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Abstract

In photosynthetic green sulfur bacteria excitation energy is transferred from large bacteriochlorophyll (BChl) c chlorosome
antennas via small BChl a antennas to the reaction centers which then transfer electrons from cytochrome c to low-potential
iron-sulfur proteins. Under oxidizing conditions a reversible mechanism is activated in the chlorosomes which quenches
excited BChl c. We used flash-induced cytochrome c oxidation to investigate the effect of this quenching on photosynthetic
electron transfer in whole cells of Chlorobium tepidum. The extent of cytochrome c photooxidation under aerobic conditions
decreased to approx. 3% of that under anaerobic conditions when BChl c was excited under light-limiting conditions.
Photooxidation obtained by excitation of BChl a was similar under aerobic and anaerobic conditions. We interpret this
drastic decrease in energy transfer from BChl c to the reaction center as a consequence of the quenching mechanism which is
activated by O2. This reversible uncoupling of the chlorosome antenna might prevent formation of toxic reactive oxygen
species from photosynthetically produced reductants under aerobic conditions. The green filamentous bacterium
Chloroflexus aurantiacus also contains chlorosomes but energy transfer from the BChl c and BChl a antennas to the
reaction center in this species was not affected by O2. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Green sulfur bacteria inhabit anoxic and sul¢de-
rich waters, muds, sediments, and microbial mats

[1,2]. They are obligate photoautotrophs and their
growth depends on photooxidation of reduced sulfur
compounds and complete absence of O2. One reason
for their anaerobic nature may be related to their
photosynthetic reaction centers which produce low-
potential reductants including reduced ferredoxin
[3,4]. The primary electron donor to the reaction
center is a bound cytochrome c subunit [3,4] and
electron transfer activities in the reaction center can
conveniently be monitored by measuring absorption
changes in this cytochrome [5^7]. In the present
study we have used £ash-induced cytochrome c oxi-
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dation to measure how e¤ciently excitation energy in
the antennas is used for photosynthetic electron
transfer.

Green sulfur bacteria use a rather large and e¤-
cient light-harvesting antenna known as the chloro-
some, which is an oblong structure attached on the
cytoplasmic side of the cellular membrane [8,9]. Most
of the chlorosome is composed of large aggregates
of bacteriochlorophyll (BChl) c which are thought to
be enveloped in a lipid monolayer and organized
essentially without participation of proteins. Light
energy absorbed by the BChl c antenna is transferred
to a very small pool of BChl a which probably is
located in a thin layer on the surface of the chloro-
some called the baseplate. Excitation energy from
this chlorosomal BChl a is transferred to the
reaction center in the cytoplasmic membrane, prob-
ably via the BChl a-containing Fenna-Matthews-
Olson (FMO) protein which is thought to be sand-
wiched between the chlorosome and the cytoplas-
mic membrane. Most of the BChl a in the cell is
located in this FMO protein, the rest is distributed
between the chlorosome and the reaction center core
[8]. Light-induced oxidation of cytochrome c by
speci¢c excitation of the chlorosome and FMO pro-
tein was ¢rst demonstrated by Olson and Sybesma
[5].

Fluorescence from BChl c in green sulfur bacteria
is markedly higher under reducing conditions than
under oxidizing conditions [10,11]. BChl c £uores-
cence is quenched in whole cells by less than a few
micromolar of O2 but can be restored by cellular
reductants under anaerobic conditions [11,12]. Re-
dox-dependent quenching is also observed in isolated
chlorosomes and appears to involve a redox-active
component which quenches excited BChl c in the
oxidized state and is inactive in the reduced state
[11,13,14]. We recently showed that chlorosomes
from Chlorobium tepidum contain isoprenoid qui-
nones which probably are involved in the quenching
mechanism [15,16].

Although green sulfur bacteria are obligate an-
aerobes, they may encounter oxic conditions in their
natural environment. This could occur due to vertical
mixing of the oxic and anoxic zones across the che-
mocline in strati¢ed lakes. Or it could happen due to
changes in microbial activity, such as oxygenic pho-
tosynthesis, in layers above the green sulfur bacteria

in strati¢ed lakes and sediments which could allow
O2 to penetrate downwards.

The basis of O2 toxicity in all living organisms is
formation of reactive oxygen species which cause
damage to a wide range of biological molecules
[17,18]. Such reactive oxygen species can be formed
by reaction between O2 and cellular reductants such
as thiols and reduced iron-sulfur proteins such as
ferredoxin. Many organisms have therefore devel-
oped enzymes, such as superoxide dismutase, and
non-enzymatic antioxidants as protection against re-
active oxygen species. This apparently includes green
sulfur bacteria since superoxide dismutase has been
found in Chlorobium limicola [19,20].

Another means of protection against reactive oxy-
gen species is to decrease the rate of production of
cellular reductants. It has been proposed that green
sulfur bacteria use this approach based on the redox-
dependent quenching of excited BChl mentioned
above [8,11,13,14]. In agreement with this idea we
show in the present study that the green sulfur bac-
terium Cb. tepidum greatly decreases energy transfer
from the chlorosomes to the reaction centers under
aerobic conditions and thereby avoid photosynthetic
electron transfer in the presence of O2.

The photosynthetic green ¢lamentous bacterium
Chloro£exus aurantiacus also contains chlorosomes
and cytochrome c as donor to the reaction center
but not a quenching mechanism as found in green
sulfur bacteria [8,9,11,21]. For comparison we also
measured £ash-induced cytochrome c photooxida-
tion in this species and we show that energy transfer
from the antennas to the reaction center is not af-
fected by O2.

2. Materials and methods

2.1. Preparation of cells and membranes

Cb. tepidum ATCC 49652 was grown in 200 ml
£asks at 45³C in medium previously described [22].
Illumination was provided by eight high-infrared
20 W £uorescent light tubes (FL20S, Toshiba, Japan)
which practically caused light-saturated growth. A
5% inoculum of stationary-phase cells was used and
the cultures were used for experiments 2^3 days later
when they had reached the late exponential growth
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phase. Cfx. aurantiacus J-10-£ was grown hetero-
trophically in 30 ml screw-cap tubes at 55³C in me-
dium previously described [23] and illuminated by a
60 W incandescent light bulb with an intensity of
approx. 10 W m32.

For preparation of cytoplasmic membranes from
Cb. tepidum, cells were harvested at 4³C and resus-
pended in ice-cooled 40 mM MOPS-NaOH bu¡er
pH 7.0 containing 1 mM MgCl2 and approx.
0.1 mg ml31 DNase. This suspension was passed
through a precooled French press three times. Un-
broken cells and cell debris were removed from the
resulting suspension by centrifugation at 15 000Ug
for 15 min at 4³C. The supernatant was then centri-
fuged at 200 000Ug for 1 h at 4³C to pellet the cy-
toplasmic membrane fraction. The pellet was resus-
pended in a few ml 40 mM MOPS-NaOH pH 7.0
and stored at 380³C until use. Membranes prepared
in this manner consisted of cytoplasmic membranes
with attached FMO protein and chlorosomes as
judged from the absorption spectrum.

The concentration of cells or membranes used in
the experiments was estimated from the BChl c Qy

absorption band around 745 nm. In the case of cell
suspensions, this value was corrected for light scat-
tering e¡ects by subtracting (A600+A900)/2 from the
measured value of A745. An A745 value of 1 corre-
sponds to approx. 14 WM BChl c. Concentrations of
BChl c and BChl a were determined as previously
described [15].

All spectroscopic measurements were carried out
at room temperature.

2.2. Flash-induced cytochrome c oxidation

A 4 ml glass cuvette containing 40 mM MOPS-
NaOH bu¡er pH 7.0 was used in the £ash experi-
ments involving whole cells. For £ash experiments
involving cells under anaerobic conditions, the
MOPS bu¡er was bubbled with N2 and supple-
mented with 0.5 mM Na2S before use. A volume
of cell culture was then removed from the culture
£ask and injected directly into the almost completely
¢lled cuvette. The head space was £ushed with N2,
the cuvette sealed with a rubber stopper and the
suspension incubated for 30 min in the dark. For
£ash experiments involving cells under aerobic con-

ditions, a volume of cell culture was injected into a
few ml air-saturated MOPS bu¡er and incubated for
30 min in the dark. Before measurements on aerobic
cell suspensions of Cb. tepidum, Na2S2O3 was added
to a ¢nal concentration of 2 mM.

Flash-induced cytochrome c oxidation was meas-
ured with a single-beam spectrophotometer as-
sembled in the laboratory as previously described
[7,24]. The samples were excited with a 5 Ws actinic
£ash provided by a xenon £ash and the resulting
transient absorption changes recorded at di¡erent
wavelengths. Photooxidation of cytochrome c in
Cb. tepidum was measured by subtracting the absorp-
tion change at 540 nm from the absorption change at
553 nm [7] and in Cfx. aurantiacus by subtracting the
absorption change at 542 nm from the absorption
change at 554 nm [21]. The following ¢lters were
placed in front of the £ash to obtain selective exci-
tation: 690 nm cuto¡ glass ¢lter (R-69, Toshiba, Ja-
pan), 710 nm cuto¡ Wratten gelatin ¢lter (89B, Ko-
dak, USA), 750 nm interference ¢lter, 700^760 nm
broad band interference ¢lter, and 810^880 nm
broad band interference ¢lter (all interference ¢lters
from Nihon Shinku Kogaku, Japan). The transmis-
sion spectrum of some of the ¢lters are shown in Fig.
1. Decreased £ash intensity was obtained by placing
neutral density ¢lters made of photographic ¢lm in
front of the £ash.

Flash experiments with membranes were pre-
formed in the same manner as with cells except
that the redox potential of the membrane suspension
was controlled as described below.

2.3. Redox titration of membranes

Suspensions of Cb. tepidum membranes were redox
titrated in a special-designed cuvette continuously
£ushed with argon as previously described [13,25].
The membranes were suspended in 40 mM MOPS-
NaOH bu¡er pH 7.0 containing 20 WM each of
methyl viologen, benzyl viologen, anthraquinone-
2-sulfonate, 2-hydroxy-1,4-naphthoquinone, 2,3,5,6-
tetramethyl-p-phenylenediamine and 50 WM of Fe-
EDTA (added from an aqueous solution of 5 mM
FeSO4 and 0.15 M trisodium EDTA). Stigmatellin
and antimycin A were added to a concentration of
10 WM each to slow down the rereduction of cyto-
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chrome c after photooxidation [26]. Various redox
potentials were obtained by adding small amounts
of sodium dithionite or potassium ferricyanide.

3. Results

3.1. Absorption and £uorescence spectra of
Cb. tepidum

The absorption spectrum of whole cells showed a
maximum at 745 nm due to aggregated BChl c in the
chlorosomes and a shoulder around 810 nm due to
BChl a (Fig. 1). Chlorosomal BChl a absorbs around
795 nm [8] but was not discernible in our spectrum.
The 810 nm peak was due to extrachlorosomal BChl
a mainly in the FMO protein [8]. The membranes
had a similar absorption spectrum except that the
BChl c maximum was blue-shifted a few nanometers.
The cells had a molar ratio of approx. 40 BChl c per
BChl a.

Steady state £uorescence spectra of cells and mem-
branes under reducing and oxidizing conditions are
shown in Fig. 2a and b, respectively. Oxidizing con-
ditions were obtained by suspending the samples in
air-saturated bu¡er and reducing conditions were ob-
tained by adding crystalline sodium dithionite to a
¢nal concentration of roughly 10 mM. When sul¢de
was added to an anaerobic cell suspension as de-
scribed in Section 2, the resulting £uorescence spec-
trum was similar to that obtained with dithionite.

Two bands were discernible in the £uorescence
spectra: BChl c £uorescence peaked around 770^
780 nm and BChl a £uorescence peaked around
800^820 nm. The £uorescence at 775 nm was about
10 times higher in cells and about 30 times higher in
membranes under reducing conditions when com-
pared to oxidizing conditions. This shows, in agree-
ment with previous reports, that a quencher of BChl
c excitation was inactivated under reducing condi-
tions [10^16]. In addition, the ratio of BChl a £uo-

Fig. 2. Fluorescence spectra of suspensions of (a) Cb. tepidum
cells, (b) Cb. tepidum membranes, and (c) Cfx. aurantiacus cells
under reducing conditions (solid lines) or oxidizing conditions
(dashed lines). Cb. tepidum was excited at 460 nm and Cfx. aur-
antiacus at 720 nm. The spectra under oxidizing conditions in a
and b are also shown as a 10 times enlargement (dotted lines).
The BChl c concentration was A745 = 0.2. AU, arbitrary unit.

Fig. 1. Absorption spectrum of a suspension of Cb. tepidum
cells (solid line) and transmission spectrum of ¢lters used for
£ash excitation: s 690 nm (dotted line), 700^760 nm (dash-dot
line), 810^880 nm (dash-dot-dot line), and 750 nm (dashed
line). The absorption spectrum of the cell suspension was re-
corded using opal glass to reduce light scattering e¡ects [27].
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rescence to BChl c £uorescence also increased dra-
matically under reducing conditions in both cells and
membranes as previously observed [16,28]. This
shows that much more excitation energy was trans-
ferred from BChl c to BChl a under reducing con-
ditions than under oxidizing conditions.

By deconvolution of the £uorescence spectra under
reducing conditions into Gaussian curves we found
that BChl c £uorescence peaked at 776 nm in cells
and at 774 nm in membranes. This small di¡erence is
similar to the small blue-shift in BChl c absorption
mentioned above. The BChl a £uorescence, on the
other hand, peaked at 817 nm with high intensity in
cells and at 809 nm with low intensity in membranes,
even though the major BChl a absorption was sim-
ilar and peaked at 810 nm in both cells and mem-
branes. A likely explanation for this di¡erence is that
the BChl a £uorescence at 809 nm in membranes
mainly originated from chlorosomal BChl a (which
absorbs at 795 nm), and that the BChl a £uorescence
at 817 nm in cells mainly originated from extra-
chlorosomal BChl a (most of which absorbs at
810 nm). This interpretation is consistent with the
optical properties of isolated FMO protein which
absorbs at 809 nm and £uoresces at 818 nm [8]
and with the observation that the £uorescence spec-
tra of membranes and isolated chlorosomes were
very similar (data not shown). If this interpretation
is correct, it suggests that transfer of excitation
energy from chlorosomal BChl c to extrachlorosomal
BChl a was disrupted in our membrane preparation.
Such a disruption could occur during preparation of
the membranes.

3.2. Absorption and £uorescence spectra of
Cfx. aurantiacus

The absorption spectrum of whole cells showed a
chlorosomal BChl c maximum at 743 nm and BChl a
maxima at around 800 nm due to the chlorosome
baseplate and at 867 nm due to the B808-866 anten-
na complex in the cytoplasmic membrane (data not
shown) [8]. These spectral species peaked at 753, 804
and 882 nm respectively in the £uorescence spectrum
(Fig. 2c). The £uorescence intensity showed much
less dependence on redox potential when compared
to Cb. tepidum cells (Fig. 2a). BChl c £uorescence
was only slightly higher in dithionite-reduced Cfx.

aurantiacus cells than under aerobic conditions
(Fig. 2c). This con¢rms previous observations that
an excitation quencher as found in Cb. tepidum is
not present in Cfx. aurantiacus [11,13,16]. The Cfx.
aurantiacus cells had a molar ratio of approx. seven
BChl c per BChl a.

3.3. Redox titration of £uorescence quenching in
Cb. tepidum

The quenching of BChl c £uorescence at 775 nm in
membranes was redox titrated and the midpoint po-
tential determined as approx. 3100 mV at pH 7
(data not shown). This midpoint potential is similar
to previously reported values for chlorosomes iso-
lated from Chlorobium vibrioforme [13,14] and Cb.
tepidum [15,16]. A similar redox titration of whole
Cb. tepidum cells was not possible since we could
not obtain stable £uorescence or redox potentials.
Therefore, we used aerobic/anaerobic conditions to

Fig. 3. Flash-induced cytochrome c oxidation (vA553ÿ540) in Cb.
tepidum cells in anaerobic or aerobic suspension. At the time in-
dicated by a triangle, the cells were excited by a single £ash
with either a 810^880 nm ¢lter (for BChl a excitation) or a 750
nm ¢lter (for BChl c excitation). Each trace represents an aver-
age of 1600 traces per wavelength recorded on a 10 ms full
time scale and separated by 6 s under anaerobic conditions and
by 12 s under aerobic conditions. The BChl c concentration
was A745 = 0.5.
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investigate the e¡ect of redox potential on £ash-in-
duced cytochrome c oxidation in whole cells.

3.4. Flash-induced cytochrome c oxidation in
Cb. tepidum cells

Fig. 3 shows the transient changes in absorption
due to cytochrome c oxidation following excitation
of whole cells by a single £ash. Reaction center-
bound cytochrome c donates electrons to the photo-
oxidized reaction center BChl dimer (P840�) in less
than 0.1 ms and is rereduced by cellular reductants
on a millisecond time scale [3,4]. Other membrane-
bound or soluble cytochromes c may reduce the re-
action center-bound cytochrome c, so more than one
cytochrome c may contribute to the measured ab-
sorption changes. However, this has little signi¢cance
for the validity of the current assay since the photo-
activity of the reaction center can be evaluated by the
total extent of cytochrome c oxidation following a
single £ash.

We used a 810^880 nm broad band interference
¢lter to speci¢cally excite extrachlorosomal BChl a
and a 750 nm interference ¢lter to speci¢cally excite
chlorosomal BChl c (Fig. 1). Fig. 3 shows that the
extent of £ash-induced cytochrome c oxidation under
anaerobic and aerobic conditions was similar when
BChl a was excited. A similar photooxidation was
obtained by exciting BChl c under anaerobic condi-
tions. However, excitation of BChl c under aerobic
conditions caused only little photooxidation. Thus,
energy transfer from BChl c to the reaction center
was highly inhibited under aerobic conditions. This
inhibition was reversible: when a cell suspension
which had been aerobically incubated for 6 h in the
dark was transferred back to anaerobic conditions
and supplemented with sul¢de, the £uorescence in-
creased and excitation of BChl c resulted in photo-
oxidation as in Fig. 3 (data not shown).

We measured the extent of photooxidation when
various ¢lters and various £ash intensities were used
(Fig. 4). When BChl a was speci¢cally excited, there

Fig. 4. Extent of £ash-induced cytochrome c oxidation (3vA553ÿ540) in Cb. tepidum cells in anaerobic suspension (solid circles) or
aerobic suspension (open triangles). The cells were excited using the ¢lter indicated on each graph. Other experimental conditions
were as described in Fig. 3, except that 400 traces were averaged for each data point.

BBABIO 44767 22-6-99

N.-U. Frigaard, K. Matsuura / Biochimica et Biophysica Acta 1412 (1999) 108^117 113



was hardly any di¡erence between anaerobic and
aerobic conditions, even under £ash-limiting condi-
tions (Fig. 4b). However, when BChl c was speci¢-
cally excited, the half-saturation intensity was
roughly 30 times higher under aerobic conditions
than under anaerobic conditions (Fig. 4c,d). To ex-
cite both BChl c and BChl a we used a 690 nm cuto¡
¢lter and under these conditions, the half-saturation
intensity was roughly 10 times higher under aerobic
conditions than under anaerobic conditions (Fig. 4a).
The results in Fig. 4 may suggest two di¡erent satu-
ration levels where the lowest level is associated with
excitation of BChl a (Fig. 4b) and the highest level is
associated with excitation of BChl c under anaerobic
conditions (Fig. 4a,c), but this possibility was not
further investigated.

From calculations based on the spectra of £ash
emission, ¢lter transmission, and cell absorption,
we estimated that roughly twice as much energy
was absorbed by extrachlorosomal BChl a in the ex-
periment in Fig. 4a compared to the experiment in
Fig. 4b (data not shown). This probably means that
most of the photooxidation observed under aerobic
conditions in Fig. 4a was due to extrachlorosomal
BChl a.

3.5. Flash-induced cytochrome c oxidation in
Cb. tepidum membranes

Fig. 5 shows the extent of cytochrome c photoox-
idation in isolated membranes when both BChl c and
BChl a were excited. The results shown in the ¢gure
were obtained at two di¡erent redox potentials, one
in which the BChl c £uorescence was high (reducing
conditions, Eh =3220 mV) and one in which the
BChl c £uorescence was low (oxidizing conditions,
Eh = +45 mV). The results showed that there was
no di¡erence in the extent of photooxidation at these
redox potentials. If only BChl c was excited using the
750 nm interference ¢lter, photooxidation was not
observed (data not shown). We therefore conclude
that the chlorosomal BChl c antenna was completely
and irreversibly uncoupled from the reaction center
under both reducing and oxidizing conditions and
that the photooxidation observed in Fig. 5 solely
was due to BChl a. This interpretation agrees well
with the interpretation of the £uorescence spectra
(Section 3.1).

3.6. Flash-induced cytochrome c oxidation in
Cfx. aurantiacus cells

Fig. 6 shows the extent of cytochrome c photoox-
idation in whole cells when BChl c (Fig. 6a) or BChl
a (Fig. 6b) was speci¢cally excited. The ¢gure shows
that the resulting photooxidation was similar under
anaerobic and aerobic conditions even under £ash
limiting conditions. This means that neither the
BChl c nor the BChl a antennas were a¡ected by O2.

4. Discussion

Our experiments with £ash-induced cytochrome c
oxidation in whole cells of Cb. tepidum showed that
energy transfer from the main light-harvesting anten-
na system was highly inhibited under aerobic condi-
tions. When BChl c was selectively excited, the half-
saturation £ash intensity of cytochrome c photooxi-
dation increased roughly 30 times under aerobic con-
ditions when compared to anaerobic conditions (Fig.
4c,d). In other words, when only the BChl c antenna
was excited the extent of light-limited cytochrome c
photooxidation decreased approx. 97% under aerobic
conditions. This observation agrees well with pre-
vious experiments with ``Chloropseudomonas ethyli-
ca'' in which cell suspensions were continuously illu-

Fig. 5. Extent of £ash-induced cytochrome c oxidation
(3vA553ÿ540) in a suspension of chlorosome-containing cyto-
plasmic membranes from Cb. tepidum under reducing condi-
tions (Eh =3220 mV, solid circles) or oxidizing conditions
(Eh = +45 mV, open triangles). The suspension was excited us-
ing the ¢lter indicated on the graph. Other experimental condi-
tions were as described in Fig. 4, except that the absorption
changes were measured on a 2 ms full time scale and A745 = 1.
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minated with actinic light of 740 nm [29]. The author
concluded that under such conditions menaquinone
and cytochrome are photooxidized under anaerobic
conditions but that this photooxidation is reversibly
inhibited under aerobic conditions.

A reasonable explanation for this inhibition is the
redox-dependent quenching of excited BChl c. Our
£uorescence spectra showed that both excited BChl c
and transfer of excitation energy from BChl c to
BChl a were e¤ciently quenched under aerobic con-
ditions (Fig. 2a,b). This quenching can therefore ex-
plain the decreased photooxidation when BChl c is
excited under aerobic conditions since less excitation
energy is expected to reach the reaction center. The
model in Fig. 7 illustrates this idea. No such quench-
ing in the antennas was observed in Cfx. aurantiacus
cells (Fig. 2c) and cytochrome c photooxidation was

similar under anaerobic and aerobic conditions (Fig.
6a).

When extrachlorosomal BChl a was excited in
whole cells of Cb. tepidum (Fig. 4b) or Cfx. aurantia-
cus (Fig. 6b), cytochrome c photooxidation was sim-
ilar under anaerobic and aerobic conditions. Thus,
the extrachlorosomal BChl a antennas in both of
these species were apparently not subjected to re-
dox-dependent quenching.

The identity of the quenching species in chloro-
somes from green sulfur bacteria is not clear. How-
ever, we recently found menaquinone-7 and chloro-
biumquinone (1P-oxomenaquinone-7) in the interior
of chlorosomes from Cb. tepidum in a molar content
of approx. 0.02 and 0.1, respectively, per BChl c
[15,16]. And we suggested that the redox-dependent
quenching in Cb. tepidum chlorosomes mostly is due
to chlorobiumquinone based on this quinone's chem-
ical properties and since Cfx. aurantiacus chloro-
somes contain menaquinone-10 but not chlorobium-
quinone [15,16].

The FMO protein causes most of the absorption
by BChl a in Cb. tepidum. In its isolated form, this

Fig. 7. Simpli¢ed model showing the arrangement of the light-
harvesting and electron transferring components of the photo-
synthetic apparatus in Cb. tepidum. Excitation transfer is shown
by solid lines, electron transfer by dotted lines. Under reducing
conditions excitation energy is transferred via pathway 1. Under
oxidizing conditions, a quencher is activated which absorbs
most of the excitation energy via pathway 2 and thereby inhib-
its photosynthetic electron transfer. Cyt c, cytochrome c ; Fe-S,
iron-sulfur cluster; P840, primary electron donor.

Fig. 6. Extent of £ash-induced cytochrome c oxidation
(3vA554ÿ542) in Cfx. aurantiacus cells in anaerobic suspension
(solid circles) or aerobic suspension (open triangles). The cells
were excited using the ¢lter indicated on each graph. Other ex-
perimental conditions were as described in Fig. 3, except that
40 traces separated by 20 s were averaged for each data point.
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protein exhibits a redox-dependent quenching of
BChl £uorescence, although the mechanism seems
to be di¡erent from that in chlorosomes [30,31]. It
is therefore interesting to note that cytochrome c
oxidation in whole cells was similar under anaerobic
and aerobic conditions when BChl a was excited
(Fig. 4b). This could mean that quenching in the
FMO protein in whole cells was not activated under
the aerobic conditions used in this study or that, if
the quenching was activated, had no in£uence on the
photooxidation. A rather low transfer of excitation
energy from the FMO protein to the reaction center
has previously been reported in subcellular prepara-
tions from Cb. tepidum [32,33]. However, we think
this might be explained by a disruption of the energy
transfer pathway similar to what apparently occurred
with the chlorosome antenna in our membrane prep-
aration from Cb. tepidum.

In plants, the primary targets of reactive oxygen
species seem to include the iron-sulfur clusters of
photosystem 1 and thiol groups of soluble enzymes
[18]. The iron-sulfur clusters in the green sulfur bac-
terial reaction center are also very sensitive to O2

[34,35] and bubbling a culture of Cb. vibrioforme
for about 0.5 h with air inactivates the FA and FB

clusters (I.R. Vassiliev, J.H. Golbeck, personal com-
munication). However, we found that £ash-induced
cytochrome c oxidation in a suspension of Cb. tepid-
um cells was una¡ected even after 12 h of £ashing
under aerobic conditions (using the 810^880 nm ¢l-
ter; data not shown). This means that even though
O2-sensitive components in green sulfur bacteria may
easily be damaged under aerobic conditions, the abil-
ity of the reaction center to oxidize cytochrome c is
apparently much more stable.

The low potential reductants produced by the re-
action center in green sulfur bacteria react readily
with O2 to form superoxide and other reactive oxy-
gen species [18,36]. By reversibly uncoupling the
chlorosomal BChl c antenna from photosynthetic
electron transfer under oxidizing conditions, the bac-
teria are apparently able to avoid production of such
reductants and might therefore enhance their chance
of survival under aerobic conditions. The reduced
menaquinone produced in the reaction center in
Cfx. aurantiacus probably do not readily form reac-
tive oxygen species and green ¢lamentous bacteria
are in general rather tolerant towards O2. This could

explain why these bacteria do not possess the same
quenching mechanism as green sulfur bacteria.
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