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A B S T R A C T

A series of spectroscopic measurements were performed on membrane fractions and detergent-solubilized
complexes from the green sulfur bacterium (GSB) Chlorobaculum (Cba.) tepidum. The excitation migration
through the entire GSB photosynthetic apparatus cannot be observed upon excitation of membranes in the
chlorosome region at 77 K. In order to observe energy transfer from the Fenna-Matthews-Olson (FMO) protein to
the reaction center (RC), FMO was directly excited at ~800 nm in transient absorption experiments. However,
interpretation of the results is complicated by the spectral overlap between FMO and the RC. The availability of
the Y16F FMO mutant, whose absorption spectrum is drastically different from that of the WT, has enabled the
selection of spectral regions where either only FMO or the RC contributes. The application of a directed kinetic
modeling approach, or target analysis, revealed the various decay and energy transfer pathways within the
pigment-protein complexes. The calculated FMO-to-RC excitation energy transfer efficiencies are approximately
25% and 48% for the Y16F and WT samples, respectively.

1. Introduction

Green sulfur bacteria (GSB) are anoxygenic photosynthetic organ-
isms that thrive in extremely low light conditions [1, 2]. They are able
to carry out photosynthesis by utilizing an antenna complex called a
chlorosome, made up of ~200,000 aggregated bacteriochlorophyll
(BChl) c, d or e molecules that self-assemble within a lipid monolayer
envelope [3–5]. The energy absorbed by these aggregates is passed on
to the BChl a baseplate pigment protein CsmA, and subsequently to the
BChl a-containing Fenna-Matthews-Olson (FMO) complex [6] before
finally reaching the reaction center (RC) where charge separation oc-
curs [3]. The RC complex is made up of PscA–D protein subunits that
bind pigments and various cofactors [7, 8]. PscA is homodimeric and
contains the primary donor BChl a P840, and the primary acceptor
chlorophyll (Chl) a–like A0. PscB contains the terminal Fe-S cluster,
PscC is the cytochrome c-containing subunit, while the function of PscD
is still not clear. Presumably, excitation energy transfer enters the RC
through BChl a in the core antenna before being transferred to P840.

The membrane complexes RC and FMO-RC may be isolated by de-
tergent solubilization of the membrane, as demonstrated previously
[9–13]. However, the exact stoichiometry of FMO and RC in the native

membrane is still not clear, although recent electron microscopy (EM)
results suggest a 4FMO-2RC supercomplex, where four FMO trimers
associate with two RC [14]. Nevertheless, EM and mass spectrometry
analyses [13, 15, 16] have revealed structural details and orientation of
FMO in the native membrane setting. The schematic illustration of how
the photosynthetic apparatus of GSB is assembled is shown in Fig. 1.

While several papers have addressed the efficiency of excitation
energy transfer (EET) from FMO to the RC, the results from these stu-
dies show low efficiency of EET ranging from 10 to 40%, whether in the
purified complexes or in native membranes, and at room or cryogenic
temperature [17–22]. These studies have suggested that isolation pro-
cedures may alter the orientation of the pigment-protein complexes that
affect energy transfer between them. Another obstacle in these studies
is the selection of an appropriate region that preferentially excites one
component to make it favorable to observe the energetic cascade into
the different components.

Very recently, the excitation energy flow in Cba. tepidum whole cells
at 77 K upon broadband excitation of the whole NIR region was mapped
out using 2-dimensional electronic spectroscopy (2DES) [23]. The FMO-
to-RC EET efficiency was estimated to be>75%, a very high value
compared to all previous estimates. However, results from these studies
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raise a few questions. The authors assumed that the absorption spec-
trum of the photosynthetic apparatus in the 800–850 nm spectral range
is mostly due to FMO, and that baseplate and RC contributions are
substantially weaker. Therefore, the 2DES spectra should be initially
associated with FMO and the other components could essentially be
neglected. However, spectral reconstruction of the 77 K absorption
spectrum of the photosynthetic membrane in this work as given in
Fig. 1(B and C) shows that contributions of chlorosome-baseplate, FMO
and RC to the overall spectrum are actually very comparable to each
other, such that the conclusions derived may actually be more com-
plicated than initially assumed. Thus, the objective of the current work
is to revisit energy transfer pathways and efficiency in the photo-
synthetic apparatus of green sulfur bacteria using a sample and ex-
perimental conditions comparable to those obtained from most recent
studies (intact photosynthetic membrane was used instead of whole
cells, 77 K). A combination of steady-state and time-resolved spectro-
scopic methods were utilized.

Moreover, in previous work from this laboratory, several FMO
mutants of Cba. tepidum were produced that have altered optical
properties from that of wild-type (WT) FMO [24]. In particular, the
absorption spectrum of the Y16F mutant that is modified near BChl a3
does not have the lowest energy exciton peak at ~825 nm [24, 25]. The
availability of the Y16F FMO mutant lacking the lowest energy exciton
band presents an opportunity to determine the effect of such a pertur-
bation on the role of FMO in the energy transfer landscape of green
sulfur bacteria starting from the chlorosomes and into the RC. In ad-
dition, the simpler FMO absorption profile of the Y16F mutant should
also simplify the assignment of spectral features to specific components
(proteins) in the transient absorption spectral profiles of the whole GSB
photosynthetic apparatus. Studies of photosynthetic membranes con-
taining this FMO mutant as well as detergent-solubilized (FMO-RC)
complexes were also performed.

2. Materials and methods

2.1. Sample preparation

The generation of the Y16F FMO mutant strain of Cba. tepidum, cell
growth conditions for WT and Y16F strains, and FMO purification
methods are described in previous work [24]. Membrane fractions with

attached chlorosomes and FMO-RC complexes from WT and Y16F
mutant strains of Cba. tepidum were prepared according to the pre-
viously published protocol [22], with some modifications. To obtain
FMO-RC and RC, the membranes were resuspended in 20mM CAPS
buffer (pH 10.5) to an OD810= 6 and solubilized with n-Dodecyl β-D-
maltoside (DDM, 1% w/v final concentration) by stirring for 30min at
room temperature (RT). The mixture was then spun in a Beckman ul-
tracentrifuge (235,000×g, 60min, 4 °C), and the supernatant con-
taining crude FMO-RC and free pigments was collected. To remove the
majority of free pigments, the solubilized FMO-RC was loaded on a
discontinuous sucrose density gradient in tubes containing 10, 20, 40,
50, 60, 70% (w/v) sucrose in Buffer A (20mM CAPS buffer, 0.02% (w/
v) DDM). After collecting the green band with a syringe, sucrose was
removed by gel filtration and the sample was loaded on an anion ex-
change chromatography (Q-Sepharose) column equilibrated with Buffer
A (20mM CAPS buffer, 0.02% (w/v) DDM). After extensive washing
with Buffer A to further remove free pigments, FMO-RC was eluted with
~200–250mM NaCl in Buffer A. Fractions were pooled and con-
centrated in an Amicon filter (30 kDaMW cutoff) before loading on a
gel filtration column (Sephacryl S-300) equilibrated with Buffer A
containing 250mM NaCl. Fractions were collected and checked for
purity by inspection of the absorption spectra.

RC complexes devoid of FMO were prepared by resuspending the
membranes in HEPES buffer (pH 7.5) and solubilizing with 1% (w/v)
DDM as with the FMO-RC sample. The solubilized sample was loaded
onto a cation exchange column (Sulphopropyl (SP) sepharose) equili-
brated with Buffer B (HEPES buffer, pH 7.5, 0.02% DDM). After ex-
tensive washing to remove free pigments and other nonspecifically
bound proteins, the RC was eluted with 250mM NaCl in Buffer B.
Further purification was done by size exclusion chromatography as was
done with the FMO-RC samples above.

Membrane samples with decreased amount of chlorosomes were
prepared by sonicating the membranes for 1min (×2) [26, 27]. The
mixture was loaded on discontinuous sucrose density gradient tubes
containing 20, 30, 40, 50, 60 and 70% sucrose (w/v) in 20mM Tris
buffer (pH 8.0). The band containing a lower amount of chlorosomes
was collected and stored at −80 °C prior to spectroscopic measure-
ments.

Samples used for spectroscopy were reduced for ~30min with 1M
sodium dithionite to a 10mM final concentration, which reduced the

Fig. 1. Schematic illustration of the green
sulfur bacteria photosynthetic apparatus
and basic spectroscopic characteristics. (A)
Scheme of photosynthetic apparatus (com-
ponents not drawn to scale). Red squiggly
lines represent initial photons absorbed by
chlorosome pigments (BChl c and car-
otenoids), solid red arrows depict the ex-
citation energy flow and dashed arrows re-
present electron flow. (B) 77 K absorption
spectrum of photosynthetic membrane and
its subcomponents (chlorosome, FMO and
RC), (C) Reconstruction of the spectral
range marked by a dashed box in panel B.
The FMO spectrum in red corresponds to
the expected absorption spectrum of FMO
in the membrane. BChl - bacterio-
chlorophyll, Car - carotenoid, FMO - Fenna-
Matthews-Olson complex, CsmA – chloro-
some protein A, PscA–D - RC protein sub-
units as described in the text.
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