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Exciton Delocalization in the B808-866 Antenna of the Green
Bacterium Chloroflexus aurantiacus as Revealed by Ultrafast
Pump-Probe Spectroscopy

Vladimir Novoderezhkin and Zoya Fetisova
A. N. Belozersky Institute of Physico-Chemical Biology, Moscow State University, Moscow 119899, Russia

ABSTRACT A model of pigment organization in the B808-866 bacteriochlorophyll a antenna of the green photosynthetic
bacterium Chloroflexus aurantiacus based on femtosecond pump-probe studies is proposed. The building block of the
antenna was assumed to be structurally similar to that of the B800-850 light-harvesting 2 (LH2) antenna of purple bacteria
and to have the form of two concentric rings of N strongly coupled BChI866 pigments and of N/2 weakly coupled BChI808
monomers, where N = 24 or 32. We have shown that the Qy transition dipoles of BChI808 and BChI866 molecules form the
angles 43° = 3° and 8° £ 4°, respectively, with the plane of the corresponding rings. Using the exciton model, we have
obtained a quantitative fit of the pump-probe spectra of the B866 and B808 bands. The anomalously high bleaching value
of the B866 band with respect to the B808 monomeric band provided the direct evidence for a high degree of exciton
delocalization in the BChI866 ring antenna. The coherence length of the steady-state exciton wave packet corresponds to five

or six BChI866 molecules at room temperature.

INTRODUCTION

The initial steps of photosynthesis comprise the absorption
of light and excitation energy transfer in a light-harvesting
antenna with a subsequent excitation trapping by a reaction
center in which charge separation is started (van Grondelle
et al., 1994). In purple photosynthetic bacteria the light-
harvesting antenna consists of a peripheral antenna (LH2)
and a core antenna (LH1) that directly surround the reaction
centers. The energy transfer among pigment molecules in
the antenna has been described by incoherent hopping the-
ory (Pullerits et al., 1994; Somsen et al., 1994; Visser et al.,
1995). An exciton model of energy transfer in the antenna
assuming exciton delocalization over a large number of
pigment molecules was proposed as well (Novoderezhkin
and Razjivin, 1993, 1994, 1995a; Dracheva et al., 1995).
The first high-resolution three-dimensional x-ray struc-
ture was obtained for the peripheral LH2 antenna of purple
bacteria Rhodopseudomonas acidophila (McDermott et al.,
1995) and Rhodospirillum molischianum (Koepke et al.,
1996). It was shown that these antenna complexes consist of
a-[3 pigment-protein subunits arranged in a high-symmetry
ring-like structure. For example, the LH2 antenna of R.
acidophila contains 9 «-f subunits, each binding two bac-
teriochlorophyll 850 (BChI850) molecules and one
BChI800 molecule. Moreover, it was shown that 18
BChI850 molecules form the Cgy-symmetry ring with a
dimeric unit cell, whereas nine BChl800 molecules form the
Cy-symmetry ring with a monomeric unit cell in a parallel
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plane. The Mg-Mg distance between BChI850 pigments
bound to the same «,B-polypeptide unit is 0.87 nm, and the
distance between nearest BChI850 pigments of neighboring
dimeric units is 0.97 nm. The distances between nearest
BChI800 molecules and between nearest BChI800 and
BChI850 molecules are larger (2.1 nm and 1.8 nm, respec-
tively). The structure of the LH2 antenna of R. molischia-
num is similar to that of R. acidophila, but this antenna
complex consists of eight a-B pigment-protein subunits.

These reports have stimulated renewed interest in the
electronic structure of these antennae (Dracheva et al., 1996,
1997; Jimenez et al., 1996; Alden et al., 1997; Hu et al.,
1997; Koolhaas et al., 1997, Monshouwer et al., 1997).
Different estimations of the interaction energies and the site
inhomogeneity value in these papers result in different
evaluations of the degree of exciton delocalization in the
antenna.

The direct estimation of the exciton delocalization degree
can be obtained by using difference absorption spectra
(Novoderezhkin and Razjivin, 1993). For the B800—850
antenna one can compare the bleaching value of the B850
band and that of the B800 monomeric band (Kennis et al.,
1996). In the case of the core LH1 antenna one can compare
the bleaching amplitudes of the antenna and of the BChl
dimer of the reaction center (Novoderezhkin and Razjivin,
1993, 1995b; Kennis et al., 1994; Xiao et al., 1994). Anal-
ysis of experimental data has shown an anomalously high
dipole strength of the bleached transitions reflecting highly
delocalized exciton states within the LH2 and LH1 antennae
(Novoderezhkin and Razjivin, 1993, 1995b; Kennis et al.,
1994; Xiao et al., 1994; Leupold et al., 1996). The exciton
delocalization degree can also be estimated by using the
shape of difference absorption spectra (van Burgel et al.,
1995; Pullerits et al., 1996; Chachisvilis et al., 1997; Meier
et al., 1997; Kithn and Sundstréom, 1997).
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In this paper we analyze the shape and amplitude of
difference absorption spectra of the membrane-bound
B808—-866 BChl a antenna of the green thermophilic bac-
terium Chloroflexus aurantiacus (Novoderezhkin et al.,
1998). There are experimental data allowing one to assume
that the B808—866 antenna is made up of structural units
similar to that of the B800—850 LH2 antenna of purple
bacteria. The B808—866 and B800—850 LH2 antennas ex-
hibit parallels in their protein structure, absorption spectra,
and energy transfer kinetics. The B808—-866 complex con-
tains «- and B-polypeptides in a 1:1 ratio. The a- and
B-proteins show three-domain structures reminiscent of
LH2. They exhibit 27-30% sequence homologies to the
LH2 «a- and B-polypeptides (Wechsler et al., 1985, 1987;
Zuber and Brunisholz, 1991). Furthermore, each B808—866
polypeptide has a histidine residue within its hydrophobic
a-helical domain that could coordinate a BChl a pigment.
These B808—-866 complexes surround the P870 reaction
centers in the cytoplasmic membrane; in this respect, they
resemble LH1 complexes of purple bacteria.

Recently, the room temperature excited-state kinetics of
the membrane-bound B808—866 antenna of C. aurantiacus
were reported (Novoderezhkin et al., 1998). Two-color iso-
tropic and anisotropic kinetics of B808—866 energy trans-
fer were measured under femtosecond resolution. This al-
lowed one to measure the shapes and amplitudes of
absorbance difference spectra of the B§08 and B866 bands
of this antenna.

We propose here a model of the B808—866 antenna that
allows us to explain all of the features of pump-probe
spectra obtained in the femtosecond pump-probe experi-
ment (Novoderezhkin et al., 1998) and to estimate the
effective exciton size in the antenna.

MODEL OF THE B808-866 ANTENNA

We suppose that the structure of the B808—866 antenna is
analogous to that of the B800—850 LH2 antenna of purple
bacteria. As a model of an antenna unit, we consider two
concentric circular aggregates that lie in two planes parallel
to the membrane plane. The first one consists of N strongly
coupled BChl866 molecules and has Cy,, symmetry with a
dimeric unit cell. The second ring consists of N/2 BChl808
weakly coupled molecules and has Cy, symmetry with a
monomeric unit cell. We assume that the N value for the
B808—866 antenna is the same as for the LH1 core antenna
of purple bacteria, i.e., N = 24 or 32 (Karrasch et al., 1995).
The Q, transition dipole moments of two BChI866 mole-
cules in a dimeric unit cell form angles ¢, and s, with the
circle plane, and angles ¢, and ¢, with the tangent to the
circle. The electronic transition energy of BChl866 pig-
ments is E. The corresponding parameters for BChl808
pigments are ', ¢', and E’. In our simulations we have
taken into account the interactions between the O, transi-
tions of BChls, neglecting their mixing with the Q,, By, and
B, transitions as well as with charge transfer states (Alden
et al., 1997).
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We suppose that the interaction energies between
BChI866 molecules are M,, = 400 cm ™', M,, =290 cm ™/,
M; = =52 cm ', and M,, = 14 cm™', where M,, corre-
sponds to the intradimer interactions, M, to the interdimer
nearest-neighboring interactions, M, to the second-neigh-
bor interactions, and M, to the third-neighbor interactions.
These values correspond to the best fit of experimental
spectra (see below). Note that microscopic calculations us-
ing the point charge approximation give M,, = 806 cm™ ',
My, =377cem ™', M;; = —152 cm™ ! for the LH2 complex
of R. molischianum (Hu et al., 1997), and M|, = 197-545
em !, M,; = 158—461 cm ™!, with the various treatments
of the dielectric screening for the LH2 complex of R.
acidophila (Alden et al., 1997). We also supposed that the
interaction energy between BChI808 pigments is on the
same order of magnitude as the interaction energy between
BChI800 pigments in the LH2 antenna, i.e., ~15-30 cm ™!
(Alden et al., 1997). So excitonic interactions determine the
greater part of the actual red shift of B866 and B808 bands.
To obtain the true positions of 808-nm and 867-nm peaks,
we introduced some additional red shifts to £’ and E (i.e.,
two different ones).

The site inhomogeneity of the antenna was described by
noncorrelated perturbations 8E’ and 8 to electronic ener-
gies of BChI808 and BChI866 pigments, £’ and E. We
assumed that 6£’ and SF have a Gaussian distribution. The
width (FWHM) of this distribution, o (the same for £’ and
8E), was varied from 0 to 1000 cm™'. Notice that spectral
disorder in a real antenna of ~300—600 cm ™' will com-
pletely destroy the exciton delocalization within the B80S§
ring (which is similar to the finding for LH2 antenna;
Dracheva et al., 1997). For this reason we supposed the
monomeric nature of the B80S band. The validity of this
assumption was confirmed by our pump-probe experiments
(Novoderezhkin et al., 1998).

To calculate absorbance difference spectra of the B866
band, we used the method of direct numerical diagonaliza-
tion of one- and two-exciton Hamiltonian and Monte Carlo
averaging over a random distribution of diagonal energies
modeling the site inhomogeneity. We used the standard
Hamiltonian for a Frenkel exciton in the Heitler-London
approximation for two-level molecules (Davydov, 1971;
Agranovich and Galanin, 1982). The exciton-phonon inter-
actions were not taken into account. To calculate the ho-
mogeneously broadened spectra (for each set of diagonal
energies), we assumed the Gaussian lineshape with homo-
geneous linewidths (FWHM) T',;, Ty, Ty, Iy, corre-
sponding to the transitions from the ground state to the
lowest one-exciton level (I';;), from the ground state to
higher one-exciton levels (I';), from the lowest one-exci-
ton level to two-exciton levels (I',; ), and from higher one-
exciton levels to two-exciton levels (I',;). The Stokes shift
of stimulated emisson of one-exciton levels is S. Parameters
'L Ui, o, Toy, and S should be determined from fitting
of experimental data.

The shape of difference absorption of the B866 band is
determined by photobleaching (PB) and stimulated emis-
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sion (SE) of one-exciton levels and by excited-state absorp-
tion (ESA) due to transitions from one-exciton states to
two-exciton states. The most intensive ESA lines are blue
shifted with respect to the PB/SE lines, giving rise to a
specific sigmoid spectrum that is typical of a circular ag-
gregate (Novoderezhkin and Razjivin, 1993). The very im-
portant manifestation of exciton delocalization is an in-
crease in amplitudes of the PB, SE, and ESA components
proportional to the dipole strength of exciton transitions
(Novoderezhkin and Razjivin, 1993, 1995a). The dipole
strength of the most intensive transitions is determined by
N, where N is an effective delocalization length of
individual exciton states (Dracheva et al., 1997). But the A4
value is not just simply proportional to N.g, being deter-
mined also by an overlap of spectral lines of different
excition transitions within the PB, SE, and ESA spectra, as
well as by an overlap of the negative PB/SE and positive
ESA components (Mukamel, 1995; Dracheva et al., 1997).

The difference spectrum of the BChl808 monomer is
determined by single PB and SE lines (we neglect the ESA
due to higher singlet levels). The width of these lines is I'y,;
the monomeric Stokes shift is Sy,.

RESULTS
Shape and amplitude of difference absorption

Calculated and measured pump-probe spectra are shown in
Fig. 1 for zero time delay (immediately after excitation of
the B808 band) and for 8-ps delay corresponding to com-
plete B808—B866 energy transfer (the B808—B866 en-
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FIGURE 1 Experimental pump-probe spectra for the B808—866 antenna

of Chloroflexus aurantiacus at 0 and 8-ps delay after 808-nm excitation
(O) and calculated spectra (——). Parameters of the B866 band: N = 24;
interaction energies are M;, = 400 cm ™', M,; = 290 cm ™!, M,; = —52
em™ !, and M,, = 14 cm™'; the linewidths are I';; =270 cm™!, T',; = 400
em ™!, Ty = 420 cm™!, T,y = 445 cm™!; the Stokes shift is S = 120
cm™; the site inhomogeneity is & = 410 cm™'. The linewidth and Stokes
shift for the monomeric B80S band are I'y; = 240 cm ™! and Sy, = 110
cm™ !, respectively.
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ergy transfer occurs with a time constant of 1.5-2 ps;
Novoderezhkin et al., 1998). Experimental data show that
the ratio of bleaching amplitudes of the B808 and B866
bands (absorbance changes at 8§11 and 882 nm) is 2.72.
When excluding the coherent spike (which has ~17% of the
total amplitude of the signal at 811 nm), this ratio is equal
to 3.29. It is difficult to obtain the true ratio of integrated
intensities of the bleaching peaks because the maximum
probe wavelength in our experiments, 900 nm, corresponds
to the middle of the red end of the difference spectrum.
When the B866 bleaching peak is integrated from 863 nm to
900 nm, the ratio approaches 5. This value should be con-
sidered as a lower limit. The best fit of the experimental
spectra was obtained for N = 24, I';;, =270 cm ', T}y =
400 cm™ L, Ty, =420 cm™ !, Ty = 445 ecm ™', Ty, = 240
em ', §=120cm !, Sy, = 110cm ', and 0 = 410 cm ™!
(Fig. 1). The N value was fixed (i.e., N = 24 or 32); all other
parameters were determined from the fit with an accuracy of
about *£5%.

To study the relation between the size of the aggregate
and its nonlinear response, we have calculated pump-probe
spectra for N = 18, 24, and 32 (Fig. 2). All parameters are
the same as in Fig. 1. When N increases, the bleaching
amplitude (i.e., the amplitude of the PB/SE peak) increases,
but not in proportion to N, because of an overlap of the ESA
and PB/SE components.

The spectra calculated for N = 24 and ¢ = 0, 410, and
700 cm ™! are shown in Fig. 3. The spectral features of the
difference absorption, such as the shape, the amplitude, and
the red shift, are shown to be strongly dependent on the site
inhomogeneity value.

We also performed the calculations with alternative
choices for the interaction energies: M;, = 260 and 600
cm ! instead of M,, = 400 cm ™' (Fig. 4). For both of the

Difference absorption, a.u.

780 800 820 B840 860 880 S00 920
Wavelength, nm

FIGURE 2 The same spectra as in Fig. 1, but calculated curves corre-
spond to three different antenna sizes, N. In increasing order of the
bleaching amplitude of the B866 band, the antenna sizes are N = 18, 24,
and 32. All other parameters are the same as in Fig. 1. The spectrum for the
monomeric B808 band does not depend on N.
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FIGURE 3 The same spectra as in Fig. 1, but calculated curves corre-
spond to three different values of the site inhomogeneity of the BChl866
antenna, i.e., o = 0, 410, and 700 cm ™ '. The increase in o corresponds to
the increasing red shift of the bleaching peak of the B866 band. All other
parameters are the same as in Fig. 1.

alterations of M,, we performed a corresponding scaling of
My, M5, and M.

From Figs. 2—4 one can see that the bleaching amplitude
increases when the aggregate size and the interaction energy
value increase, but decreases with an increase in the site
inhomogeneity. This is not surprising, because the delocal-
ization length, N should be proportional to N and in-
versely proportional to the /M|, ratio, which is responsible
for destruction of delocalized excition states (Dracheva et
al., 1997). It means that we may reproduce the experimental

Difference absorption, a.u
o
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FIGURE 4 The same spectra as in Fig. 1, but calculated curves corre-
spond to three different sets of interaction energies. In increasing order of
the bleaching amplitude of the B866 band, the largest interaction energy,
M,,, is 260, 400, and 600 cm ™. For these values of M,, we performed a
corresponding scaling of M,;, M5, and M, ,. All other parameters are the
same as in Fig. 1.
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bleaching amplitude by using simultaneous variations in N
and o (when M, = constant) or by variations in M, and o
(when N = constant). For example, a reasonable fit of the
shape and the amplitude of difference absorption may be
obtained for N = 32 and 0 = 600 cm ™' instead of N = 24
and o = 410 cm ™' (when M, = 400 cm ™ '). We have also
obtained a satisfactory fit for & = 290 or 560 cm ', when
M, = 260 or 600 cm ™', respectively (N = 24). However,
these alternative fits are not as good as the fit in Fig. 1 (data
not shown). Parameters of different fits under investigation
are listed in Table 1.

Induced absorption anisotropy

The steady-state (residual) pump-probe anisotropy in the
B866 band excited at 882 nm is close to 0.1 (Novoderezhkin
et al., 1998). This value corresponds to the in-plane orien-
tation of O, transition dipoles of BChl866. Some deviation
from 0.1 is a result of the nonzero angle between the dipole
moment and the circle plane. Comparison of measured and
calculated anisotropy values shows that the s, and s, values
do not exceed 8° * 4° (data not shown).

The residual anisotropy in the B866 band excited at 808
nm is negative, varying from —0.03 to —0.05. These data
allowed us to determine the orientation of the O, transition
dipoles of BChI808. The angle between the BChI808 O,
transition dipole and the circle plane was found to be ' =
43° = 3°. A similar result was obtained by Vasmel et al.
(1986).

Exciton delocalization

Quantitative information about the delocalization of the
exciton wave functions can be obtained using the so-called
participation ratio L (Fidder et al., 1991), which is equal to
(N.p)~ ', where N is an effective delocalization length of
the wave function, corresponding to an individual exciton
state, averaged over disorder. The participation ratios cal-
culated for the B866 antenna for N = 24 and N = 32 are
shown in Fig. 5. The width of exciton levels in this calcu-
lation was taken to be 3 cm™'; all other parameters were
taken from fits 2 and 4 (see Table 1). For both of these cases
we have obtained L = 0.08—0.1 near the absorption maxi-
mum (850—870 nm). It means that the individual exciton
states in the B866 antenna are delocalized over 10—12
BChl866 molecules. The similar result was obtained for the

TABLE 1 Optimized parameters for the fits of absorption
difference spectra of the B808-866 antenna of Chloroflexus
aurantiacus

4
Fit N My, (em™") (em™1) Comments

1 24 260 290 Data not shown
2 24 400 410 See Fig. 1

3 24 600 560 Data not shown
4 32 400 600 Data not shown
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FIGURE 5 The participation ratio calculated for the BChl866 antenna
for N = 24 (lower curve) and N = 32 (upper curve). The width of exciton
levels was taken to be 3 cm™'; all other parameters were taken from fits 2
and 4 (see Table 1).

LH2 antenna of R. acidophila (Alden et al., 1997). It was
shown that L remains below 0.1 over most of the B850
absorption band, indicating that the exciton wave functions
are delocalized over more than 10 BChI850 molecules.
Notice that the inverse participation ratio corresponds to
the delocalization length for the individual exciton states.
However, in general we have always to deal with a super-
imposition of exciton states. For zero time delay (immedi-
ately after excitation), such a superimposition may exist
because of the simultaneous excitation of several exciton
levels by the short pulse. In the steady-state limit (for time
delays longer than the exciton relaxation), we have to deal
with a superimposition of states populated at thermal equi-
librium. The evolution of the initially formed exciton wave
packet into the steady-state wave packet can be described by
the coherence function C(n,f), defined as the off-diagonal
element of the density matrix in the site representation,
Pm.m-+n(?), averaged over the disorder and over m, where n
and m are the molecular numbers (Meier et al., 1997; Kiihn
and Sundstrom, 1997). In the steady-state limit, the coher-
ence function C(n) is determined by the temperature-depen-
dent populations of the exciton states (Meier et al., 1997).
The delocalization length of the exciton wavepacket, N,
can be defined as an effective width (FWHM) of the coher-
ence function. It can be shown that the N, value is ap-
proximately the same as the inverse participation ratio, N,
if only one exciton level is populated. But N_;, will be less
than N, if we have to deal with an exciton wave packet.
The steady-state coherence functions for the BChl866
antenna for N = 24 and N = 32 are shown in Fig. 6. The
M, and o values are from fits 2 and 4 (Table 1). We show
the absolute values of C(n) normalized to C(0). The effec-
tive length of the exciton wave packet is the same for both
cases, i.e., N, = 5.5. We have also calculated the steady-
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FIGURE 6 The steady-state coherence function calculated for the
BChl866 antenna at room temperature for N = 24 (+) and N = 32 (O).
Parameters were taken from fits 2 and 4 (see Table 1). The absolute values
of C(n) normalized to C(0) are shown. The effective coherence length
(FWHM) for both sets of parameters is N, = 5.5.

state coherence functions for N = 24 and different interac-
tion energies (Fig. 7): the M, and o values are from fits 1-3
(Table 1). The coherence length of the exciton wave packet
is N, = 4.6, 5.5, and 6.5, respectively. For comparison,
Kiihn and Sundstrom estimated the coherence length as four
BChl molecules for the B850 antenna of Rhodobacter sphae-
roides, taking M,, = 300 cm ' and ¢ = 700 cm '
(FWHM). In their model they have taken into account weak
exciton-phonon coupling together with the static disorder
(Kiihn and Sundstrom, 1997).

= o o o
o~ @ W

=
~

Coherence function
o
o

Number of molecule

FIGURE 7 The steady-state coherence function calculated for the
BChl866 antenna at room temperature for N = 24 and M,, = 260, 400, and
600 cm™' (the lower interaction energy corresponds to the narrower
coherence function). All other parameters were taken from fits 1-3 (see
Table 1). The coherence length (FWHM) is N, = 4.6, 5.5, and 6.5,
respectively.
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CONCLUSION

We have proposed a model of the B808—866 BChl a
antenna of the green photosynthetic bacterium C. aurantia-
cus. This antenna was assumed to be structurally similar to
the LH2 antenna of purple bacteria, having the form of two
concentric rings of N strongly coupled BChI866 pigments
and of N/2 weakly coupled BChl808 monomers. The N
value is most likely the same as for LH1 core antenna of
purple bacteria, i.e., N = 24 or 32. The Q, transition dipoles
of BChI808 and BChl866 molecules form the angles 43° =
3° and 8° = 4° respectively, with the plane of the corre-
sponding rings.

Using this model, we have obtained a quantitative fit of
the pump-probe spectra of the B866 and B80S bands. From
this fit we have estimated that the nearest-neighbor interac-
tion energy in the BChl866 antenna is ~400 cm ™', and the
diagonal energy disorder is ~410 and ~600 cm ™' for N =
24 and 32, respectively. Using these values, we have dem-
onstrated that the individual exciton states in the BChl866
antenna are highly delocalized (over 10—12 BChl mole-
cules). The highly delocalized exciton wave functions of the
BChl866 antenna are responsible for the anomalously high
bleaching value of the B866 band with respect to that of the
B808 monomeric band.

The population of several exciton levels in the steady-
state limit gives rise to exciton wave packet formation. At
room temperature its effective size is about five or six
BChl866 molecules.

This work was supported by a grant from the Russian Foundation for Basic
Research (99-04-49117 to ZGF).
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