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The energy-dependent electron transfer pathway involved in the reduction of pyridine nucleotides which is
required for CO, fixation to occur in the acidophilic chemolithotrophic organism Thiobacillus ferrooxidans was
investigated using ferrocytochrome c as the electron donor. The experimental results show that this uphill
pathway involves a bc, and an NADH-Q oxidoreductase complex functioning in reverse, using an electrochem-
ical proton gradient generated by ATP hydrolysis. Based on these results, a model is presented to explain the
balance of the reducing equivalent from ferrocytochrome c between the exergonic and endergonic electron transfer

pathways.

Thiobacillus ferrooxidans is the main bacterium used in the
industrial extraction of copper and uranium from ores with the
microbial leaching technique (18). The energy required for its
growth and cell maintenance is provided by the oxidation of
reduced sulfur compounds or ferrous ions under acidic condi-
tions, using O, as the oxidant (23, 29, 31). When this bacterium
is grown on Fe?™, little energy is available as a result of the
oxidative reaction. Nevertheless, the bacterium fixes its own
CO,, and Fe?* oxidation must therefore be coupled to reduc-
tion of the NAD(P) required for this fixation and other ana-
bolic processes; since the midpoint potential (E,,,) of the cou-
ple Fe**-Fe?" (770 mV) is much more positive than that of the
NAD(P)-NAD(P)H couple (—305 mV at pH 6.5, the cytoplas-
mic pH of T. ferrooxidans [14]), the reduction of NAD(P) from
ferrous ions requires energy. It has been suggested that an
uphill electron transfer, established at the expense of the en-
ergy derived from the oxidation of Fe** by oxygen, may be
involved in the reduction of NAD(P)* from Fe** (20). The
electron transfer chain from Fe*" to O, is now thought to
involve a Fe** cytochrome ¢ oxidoreductase (8, 19), rusticya-
nin (12, 13, 28), at least one cytochrome ¢ (the 14-kDa soluble
cytochrome c¢ [30] and/or the ¢, cytochrome [9], which shows a
strong affinity for the membrane), and a cytochrome ¢ oxidase
(22). In addition, two membrane-bound c-type cytochromes
with apparent molecular masses of 46 and 30 kDa have been
isolated from T. ferrooxidans (15). Ingledew has put forward
the idea that the uphill electron transfer from Fe** to NAD™
may involve a putative bc, complex, according to the chemi-
osmotic mechanism, possibly via a Q-cycle mechanism operat-
ing in reverse (20). Members of our group recently provided
evidence for the presence of a bc, complex in T. ferrooxidans
and characterized this complex in detail (16, 17). This was the
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first and only evidence so far for the existence of a bc, complex
in an acidophilic proteobacterium; a mechanism possibly ac-
counting for the electron transfer in this complex has also been
described (17).

One of the first reports on the existence of a reverse electron
transfer concerned the electron transfer mechanism from suc-
cinate to NAD " in animal mitochondria (10, 11). Since then,
numerous cases of reverse electron transfer in chemoautotro-
phic bacteria have been reported (1-3, 24, 25). However, the
reverse electron transfer between Fe?" and NAD™ which is
required to allow CO, fixation via the Calvin cycle in chemo-
autotrophic bacteria has received little attention so far (1, 35).

In the present study, we present evidence for the existence of
an uphill electron transfer through the bc, and NADH-Q ox-
idoreductase complex (NDH-1) in T. ferrooxidans. Since the
classical bc, complexes exhibit thermodynamically favorable
DBH, cytochrome c¢ reductase activity, the electron donor
involved in the reverse reaction has to be a ferrocytochrome c.
Here we examined the pathways taken by the electrons arising
from exogenous cytochrome c in 7. ferrooxidans. Based on the
experimental results, a model describing the balance between
the exergonic and endergonic electron transfer chains is pre-
sented.

T. ferrooxidans was kindly supplied by D. Morin (Bureau des
Recherches Géologiques et Minieres, Orléans, France). The
strain was isolated from drainage water at the Salsigne sulfur
mine (France). Large-scale growth of the organism was per-
formed at pH 1.6 in the 9 K medium described by Silverman
and Lundgren (33) supplemented with 1.6 mM CuSO, - 5H,0,
using a homemade polypropylene fermentor with a capacity of
400 liters. Cells were harvested according to the method of
Bodo and Lundgren (7) and stored as pellets at —70°C. About
12 g (wet weight) of cells was obtained from 300 liters of cell
culture.

Membrane fragments and spheroplasts were prepared as
described in references 15 and 17, respectively. Protein con-
centrations were measured using Lowry’s method (26). Oxygen
uptake occurring in the presence of ferrocytochrome ¢ (ascor-
bate [S0 mM] + cytochrome ¢ [100 wM]) alone or in the
presence of uncouplers or potassium cyanide (1 mM KCN) was
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measured polarographically with a Clark electrode (Gilson
oxygraph). The oxidation rate of ferrocytochrome ¢ (50 wM)
was monitored spectrophotometrically in a dual mode at 550
nm, using 540 nm as a reference, in 20 mM B-alanine-H,SO,
buffer (pH 3.5) in the presence or absence of KCN (1 mM).
Inhibitors of the bc; and NDH-1 complexes were added from
an ethalonic solution at the final concentration indicated: an-
timycin A, 9 wM; myxothiazol, 35 wM; stigmatellin, 8 wM;
2.5-dibromo-3-methyl-5-isopropylbenzoquinone (DBMIB), 10
uM; 2-hydroxy-3-undecyl-1,4-naphthoquinone (UHDBT), 35
wM;  funiculosin, 8 pM; rotenone, 30 wM; amobarbital
(Amytal), 2 mM; and atabrine, 0.7 mM. Uncouplers were used
at a final concentration of 15 wM (carbonyl cyanide m-chloro-
phenylhydrazone [CCCP] and 2,4-dinitrophenol [DNP]), oli-
gomycin was used at a 9 WM concentration, and ATP was used
at a 9 mM concentration. The ethanol concentration never
exceeded 1%.

Absorbance changes and spectra were recorded with an
Aminco DW 2A dual-wavelength spectrophotometer using
1-cm light path cuvettes. The heme content was determined
from the reduced spectrum minus the oxidized-difference spec-
trum, using the following extinction coefficients for the a-peak:
18 mM~* em™* (cytochrome c¢), 24 mM ! cm ™! (cytochrome
b), and 21 mM~! cm~* (cytochrome oxidase).

The electron transfer between exogenous ferrocytochrome ¢
and oxygen. The oxygen uptake induced by adding ferrocyto-
chrome c (ascorbate in the presence of ferricytochrome c) to a
spheroplast suspension of 7. ferrooxidans was measured po-
larographically at acidic pH. This cytochrome ¢ oxidase activity
(1.8 nmol of O,/min/mg of protein) increased by 20% when the
protonophore CCCP (or DNP) was added and was completely
inhibited in the presence of 1 mM KCN. It was insensitive to
the classical inhibitors of the bc,-type complexes (antimycin,
funiculosin, 2-heptyl-4-hydroxyquinoline N-oxide (HQNO),
diuron, stigmatellin, DBMIB, myxothiazol, and UHDBT) and
to salicylhydroxamic acid (SHAM), a classical inhibitor of al-
ternative oxidases (results not shown).

Existence of an electron transfer between exogenous ferro-
cytochrome ¢ and NAD™. The oxidation of exogenous ferrocy-
tochrome ¢ was monitored spectrophotometrically in order to
determine whether the electrons arising from this cytochrome
might take a pathway other than that via cytochrome oxidase.
When added to a spheroplast suspension at acidic pH, exoge-
nous ferrocytochrome ¢ was slowly oxidized (Fig. 1A); at the
end of the reaction, when external ferrocytochrome c¢ was
completely oxidized and when anaerobiosis was reached, cy-
tochromes ¢ and cytochrome oxidase of the bacteria were
reduced 80 and 95%, respectively, in comparison with dithio-
nite-reduced cytochromes (results not shown). This oxidation
process was weakly accelerated upon addition of CCCP and
was insensitive to all the inhibitors of the bc, and NDH-1-type
complexes (Fig. 1A). Unexpectedly, adding KCN either before
or after ferrocytochrome ¢ considerably enhanced the rate of
oxidation of this cytochrome (Fig. 1A); once all the external
ferrocytochrome ¢ became oxidized, the T. ferrooxidans cyto-
chrome c¢s5, was 30% reduced, whereas the cytochrome oxi-
dase was completely reduced and exhibited an absorption max-
imum at 593 nm, indicating the formation of a cyanide-oxidase
complex. This oxidation of ferrocytochrome ¢ induced by KCN
was found to be sensitive to the uncouplers CCCP and DNP
and to oligomycin, leading to inhibition rates of 75, 65, and
55%, respectively; ATP accelerated this oxidative activity, and
the resulting activity was inhibited by oligomycin (Fig. 1B).
These results suggest that this ferrocytochrome ¢ oxidative
process is energy dependent and that it is driven by the proton
motive force resulting from ATP hydrolysis.
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FIG. 1. (A) Oxidation of ferrocytochrome ¢ (cyt. ¢) (10 uM) measured at
550-540 nm with T. ferrooxidans spheroplasts (spher.). Effects of the various bc,
(antimycin, HQNO, funiculosin, myxothiazol, and stigmatellin) and NDH-1 (ro-
tenone, amobarbital, and atabrine) complex inhibitors (inhib.) and of KCN
addition are shown. (B) Oxidation of ferrocytochrome ¢ (10 wM) measured at
550-540 nm with T. ferrooxidans spheroplasts in the presence of KCN. Effects of
protonophores (CCCP and DNP), oligomycin, and ATP are shown. The protein
(4 mg/ml) was suspended in 20 mM B-alanine-H,SO, buffer, pH 3.5. See the text
for inhibitor, ATP, and uncoupler concentrations. A, absorbance; s, seconds.

In other respects, ferrocytochrome ¢ oxidation in the pres-
ence of KCN (and in either the absence or presence of ATP)
was found to be sensitive to all the inhibitors of the bc,-type
complexes: the inhibition was 70% with antimycin, 75% with
funiculosin, 30% with diuron, and 30% with HQNO, the clas-
sical inhibitors of the Q,, site of the bc,; complexes (Fig. 2A);
with the inhibitors of the Q, site, the inhibitory effects
amounted to 65% with stigmatellin, 55% with DBMIB, and
30% with myxothiazol and UHDBT (Fig. 2B). The Q,, and Q,
sites are quinone-binding sites in cytochrome bc-type com-
plexes located close to the cytoplasmic (quinone reduction
site) and periplasmic (quinol oxidation site) sides of the mem-
brane, respectively. Antimycin, funiculosin, and stigmatellin
are the most potent inhibitors of this electron transfer path-
way. The residual activities measured in the presence of the
various bc, complex inhibitors were found to be SHAM insen-
sitive. In addition, this ferrocytochrome ¢ oxidative activity was
inhibited by the classical inhibitors of the NDH-1-type com-
plexes, amobarbital, rotenone, and atabrine, the inhibition ef-
fects of which were found to be 75, 85, and 65%, respectively
(Fig. 3). These findings indicate the existence of an electron
transfer pathway from ferrocytochrome ¢ to NAD™ which pro-
ceeds through the bc,- and NDH-1-like complexes in 7. fer-
rooxidans.

In the acidophilic chemolithotrophic bacterium 7. ferrooxi-
dans, the energy-dependent reversal of the electron transfer
involved in the reduction of pyridine nucleotides is a physio-
logically important phenomenon, since the CO, fixation is cou-
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FIG. 2. The uphill electron transfer chain in T. ferrooxidans. Effects of the
various bc; complex inhibitors on the oxidation of ferrocytochrome ¢ (cyt. c) in
spheroplasts (spher.), in the presence of KCN, are shown. (A) Q,, site inhibitors;
(B) Q, site inhibitors. Experimental conditions are as described in the legend to
Fig. 1 and in the text. Protein concentration, 5 mg/ml. A, absorbance; s, seconds.

pled to this process. In the present study, evidence was ob-
tained that this process involves a bc, complex and a NDH-1
complex functioning in reverse: the experimental results show
that at acidic pH, electrons arising from ferrocytochrome ¢
take two pathways, the first one being the classical energy-
producing cytochrome c-cytochrome oxidase-oxygen pathway
and the second one corresponding to a proton motive force-
dependent pathway via the bc; complex and a NDH-1-type
complex (since amobarbital, rotenone, and atrabine caused a
marked inhibition of this electron transfer process). Is this
energy-dependent electron transfer process driven directly by
the proton motive force established through cytochrome oxi-
dase or indirectly via ATP? Under our experimental condi-
tions, this uphill electron transfer pathway via the bc, and
NDH-1 complexes was found to occur in the presence of KCN.
In mitochondria and in neutrophilic bacteria, adding inhibitors
led to the collapse of the proton motive force. In the case of
the acidophilic bacterium Thiobacillus acidophilus, Matin et al.
(26a) have observed that at pH 3, adding KCN or azide, which
inhibited the oxygen uptake by 95%, decreased the protein
motive force, while the remaining force (35 mV) contributed to
opposing the entry of H' into the cell. On the other hand, it
has been established that ATP synthesis is reversible and works
in the direction of net ATP synthesis only when the proton
motive force is continuously regenerated and when the cell
needs and uses ATP. If the respiratory chain is inhibited and if
there is enough endogenous or supplied ATP in the cell, the
ATP synthase functions like an ATPase, generating a proton
motive force comparable to that produced by the respiratory
chain. Since the energy-requiring electron transfer pathway via
the bc, and NDH-1 complexes was detected under low-proton-
motive-force conditions (in the presence of KCN) and was
found to be inhibited by oligomycin and accelerated by ATP, it
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can be concluded that at least part of the proton motive force
required for this energy-dependent process is produced by
ATP hydrolysis. It is worth noting that uphill electron transfers
in mitochondria (10, 11) and in chemoautotrophic bacteria
(1-3, 24, 25, 35) have always been observed so far under strictly
anaerobic conditions or in the presence of KCN, i.e., under
low-proton-motive-force conditions. However, what may hap-
pen in vivo under physiological conditions? The controlled
bifurcation of electrons from the exergonic electron transfer
chain towards the endergonic uphill electron flow is of major
importance, and the question arises as to how the balance of
reducing equivalents between these two pathways is detected
and controlled in vivo. The results of the present experiments
show that in the absence of KCN, the oxidation of cytochrome
¢ is insensitive to the bc; and NDH-1 complex inhibitors (Fig.
1) and slightly increased by addition of uncouplers; this indi-
cates that under the usual functional conditions for cyto-
chrome oxidase (proton motive force = 256 mV, at pH 2, the
optimal pH for growth [14]), none of the electrons arising from
ferrocytochrome ¢ took the reverse electron transfer pathway
but only the cytochrome oxidase pathway; they favored the
uphill pathway only in the presence of KCN, which establishes
one of the appropriate initial conditions (low proton electro-
chemical gradient) for the ATP synthase to be able to function
like an ATPase; in the presence of sufficient endogenous ATP,
a drop in the proton motive force is therefore required to
trigger ATP hydrolysis. Based on these data, we tentatively
propose the following in vivo model (Fig. 4): electrons arising
from Fe?* and reducing oxygen via cytochrome oxidase estab-
lish a proton motive force which, when the ATP/ADP ratio is
low, is used by ATP synthase to synthesize ATP (as in the
classical respiratory chains). As long as ATP is used (in protein
synthesis), this ratio is low and the ATP synthase synthesizes
ATP. But when no carbon is available, ATP is no longer used
and the ATP/ADP ratio increases. In mammalian mitochon-
dria, the ATP/ADP ratio is known to regulate the cytochrome
¢ oxidase activity via allosteric inhibition of the enzyme by
ATP, which binds to the matrix domain of subunit IV (5, 6).
Eucaryotic cytochrome ¢ oxidases are composed of up to 13

KCN
Spher. i/ cyt. ¢

+ Amytal
A 0.01

+ Rotenone

+ Atabrine

FIG. 3. The uphill electron transfer chain in 7. ferrooxidans. Effects of the
various NDH-1 complex inhibitors on the oxidation of ferrocytochrome ¢ (cyt. c)
in spheroplasts (spher.), in the presence of KCN, are shown. Experimental
conditions are as described in the legend to Fig. 1 and in the text. Protein
concentration, 5 mg/ml. A, absorbance; s, seconds.
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FIG. 4. Model for the balance of reducing equivalents from ferrocytochrome ¢ between the exergonic cytochrome oxidase and the endergonic bc; and NDH-1

pathways. The Q,, (center P) and Q,, (center N) sites are defined in the text.

different subunits, while cytochrome oxidase from the majority
of prokaryotes contains only two or three subunits. However, a
fourth subunit has been found to exist in the oxidase from
Paracoccus denitrificans (21, 27), the thermophilic bacterium
PS3 (34), and T. ferrooxidans strain ATCC 33020 (4). On the
other hand, Shoji et al. (32) have established that the activity of
the dimeric cytochrome ¢ oxidase of Thiobacillus novellus
(which consists of only two subunits per monomer) is regulated
by ATP, which dissociates the dimeric form of the enzyme to
the less active monomeric form. We hypothesize that ATP also
regulates the activity of T. ferrooxidans cytochrome oxidase by
decreasing it when the ATP/ADP ratio is high. When ATP
accumulates, the proton motive force established via cyto-
chrome oxidase therefore decreases, and ATP synthase func-
tions like an ATPase, generating a proton motive force; this
proton electrochemical gradient will then be used for the re-
verse electron transfer through the bc, and NDH-1 complexes,
leading to the formation of NAD(P)H required for CO, fixa-
tion. The ATP/ADP ratio will then decrease, cytochrome oxi-
dase will be activated, and ATP synthase again will synthesize
ATP, as long as there is some carbon available. In this model,
the ATP/ADP ratio controls the balance of the reducing equiv-
alents from Fe?™ in favor of either cytochrome oxidase or the
uphill electron transfer. This study opens up new prospects for
understanding how the reducing equivalents are balanced be-
tween the two thermodynamically opposite electron pathways
in T. ferrooxidans.

We thank René Toci (Fermentation Plant Unit, Laboratoire de
Chimie Bactérienne, Marseille, France) for growing T. ferrooxidans
and Jessica Blanc for revising the English manuscript.
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