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Summary. Anaerobically light-grown cells of Rhodobacter capsula-
tus B100 are highly resistant to the toxic oxyanion tellurite 
(TeO3

2-; minimal inhibitory concentration, 250 mg/ml). This study
examines, for the first time, some structural and biochemical features
of cells and plasma membrane fragments of this facultative pho-
totroph grown in the presence of 50 mg of K2TeO3 per ml. Through
the use of transmission microscopy and X-ray microanalysis we
show that several “needlelike” shaped granules of elemental tel-
lurium are accumulated into the cytosol near the intracytoplasmic
membrane system. Flash-spectroscopy, oxygen consumption mea-
surements, and difference spectra analysis indicated that membrane
vesicles (chromatophores) isolated from tellurite-grown cells are
able to catalyze both photosynthetic and respiratory electron trans-
port activities, although they are characterized by a low c-type
cytochrome content (mostly soluble cytochrome c2). This feature is
paralleled by a low cytochrome c oxidase activity and with an
NADH-dependent respiration which is catalyzed by a pathway
leading to a quinol oxidase (Qox) inhibited by high (millimolar)
concentrations of cyanide (CN-). Conversely, membranes from R.
capsulatus B100 cells grown in the absence of tellurite are charac-
terized by a branched respiratory chain in which the cytochrome 
c oxidase pathway (blocked by CN- in the micromolar range)
accounts for 35–40% of the total NADH-dependent oxygen con-
sumption, while the remaining activity is catalyzed by the quinol
oxidase pathway. These data have been interpreted to show that tel-
lurite resistance of R. capsulatus B100 is characterized by the pres-
ence of a modified plasma-membrane-associated electron transport
system.

Keywords: Cytochrome; Flash spectroscopy; Respiration; Rho-
dobacter capsulatus; Tellurium inclusion; X-ray microanalysis.

Introduction

The oxyanion tellurite (TeO3
2-) is highly toxic to

prokaryotic and eukaryotic cells (Wagner et al. 1995,

Turner 2001) at concentrations as low as 1 mg/ml 
(4 mM). Intrinsic low-level resistance to TeO3

2- has
been reported for a few Gram-positive bacteria such
as Corynebacterium diphtheriae and Streptococcus fae-
calis (Summers and Silver 1978), while a constitutive
high-level resistance at concentrations between 1 and
2.5 mg/ml (0.4–1 mM) has been found in several
Gram-negative bacteria belonging to the class “Alpha-
proteobacteria” (Yurkov and Beatty 1998, Yurkov 
et al. 1996).

In Gram-negative bacteria, resistance to tellurite
has been associated to at least five determinants, all
apparently unrelated to one another at either DNA or
protein level (Turner et al. 1995, Taylor 1999, Turner
2001). It has been largely documented that the major-
ity of tellurite-resistant bacteria convert tellurite to
elemental tellurium (reduction of TeIV to Te0) which is
accumulated intracellularly as black inclusions (Taylor
1999). In this respect it was proposed that reduction of
tellurite into less toxic elemental tellurium (Te0) might
represent a secondary pathway for detoxification; on
the other hand, tellurite resistance without metal accu-
mulation was observed in several species of photo-
trophic bacteria implying that tellurite resistance does
not strictly depend on the formation of black inclu-
sions of elemental tellurium (Yurkov et al. 1996).

The role assumed by respiratory and photosynthetic
bacterial electron transport chains during tellurite
reduction remains elusive, although several reports
suggest that plasma membrane redox enzymes might
be involved in at least one of the two enzymatic steps
required to generate tellurium from tellurite (Moore
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and Kaplan 1992). The extent of tellurite reduction in
Rhodobacter sphaeroides was inversely related to the
oxidation state of the carbon source and it has also
been shown to be dependent on reduced flavin
adenine dinucleotide oxidation activity (Moore and
Kaplan 1992, 1994). Chiong et al. (1988) have purified
a protein fraction from Thermus thermophilus which
contained an NADH/NADPH-dependent tellurite-
reducing activity, while the membrane-bound nitrate
reductases (NarG and NarZ) of Escherichia coli have
been found to reduce tellurite and contribute to its
basal level of resistance to the oxyanion (Avazeri et al.
1997). Additionally, the periplasmically located nitrate
reductase (Nap) also exhibits tellurite reductase activ-
ity (R. J.Turner, pers. commun.). Recently, the electron
transport flow catalyzed by the branched respiratory
chain of Pseudomonas aeruginosa (Matsushita et al.
1980, Zannoni 1989, Cunningham and Williams 1995)
has tentatively been correlated with reduction of
potassium tellurite (Trutko et al. 2000). Further, strain
KF707 of Pseudomonas pseudoalcaligenes, which is
able to cometabolize polychlorinated biphenyls under
aerobic conditions (Taira et al. 1992, Fedi et al. 2001),
has recently been reported to be resistant to tellurite
(MIC = 150 mg/ml, 0.4 mM) (Di Tomaso et al. 2002).
Interestingly, membrane fragments isolated from P.
pseudoalcaligens KF707 were shown to contain a
branched respiratory chain which was functionally and
structurally modified in cells grown in the presence of
the oxyanion (Di Tomaso et al. 2002).This observation
prompted us to test the effect of tellurite on the plasma
membrane redox components of Rhodobacter capsu-
latus, a facultative phototroph which has been shown
to grow anaerobically in the light in the presence of
high amounts of tellurite (Yurkov and Beatty 1998).
Here we report that the tellurite resistance of R. cap-
sulatus is linked to an intracellular accumulation of
granules of elemental tellurium; in addition, we show
that membrane fragments (chromatophores) isolated
from photosynthetically grown cells are endowed with
photosynthetic and respiratory apparatuses which are
modified by growth in the presence of tellurite. The
results are discussed on the basis of our working
hypothesis that tellurite might change the redox state
of the respiratory chain at the quinone pool level.

Material and methods

Bacterial strain

Rhodobacter capsulatus B100 was grown anaerobically in the light
at 30 °C in RCV-malate minimal salt medium as described previ-
ously (Zannoni et al. 1978). Anaerobic photosynthetic liquid cul-
tures were made in completely filled screw-capped bottles with an
incident light intensity of 200 W/cm2. Growth in the presence of tel-
lurite was obtained by addition of 50 mg of K2TeO3 per ml.

Praparation of membranes

Rhodobacter capsulatus B100 cells were harvested at the end of their
exponential-growth phase (A660 = 0.9). Membrane fragments were
prepared using a French pressure cell and ultracentrifugation as
described previously (Zannoni et al. 1978) in 0.1 M N-tris[hydroxy-
methyl] methylglycine buffer (pH 7.5) containing 10 mM MgCl2.
Membranes were suspended at a known protein concentration in
the same buffer and used immediately for both electron transport
measurements and spectroscopic studies.

Protein and bacteriochlorophyll determinations

The protein content of the samples was determined by the method
of Bradford (1976) with bovine serum albumin as a standard. The
bacteriochlorophyll content was measured spectrophotometrically
at 775 nm in acetone-methanol (7 : 2, v/v) extracts with an extinc-
tion coefficient of 75 mM-1 cm-1 (Clayton 1963).

Measurement of oxygen uptake and inhibitor titrations

Respiratory activities in membrane fragments were determined by
monitoring oxygen consumption with a Clark-type oxygen electrode
YSI 53 (Yellow Springs Instruments Inc., Yellow Springs, Ohio,
U.S.A.) as detailed elsewhere (Daldal et al. 2001).

Spectral analysis of cytochrome content of membranes

The amounts of cytochromes in membrane fragments and soluble
fractions were estimated by recording, at room temperature,
reduced (with sodium dithionite) minus oxidized (with potassium
ferricyanide) optical difference spectra. A Jasco 7800 spectropho-
tometer and the extinction coefficients e561–575 of 22 mM-1 cm-1 and
e551–540 of 19 mM-1 cm-1 were used for b- and c-type cytochromes,
respectively, except for flash spectroscopy (see legend of Fig. 4 and
Discussion section).

Kinetic spectrophotometry

Absorbance changes induced by a xenon flash lamp (EG&G FX201,
discharging a 3 mF capacitor charged to 1.5 kV, 4 ms pulse duration
at half-maximal intensity) were measured by a single beam spec-
trophotometer equipped with a double grating monochromator
(bandwidth, 1.5 nm). The photomultiplier was protected by a
Corning glass 4/96 filter. A triggered shutter was used to gate the
measuring beam. Data were acquired by a LeCroy 9410 digital oscil-
loscope interfaced to an Olivetti M240 computer. All the measure-
ments were performed under controlled redox potentials with a
calomel electrode for reference and a platinum electrode as the
measuring one. The redox mediators were phenazine ethosulfate,
phenazine methosulfate, 2,3,5,6-tetramethyl-p-phenylenediamine
(DAD), p-benzoquinone, 1,2-naphthoquinone (1,2-NQ), and 1,4-
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naphthoquinone (1,4-NQ) at the concentrations indicated in the
legend of Fig. 4. To determine the stoichiometry of the photosyn-
thetic redox components, trains of 14 flashes of light, 100 ms spaced,
were used to photoactivate chromatophores in the presence of 3 mM
valinomycin and 3 mM nigericin as uncouplers and 10 mM antimycin
A to inhibit the cyclic electron flow.

Electron microphotographs of bacterial cells

To determine the presence of tellurium (Te0) in bacterial cells, tel-
lurite (50 mg/ml) was added to the liquid culture at the beginning of
the exponential-growth phase. Ten hours later, when the bacterial
cultures became black, they were harvested and processed for elec-
tron microscopy analysis as follows: cell pellets were fixed for 2 h in
0.05 M cacodylate, 1.5% (w/v) glutaraldehyde (pH 7.2); the same
buffer was used for overnight washing of the samples followed by 
2 h fixation with 2% (w/v) osmium tetroxide and dehydration with
ethanol. Samples were finally embedded in Durcopan. Thin sections
obtained by a LKB Ultratome Nova were double-stained with
uranyl acetate and lead citrate (Reynolds 1963). Specimens were
examined with a Philips CM-100 transmission electron microscope.

X-ray microanalysis

To obtain X-ray spectra, unstained specimen sections collected on a
copper grid (200 mesh) and carbon coated were used. The specimen
was analyzed with a Philips Tecnai F20 equipped with Edax Ultra-
thin Window energy dispersive spectrometer. The microscope was
equipped with a field emission source and was operated at an accel-
erating voltage of 200 kV in the nanoprobe mode, thus minimizing
both the beam broadening and the spurious X-ray signal coming
from areas close to the one analyzed. All X-ray spectra were taken
with the same count rate.

Results

Electron microscopy

In Fig. 1a and b, electron microphotographs of R. cap-
sulatus cells grown photosynthetically in the absence
or presence of potassium tellurite are shown. Appar-
ently several electron-dense granules are present in
the cytoplasm of cells which were harvested from
liquid cultures supplemented with 50 mg of potassium
tellurite per ml (Fig. 1b), while control cells (Fig. 1a)
are clear of black inclusions. Notably, the “needlelike”
shaped granules of tellurium in phototrophycally
grown cells are located intracellularly close to the
intracytoplasmic membrane system which is typical of
cells grown anaerobically in the light (Drews and
Golecki 1995).

X-ray microanalysis

The spectrum shown in Fig. 2a was obtained by focus-
ing the electron beam on the dark inclusions charac-
terizing cells from tellurite-grown cultures (see Fig.

1b). Apparently, L family lines of elemental tellurium
are present between 3.6 and 4.5 keV; in addition, peaks
corresponding to C, CuLa, and CuKa (Goldstein et al.
1981) can be seen at 0.285, 0.90, and 8.10 keV, respec-
tively. In this regard, it should be noted that Cu lines
were generated by the copper grid supporting the
specimen, while the strong C line (at 0.285 keV) was
due to both the thin carbon layer deposited on the
sample and to the carbon contamination inside the
microscope.

The control spectrum shown in Fig. 2b was obtained
by focusing the electron beam on a cytoplasmic region
clear of dark inclusions. Clearly no tellurium peaks are
present, while phosphorous and sulphur peaks (at
2.013 and 2.307 keV, respectively) typical of organic
material are seen. As expected, carbon and copper
peaks are also present; note that in Fig. 2b the y-axis
scale of the spectrum is approximately 1.5 times the
one of the spectrum in Fig. 2a.

Fig. 1. Electron microphotographs of R. capsulatus B100 cells
grown photosynthetically in RCV medium in the absence (a) or
presence (b) of potassium tellurite. The tellurite-grown cells show
electron-dense granules. Bars: 0.2 mm
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Respiratory activities in membrane fragments 
from R. capsulatus B100 cells grown in presence 
or absence of tellurite

Preliminary experiments were carried out to deter-
mine the respiratory activities of membrane fragments
isolated from R. capsulatus B100 cells grown anaero-
bically in the light in the presence or absence of potas-
sium tellurite (50 mg/ml) and harvested at their late-
exponential-growth phase (optical density at 660 nm,
0.9). It has previously been shown that R. capsulatus
strain St. Louis is endowed with a branched respira-
tory chain leading to two membrane-bound oxidases:
one oxidase, which has either soluble cyt c2 or 
membrane-attached cyt cy as electron donors, is of cbb3

type and is inhibited by low cyanide (CN-) concentra-
tions (micromolar range) (Zannoni et al. 1974, Gray et
al. 1994); the other oxidase, which has quinol as elec-
tron donor, is inhibited by CO and by high CN- con-

centrations (millimolar range) (Zannoni et al. 1976,
Zannoni 1995) (see Fig. 6). To test for the presence of
multiple membrane-bound oxidases in cells of strain
B100, we have investigated the effect of cyanide on the
NADH-dependent respiratory activity. The titers
reported in Fig. 3 indicate that membranes from late-
exponential-growth-phase cells grown in the absence
of tellurite contain at least two terminal oxidases
(byphasic curve) with different sensitivities to cyanide
(50% inhibitory concentrations, 0.5 mM and 0.15 mM).
Apparently, the cyanide-sensitive oxidase of strain
B100 accounts for less than 35–40% of the total
NADH-dependent respiration, while the cyanide-
resistant oxidase (50% inhibitory concentration,
0.15 mM), the so-called alternative oxidase (Zannoni
1995), accounts for the rest of the respiratory activity.
Figure 3 also shows that membranes isolated from
cells grown in the presence of tellurite contain a
cyanide-resistant oxidase contributing to almost the
total NADH-dependent respiration; this result was
also confirmed by the use of antimycin A, a specific
inhibitor of the cyt bc1 complex (Table 1). Table 1 also
shows that the diversion of most of the electron trans-
port flow through the cyanide-resistant oxidase did not
affect at all the total NADH-dependent respira-
tory rate of membranes from tellurite-grown cells 
(6.6 mmoles of O2 per h per mg of protein in both 
types of membranes), in spite of the fact that the cyt 
c oxidase (measured as ascorbate-horse heart cyt c
oxidation) was 55% reduced in membranes from 
tellurite-grown cells (8.5 and 3.8 mmoles of O2 per h
per mg of protein, respectively).

Fig. 2. X-ray microanalysis of the cytosolic content of R. capsulatus
B100 cells grown photosynthetically in RCV medium in the pres-
ence (A) or absence (B) of potassium tellurite. For tellurite-grown
cells the electron beam was focused on their characteristic dark
inclusions. Note that in both panels the number of counts corre-
spond to an acquisition time of 91 ms. Copper and carbon lines were
due to specimen support and coat

Fig. 3. Cyanide inhibition of the NADH-dependent oxidative activ-
ity in membranes from cells of R. capsulatus B100 grown photosyn-
thetically in the presence (�) or absence (�) of potassium tellurite.
See Table 1 for substrate concentrations
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Flash spectroscopy

The capacity of tellurite-grown cells of R. capsulatus
B100 to generate through mechanical disruption
(French pressure cell; see under Material and
methods) orthodox sealed membrane vesicles (chro-
matophores) catalyzing a light-induced cyclic electron
flow linked to the formation of an electrochemi-
cal membrane potential was investigated by flash 
spectroscopy.

Traces reported in Fig. 4 show the responses to a
single actinic flash of light of the carotenoid band-shift
(examined at 536 nm) (Fig. 4a, a�), while the responses
of cytochromes of c- (examined at 551–540 nm; Fig.
4b, b�) and b-type (examined at 561–569 nm; Fig. 4c,
c�) and of the photosynthetic reaction center (RC)
(spectroscopic signal at 605 nm; Fig. 4d, d�) were
induced by trains of fourteen actinic flashes separated
by 100 ms. For the sake of clarity, the traces in Fig. 4d
and d� were corrected taking into account the fraction
of preoxidized RC at the potential indicated in the
figure legend, assuming an Em7.0 of +440 mV for the RC
oxidized/reduced couple (Evans and Crofts 1974).

The carotenoid band-shift is a response to trans-
membrane electrochemical potential, and it can be
used as an internal membrane probe to show the
integrity of isolated membrane vesicles (chro-
matophores) in terms of proton-coupling. Indeed, in
the presence of ionophores such as valinomycin and
nigericin, the carotenoid band-shift is eliminated due
to the collapse of the membrane potential.

Table 1. Oxidative activities of membranes from cells of R. capsu-
latus B100 photosynthetically grown in RCV medium in the pres-
ence or absence of 50 mg of potassium tellurite per ml

Electron donor Inhibitor a Oxidative activity b of 
membranes of cells 
grown in

RCV RCV + K2TeO3

NADH (0.2 mM) none 6.6 6.6
antimycin A 3.3 6.4
KCN 3.6 6.5

Succinate (2 mM) none 5.3 5.4
KCN 2.6 5.3

Asc (5 mM) + none 8.5 3.8
cyt c (60 mM) c KCN 0.5 0.1

a Concentrations: antimycin A, 5 mM; KCN (potassium cyanide),
10 mM
b Activities are expressed as mmoles of O2 per h per mg of protein
c Na-ascorbate plus horse heart cytochrome c

Fig. 4. Responses of the carotenoid band-shift (536 nm) (a), c-type
cytochromes (551–540 nm) (b), b-type cytochromes (561–569 nm)
(c), and photochemical RC (605 nm) (d), of membrane chro-
matophores from light-grown cells of R. capsulatus B100 to a single
flash (a) or a train of fourteen actinic flashes of light (b–d). a and 
a� Measurements were performed on freshly prepared chro-
matophores suspended at a concentration of 80 mM bacteriochloro-
phyll in 50 mM morpholinepropanesulfonic acid, 100 mM KCl, pH
7.0 in the presence of 1 mM Na-ascorbate; 3 mM phenazine etho-
sulfate and 3 mM phenazine methosulfate, 10 mM DAD, 10 mM 1,2-
NQ, and 10 mM 1,4-NQ were added as redox mediators. b–d and
b�–d� Membranes were suspended in the same buffer at a concen-
tration of 50 mM bacteriochlorophyll under redox controlled con-
ditions in the presence of 3 mM valinomycin, 3 mM nigericin, 10 mM
antimycin A; 2 mM DAD, 10 mM p-benzoquinone, 10 mM 1,2-NQ,
and 10 mM 1,4-NQ were added as redox mediators. The Eh was +190
± 10 mV (b, b� and c, c�), +428 mV (d), and +420 mV (d�). Kinetic
traces were an average of 2 (a and a�) or 10 events (b–d and b�–d�)
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Concerning the spectral signal of c-type hemes (cyt
c2 and cy) (Zannoni 1995), it must be underlined that
on the time scale used here, photooxidation of cyto-
chromes c can be seen at a large extent only in the
presence of the bc1 inhibitor antimycin A (10 mM); in
addition, under these experimental conditions, a con-
sistent cyt c re-reduction should occur only after the
first two turnovers, thus revealing the full extent of cyt
c oxidation.

Figure 4a and a� shows that the carotenoid band-
shift lasts for (at least) 500 ms after an actinic flash 
of light in both chromatophores from control and 
tellurite-grown cells demonstrating that both types of
cells generate orthodox sealed membrane fragments
through mechanical disruption (see under Material
and methods). Figure 4b and b� shows that a consis-
tent cyt c oxidation is produced after a series of actinic
flashes of light in membranes from cells grown in the
absence (control) or presence of tellurite; however, in
the latter case, the extent of cyt c oxidation is approx-
imately 50% of the control.

Antimycin A, which inhibits cyt b oxidation, is
expected to reveal the maximal reduction of these
cytochromes (signal at 561–569 nm). As shown in Fig.
4c and c�, on a 500 ms time scale, the extent of cty b
reduction in chromatophores from tellurite-grown
cells is slightly less than that seen in the control trace.
Notably, the RC photooxidation kinetics (seen at 
605 nm) were similar in both membranes from control
and tellurite-grown cells (Fig. 4d, d�). This set of data
has therefore been interpreted to show that R. capsu-
latus B100 cells grown in the presence of tellurite syn-
thesize an orthodox intracytoplasmic membrane sys-
tem. However, the amount of the c-type electron trans-
port components (mainly soluble cyt c2; see below)
involved in photocyclic electron flow is far less than
the one measured in membranes from control cells.
During our studies we also noted that B100 chro-
matophore membranes showed a bacteriochlorophyll
content (see under Material and methods) which was
consistently 30% higher in tellurite-grown cells than 
in controls (on the basis of either RC or protein
amounts).

Difference spectra

Reduced-minus-oxidized difference spectra (sodium
dithionite as reducing agent) of membranes from B100
cells grown anaerobically in the light (optical density

of 660 nm, 0.9) in the absence or presence of tellurite
are shown in Fig. 5. The spectra were recorded from
samples with identical protein concentrations (1 mg/
ml) and are thus directly comparable. The presence of
c- and b-type hemes with a-bands in their reduced
form at 552 nm and 560 nm, respectively, is apparent.
As expected from previous work (Zannoni 1995), in
none of the spectra were signals observed which would
have indicated the presence of aa3-type hemes (a-band
in their reduced form at 602–605 nm; not shown). As
shown in Fig. 4, trace b the reduced-minus-oxidized
difference spectrum of membranes isolated from cells
anaerobically grown in the light in the presence of 
50 mg of tellurite per ml is quantitatively different from
control (Fig. 4, trace a). In particular, the a-band of c-
type hemes at 552 nm is now considerably reduced
compared to the one of b-type hemes (560 nm) with a
cyt c/b ratio (on the basis of nmoles of heme per mg
of protein) of 0.57, while the cyt c/b ratio in mem-
branes from control cells is 0.95.These data, along with
those obtained by flash-spectroscopic analysis, show
clearly that the total c-type complement present in the
plasma membranes isolated from tellurite-grown cells
is considerably reduced by growth in the presence of
tellurite. Further, comparing difference spectra of the
crude cell extracts and soluble cell fractions (135000
g), it has been concluded that cells grown in the pres-

Fig. 5. Reduced-minus-oxidized difference spectra (recorded at 
25 °C) of membrane fragments from cells of R. capsulatus B100 pho-
tosynthetically grown in RCV medium in the absence (trace a) or
presence (trace b) of potassium tellurite. Samples were oxidized
with a few crystals of K-ferricyanide and reduced with a few crys-
tals of Na-dithionite. Protein concentration, 1 mg/ml
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ence of tellurite contain less soluble cyt c2 than control
cells (decrease between 30% and 50% in 3 different
membrane preparations; data not shown).

Discussion

In this study we have investigated some structural,
spectroscopic and functional aspects of the plasma
membrane system of R. capsulatus B100 cells grown
photosynthetically in the presence of the toxic oxyan-
ion tellurite.

The main results concerning the presence of dark
inclusions in light-grown cells of R. capsulatus B100
can be summarized as follows: X-ray microanalysis
demonstrated unequivocally that photosynthetic cells
accumulate granules of elemental tellurium; tellurium
inclusions (having a needlelike shape) are mainly
located near the intracytoplasmic membrane system.
This latter observation suggests a possible correlation
between intracytoplasmic membrane and tellurite
reduction (see also below). Indeed, the intracytoplas-
mic membrane system, which accommodates most of
the photosynthetic and electron transport compo-
nents, e.g., RC and Q/bc1 complex (Drews and Golecki
1995), is likely to generate high amounts of reducing
equivalents under anaerobic growth in the light. This
might explain the presence of tellurium crystals clus-
tered together inside the highly reducing cytosol
region in contact with the intracytoplasmic membrane
vesicles. In this respect, the present study also shows
that the basic features characterizing the photosyn-
thetic cyclic electron flow are not substantially altered
by growth in the presence of tellurite. Indeed, mem-
brane chromatophores generated by mechanical cell
disruption (see under Material and methods) ap-
peared to be sealed and the electron transfer kinetics
are sensitive to inhibitors of the bc1 complex. Since in
the assay reported in Fig. 4 an equal amount of total
RC has been evaluated in chromatophores from
control and tellurite-grown cells (Fig. 4d, d�), the latter
contain far less (50%) photooxidizable cytochromes c
(compare Fig. 4b with b�). The c-type cytochromes
interacting with the RC (cyt c2 and cy) can be estimated
by subtracting from traces b and b� the amount of 
cyt c1 that corresponds to the total photoreducible cyt
b561 of the bc1 complex (Fig. 4c, c�) taking into ac-
count the 1 : 1 stoichiometry between the c1 and b561

prostetic groups. This can be done directly in Fig. 4,
due to the equal values of the De551–540 and De561–569

(19.5 mM-1 cm-1; Bowyer and Crofts 1981) putting in
evidence how in tellurite-grown cells the c-type
cytochromes interacting with the RC are dramatically
reduced. Since photosynthesis and respiration share
the same c-type complement (Zannoni 1995), the cyt
c oxidase activity is also affected by the c-type heme
decrease. In fact, in membranes from tellurite-grown
cells, almost the entire NADH-dependent respiration
is catalyzed by the cyanide-resistant respiration with a
parallel reduction (55%) of the cyt c oxidase activity.
A block scheme of the respiratory chain in membranes
isolated from R. capsulatus B100 grown in the absence
or presence of potassium tellurite is depicted in Fig. 6.

Although the mechanism of tellurite (TeO3
2-) reduc-

tion by bacterial cells (a four-electron reaction) is as
yet unknown (Turner 2001), a recent work on several
tellurite-resistant aerobes (genera Pseudomonas,
Agrobacterium, Erwinia, and Escherichia) proposed
an active role of the respiratory chain in the accumu-
lation of elemental tellurium; in addition, the periplas-
mic or cytoplasmic location of tellurium granules was
correlated with the position of the catalytic centers of
the terminal membrane-bound oxidases (Trutko et al.
2000). On the other hand, it was also shown that acti-
vation of the cyt c activity in cells of Pseudomonas

Fig. 6. Proposed block scheme of the respiratory electron transport
system in cells of R. capsulatus B100 grown photosynthetically in
RCV medium in the absence (a) or presence (b) of potassium tel-
lurite. The thickness of solid arrows and letter size symbolize the 
relative rate of oxidative electron flow and cytochrome amount,
respectively. Dotted arrows in b indicate the segment of the redox
chain which is strongly repressed by tellurite addition. Notably, the
Qox Æ O2 branch (quinol oxidase pathway) is blocked by millimo-
lar concentrations of cyanide, while the cbb3 Æ O2 (cyt c oxidase
pathway) is blocked by micromolar concentrations of cyanide (see
also Zannoni [1995] for further details). NADH deh, NADH dehy-
drogenase; Q, ubiquinone; QH2, ubiquinol; bc1, cyt bc1 complex; c2,
soluble cyt c; cy, membrane-attached cyt c; cbb3, cbb3 cyt c oxidase
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aeruginosa lowers the cell Te content suggesting that
reduction of tellurite and oxygen compete for the
same pool of reducing equivalents at the Q/bc1 level.
Considering that potassium tellurite at pH 7.0 is
mainly present in the form of HTeO3

- and TeO3
2- (104/1

ratio, standard potentials of the redox couples esti-
mated at -0.12 V at pH 7.0), the most likely thermo-
dynamic interaction, if any, would be at the Q-pool
level (Em,7 of the redox couples Q•-/Q and Q/QH2 of
-200 and +90 mV, respectively). In this respect, it 
has previously been shown that the electron flow is
modulated by changes in the Q-pool redox state only
through the quinol oxidation site, Qo site, of the bc1

complex (Venturoli et al. 1986). Further, under steady-
state respiration, the bc1 complex is reduced when the
Q-pool reduction level reaches 4–5% of the total,
whereas the quinol oxidase pathway (CN--resistant
oxidase) is operative only when the Q-pool is approx-
imately 25% reduced (Zannoni and Moore 1990).
Since we have shown (this work) that the cyt c oxidase
activity in membranes from tellurite-grown cells of R.
capsulatus B100 is significantly decreased as compared
to control, it is likely to presume that this change
would lead to an increase of the Q-pool reduction
level and, as a consequence, to the quinol oxidase
pathway (shown by the CN- titers in Fig. 3). If our rea-
soning is correct, changes in the Q-pool redox state
would also affect the photosynthetic apparatus since
the Q-pool is intimately involved in the regulation of
photosynthetic gene expression under both aerobic
and anaerobic conditions. As previously shown by
Gomelsky et al. (2000), in the presence of an external
electron acceptor capable to directly oxidize the Q-
pool, the increase of the Q oxidized state would
decrease the expression of photopigment genes. In this
respect our observation that tellurite-grown cells
present a bacteriochlorophyll content higher (30%)
than controls, suggests that under this growth condi-
tion the Q-pool is likely to be highly reduced, as
expected by repression of the cyt c oxidase pathway,
rather than oxidized (Zannoni and Moore 1990).Thus,
although these data do not allow to establish whether
or not the Q-pool redox level of R. capsulatus cells is
modified by growth in the presence of tellurite, the
increase of bacteriochlorophyll content in tellurite-
grown cells might indirectly support this conclusion.
On the other hand, the accumulation of black granules
of tellurium inside the cells might interfere with the
light intensity captured by phototrophic cultures and
this shielding phenomenon could also affect the syn-

thesis of antenna pigments (Drews and Golecki 1995).
This aspect requires therefore further investigation.

The data presented raise the question whether the
modifications observed are specifically required to
survive in the presence of tellurite or simply reflect
toxic effects of the oxyanion on metabolic pathways
not directly related to the electron transport system.
In other terms, the variations observed at the level 
of the plasma membrane redox components in cells
grown in the presence of TeO3

2- could be the result of
a direct and/or indirect tellurite effect on genes coding
for redox enzymes, a phenomenon not necessarily
linked with the capacity of B100 to grow in the pres-
ence of tellurite. In this respect, it is difficult to explain
why the strong decrease of the soluble c-type heme
(cyt c2) should better cope with cell survival in the
presence of TeO3

2-. On the other hand, the latter 
phenomenon has also been described in cells of P.
pseudoalcaligenes KF707 grown aerobically in the
presence of tellurite (Di Tomaso et al. 2002) and it
appears therefore a typical adaptation of Pseudo-
monas and Rhodobacter species to growth in the pres-
ence of this oxyanion. Further studies are therefore
necessary to establish whether modifications of the c-
type heme complement are indicative of a functional
response of the respiratory chain (possibly involved in
tellurite reduction) by reduction of the electron flow
through the cyt c oxidase pathway and enhancement
of the quinol oxidative activity or they constitute a sec-
ondary effect of tellurite on metabolic functions such
as for example c-type biosynthesis. Experiments
aiming to define the response of the redox chain to 
tellurite in mutants with specific deletions at differ-
ent levels of the respiratory system in R. capsulatus
(Hochkoeppler et al. 1995) are in progress.
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