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ABSTRACT The energy transfer processes in isolated chlorosomes from green bacteria Chlorobium tepidum and Chlo-
roflexus aurantiacus have been studied at low temperatures (1.27 K) by two-pulse photon echo and one-color transient
absorption techniques with ;100 fs resolution. The decay of the coherence in both types of chlorosomes is characterized by
four different dephasing times stretching from ;100 fs up to 300 ps. The fastest component reflects dephasing that is due
to interaction of bacteriochlorophylls with the phonon bath, whereas the other components correspond to dephasing due to
different energy transfer processes such as distribution of excitation along the rod-like aggregates, energy exchange between
different rods in the chlorosome, and energy transfer to the base plate. As a basis for the interpretation of the excitation
dephasing and energy transfer pathways, a superlattice-like structural model is proposed based on recent experimental data
and computer modeling of the Bchl c aggregates (1994. Photosynth. Res. 41:225–233.) This model predicts a fine structure
of the Qy absorption band that is fully supported by the present photon echo data.

INTRODUCTION

In green bacteria the chlorosomes form the major light-
harvesting antenna (Olson, 1998). They contain a large
number of special bacteriochlorophylls (BChls, up to sev-
eral tens of thousands) that are assembled in rod-like ag-
gregates (Staehelin et al., 1978, 1980). In chlorosomes from
both the green gliding bacteriumChloroflexus aurantiacus
and the green sulfur bacteriumChlorobium tepidum, the
main pigment ('99%) is BChl c. The rod-like BChl c
aggregates, which do not seem to contain proteins (Griebe-
now and Holzwarth, 1989; Hirota et al., 1992), are tightly
packed and surrounded by a lipid-like sack, and they form
a hexagonal matrix (Staehelin et al., 1978, 1980). The
former can be considered as a two-dimensional superlattice
structure, which contains between 10 and 30 rod-like ag-
gregates. Light energy, absorbed by these BChl aggregates,
is efficiently transferred to the BChla containing base plate,
connected to the chlorosomal vesicle, and further to the
reaction centers, where the primary photosynthetic reaction
occurs.

The energy transfer processes within the chlorosomal
Bchl aggregates and from the aggregates to the base plate
have been intensively studied in recent years by means of
femto- and picosecond transient absorption spectroscopy
(TA), time-resolved fluorescence, and hole-burning spec-
troscopy (HB). Using one- and two-color TA with femto-
second resolution on chlorosomes ofCf. aurantiacusat
room temperature, energy transfer lifetimes of 50–100 fs,

1–2 ps, and 7–10 ps were found (Savikhin et al., 1994). The
longest component was assigned to the energy transfer
between rod aggregates. However, in earlier papers (Griebe-
now et al., 1990; Mu¨ller et al., 1990, 1993) it was convinc-
ingly shown by means of time-resolved fluorescence that
this component characterized energy transfer from the chlo-
rosomal aggregates to the base plate. Similar lifetimes were
reported from one-color measurements in the same type of
chlorosomes at 77 K (Ma et al., 1996a), i.e., 50–60 fs, 1–2
ps, 7–20 ps, and a very long-lived component of 90–150 ps.
In this study, the dispersive behavior of the lifetimes was
pointed out. By means of two-color TA inCf. aurantiacus
chlorosomes at 19 K, the rise time of;300 fs in the
731–750 nm absorption difference time profiles was as-
signed to an energy transfer among different spectral forms
of BChl c (Savikhin et al., 1996a). However, at room
temperatures such subpicosecond downhill energy transfer
was not observed (Savikhin et al., 1996b). Energy transfer
in chlorosomes ofCb. tepidumhas been also studied with
femtosecond resolution at room temperatures (Savikhin et
al., 1995a; two-color TA of isolated chlorosomes) and at
5–65 K (Psencik et al., 1998; one-color TA of whole cells).
At low temperatures the initial bleaching in the Qy absorp-
tion band of the chlorosomes decayed with lifetimes of
200–300 fs, 1.7–1.8 ps, 5.4–5.9 ps, 30–40 ps and a long-
lived ;300 ps component. This was in contrast to room
temperature, where the decays showed only a 1–2 ps and
;30 ps component. It is also important that in all TA
experiments the fast damped oscillations have been ob-
served in the absorption difference signals with frequencies
of ;50 cm21 and 100–250 cm21 in Cf. aurantiacus(Sa-
vikhin et al., 1994), and 70–80 cm21, and 130–140 cm21

in Cb. tepidumchlorosomes (Savikhin et al., 1995a), re-
spectively. (In another paper (Savikhin et al., 1995b), oscil-
lations with frequencies of;30, 90, and 130 cm21 were
reported.) The origin of these oscillations is not quite clear.
In the work of Savikhin et al. (1994) two possible explana-
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tions have been discussed: an electronic beating arising
from interference between closely spaced exciton states, and
a manifestation of intramolecular vibrational levels (vibra-
tional wavepacked coherence).

Energy transfer within the chlorosomes from both green
sulfur bacteria (Causgrove et al., 1990; van Walree et al.,
1999) and green filamentous bacteria (Griebenow et al.,
1990; Müller et al., 1990, 1993; Causgrove et al., 1990; Ma
et al., 1996b) has been studied by means of time-resolved
fluorescence spectroscopy. Under reducing conditions the
chlorosomes are strongly fluorescent, with main lifetime
components in the range of 30–80 ps. Recently, chloro-
somes ofCb. limicolacontaining 50% BChld and BChlc
each were studied, and energy transfer between these two
pools of BChl aggregates had a time constant of;4 ps at 80
K (Steensgaard et al., 2000). This number gives some clue
as to the rate of energy transfer between different rods in the
chlorosomal aggregate.

The HB investigations on chlorosomes from different
types of bacteria show that the lowest exciton state in the Qy

absorption region of Bchlc andd aggregates is inhomoge-
neously broadened (FWHM; 90–100 cm21) and from the
zero-photon hole analysis the excited state lifetimes T1 of
;10 ps for theChloroflexus aurantiacus(Fetisova and
Mauring, 1992), 5–10 ps for theChlorobium limicola(Fe-
tisova and Mauring, 1993; Psencik et al., 1994), and;6 ps
for the Chlorobium tepidumbacteria (Psencik et al., 1998)
were reported.

On the basis of a large number of spectroscopic data
(Holzwarth et al., 1990a, 1992; Hildebrandt et al., 1991,
1994; Holzwarth and Schaffner, 1994; Chiefari et al., 1995;
Tamiaki et al., 1996; Balaban et al., 1997) we had previ-
ously developed an organizational model for the self-aggre-
gated structures present in chlorosomes by molecular mod-
eling procedures (Holzwarth and Schaffner, 1994;
Schaffner and Holzwarth, 1997). The validity of this model
has been tested and confirmed more recently by both solid
state NMR (Balaban et al., 1995; van Rossum et al., 1998a,
1998b, 1999) and solution NMR data (Mizoguchi et al.,
1996, 1998) of chlorosomes and Bchlc aggregates, respec-
tively. In this arrangement, the smallest unit of the self-
aggregated structures consists of the Bchl molecules orga-
nized into stacks. Several of these stacks (the number of
stacks per rod depends on the species) form rod-like supra-
structures by forming a hydrogen-bonding network. Several
of these rod-like structures, organized hexagonally in 2 or 3
layers, make up the interior of a chlorosome (Staehelin et
al., 1978, 1980). We use this hierarchical aggregation prin-
ciple here to build up the structural units for our exciton
calculations. The main differences in the structural organi-
zation of chlorosomes from the bacteriaCf. aurantiacusand
Cb. tepidumare the diameter of the rod-like aggregates
(;5.2 nm vs.;10 nm) and the period of two-dimensional
hexagonal lattice (ca. 6 nm vs. 10 nm).

In the present work, we have explored the exciton dy-
namics and energy transfer pathways at low temperature in
two types of chlorosomes mostly by means of photon echo
(PE) spectroscopy, supplemented partly by TA spectros-
copy. The measurements were performed by using the so-
called two-pulse PE technique (for details see Mukamel,
1995, p. 289). In simple terms, this method measures the
decay of the coherence of the excited state, created by a
coherent light pulse. Unlike TA spectroscopy, this tech-
nique is more informative and more sensitive to the detailed
structural organization of identical pigments in a supramo-
lecular aggregate structure. This important advantage thus
gives the possibility for revealing the role of the superlat-
tice-like organization of the Bchl aggregates in the exciton
relaxation and energy transfer processes. For direct mea-
surements of the population relaxation kinetics, the one-
color TA-spectroscopy has been used. The experimental
data are interpreted within a theoretical model based on the
recently proposed model of the self-organized Bchlc ag-
gregate rods (Holzwarth and Schaffner, 1994).

MATERIALS AND METHODS

Sample preparation

Cb. tepidumATCC 49652 andCf. aurantiacusOK70fl, DMS636 were
grown in the media described in Wahlund et al. (1991) and Griebenow and
Holzwarth (1989), respectively. Both strains were cultivated in continuous
cultures in 1-liter bottles in order to obtain a homogeneous sample. The
cultures were illuminated continuously with three 60-W light bulbs forCb.
tepidumand three 40-W bulbs forCf. aurantiacusat a distance of 10 cm
from the surface of the culture vessel. ForCb. tepidumthe dilution rate was
0.25 day21, resulting in OD of 6.7 cm21 in the Qy absorption maximum
and 90 nmol BChlc per milliliter of cell culture. The corresponding values
for Cf. aurantiacuswere 0.3 day21, 1.2 cm21, and 8 nmol ml21. Cells were
harvested by centrifugation for 20 min at 23003 g and stored at220°C.
Chlorosomes were prepared as described (Steensgaard et al., 1997) except
that TX-100 was omitted and 20 mM potassium-phosphate buffer, pH 7.4,
was used instead of Tris-HCl. Chlorosomes were stored at240°C until
further use. For measurements the chlorosomes were diluted in 20 mM
potassium-phosphate, pH 7.4, containing 60% glycerol to OD; 12 cm21

in the aggregate Qy band. About 20 mM sodium dithionite was added and
the sample was incubated for 2 hours at room temperature in the dark under
anaerobic conditions. The 0.5-mm-thick cell of 15mm volume was filled
in the dark under a nitrogen atmosphere and slowly cooled to 4.2 K by
immersing it in an optical bath cryostat model B29 (Institute of Physics,
Kiev, Ukraine) filled with liquid helium. The cryostat pumping system
allowed measurements in the range of 1.25 to 4 K for a period of 15 to 18
hours. The temperature was controlled by the vapor pressure of the helium
atmosphere and was measured by a calibrated semiconductor transducer
with an accuracy of60.01 K. Absorption spectra were recorded at room
temperatures on Unicam UV2 (Spectronic Unicam, Cambridge, UK) and at
4.2 K (directly in cryostat) on Omega-10 (Bruins Instruments, Puchheim,
Germany) spectrophotometers. The absolute maximum of absorbency in
the Qy absorption region was about 1.

Time-resolved spectroscopy

All time-resolved measurements were carried out at 1.27 K with the same
optical setup shown schematically in Fig. 1. The commercial Ti;Sapphire

2106 Prokhorenko et al.

Biophysical Journal 79(4) 2105–2120



self-mode-locked femtosecond laser model Tsunami (Spectra Physics,
Mountain View, CA) allowed to produce transform-limited'60-fs pulses
with spectral FWHM;12 nm at 790 nm, measured before the pulse picker,
in the range 725–860 nm with a 80 MHz repetition rate. For decreasing the
repetition rate to 80 kHz, a pulse picker model 3980 (Spectra Physics) was
installed. Double passing of the laser beam through four SF10 prisms
performed compensation of chirp that arises in the pulse picker and in the
other optical elements. The FWHM of cross-correlation function (CCF),
measured by non-collinear second harmonic generation in the KDP crystal,
was 140 fs, corresponding to Gaussian-shaped pulses of 90 fs. The CCF
was measured concurrently with every PE and TA scan. The two-pulse PE
and one-color TA studies were carried out in the typical pump-probe setup.
In the PE measurements the energy ratio of pump-probe pulses was 1;1.2
and for TA measurements it was 50;1. The photon echo signal was
registered in thek 5 2k1 2 k2 direction by a photomultiplier (PMT) R374
(Hamamatsu, Hamamatsu City, Japan). In order to obtain the PE data in
absolute units the PMT spectral sensitivity was calibrated. Switching
between PE and TA measurements was realized on the same sample by
moving the PMT and placing the neutral density filter (T5 2%, Balzers,
Bal-tec, Lichtenstein) into the probe-beam. The probe pulse was delayed
by a delay line with a minimal step size of 1mm. The beams were focused
into the sample by a lens with focal length of 150 mm to a diameter of
approximately 150mm. The angle between the crossed pump and probe
beams with equal polarization was 25 mrad. After the sample, the beams
(pump, probe, and the PE) were collimated by a lens with focal length of
100 mm and directed to the PMT after filtering through an aperture. The
maximum available pump energy was 300 pJ/pulse, corresponding to a
density of excitation energy#6 z 1012 phot/cm2 per pulse. At these
conditions annihilation was not observed as shown in Fig. 2; note that the
OD is normalized for both curves. (Annihilation may occur in the pigments
belonging to the base plate at those intensities. Such an annihilation, if it
does indeed occur, though this has not been checked by us, would be
irrelevant in the context of this paper.) For noise suppression, a double
lock-in technique was applied and a spatial filter was used before the PMT.
Two mechanical choppers with frequencies of 273 and 146 Hz modulated
the pump and probe beams. For an averaging time of 1 s per point, the
absolute sensitivity of the PE setup was approximately 5 photons/pulse.
The decay traces were measured in several delay scan ranges: 6 ps with a
delay step of 27 fs for the PE and TA in both chlorosomes, 50 and 100 ps
with delay step of 106 and 217 fs for the PE inCf. aurantiacusand Cl.
tepidum, respectively. The TA kinetics were measured also in the scan
range of 100 ps (delay step 217 fs) for both types of chlorosomes.

Analysis of the decay traces was carried out independently for each
wavelength by using a deconvolution procedure in a multiexponential

fashion:

S~t! 5 O
i

S~ti!P~t 2 t! ^ exp~2t/ti! (1)

where S(t) denotes a measured signal (PE or TA),t is the delay time
between the pump and probe pulses, P(t2 t) is the pulse envelope, symbol
R denotes a convolution integral,ti corresponds to theith decay constant,
and S(ti) is the amplitude. Ifti is longer than the pulse duration or
comparable to it, this expression can be simplified to:

S~t! > O
i

Siexp~2t/ti!E
2`

t

@CCF~t!#1/ndt (2)

FIGURE 1 Schematic representation of the experimental setup for the
2PE and TA measurements. Ti;Sapphir, laser; P-Picker, pulse picker; CH1
and CH2, mechanical choppers; PMT, photomultiplier; TA and PE, loca-
tions of the PMT by transient absorption and photon echo measurements,
respectively.

FIGURE 2 Check of annihilation-free conditions: decay of induced
bleaching in chlorosomes ofCl. tepidumat 760 nm (A) and 770 nm (B) at
different excitation energies.
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where n[ 1, 2 for TA and PE measurements, respectively. For the TA
decays recovered in such a manner the decay constantsti correspond to the
population relaxation times (T1)i, and in the PE case they are related to the
dephasing times (T2)i asti 5 (T2)i/4 (Allen and Eberly, 1975). The number
of relevant decay components was estimated from the lifetime spectra,
obtained by numerical inverse Laplace transform (NILT) of the measured
decay traces (see Appendix A). This technique was applied only for
analysis of decay traces measured over the wide decay windows. The
recovered amplitudes of the PE signals were absorption corrected by using
Eq. B8 (see Appendix B). The averaged decay constants were calculated
using the standard expression:

~ti!av 5 O
k

Si~lk!ti~lk!YO
k

Si~lk!, (3)

where Si(lk) is the amplitude of theith decay constant at thekth wave-
length.

RESULTS

Photon echo measurements

The PE signal has been observed over a relatively wide
spectral range (740–780 nm) forCl. tepidumchlorosomes
but in a much narrower region (only 735–755 nm) for the
Cf. aurantiacuschlorosomes. Despite identical experimen-
tal conditions, the PE intensity fromCf. aurantiacuschlo-
rosomes was about 1.5 times higher. This allows us to
conclude that the dipole strength of the excited excitonic
transitions inCl. tepidumchlorosomes is higher than inCf.
aurantiacus chlorosomes. Analysis of the PE traces
(dephasing decays) performed by the NILT technique
shows that the dephasing times are not strongly distributed.
For the chlorosomes from both bacteria, these narrow dis-

FIGURE 3 Dephasing traces (A, solid—fit, dotted—measured) and corresponded dephasing decay-time spectra (B) in chlorosomes ofCl. tepidumat
different wavelengths.
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tributions imply mainly a discrete character of the decays. In
Fig. 3 the decay-time spectra forCl. tepidumat several
measuring wavelengths are shown as an example (note that
the dephasing times are four times longer; see above). The
decay components faster than 100 fs cannot be resolved in
this delay window due to the relatively coarse delay step.
From the discrete character of the dephasing time distribu-
tion, one can conclude that the spectrum of the exciton
states in the first exciton band should also have a discrete
nature. Figure 4 shows the wavelength distribution of the
dephasing times for theCl. tepidumchlorosomes, plotted on
a semilog scale. The wavelength dependency of the dephas-
ing times displays oscillation-like behavior. The averaged
dephasing times for chlorosomes from both bacteria are
collected in Table 1. One recognizes basically four groups
of dephasing times T2, stretching from;100 fs up to 300
ps, which are similar for both types of chlorosomes. These
components reflect the different exciton dephasing, exciton
relaxation, and energy transfer processes. We assign the
slowest dephasing to the energy transfer from the chloroso-
mal aggregates to the base plate. Assuming inhomogeneous
broadening the chlorosome3 base plate energy transfer
times are'140 ps and'45 ps for theCl. tepidumandCf.
aurantiacus, respectively. The absorption-corrected ampli-
tude distributions for the different dephasing components
are plotted in Fig. 5. These distributions differ strongly for
the two chlorosome types. Firstly, the dephasing spectrum
of the Cf. aurantiacuschlorosomes is very narrow and its
FWHM is comparable to the FWHM of the laser light
spectrum. Secondly, for theCl. tepidumchlorosome the
1-ps dephasing component has an asymmetrical shape and
clearly displays an oscillation structure (three maxima can
be resolved at 745, 755, and 770 nm). The other components
show a more bell-like shape. The 140-fs component in the
Cl. tepidumdephasing spectrum can be fitted to a Gaussian

profile with FWHM of 430 cm21, whereas a Gaussian
fitting of the 8.3-ps component in theCf. aurantiacus
dephasing spectrum results in a FWHM of;210 cm21.

Transient absorption measurements

In order to better understanding of the exciton dynamics in
the chlorosomes, the corresponding one-color TA measure-
ments were performed with the same samples and at the
same experimental conditions as the 2PE measurements.
The population dynamics were measured for theCl. tepi-

FIGURE 5 Amplitude distributions of recovered dephasing times forCl.
tepidum (A) and Cf. aurantiacuschlorosomes (B). For comparison the
absorption spectra are also shown (dotted—measured with spectrophotom-
eter:Cl. tepidumat 300 K, andCf. aurantiacusat 4.2 K; boxes—with laser
in situ at 1.27 K).

FIGURE 4 Wavelength distribution of dephasing times T2 in Cl. tepi-
dumchlorosomes (1, very fast;M, fast; e, middle;E, slow component,
respectively).

TABLE 1 Average dephasing times T2 for chlorosomes from
the green bacteria Cl. tepidum and Cf. aurantiacus

Dephasing component Cl. tepidum Cf. aurantiacus

very fast 140 fs 280 fs
fast 1 ps 1.4 ps
middle 10 ps 8.3 ps
slow 280 ps 96 ps
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dum at 759, 771, and 781 nm and forCf. aurantiacus
chlorosomes over the whole Qy band. At identical experi-
mental conditions the maximal bleaching in the TA traces
for Cf. aurantiacuswas about 5 times higher than forCl.
tepidumchlorosomes. This means that the square of dipole
strength (m2) is accordingly higher. This assumption is in
agreement with the PE data. At wavelengths shorter than
740 nm in the chlorosomes from both bacteria a strong
excited-state absorption was detected, in agreement with
previous observations (Psencik et al., 1998; Savikhin et al.,
1998). Figure 6 presents the absorption difference spectrum
for Cf. aurantiacuschlorosomes, detected at a time delay of
150 fs. Comparing this to the dephasing spectrum (Fig. 5b)
reveals that a PE signal is generated only in the excited-state
absorption free region of the Qy band. This situation was
qualitatively analyzed in van Burgel et al. (1995), where it
was demonstrated that the contribution of higher exciton
zones to the PE signal has destructive character. Accord-
ingly, we suggest that the strong excited-state absorption
completely suppresses the PE in our case.

Analysis of the measured TA decays by means of the
numerical inverse Laplace transform method (decay-time
spectra are not presented) shows the analogous features in
the decay-time spectra; the population relaxation lifetimes
are also discrete rather than being distributed. In Table 2 the
T2 and T1 times for both types of chlorosomes are compared
at wavelengths that correspond to the maximal bleaching in
the TA. It can be seen that in both types of chlorosomes the
relation T2/T1 is equal to 2/1 (the deviations for the slow
decay component can be explained by a relatively high
contribution of pure dephasing). This ratio depends on the
nature of the broadening: for inhomogeneous broadening
1/T2 5 1/2T1 1 1/T* and, for a homogeneously broadened
system, 1/T2 5 1/T1 1 1/T* (Joo and Albrecht, 1993). The
pure dephasing time T* at low temperatures was not directly
measured for chlorosomes, but for J aggregates it is usually
much longer than T2, and at 1.27 K it can be estimated to be
nanoseconds (de Boer et al., 1987). Thus, we can assume

that the photon echo at low temperatures is purely deter-
mined by the population relaxation processes and the ag-
gregates in chlorosomes from both bacteria seem to be
inhomogeneously broadened, in good agreement with the
previous HB data (Fetisova and Mauring, 1992, 1993; Psen-
cik et al., 1994, 1998).

The delocalization of excitation in chlorosomes (in other
words, the number of excitonically coupled pigments) can
be also estimated from the TA data. Because of delocaliza-
tion of the excitation over many pigments, the square of the
dipole strength for delocalized transition should be much
higher and roughly proportional to the sum of the square of
the dipole strengths allowed in transition pigments. For
one-color pump-probe spectroscopy in the absence of ex-
cited-state absorption and in the low-excitation limit the
maximal bleachingDA around zero delay (fort , T2) is
proportional to the excitation energy Epump and to the ab-
sorption cross-section s of excited transition as
(Prokhorenko et al., 1983):

DA

A
5 22sEpump (4)

where A is absorbence and the coefficient 2 is due to
contribution of stimulated emission. (The absorption cross-
section is related to the extinction coefficient [e] 5 liter/M z
cm as s 5 3.824 z 10224e and [s] 5 cm2.) From this
expression it follows that the average number of coupled
pigments can be estimated as:

Ndelocal<
s

s0
; 2

1

2s0Epump

DA

A
, (5)

wheres0 is the absorption cross-section of a single pigment.
For Bchlc, s0 ' 2.9 z 10216 cm2 in the maximum of the Qy
absorption band (Stanier and Smith, 1960; Oelze, 1985).
The experimental conditions are listed in Table 3. The
maximal bleaching corresponds to a delay time of'100 fs.
Based on these data the estimations show that the excitation
is delocalized over 2 to 3 pigments inCl. tepidumchloro-
somes and over 10 to 12 pigments in theCf. aurantiacus
chlorosomes. This degree of delocalization in theCf. au-
rantiacuschlorosomes is in reasonable agreement with pre-
viously published values, derived from TA measurements at
room temperatures (Savikhin et al., 1998). Forphaeobacte-

FIGURE 6 Absorption difference spectrum in theCf. aurantiacuschlo-
rosomes at time delay of 150 fs.

TABLE 2 Comparison of recovered dephasing times T2 and
relaxation population times T1 for the
investigated chlorosomes

Cl. tepidum@ 759 nm Cf. aurantiacus@ 745 nm

T2 T1 T2 T1

600 fs 280 fs 212 fs 160 fs
2.2 ps 1 ps 2.3 ps 1 ps
12.4 ps 5.8 ps 12 ps 5.4 ps
240 ps 115 ps 180 ps 127 ps
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roideschlorosomes, which are structurally similar to theCl.
tepidumones, the number of coupled pigments was esti-
mated from time-resolved fluorescence measurements to be
2 to 3 at 77 K (van Walree and Holzwarth, personal com-
munication), which is also in agreement with our estimations.

Oscillations in the kinetics

Oscillations were observed in the TA and PE signals in both
types of chlorosomes. They have similar features to that
observed earlier. The oscillatory-like modulations of the
signals depend on the wavelength and their relative contri-
bution is maximal at the maximum of the PE spectrum.
Figure 7 presents the decay traces of the TA and PE signals

recorded around zero delay. It can be seen that the oscilla-
tions in the PE and TA signals have roughly equal periods
and amplitudes forCl. tepidum, but for Cf. aurantiacus
chlorosomes, they are much stronger in the PE signal. A
Fourier analysis of the residuals (difference signal to the
exponent decays) resulted in main frequencies of;70 cm21

and;160 cm21 for Cl. tepidumand;50 cm21 and;200
cm21 for Cf. aurantiacuschlorosomes. These numbers are
in agreement to the frequencies, which were observed pre-
viously (see Introduction) at room temperatures. The pres-
ence of these oscillations in the TA and PE signals simul-
taneously allows us to conclude that the origin of these
oscillations is intramolecular vibronic states (or coherent
nuclear motions, see Mukamel, 1995, p. 305 and p. 219)
rather than quantum beats between closely spaced exciton
levels, because the quantum beats would not change the
degree of coherence in the coherently excited system.

MODELING OF THE OPTICAL PROPERTIES

In this section, we will confine ourselves to modeling of the
steady-state spectroscopic properties of the single rod-ag-
gregates and of arrangements of closely packed rods, as
present in the chlorosomes. A detailed kinetic modeling of
the exciton relaxation and energy transfer processes would
require knowledge about the so-called system-bath correla-
tion function of the pigments in the aggregates and their
electron-photon coupling strength. Unlike protein-contain-
ing antenna complexes, these important parameters are still
unknown for the protein-free self-organized aggregates of
Bchls. However, some important features that result from
the modeling of the steady-state spectra can also explain to
a large extent our time-resolved experiments.

Structural model

For the modeling of the optical properties of chlorosomes
the structural information on the aggregate, as derived pre-
viously (Holzwarth and Schaffner, 1994), was used. The
published model was actually derived for the Bchld. Recent
calculations by molecular modeling showed that the same
structures and orientations are valid for the Bchlc (Steens-
gaard and Holzwarth, unpublished). Thus, only the curva-
tures of the rods have been adapted to achieve the rod
diameters as obtained from the electron microscopy (Staehelin
et al., 1978, 1980). The main organization principle is
self-organization of the Bchlc molecules to a supramolecu-
lar aggregate. Briefly, this calculated model system contains
90 Bchl molecules, arranged into 18 stacks, each rotated by
20° and finally forming a tubular micelle, i.e., a rod aggre-
gate (Figure 8). (A stack is defined by a group of Bchls
connected via the OHOMg™ bonds as shown in Fig. 8. The
Z-axis corresponds to the stack axis and is also parallel to
the rod axis. In calculated structure each stack contains 5

TABLE 3 Parameters (top) used in the estimation of the
excitonically coupled pigment number Ndelocal (bottom)
in chlorosomes

Parameter Cl. tepidum Cf. aurantiacus

lmax (nm) 760 745
A(lmax) 0.78 0.8
DA(lmax) 20.005 20.027
Epump [phot/cm2] 4 z 1012 5.5 z 1012

s [cm2] 8 z 10216 3.1 z 10215

Ndelocal 2 4 3 10 4 12

FIGURE 7 Oscillations in the PE (solid line) and TA (dashed line,
2DA) signals from theCl. tepidum (A, 771 nm) andCf. aurantiacus
chlorosomes (B, 751 nm). Signals are normalized to 1 in maxima.
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Bchls.) Each stack is shifted along the rod axis by 2.16 Å
with respect to its neighbors. This shift corresponds exactly
to 1⁄3 of the distance between neighbors in a stack. Thus, the
pigments form a two-dimensional lattice that is wrapped
into a tube structure. The farnesyl groups in this aggregate
are directed outside from the tube (like an inverted micelle).
All derived structural parameters, which are important for
modeling of the optical properties, are listed in Table 4. As
can be seen, the geometry of this aggregate corresponds
well with the aggregates from theCf. aurantiacuschloro-
somes (Staehelin et al., 1978). For modeling of the aggre-
gate fromCl. tepidumchlorosome the number of stacks was
increased up to 36, thus providing a rod diameter of 91.8 Å.

The orientation of the transition dipole moments within the
stacks and the other structural parameters (stack shift and
distance between pigments in a stack) were not changed.

Spectra

The calculations of the absorption, circular dichroism (CD)
and linear dichroism (LD) spectra of the excitonically cou-
pled aggregates have been carried out using the Frenkel
Hamiltonian without taking into account electron-phonon
coupling. The dipole-dipole interaction energy Ji,k between
the ith andkth pigment was calculated in the point-dipole
approximation:

Ji,k 5
mW i z mW k

uRW iku3
2 3

~mW i z RW ik!~mW k z RW ik!

uRW iku5
. (6)

HeremW i corresponds to the transition dipole moment ofith
pigment and RW ik is the distance vector between theith and
kth pigment, defined with reference to the Mg atoms
(Agranovich and Galanin, 1982). For the dipole strength we
use the value for the free Bchlc, because the regular tightly
packed pigments in aggregates are close to a molecular
crystal structure rather than to an impurity centers approach.
For the latter, a correction for the specific dielectric constant
of the host matrix would be required (Agranovich and
Galanin, 1982). The value of the squared dipole strength
;30 D2 was estimated from the published data for the
extinction coefficient (Stanier and Smith, 1960; Oelze,
1985) and from the shape of the Qy absorption band of Bchl
c in acetone using the well-known relation (Houssier and
Sauer, 1970). The calculated interaction energies are quite
high: for the neighbors within a stack it is2511 cm21 and
for the neighbors between parallel stacks it is'200 cm21.
For calculating the absorption, CD, and LD stick-spectra,
the expressions from Pearlstein (1991) were used, assuming
the 0–0 transition atl00 5 670 nm, close to the maximum
of the Qy monomer absorption band. For calculating the LD
spectrum, the direction of the macroscopic symmetry axis
(and thus the orientation) was assumed to be parallel to the
symmetry axis of the aggregate rods.

FIGURE 8 Space view of the tubular Bchlc aggregate, obtained by
molecular modeling calculations (extended from Holzwarth and Schaffner,
1994). The farnesyl groups, pointing to the outside of the rod, are not
displayed. The arrangement of Bchls in a stack is shown on the top. The
dashedZ-axis connects the Mg-atoms of the Bchls in a single stack. Note
that this axis also parallel to the rod axis.

TABLE 4 Structural parameters of the Bchl c aggregates
(based on Holzwarth and Schaffner, 1994), symmetrized to
eliminate small deviations from the molecular modeling

Diameter (with respect to Mg-atoms) 45.94 Å
Distance between chlorins in stacks (Mg-Mg

atoms)
6.5 Å

Shift between neighbors stacks 2.16 Å
Angle betweenm* and symmetry axis (Z) of

aggregate
36.7°

Angle betweenm and radius-vector that crossed
Mg-atom andZ-axis

80.4°

*The transition dipole moment of the BChlc molecule was defined as a
vector connecting the C13 and Mg atoms.
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Stacks and rods

Figure 9 presents the absorption spectra of single stacks for
different stack lengths (Nstackis number of Bchls in a single
stack). It can be seen that the aggregation red shift is strong
and saturates at;10 pigments in a stack at'1900 cm21. In
Fig. 10 the spectra for single rods for theCf. aurantiacus
andCl. tepidumchlorosomes, calculated for Nstack5 8, are
shown. Interaction between the stacks in an aggregate leads
to the partial removal of the degeneracy of the lowest
exciton state because of splitting and further increases the
red shift. The aggregation shift in aggregates saturates of
;8 pigments in a stack. The splitting is quite different
despite the similar interaction energies between pigments in
both types of chlorosomal rod aggregates. The lowest exci-
ton state is split by 88 cm21 and by 53 cm21, respectively,
for the Cf. aurantiacusand Cl. tepidumaggregates. How-

ever, these split states are still degenerate. The maximum of
absorption spectrum for both aggregates is located around
750 nm, which is in agreement with experimental observa-
tions. Thus, we can conclude that the dipole-dipole interac-
tion in the ground state is negligibly small as compared to
the interaction in the excited state. The shapes of the cal-
culated CD and LD spectra correspond very well to the
measured ones (see, e.g., Griebenow et al., 1991; Olson et
al., 1990). (Largely different CD spectra have been pub-
lished for chlorosomes from various organisms (Olson et
al., 1985; Brune et al., 1990; Griebenow et al., 1991; Wang
et al., 1995; Steensgaard et al., 2000; Frese et al., 1997;
Lehmann et al., 1994; Ma et al., 1996b). It had been pro-
posed that these varying CD spectra of chlorosomes from
the same organism are actually due to a superposition of two
types of spectra (Griebenow et al., 1991) and possibly also
due to a substantial contribution from a PSI (polymer and
salt induced)-type CD signal (Keller et al., 1986, Balaban et
al., 1995). Ma et al. (1996b) could show forChloroflexus
aurantiacusthat the type of CD observed depends on the
light conditions during growth of the cells, actually chang-
ing roughly between the two extremes that had been pro-
posed as type I and type II by Griebenow et al. (1991). This
finding is consistent with the notion that the overall size of
a chlorosome and also the relative composition of pigment
components within the chlorosome is changing with the
light conditions (reviewed by Blankenship et al., 1995)
which in turn largely influences the CD. The CD that is
calculated in this work corresponds closely to the CD of the
high light grown cells (Ma et al., 1996b) and to the type I
CD of membrane preparations ofChloroflexus aurantiacus
(Griebenow et al., 1991). These chlorosomes are likely to be
smaller in length and width than those of very low light
cells, and thus contributions from PSI-type CD effects
might be small or even absent (Balaban et al., 1995). Such
PSI-type CD effects add to the intrinsic CD and can distort
the observable CD strongly as compared to the intrinsic one
if the dimensions of the particles are in the vicinity of the
wavelength of light.) It should be pointed out that the
presence of three clearly resolved sub-bands observed in the
CD spectra can be explained well only in the framework of
the present structural model, in which the stacks in an
aggregate are periodically shifted relative to each other.

Unit cell

In order to explore the role of the superlattice-like structural
organization of the rods in chlorosomes we have analyzed
the optical properties of a unit cell, which contains three
hexagonally packed aggregate rods. From group theory it
follows that for the analysis of the electronic structure it
suffices to consider a single cell, because translation sym-
metry leads only to degeneration of the electronic levels.
For calculations, the period of this unit cell was chosen in
accordance with the electron microscopy data (Staehelin et

FIGURE 9 Calculated absorption spectra of single stacks for Nstack5 5
(A), 8 (B), and 15 (C), respectively. Stick-spectra are convoluted with
Gaussian band FWHM5 350 cm21. Absorption is normalized to the value
of m2 for a single Bchlc. Marker shows the position of the 0–0 transition.
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al., 1978, 1980), to be 60 Å and 100 Å, respectively, for the
Cf. aurantiacusand Cl. tepidumchlorosomes. Because of
the very large number of Hamiltonian terms, these calculations
were performed only for Nstack5 7, which should not influ-
ence the results substantially. The calculated absorption spectra
for non-disordered unit cells are displayed in Fig. 11a.The CD
and LD spectra (not shown) demonstrate the same features as
for the single aggregate rods. Hexagonal packing of rods in
crystalline-like structure leads to a large splitting of the lowest
exciton band, but the spectra differ strongly. For theCf. au-
rantiacus chlorosomes, only two main sub-bands arise,
whereas in theCl. tepidumchlorosomes one obtains three
equally spaced sub-bands. Increasing or decreasing of the unit

cell period by increasing Nstackdoes not change these unique
features. Analysis shows that the appearance of three sub-
bands in theCl. tepidumchlorosomes is due to a relatively
weak curvature of the tubes as compared to theCf. aurantiacus
aggregates, which essentially leads to a greater number of
coupled BChls between tubes.

Inclusion of disorder

Incorporation of the disorder (diagonal and off-diagonal) in
the system does not change the main optical properties in
comparison to a system with an ideal symmetry (as calcu-

FIGURE 10 Calculated absorption, CD, and LD spectra of a single rod aggregate from theCf. aurantiacus(A) and Cl. tepidum(B) chlorosomes.
Stick-spectra are convoluted with a Gaussian band FWHM5 350 cm21. Absorbence scaling is the same as in Fig. 9.
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lated above). Figure 11b presents calculated absorption
spectra for the off-diagonal disordered ensemble of the unit
cells (20 cells forCf. aurantiacus, i.e., 60 rods, and 10 cells
for Cl. tepidumchlorosome, i.e., 30 rods). The numbers of
rods in the calculated systems correspond roughly to the
native chlorosomes. The calculations were performed in the
following way. For each single unit cell the appropriate
interaction matrix was generated for the pigments, ran-
domly distributed around their symmetrical positions and
with randomly distributed directions of their dipole mo-
ments. The distribution was assumed to be normal with
FWHMs as listed in Table 5. The deviations of the dipole
moment directions and space positions of pigments were
also estimated from the structure of modeled aggregate
(Holzwarth and Schaffner, 1994). Then the spectra, inde-
pendently calculated for each cell, were averaged over an
ensemble. This modeling shows that the off-diagonal dis-
order leads to some decrease of the oscillator strength of the
strongest transitions and to some spectral broadening, but
qualitatively the spectra are not changed. The influence of
diagonal disorder on the spectral properties was also ana-
lyzed. In accordance with PE experimental data, the FWHM
for diagonal disorder was assumed to be'430 cm21 and
'210 cm21 for the Cl. tepidumandCf. aurantiacuschlo-

rosomes, respectively. The calculated absorption spectra for
diagonally disordered ensembles show similar spectral fea-
tures as those for off-diagonally-disordered ensembles.
Thus, disorder does not contribute substantially to the over-
all spectral properties within this approximation.

DISCUSSION

As was mentioned above, the calculated absorption, CD,
and LD spectra are in very good agreement with the mea-
sured spectra. These calculations are based on the structure
of aggregates, obtained from molecular modeling (Holz-
warth and Schaffner, 1994) and NMR spectroscopy (see
Introduction). A different structural model of chlorosomal
has previously been used for excitonic calculations (Novo-
derezhkin and Fetisova, 1996; Fetisova et al., 1996). In that
model an aggregate consists of six linear stacks, assembled
in a tubular structure with a low packing density. Besides
not being based on any chemical or structural data, that
model cannot explain the main features in the CD and LD
spectra due to (i) the very low interaction energy between
stacks and (ii) the absence of a periodical shift between
stacks. The structural model on which this work is based,
properly predicts the fine structure in the Qy absorption
region due to a splitting of the lowest exciton band (effect of
super-lattice organization). Moreover, the presence of at
least two sub-bands in the electronic structure of chloro-
somes, which were tentatively assigned to different Bchl
spectral forms, was pointed out earlier in several papers
(Holzwarth et al., 1990b, and references therein; Griebenow
et al., 1991; Psencik et al., 1994). It is now clear that the
origin of this behavior is the interaction between hexago-
nally packed rod-like aggregates. This agrees with the time-
resolved data. For instance, in the calculated absorption

FIGURE 11 (A) Calculated absorption spectra
of non-disordered unit cell of theCf. aurantiacus
(top) andCl. tepidum(bottom) chlorosomes. (B)
The same with off-diagonal disorder (for details
see text). Stick-spectra are convoluted with
Gaussian band FWHM5 350 cm21. Absor-
bence scaling is the same as in Fig. 9.

TABLE 5 Distribution for the pigment position and
distribution of the dipole moment direction for calculations of
non-diagonal disordered system

Disorder Value of FWHM

alongX-axis 0.3 Å
alongY-axis 0.3 Å
alongZ (symmetry axis) 0.24 Å
of angle betweenmW andZ-axis 10°
of angle betweenmW and radius-vector 20.6°
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spectrum of theCf. aurantiacusunit cell (Fig. 11), the main
sub-bands of the lowest exciton band are located at 739 nm
and 755 nm and they are spaced by 16 nm. From compar-
ison to the differential absorption spectrum (Fig. 6), it
follows that the blue sub-band is completely overlapping the
excited state absorption region. Therefore the PE signal is
observed only from the red absorption sub-band and it
should be spectrally narrow, which is in full agreement with
the experimental observations. In theCl. tepidumchloro-
somes the calculated stick-spectrum of the unit cell displays
a strong asymmetry and splitting into three sub-bands (;11
nm) which finds its experimental counterpart in the ob-
served structure (spacing;12 nm) in the spectrum of the
1-ps dephasing component (Fig. 5) which also shows a
strong asymmetry. It should be pointed out that the structure
in the wavelength dependence of the dephasing times (Fig.
4) is also correlated to these modulations in the calculated
spectrum. Thus, we can conclude that the origin of the fine
structure in the PE spectra is most likely due to an interac-
tion between hexagonally packed aggregates. Moreover, the
1-ps dephasing component in theCl. tepidumand the 680-fs
component in theCf. aurantiacuschlorosomes can be as-
signed to the fast energy transfer (more precisely to the
energy redistribution) within a single rod aggregate. These
dephasing times are similar to those obtained from HB
spectroscopy studies (Fetisova and Mauring, 1992; Psencik
et al., 1998). The middle dephasing component (which
corresponds to T1 5 4–5 ps; Table 1) should most likely be
assigned to the energy transfer between different rod aggre-
gates. Finally, the shortest dephasing time is caused by fast
dephasing process in a single Bchl due to electron-phonon
interaction, i.e., dissipation of excitation energy over the
phonon bath. Therefore, its amplitude distribution shows a
Gaussian shape (Fig. 5a) with a relatively large FWHM. At
room temperature this dephasing strongly accelerates and
could be not resolved under our experimental conditions.

On the basis of both the experimental results and the
model calculations, an energetic and kinetic scheme de-
scribing in detail the energy transfer pathways in chloro-
somes can be proposed (Fig. 12). The energy transfer can be
essentially divided into four steps. After excitation, an ini-
tially coherent excited state loses its coherence (at low
temperatures with a dephasing time of;150 fs) due to
interaction with the phonon bath. In parallel, then, occur
complex relaxation processes over a wide time range from
;100 fs to ;5 ps. Although we cannot strictly separate
energy relaxation processes within a single rod from energy
exchange among neighboring rods in the framework of an
exciton model, some pieces of evidence nevertheless sug-
gest that the slower part of this lifetime range (a few
picoseconds) is essentially more related to energy exchange
among rods than the faster part of that distribution. This is
supported by time-resolved fluorescence data on special
chlorosomes (Steengaard et al., 2000), where this process

can be resolved. Subsequently, energy located on the lower
exciton states is, with a typical time of 140 ps (Cl. tepidum)
and ;50 ps (Cf. aurantiacus) at very low temperatures,
transferred to the base plate. At room temperature these
transfer times speed up to about 40–60 ps (Cl. tepidum) and
about 10–20 ps (Cf. aurantiacus; Savikhin et al., 1995a,
1996b; Causgrove et al., 1990; van Walree et al., 1999).
This can be understood from the dipole strength distribution
of the exciton states. The energy transfer to the base plate at
room temperatures occurs from several exciton sub-bands.

FIGURE 12 Proposed energetic and kinetic diagram forCl. tepidum(A)
and Cf. aurantiacus(B) chlorosomes. Here the averaged energy transfer
times are shown. For details, see text.
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CONCLUSIONS

Our structural model for aggregates and entire chlorosomes,
based on the principle of self-organization (Holzwarth and
Schaffner, 1994; Balaban et al., 1995; Nozawa et al., 1994;
Mizogushi et al., 1998), describes very well the optical
properties of native chlorosomes from bothCf. aurantiacus
andCl. tepidum.The model can be successfully used for a
detailed kinetic modeling of the energy transfer processes in
chlorosomes, which will be the subject of future work.

Modeling of the exciton structure as done in the present
work shows that the interaction between closely packed rod
aggregates, which form a two-dimensional superlattice-like
structure in the chlorosomes, leads to a splitting of the
lowest exciton band, which carries the largest dipole
strength, and to the appearance of electronic fine structure in
the Qy absorption region. This fine structure is clearly
manifested in the PE spectra.

The PE measurements and the resulting transfer lifetimes
are in good agreement with values published previously,
obtained by HB spectroscopy, TA techniques, and time-
resolved fluorescence (Fetisova and Mauring, 1992; Psen-
cik et al., 1998; Savikhin et al., 1994; Steensgaard et al.,
2000; van Walree et al., 1999). In framework of the pro-
posed energetic and kinetic diagram, all main experimental
observations can be explained.

APPENDIX A

The measured decay traces can be described as a sum of a few exponential
decays with different decay constants and different amplitudes (Eq. 2) or,
alternatively, as a continuous distribution of exponential decaystdec with
a continuous distribution of amplitudes A(tdec):

S~t! 5 FE
0

`

A~tdec!exp~2t/tdec!dtdecGE
2`

t

@CCF~t!#1/ndt.

(A1)

As can be seen from this expression, searching for the amplitude distribu-
tion A(tdec), also called the decay-time spectrum, is related to inverse
Laplace transform of the decay trace S(t), deconvoluted with the response
function CCF(t). This transform can be performed in a straightforward
manner only if S(t) is given as an analytical function. From the measure-
ments S(t) is usually given as a vector of real numbers, however:

sk 5 S~tk!, (A2)

wheresk is the signal magnitude at thekth delay point. This vector contains
also a normally distributed noise component with mean 0. Therefore the
transform can be performed by minimization of the functionx2 (least-
square fitting), defined as

x2 5 O
k

~sk 2 fk!
2 ; rWTzrW, (A3)

wheref is a vector that corresponds to the model function, convoluted with
the CCF(t). (For fluorescence decays the noise obeys a Poissonian distri-
bution and this expression should be modified accordingly.) According to
the exponential series method (James and Ware, 1986; Siemiarczuk et al.,

1990; Landl et al., 1999) for the model function we have chosen a series of
exponentials with fixed decay times Ti, equally spaced on a logarithmic
scale:

Ti 5 TminSTmax

Tmin
D

i21
N21

,

fk 5 FO
i51

N

Aiexp~2tk/Ti!GE
2`

tk

@CCF~t!#1/ndt.

(A4)

The choice of the boundary conditions [Tmin, Tmax] for the decay-time
spectrum depends on the experimental situation. The minimal decay time
Tmin and the upper decay time Tmaxshould be comparable to the delay step,
and longer than the delay window by factor of 2 to 3, respectively. The
number of componentsN in the decay-time spectrum is basically not
limited by the number of experimental points and should be large enough
to achieve the necessary resolution (usually;50 exponentials). The last
expression in Eq. A4 can be also given in vector form as fW 5 M z AW , and
the residual vector is rW 5 sW 2 M z AW .

In PE experiments, one measures the degree of coherence in the excited
state. This coherence can only decrease due to different dephasing pro-
cesses (see Introduction); thus, we can assume that the decay-time spec-
trum must be positive and the elements of vector A can be given as Ak 5
uk

2. In this case minimization ofx2 can be performed by non-linear
least-squares fitting (see, e.g., Fletcher, 1980). In this work for the calcu-
lation of x2(u) expansion into a Tailor series (quadratic approximation) is
applied:

x2~uW 1 DW ! > x2~uW! 1 DW T@¹W x2~uW!# 1 1
2
DW T@¹W 2x2~uW!#DW , (A5)

where the derivatives, determined by the chosen model function, are:

¹W x2~uW! 5 gW~uW! 5 2L z rW;

¹W 2x2~uW! 5 G~uW! 5 2L z LT 1 2rW¹W 2rW > 2L z LT (A6)

andL is the Jacobian matrixL 5 22diag(uW) z MT. The search direction for
DW is obtained by minimizing ofx2 in Eq. A5 that leads to the solution of
the linear systemG(uW) z DW 5 2gW(uW), known as the Gauss-Newton method.
A more stable solution is obtained using the Levenberg-Marquardt method
in which the search direction can be precisely controlled by the parametern:

@G~uW! 1 nI # z DW 5 2gW~uW!, (A7)

whereI is the identity matrix. This control is carried out by comparison of
the predicted changedx2 5 x2(uW) 2 x2(uW 1 DW ) from Eq. A5 and that
directly calculated from Eq. A3:

Pr~n! 5
x2~uW! 2 x2~uW 1 DW !

2@DW T z gW~uW! 1 DW T z G~uW! z DW #
. (A8)

For a stable iteration the value of Pr should be maintained around 0.7–0.8
(Fletcher, 1980). As a stop criterion for the iterative procedure, the criterion
of achieving maximum entropy ofx can be used. This algorithm is working
very stably and was intensively tested with numerous synthesized (with
added noise) and measured decays and was compared to the trivial fitting
proceeding with a few discrete exponentials (see Materials and Methods).
This algorithm is also fully applicable for analyzing TA kinetics without
rising components. For decay traces with positive and negative decay
components the algorithm is still the same, only the model functionf is
changed; instead of the vector A the matrix Ak,m 5 (21)muk,m

2 , where m[
[0, 1], should be used, and the matrix M should be modified accordingly.

Exciton Dynamics in Chlorosomes 2117

Biophysical Journal 79(4) 2105–2120



APPENDIX B

The PE light pulse is directly generated in a medium by sequentially
applying two time-spaced laser pulses (so-called two-pulse PE) emanating
into directions kWe 5 2kW2 2 kW1 or kWe 5 2kW1 2 kW2. Simultaneously with the
PE generation, an absorption of the PE light pulse occurs in the same
medium. Thus, for the samples with finite absorbency, a connection be-
tween the generated PE electrical field and the observed 2PE signal should
be established. This relation can be found by analytically solving the
Maxwell equation for the light propagation in the following approxima-
tions: (i) the pump/probe pulse energies are small, (ii) their spectral width
DvL is narrower as the full absorption spectral width, and (iii) the PE pulse
energy is also very weak and does not affect the medium polarization. The
wave equation for an electric field E in an isotropic medium can be written
as:

¹ 3 ¹ 3 EW ~rW, t! 1
1

c2

­2

­t2
EW ~rW, t! 5 2

4p

c2

­2

­t2
PW~rW, t!

(B1)

wherec is the light speed and PW is a medium polarization. For the paraxial
beams, the electric field in the medium can be given as the sum:

EW ~rW, t! 5 ~EW 1~z, t!eikW1rW 1 EW 2~z, t!eikW2rW!e2ivLt 1 Eechoe
i(kWerW2vLt)

(B2)

where indices 1,2 denote the pump and probe pulses,z is a longitudinal
coordinate, and E1,2(z, t) are the pulse envelopes that are equivalent for the
pump and probe pulses. The frequenciesvL andve correspond to the mean
frequencies of the laser fields and the PE electric field, respectively. If the
spectral width is narrower then the absorption spectrum of the sample, we
can assumevL 5 ve 5 v. For the weak electric fields the polarization can
be separated into linear and nonlinear parts PW(rW, t) 5 PW1(rW, t) 1 PWnl(rW, t) and
in our approximation (ii) PW1(rW, t) can be given in the form PW

1(rW, t) 5
x(1)(v)EW (rW, t) by using the linear response susceptibilityx(1). The relation
betweenx(1) and a dielectric function ise 5 1 1 4px(1), where=e 5 n 1
ik, n [ n(v) is the refraction index and k[ k(v) is an extinction
coefficient. When the slowly varying amplitudes approach is applied, we
obtain from Eq. B1 by selection of fields along their propagation directions
according to their wave vectors:

­

­z
E1,2(z, t) 5 2

a

2
E1,2~z, t! (B3)

which obeys the trivial solution for pump/probe pulses:

E1,2~z, t! 5 E1,2~0, t!expS2 a

2
zD. (B4)

Herea [ a(v) denotes the absorption coefficient, related to the extinction
coefficient asa(v) [ k(v)N and N is the molar concentration of absorbers.
Here we have neglected the interaction between pump and probe pulses in
nonlinear media according to (i).

The nonlinear part of the polarization is the source of the PE. The
standard procedure is expansion of Pnl(r, t) in powers of the electric field.
When the nonlinear response of the medium has a nonstationary character,
then Pnl(r, t) should be described as an integral function. In an isotropic
medium the first term in the power series is a third-order field function
(Shen, 1984) of the nonlinear responsex(3):

PWnl~rW, t! 5 E
2`

`

dt1E
2`

`

dt2E
2`

`

dt3x
~3!~t 2 t1, t 2 t2, t 2 t3!

EW ~t1, rW!EW ~t2, rW!EW ~t3, rW! (B5)

(here ti denotes the independent time variables). Using again the slowly
varying amplitudes approximation and (iii) we get from Eq. B1 an expres-
sion for the PE pulse propagation:

­

­z
Eecho~z, t! 5 2

a

2
Eecho~z, t! 1 i

2pv

nc
Pnl~z, t!.

(B6)

The last term on the right hand side in Eq. B6 can be expressed by using
Eq. B4 and B5 as Pnl(z, t) 5 Pnl(t)exp(23⁄2az), and solution of Eq. B6 with
initial condition Eecho(0, t) 5 0 is:

Eecho~z, t! 5 i
4pv

nc
Pnl~t!

sinh~1⁄2az!

a
exp~2az!.

(B7)

This is a general expression for the electrical field of the PE pulse in the
weak field limit for the medium with an arbitrary nature of the absorbance.

In the 2PE measurements we obtain a signal in the form of the time
resolved spectra SP(v, t) 5 (c/8p\v)*2`

` uEecho(d, v, t, t)u2dt, here
SP(v, t) denotes the measured 2PE energy density and d is the path length
in the cell. If the detector aperture is much larger than the echo irradiation
divergence, the whole 2PE energy is measured and SP(v, t) should be also
integrated over the detector aperture. Eq. B7 allows one to pick out from
the measured PE the particular dependency on the absorbency. In other
words, it allows the normalization of the 2PE signal to the absorption
spectrum of the sample. In experimental studies instead ofa, the absor-
bency A is commonly used, which is related to the absorption coefficient
as A(v) 5 a(v)d/ln10. Then the normalization of the measured 2PE
spectrum SP(v, t) to the measured absorption spectrum A(v) can be
performed by the formula:

S2PE~v, t! 5
2\cn2

pvd2F 2.303A~v!

100.5A(v) 2 1020.5A~v!10A(v)G2

SP~v, t!

(B8)
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