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Membrane protein complexes can support both the generation and utilisation of a transmembrane
electrochemical proton potential (Ap), either by supporting transmembrane electron transfer coupled to
protolytic reactions on opposite sides of the membrane or by supporting transmembrane proton transfer. The
first mechanism has been unequivocally demonstrated to be operational for Ap-dependent catalysis of
succinate oxidation by quinone in the case of the dihaem-containing succinate:menaquinone reductase
(SQR) from the Gram-positive bacterium Bacillus licheniformis. This is physiologically relevant in that it
allows the transmembrane potential Ap to drive the endergonic oxidation of succinate by menaquinone by
the dihaem-containing SQR of Gram-positive bacteria. In the case of a related but different respiratory
membrane protein complex, the dihaem-containing quinol:fumarate reductase (QFR) of the e-proteobacter-
ium Wolinella succinogenes, evidence has been obtained that both mechanisms are combined, so as to
facilitate transmembrane electron transfer by proton transfer via a both novel and essential compensatory
transmembrane proton transfer pathway (“E-pathway”). Although the reduction of fumarate by menaquinol
is exergonic, it is obviously not exergonic enough to support the generation of a Ap. This compensatory “E-
pathway” appears to be required by all dihaem-containing QFR enzymes and results in the overall reaction
being electroneutral. However, here we show that the reverse reaction, the oxidation of succinate by
quinone, as catalysed by W. succinogenes QFR, is not electroneutral. The implications for transmembrane
proton transfer via the E-pathway are discussed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

According to Peter Mitchell's

chemiosmotic theory [1], the
energy released by the oxidation of electron donor substrates in

both aerobic and anaerobic respiration is transiently stored in the
form of an electrochemical proton potential (Ap) across the energy-
transducing membranes. Fundamentally, there are two mechanisms
by which integral membrane proteins can act as catalysts in this
coupling of electron transfer reactions to the generation of a
transmembrane Ap — the redox loop mechanism and the proton
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proximal haem; CCCP, carbonyl cyanide m-chloro-phenylhydrazone; DMN, 2,3-
dimethyl-1,4-naphthoquinone; DMNH,, 2,3-dimethyl-1,4-naphthoquinol; Ap, elec-
trochemical proton potential; EMN, 2-ethyl-3-methyl-1,4-naphthoquinone; EMNH,,
2-ethyl-3-methyl-1,4-naphthoquinol; EQ-0, 2,3-dimethoxy-5-ethyl-6-methyl-1,4-
benzoquinone; EQH,-0, 2,3-dimethoxy-5-ethyl-6-methyl-1,4-benzoquinol; FTIR,
Fourier transform infrared; HNN, 2-hydroxy-3-neopentyl-1,4-naphthoquinone; MMAN,
2-methyl-3-methylamino-1,4-naphthoquinone; MMANH,, 2-methyl-3-methylamino-1,4-
naphthoquinol; QFR, quinol:fumarate reductase; SQR, succinate:quinone reductase; SQOR,
succinate:quinone oxidoreductases
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pump mechanism [2]. The former essentially involves transmem-
brane electron transfer. Reduction reactions on one side of the
energy-transducing membrane are associated with proton binding
whereas oxidation reactions on the opposite side of the membrane
are associated with proton release (Fig. 1A). The proton pump
mechanism involves the actual translocation of protons across the
membrane. As has been summarised previously [3,4], both of these
mechanisms are apparently harnessed together in a specific case of a
single respiratory membrane protein complex (Fig. 1B). The
membrane protein in question is the dihaem-containing quinol:
fumarate reductase (QFR) from the anaerobic e-proteobacterium
Wolinella succinogenes [5]. QFR is the terminal enzyme of fumarate
respiration [6,7], a form of anaerobic respiration which allows
anaerobic bacteria to use fumarate instead of dioxygen as the
terminal electron acceptor (Fig. 1C). QFR couples the two-electron
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reduction of fumarate to succinate (reaction a) to the two-electron
oxidation of hydroquinone (quinol) to quinone (reaction b):

fumarate + 2H © + 2e” & succinate (@)
quinol = quinone + 2H ¥ 4 2e”. (b)

Genes in W. succinogenes encoding for a second membrane protein
complex exhibiting fumarate reductase activity have been expressed
and the membrane complex produced has been characterized recently
[8]. Regarding the QFR from W. succinogenes, its crystal structure has
been determined, by X-ray crystallography, in three different crystal
forms, initially at a resolution of up to 2.2 A [9]. The relevance of this
structure determination for the superfamily of succinate:quinone
oxidoreductases [10] has been discussed and reviewed [11-20]. In all
three crystal forms, two heterotrimeric complexes of A, B, and C
subunits form a dimer of 260 kDa. Based on analytical gel filtration
and analytical ultracentrifugation experiments [21], this homodimer
represents the aggregation state as isolated and is not an artefact of
crystallization. Subunit A contains a covalently bound FAD and the site
of fumarate reduction, subunit B harbours three different iron-
sulphur clusters, a [2Fe-2S], a [4Fe-4S], and a [3Fe-4S] centre, and the
membrane-embedded subunit C binds two haem b groups (Fig. 1D).
Based on their proximity to the hydrophilic subunits, these are
referred to as the proximal haem bp and the distal haem bp. Although
it has long been known [22] that the two haem groups have different
oxidation-reduction midpoint potentials, it has only recently been
possible to assign the “high-potential” haem to bp and the “low-
potential” haem to bp [23].

Subunit C also contains the active site of menaquinol oxidation,
close to the haem bp. Structural and functional characterization of
the variant enzyme E66Q, in which the nearby residue Glu C66 had
been replaced by a Gln by site-directed mutagenesis, demonstrated
that this residue is selectively essential for quinol oxidation [24].
The orientation of the catalytic sites of fumarate reduction [25],
associated with proton binding, and menaquinol oxidation [24],
associated with proton release, towards opposite sides of the
membrane indicated that quinol oxidation by fumarate should be
an electrogenic process in W. succinogenes (Fig. 1D), i.e. associated
directly with the establishment of an electrochemical proton
potential across the membrane.

This electrogenic catalysis indeed appeared to be the case for some
dihaem-containing representatives of the superfamily of QFRs and
succinate:menaquinone reductases (SQRs). Succinate oxidation by
menaquinone, an endergonic reaction under standard conditions, had
been proposed to be driven by the electrochemical proton potential in
the Gram-positive bacterium Bacillus subtilis and in other prokaryotes
containing succinate:menaquinone reductases [26-28]. This is the
analogous reaction to that suggested in Fig. 1D, but in the opposite
direction (Fig. 1A). However, the experiments on the SQR had
previously been performed only with whole cells and isolated
membranes and it has been questioned [29] whether the observed
effects are associated specifically with the SQR. Recently, it has been
shown that the dihaem-containing succinate:menaquinone reduc-
tase, isolated from the Gram-positive bacterium Bacillus licheniformis
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Fig. 2. Addition of the uncoupler CCCP stimulates the reduction of EMN by succinate as
catalysed by the proteoliposomal SQR. Proteoliposomal SQR was unable to support the
reduction of EMN by succinate without the presence of the uncoupler (black trace). This
activity could be inhibited by the addition of 60 M of the inhibitor HNN (grey trace
with 30 pM HNN, addition of further HNN to 60 uM indicated by grey arrow). Figure
adapted from reference [30].

and reconstituted into proteoliposomes, is unable to support the
reduction of the soluble menaquinone analog 2-ethyl-3-methyl-1,4-
naphthoquinone (EMN) unless the protonophore carbonyl cyanide
m-chloro-phenylhydrazone (CCCP) is added [30] (Fig. 2). Apparently
the driving force of the reaction, even with a large excess of starting
material over product, was insufficient to support the establishment
of a Ap across the proteoliposomal membrane. In order to increase
this driving force, the quinone substrate was modified to increase its
oxidation/reduction midpoint potential, as is the case for the soluble
ubiquinone analog 2,3-dimethoxy-5-ethyl-6-methyl-1,4-benzoqui-
none (EQ-0; Fig. 3). For an increased driving force of the reverse
reaction, a lower redox midpoint potential than that of EMN and 2,3-
dimethyl-1,4-naphthoquinone (DMN) was achieved by designing the
substrate 2-methyl-3-methylamino-1,4-naphthoquinol (MMANH,;
Fig. 3) [31].

Two components contribute to Ap, the membrane potential AV
and the proton gradient ApH. The latter was measured by monitoring
pH changes in the lumen of the proteoliposomes via the absorption
properties of the proton-sensitive dye pyranine. Oxidation of the low-
potential quinol MMANH, by fumarate as catalysed by the proteoli-
posomal SQR from B. licheniformis was found to be associated with the
lowering of the luminal pH [30] (Fig. 4A). Conversely, reduction of the
high-potential quinone EQ-0 was found to be associated with the
increase of the luminal pH [30] (Fig. 4B). The membrane potential A¥
was measured with the help of electrodes respectively selective for
the lipophilic ions tetraphenylphosphonium (TPP™) and tetraphenyl-
borate (TPB™). Both in the case of quinol oxidation (Fig. 5A), as well as
in the case of quinone reduction (Fig. 5B), a membrane potential could
be measured, thus unequivocally demonstrating electrogenic catalysis
in the case of this enzyme [30].

However, as discussed earlier [24], analogous experiments for
isolated W. succinogenes QFR reconstituted into liposomes had shown

Fig. 1. Electron and proton transfer in B. licheniformis SQR (A), in W. succinogenes QFR (B, D, E), and in fumarate respiration (C). Positive and negative sides of the membrane are the
periplasm and the cytoplasm, respectively. Haem groups are indicated by yellow diamonds. This figure was modified from references [31] and [38]. See text for details. (C) The key
enzymes involved in fumarate respiration are shown. Sites of quinone reduction/quinol oxidation are indicated by yellow circles. (D) Hypothetical Ap generation as suggested by the
essential role of Glu C66 for menaquinol oxidation by W. succinogenes QFR [24]. The prosthetic groups of the W. succinogenes QFR dimer are displayed (coordinate set 1QLA; [9]). Also
indicated are the side chain of Glu C66 and a tentative model of menaquinol (MKH;) binding, based on the coordinates of QFR-bound DMN (PDB entry 2BS4 [35]). The position of
bound fumarate (Fum) is taken from PDB entry 1QLB [9]. Figure adapted from reference [4]. (E) “E-pathway hypothesis”: The two protons that are liberated upon oxidation of
menaquinol (MKH,) are released to the periplasm (bottom) via the residue Glu C66. In compensation, coupled to electron transfer via the two haem groups, protons are transferred
from the periplasm via the ring C propionate of the distal haem bp and the residue Glu C180 (indicated by the blue circles) to the cytoplasm (top), where they replace those protons
which are bound during fumarate reduction. In the oxidised state of the enzyme, the “E-pathway” is blocked.
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Fig. 3. Chemical structures of the quinones used for the summarised conclusive
characterization experiments [30,31]. 2-methyl-3-methylamino-1,4-naphthoquinone
(MMAN), 2,3-dimethyl-1,4-naphthoquinone (DMN), 2-ethyl-3-methyl-1,4-naphtho-
quinone (EMN), 2,3-dimethoxy-5-ethyl-6-methyl-1,4-benzoquinone (EQ-0), and the
oxidation-reduction midpoint potentials of the associated quinone/quinol pairs (as
determined earlier [30,31]) relative to the DMN/DMNH, couple (which corresponds
approximately to that of the MK/MKH, couple). The in situ midpoint potential of the
DMN/DMNH; couple in W. succinogenes QFR has been determined to be —35 mV [31],
i.e. 60 mV lower than that of the fumarate/succinate couple [11]. Figure adapted from
reference [4].

that the oxidation of quinol by fumarate as catalysed by this enzyme is
electroneutral [31-34].

To reconcile these apparently conflicting experimental observa-
tions, the so-called “E-pathway hypothesis” (Fig. 1E) was proposed
[3]. According to this working hypothesis, the transmembrane transfer
of two electrons in W. succinogenes QFR is coupled to the compensa-
tory, parallel translocation of one proton per electron from the
periplasm to the cytoplasm. The proton transfer pathway used is
transiently established during reduction of the haem groups and is
closed in the oxidised enzyme. The two most prominent constituents
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of the proposed novel pathway were suggested to be the ring C
propionate of the distal haem bp and, in particular, the amino acid
residue Glu C180, after which the “E-pathway” was named (Fig. 1E).
Since the first proposal of this hypothesis, a number of theoretical [23]
and experimental results [35-37] have been obtained that support it
(reviewed in [38]).

A possible haem propionate involvement as a participant in the
E-pathway has been investigated by combining '3C labelling of the
haem propionates with redox-induced FTIR spectroscopy [37]. The
redox-transition of the distal haem led to protonation and/or
environmental changes of (at least) one of the two distal haem
propionates. Since it was established that the ring D propionate of the
low-potential haem is involved in an extensive salt-bridge interaction
with a nearby Arg residue [9,23], the obvious candidate for the
observed effects is the ring C propionate, which is fully consistent with
the proposed role of this residue in the E-pathway hypothesis.

The role of Glu C180 in this context was first supported by multi-
conformation continuum electrostatics calculations [23], which
predicted that this residue undergoes the combination of a change
in protonation and conformation upon reduction of the haem groups,
a result that was also obtained experimentally by the combination of
FT-IR difference spectroscopy [36] and site-directed mutagenesis,
involving the replacement of Glu C180 with a GIn residue [35]. The
mutant E180Q was unable to grow with fumarate as the terminal
electron acceptor, an observation that we can now understand as a
demonstration of the essential nature of this pathway for life under
the conditions of fumarate respiration. The mutant did grow when
fumarate was replaced by nitrate and the variant QFR was produced.
After refining the structure of the variant QFR at 2.2 A resolution, any
major structural changes compared to the structure of the wild-type
enzyme could be ruled out [35].

The variant enzyme, after reconstitution into proteoliposomes, is
unable to support the oxidation of DMNH, unless CCCP is added [31]
(Fig. 6A). Oxidation of the low-potential quinol is supported even in
the absence of CCCP (Fig. 6B). In contrast to the results obtained with
the wild-type enzyme, quinol oxidation by the E180Q variant was
clearly associated with an acidification of the interior of the
proteoliposomes (indicative of ApH generation) [31] (Fig. 6C) as
well as TPB™ entry into the proteoliposomes (indicative of Ay
generation) [31] (Fig. 6D). Taken together with the results obtained
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Fig. 4. Catalytic activity of proteoliposomal SQR from B. licheniformis, MMANH, oxidation (A) and EQ-0 reduction (B), shown in blue, and the monitoring of the respective generation
of ApH, shown in red. Proteoliposomes (200 pg phospholipid) containing the SQR and the respective quinone substrate (10 mM/mg phospholipid) were suspended in N,-flushed
buffer. In case of MMAN, NaBH, was added to reduce the quinone and the reaction was started by addition of fumarate (20 pM). In case of EQ-0, the reaction was started with
succinate (200 pM) without previous reduction of the quinone. Figure adapted from reference [30].
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Fig. 5. TPB~ and TPP* accumulation upon (A) MMANH,-oxidation and (B) EQ-0-reduction. The A¥ was monitored as uptake of TPB~ (A) or uptake of TPP" (B) with an electrode
sensitive to TPB~ or TPP™ respectively. Proteoliposomes (400 pg phospholipid) containing the SQR and the respective quinone substrate (10 mM/mg phospholipid) were suspended
in N,-flushed buffer. Prior to the reaction, the electrode was calibrated by addition of TPP* or TPB™ (solid arrows) as annotated in the plot. In case of MMAN, NaBH, was added to
reduce the quinone and the reaction was started by addition of fumarate (20 pM; open arrow). In case of EQ-0, the reaction was started with succinate (200 uM; open arrow) without

previous reduction of the quinone. Figure adapted from reference [30].

for the proteoliposomal wild-type enzyme, these results clearly
demonstrate the presence and absence of the “E-pathway” in the
WT and E180Q-variant enzymes, respectively [31].

While the E-pathway hypothesis as depicted in Fig. 1E is the
simplest model compatible with the experimental data obtained so
far, it is by no means unique. The simplifying assumption that both
protons released upon quinol oxidation are released via the same
pathway may turn out not to be true, as may the assumption that both
E-pathway protons have the same entry point. In particular, the
scenario that one proton is transferred directly from the quinol
oxidation site to the E-pathway (Fig. 6E) also explains the available
data [4]. However, there is no such proton transfer connectivity
apparent from the structure of the oxidised enzyme, so this scenario
would require an appropriate conformational change during catalysis
[4].

In summary, it has previously been shown that both fumarate
reduction by quinol as well as succinate oxidation by quinone, as
catalysed by the dihaem-containing SQR from B. licheniformis, i.e. both
in the non-physiological and physiological directions, are electrogenic
reactions, whereas fumarate reduction by quinol, i.e. catalysis by the
dihaem-containing QFR from W. succinogenes in the physiological
direction, is electroneutral. Here we present the characterization of
catalysis by the QFR from W. succinogenes in the non-physiological
direction, i.e. succinate oxidation by quinone. Surprisingly, we show
that this reaction is clearly electrogenic. The implications for
transmembrane proton transfer via the E-pathway are discussed.

2. Materials and methods

Wild-type QFR was produced and purified as described earlier
[9,39-41]. The quinone substrates EMN and EQ-0 had been synthe-
sized previously [30]. Proteoliposomes were prepared as described
earlier [34,30,31].

2.1. Enzymatic assays
The reduction of EMN was monitored by recording the difference

at 270 nm minus 285 nm and that of EQ-0 by the absorption change at
278 nm (e=14.7 mM~'-cm~ ') [30].

2.2. Acidification measurements, H* /e~ ratio

The acidification measurements upon succinate oxidation by EQ-0
were performed as described [30,31].

2.3. Determination of A¥V

The generation of AV during the reduction of EQ-0 by succinate
was monitored using a TPP*-selective electrode as described for
measurements on B. licheniformis SQR [30]. Proteoliposomes were
suspended in 15 mM HEPES buffer (adjusted to pH 7.5 with NaOH)
containing 100 mM KCl. Reaction was started by addition of
succinate. The TPP™ uptake was calculated from the amplitudes
between the first succinate addition and the level where the TPP™
concentration reached a minimum. A¥ was calculated as described
[31].

3. Results and discussion

After reconstitution into proteoliposomes, we attempted to force
the QFR from W. succinogenes, now bound by sealed membrane
vesicles, to catalyse the reduction of quinone by succinate. This is the
reverse direction of the reaction to that catalysed physiologically by
W. succinogenes QFR. In spite of supporting succinate oxidation by
EMN with a specific activity of 2.5 U/mg in its detergent solubilised
state, when reconstituted into proteoliposomes W. succinogenes QFR
exhibited no detectable enzymatic activity of succinate oxidation by
EMN (left part of Fig. 7). We attributed this non-detectable activity to
the unfavourable difference in oxidation-reduction midpoint poten-
tial between the EMN/EMNH, couple and the fumarate/succinate
couple, rendering the overall reaction mildly endergonic under
standard conditions (at pH 7) and apparently not favourable enough,
even with a large excess of starting material over product to support
sustained Ap generation. These conclusions are supported by our
finding that the addition of CCCP to the ostensibly inactive
proteoliposomes enabled the catalysis of EMN reduction (right part
of Fig. 7).

In order to measure any generation of a membrane potential Ap,
we replaced EMN with the high-potential quinone EQ-0. By
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Fig. 6. Catalytic activity (A, B), and monitoring of any generation of ApH (B) and A¥ (C) by wild-type and E180Q-QFR and a modified version of the E-pathway hypothesis (E). Panels
A-D are adapted from reference [31], panel E is from reference [4]. (A) DMNH, oxidation by E180Q-QFR reconstituted in proteoliposomes (500 pg). The traces were recorded under
the same conditions as for panel B, except that DMNH, (20 pM) was used as the electron donor and the fumarate concentration was 40 puM. Catalytic activity was significantly
detectable only after the addition of 25 uM protonophore CCCP. (B) Normalized, apparent progress curves of MMANHj oxidisation by fumarate as catalysed by wild-type QFR (blue
trace) and by E180Q-QFR (red) and not catalysed by E180Q-QFR in the presence of the inhibitor DHN (20 pM, green). Proteoliposomes (200 pg) containing the respective QFR enzyme
and MMANH; (10 mM/mg phospholipid) were suspended in N,-flushed buffer. The reaction was started by the addition of fumarate (20 pM). The absorbance difference A,g0-As20
was monitored as function of time. The traces were normalized by setting the absorption difference of A,go—As0 to zero and the time of fumarate addition to zero. The progress curves
were recorded in the same experiment as in panel C using a diode array spectrophotometer. (C) Normalized progress curves of the pyranine absorbance ratio offset as an indicator of
the acidification of the proteoliposomal interior upon MMANH, oxidation by fumarate. The colour-coding is as defined for panel A. The absorbance ratio offset A(A4s50/A415) depended
only on the H" concentration in the liposomes and was monitored as function of time. The reaction was started by the addition of fumarate with the time set to 0. The traces were
normalized by setting the initial absorbance ratio of A450/A415 to zero. (D) Recording of the external TPB™ concentration (logarithmic scale) in a suspension of proteoliposomes
during fumarate reduction by MMANH,. To a solution containing proteoliposomes (200 pg in 50 mM HEPES, pH7.5) with reconstituted wt QFR (blue trace) or E180Q-QFR (red trace),
MMANH, (10 mM/mg phospholipid), TPB~ was added in 1 mM aliquots for calibration (open arrows pointing upwards). Reaction was started by the addition of 20 uM fumarate
(arrows pointing downwards). The E180Q-QFR in presence of 20 pM DHN (green trace, addition of DHN indicated by green arrow) did not generate any appreciable AW. The TPB™
uptake was calculated from the amplitude between the first fumarate addition and the level where the TPB™ concentration reached a minimum. The concentration inside the
proteoliposomes was corrected according to Eq. (1) in reference [31]. Because the electrodes had different Nernst factors the respective TPB~ concentrations are indicated in the plot
in respective colour. (E) Alternative implementation of the E-pathway hypothesis [4]. See text for details.

measuring the uptake of TPP* into proteoliposomes after starting the experiment, analogous to those shown in Figs. 4A, B and 6C (Fig. 9),
reaction with the addition of succinate (Fig. 8), we found that the by monitoring the absorbance properties of pyranine, we could
reduction of EQ-0 by succinate, as catalysed by proteoliposomal QFR, measure in the course of the catalysis a drop in the proton
generated a significant AY of 92 mV (negative inside). In a separate concentration within the proteoliposomes, corresponding to between
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Fig. 7. Addition of the uncoupler CCCP (25 uM) stimulates the reduction of EMN (40 uM)
by succinate (20 mM) as catalysed by the proteoliposomes (500 pig) containing QFR
(right half). Proteoliposomal QFR was unable to support the reduction of EMN by
succinate without the presence of the uncoupler (left half).

0.86 and 1.1 mol H* per 1 mol of EQ-0 reduced. This yields H" /e~
ratios of between 0.43 and 0.55.

Clearly, the results from the uncoupler-stimulated activity test (Fig.
7), the measurement of AV (Fig. 8), and the pyranine absorbance
measurements (Fig. 9) are very different from what one would expect
from a simple reversal of the reaction monitored in Fig. 6. Taken
together, the results indicate that fully compensatory transmembrane
proton transfer via the E-pathway is only associated with catalysis by
W. succinogenes QFR in the physiological direction (quinol oxidation
by fumarate) and only then is the catalysed reaction electroneutral. In
the opposite direction, W. succinogenes QFR appears to function in a
manner more similar to B. licheniformis SQR (Figs. 2 and 5), which
lacks the compensatory E-pathway, with the notable difference that
both the AW and the H*/e™ ratio generated by succinate oxidation
with W. succinogenes QFR are significantly lower, only about half the
values of those generated under the same conditions with B.
licheniformis SQR. Thus, our results indicate partially impaired
compensatory transmembrane proton transfer through the E-path-
way to be associated with quinone reduction by W. succinogenes QFR.
This could involve only one transmembrane proton transfer being
associated with the transmembrane transfer of two electrons and the
second proton ultimately being bound from the inside of the
proteoliposomal lumen (corresponding to an H*/e™ ratios of 0.5;
Fig.10). The most straightforward explanation for this phenomenon is
that the E-pathway protons do not share completely identical
pathways, making the scenario shown in Fig. 6E more likely than
the original one shown in Fig. 1E. In spite of major advances in this

. TPP' Succinate
TPP l

L TPP"

i Fumarate™
B Succinate” +2H°
Bt
=
TPP*
3 2H |«
TPP
~ Time 10 min.

Fig. 8. Recording of the external TPP™ concentration (logarithmic scale) in a suspension
of proteoliposomes during succinate oxidation by EQ-0. To a solution containing
proteoliposomes (200 pg in 50 mM HEPES, pH7.5) with reconstituted wt QFR, EQ-0
(10 mM/mg phospholipid), TPP* was added in 1 mM aliquots for calibration (black
arrows). Reaction was started by the addition of 20 uM succinate (open arrow).
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Fig. 9. Catalysis by proteoliposomal wild-type QFR (30 g/l proteoliposomes; 0.1 cm
pathlength). Normalized progress curves of (A) EQ-0 reduction by succinate and (B)
pyranine absorbance ratio offset as an indicator of the alkalisation of the proteolipo-
somal interior upon EQ-0 reduction by succinate.

area, further characterization is clearly required in order to fully
understand the mechanism of this intriguing catalytic process.

Acknowledgements

We thank Nicole Hilgendorff for the purification of wild-type QFR.
Financial support by the DFG collaborative research centre 472 on
“Molecular Bioenergetics” (project P19), by the DFG Cluster of
Excellence “Macromolecular Complexes”, by the International Max
Planck Research School on the “Structure and Function of Biological
Membranes”, by Saarland University, and by the Max Planck Society is
gratefully acknowledged.

Fumarate
+2H'

Succinate

H

Fig. 10. Possible mechanism underlying catalysis by proteoliposomal W. succinogenes
QFR of quinone reduction by succinate with an H* /e~ ratio of 0.5.



600

M.G. Madej et al. / Biochimica et Biophysica Acta 1787 (2009) 593-600

References

[1]
2

3

[4

(5

(6

(7]

8

[9

(10]

(1]

[12]
[13]

(14]

[15]
(16]

(17]

(18]
[19]

[20]

[21]

[22]

[23]

P. Mitchell, Keilin's respiratory chain concept and its chemiosmotic consequences,
Science 206 (1979) 1148-1159.

D. Richardson, G. Sawers, Structural biology. PMF through the redox loop, Science
295 (2002) 1842-1843.

C.R.D. Lancaster, Wolinella succinogenes quinol:fumarate reductase — 2.2 A
resolution crystal structure and the E-pathway hypothesis of coupled transmem-
brane proton and electron transfer, Biochim. Biophys. Acta 1565 (2002) 215-231.
CR.D. Lancaster, E. Herzog, H.D. Juhnke, M.G. Madej, E.G. Miiller, R. Paul, P.G. Schleidt,
Electroneutral and electrogenic catalysis by dihaem-containing succinate:quinone
oxidoreductases, Biochem. Soc. Trans. 36 (2008) 996-1000.

M.J. Wolin, E.A. Wolin, N.J. Jacobs, Cytochrome-producing anaerobic Vibrio
succinogenes, sp. N, J. Bacteriol. 81 (1961) 911-917.

A. Kroger, Fumarate as terminal acceptor of phosphorylative electron transport,
Biochim. Biophys. Acta 505 (1978) 129-145.

C.R.D. Lancaster, Structure and function of succinate:quinone oxidoreductases and
the role of quinol:fumarate reductases in fumarate respiration, in: D. Zannoni
(Ed.), Respiration in Archaea and Bacteria Volume 1: Diversity of Prokaryotic
Electron Transport Carriers, Kluwer Scientific, Dordrecht, The Netherlands, 2004,
pp. 57-85.

H.D. Juhnke, H. Hiltscher, H.R. Nasiri, H. Schwalbe, C.R.D. Lancaster, Production,
characterization, and determination of the real catalytic properties of the putative
succinate dehydrogenase from Wolinella succinogenes, Mol. Microbiol. 71 (2009)
1088-1101.

C.R.D. Lancaster, A. Kroger, M. Auer, H. Michel, Structure of fumarate reductase
from Wolinella succinogenes at 2.2 A resolution, Nature 402 (1999) 377-385.

C. Hagerhadll, Succinate: quinone oxidoreductases. Variations on a conserved
theme, Biochim. Biophys. Acta 1320 (1997) 107-141.

T. Ohnishi, C.C. Moser, C.C. Page, P.L. Dutton, T. Yano, Simple redox-linked proton-
transfer design: new insights from structures of quinol-fumarate reductase,
Structure 8 (2000) R23-R32.

C.RD. Lancaster, A. Kroger, Succinate: quinone oxidoreductases: new insights
from X-ray crystal structures, Biochim. Biophys. Acta 1459 (2000) 422-431.
C.R.D. Lancaster, Succinate:quinone oxidoreductases — what can we learn from
Wolinella succinogenes quinol:fumarate reductase? FEBS Lett. 504 (2001) 133-141.
C.R.D. Lancaster, Succinate:quinone oxidoreductases, in: A. Messerschmidt, R.
Huber, T. Poulos, K. Wieghardt (Eds.), Handbook of Metalloproteins, Vol. 1, John
Wiley & Sons, Chichester, UK, 2001, pp. 379-401.

C.R.D. Lancaster, Succinate:quinone oxidoreductases: an overview, Biochim.
Biophys. Acta 1553 (2002) 1-6.

CR.D. lLancaster, J. Simon, Succinate:quinone oxidoreductases from epsilon-
proteobacteria, Biochim. Biophys. Acta 1553 (2002) 84-101.

C.R.D. Lancaster, The structure of Wolinella succinogenes quinol: fumarate
reductase and its relevance to the superfamily of succinate:quinone oxidoreduc-
tases, Adv. Protein Chem. 63 (2003) 131-149.

CRD. Lancaster, The role of electrostatics in proton-conducting membrane
protein complexes, FEBS Lett. 545 (2003) 52-60.

C.R.D. Lancaster, Wolinella succinogenes quinol:fumarate reductase and its
comparison to E. coli succinate:quinone reductase, FEBS Lett. 555 (2003) 21-28.
C.R.D. Lancaster, Respiratory chain complex Il and succinate:quinone oxidore-
ductases, in: W.J. Lennarz, M.D. Lane (Eds.), Encyclopedia of Biological Chemistry,
Vol. 3, Elsevier, Oxford, UK, 2004, pp. 681-687.

M. Mileni, F. MacMillan, C. Tziatzios, K. Zwicker, A.H. Haas, W. Mdntele, ]. Simon,
C.R.D. Lancaster, Heterologous production in Wolinella succinogenes and
characterization of the quinol:fumarate reductase enzymes from Helicobacter
pylori and Campylobacter jejuni, Biochem. ]. 395 (2006) 191-201.

A. Kroger, A. Innerhofer, Function of b-cytochromes in electron transport from
formate to fumarate of Vibrio succinogenes, Eur. J. Biochem. 69 (1976) 497-506.
A.H. Haas, C.R.D. Lancaster, Calculated coupling of transmembrane electron and
proton transfer in dihemic quinol:fumarate reductase, Biophys. ]. 87 (2004) 4298-4315.

(24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

C.RD. Lancaster, R. Gross, A. Haas, M. Ritter, W. Madntele, J. Simon, A. Kroger,
Essential role of Glu-C66 for menaquinol oxidation indicates transmembrane
electrochemical potential generation by Wolinella succinogenes, Proc. Natl. Acad.
Sci. U. S. A. 97 (2000) 13051-13056.

C.R.D. Lancaster, R. Gross, J. Simon, A third crystal form of Wolinella succinogenes
quinol:fumarate reductase reveals domain closure at the site of fumarate
reduction, Eur. J. Biochem. 268 (2001) 1820-1827.

E. Lemma, G. Unden, A. Kréger, Menaquinone is an obligatory component of the
chain catalyzing succinate respiration in Bacillus subtilis, Arch. Microbiol. 155
(1990) 62-67.

J. Schirawski, G. Unden, Menaquinone-dependent succinate dehydrogenase of
bacteria catalyzes reversed electron transport driven by the proton potential, Eur.
J. Biochem. 257 (1998) 210-215.

T. Zaunmiiller, D.J. Kelly, FO. Glockner, G. Unden, Succinate dehydrogenase
functioning by a reverse redox loop mechanism and fumarate reductase in
sulphate-reducing bacteria, Microbiology 152 (2006) 2443-2453.

N. Azarkina, A.A. Konstantinov, Stimulation of menaquinone-dependent electron
transfer in the respiratory chain of Bacillus subtilis by membrane energization,
J. Bacteriol. 184 (2002) 5339-5347.

M.G. Madej, H.R. Nasiri, N.S. Hilgendorff, H. Schwalbe, G. Unden, C.R.D. Lancaster,
Experimental evidence for proton motive force-dependent catalysis by the
diheme-containing succinate:menaquinone oxidoreductase from the Gram-
positive bacterium Bacillus licheniformis, Biochemistry 45 (2006) 15049-15055.
M.G. Madej, H.R. Nasiri, N.S. Hilgendorff, H. Schwalbe, C.R.D. Lancaster, Evidence
for transmembrane proton transfer in a dihaem-containing membrane protein
complex, EMBO J. 18 (2006) 4963-4970.

V. Geisler, R. Ullmann, A. Kroger, The direction of the proton exchange associated
with the redox reactions of menaquinone during electron transport in Wolinella
succinogenes, Biochim. Biophys. Acta 1184 (1994) 219-226.

A. Kroger, S. Biel, J. Simon, R. Gross, G. Unden, CR.D. Lancaster, Fumarate
respiration of Wolinella succinogenes: enzymology, energetics and coupling
mechanism, Biochim. Biophys. Acta 1553 (2002) 23-38.

S. Biel, J. Simon, R. Gross, T. Ruiz, M. Ruitenberg, A. Kroger, Reconstitution of
coupled fumarate respiration in liposomes by incorporating the electron transport
enzymes isolated from Wolinella succinogenes, Eur. ]. Biochem. 269 (2002)
1974-1983.

CRD. Lancaster, US. Sauer, R. Gross, AH. Haas, ]. Graf, H. Schwalbe, W.
Madntele, ]. Simon, M.G. Madej, Experimental support for the “E-pathway
hypothesis” of coupled transmembrane e~ and H™ transfer in dihemic quinol:
fumarate reductase, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 18860-18865.
AH. Haas, US. Sauer, R. Gross, ]. Simon, W. Mantele, CR.D. Lancaster, FTIR
difference spectra of Wolinella succinogenes quinol:fumarate reductase support a
key role of Glu C180 within the “E-pathway hypothesis” of coupled transmem-
brane electron and proton transfer, Biochemistry 44 (2005) 13949-13961.

M. Mileni, A.H. Haas, W. Mantele, J. Simon, C.R.D. Lancaster, Probing heme
propionate involvement in transmembrane proton transfer coupled to electron
transfer in dihemic quinol:fumarate reductase by '>C-labeling and FTIR difference
spectroscopy, Biochemistry 44 (2005) 16718-16728.

C.R.D. Lancaster, A.H. Haas, M.G. Madej, M. Mileni, Recent progress on obtaining
theoretical and experimental support for the “E-pathway hypothesis” of coupled
transmembrane electron and proton transfer in dihaem-containing quinol:
fumarate reductase, Biochim. Biophys. Acta 1757 (2006) 988-995.

G. Unden, H. Hackenberg, A. Kroger, Isolation and functional aspects of the
fumarate reductase involved in the phosphorylative electron transport of Vibrio
succinogenes, Biochim. Biophys. Acta 591 (1980) 275-288.

C.R.D. Lancaster, Crystallization of Wolinella succinogenes quinol:fumarate
reductase, in: C. Hunte, H. Schdgger, G. von Jagow (Eds.), Membrane Protein
Purification and Crystallization: A Practical Guide, Second Edition, Academic Press,
San Diego, CA, USA, 2003, pp. 219-228.

C.R.D. Lancaster, Crystallization of Wolinella succinogenes quinol:fumarate reduc-
tase in three crystal forms, in: S. Iwata (Ed.), Methods and Results in Membrane
Protein Crystallization, University Line, La Jolla, CA, USA, 2003, pp. 177-192.



	Limited reversibility of transmembrane proton transfer assisting transmembrane electron transfe.....
	Introduction
	Materials and methods
	Enzymatic assays
	Acidification measurements, H+/e− ratio
	Determination of ΔΨ

	Results and discussion
	Acknowledgements
	References




