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ABSTRACT

During the millions of years of evolution, photosynthetic organisms have adapted to almost all terrestrial and aquatic habitats, although some environments are
obviously more suitable for photosynthesis than others. Photosynthetic organisms living in low-light conditions require on the one hand a large light-harvesting
apparatus to absorb as many photons as possible. On the other hand, the excitation trapping time scales with the size of the light-harvesting system, and the longer
the distance over which the formed excitations have to be transferred, the larger the probability to lose excitations. Therefore a compromise between photon capture
efficiency and excitation trapping efficiency needs to be found. Here we report results on the whole cells of the green sulfur bacterium Chlorobaculum tepidum. Its
efficiency of excitation energy transfer and charge separation enables the organism to live in environments with very low illumination. Using fluorescence mea-
surements with picosecond resolution, we estimate that despite a rather large size and complex composition of its light-harvesting apparatus, the quantum efficiency
of its photochemistry is around ~87% at 20 °C, ~83% at 45 °C, and about ~81% at 77 K when part of the excitation energy is trapped by low-energy bacterio-
chlorophyll a molecules. The data are evaluated using target analysis, which provides further insight into the functional organization of the low-light adapted

photosynthetic apparatus.

1. Introduction

Photosynthesis provides energy for the majority of organisms on
Earth. The process starts in light-harvesting (LH) complexes, which
absorb light and transfer the excitation energy to reaction centers (RCs).
In these RCs, charge separation (CS) occurs, which drives chemical
reactions that ultimately result in storage of light energy in a chemical
form. While all RCs are structurally similar, the need to adapt to dif-
ferent light conditions has led to the evolution of a broad diversity of
LH complexes [3,8,22]. Both the overall composition and spatial or-
ganization of the photosynthetic apparatus play an important role in
tuning the photosynthetic performance. A good understanding of the
principles allowing photosynthetic organisms to live phototrophically
at very different light conditions may help in our search for new ways to
capture and utilize solar energy. The efficiency of solar cells, for in-
stance, often declines with decreasing irradiance [36]. In this respect,
green sulfur bacteria are an excellent source of inspiration. Some of
them are able to live at extremely low light intensities using photo-
synthesis as their sole source of energy [27] and one species of green
sulfur bacteria was found to live phototrophically using the dim

radiation of black smokers at the bottom of the Pacific Ocean where no
sunlight penetrates [1]. The main LH complex of green sulfur bacteria is
a chlorosome, a large antenna with a unique structural organization of
pigments. The core of the chlorosome contains tens to hundreds of
thousands of bacteriochlorophyll (BChl) molecules arranged in self-as-
sembling aggregates [19,29,30,33]. In all other known LH complexes
pigment-binding proteins determine the positions and orientations of
only tens to hundreds of pigments. The aggregation of pigments in the
chlorosome leads to strong excitonic coupling between the pigments,
accompanied by the formation of charge-transfer states [17] and is
responsible for the light-harvesting and energy-transferring properties
of the chlorosomes. However, the substantial disorder present in
chlorosomes confines the strong coupling to relatively small domains,
which are only weakly interacting [10]. Chlorobaculum (C.) tepidum is a
model organism for this group of green sulfur bacteria and its chloro-
some dimensions are typically 200 nm X 50 nm X 20 nm [29], which
makes chlorosomes the largest known photosynthetic antennas. The
size of the chlorosome together with the very high pigment con-
centration is apparently essential for efficient photon gathering at low-
light conditions. However, efficient energy transfer of the formed
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excitations to the RCs is also crucial and that is why the overall ar-
rangement of the photosynthetic apparatus is important [8,29,35].
Green sulfur bacteria exhibit an unusual organization of their inter-
mediate LH complexes. In contrast to higher plants, most of these LH
complexes are peripheral, meaning that they are located outside the
photosynthetic membrane [4,35]. Excitations created in the chlorosome
interior are transferred to the BChl a molecules in the baseplate of the
chlorosome, which is a paracrystalline array of CsmA/BChl a pigment-
protein complexes, together called the baseplate. A detailed structure of
the baseplate is not available but several models have been proposed
[28,32]. The baseplate makes contact with the BChl-a-containing Fen-
na-Matthews-Olson (FMO) antenna complexes, which in turn are at-
tached to the cytoplasmic membrane. Excitations are thought to travel
from the chlorosome interior, via the baseplate and the FMO complexes
to the RCs located in the cytoplasmic membrane. The structure of the
FMO complex is known [2,14,24,46] and the closely packed BChl a
molecules allow ultrafast EET through the FMO complex [13,26,42,49].
The RC contains its own core antenna, which constitutes the only LH
complex of green sulfur bacteria embedded in a membrane. The FMO
complex and core antenna of the RC contain BChl a as the only chlor-
ophyll-like pigment and together with the baseplate they exhibit highly
overlapping spectra [12].

For the description of the effectiveness of photosynthesis, the
quantum efficiency of photochemistry plays an important role. It covers
all the processes from the photon absorption in light-harvesting com-
plexes up to the charge separation in the reaction centers. The quantum
efficiency of photochemistry in green sulfur bacteria is a matter of
debate. Values close to 100% would be expected for low-light adapted
organisms, as found for distantly related photosystem I or some pho-
tosynthetic bacteria [23,37,53]. On the other hand, the larger com-
plexity of the photosynthetic apparatus of green sulfur bacteria, to-
gether with its extremely large size might lead to losses. In the literature
ultrafast EET in the chlorosomes has been reported [15,39,41]. Fluor-
escence excitation spectra revealed that the efficiency of energy transfer
from BChl ¢ to BChl a in whole cells of green sulfur bacteria is close to
100% at anaerobic conditions, which are natural to these bacteria [50].
However, at room temperature it is difficult to distinguish between the
contributions of BChl a from the baseplate, the FMO complex and the
core antenna, and therefore to decide whether the excitation was
transferred with such a high efficiency from the chlorosome up to the
RCs, or only to the baseplate or FMO complex. In measurements per-
formed on isolated FMO-RC complexes or membranes the efficiency of
energy transfer from the FMO complexes to the RCs has never been
observed to be higher than 40% [20]. A recent study on isolated
membranes at 77 K, however, yielded an FMO-to-RC excitation energy
transfer (EET) efficiency of ~48% [25]. According to the authors, EET
from BChl ¢ to the RCs cannot be observed at 77 K because the ex-
citation energy is trapped in the baseplate and does not reach FMO due
to the low temperature. In another study, the use of two-dimensional
coherent spectroscopy allowed to distinguish several energy transfer
steps in whole cells at 77 K and a much higher transfer efficiency of
75% was estimated [11]. This suggests that the photosynthetic appa-
ratus is vulnerable to damage during isolation and the use of whole cells
is a prerequisite for obtaining realistic efficiencies. However, it was not
possible to determine whether the less than 100% efficiency is a con-
sequence of performing the experiments at low temperature, or whether
it is an intrinsic property of the modular organization of the light-
harvesting complexes.

Here we report results of picosecond fluorescence measurements at
20°C and 45°C as well as at 77K on whole cells of C. tepidum.
Measurements performed at 20 °C and 45 °C allow us to observe EET
from BChl c to BChl a of the baseplate, FMO, and RCs at physiological
relevant temperatures. The results indicate that at 20 °C (45°C) the
quantum efficiency of photochemistry is around ~87% (~83%), while
the efficiency at 77K is ~81%, which is somewhat higher than the
results of Dostal et al. [11].
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2. Materials & methods
2.1. Sample preparation

C. tepidum cells, grown at 45 °C, were suspended in 10-20 mM Tris-
HCI buffer, pH = 8.0, and incubated with 5 mM sodium dithionite in-
side an air-tight quartz cuvette for at least 2 h before the time-resolved
fluorescence measurements. Before and after 20 °C and 45 °C time-re-
solved fluorescence measurement, the absorption spectrum of the
sample was recorded to check whether the sample had been exposed to
oxygen, in which case the strong absorption of sodium dithionite at
around 315nm would be absent. Before performing the 77 K mea-
surements, the absorption spectrum was also measured at room tem-
perature.

2.2. Absorption measurements

Absorption spectra of C. tepidum cells were recorded on a Cary 5E
spectrophotometer, equipped with an integrating diffuse reflectance
sphere (DRA-CA-50, Labsphere) to correct for light scattering by the
cells. The optical path length was 1 cm. All measurements were per-
formed at room temperature.

2.3. Time-resolved fluorescence measurements

Picosecond fluorescence measurements were performed on C. te-
pidum cells at 20°C, 45°C, and 77 K by using a synchroscan streak-
camera system as described before ([7,48]). At 20 °C, we used three
time windows to record the fluorescence, namely 160 ps, 800 ps and
2000 ps while at 45 °C a time window of 2000 ps was used. At 77 K we
used a time window of 800 ps and 2000 ps. At 20 °C, the instrument
response function, IRF, was recorded before each measurement. The
IRF was fitted with a sum of two or three Gaussian functions to describe
the IRF mathematically as accurately as possible. The Full Width at Half
Maximum (FWHM) of the Gaussian function with the largest con-
tribution was 6 ps, 9ps, 22 ps, at time windows 160 ps, 800 ps, and
2000 ps, respectively. For the 45°C and 77 K measurements, the IRF
was modeled with one Gaussian for which the FWHM was similar to
what was mentioned earlier for measurements performed at 20 °C.

We used 400 nm excitation light to perform 20 °C, 45°C and 77K
measurements. All images were corrected for the detection efficiency of
the streak camera. The repetition rate of the laser was 4 MHz. For 20 °C
(45°C) and 77 K measurements, the spot size was in the order of
~40 um and ~100 pm, respectively. At 20 °C and 45 °C (only performed
with 2000 ps time window) the excitation energy per pulse for time
windows 160 ps, 800 ps, and 2000 ps was 1.25 pJ, 0.25-0.5 pJ, and
0.13-0.25 pJ, respectively. At 77 K the excitation energy per pulse was
0.5-1.25 pJ. All time-resolved fluorescence measurements lasted
20-40 min. Several 20 °C measurements with varying intensity were
performed to assess at which excitation energy per pulse exciton-ex-
citon annihilation occurred (data not shown). At 2.5 pJ the lifetimes
were slightly shorter indicating a small amount of exciton-exciton an-
nihilation at this intensity.

For 20 °C (45 °C) and 77 K measurements, the optical density of the
samples was 0.15-0.2 and ~0.8 at 740 nm, respectively, measured at
room temperature in a quartz cuvette with 1 cm optical path length.
The 20 °C (45 °C) time-resolved measurements were done using a quartz
cuvette with an optical path of 1 cm. For 77 K time-resolved measure-
ments, the samples were collected quickly from a quartz cuvette (only
used to keep the cells in an anaerobic environment before the 77 K
measurements) in a glass Pasteur pipette with ~1 mm diameter (which
made the optical density of frozen cells around 0.10 in the maximum)
and frozen using liquid nitrogen. Measurements were performed on the
sample in the Pasteur pipette. The excitation light was vertically po-
larized and the polarizer in the detection branch was set to magic angle.
For 20 °C and 45 °C time-resolved measurements a Nikon CFI Plan Apo
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Lambdal0X objective lens with a numerical aperture of 0.45 and focal
length of ~20 mm was used. For 77 K time-resolved measurements a
lens with a focal length of 7 cm was used.

2.4. Target and global analysis

Global and target analyses were performed as described in [43,44],
using an in-house program written in Matlab. As part of this program,
OPTI TOOLBOX [9] was used.

In order to resolve the different stages of EET from the chlorosome
to the baseplate and FMO complex at 20 °C, we performed simultaneous
global analysis on the time-resolved data obtained with 160 ps and
800 ps time windows.

The 20 °C measurements obtained with 2000 ps time window were
analyzed together globally with three lifetimes. Then, the longest life-
time obtained from this global analysis was fixed in the global analysis
of 20 °C measurements with 160 ps and 800 ps time window that were
fitted together with four lifetimes. It was imposed that the decay-as-
sociated spectra (DAS) should have the same shape in all different
measurements. The 45 °C measurements were performed only with a
2000 ps time windows and its analysis was similar to that of 20°C
measurements performed with 2000 ps time window.

For the global analysis of the 77 K data it was also imposed that the
DAS obtained with different measurements should have the same
shape. The combination of the data obtained with 800 ps and 2000 ps
time-windows was fitted with four lifetimes, while the data obtained
with only 2000 ps time-window was fitted with three lifetimes.

3. Results & discussion
3.1. Time-resolved fluorescence of C. tepidum cells at 20 °C and 77 K

Time-resolved fluorescence spectroscopy enables to monitor EET
between BChl ¢ aggregates inside the chlorosomes and BChl a in the
baseplate, FMO complexes and the core antenna of the RC. BChls ¢
constitute ~97% of the total BChl content in C. tepidum, the other ~3%
is BChl a. Out of this 3%, 1% is located in the baseplate and the re-
maining 2% is present in the FMO complexes and RC cores [18,35].

Global analysis of time-resolved fluorescence data provides a model-
independent insight into EET in intact cells. Fig. 1A-B and C show the
results of global analysis of the 20 °C and 77 K time-resolved fluores-
cence data, respectively (see SI for the global analysis of fluorescence
data obtained at 45 °C). All the DAS in Fig. 1A and C are normalized to
the maximum of their time-zero spectrum. The time-zero spectrum is
the summation of all DAS obtained from the analysis of one sample.
This spectrum is close to the fluorescence spectrum directly after ex-
citation and relaxation to the Q, states, provided that no additional
relaxation processes occur.

All the DAS in Fig. 1B, taken from Fig. 1A, are normalized to their
maxima for a better comparison of the spectral shape.

Since BChl c represents the vast majority of all chlorophylls in the
chlorosomes, the 400 nm laser pulses mainly excite BChl ¢ and to a
lesser extent BChl a. Initially, the emission is therefore almost ex-
clusively due to BChl c. Then, the excitation energy migrates from the
BChl ¢ molecules in the chlorosome interior to the BChl a molecules in
the baseplate, the FMO complex and the core antenna of the RCs, which
leads to a rise of fluorescence at 800-840 nm after tens of picoseconds.
In the experiments we performed, the fluorescence of BChl a in the
baseplate could not be separated from the fluorescence of BChl a in the
FMO complex and the cores of RCs. This is in agreement with the ob-
servation that the distributions of energy levels in all these three LH
complexes are highly overlapping [12], despite the fact that the fluor-
escence maxima for baseplate, FMO complex, and RC core differ: ~810,
~825 and ~835 nm respectively [16,21,31,34].

As a consequence, from the DAS obtained by global analysis, only
energy transfer from BChl ¢ to BChl a can be resolved, which manifests
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Fig. 1. A) Decay-associated spectra (DAS) obtained by global analysis of 20 °C
time-resolved fluorescence measurements on C. tepidum cells. B) Each DAS
taken from a is normalized to its maximum. C) DAS obtained by global analysis
of 77 K time-resolved fluorescence measurements on C. tepidum cells. The ex-
citation wavelength was 400 nm both at 20 °C and 77 K. All DAS in A) and C)
are normalized to the maximum of the corresponding time-zero spectrum, i.e.
the sum of all DAS was normalized to 1 in the maximum. The inset shows the
lifetimes in ps corresponding to the DAS represented with the same color. The
dotted purple line is the zero line.

itself as a positive peak at shorter wavelengths and a negative peak at
longer wavelengths where BChl ¢ and BChl a emit their fluorescence,
respectively. The presence of positive and negative peaks in the same
DAS, is seen in two of the 20 °C DAS in Fig. 1A and one of the 77 K DAS
in Fig. 1C. Both 20 °C DAS indicate EET from BChl c in the chlorosome,
with a positive peak at 768-773 nm, to the BChl a containing com-
plexes, with negative peaks at 800-820 for the minor and 805-838 nm
for the major component, and rates of (13 ps)_1 and (49 ps)_l, re-
spectively. Rates of ~(30-40 ps) ! for EET from BChl ¢ to BChl a, si-
milar to the dominant (49 ps) ~' component in the present work, were
reported in other experiments performed on isolated chlorosomes
[5,47]. In Fig. 1C, the 77 K DAS reflecting EET has a rate of (42 ps)’1
with a positive peak at ~783 nm and a negative one at ~818-838 nm.
This result was obtained using a 2000 ps window only and is again
indicative of EET from BChl ¢ to BChl a. Another recent study [11] on
intact cells reported a somewhat slower rate of (70 ps)_1 at 77K for
EET from BChl ¢ to BChl a in the FMO complex. Combining the 800 ps
and 2000 ps time windows a 6 ps component was observed, which in-
dicates EET mainly between BChl ¢ spectral forms and to a lesser extent
EET to BChl a (see Fig. S1). For simplicity, we only used the 2000 ps
time window data for the target analysis.
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So far we looked at EET from BChl ¢ to BChl a in the baseplate, FMO
complex and the core antenna of the RC. The excitation energy is finally
trapped in the RCs, and no fluorescence emission is possible anymore.
The 20°C (194 ps)~! DAS (Fig. 1A-B) reflects the disappearance of
excitation energy, that is “equilibrated” over all spectral species, due to
trapping in the RC. It has a positive peak at ~773 nm due to BChl c and
another positive peak at ~814 nm due to BChl a. At 77 K, trapping in
the RCs is reflected by the (171 ps) ™' DAS with one positive peak at
788 nm and another positive peak at 823 nm (Fig. 1C). The peak at
823 nm reflects the excitation energy of BChl a that is being trapped in
the RCs. Note that this component does not reflect excitations that are
“equilibrated” over all spectral species since the BChl ¢ peak is more
pronounced than at 20 °C. This is most likely caused by EET that was
slowed down at 77K because energetic disorder (inhomogeneous
broadening) in the chlorosomes leads to excitation trapping in low
energy excitonic levels at low temperature (see for instance [38]). Fi-
nally, there is a very small 20 °C DAS with a decay rate of (970 ps) ™!
(Fig. 1A-B). The (970 ps)_1 DAS has two positive peaks at 778-783 nm
and at 800-840nm. This DAS has a similar shape as the 20°C
(194 ps) ~! component (see Fig. 1B) and represents slow trapping in the
RCs. Less amplitude at 778-783 nm indicates relatively lower back
transfer of excitation energy to BChl ¢ in comparison to the 20°C
(194 ps) ! DAS. The 77 K (859 ps) "' DAS (Fig. 1C) has a maximum at
longer wavelengths in comparison to the 77 K (171 ps) ! DAS and it
reflects BChls a, the excitation energy of which is trapped slower (re-
lative to the (171 ps)’1 DAS) in the RCs at this low temperature. The
corresponding DAS at 20 °C has a very small amplitude (see Fig. 1A).

To see if EET to BChl a occurs faster than the time resolution of our
setup we calculated the 20 °C absorption spectrum of cells from the
time-zero fluorescence spectrum obtained from global analysis of 20 °C
measurements applying the Kennard-Stepanov relation (See for in-
stance [45]) (see Fig. 2). The absorption spectrum that is calculated in
this way almost perfectly overlaps with the measured 20 °C absorption
spectrum of the BChl ¢ Qy absorption of the chlorosomes, meaning that
the excitations at “time zero” are already spectrally equilibrated over
the chlorosome with a rate faster than the ~6 ps time-resolution of the
streak-camera setup. It is important to note that the BChl a band/
shoulder, which is clearly present in the measured absorption spectrum
around 800 nm, is almost fully absent in the absorption spectrum that is
calculated with the Kennard-Stepanov relation, which implies that EET
from BChl c to BChl a occurs largely on a time scale that is slower than
the ~6 ps time-resolution of the streak-camera setup (see the 13 ps and
49 ps DAS in Fig. 1A).

=—RT abs. - calculated
—RT abs. - measured
——time zero spc.

0.8

o
o

Amplitude
o
~

o
N

700

720 740 760 780

Wavelength -- nm

800 820 840

Fig. 2. The blue spectrum is the time-zero fluorescence spectrum obtained from
global analysis of the time-resolved fluorescence measurements on C. tepidum
cells at 20 °C. From this spectrum an absorption spectrum is calculated with the
use of the Kennard-Stepanov relation, which is represented in black. The cal-
culated (see text) absorption spectrum in black is compared to the measured
absorption spectrum of C. tepidum cells at 20 °C in red. The dotted purple line is
the baseline.
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Fig. 3. A) 77 K target model and corresponding SAS of C. tepidum. The colors of
the boxes representing the compartments are the same as for the corresponding
SAS. The black and red spectra correspond to BChl c. The blue and green spectra
correspond to BChl a. The initial population of each compartment is written
inside the blocks representing the compartments. All compartments have a
dissipative rate of (2500 ps) ~*, which is not shown. The rates by which the blue
and green compartments decay reflect trapping ((188 ps) ~* and (1310 ps) ') in
the RCs. B) The population of each compartment (same color) over time is
shown. The total fraction of excitation that reach the RC is reflected by the
purple curve.

3.2. Target analysis of 77 K time-resolved data of C. tepidum cells

The time-resolved fluorescence at 77 K shows a shift in the BChl ¢
peak from ~784 nm to ~788 nm over a time period of ~50 ps (see Fig.
S2). Thus, we need at least two compartments to represent BChl c. We
assumed the shape of the two corresponding spectra representing BChl ¢
to be the same with a separation of 10 nm relative to each other and
they were forced to be zero between 810 nm and 840 nm (see Fig. 3),
where BChl ¢ has a much lower emission in comparison to BChl a (see
Fig. S2). At least two spectral forms of BChl a exist, with decay rates of
~(171ps)~ ! and ~(859 ps) ", respectively, and which are spectrally
shifted by about 5 nm (see Fig. 1C). Thus, two compartments of BChl a
were also included in the target analysis (Fig. 3). Similar as for BChl c,
the spectra of both compartments were required to have the same
shape, but they were separated by 5 nm from each other. The emission
spectra of BChl a were forced to be zero between 750 nm and 790 nm
where the emission of BChl ¢ is maximum and the emission of BChl a is
minimum (Fig. S2-S3).

We performed a target analysis simultaneously on four streak
images recorded for four different samples with a 2000 ps time window.
Fig. 3 shows the model used for the target analysis and the resulting
rates and species associated spectra (SAS). We chose the initial popu-
lation according to the relative content of BChl ¢ and BChl a in the cells.
The initial population of BChl c is 0.97. The best fit is obtained if this
initial population is evenly distributed over the two compartments that
represent BChl c. The initial population of BChl a is 0.03. There are two
BChl a compartments; one has a lower energy than the other BChl a
compartment. For the 77 K measurements we assumed that one third of
the BChls a (i.e. 33% of 0.03) transfers to the RCs with a slow time
constant whereas the other fraction of 0.02 corresponds to BChls a that
transfer their excitation energy to the RCs faster. RCs are populated by
the rate at which the two BChl a compartments decay to the ground
state due to trapping (RCs are not shown in the model) and the RC
population represents the trapping efficiency. For the BChl ¢ and a
compartments we set a dissipation rate of (2500 ps) ~* which is equal to
the fluorescence lifetime of isolated BChl a [20]. Fig. 3B shows the
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population of each compartment over time. To obtain an absolute lower
bound for the efficiency, we also performed target analysis with a
dissipative rate of (859 ps)_1 (results shown in Fig. S4), which is the
longest lifetime observed in Fig. 1C.

In Fig. 3 it is shown that the energy is transferred from the black
(BChl ¢) to the blue (BChl a) compartment with a rate of (42ps) !
which was estimated from Fig. 1C and was fixed during the fitting
procedure. The obtained back transfer rate for the black compartment
was extremely small and we set it to zero. The red (BChl c¢) compart-
ment transfers its excitations to the blue compartment with a rate of
(140 ps)~! and the reverse process occurs with a rate of (825 ps) ™'

The blue compartment in Fig. 3 decays due to trapping in the RC
with a rate of (188 ps) ™ 1. Moreover, the blue compartment transfers its
excitation energy to the green one with a rate of (420 ps)’l. The latter
in turn decays with a rate of (1310 ps)~! which was fixed during the
target analysis and it represents the rate by which the excitation energy
is trapped in the RCs. We chose this rate so that the total decay rate of
the green compartment is (859 ps)_l. When the dissipative rate was
(859 ps) ~'the decay rate of the green compartment due to trapping was
fixed to zero (see Fig. S4).

Assuming that both the blue and green compartments participate in
trapping, with a dissipative rate of (2500 ps)~! for all BChl ¢ and a
compartments, the trapping efficiency is ~80%, while only an extreme
value for the dissipative rate of (859 ps) ~! would yield an efficiency of
45% (see Figs. 3B, S4C), which is the efficiency that was obtained for
the FMO-to-RC transfer in isolated membranes [25], assuming that the
dissipative rate is (2.3 ns) "}, therefore, it can be concluded that the
efficiency of transfer is far higher in whole cells. Dostél et al. [11] es-
timated that 25% of the excitation energy remains trapped in the lowest
energy of the FMO complexes and hence the EET efficiency from the
FMO complexes to the RC is 75%. The authors stated that the exciton-
exciton annihilation could have affected their estimate of this efficiency
as well as trapping of the excitation energy on FMOs due to the low
temperature. The excitation energy per pulse in the present study is
1000 times smaller than what was used in [11], which eliminates nearly
all exciton-exciton annihilation. To avoid possible trapping of excita-
tion energy at the baseplate (as claimed by [25]) and to obtain an ef-
ficiency of trapping which includes BChl c at a physiologically relevant
temperature, we performed target analysis on time-resolved measure-
ments performed on cells at 20 °C and 45 °C (see next section and Figs.
S5-6 for 20 °C target analysis and Figs. S7-9 for 45 °C global and target
analysis).

3.3. Target analysis of 20 °C time-resolved data of C. tepidum cells

The shape of the (13 ps) ~* and (49 ps) ~* DAS in Fig. 1A-B indicates
the presence of (at least) two spectrally different compartments for
BChl ¢ and two for BChl a. Fig. 4 shows the target model used for the
20 °C time-resolved measurements together with the corresponding
rates and SAS.

One possible interpretation of the two compartments for BChl ¢ is
that one comprises the domains of aggregates located in the vicinity of
the baseplate (transfer time ~11 ps, see Fig. 4) and the other comprises
the domains located in the rest of the chlorosome (transfer time 54 ps,
see Fig. 4). While for the former domains it is possible to transfer ex-
citation energy almost directly to BChl a in the baseplate, the excita-
tions in the latter have to undergo a random walk throughout the large
chlorosome before they get close to the baseplate. As the formation of
the aggregates is based on self-assembly, there is no obvious way how
to establish an energy gradient within the chlorosome. Since the ma-
jority of BChl ¢ molecules is not in contact with the baseplate, this in-
terpretation also explains why the slower component possesses a larger
amplitude. Similar results were obtained for chlorosomes of BChl e
containing Chlorobium phaeobacteroides [34]. The two exponential de-
cays may also be (partly) caused by static disorder and dynamic fluc-
tuations among the many thousands of pigment molecules in the large
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Fig. 4. A) Room temperature target model and the obtained corresponding SAS
for C. tepidum. Each spectrum is shown with the same color as the corre-
sponding compartment. The black and red compartments represent BChl c. The
green and blue compartments correspond to BChl a. The initial fractional po-
pulations are written in the four compartments. All compartments have a dis-
sipative rate of (2500 ps) ~*, which is not shown. The decay rates of the blue
and green compartments correspond to trapping by the RCs ((218 ps) ' and
(1580 ps)’l). B) The population of each compartment (same color) over time is
shown. The total fraction of excitation that reach the RC is reflected by the
purple curve.

chlorosome, which inevitably leads to a multi-exponential decay [6].

The (970 ps) ' DAS (Fig. 1A-B) seems to be due to BChls a that
temporarily “trap” the excitation energy and transfer their excitation to
RCs with a slow time constant, which is far more pronounced at 77 K
where less thermal energy is available. One of the BChl a compartments
represents this group of BChl a. The other BChl a compartment re-
presents the BChls a that transfer excitation energy to the RC, where
trapping occurs, on a faster time scale. In the fitting, we connected the
BChls a participating in slow trapping compartment only to the com-
partment of BChls a that participate in trapping with a faster time
constant, which is somewhat arbitrary but not limiting for the conclu-
sions drawn below. The spectral shape of the SAS representing the two
BChl a compartments was taken to be the same with a 5nm shift re-
lative to each other to approximate the energy difference between the
two pools, and this shift can be seen in Fig. 1B. Furthermore, the BChl a
spectrum was set to zero between 700 nm and 750 nm, in accordance
with its emission spectrum.

We chose the initial population of these compartments based on the
percentages of BChl ¢ and a in the cells. The initial population of the
green compartment, representing BChl a with a slow trapping time, was
set to 0.01. This choice does not affect the results and it could also be
zero.

In Fig. 4, the black and red SAS belong to the black and red com-
partments, respectively, corresponding to BChl ¢ in the chlorosome. The
blue and green SAS in the same figure belong to the blue and green
compartments, respectively, corresponding to BChl a of the baseplate,
FMO complexes, and core antenna of the RC. The compartments of BChl
¢ and a have a dissipative rate of (2500 ps)f1 similar to the value used
in the analysis of the 77 K measurements. We also performed target
analysis with a dissipative rate of (970 ps)f1 (See Fig. S5). The dis-
sipative rate of (970 ps)~! was chosen based on the longest lifetime
resolved form global analysis (Fig. 1A) and represents the extreme case
when the corresponding DAS indicates only dissipation instead of
trapping.

The energy transfer from the black BChl ¢ compartment to the blue
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BChl a compartment in Fig. 4 is characterized by a rate of (11 ps)_l.
The back transfer process has a rate of (460 ps)’1 (see SI for more
details). The forward and backward EET rate between the red BChl ¢
compartment and the blue BChl a compartment are (54 ps)~' and
(611 ps) ', respectively.

The blue BChl a compartment decays largely due to charge se-
paration in the RC with a rate of (218 ps) ~*. In addition, the blue BChl
a compartment transfers its excitation energy to the green BChl a
compartment with a rate, which is on the order of several (ns) " L. The
decay rate of the green BChl a compartment, representing also BChls a
that lose their excitation energy due to trapping but on a slower time
scale, was fixed in the target analysis to (1580 ps) ~*; it was chosen such
that the total decay rate of the green compartment is (970 ps) ! con-
sidering the dissipative rate of (2500 ps) ~'. The blue BChl a compart-
ment represents BChl a in the baseplate, FMO complexes, and the core
antenna of the RC. The excitation energy is equilibrated over the BChls
a in all complexes due to their large spectral overlap [12]. For the same
reason also the trap states from the green BChl a compartment may be
found in all three complexes. Most probably, these traps represent the
lowest energy states of the various BChl a containing complexes, which
are quickly populated. Energy transfer from these traps towards the RC
probably requires thermal energy and consequently, the influence of
the low-energy trap states is more significant at 77 K (see previous
section). Assuming that both blue and green compartments participate
in trapping, the efficiency of trapping with a dissipative rate of
(2500 ps) ~! is ~88% while a dissipative rate of (970 ps)”~! yields an
efficiency of ~70% (see Figs. 4B and S6 for the kinetics of each com-
partment). The target analysis of the 45 °C results (see Figs. S7-9 for
details) yields efficiencies of ~83% (dissipative rate is (2500 ps) ~ 1 and
~65% (dissipative rate is (1200 ps)_l). To calculate the trapping effi-
ciency without using a specific target model, we used in the next section
global analysis of 20 °C, 45°C and 77K time-resolved measurements
(see Figs. 1 and S7).

3.4. Charge separation and trapping efficiency at 20°C, 45 °C, and 77 K

The quantum efficiency of photochemistry (i.e. the number of ab-
sorbed photons being transferred to the RC and leading to charge se-
paration) in the studied cells of C. tepidum is estimated by the following
equation, which applies the same concept as used in [25], the formula

kdiss

1s:
1 —_— diss @
( ktrap1 + kdiss

DAStrap 2 (1 _ kdiss )
DAStrap 1+ DAStrapping 2 kirap2 + Kdiss

where kg, is the dissipation rate of excitation energy and kgqp; is the
trapping rate. The total rate of observed fluorescence decay is
Kirap1 + Kgiss: DASgqp 1 and DASg,, o are the areas under the corre-
sponding DAS that represent trapping. For example, at 20 °C we con-
sider the (194 ps)f1 and (970 ps)f1 DAS (see Fig. 1A) to be due to
trapping. Thus, we have kyqp1 + kaiss = (194 ps) ™%, Krap2 + kaiss = (970
ps)fl. DASrqp 1 and DAS,q, » are the areas under the (194 ps)f1 and
(970 ps) !, respectively. We make use of an earlier finding that the
efficiency of BChl c-to-BChl a EET is ~100%. [50]. We consider only the
situation that excitations arrive to the reduced RC, in other words, the
light intensity should be low enough to ensure that the excitation flow
in the photosynthetic apparatus is slower than the turnover of the RC.
At higher light intensities, the excitation may arrive to the RC in its
oxidized state. In such a case the excitation will be quenched with
approximately the same rate constant, but the process will not lead to
charge separation (this is an assumption that is based on the analogy
between the reaction center of green sulfur bacteria and of photosystem
I [40]). We take the intrinsic lifetime of fluorescence, which is 2.5 ns, as
the inverse dissipative rate [20].

Table 1 shows a summary of the trapping efficiency calculated in
this study. The trapping efficiency at 77 K, 20 °C, and 45 °C is, 81%,

DAStrap 1

m (See SI for detalls),

Bcs =
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87%, and 83%, respectively. If we take the intrinsic fluorescence life-
time to be 2000 ps instead of 2500 ps then the trapping efficiency at
77 K is calculated to be 76% which is even more in agreement with the
efficiency calculated in [11]. These results strongly suggest that the
trapping efficiencies at 77 K, 20 °C, and 45 °C do not differ considerably.
However, as is obvious from the global analysis, the overall trapping
time gets significantly shorter at 20 °C and 45 °C (see Fig. S10). The
efficiency at 77 K is not affected much because the trapping rate of
(859 ps)’1 is still three times faster than the dissipation rate of
(2500 ps) 1.

3.5. Light harvesting in green bacteria at low-light conditions

In a previous study on EET in whole cells of C. tepidum, it was shown
that the bottleneck of EET is the transfer between the different types of
complexes forming the LH apparatus [11]. Therefore it might seem
surprising that this low-light adapted bacterium employs three LH
complexes containing BChl a (baseplate, FMO complexes and core an-
tenna), especially if their spectra are highly overlapping. Such an or-
ganization does not seem to have any advantage from an energetic
point of view, and must be necessary for another reason. The main
function of the FMO complexes is probably to serve as spacers between
the chlorosome and the cytoplasmic membrane to allow access of fer-
redoxin to the RC and at the same time to ensure excitation flow be-
tween the chlorosome baseplate and the RC in the cytoplasmic mem-
brane [12,51]. It has been argued before that the baseplate in a
chlorosome substantially improves the photosynthetic efficiency by
funneling excitations to the reaction centers [29]. Our results suggest
that green sulfur bacteria have developed a way of minimizing the
losses related to EET between the three complexes. The DAS and the
target model reported in this work suggest that all BChl a molecules
(except the low-energy ones) form one functional compartment im-
plying that the overlapping distributions of energy levels in the base-
plate, the FMO complexes and the core antenna lead to the formation of
a functional “super-complex” of BChl-a containing complexes, and to
fast equilibration of the excitations over the whole BChl a super-
complex. This may prevent the slowdown of EET at the boundaries
between the complexes, leading to high efficiency of trapping in the
RCs over a wide range of temperatures.

Our work shows that the trapping efficiency at physiological re-
levant temperatures in whole cells of C. tepidum is substantially higher
than what was previously reported for isolated membranes [25] and it
is also higher than what was obtained for whole cells at 77 K. Our es-
timated trapping efficiency also includes BChl ¢ and unlike [11,25] is
not limited to the EET from FMO to RCs. Apparently, C. tepidum, which
is able to grow in an environment with very low light conditions, has
developed an impressively large light-harvesting system to absorb a
large fraction of the limited amount of photons that are available. The
number of absorbed photons scales with the number of chlorophylls N
but also the excitation loss increases with the antenna size, leading to a
decrease of the quantum efficiency of excitation trapping ®irap. In the
end, it is the product N X ®@u,, [52] that reflects the overall light-
harvesting capacity and with values of ®,, = ~0.85 and N being in
the order of ~10°, this product is impressively high. This becomes
especially clear when a comparison is made with the quantum effi-
ciency of photosystem II of green plants where a similar quantum yield
of 0.85 is found for a number of chlorophylls N that is only equal to
200-250 and increasing the antenna size beyond this number already
leads to a drop in the product N X ®y,, [52].
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Table 1
A summary of the calculated trapping efficiencies at different temperatures.
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Efficiencies estimated from global

Efficiencies estimated from global analysis

Efficiencies estimated from target

Efficiencies estimated from target analysis

analysis Tine = 859 ps (77 K), 970 ps (20 °C), 1200 ps  analysis Tine = 859 ps (77 K), 970 ps (20 °C), 1200 ps
Tine = 2.5 11§ (45°C) Tine = 2.5 1S (45°C)
77K 81% 67% 81% 45%
20°C 87% 75% 88% 69%
45°C 83% 72% 83% 65%
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