b) Interdomain Exciton Transfer. Exciton transfer between excited
states in different domains andb is described by the rate constant
kv,—n, Obtained using generalized iBter theory &&8-34

|VM Nb

i, = J . oD}y @)Dy (@) (21)

with the interdomain exciton couplingw,, in eq 8. The functions
Dwu,(w) andDy,(w) are the normalized fluorescence and absorption line
shape functions of exciton statdd, > and|N, >, respectively. The

Emission starts from an excited state that is assumed to be relaxedPOP line shape functions in eqs 12 and 17 are used.

in the potential energy surfaces of the exciton st#t@he resulting
homogeneous fluorescence sigHi™(w) reads®

|?m@05w3;ﬂmgwwﬁmﬁw) (15)
d
with the Boltzmann factor
f(Mg) = e‘%’”/ze‘f“d’” (16)
d

and the emission line shape function

(52) Renger, T.; May, VPhys. Re. Lett 200Q 84, 5228.
(53) Renger, T.; May, VJ. Phys. Chem. A998 102, 4381.

(c) Master Equation. The populations of exciton states are related
by the following master equations

d
& PRM® =~ g (K, PO — Ky PO ®)

N(a)

a=1..Nyop My=1..N&

(22)

where Noom is the number of domains anhi), is the number of
pigments in domaire. For the rate constants, ., the Redfield
expression in eq 20 is used,af= d, and the generalized Fsier rate
constant in eq 21 is used @>= d. In matrix form eq 22 reads (did
P(t) = —AP(t) where the exciton populations are the element3(9f
and the kinetic matriA contains in the diagonal the elemeRigm, =
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Ydng Km—ng @nd in the off-diagonalw,n, = —kne—wm,. The standard
solution forP(t) is given as

P(t) = > dce ™

calculated. The time-dependent emissi@n, t) is obtained as
(@, 1) 0 0® [ﬁ]% Jara| D () Pﬁﬁ’(t)@ (28)

(23) My ¢ d ¢ istorient)

with the fluorescence line shape functi®i,(w) in eq 17 and the

exciton-state populatioR{y(t), resulting from the solution of eq 22.

Inspired by the Miler—Holzwarth LFD maps (e.g., ref 54), the emission

I(w, t) is expressed as

where thel; and¢; are the eigenvalues and (right) eigenvectors of the

kinetic matrixA, respectively. The constantsare obtained from the

initial condition P(0) = 3, dc, where the elemer®{(0) of P(0) is

the initial population of the exciton stat#, > in domaina created

by the short pulse (eq 19). In the case of PS-Il core complexes, in

addition to the exciton states, radical pair states are included that are

coupled to the exciton states as described further below.
Time-Resolved Pump-Probe Spectra.In pump-probe spectros-  whereA(w, 7) is the LFD map. By introducing eq 23 into eq 28 and

copy, the pigmentprotein complex is excited by a short pump pulse  comparison with eq 29 the LFD maiw, 7) is obtained as

and the excitation energy transfer/relaxation is tested by a delayed probe

pulse. It is assumed that the detaybetween the probe pulse and the A(w, 7) =

pump pulse is large enough so that any vibrational coherences or

coherences between different exciton levels have decayed when the

(o, )= [ dr A, 1)e ™" (29)

probe-pulse interacts with the complex. A delta function-shaped probe
puIseEg”)é’pré(rd) is used with polarization vect@,. This delta pulse

is an idealization of a short experimental probe pulse with a white
spectrum. The pumpprobe signalAa(zy) is the difference between
the absorption measured by the probe pulse at a delayttiaer the

2Dy, ()dc M gz — 2,7 EL 30
Ei d%d WMd' Md( ) II ( I ) istorient) ( )

wherec@M) is the component of exciton statéy (in domaind) in the
eigenvector in eq 23. We note that the present calculation of the LFD
map avoids an inverse Laplace transform that is needed if the map is
obtained directly from experimental data.

pump pulse and the absorption measured by the probe pulse alone. If Electron Transfer in the RC. Primary electron transfer in the RC

the probe pulse is dispersed in a monochromator after the sample, in

is included phenomenologically by including three radical pair states

addition to the dependence on the delay time, also the frequency RP1, RP2, and RP3 and assigning respective forward and backward

dependence of\o(rg) = [ dwAagsfte,w) can be measured. The
dispersed pumpprobe signalAouis(ta,w), in the present approxima-
tion, has three contributions

AT, @) U GB(w) + SE@, 7¢) + ESA(, 74) (24)

time-independent ground-state bleaching @B(ime-dependent stimu-
lated emission Sk(, 74), and time-dependent excited-state absorption
ESA(w, tq). Using a POP-line shape theory, the following expressions
are obtainetf

GB(w) = — @ > ")’ Dy (@) 3 P&?(O)Qdiwiem) (25)

with 5 = fin&, the PE(0) in eq 19, and the absorption line shape
function Dyy(w) in eq 12

SE@) = - D; > iy’ D'Md(w)PMd(rd)[L

with the fluorescence line shape functidn, (w) in eq 17 and the
time-dependent exciton populatioRg,(zq) obtained from the solution
of the master equation (eq 22), and

(26)

istorient)

ESAw) =

- @ ; (Mﬁﬁ?—»sz)z D;\/Id—>2Nd(w) PMd(Td)uj_ _
M, 2Ng istorient)

Whereuf\ﬁ;LZNd is the scalar product between the probe pulse polariza-
tion €, and the transition dipole momefpit—n, between the one-
exciton statgMy > and the two-exciton stat@Ny >. The ESA line
shape functiorDy () is given in the SI.

The [..is+orient IN €0s 25-27 denotes an average over disorder in

(27)

site energies and over the orientation of the complex with respect to

the external pump and probe field polarizations. As in the experiménts,
a magic angle (547 is assumed between the polarizations of the pump
and probe pulse®,, and&,, respectively.

(a) Lifetime Density Map of Time-Dependent Emission.To
illustrate the time and frequency dependence of exciton relaxation,
lifetime density (LFD) maps of the time-dependent emission are

4436 J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008

rate constants for electron transfer. The following molecular identities
are assumed for these stat?¥35RP1= Chl}, Pheg,, RP2= P,
Phe@,, and RP3= P, Q., where R, is the “special pair” Chl of the
D1-branch. The first radical pair state RP1 is created by electron transfer
from the exciton statefM > of the RC pigments with a rate constant

1AM 2
Kv—rp1= ICchiy, | Kintr
where|c(c"f1)|m\2 is the probability of finding the primary electron donor

Chlp; excited in the exciton stattM > and ki is the intrinsic rate
constant for the reaction

(1)

Chl%, Pheg, Jo, Chlf, Pheg, (32)

The forward and back reactions are approximately relatdq,bypy/
keri-w &~ exp{AGQ/KT}, where AGY) equals the difference in
standard free energy of the intrinsic electron-transfer reaction in eq
32. The rate constantgpi-rp2 and krpz-re1 are related bykrpi-rpd
krp2—-rP1= qu AGRpl/RpékT} . The free energy difference between RP2
and RP3 is assumed to be so large that a back reaction-RR®2
can be neglected; that is, irreversible trapping at RP3 is assumed. For
closed RCs (reduced Qa double reduction of Qcan be neglected
on the relevant time scale considered here; thakis,-rpz= 0 in this
case.

Compartment Models. (a) Fast Relaxation in Domainslf fast
intradomain exciton relaxation is assumed, the exciton transfer between
two domains starts from a (quasi) equilibrated excited-state manifold
of the donor domain, and the interdomain transfer rate con&tapt
becomes

Kao = MEN f(Mo)ky—n, (33)

with the rate constariy,—n, in eq 21 and the Boltzmann facté(iM,)
in eq 16. The primary electron-transfer rate constant in this limit is
given as

(54) Miller, M. G.; Niklas, J.; Lubitz, W.; Holzwarth, A. RBiophys. J2003
85, 3899.
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a=RC pigments*® In the calculation of excitonic couplings in eq 38 no such
Krc-rp1= g f(Ma)|CE:'\f']?z’l|2kmtr (34) €erf appears, begause the quantum chemical transition charges are
N rescaled to take into account these effects, whereas unscaled charges

are used in eq 39. Please note also that in the case of the excitonic

whereM, counts the exciton states of the domain of the primary electron coupling just the electronic polarization of the protein is involved,
donor. This domain is formed by the six strongly coupled RC pigments. whereas the charge density coupling is influenced, in addition, by the

(b) Fast Relaxation in Larger Compartments. For further sim- nuclear part of the polarization (which gives rise to a temperature
plification, different domains are included in a compartmeand fast dependence ofe).
equilibration of excitation energy is assumed in the whole compartment.  The spectral density of the pigmeftrotein coupling in the B777
The rate constant for excitation energy transfer between compartmentscomplex, consisting of a single bacteriochloroptaytholecule coupled
I 'andJ is then obtained as to ano-helix, was extracted recenthfrom fluorescence line-narrowing
spectra measurétat 1.7 K. Here, the same normalized functional form

ael,bed
< Jo(w) is assumed(; Jo(w) dw = 1)
ha= 3 5 T My, (35)
an Ml 1 S
— 3 _—(wlw)i?
wherea andb count the domains in compartmemtandJ andf(l, Ma) Jo(v) + g 4 4 @€ (40)
. S| T RiET2 712w,
is the Boltzmann factor I
cel with the extracted parametess= 0.8,s, = 0.5, hw; = 0.069 meV,
f(l,M,) = e—EMa’kT/Z g kKT (36) andhw, = 0.24 meV. The spectral densil(w) is described b3f 354849
cKe
J(w) = S}H(w) (41)
The primary electron transfer between compartnieéhat contains
the RC and RP1 is then obtained as A Huang-Rhys factorS = 0.65 is used for the RC pigments, which
was estimated from the temperature dependence of the absorption
a=RC spectrum of D+D2—cyth559 complexed® The Huang-Rhys factor
KRS = ; f(l, l\/la)|CE:’\ff|‘[))l|2kimr (37) of the pigments in the core antenna subunits will be estimated from
2 the temperature dependence of the absorption spectrum of CP43

complexes. The determination 8from the linear spectra allows one
Compartments of different sizes are used below to find the bottleneck tg describe the rate constants for exciton relaxation/transfer practically
for the decay of excited states in PS-1l core complexes. without free parameter.

Parameters.The parameters of the theory are (i) the excitonic and The site energies of the pigments in the CP43 and CP47 core
charge density couplings between the pigments, (ii) the spectral densityantennae are determined from a fit of linear absorption, linear dichroism,
of the pigment-protein coupling, and (iii) the site energies of the circular dichroism, and fluorescence spectra. In the case of CP47, these
pigments. The excitonic couplingéoe: are obtained by the TrEsp  four spectra are used in the fit. For CP43, the circular dichroism
method* as spectrum is excluded, because the experimental spectrum is noncon-

servative and therefore cannot be described by the present exciton
q,(1, 0)a,(1, 0) theory.
Vigomn) =% ——— (38) The rate constants for excitation energy transfer are determined by
|R|(m) — RS”)| the site energies, the excitonic couplings, the spectral density and the
correlation radius of protein vibratio&. For the latter a value of 5 A
wherel andJ count the nuclei of pigments andn, respectively, and is assumed, as determined from calculation of transient absorption
Rl(m) and an) are the respective nuclear coordinates, at which the spectra and comparison with experimental data o&Dl—cytbSSQ .
transition chargegi(1,0) andq,(L,0) are placed. The transition charges complexe$’ and on complexes of the water-soluble chlorophyll-binding

i 9
qi(1,0) of the § — S, transition were determined such as to fit the protein (WSCPY.
electrostatic potential of the transition density obtained with TDDFT Results

using a B3LYP exchange correlation functional and a 6-31G* basis . . . .
set, as explained in detail in ref 51. The charges were rescaled to yield | "€ Results section is organized in the following way. The
an effective dipole moment of 4.4 D for Ghaind 3.5 D for Pheo that calculations of stationary spectra of the CP43 and CP47 subunits

takes into account screening and local field effects of the Coulomb @nd comparison with experimental data are used to determine
coupling in the dielectric of the protein in an effective way (more details the site energies of the pigments in these subunits and the

and values for the excitonic couplings are given in the SI). Huang-Rhys factor of the excitonavibrational coupling. The
The charge density coupling&aps in eq 3 Huang-Rhys factor and the site energies are tested afterward
in the calculation of time-resolved optical spectra and compari-
1 _ g(a a)qyb, b) son with experimental data of the CP43 and CP47 complexes.
Vagpp(MN) = — % ——— (39) Next, the parameters are used in calculations of the fluorescence
et 17 |RM™ — R decay of PS-Il core complexes where the intrinsic rate constant

of primary charge transfer is determined on the basis of a
are calculated with the ground- and excited-state partial chaj&s comparison of the calculations with the experimental fluores-
0) andaq(1,1) respectively. These charges were obtained from a fit of cence decay data. To find the bottleneck of the excited-state
the electrostatic potential of the ground- and excited-state charge decay, various compartment models are studied by assuming
densities, respectively, using the same ab initio method as for the fast equilibration of excited states in these compartments.

P v P - P with closed RCs to explain the variable fluorescence.
of 77 K of the pump-probe experiment$, e.r = 3 is used, as
determined from the Calcul_a\tlons_ qf absorbance dlﬁerencg of spectra(55) Creemers, T. M. H.: De Caro, C. A.: Visschers, R. W.: van Grondelle, R.:
of PSIl core complexes with oxidized and reduced reaction center Volker, S.J. Phys. Chem. B999 103 9770.
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Figure 1. Absorption (Abs), linear dichroism (LD), and fluorescence (Flu)
spectra of the CP43 complex at 77 and 293 K (Abs) calculated with the
site energies in Table 1 are compared with experimental ‘dathe
calculations are shown as lines and the experimental data as symbols.

700

Table 1. Site Energies and Corresponding Wavelengths in the
CP43 Complex, Optimized by a Fit of the Linear Optical Spectra in
Figure 12

Chl 33 34 35 37 41 42 43
(E/hg/em™ 14993 14859 1492514749 15129 14925 14793
Alnm 667 673 670 678 661 670 676
Chl 44 45 46 a7 48 49
(E/hg/em™ 14859 14793 15038 15038 14925 14993

673 676 665 665 670 667

aThe three Chls with the lowest site energies and the respective values

are highlighted.

Stationary Spectra of CP43 and CP47A genetic algorithm,
described previousl§5*8 was used to determine site energies
of the Chls in the CP43 and CP47 subunits from a fit of their

linear optical spectra. In Figure 1, the linear absorption, linear
dichroism, and fluorescence spectra of the CP43 complex at

77 K, calculated for the optimized site energies in Babl, are
compared with experimental da¥a.From the temperature

Table 2. Site Energies and Corresponding Wavelengths in the
CP47 Complex, Optimized by a Fit of the Linear Optical Spectra in
Figure 22

Chl 11 12 13 14 15 16 17 21
(E/hg)/em™ 14684 15060 14793 14950 14810 14880 15130 14970

Alnm 681 664 676 669 675 672 661 668
Chl 22 23 24 25 26 27 28 29
(E/hg/em™ 14810 1527014710 15060 14860 14880 149704530
Alnm 675 655 680 664 673 672 668 688

a2 The three Chls with the lowest site energies and the respective values
are highlighted.

T T T T T T T
10 TTK 4 203K 410
: -j% | 3
] 1 4 b o
";; = b)  —
25 11 t @ 18
1 r —-10
0 ) ) 1 . 1 . 1
s 7 660 680 700
I Homx | 77K-15
. N ( ) a ‘_ .
310 : ‘E i 102
s | ;’ 1k 5 a8
& Sr o E 1 B0 ~
0_ I ﬁ L | | 1 L 15
660 680 700 720 660 680 700
wavelength /nm wavelength /nm

Figure 2. Absorption (Abs), circular dichroism (CD), fluorescence (Flu),
and linear dichroism (LD) spectra of the CP47 complex at 77 K (Abs, Flu,
LD) and 293 K (CD), calculated with the site energies in Table 2 are
compared with experimental data for Abs and #¥lu,2® and CD*° The
calculations are shown as lines and the experimental data as symbols.

Figure 3. Arrangement of pigments in the CP43 complex. The pigments

dependence of the absorption spectrum in the upper part ofzre numbered as in ref 3. Chis with the same color belong to the same

Figure 1, a HuangRhys factorS ~ 0.5 is inferred, which is
comparable in magnitude to tHe& = 0.65 estimated for the
reaction center pigments previoushA width Ay, = 180 cn?t
(fwhm) of the Gaussian distribution function for the site energies
gave the best fit. The sang= 0.5 andAj;, = 180 cn1! are

exciton domain. A cutoff energy of 36 crhwas used in the definition of

the domains. If two pigments are coupled stronger than this value, they
belong to the same domain. Arrows indicate a van der Waals contact
between the conjugated-systems of a carotenoid and a Chl. The three
encircled Chls are those with the lowest site energies (trap states). In
addition, a small part of the reaction center including Ghig shown. The

used for the Chls in CP47, because both core antenna subunit§gure was prepared with program DINO (http://www.dino3d.org).

have similar structures. The optical spectra of the CP47 complex,

calculated with the optimized site energies in Table 2, are energies in CP43 belong to Chls 37, 43, and 45 (using the

compared in Figure 2 with experimental data at 77 K (linear
absorption and linear dichroisff fluorescenc®) and at 293
K (circular dichroism?).

numbering of Loll et aP), whereas the low-energy pigments in
CPA47 are Chls 11, 24, and 29. The low-energy Chls in CP43
are located relatively close to the RC as seen in Figure 3,

The wavelengths corresponding to the site energies in Tableswhereas those of CP47 are distributed over the whole complex
1 and 2 vary between 661 and 688 nm. The three lowest site (Figure 4).

4438 J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008
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6 ps
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Figure 5. 77 K pump-probe spectra of the CP43 complex, calculated using
the site energies and the Huatighys factor from the fit of the linear spectra

in Figure 1, are compared with experimental d&tdhe CP43 complex

was excited with a 60 fs pumfpulse, centered at 671 nm. The left part of
the figure contains the pumyprobe signal at two different probe wave-
lengths dependent on the delay time between the pulses and the right part
the pump-probe spectra at two different delay times. The experimental

Chizy, data are shown as symbols and the calculations as solid lines.
Figure 4. Arrangement of pigments in the CP47 complex. The pigments calculation experiment
are numbered as in ref 3. Chls with the same color belong to the same B B B B e IR B m'u ['m']'
exciton domain. A cutoff energy of 36 crhwas used in the definition of 0 s0mm
2 /U nm

the domains. If two pigments are coupled stronger than this value, they 677 nm

belong to the same domain. Arrows indicate a van der Waals contact I 677 am
- L

between the conjugated-system of a carotenoid and a Chl. The three =] ) ) =
encircled Chls are those with low site energies (trap states); the one with f_f - - f-
the lowest site energy is encircled in red. Angles of Chl transition dipoles o 0mm{
with respect to the membrane plane that are larger thaigc@sresponding @) 680 nm o o
to 6 < 55°) are shown in parentheses. In addition, part of the RC including < -4 683nm4 4 <
Chlzp, is shown. The figure was prepared with program DINO (http:// 83 nm i
www.dino3d.org). -
-6 - —4-6

Chl 24 is the only low-energy Chl of CP47 that is close to sl v veond vvoiad vl vl vl 4
the RC. Two of the low-energy pigments in CP43 (Chls 43 and I 10 100 1 10 100
45) are part of a large exciton domain of six strongly coupled time / ps time / ps
Chls and one, Chl 37, forms a dimer domain with Chl 34. In 0

CP47 all three low-energy pigments are located in different
domains. Two of them, Chis 11 and 24, are part of large
domains, each containing seven Chls, in the lumenal and stromal
layer, respectively, and Chl 29 has a localized excited state. It
is the red-most pigment in the whole PS-Il core complex and
gives rise to a negative LD signal at low energies (long
wavelengths).

We note that including the nonconservative experimental CD
spectrum of CP43 in the genetic fit of the site energies did not T T
give convergent results. As noted earlier, the present exciton 670 680 690 670 680 690
theory cannot describe a nonconservative CD signal. The wavelength /nm  wavelength / nm
deviations between the CD spectrum calculated for the pre- rigure 6. 77 K pump-probe spectra of the CP47 complex calculated using
sent site energies, optimized without CD, and the experimental the site energies from the fit of the linear spectra in Figure 2 are compared

CD spectrum are significant; a comparison is shown in the SI with experimental data. The CP47 complex was e)fcited with a 60 fs pump
(Figure 1) pulse, centered at 670 nm. The upper part of the figure contains the-pump

. . probe signal at four different probe wavelengths dependent on the delay
Time-Resolved Spectra of CP43 and CP47The site time between the pulses and the lower part the puprpbe spectrum for

energies of the CP43 and CP47 subunits determined above froniwo different delay times. The calculations are shown on the left and the
the fit of stationary spectra together with the HuaiRhys factor ~ €xPerimental data on the right.

S= 0.5 and the inhomogeneous widliy, = 180 cn1? for the mental datd! In the case of CP43, quantitative agreement
distribution function of site energies were used to calculate time- between calculated and measured spectra is obtained. The
resolved pump-probe spectra. In Figures 5 and 6 the pump  pump—probe signal reflects exciton transfer/relaxation from high
probe signals calculated for different probe wavelengths and to low energies that occurs on a sub-picosecond and picosecond
delay times after excitation by a 60 fs pump pulse centered attime scale and is finished in about 6 ps. In CP47, in addition to
671 nm (CP43) or 670 nm (CP47) are compared with experi- these fast components, there are longer relaxation times detected

]
o]

AOD fa.u.

AOD (a.u.)
A

Y 6ps H

I
(=)
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500 .‘o o experiment-Miloslavina et al. 2006
[ i RY — exact calculation
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100¢ 5 .~ fast equlibration in CP43-Chlz ) ,CP47-Chlz,,, RC ]
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Figure 9. Frequency-integrated fluorescence decay of PS-Il core complexes

Figure 7. Lifetime density map of time-dependent emission of the CP43 TSR )
at 300 K calculated in different models, compared to experimental data.

complex at 77 K, calculated by assuming excitation with a 60 fs pulse at

671 nm. The PS-Il core complex was excited with a 100 fs optical pulse, centered
at 663 nm. The experimental data were reconstructed from Table 1 of ref
1000¢ , . . . . - 11.
500f E To find the bottleneck for the decay of excited states, the
I i fluorescence decay was calculated in simplified models, in which
100k 4 fast equilibration of excitation energy in certain compartments
50F E is assumed. The fluorescence decays obtained in these models
§ [ ] are compared in Figure 9 with the full calculation and the
2 o 4 experimental data. If fast exciton relaxation is assumed in the
= 5f 3 domains of strongly coupled Chls, virtually the same result as
[ ] in the calculation without this assumption is obtained for the
1t 4 fluorescence decay (the red dashed and black solid curves in
0.5} 3 Figure 9). The respective inverse disorder averaged rate
] constantsk,—pdis * (with thek,—p in eq 33) in Figure 10 show
that the fastest transfer between exciton domains in different

Oé N = 1 1
50 660 670 680 690 700 710 ; o
wavelength / nm layers in CP43 and CP47 occurs with time constants-o6f Bs

Figure 8. Lifetime density map of time-dependent emission of the CP47 at 77 K and room temperature. The disorder avefaggs was

complex at 77 K, calculated by assuming excitation with a 60 fs pulse at Performed with respect to the site energies of the pigments, in
670 nm. the same way as for the optical spectra, explained below eq 9.

If fast exciton relaxation is assumed in the whole CP43, CP47,

; ; : nd RC subunits, there are still only very minor deviations with
1.00 ps in the experiment and .somewhat I.onger in the C?'C‘!'a' respect to the complete calculation, as seen in Figure 9. Because
tions. Except for these deviations, there is a good qualitative Chizos equilibrates more rapidly with CP43 than with the RC

?;%zngehm bet_\;veen Ithe t(_:alculated and_ mgszgreddsggzt;a fcc)énd, similarly, Chla, with CP47, these two Chlz were included
- 1he exciion relaxation processes in an andy the compartment of the respective antenna subunit.

their relative amplitudes are illustrated in the LFD maps of time- The disorder averaged inverse rate constants for this three-

delpeggigt (temssmn Itn F|gur'es 7| anotll8. s of ab tcompartment model and a five-compartment model, where the
n ; there are wo main relaxation components ot about 7 5re i separate compartments, are shown in Figure 11.

200fs and 2 ps. In_CP47_, besides the twq main components_ OfThe intercompartment rate constants were obtained from eq 35
2.50 and 700 fs, dlsperswe decay behavior is calculated with and averaged over disorder in site energies. The time constant
time constants ranging from 5 to 100 ps. The latter (:hangesfor exciton transfer between the CP4Chizo; compartment and
qualitatively at room temperature. A main slow component at the RC at room temperature is 50 ps and that between €P43
10 pS appears, wh_ereas the faster components are not chang hlzp, and the RC is 41 ps. If fast exciton equilibration in the
qualitatively (SI, Figure 2). whole PS-Il core complex is assumed, as in the ERPE model,

T|m_e-Depen_dent Fluorgscence of PS_'” Core Complexes. arge deviations with respect to the complete calculation are
The site energies, determined from the linear spectra and teste btained (the blue dotted and black solid lines in Figure 9)
in the simulations of nonlinear spectra, were applied to calculate :

. An analysis of the excitation energy transfer and trapping

?e_lt_llzne-depepden’i flluforescence .OftPS'Il c(;)re (ijortr_]plexes alt 3(()jodynamics in PS-II core complexes is given in Figure 12 by

- Ihe expenmenta requency-|_n e_gra e_ an |me-re3(_) V€U means of the fluorescence LFD map, calculated either with or
fluorescencé! detected after excitation with a 100 fs optical

Ise that tered at 663 be d ibed b ._without electron transfer (including charge recombination reac-
puise that was centered a fm, can be described by assumlngons). The LFD map without electron transfer was calculated
an intrinsic rate constant for primary charge separatiokef

— (100 fs) 1 in Fi 9 Atti | than 150 to analyze the time constants of exciton relaxation/transfer in
= ( Sy, as seen in Figure 9. Imes farger than PS the system. Several components ranging from sub-picoseconds
the calculated signal falls below the experimental one. This

. . ) to 200 ps are found (components—& in Figure 12). These
discrepancy at long times is due to the neglect of charge P ( b g )

o ) ) . ) components reflect intradomain exciton relaxation (A, B),
recombination reactions as discussed in the S| (Figure 3). excitF:)n transfer ( )
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27 24

Figure 10. Disorder-averaged inverse rate constants in units of picoseconds for important transfer paths between exciton domains in the PS-Il core complex,
assuming fast intradomain exciton relaxation, at 300 K (black numbers) and 77 K (red numbers). Chls with the same color belong to the same exciton
domain.

RC 0417111 02— OS—T—T—
50 (360) J
53 L ] 1 [ll—H T=T7 K[{ - I T
i T=300 04l )
03 —0,15F -
R 1 T 103} .
Fard (e
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£ I 11
) 0,21 -
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Figure 11. Disorder-averaged inverse rate constants in units of picoseconds 01k \ ' Jdo.os i i
for exciton transfer between compartments in the PS-Il core complex ’ i ! 0.1+ ]
assuming fast intracompartment exciton relaxation. The numbers in black I ’
refer to a five-compartment model, containing CP43, CP47, RC,gghlz Bl \ | - “\ E
and Chla; for T = 300 K. The numbers in red were obtained for a three- AL ; |
compartment model with the compartments CP@31lzo,, CP47-Chlzp, 00720 40 60 80100 °0 200 400 600 800 20 02 04
and RC afT = 300 K and 77 K (numbers in parentheses). T / ps T / s /
cpraz>kC ' P cpar->RC ' P Tresrpr ! PS
g heut sleaton flonster _ owdmgsecronfonser Figure 13. Probability distribution of time constants for transfer from CP43
to RC (left) and from CP47 to RC (middle) and primary electron transfer
500 500 (right) at T = 77 K (blue) andT = 300 K (red). The rate constants were
F e — obtained in the three-compartment model; that is, giweas included in
1o oo the CP43 compartment and Ckjzn that of CP47.
50 .
DF between CP47 and RC and between CP43 and RC occur with
" o similar time constants of 4050 ps. However, at7K a striking
g c 'UE decrease of the rate const&®bs7-rc is Obtained: It slows by
- 5 an order of magnitude (red numbers in parentheses in Figure
11). To understand the origin of this temperature dependence,
B I the probability distributions of the different time constants were

' - 05 calculated, including also the time constagt—rp1 = (Krc—rp1) *
' i / A (eq 34) for primary electron transfer. As shown in Figure 13,
o, h . AN _ the maxima of the distribution functions of the time constants
640 650 660 670 68O 690 700 710 720 640 650 660 670 6BO 90 70D 710 720 of the primary electron transfer and excitation energy transfer

e 1 L‘f’:;:,'::g:ns_t maps of tine de;;?::l:m_ss_on o ps Detween CP43 and RC move toward shorter times at 77 K, but
gure . et Ity | - ISSI - . . . .

core complexes calculated with and without electron transfer, assuming their widths do not change qua!'tat'vely'
excitation by a 100 fs pulse at 660 nifi= 300 K. In contrast, the rate of excitation energy transfer from CP47

to the RC (middle panel in Figure 13) at 77 K becomes highly

between the domains in one subunit (B), exciton transfer to the dispersive, the width of the distribution of the respective time
trap state of CP47 and exciton equilibration between CP43, constant increases by an order of magnitude, and the maximum

CP47, and RC (C), exciton transfer between CP43 and CP47shifts from 50 ps at 300 K to 200 ps at 77 K. If the site energy
via the RC (D), exciton transfer from CP43 to RC and CP47 to of Chl 29 in CP47 is increased such that the corresponding
RC and trapping in the RC (E), and electron transfer between wavelength decreases from 688 to 670 nm (which corresponds
RP2 and RP3 and recombination (F). to the site energy of the equivalent Chl 49 in CP43), a large
The disorder averaged inverse rate constants in Figure 1lpart of the dispersive behavior is lost, as seen in Figure 14 (red
show that at room temperature excitation energy transferscurve) and the average time constant for transfer from CP47 to
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0.1 . T T T T delocalization of the excitons by multiple maxima or at least
77K shoulders.
{;“‘\ - Chi 29: 688 = 670 nm, Chl 11: 681 -> 670 nm In CP43, two of the three pigments, Chis 43 and 45, belong
_ r )1 «= Chl 29: 688 -> 670 nm to the same domain, whereas Chl 37 is part of a dimer domain
= \ f;ffzﬂll\}el 681 -> 670 nm with Chl 34 (see Figure 3). Hence, there are two degenerate
= : \ low-energy exciton transitions around 682 nm that represent
% 0.05 f - . the lowest excited states of the two domains in the lumenal
E f (containing Chls 34 and 37) and stromal layers (containing Chls
% [ 41 and 43-47). These characteristics fit very nicely to the A-
L] 1 and B-states identified in NPHB and triplet bottleneck spec-
|/ trs374344discussed in the Introduction. The B-state is identified
i PR % 0eea0e en o as the low-energy exciton state of the stromal domain with six
ok I . | e R et i pigments (shown in gray in Figure 3), whereas the A-state is
0 200 I%{;O 800 1000 the low-energy exciton state of the Chl-387 dimer on the
CP47-=RC

lumenal side (shown in yellow in Figure 3). Whereas there is a

Figure 14. Probability distribution of time constants for transfer from CP47 ;
to RC atT — 77 K for the native system (as in Figure 13, middle part) van der Waals contact between Chls and carotenoids for Chls

compared to that for modified systems in which the site energies of two 41 @and 47 of the large domain, there are no such connections

trap states were increased as indicated in the figure.

for Chls 34 and 37 in the dimer. This difference could be why
the A-state does show a strong triplet bottleneck signal and the

40 —— ICET%, . —— C;PA',T ——1 50 B-state does ndf The hydrogen bonds predicted by Groot et
p———T T al®” on the basis of the vibrational fine structure of the emission
I P L S dao most likely are formed between the'iigeto group of the low-
30k \ energy Chls 43 and 45 of the B-state domain and His C164
e and Ser C275, respectively.
= | f\ ‘, B 130 Concerning the larger hole burning efficiency of the B-state,
Z 20 R '{' - 3 = at first glance, both explanations discussed in the Introduction
<" i L _ QD'::E could apply. Because the B-state domain is 3 times larger than
I :r- ".'; 1 1 | the dimeric A-state domain, it can collect more excitation
101 / g energy, as suggested by Jankowiak e€#n the other hand,
i . 710 the hydrogen bonds to Chls 43 and 45, discussed above, could
I » h'.-_ ] F explain the higher photoconversion of the B-state, as proposed
3 S A T e/ N1 by Krausz and co-worker$,because no such hydrogen bonds
660 670 680 690 660 670 680 690 700

exist for Chls 34 and 37 in the A-state domain. As seen in Figure
10, both layers of the membrane are well connected by excitation
energy transfer. Hence, the present calculations are in favor of
the proposal of Krausz and co-workéfsA possible explanation

of the narrow 6-0 line shape measured in hole burrfihgs

the RC decreases from 400 ps in the native system to 100 ps inthat at low temperature those complexes are selected from the
the modified system. Increasing the site energy of a different ensemble in the sample which have nondegenerate low-energy
CP47 trap state, the one at Chl 11, which is also located at agxciton states and where the energy gap between the two antenna
large distance to the RC, has only a minor effect on the transfertrap states (A and B) is large compared to the thermal energy.
efficiency to the RC (the blue line in Figure 14). However, up- |n this case, the excited states of the pigments in the exciton

shifting the site energies of both these CP47 trap states resultssiate with the lowest energy have a long lifetime and therefore
in a cooperative effect; that is, the maximum of the distribution exhibit a high hole burning efficiency.

function for the CP47- RC transfer times shifts furthest toward
shorter times (the green line in Figure 14).

wavelength / nm wavelength / nm

Figure 15. Exciton state pigment distribution functiah(w) (eq 42) for
the three low-energy pigments in CP43 (left) and CP47 (right).

The coupling between the A-state Chls 37 and 34 is seen as
a shoulder of the functiods; in Figure 15 around 672 nm. In
the experiment this shoulder is found at somewhat shorter
wavelengths (higher energies) around 669 %% indicating
that the site energy of Chl 34 might be slightly higher than
determined here from a fit of the linear spectra. Concerning
the excitonic coupling in the B-state domain, Jankowiak é% al.
found correlations between the B-state at 683 nm and other
exciton transitions at 678 and 673 nm. The correlation between
683 and 673 nm involve Chls 43 and 45, as shown in Figure

introduced previousR? is shown in Figure 15 for the three 15

pigments with the lowest site energies in CP43 and CP47 In agreement with de Weerd et &.the present calculations
(compare Tables 1 and 2). Whereas in CP43 all three low-energyshow that the lowest excited state of CP47 is localized on a
pigments contribute at the lowest excitation energy of the sub- monomeric Chl, namely, Chl 29. From the 16 Chls in CP47
unit, in CP47 just Chl 29 has a contribution. In addition, all of only Chls 11, 22, and 29 have an angle between their transition
the functiongdy, except for the one of Chl 29 indicate a certain dipole moment and the membrane plane larger thehadisl

Discussion

Trap States in CP43 and CP47.For the analysis of the
antenna trap states, the exciton-state pigment distribution
function

d_ (o) = m 1M 128(w — o) u (42)
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therefore could be responsible for the negative LD signal the 683 nm trap states and, therefore, increased SE at this
observed at low energies. Chls 11 and 22 are part of two largewavelength. The decay of this signal at larger times and the
exciton domains in the lumenal and stromal layers of the parallel growth of the negative signal at 690 nm are due to
membrane, respectively. Hence, the only localized excited stateexcitation energy transfer to the trap state at Chl 29.
with negative LD is the one of Chl 29. Excited-State Decay in PS-lIl Core ComplexesHaving

The 2 nm blue shift of the low-temperature fluorescence that determined the site energies from linear optical spectra and
occurred after mutation of His B14 which turned out to be having tested them in the calculation of time-resolved spectra
the axial ligand of Chl 28,to GIn provides further support for ~ Provide a solid ground to investigate excitation energy transfer
the present assignment. Chl 29 forms a hydrogen bond to Thrand trapping in PS-II core complexes. The measured main 40
H5 of the H-subunit, in agreement with the prediction of a strong 50 ps decay component of the fluorescéhoan be described
hydrogen bond of the low-energy Chl from the FLN spegfra.  ©nly by assuming that charge recombination reactions occur on
The absence of a 690 nm bleaching in theSsigna#® could a slower time scale. Assuming a faster recombination would
very well be due to the quenching of the triplet energy of Chl cause a too slow decay of the fluorescence in contradiction with
29 by Car 106 (see Figure 4). From the three low-energy the experimental data. This finding enables one to describe the
pigments in CP47, only Chl 24 is not in van der Waals contact decay by using only one adjustable parameter, namely;#he
with a carotenoid. Therefore, it can be expected to be the mainfor primary electron transfer. A quantitative description of the
contributor to the TS signal. As suggested from anisotropy €Xperimental data is obtained in Figure 9 fgf = 100 fs™™.
measurement$ the 683 nm state consists of more than one Due to the partial delocalization of exciton states in the RC
exciton transition. Chls 11 and 24, which are located in different @nd the fast equilibration of exciton-state populations prior to

domains (see Figure 4), contribute to different exciton transitions electron transfer, the first radical pair state is created with a
at this wavelength (Figure 15). time constant of about 300 fs, as seen in the right part of Figure

Excitation Energy Transfer in the CP43 and CP47 13 (s.ee.also egs 31 gnd 34). )
Subunits. The experimentally found 0-20.4 and 2-3 ps time Thls time constant is an order of magmtude fa§ter than the 3
constant&! for exciton relaxation in CP43 complexes are well PS |nf§rred from pumpprobe spectra in the visible spectral
reproduced by the calculations of the puagyobe spectra in ra_rég(éR an_d about afac:)or gf zgfsasterDtrIarI;;he G(fgggs from
Figure 5 and the LFD map in Figure 7. As described above, Md-'"~VIS pump~probe ate’ on DI-D2—cyt com-

there are two trap states in CP43, one in the lumenal layer andplexes. If real, the discrepancy by a factor .Of 2 between the
one in the stromal layer. The 200 fs time constant reflects latter result and the present calculations might reflect a con-

exciton relaxation in the domains and exciton transfer betweenform"jItlonal difference between BD2—-cyh559 and PS-Ii core

the domains in the same layer to the trap state domain. As Seerprepgrations that could change the electron-transfer c_oupling
in Figure 10, the disorder averaged transfer times between then;]atr'x elef.mhen:jpe_twe;en Cﬂq_lfar;\d Phe@.l or :ee;d tz a shgk:jt
trap state domain in the stromal and the one in the lumenal €"2n9e Of the driving force of the reaction. In faatd nm re
layer are 5 and 7 ps at= 77 K, which appear to be somewhat SP'it Of the site energy of Chl in PS-l core complexes as
too slow to explain the main 2 ps equilibration time constant in compared to that in DD2—cytbS59 complexes was fourft,

the LFD map in Figure 7. The latter is understood by taking which could have the same origin. On the other hand, using an

o T 1
into account, instead of the average value, the maxima of the |Fr)1|t1r|n3|c (;atet_consﬁ]nt dt{_‘”" 200tf§t t?aGtOc(:)o][responds t(t) 3 .
probability distribution of these time constants, which are both €0 reduction with a ime constant o S, as reported in

about 4 ps (S, Figure 4). The resulting 2 ps equilibration time ref 16, results only in a slightly less satisfying description of
explains also t'he pumiprobe spectra in Figure 5 the measured fluorescence decay (SI, Figure 5). However, the

L ) present model is not consistent with a time constant of'3 ps
The LFD map of CP47 in Figure 8 contains strong 5800 for Pheo reduction (S, Figure 5)
fs components that appear to be somewhat too fast for exciton ' '

| ion b he | | and Ll daed In bacterial reaction centers, electron transfer starting at the
re axatlo_n etween the lumenal an _strom_a ayers as judge accessory bacteriochlorophyll was found to occur an order of
by the disordered averaged transfer times in Figure 10, which

. e ; magnitude more quickly<400 fs) than electron transfer startin
would yield a relaxation time of about 2 ps. As in the case of d d yi ) g

t th ial pair (3 p$§y:>” Taking int t the high
CP43, the distribution of this interlayer transfer time in CP47 at the special pair (3 psy axing Into account the hig

. i (d h it h ) fth similarity in arrangements of Ckl and Pheg; and its bacterial
'S asymrnetnc( ata !““S own). one u.ses.t e maxima of t ecounterparts (a detailed comparison is given in ref 36), the
distributions, one arrives at an equilibration time of about 1 ps,

S, ; present finding of ultrafast primary electron transfer provides
which is still slightly too slow to explain the fast components further support for Cla: as the primary electron donor in PS-
in the LFD map. Obviously, the latter are dominated by

contributions from infradomain exciton relaxation to the de- The direct detection of the ultrafast intrinsic rate constant of

generate 683 nm trap states in each of the two domains in the100 fs™1 for primary charge separation, inferred here, is difficult,
Iu_mena_l and stromal layer. From these two trap states.alargelybecause it is impossible to excite the primary donorgghl
dispersive transfer to the 690 nm trap state at Chl 29 occursexclusively in PS-Il core complexes. It would, therefore, be

with time constants that have a strongly asymmetric distribution helpful to repeat the earlier experiments on ultrafast electron

at 77 K with maxima in the 2060 ps range. This behavior is o nsfer starting at the accessory bacteriochlorophyll in bacterial
reflected in the measured and calculated pupbe signal o4 ction centePé57 with a higher time resolution to pinpoint

in Figure 6. The 683 nm signal first becomes more negative up
to a delay time of 2 ps and then starts to increase up to 100 ps(s6) van Brederode, M. E.; Jones, M. R.; van Mourik, F.; van Stokkum, 1. H.

; P ; ; M.; van Grondelle, RBiochemistry1997, 36, 6855.
in the eXpenmem and somewhat Ionger in the calculations. The 57) van Brederode, M. E.; van Mourik, F.; van Stokkum, I. H. M.; Jones, M.

rise of the negative signal reflects excitation energy transfer to R.; van Grondelle, RProc. Natl. Acad. SciU.S.A.1999 96, 2054.
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the exact value of this rate constant. In the present treatment,manifold in the RC. The close agreement in Figure 9 between
kinr Was just treated as a fit parameter without using any the full calculation that does not assume such an equilibration
mechanistic description of the electron-transfer reaction. The of excitons prior to charge transfer and the compartment
assumed dependence lgf—rp1 ON |c(c"f'1),m|2 in eq 31 seems to  calculations indicates that exciton relaxation in the RC at 300
suggest a second-order perturbation theory in the electronicK occurs on an ultrafast sub-100 fs time scale. Independent
coupling, that is, a non-adiabatic reaction. However, becausesupport for this result is obtained by a direct calculation of the
of the low site energy of Chl, the |C(ch|1)|D1|2 is essentially lifetimes of exciton states in the RC (SI, Figure 6).
nonzero only for one exciton level that is strongly localized on ~ The assumption of a fast equilibration of excited states in
the primary dono?53Hence, the square of the coefficient just the whole PS-1I core complex prior to electron transfer leads to
ensures that primary electron transfer starts af,CHlhe fast large deviations with respect to the calculation without restric-
time constant of 100 fs for primary electron transfer, inferred tions (Figure 9). These deviations provide additional evidence
here, provides some indications that the electron-transfer reactiorthat the excited-state decay in PS-Il is not trap-limited. Charge
occurs beyond the non-adiabatic limit, that is, in a more adiabatic rfecombination reactions do not play the dominant role for the
way, where the rate constant is determined by the vibrational main decay component of excited states as assumed in the ERPE
motion in an adiabatic surface that reflects a certain delocal- model. Nevertheless, there is an influence on a longer time scale
ization between the initial and the final states of the primary as seen in Figure 9, where the neglect of charge recombination
electron-transfer reaction in eq 32. causes the deviations between the calculated and measured data
Indeed, there are some independent experimental facts tha@t 150 ps and longer times. Including charge recombination
point in this direction: (i) Krausz et & reported experimental ~ removes this deviation (SI, Figure 3) and leads to an additional
evidence about quinone reduction after long wavelength excita- decay component that is seen in the LFD map in Figure 12 at
tion (up to 730 nm) at cryogenic temperatures. A possible about 200 ps. This time constant is close to the 180 ps transfer
explanation of this phenomenon could be that due to the time constari® assumed in the calculations for the irreversible
quantum mechanic mixing of Gyl and Chf, Pheg, the RP1— RP3 transfer.
latter state borrows some oscillator strength from the former ~ The remaining parameters of the charge recombination model
and therefore can be directly excit®d(ii) To explain their ~ are givenin the SI (Figure 4). We note that the minor deviations
unconventional Stark spectra, Frese ePauggested that the ~ Petween the experimental data and the calculations without
low-energy exciton state in PS-Il RCs is mixed with a charge- charge recombination reactions in Figure 9 do not allow these
transfer state. (iii) The temperature dependence of the site energyParameters to be faithfully determined. We simply adopted
of Chlpy, inferred from the calculation of optical difference Values reported in the literature. However, there is an important
spectra® could reflect a temperature-dependent localization of festriction on the value used for the difference in standard free
a mixed excited/charge transfer state. energyAG® between the excited state of the RC from which
To find the bottleneck for the decay of excited states in PS- €lectron transfer starts and the charge-separated state=Rp2
Il core complexes, calculations were performed, assuming fastPo: Phe@;. According to the present calculations, ti&G©)
exciton relaxation in certain compartments. The respective = AGinr - AGrprp2must be about 175 meV or larger to avoid
inverse rate constants are given in Figures 10 and 11. As seerfignificant charge recombination. A significantly smale&©
in Figure 9, the simplest model that still describes the decay of would slow the decay of excited states such that the experimental
excited states is a three-compartment model, where it is assumedlata could not be described without scaling the excitation energy
that exciton relaxation in CP43Chlzp;, CP47-Chlzp,, and RC transfer rate constants. The latter were determined from
is fast compared to the transfer between these COmpartmemsi_ndependent experiments and calculations and therefore cannot
The time constants obtained in a five-compartment model with be adjusted. From measurements of the recombination fluores-
Chlz in extra domains in Figure 11 show that Ghland Chlg; cence, values foAG® of 110 meV® in D1-D2—cyth559
in terms of light-harvesting function belong to the CP43 and complexes and 170 mé¥in PS-Il core complexes were
CP47 subunits, respectively, rather than to the RC. The transfer'eported. The latter is very similar to the present estimate and
times of 50 and 41 ps between CP48hlz;) and RC and o the AGO = 170-190 meV determined for the bacterial
CP47(Chlzp,) and RC (Figure 11) are found to represent the 'eaction centers dRh. spaeroidesind Rh. rubrum??
main decay components of excited states in the LFD map of Although at room temperature the CP43 to RC and the CP47
PS-Il core complexes in Figure 12. Because of the 2 orders of to RC transfer times are very similar, there are important
magnitude faster primary electron transfer, nearly every excita- differences concerning the locations of low-energy exciton states
tion that reaches the RC is irreversibly trapped. This result showsin the two antenna subunits. Whereas in CP43 the trap states in
that the decay of excited states in PS-Il is limited by the transfer the lumenal layer and the one in the stromal layer are situated
to the trap, that is, the RC. Note that the rate constants for close to the RC, that is, tuned for efficient excitation energy
excitation energy transfer between the compartments are nottransfer, in CP47 the low-energy trap state at 690 nm at Chl 29
free parameters, but are obtained from the individual interdomain iS at a great distance from the RC. The different energetics and
rate constants, calculated from a microscopic theory. locations of the trap states in CP43 and CP47 obtained in the
In the three- and five-compartment models, primary electron Present study can be investigated by low-temperature time-
transfer was assumed to start from an equilibrated exciton

(60) Booth, P. J.; Crystall, B.; Giorgi, L. B.; Barber, J.; Klug, D. R.; Porter, G.
Biochim. BiophysActa 1990 1016 141.

(58) Krausz, E.; Hughes, J. L.; Smith, P.; Pace, R.; Aldks. P.Photochem. (61) Hillmann, B.; Moya, I.; Schlodder, E. IRhotosynthesis: from Light to
Photobiol Sci.2005 4, 744. Biosphere Proceedings of the Tenth International Congress on Photosyn-
(59) Frese, R. N.; Germano, M.; de Weerd, F. L.; van Stokkum, I. H. M,; thesis; Mathis, P., Ed.; Kluwer Academic Publishers: Dodrecht, The
Shuropatov, A. Y.; Shuvalov, V. A.; van Gorkom, H. J.; van Grondelle, Netherlands, 1995; Vol. 1, pp 66%06. .
R.; Dekker, J. PBiochemistry2003 42, 9205. (62) Woodbury, N. W.; Parson, W. VBiochim. BiophysActa1986 850, 197.
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1000g E via the RC, a process that is not possible for open RCs. As the
500§ LFD map calculated without electron transfer in the left part of
- b Figure 12 shows, this transfer takes about 40 ps. Indeed, this
100¢ E energy transfer component is seen in the LFD map for closed
" 50F RCs in Figure 16. Hence, the present model predicts that an
a2 ¢ . energy-transfer component with a time constant of 40 ps should
£ 10 E appear in the time-dependent emission of PS-1l core complexes
T8 with closed RCs at room temperature.
- ] We note that the time constant detected for the fast fluores-
cence decay of open RCs has decreased from 80 ps in early
0.58 1 experiment%® to 40 ps measured recentiy A reason for the
- : discrepancy could be the improved quality of recent PS-II core
0d40 660 680 700 720 preparations. It would therefore be helpful to verify whether
wavelength / nm for recent preparations also a factor of 3 increase in the time

Figure 16. Lifetime density map of time-dependent emission of PS-Il core  constant for the fluorescence decay results upon closing of the
complexes with closed RCs, assuming excitation with a 100 fs pulse at RC. We note that the prediction of the present model, concerning
660 nm,T = 300 K. the appearance of a 40 ps energy-transfer component, also holds
. . __if this factor would be only 2. As for open RCs, also in the
resolved spectroscopy. The calculations predict an accelera.'uonCase of closed RCs, the decay of excited states in PS-Il core
of the CP43 to RC transfer at low temperatures and a slowing complexes can be well described by a three-compartment model
of the tran'sfer be.tweer,‘ CP47 and the R,C' The latter should as shown in the Sl (Figure 7). However, the decay of excited
become highly dispersive, as seen in Figure 13. Hence, thestates is not transfer-to-the-trap limited in this case, because

excited-state decay at 77 K, due to the _accelerategl CREG3 the decay is slower by about a factor of 3 than the excitation
transfer, should, on the one hand, contain a 25 ps time ConStan%nergy transfer from CP43 or CP47 to the RC

Figure 13) that is smaller than the4 rv room . . .
(Figure 13) that is smaller than the-460 ps observed atroo Under light stress, when the RC is closed, still about one-
temperature and, on the other hand, multiple slower components,, . o S .

. . . . third of the excitation energy arriving at the RC will be trapped
in the sub-nanosecond range with a maximum amplitude at

: . 70 by electron transfer, as discussed above. Because the double
around 200 ps, as judged from the maximum of the distribution . . L
. . - reduction of Q is a slow process, the charge recombination of
function of the CP47-to-RC transfer time constant in Figure , Pt Phec.] leads to the formation ofChl nd 3P
13. The antenna trap state at Chl 29 in CP47 is mainly [Pp, Pheg,] leads to the formation ofChlp, a DL

responsible for the slow and dispersive transfer from CP47 to Beca:use_((j)f the h||gh ?X(;d.at';/he .pov.ve.r .?f ttP;]etChlslzjn the Rﬁ’tﬂo
the RC at 77 K, as seen in Figure 14. Due to the localized carotenoids are jocated in heir vicinity that could quenc €

excited state and the low site energy of Chl 29 the excitation physiologically harmful tgpgft energy. Instead, in the RC the
energy is efficiently trapped at this site. At low temperatures, Iattiar ili qlé?j?tich:drbgf ) ¢ ’ tl’-lr he )[()rﬁsgn:l stt;d;r/ suggeit? tklzt
the small thermal energy allows only for a slow uphill transfer QAt » 10 & 'thoth] edirects Ie exc ? Oth energy hlac fot' Iet
of the excitation energy from the excited Chl 29 to the exciton an ennaa\:\lnzg ehs.,arr]nﬁ gota;], r;ame 3,[/ 'te quenc .mgtho Fr)lgﬁ
states in the neighborhood. The rate constant for this transferc 19 » Which has the Jowest site energy In the Fs-

depends critically on the energy differences and therefore variesgg;ebceog(plzztzg%s Ilg VZ: idn?r \o/\r/tilerl:tsrg?enitr?(i:wglthhztgaigttzgg\l/t
widely for the different realizations of disorder in site energies, r0CESS 'Iehe - orrt)anyce of Cl:ohl 29 for the func’fi)on ofPS-II i
explaining the dispersive nature of the transfer. P ) P

A slower fast component of fluorescence decay, by about 3 alis;OBe i/ |1(1fetn(;[ tlr_o:n ;hse_ﬁa;f;g:,?[t uigolgsrgutatlon of its axial ligand
times, in closed RCs (220 ps) compared to open RCs (80 ps) yr y )

was measure#iThis variable fluorescence for open and closed cgnclusions
reaction centers was explained in the ERPE model by assuming

that the extra electron on the reduced §ows the primary A set of site energies was provided that describes the
electron transfer by a factor of abouf @ the present model, ~ Stationary and time-resolved spectra of the CP43 and CP47
the variable fluorescence is explained by decreakiggirom subunits of PS-II. In particular, the low-energy trap states in

100 fs'* in open RCs to 6 pg in closed RCs, that is, by a  these subunits were identified, which are important for light
factor of 60. In this case, the primary electron transfer converting harvesting and photoprotection, because they determine the
an excited state of the RC to a charge-separated state takes 1direction of excitation energy flow and the sites where Chl triplet
ps. This time constant now is very similar to those for excitation States form under light stress. On this basis, the decay of excited
energy transfer from RC to CP43 (20 ps) and from RC to CP47 states in PS-Il core complexes was modeled. The mairb80
(16 ps) (see Figure 11). Hence, an excitation arriving at the RC Ps decay component of excited states measured at room
will be trapped with a probability of one-third compared to a temperature can be described only by assuming that the primary
probability of almost one for open RCs, explaining the factor 3 €lectron transfer is ultrafast and that the free energy difference
decrease of the fastest time constant in the fluorescence decayetween the equilibrated exciton states in the RC and the second
for closed RCs seen in the LFD map calculated for closed RCs fadical pair state is about 175 meV or larger, so that charge
in Figure 16 compared to that calculated for open RCs in Figure recombination reactions are slow. The calculations demonstrate
12.
Because of the smaller trapping probability in closed RCs, (63) Van Mieghem, F.; Brettel, K.; Hillmann, B.; Kamlowski, A.; Rutherford,

T A. W.; Schlodder, EBiochemistry1995 34, 4789.
excitation energy can be exchanged between CP43 and CP4764) Noguchi, T.;Plant Cell Physiol.2002 43, 1112.
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50 4 rescence changes from-480 ps at room temperature to 25 ps
CP47 "~ RC CP43 at 77 K, reflecting faster transfer from CP43 to the RC. In
16 22 addition, a wide distribution of transfer times with a maximum

at 200 ps appears at 77 K, reflecting slower and highly dispersive

open RC:0.3 >120 transfer from CP47. (ii) The fluorescence decay for closed RCs

closed RC: 18 at room temperature contains a 40 ps excitation energy-transfer
component that is due to transfer between CP43 and CP47 via
Chl,,"Pheo,, the RC.
Of course, a more complete comprehension of the building
l T principles of PS-Il core complexes requires a direct calculation

) ) o of the site energies from structural data. A combined quantum
Figure 17. Summary of disorder-averaged excitation energy transfer and hemical/electrostati h fully tested th
primary charge-transfer time constants (in units of picoseconds) obtained chemica e.ec rostatic approgc Was SUCC;GSS ully testea on the
in the present model. The excitation energy transfer time constants were FMO-protein recently#5 It will be interesting to see whether
obtained in the three-compartment modek= 300 K. at the present resolution (3.0 A) of the crystal struétarsimilar

. . analysis is feasible for PS-1l core complexes.
clearly that the bottleneck for the decay of excited states in PS-

Il core Complexes with open RCs is due to the transfer from Acknow|edgment_ We acknow|edge Support from the Deut-
the CP43 and CP47 subunits to the RC; that is, the decay issche Forschungsgemeinschaft through Sonderforschungsbereich
transfer-to-the-trap limited. The main findings of this paper are 498 (TP A9). We thank Dr. E. Schlodder and Dr. F: iMior
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The present model suggests a mode switch from a light- Supporting Information Available: Derivation of two-exciton
harvesting mode for open RCs to a photoprotective mode for shifts, details of line shape functions, excitonic couplings,
closed RCs. For the latter, the rate constant for primary electroncircular dichroism spectra of CP43, LFD map of time-dependent
transfer slows to an extent that it becomes comparable to theemission of CP47 at room temperature, influence of charge
rate for excitation energy transfer from the RC to the core recombination reactions on fluorescence decay, probability
antennae. In this case a considerable part of the excitation energylistribution for exciton transfer between the lumenal and stromal
of the reaction center will return to the antennae and the triplet trap state domains in CP43, fluorescence decay of open RCs
energy of chlorophyll can be quenched by the carotenoids there.using literature values fdtn, density of states and life times
The overall design principle seems to be a RC that is higher in of exciton states in the RC, compartment models for closed RCs.
free energy than the antenna, giving rise to fast exit channelsThis material is available free of charge via the Internet at
for the excitation energy, which are activated only when the http:/pubs.acs.org.

RC is closed. This principle is a compromise between high
energy-transfer efficiency and photochemical stability of the ;,-099826

system.
The fol_lowmg prgdlctlons qf the present model can be tested 65) Adolphs, J.: Mb, F.: Madjet, M. E.; Renger, TPhotosynth. Re008
by experiments: (i) The main decay component of the fluo- 95, 197.
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