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We have modeled steady-state spectra and energy-transfer dynamics in the peripheral plant light-harvesting

complex LHCII using new structural data (Liu, Z.; Yan, H.; Wang, K.; Kuang, T.; Zhang, J.; Gui, L.; An, X.;
Chang, W.Nature.2004 428 287). The dynamics of the chlorophyll (CH})~Chl a transfer and decay of
selectively excited “bottleneck” Cha and b states have been studied by femtosecond ptipnpbe
spectroscopy. We propose an exciton model of the LHCII trimer (with specific site energies) which allows

a simultaneous quantitative fit of the absorption, linear-dichroism, steady-state fluorescence spectra, and transient

absorption kinetics upon excitation at different wavelengths. In the modeling we use the experimentat-exciton
phonon spectral density and modified Redfield theory. We have found thai-festransfer is determined

by a good connection of the Chisto strongly coupled Ché clusters, i.e.a610—a611—a612 trimer and
a602—a603 anda613—a614 dimers. Long-lived components of the energy-transfer kinetics are determined
by a quick population of red-shifted Ch605 and blue-shifted Ctd604 followed by a very slow (3 ps for
b605 and 12 ps foa604) flow of energy from these monomeric bottleneck sites to theaGiisters. The
dynamics within the Chh region is determined by fast (with time constants down to sub-100 fs) exciton
relaxation within thea610—a611—a612 trimer, slower 2006300 fs relaxation within th@602—a603 and
a613—a614 dimers, even slower 3600 fs migration between these clusters, and very slow transfer from
a604 to the quasi-equilibrateal sites. The final equilibrium is characterized by predominant population of
the a610—a611—a612 cluster (mostly th@610 site). The location of this cluster on the outer side of the
LHCII trimer probably provides a good connection with the other subunits of PSII.

Introduction The dynamical behavior of LHCII, specifically the energy
transfer between the chlorophylls, was studied with various time-
resolved nonlinear spectroscopic methods. Transient absorption
(TA) and time-resolved fluorescence studies revealed that Chl
b to Chl a transfer takes place with two major time constants

During the past decade, the study of the energy-transfer
dynamics in the peripheral light-harvesting complexes from
higher plants has attracted much effddilowing the discovery
in 1994 of the crystal structure of the major antenna complex
LHCI.2 The LHC){I structure was modeleé with 3.4 A resoIFl)J- of ~300 and~600 I;g[ 77 K or ~150 and~600 fs at
tion, which did not allow for a distinction between chlorophyll room terr_lpera_tuﬁé' and a minor 49 ps component.
(Chl) a andb or between the andY axes of the Chls. Thus, Equilibration within the Chk manifold occurs to a large extent

the identities of the Chls at the 12 discernible binding sites and Within a few hundred femtoseconds, but upon blue-side excita-
the direction of their dipole moments could only be assigned tion slow picosecond components are also obsefv&dhree-
in a hypothetical fashion. pulse photon echo peak shift (3PEPS) and transient grating (TG)
Several site-directed mutagenesis studies of the chlorophyll Méasurements on LHCII at room temperattifégave the same
binding residues have been carried out to determine the Chitime constants for the Ctit—Chl a transfer and Cha—Chl a
identities in LHCIP=6 and in the similar complex CPZ It equilibration as the TA studies. Moreover, modeling of the data
was concluded that five sites are occupied by @Ghtbree sites ~ Showed sub-picosecond Qfit-Chl b transfer??A quantitative
by Chisb, and four sites are “mixed”, i.e., can bind both Chls picture was further develop&dusing a simultaneous fit of the
aand Chisb. Modeling of the steady-state spectra with exciton steady-state spectra, TA, TG, and 3PEPS kinetics with the
theory allowed several plausible configurations of the antenna Redfield relaxation theor§?2#1t was shown that the intraband
to be found (including identities, site energies, and orientations (Chl b—Chl b and Chla—Chl a) energy-transfer dynamics
of the 12 Chisp12 includes sub-picosecond (25600 fs) exciton relaxation within
dimeric or, in the Chl band, more complicated clusters, sub-
* To whom correspondence should be addressed. F&¢-20-4447899. picosecond (608800 fs) hopping between spatially separated

E'TK‘/:Esggﬂkggtaetﬁm'e}sn clusters (in thea band), and “slow” (picosecond) migration
*Vrije Universiteit. v between localized states. The interband (h{Chl a) transfer
8 Wageningen University. is characterized by the presence of very fast channels, the fastest
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taking only 120 fs, which connect both localized and diméric
states with thea band!!
In our previous work? two-color TA kinetics were measured

Novoderezhkin et al.

density modeled by a sum of overdamped Brownian oscillator
(with coupling 4o and damping constantg) and 48 high-
frequency modes with frequencieg couplingsi; = Sw; (where

at probe wavelengths from 641 to 689 nm with a step of 3 nm § is the Huang-Rhys factor of thgth mode), and damping

upon 650 nm excitation, thus allowing visualization of the
evolution of the whole spectrum reflecting an interplay of the

constantsy;. The couplingsie and; are supposed to be site-
independent but, for the Chls, are taken to be 1.151.35

intra- and interband transfer in LHCII. The experiments provided (depending on the model) times larger than for Gh{svithin

evidence for long-lived states in the spectral region near665
670 nm (i.e., between the absorption peaks of iCahd Chla

Chl b and a manifolds they are taken to be constant). In our
previous studi? these parameters were taken from experimental

at 650 and 675 nm, respectively), in agreement with earlier FLN data for LHCIP® and further scaled and adjusted from the

observationd*1®Modeling with the standafd2*and modified
Redfield theor§® allowed us to assign these “bottleneck” states

and to explore their participation in the overall energy-transfer

fit of the linear spectra. Here we use exactly the same spectral
density.
The effective dipole strength of Chls is estimatedféi/e

dynamics!? In our modeling these states are determined by two (whered is the vacuum transition dipold,is the local field

or three (depending on the model) monomeric Ghds b shifted
to the spectral region of 65%70 nm.

Recently the structure of the LHCIlI complex has been
obtained at 2.72 A resolutidf.The 14 chlorophylls (Chl) found

correction factor, and is the relative dielectric constant). For
the light-harvesting Chls we suppase= n?, wheren = 1.54 is
the refractive index of the protein. In a recent study by Knox
and Springy’ it was shown thaf?d? = 33.1 and 24 Bfor Chl

in each monomeric subunit were unambiguously assigned as 8aand Chlb, respectively (ah = 1.54). Then, the effective dipole

Chlsa and 6 Chish, and no indication for mixed binding sites
was found. Also the orientations of the Chl molecules were

strength for Chla equals f2d¥n?2 = 13.9 ¥ This value
corresponds to th@, “0—0" transition, so that the full strength

determined. In the current paper we model the linear steady- of the Qy transition is probably 20% larger (as pointed out in
state spectra and TA kinetics upon different excitation wave- ref 27). In our study the effective dipole strength for @hls
lengths using this new structure. We propose an exciton modelvaried in the 1418 D? range (with the corresponding scaling

(with specific site energies of the 14 Chls) which allows a
quantitative fit of the data with the same approach (modified

of the Chlb dipole strength). The best fit of the linear spectra
and nonlinear kinetics was obtained for a value of 6 D

Redfield with experimental spectral density) as that previously =~ The TA kinetics are calculated using the doorway-window

used'? This new model is compared with the configurations
proposed earliét12 on the basis of the old structute.

The Model

We consider a trimeric LHCII complex with monomeric
subunits consisting of 14 Chl molecules at sit91, a602—
a604,b605-b609, anda610—a614 (nomenclature from Liu et
al?%). We suppose that the unperturbed site enelgies; 4 of
the 14 Chls within a monomeric subunit can be different, but
theE;—Ei4 set is the same for each of the three subunits within
a trimer. The E;—Ei4 values are free parameters for our
modeling.

We use the same model as in our previous wéikhe only

representation and modified Redfield theory (as was described
in detail in ref 12). As in previous papéts?we calculate the
two-exciton states taking into account the contribution from the
double-excited monomeric states. The energy of theSp
transition was supposed to be 100 drblue-shifted with respect

to that of the —S; transition. The ratio between the dipole
moments of the §S, and $—S; transitions was varied from
0.4 to 1.2, giving the best fit of the TA spectral shapes for a
ratio of 0.65.

To obtain the site energies (and adjust other parameters of
the model), we use a simultaneous fit of the absorption (OD),
linear dichroism (LD), steady-state fluorescence (FL) spectra,
and transient absorption (TA) kinetics upon excitation at
different wavelengths. Experimental OD and LD spectra were

differences appear due to the use of the new structure. Beside§aken from ref 29. the FL spectra were taken from ref 30, and

new pigment assignments, positions, and orientations, the newipe TA measurements will be described elsewhere (Palacios et
structure also suggests stronger coupling between pigment fromy manuscript in preparation).

different monomeric subunits. Thus, we use the full 4212
one-exciton Hamiltonian for the trimeric complex with the site
energiesE;—Ey4 as free parameters and the pigmepitment
interaction energies calculated in the dipotépole approxima-
tion. The static disorder (site inhomogeneity) is modeled by
uncorrelated diagonal Gaussian disorder (full width at half-
maximum (fwhm) of 80 cm? for Chilsa and 95 cm? for Chls

b as determined from the fit of the spectra). Although the
unperturbed site energi&s—E;4 are the same for each of the

Results

Excitonic Interactions. The arrangement of the chlorophylls
within the LHCII trimer according to the new crystal strucfire
is shown in Figure 1. The chlorophylls are arranged in two
parallel layers lying close to the stromal or lumenal surface of
the membrane. The layers are well-separated with an averaged
distance between the chlorophylls of 178 A. The shortest

three subunits, the random shifts of the site energies are differentdistance between two chlorophylls in the two layers is about

for all of the 42 Chls of the trimeric complex. This disorder

13.9 A (betweerb609 andb606). There are strong exciton

produces a disorder of the pure exciton eigenvalues (which is interactions between pigments within each layer, but there is
less than in the site representation due to motional narrowing). no appreciable coupling between pigments belonging to different
In the presence of phonons these eigenstates will be furtherlayers (as can be seen in Figure 2).

shifted due to phonon-induced reorganization efféttEhe
value of this shift is proportional to the participation ratio, thus

On the stromal side there are two tightly packed clusters of
Chlsa (encircled by red for one monomeric subunit), i.e., the

depending on the specific realization of the disorder. As a result trimer a610—a611—a612 and the dimea602—a603. They are

the “visible” inhomogeneity reflects the combined action of

closely connected with three Chison the stromal side, Chls

purely excitonic disorder and disorder due to reorganization b601, b608, and b609. The structure suggests significant

shifts, a feature explicitly included into our modélThe strong
exciton—phonon coupling is accounted for by using the spectral

coupling betweerb601 andb609 from adjacent monomeric
subunits. So, one can consider th&€01—-b608—b609 group
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Figure 1. Arrangement of chlorophylls within an LHCII trimer at the
stromal (left) and lumenal (right) sides. Chlorophylls are represented
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between pigments from adjacent monomeric subunits. The
strongest of themb601—b609, equals 34 cnt (not to be
confused with intramonomeriog601—-b609 coupling, which is
very weak as shown in Figure 2).

Within a monomeric subunit there are strong couplings within
the Chla clusters on the stromal side, i.e., within th@10—
a611—a612 trimer (see interaction energies112, 10-12, and
10—11 in the bottom frame of Figure 2) and th602—a603
dimer (interaction 2-3). Pigments from théo clusterb601—
b608—b609 are strongly coupled to the neighboring pigments
from these twoa clusters. The corresponding interbaadb
interactions (3-9 plus 2-9 couplings fob609, 8-10 plus 8-3

by three atoms: the central magnesium atom and two nitrogen atoms.!cor b608, and +2 plus +-11 f_o" b601) are stronger than the
The connecting line between the two nitrogens defines the directions intrabandb—b ones (8-9 and intermonomeric’'+9 and 1—

of the Qy transition dipole. Green, Clal nitrogen; blue, Chb nitrogen;

8). Thus, the dynamics of interbabeta transfer in the LHCII

gray, magnesium (according to the new structure reported by Liu et trimer is not significantly influenced by interactions between

al?%). Clusters of Chl'sa, Chl's b, and mixed groups containing long-

lived intermediate sites are encircled by red, blue, and green, respec-

tively.

Interaction energy, 1cm

Interaction enetgy, 1icm

LI A S A A N N N N R | LA S A R N R B B |
Figure 2. Off-diagonal part of the one-exciton Hamiltonian containing
interaction energieMny, for the pigmentsr andm (n = m) from one
monomeric subunit. Pigment§01,a602,a603, ...,a614 are numbered
as 1, 2, 3, ..., 14. In the bottom frame the strongest coupliidis.( >
14 cn1?) are indicated. To distinguish between inter- and intraband
interactions, the numbers are blue figrigments and red fax pigments
(or green fora604). Interaction energies correspond to the @hl

effective dipole strength of 14D

(encircled by blue in Figure 1) asecluster, which is expected
to be short-lived due to transfer to th610-a611—a612 and
a602—a603 clusters of the two subunits. On the lumenal side
there is a strongly couplea clustera613—a614 (encircled by
red) and a mixed group @fandb sites (within the green circle).
This mixed group (strongly couplet cluster b606—b607,
connected with th&605 anda604 pigments) is well-separated
from the other pigments of the trimeric complex and also
effectively decoupled from them due to fast energy transfer from
the b sites toa604 (see below).

LI

monomeric subunits. This is in agreement with the conclusions
drawn from the transient absorption measurements on mono-
meric and trimeric LHCIE® But, intermonomeric interactions
may shift the exciton levels in thie region (as we will see in

the next section). In the region we expect fast exciton
relaxation within thea610—a611—a612 anda602—a603 clusters

as well as slower hopping between these clusters determined
by 3—10, 2-11, and 2-12 interactions.

On the lumenal side there are two groups of pigments weakly
coupled to each other and to pigments on the stromal side. First,
thea613—a614 dimer is characterized by strong-134 coupling
and by the absence of strong interactions with other pigments
of the complex. Thus, there is only weak-13 connection
within theb band and weak coupling {213, 16-13, and 3-14)
with the a pigments on the stromal side. The second group
contains strongly couplebd606 andb607 pigments with even
stronger coupling t@a604 (due to 46 interaction and a weaker
4—7 one) and with strong coupling 05 (via 5-6 interaction
which is as strong as the4 one, but hidden under the-Z
bar in the bottom frame of Figure 2). This group is a
heterotetramer with strong interactions between three €hls
and one Chla (but interaction between tha604 andb605
pigments is rather weak). All four pigments are weakly
connected to the remaining part of the complex. Moreover due
to very strong 46 coupling, the dynamics must be dominated
by very fast downhill transfer of excitations from thesites to
the a604 pigment. The latter has only a very weak coupling
with a pigments 2 and 1612. Thus thea604 pigment is the
best candidate for a long-lived bottleneck state, the presence of
which was suggested in previous experiméfitéf and theoreti-
calt12studies. Other pigments that can in principle contribute
to a slow picosecond component of the kinétic¥1?area613,
a614, andb605. In the model discussed below @05 pigment
gives the 3 ps component. The latter is different from the 12 ps
decay component cf604, thus reflecting the fact that these
two pigments are not in equilibrium even in the picosecond time
scale (due to weak coupling between them).

The preliminary conclusions drawn here are based on an
analysis of the structure and interaction energy values. Below
we will revisit these points after a quantitative fit of the spectra
and nonlinear kinetics of the complex.

Steady-State Spectra.A simultaneous fit of the linear
spectra, i.e., OD, LD, and FL, can be obtained in many different
ways using different sets for the site energies within a mono-

Interaction energies between pigments within one monomeric meric subunit E;—Ej4). To explain the shoulder of the

subunit are shown in Figure 2. In the bottom frame we indicate

absorption spectrum near 660 nm, some of ghpigments

the strongest couplings (with absolute values larger than 14 should be blue-shifted. It is important that one or more of these

cm1). Notice that Figure 2 does not contain interactions

blue states must be long-lived as evidenced by experiments with
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Figure 3. Experimental OD, LD, and FL spectra measured for LHCII trimer at 77 K (points) and the calculated ones (solid lines). Calculated

spectra are shown together with individual exciton components (thin lines). Left frames: calculation for the trimer using assignments aodrientat

of the 42 Chl's of subunits B, F, and G (in notations of Liu et®%l.Site energies within monomeric suburti; ¢ E;4) have been adjusted in order

to obtain the best fit (supposing the same distribution of the site energies for all three subunits). Right frames: the same as on the left, but the

calculation was done without taking into account the interactions between pigments from different monomeric subunits.

selective excitation of the 660 nm regidn'6-12 This implies band the excitonic interactions between subunits do not change
that they are spatially separated from othgrigments and are  the delocalization within strongly coupled clusters to an
monomeric in nature. In principle, the shape of the OD, LD, appreciable extent, but they lift the 3-fold degeneracy of these
and FL spectra can be explained if we shift some of the pigmentsstates, thus inducing some additional splitting. The spectrum
from the strongly couple@ clusters. In this case the upper of the monomeric subunit without these interactions is narrower
exciton level of the cluster can provide a component near 660 in thearegion (Figure 3). The experimental steady-state spectra
nm, but such a component cannot be long-lived due to fast of monomers and trimers were compared in detail by Nussberger
exciton relaxation to a lower level within the same cluster. It et al3! The modeled changes upon monomerization appear to
seems that the new structure allows a unique solution to thebe different for the experimental spectra. The €bland is for
problem, because there is only one monomastte, i.e.,a604. instance broader for monomers, whereas the 660 nm band is
Even if we fix the energy 08604 on the blue side of tha less intense. There is no experimental red shift for I€inl the
band, there are still a lot of possibilities to explain the shape of absorption spectrum, and there are also some differences in the
the linear spectra using different spectral positions of other LD in the Chlbregion. However, it is likely that some structural
pigments. changes occur upon monomerization, and it appears that at least
Determination of the site energies from the OD/LD/FL fit one Chla is lost32
has been performed using a simple evolutionary algorithm. We It should also be remarked that although the shape of the
tried different initial sets of the site energies, i.e., equal energies simulated LD spectrum is very similar to that of the experimental
for all pigments, random distribution of the site energies, and one, the size is different. The absolute LD (difference in
distributions witha604 blue-shifted. An evolutionary-strategy- absorption for light polarized parallel and perpendicular to the
based search for the best fit (minimizing the mean-square plane of the trimer) was determined by analyzing the polarized
deviation) allows one to find two to three dozen models with absorption and fluorescence on partly oriented LHCIl com-
different site energies. Further search gave configurations with plexes?® The LDna/30ODmax ratio (where LDhax and ODhax
approximately the same energies. These sets of site energiesorrespond to the LD and OD maximums near 675 nm) is 0.47
should be further checked by using them to fit the TA kinetics in experimert® and 0.35 in the simulation. Note that the average
(see below). LD in the Chlaregion is not strongly dependent on the exciton
An example of the OD, LD, and FL fit is shown in Figure 3. model. It depends mostly on the orientation of @gtransition
If we switch off the interactions between monomeric subunits, dipole moment within the plane of Chh. The excitonic
then theb band becomes red-shifted. The absence of the interactions within thea band only lead to a redistribution of
intermonomer excitonic interactions produces more localized the LD intensities over the spectrum. We have found that the
b states with a larger reorganization energy shift. In addition, LDna/3ODnax ratio for different models (which allow a good
there are some changes in the excitonic structure ol theend fit of the shape of linear spectra) is typically in the range of
producing changes in thie region of LD spectrum. In tha 0.31-0.37, i.e., lower than the experimental value. The origin
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Figure 4. Two-color TA kinetics measured for LHCII at 77 K (points) and calculated with the modified Redfield theory (solid lines). Excitation
wavelength, 650 nm; pulse duration, 90 fs; pungpobe delays, 50, 100, 200, 300, 700, and 1500 fs. Parameters of the model are the same as in
the fit of linear spectra.

1500 fs =
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of this discrepancy is not clear at the moment. Assuming that excitation of the intermediate blue-shiftedstates. Thus the
the Chl orientations are correctly described by the crystal kinetics are much more sensitive to the fine structure of the
structure, one could suppose that the orientation of @Gpe blue wing of thea band. A simultaneous fit of the 650 and 662
transition dipoles may deviate from theaxis of the Chl. nm TA is possible only with one model (this fit is shown in
Notice that at this moment there is no good quantitative Figures 4 and 5). For this model we have performed a fine-
explanation for the circular dichroism (CD) spectrum of LHCII.  tuning of the site energies. We have found that variation of the
The 77 K CD displays negative peaks at 648 and 677 nm andenergies withind=10 cnt? is not critical with respect to the
a broad structureless positive feature between 655 and 670 nm. quality of the whole OD/LD/FL/TA fit. Of course, we cannot
The modeling of Renger and Majgased on the 1994 structure  be absolutely sure that this final fit is the unique solution of
gave negative peaks at 644 and 680 nm and a positive bandhe LHCII problem. One cannot exclude the existence of another
with three maxima at 655, 665, and 676 nm, in qualitative good configuration with more or less the same site energies
agreement with the experiment (but no quantitative fit was and a similar exciton structure. But (according to our experi-
obtained). Our model (i.e., based on a new structure) predictsence), it seems highly unlikely that there exists an alternative
a very similar CD shape with negative peaks at 643 and 680 model with significantly different site energies.
nm and a positive broad band with three peaks at 651, 665, The site energie&;—E;4 for our best model are given in
and 675 nm (data not shown). We remark that the measuredTable 1. The TA kinetics shown in Figures 4 and 5 are
CD is strongly nonconservative, with a significant negative calculated using the trimeric model, i.e., taking into account all
contribution, which seems to be proportional to the OD profile the interactions within the LHCII trimer. However, it is also
(probably due to a contribution from the monomeric CD). Also possible to calculate the spectra and kinetics using a simplified
one could expect a mixing of th@, transitions with other monomeric model where the interactions between monomeric
electronic transitions of Chls and carotenoids. As a result, it is subunits are neglected. In this model the site energies should
difficult to explain the data at a quantitative level. Thus, we be adjusted (blue-shifted) in order to compensate for the larger
did not include CD into our simultaneous fit of linear spectra. reorganization red-shift. The intramonomeric exciton structure
Transient Absorption. The exciton models suggested by is given in Table 2. The site energies (given in Table 1) and
fitting of the linear spectra have been used for fitting of the TA the energies of the zero-phonon transitions of the exciton states
spectra upon 650 and 662 nm excitation. Notice that calculation (given in Table 2) have been determined from the fit with an
of the nonlinear response requires much more computing time accuracy of about 10 cm as discussed above.
(by 1—2 orders) as compared to the case of the linear spectra. The lowest statek = 1—2 (see Table 2) are determined by
That is why the evolutionary algorithm can be applied only for the lowest exciton levels of the610-a611—a612 cluster (680
the OD/LD/FL fit. Calculation of the TA kinetics is used to  nm) in our model. The noncoherent mixture of these levels with
accept or rule out models obtained from the linear spectra fit. the lowest levels of the asymmetric dimea802—a603 and
The 650 nm excitation creates population of theand with a613—a614 (see levelk = 2—4) results in the main absorption
subsequent energy transfer to theegion around 670680 nm peak near 675 nm. Higher levels of th@02—a603 anda613—
(an example of a fit is shown in Figure 4). Some of the models a614 dimers together with tr@04 monomer contribute to the
gave a wrong spectral shape of the TA (with significantly shifted shoulder at 670 nm both in the OD spectrum and in the TA
peak positions or with nonrealistic widths of the bleaching bleaching (level& = 5—7). The shoulder in the OD near 660
peaks), and some models failed to reproduce the time scales 0662 nm is determined by a combined contribution from the blue-
energy transfer (giving too fast or too slolw—a kinetics). shifteda604 and red-shifted605 (levelsk = 8—9). Notice that
Several models allowed a satisfactory fit. However, most of higher states of tha band also contain contributions from upper
them have been ruled out after also considering the 662 nmexciton levels of the610—a611—a612 cluster (levelk = 7—8).
kinetics. The 662 nm narrow-band excitation allows selective Levelsk = 10—14 correspond to thb band.
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Figure 5. Same as in Figure 4 but for 662 nm excitation by 180 fs pulses. Pymgbe delays are 50, 200, 450, 700, 1400, and 4000 fs.
TABLE 1: Site Energies E;—E;4 for the LHCII Complex @

pigments monomeric model trimeric model
a602—a603: 15 160 15283 15103 15222
a610—-ab611-ab12: 15073 15115 15097 15038 15100 15082
a613—a614: 15175 15 264 15140 15 249
a604: 15 460 15410
b601-b608—b609: 15890 15763 15721 15854 15728 15686
b605-b606—-b607: 15679 15851 15712 15674 15796 15677

aThe first set of energies corresponds to a simplified monomeric model where interactions between monomeric subunits are neglected. The
second set was used to model the data with including all the interactions within LHCII trimer. The energies are givehandcdo not include
a reorganization energy shift.

Excitation of theb band at 650 nm is followed by fast sub-  of the 680 nm bleaching already during the 180 fs pump pulse.
picosecondb—a transfer resulting in the formation of the Besides, selective excitation of thé05 anda604 sites leads
bleaching band in the 67680 nm region (Figure 4). Initially,  to distinguishable bleaching features between 660 and 670 nm.
the 670 nm shoulder is developing faster than the main 680 nmThe subsequent slow dynamics in the 6670 nm region
band due to effective population of the intermediaé®4 site proves that the intermedia@04 andb605 are really long-

(which is most strongly coupled to thepigments). After that, lived bottleneck states.

i.e., during formation of the 680 nm bleaching, the evolution  Excitation Dynamics. We have seen that the time-dependent

of the 670 nm peak is slow due to weak couplinga604 with TA profiles can largely be explained in terms of the excited-

othera pigments. state dynamics (including interband transfer, intraband exciton

Notice that due to disorder the states 5—7 contain mixed relaxation, and migration of localized excitations). Besides a
a604,a603, anda614 contributions. This means that for different  fit of the TA, the model (specified in the previous section) also
realizations of the disorder the eigenstate at any fixed wave- allows a direct visualization of the excitation dynamics in both
length within the 667670 nm region can be the monomeric the exciton (eigenstate) and site representation. The exciton
a604 state or the upper exciton level of the two asymmetric a picture provides the time-dependent population of one-exciton

dimers with predominant participation a603 ora614. Thus, states of the complex. Figure 6 shows the one-exciton popula-
following 650 nm excitation the dynamics of the 670 nm tions calculated with the monomeric model (Table 1). Excitation
bleaching band is determined by (i) fast populationa664, of theb band at 650 nm is followed by fast decay of the upper

a603, anda614 from theb states (from 0 to about 1 ps delays), exciton state& = 10—14. Due to intraband equilibration (sub-
(ii) sub-picosecond exciton relaxation within thelimers (with picosecond exciton relaxation withim clusters) higher states
subsequent formation of the 680 nm bleaching band), and (iii) exhibit faster decay. The next two statess 8—9 are on the
slow picosecond depopulation a604. average long-lived due to the presence of intermediateaités

A more direct visualization of the slow dynamics of inter- andb605. The next three statks= 5—7 are long-lived as well,
mediate states is possible upon selective narrow-band excitationagain due to the contribution from604 (see Table 2). The
of the 660-662 nm band. In our model the absorption at this contribution of the upper exciton levels of the strongly coupled
wavelength is dominated by leveks= 8—9 with contributions trimer a610—a611-a612 increases from the=5tok = 8
from the blue-shifte@604, red-shifted605, and higher exciton  state. Fast exciton relaxation reduces the population of the higher
states of th&@610—a611—a612 cluster. The corresponding TA levels of thisk = 5—8 group. Notice that th& = 5—8 states
dynamics is shown in Figure 5. Due to fast exciton relaxation are also depopulated via exciton relaxation within #6€2—
within thea610—a611—-a612 cluster one gets quick formation a603 anda613—a614 dimers (higher states of these dimers
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TABLE 2: Exciton Structure of LHCII Obtained with a Monomeric Model 2

EZPL

ijPL

b601
a602
a603
a604
b605
b606
b607
b608
b609
a610
a6ll
a612
a613
a614

EZPL

}-ZPL

b601
a602
a603
a604
b605
b606
b607
b608
b609
a610
a6ll
a6l12
a613
a6l4

k=1
14 699
680

0.04
16.48
1.14
0.00
0.00
0.00
0.00
0.29
0.06
50.15
10.31
11.94

k=2
14751
678

0.05
17.31
251
0.01
0.00
0.00
0.00
0.13
0.12
22.61
20.15
23.31
12.08
1.66

k=9
15210
657

19.13
0.42
1.29
0.09

52.80
2.56

12.96
2.78
4.97
0.02
0.55
0.52
0.53
1.32

k=3
14 804
675

0.06
22.59
5.92
112
0.00
0.04
0.01
0.10
0.25
15.12
12.01
14.13
23.99
4.60

32.09
0.12
0.39
0.08

17.42
3.17

24.42

12.67
9.47
0.08
0.03
0.01
0.01
0.00

k=4 k=5 k=6 k=7
14 858 14918 14 952 14 992
673 670 669 667
0.06 0.03 0.06 0.07
19.96 7.19 6.27 457
11.09 33.65 17.41 13.94
4.18 24.65 19.65 23.46
0.00 0.00 0.00 2.24
0.16 1.05 0.86 1.13
0.02 0.14 0.12 0.17
0.05 0.01 0.00 0.01
0.42 1.21 0.61 0.50
7.53 2.07 0.90 0.60
6.19 4.21 10.74 16.27
6.44 3.32 10.18 13.45
28.04 7.02 7.13 5.86
15.80 15.37 26.02 17.67
k=11 k=12 k=13 k=14
15 363 15 416 15 456 15512
651 649 647 645
27.12 8.27 9.32 3.54
0.09 0.03 0.04 0.03
0.57 1.04 0.78 0.48
0.13 0.44 1.20 3.03
10.33 7.34 5.31 2.84
4.49 9.47 23.43 52.32
22.03 15.63 13.49 10.52
19.86 27.70 23.61 12.72
15.16 29.83 22.62 14.38
0.12 0.16 0.14 0.08
0.02 0.00 0.01 0.00
0.01 0.00 0.00 0.00
0.01 0.00 0.00 0.00
0.00 0.00 0.00 0.00

aFor each of the 14 exciton levelk £ 1—14) the energies (cm) and wavelengths (nm) of the zero-phonon transitions are given together with
the participation of the pigments (%) averaged over realizations of the disorder.

a612 cluster. The big difference in site energies (see Table 1)
produces nonuniform delocalization (with localization at the
a603 anda614 sites for the higher levels), thus reducing wave
function overlap and intradimer relaxation rates. The sthtes
= 1—4 are determined by the lowest exciton levels of the three
a clusters. They exhibit fast population due to dirdeta
transfer and exciton relaxation within tteeband. The slow
increase of their population is connected with slow transfer from
the bottleneck sitea604 andb605.

Now we switch from the exciton to the site representation.
Figure 7 shows the dynamics of the site populations calculated
for the trimeric complex upon 650 nm excitation.

Threeb sites on the stromal sid&§01,b608, andb609) are
characterized by fast sub-picosecond decay due to coupling to
two a clusters §610—a611—a612 anda602—a603). After 1 ps
they are completely depopulated. Twcsites in the lumenal
side 606 andb607) show very fast (with components up to
100 fs) decay due to transfer to long-lived bottleneck si66%
anda604). After such sub-picosecond equilibration (within the
b606—b607—b605-a604 group) theéh605 anda604 pigments
become highly populated (but nonuniformly due to the absence
of strong coupling between them), whereas 666 andb607

Figure 6. Dynamics of the one-exciton populations (averaged over POPulations stay at some low, but nonzero, level. Itis important
disorder) at 77 K upon 650 nm excitation. The data were calculated that these quasi-equilibrated populations within this group of

with the monomeric model (see Table 1). Exciton states fkaml to

four pigments (encircled by green in Figure 1) show only very

14 are arranged in increasing order of energy (with highest level in slow picosecond decay (in contrastti601, b608, andb609)

front of the figure).

contribute to thek = 5—8 states). But, the exciton relaxation
within these dimers is not as fast as within #&10—-a611—

due to very weak coupling to the pigments outside the “green”
area (Figures 1 and 2). Thus, a quick population of the
bottleneck sites is followed by a very slow (3 ps fif05 and
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p T T T T T T T T aatt = 0 is caused by the overlap of the pump pulse with the
e vibronic wings of thea states.

In equilibrium a noncoherent mixing of the clusters is
obtained, i.e., depending on the realization of the disorder, one
can find the excitation at the610—a611—a612 (more often),
theab602—a603, or thea613—a614 cluster. For our model (with
the site energies obtained from a simultaneous fit of the steady-
state and transient absorption spectra as shown in Figures 3 and
4) the averaging over disorder gives the predominant population
of thea610—a611—a612 cluster (mosthy610). A location of
this cluster on the outer side of the LHCII trimer is likely to
provide a good connection with other subunits of PSII.

Figure 8 provides a visualization of the site population
dynamics related to the positions within a monomeric subunit.
The first three frames (0700 fs) show the excitation-energy
flow from the stromal-side Chlb (b601, b608, andb609) to
thea sites and the redistribution of energy within @elusters.
Also redistribution within the lumenal-sid#®06—b607—b605—
a604 group is clearly seen (with transfer frdm606 to b607
andb605 and the predominant population of the intermediate
a604 site). The next three frames<30 ps) show slow transfer
from a604 (and from theb606—b607—b605 cluster) to the
quasi-equilibratec sites. Notice thab605 can be treated as a
relatively long-lived bottleneck site together waB04 (in Figure
7 they are both marked in green). But, in Figure 8 it is more
convenient to consider onig604 as a real bottleneck state.

Relaxation Rates.The excitation dynamics calculated above
corresponds to the energy-transfer picture averaged over many
realizations of the disorder. Calculation of the Redfield tensor
_ shows that the relaxation rates are strongly dependent on the
0 0 ' T ' 3 ' 3 T realization. In different realizations one can find not only
Figure 7. Dynamics of the site populations (averaged over disorder) d'ﬁer?nt wave fun,Ct'OnS and energies, but also a different
at 77 K upon 650 nm excitation. Three groups of kinetics show ordering of the exciton states. So, the transfer rate between any
populations of thé sites with fast decay (blue,sites which contribute pair of states averaged over disorder will contain contributions
to the main absorption peak near 675 nm (red), and long-lived with different time constants and also contributions from
bottleneck sites (green), i.e., blue-shifted GI{a604) and red-shifted gjfferent relaxation pathways. Analysis of the Redfield tensor

Chl b (b605). Bottom frame: Dynamics of populations of the whiole : o S .
and a bands at 77 K upon 650 nm excitation (i.e. the sum of the for particular realizations (with simultaneous assignment of the

0.1

1.0 T T T T T T T T

- F:,'hl':: b

corresponding curves shown in the top frame). eigenstates) allows one to obtain the transfer rates for specific
relaxation channels. In Table 3 we show the exciton structure

about 12 ps fom604) flow of energy to the remainingsites. and_ rel_axation rates within tha region obtained for one

According to Table 2 the sitds605 anda604 contribute to the  r€alization of the disorder.

states with zero-phonon transitions at 657 and-668) nm, In Table 3thek =1, 5, and 8 states are exciton levels of the

respectively. This determines the spectral distribution of the 3 a610—a611—a612 clusterk = 2 and 4 are exciton levels of
and 12 ps components. This is in agreement with recent the a602—a603 dimer,k = 3 and 7 are exciton levels of the
measurements giving components of a few picoseconds and 17613—a614 dimer, and = 6 is the monomerie604 bottleneck
ps upon 660 and 670 nm excitation, respectively (Palacios etstate. There is some coherent superposition oB813—a614
al., unpublished results). dimer and thea610—a611—a612 cluster in th&k = 7 and 8
The population of the maia pigments grows during the first ~ 1evels. There is also coherent admixture of the cluaéf2-
picosecond due to transfer from Qhsites. Slower components 8603 to thek = 3 state (lowest state of tta613—-a614 dimer)
are dominated by equilibration withim clusters, hopping  and to thek = 5 state (middle state of tr@610-a611-a612
between clusters and very slow transfer from bottleneck states.trimer).
As suggested above (in the analysis of the exciton representation Exciton couplings within and between clusters determine the
dynamics) the equilibration withia602—a603 anda613—a614 rates of intracluster relaxation and intercluster migration. The
dimers is slow (relative populations reach quasi-equilibrium only fastest are relaxation channels within th@10—a611—a612
after 1.5-2 ps—see Figure 7). On the contrary, the relative cluster, especially relaxation from the highest exciton level
populations of the610—-a611—a612 sites are almost constant  (which is typically the highest among all eight levels of the
after 106-200 fs (see also Figure 8), reflecting very fast exciton region). In our example this is the case. As a resultktke8
relaxation within this Chl trimer. level exhibits very fast decay. Thus, the rates of khe 8—1
The dynamics of the population of the whdlenda bands and 8-5 relaxations are 11 and 4.5 Psi.e., time constants
upon 650 nm excitation is shown in Figure 7 (bottom frame). are 90 and 220 fs. Relaxation within th@13—a614 anda602—
Time components are close to those known from the experi- a603 dimers, i.e., 73 and 4-2 transfers, are not so fast. The
ments at 77 K, i.e., 300 fs, 600 fs, and minor component of corresponding time constants are 200 and 300 fs, respectively.
4—9 ps1318-20 Notice that 20% of the direct excitation of Chls  The transfers between clusters are even slower, €3, 1,
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0fs 700 fs

Figure 8. Dynamics of the site populations (averaged over disorder) durir@0Qps upon 650 nm excitation at 77 K. The Chl sites within one
monomeric subunit are shown by circles. The center of the circle corresponds to the position of the magnesium atom of the Chl molecule. The
time-dependent area of the circle is proportional to a population of the corresponding siteiCtile stromal sideg602,a603,a610,a611,a612)

are shown by red circles, Chésin the lumenal sideg613,a614) are shown by light red, Chisin the stromal sidel601,b608,b609) are blue,

Chlisb in the lumenal sideb605, b606, b607) are light blue, and the intermediate @Ghgite in the lumenal sidea604) is shown by green.

TABLE 3: Exciton Structure and Relaxation Rates Obtained with a Monomeric Model of LHCII for One Particular
Realization of the Disorder

k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8
a602 1.56 68.56 0.12 26.49 2.06 0.01 0.17 0.62
a603 0.70 23.26 1.75 69.48 2.29 0.00 0.31 0.03
ac04 0.00 0.01 0.00 0.00 0.00 94.48 0.01 0.00
a610 62.73 5.53 0.29 0.10 30.69 0.00 0.01 0.06
a6ll 14.99 0.00 0.00 0.46 28.03 0.00 10.94 45.41
a6l2 19.61 111 0.13 0.01 36.47 0.01 9.70 32.90
a613 0.02 0.41 76.50 2.04 0.20 0.00 15.67 5.10
a6l4 0.00 0.00 21.14 0.02 0.00 0.01 63.13 15.66
k=1 0.34 —0.33 —0.06 —0.41 —1.86 —0.01 —1.36 —11.04
k=2 —0.13 2.92 —1.97 —3.38 —0.02 —0.02 —0.11 —0.14
k=3 —0.02 —1.57 2.23 —0.12 —0.01 —0.00 —5.17 —1.90
k=4 —0.05 —1.01 —0.04 6.14 —2.90 —0.00 —0.17 —0.26
k=5 —0.10 —0.00 —0.00 —2.20 5.32 —0.01 —0.87 —4.49
k=6 —0.00 —0.00 —0.00 —0.00 —0.00 0.08 —0.02 —0.00
k=7 —0.01 —0.00 —0.13 —0.01 —0.08 —0.01 8.62 —0.69
k=8 —0.02 —0.00 —0.01 —0.00 —0.13 —0.00 —0.20 18.56

a Participations of tha pigments (%) are shown for the lowest eight exciton states (upper part of the table). Bold font shows coherent superposition
of pigments in the exciton states of the two dimers and one trimer i tiend. Underlined bold shows monomeric bottleneck state. The second
part of the table shows the rates for thek' relaxation (ps?). Bold shows exciton relaxation rates within clusters, and italic bold shows intercluster
transfer rates. Diagonal elements (underlined) correspond to the inverse lifetimektt tbgel.

5—4, and 3-2 having time constants of 525, 740, 350, and trimer there is uniform delocalization over ta611—a612 pair

510 fs, respectively. The bottleneck state has a decay time ofwith a coherent contribution from610 which is bigger for the

12 ps. lower statesk = 1 and 5. A higher degree of delocalization
Notice that thea602—a603 anda613—a614 dimers in our leads to higher relaxation rates for the trimer.

model are asymmetric, so the delocalization within the dimer  For other realizations the rates may be different (by a factor

is not uniform. Thus, the relative participations of the pigments of 1.5-2 or even more for some realizations); moreover, the

in the exciton states are about 3:1. In #®&l0-a611-a612 ordering of states may be different. Thus, the kinetics averaged
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640 660 680 nm

60 ¥

650 660 670 680 nm 640 660 680 nm
Figure 9. Experimental (points) and calculated (solid lines) OD, LD

spectra, and TA profiles for a model with alternative exciton structure

in the intermediate 666670 nm region (see the text). TA spectra 650 nm 662 nm N

correspond to 50 fs and 1.5 ps delays after 650 nm excitation . . . . . .
640 660 680 nm 650 660 670 680 nm

over disorder will reflect a noncoherent superposition of the F'rg:j”rgs %gr' f;%%g“ﬁi’:ﬂ)égggfgaggj si:{gusliti‘fetg d(fgltlﬁe"rne?)(slé
states _(for example the S.UperpOSition of sh_ort- and Ic_>ng-_|ived 'F[)he text). TA spectra correspond to 50 fs, 300 fs, and 1.5 ps upon 650
states in thex = 5-8 region, etc.) and a mixed contribution  ,y excitation (left frame) and 50 fs and 4 ps delays upon 662 nm
from different relaxation pathways. Disorder will also reduce excitation (right frame).
the degree of delocalization. Thus, the exciton structure (Figure
3) does not show the existence of highly supperradiant states.from 660 to 670 nm to the red-most states. Also we destroy
The superradiance of individual states does not exceed 1.5. Thejelocalization within thex610—-a611—a612 trimer by shifting
thermally averaged superradiance is 1.15 at 77 K (experifents the energy of611 to the blue, which is expected to slow the
showed a value of 1.16). intracluster relaxation. The position of the bottlena6R4 state
In the b region fast relaxation within the clusters (up to is not changed. This configuration allows a good fit of the linear
100 fs) and sub-picosecond rates of the-a transfer are  spectra (see OD and LD fits in Figure 9), but the TA kinetics
obtained. These rates are also strongly dependent on theupon 650 nm excitation becomes significantly slower (see the
realizations of the disorder (and on the exciton structure of the calculated 50 fs and 1.5 ps spectra in Figure 9 in comparison
b clusters). with the same spectra in Figure 4). This illustrates the
Configurations with Other Site Energies. In preceding importance of the channels bf~a transfer through the upper
sections we have described the antenna model with specific siteexciton levels of the clusters in the intermediate region.
energies that allows a simultaneous fit of the experimental data. Figure 10 demonstrates what will happen if we shift the
We have seen how this model works, i.e., which spectral forms bottlenecka604 site from the intermediate region by 8 nm to
(pigments or collective exciton states with a specific spectral the red. Normally this site contributes to the states with average
positions) are responsible for any particular features of the position of the zero-phonon transitions at 660 nm (the
steady-state spectra as well as for any particular time constantsorresponding low-frequency absorption maximum is about 2
of the kinetics. Now we wish to illustrate what will happen if  nm red-shifted). The shifting of tha504 site to the red results
we use models with other site energies. As we point out above in a decrease of absorption in the 66368 nm region that can
these models have been ruled out because they allow only abe compensated for by some blue shift of the upper levels of
partial fit of the data. After detailed studies of the dynamics for the a clusters. As a result we are still able to reproduce
our working model we can also understand why other configu- quantitatively the linear spectra (data not shown); moreover the
rations (with other site energies) fail to explain all the data.  TA kinetics upon 650 nm excitation correctly reproduce the
We have seen that the Cii-~Chl a energy transfer in LHCII main time constants of the—a transfer (see left frame in Figure
occurs via intermediate spectral forms including higher exciton 10). But, the TA spectra upon 662 nm excitation are completely
states of the Ché clusters and long-lived monomeric states. wrong in this case. The long-lived bleaching is now shifted to
The exciton states are responsible for a fast conversion of energythe region around 670 nm. This demonstrates that the position
from the 666-670 nm region to the lowest states of #tnband. of the long-lived states is very important in the case of excitation
The monomeric states near 66665 nm play the role of a  in the intermediate region, as can be monitored in transient-
bottleneck, giving rise to slow picosecond components. In the absorption experiments.
modeling the 666670 nm region plays a decisive role. On the We conclude that modeling of the excitation dynamics in
other hand it is very difficult to reproduce the OD and LD LHCII is very critical with respect to variation of the site
features near 666670 nm. But the real problem is to find energies. This must also be the case for other similar complexes,
configurations consistent with the combined action of fast and which have (like LHCII) excited states with a different degree
slow transfers in this region. of delocalization, multiple pathways of energy transfer, and a
As an example Figure 9 shows the model where the variety of time scales of equilibration dynamics. The examples
asymmetrica602—a603 dimer (as in our working modekee given in this section also show the importance of the simulta-
above) is replaced by a more symmetric one and shifted to theneous fit of steady-state spectra and kinetics upon different
red. Thus, we remove one channel of fast energy conversionexcitation conditions. Thus, any modeling based on a fragmen-
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TABLE 4: Comparison of Chl Identities Used in Previous Studies Based on the Structure of Kalbrandt et al. (1994) and

Identities Obtained by Liu et al.262

1 2 3 4 5 6 7
b a a a b b b
A4 A5 A6 B6 A7
a a a/b b a/b

8 9 10 11 12 13 14

b b a a a a a
B1 B5 Al B2 A2 A3 B3
a b a b a a/b alb

aThe first two lines show the numbers of the 14 pigments from 601 to 614 and their identities according to PRTéteahext two lines show
notations of the 12 pigments of Kibrandt et al? and their identities according to Remelli et*aMlixed sites are labeled agb. Notice that the
new structure contains two Chiis(pigments 1 and 5) which were not present in the old structure.

tary part of the data (like a fit of only the linear spectra, or a fit
of the kinetics at one wavelength, etc.) is not unique and
therefore cannot give relevant information.

Discussion

In Table 4 a comparison is made between the Chl identities
used in previous studi&s12 and in the present model. In the
old structure 12 Chls per monomeric subunit were fotind.
According to the original assignménthe sites A_; are
occupied by Chlsa and the sites B356 by Chlsb. Further
site-directed mutagenesis studiésled to a different assign-
ment. Thus, Remelli et &lconcluded that the sites;AA,, A4,

As, and B are occupied by Chla and the sites B Bs, and B

by Chlsbh, whereas A, As, A7, and B are mixed sites which
can bind both Chls and Chlsb. This result was contested by
Rogl and co-workers® who assumed that mixed binding sites
cannot occur in native complexes and concluded that the A
and B sites both bind Ché. In a more recent assignment of
Bassi [private communication] a Chlis proposed to bind at
site A7, whereas the other three sites remain mixed. During
20012004 several theoretical studies have been perfotfiiéd,

long-lived of these states are located on monomasi@4 and
b605, both well-separated from other pigments of the trimeric
complex.

Fast interband transfer determined in previous modelstzy
heterodimers B-A,, Bs—As, and B—As (see ref 11) is now
determined by other pigments. In the new structure bagth B
A, and B—Aj are Chla dimers. Only the heterodimersBAs
= b609-a603, having very strong coupling (see Figure 2), still
contributes to the fast interband transfer. On the other hand B
(now b site b608) is strongly coupled ta610. There is also an
additional Chlb (b601), which is strongly coupled @611 and
a602. These new sites are now responsible for effectivea
connection.

Fast equilibration within tha band is determined by the same
clusters as in the previous models; i.e4 s = a602—a603,
As(@)—B3(@) = a613—a614, and A—A,—B, = a610-a611—
a612 (in the old structure it was A A,—Bj, but in the new
structure the Band B, pigments closely connected to the-A
Az group change their identities). The lowest state ofgthand
is a coherent exciton state of tl10-a611—a612 trimer.
Notice that the mutagenesis studies with removeda@12)
showed a pronounced contribution of this pigment to the red-

using the identities proposed by Remelli et al. Thus, Iseri and most staté:6 This is also the case in our model, but the

Gllent® attempted to assign the orientations of the Chls by

contribution to the lowest state @610 is still bigger than that

modeling the OD and LD spectra, supposing that all mixed sites of a612.

have equal probability to bind Clal or b, thus considering all
16 possible configurations ofsAsA;B3 from aaaato bbbh A
simultaneous fit of OD, LD spectra, TA, TG, and 3PEPS kinetics
with the Redfield theory was obtained with theAdA;Bs =
bbaa and baba configurationst! Later a similar fit with the
modified Redfield suggesteds:AsA7Bz = bbaa babg aabh
andabbaas possible configuratiodd We supposed that these
four configurations occur in the native antenna with equal
probability, so that the sitessfand As each bind on average
0.5 Chla and 0.5 Chlb, and A binds Chla and Chlb in a
ratio of 1:3, and B in a ratio of 3:1. This is identical to the
assignment AAsA7B3 = a613a6040607a614 = aabaobtained

in the new structure.

Another important point concerns the assignment of inter-

Fast dynamics within thé region is determined by fast
relaxation within the strongly coupled dimé806—b607 (also
present in previous models) angb08-b609, which now
appeared due to the change of thedgntity in the new crystal
structure.

We conclude that the origin of fast intra- and interband
dynamics and the nature of the long-lived intermediate states
are basically the same as in previous models based on the
previous structuré-1? Moreover, the assignment of the fast
relaxation channels and bottleneck states are also not much
different from those proposed by earlier modeliidg? On the
other hand there are several new pathways due to changing of
identities of the B and B pigments and due to the existence
of two additionalb sites.

mediate states. In our previous modeling we found that these A great advantage of the new structure is the assignment of
bottleneck states are determined by two or three monomeriCthe Chl orientations and identities. In previous models many
Chis a or b shifted to the spectral region between the main possible configurations with different site energies, identities,
absorption peaks of Cliand Chla. An interesting conclusion 4 grientations have been proposed, whereas now only the site
was that these energy-shifted Chis are always (for all configura- energies remain as free parameters. Moreover there is only one
tions) bound at mixed sites (i.e3Ms, A7, O Bg). Inthe new  monomeric Chla in the new structure, i.e., only one good
structure this would correspond to a shift to an intermediate candidate for a really long-lived bottleneck state. Due to this
position of two to three pigments from thesAsA7B; = fortunate circumstance the whole set of the site energies can be

a613a6040607a614 group, i.e., a blue shift of one to thawsites  petter defined from a simultaneous fit of the linear and nonlinear
a613,a604, ora614 and a red shift o site b607. In fact, in spectral responses.

our model based on the new structure &4 anda614 are
blue-shifted, whereds605 andb607 are red-shifted (remember
that b605 is an additional Chb, found in the new structure).
This is in remarkable agreement with the earlier mutagenesis We have modeled steady-state spectra and energy-transfer
studies, suggesting a blue shift of thg(@614) site*-° The most dynamics of the peripheral plant light-harvesting complex LHCII

Conclusions



10504 J. Phys. Chem. B, Vol. 109, No. 20, 2005 Novoderezhkin et al.

using new structural data, which allowed an assignment of the  (4) Rogl, H.; Kthibrandt, W.Biochemistry1999 38, 16214.
identities and orientations of the Chls. The dynamics of the , __(5) Yang, C.; Kosemund, K.; Cornet, C.; Paulsen, Biochemistry
hlorophyll (Chl)b—Chl a transfer and the d fselectively 27338 16205

chlorophyll (Chl) atranster and the decay ol selectively (6) Rogl, H.; Schdel, R.; Lokstein, H.; Khlbrandt, W.; Schubert, A.
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