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Abstract The three-dimensional structure of Wolinella succi-
nogenes quinol :fumarate reductase (QFR), a dihaem-containing
member of the superfamily of succinate:quinone oxidoreduc-
tases (SQOR), has been determined at 2.2 A$ resolution by
X-ray crystallography [Lancaster et al., Nature 402 (1999)
377^385]. The structure and mechanism of W. succinogenes
QFR and their relevance to the SQOR superfamily have re-
cently been reviewed [Lancaster, Adv. Protein Chem. 63
(2003) 131^149]. Here, a comparison is presented of W. succi-
nogenes QFR to the recently determined structure of the mono-
haem containing succinate:quinone reductase from Escherichia
coli [Yankovskaya et al., Science 299 (2003) 700^704]. In spite
of di¡erences in polypeptide and haem composition, the overall
topology of the membrane anchors and their relative orientation
to the conserved hydrophilic subunits is strikingly similar. A
major di¡erence is the lack of any evidence for a ‘proximal’
quinone site, close to the hydrophilic subunits, in W. succino-
genes QFR.
@ 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Succinate:quinone oxidoreductases (SQORs; EC 1.3.5.1 [1])
are enzymes that couple the two-electron oxidation of succi-
nate to fumarate (reaction 1) to the two-electron reduction of
quinone to quinol (reaction 2).

succinate3fumarate þ 2Hþ þ 2e3 ð1Þ

quinoneþ 2Hþ þ 2e33quinol ð2Þ
They can also catalyse the opposite reaction, the coupling of
quinol oxidation to the reduction of fumarate [2]. Depending
on the direction of the reaction catalysed in vivo, the members
of the superfamily of SQORs can be classi¢ed as either succi-
nate:quinone reductases (SQR) or quinol:fumarate reductases
(QFR) [3]. SQR and QFR complexes are anchored in the

cytoplasmic membranes of archaebacteria, eubacteria and in
the inner mitochondrial membrane of eukaryotes with the
hydrophilic domain extending into the cytoplasm and the mi-
tochondrial matrix, respectively. SQR (respiratory complex II)
is involved in aerobic metabolism as part of the citric acid
cycle (Krebs cycle) and of the aerobic respiratory chain [4].
QFR participates in anaerobic respiration with fumarate as
the terminal electron acceptor [5^7], and is part of the electron
transport chain catalysing the oxidation of various donor sub-
strates (e.g. H2 or formate) by fumarate. These reactions are
coupled via an electrochemical proton potential (vp) [8] to
ADP phosphorylation with inorganic phosphate by ATP syn-
thase.

2. SQOR classi¢cation

SQORs generally contain four protein subunits, referred to
as A, B, C and D. Subunits A and B are hydrophilic, whereas
subunits C and D are integral membrane proteins. Among
species, subunits A and B have high sequence homology,
while that for the hydrophobic subunits is much lower.
Most of the SQR enzymes of Gram-positive bacteria and
the QFR enzymes from O-proteobacteria contain only one
larger hydrophobic polypeptide (C), which is thought to
have evolved from a fusion of the genes for the two smaller
subunits C and D [9^11]. While subunit A harbours the site of
fumarate reduction and succinate oxidation, the hydrophobic
subunit(s) contain the site of quinol oxidation and quinone
reduction.
Based on their hydrophobic domain and haem b content

[9,10], SQORs can be classi¢ed in ¢ve types (Fig. 1a). Type A
enzymes contain two hydrophobic subunits and two haem
groups, e.g. SQR from the archaea Archaeoglobus fulgidus,
Natronomonas pharaonis and Thermoplasma acidophilum.
Type B enzymes contain one hydrophobic subunit and two
haem groups, as is the case for SQR from the Gram-positive
bacteria Bacillus subtilis, Paenibacillus macerans and QFR
from the O-proteobacteria Campylobacter jejuni, Helicobacter
pylori, and Wolinella succinogenes. Examples for type C en-
zymes, which possess two hydrophobic subunits and one
haem group, are SQR from mammalian mitochondria and
from the proteobacteria Paracoccus denitri¢cans and Escheri-
chia coli and QFR from the nematode Ascaris suum. The
QFR of E. coli is an example of a type D enzyme, which
contains two hydrophobic subunits and no haem group. Fi-
nally, type E enzymes, such as SQRs from the archaea Aci-
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Fig. 1. a: Classi¢cation (A^E) of SQORs based on their hydrophobic domain and haem content. The hydrophilic subunits A and B are drawn
schematically in blue and red, respectively, the hydrophobic subunits C and D in green. Haem groups are symbolised by small rectangles. The
directions of the reactions catalysed by SQR and QFR are indicated by red and blue arrows, respectively. White rectangles symbolise the re-
spective cytoplasmic or inner mitochondrial membrane bilayer. The positive (+) and negative (3) sides of the membrane are indicated. In bac-
teria, the negative side is the cytoplasm (‘inside’), the positive side the periplasm (‘outside’). For mitochondrial systems, these are the mitochon-
drial matrix and the intermembrane space, respectively. The type of quinone transformed in vivo is not necessarily unique for each type of
enzyme. The examples given are thermoplasma-quinone (TK), menaquinone (MK), ubiquinone (Q), and caldariella quinone (CQ) [3,46].
b,c: Three-dimensional structures of W. succinogenes QFR, a B-type SQOR (b [11]) and E. coli SQR, a C-type SQOR (c [14]) The CK traces
of the A subunits are shown in blue, those of the B subunits in red, those of the C subunits in pink, and those of the D subunits in green.
The atomic structures of the prosthetic groups are superimposed for better visibility. From top to bottom, these are the covalently bound
FAD, the [2Fe^2S], the [4Fe^4S], and the [3Fe^4S] iron^sulphur clusters, the proximal (and, where present) the distal haem b groups. Atomic
colour coding is as follows: C, N, O, P, S and Fe are displayed in yellow, blue, red, light green, green, and orange, respectively. Figures with
atomic models were prepared with a version of Molscript [47] modi¢ed for colour ramping [48] and rendered with the program Raster3D [49].
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dianus ambivalens and Sulfolobus acidocaldarius, but also from
the proteobacterium C. jejuni and the cyanobacterium Syn-
echocystis, also contain no haem, but have two hydrophobic
subunits very di¡erent from the other four types and more
similar to those of heterodisulphide reductase from methano-
genic archaea [12].

3. SQOR structure and function

3.1. Overall description of the structure
The currently available crystal structures of SQORs are

those of two prokaryotic QFRs, both since 1999, and one
prokaryotic SQR, since 2003. The E. coli QFR, determined
at 3.3 AR resolution [13], belongs to the type D enzymes, and
the QFR of W. succinogenes (Fig. 1b), re¢ned at 2.2 AR reso-
lution [11], is of type B. The structure of the SQR from E. coli
(Fig. 1c) was reported at 2.6 AR resolution [14]. Interestingly,
E. coli QFR appears to be a monomeric complex of one copy
each of the A, B, C and D subunits, whereas W. succinogenes
QFR is apparently a homodimer of two sets of A, B and C
subunits, and E. coli SQR is a homotrimer of three sets of A,
B, C and D subunits. At least for the Wolinella enzyme, it has
been derived from analytical gel ¢ltration experiments that the
homodimer is apparently also present in the detergent-solubi-
lised state of the enzyme [15], implying that it is unlikely to be
an artifact of crystallisation. However, functionally both
W. succinogenes QFR and E. coli SQR appear to act as mono-
mers, which is why only the monomeric complexes are shown
in Fig. 1b,c.
The structures of E. coli QFR and W. succinogenes QFR

have been compared earlier [11,15], as have the structures of
E. coli QFR and SQR [16]. Therefore, this contribution will
focus mainly on the comparison of W. succinogenes QFR and
E. coli SQR.

3.2. The relative orientations of soluble and membrane-
embedded SQOR subunits

The structures of all three SQOR enzymes of known struc-
ture can be superimposed on the basis of the CK positions of
the conserved hydrophilic subunits A and B. In spite of di¡er-
ences in polypeptide and haem composition, the overall topol-
ogy of the membrane anchors and their relative orientation to
the conserved hydrophilic subunits is strikingly similar in the
case of W. succinogenes QFR and E. coli SQR (Fig. 2), but
not for E. coli QFR. However, as demonstrated earlier (cf. ¢gs.
3d and 6c in [11]), in an alternate orientation the transmem-
brane subunits of E. coli QFR and of W. succinogenes QFR
can be overlaid in spite of the respective absence and presence
of the two haem groups. Consequently, the relative orienta-
tions of the hydrophilic subunits and the transmembrane sub-
units are similar inW. succinogenes QFR and E. coli SQR and
di¡erent in E. coli QFR.

3.3. Subunit A, and the site of succinate oxidation/fumarate
reduction

The £avoprotein or A subunit (64^73 kDa) of all described
membrane-bound SQOR complexes contains a £avin adenine
dinucleotide (FAD) prosthetic group covalently bound to a
conserved His residue as an 8K-[NO-histidyl]-FAD] [17^20].
The two most important domains of subunit A are the bipar-
tite FAD-binding domain and the ‘capping’ domain, which is
inserted between the two parts of the FAD-binding domain.
The capping domain contributes to burying the otherwise sol-
vent-exposed FAD isoalloxazine ring from the protein sur-
face.
The binding site of succinate/fumarate is located between

the FAD-binding domain and the capping domain next to the
plane of the FAD isoalloxazine ring [11]. The structures and
results from site-directed mutagenesis [21] suggest that the

Fig. 2. Comparison of the structures of W. succinogenes QFR (in colour, with cofactors in yellow) and E. coli SQR (in black, with cofactors in
grey). Subunit A of W. succinogenes QFR is drawn in blue (FAD-binding domain), light blue (capping domain), green (helical domain), and
light green (C-terminal domain), subunit B is shown in pink (N-terminal domain) and brown (C-terminal domain), and subunit C in orange.
The positions of 782 CK atoms could be superimposed with an rms deviation of 1.7 AR .
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trans-dehydrogenation of succinate to fumarate occurs by the
combination of a hydride ion transfer from one succinate
methylene group to the N5 position of the FAD and of a
proton transfer from the other succinate methylene group to
the side chain of a conserved Arg residue of the capping
domain (Fig. 3). All residues implicated in substrate binding
and catalysis are conserved throughout the superfamily of
SQORs, so that this reversible mechanism is considered gen-
erally relevant for all SQORs. Release of the product could be
facilitated by movement of the capping domain away from the
dicarboxylate site [11,21].

3.4. Subunit B, the iron^sulphur protein
Generally, SQORs contain three iron^sulphur clusters,

which are exclusively bound by the B subunit of 26^30 kDa.
Enzyme types A^D contain one [2Fe^2S]2þ;1þ, one [4Fe^
4S]2þ;1þ and one [3Fe^4S]1þ;0 cluster, whereas an additional
[4Fe^4S]2þ;1þ cluster apparently replaces the [3Fe^4S]1þ;0 in
the type E enzyme [22]. This subunit consists of two domains,
an N-terminal ‘plant ferredoxin’ domain, in contact with sub-
unit A and binding the [2Fe^2S] iron^sulphur cluster, and a
C-terminal ‘bacterial ferredoxin’ domain, in contact with the
hydrophobic subunit(s) and binding the [4Fe^4S] and the
[3Fe^4S] iron^sulphur clusters. In general, these iron^sulphur
clusters are co-ordinated by conserved Cys residues, although
one of the ligands to the [2Fe^2S] cluster in E. coli SQR is an
Asp. At the position corresponding to the fourth Cys of the
[4Fe^4S] cluster, the [3Fe^4S] cluster contains a Leu (W. suc-
cinogenes QFR), Ile (E. coli SQR), Val (E. coli QFR), or Ser
(B. subtilis SQR). Whereas the introduction of a Cys into E.
coli QFR [23] could replace the native [3Fe^4S] by a [4Fe^4S]
cluster, this was not the case for B. subtilis SQR [24].

3.5. The integral membrane subunit(s) C (and D) and the sites
of quinol oxidation/quinone reduction

Type A, C and D SQOR enzymes contain two hydrophobic
polypeptides with three membrane-spanning helices each

(numbered I, II and III and IV, V and VI, respectively). Ac-
cording to an evolutionary model proposed by Ha«gerha«ll and
Hederstedt [9], the large single hydrophobic polypeptides of
type B SQOR enzymes with ¢ve membrane-spanning helices
are thought to have evolved from the fusion of the genes for
the two small hydrophobic polypeptides with concomitant
loss of transmembrane helix III. This view is supported by
the structural superpositions discussed above (Section 3.2
and [11]). To a varying degree, all transmembrane segments
are tilted with respect to the membrane normal [9,15].
The planes of both haem molecules bound by W. succino-

genes QFR are approximately perpendicular to the membrane
surface and their interplanar angle is 95‡. The His axial li-
gands to the ‘proximal’ haem bP, located towards the cyto-
plasmic surface of the membrane, and thus towards the [3Fe^
4S] iron^sulphur cluster, are located on transmembrane heli-
ces II and V. Residues also of the two other transmembrane
helices I and IV interact with the propionate groups of haem
bP via hydrogen bonds and salt bridges, which underscores
the structural importance of the bound haem [25]. The axial
ligands to the ‘distal’ haem bD are located on helices I and IV.
The binding of the two haem b molecules by an integral mem-
brane protein four-helix bundle described here is very di¡erent
from that described for other dihaem-binding membrane pro-
tein complexes, such as the cytochrome bc1 complex [26],
where only two transmembrane segments provide two axial
haem b ligands each, and also the membrane-bound hydro-
genases and formate dehydrogenases, where one transmem-
brane helix provides two axial His ligands and two others
provide one His ligand each (see [27,28] for discussions).
One consequence of this di¡erence is that the distance be-
tween the two haem iron centres is distinctly shorter in
W. succinogenes QFR (15.6 AR ) than it is in the mitochondrial
cytochrome bc1 complex (21 AR ) and in E. coli formate dehy-
drogenase-N (20.5 AR [29]). The mode of haem binding for the
single (proximal) haem of E. coli SQR is analogous to that
described for haem bP of W. succinogenes QFR.

Fig. 3. Possible mechanism of succinate oxidation/fumarate reduction. Figure modi¢ed from [21].
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The sites of quinol oxidation/quinone reduction have been
localised in all three enzymes of known three-dimensional
structure by a combination of X-ray crystallography, site-di-
rected mutagenesis, functional characterisation of resulting
variant enzymes and/or inhibitor-binding studies. In E. coli
QFR, the menaquinol oxidation site is located ‘proximally’,
close to the [3Fe^4S] cluster [30]. In E. coli SQR, this position
is occupied by the haem b group, but the ubiquinone reduc-
tion site is also located proximally, close to the [3Fe^4S] clus-
ter, at an alternative position [14]. In W. succinogenes QFR,
the menaquinol oxidation site is located distally, close to
haem bD [31].

4. Electron and proton transfer

4.1. Electron transfer
For the function of QFR, electrons have to be transferred

from the quinol-oxidising site in the membrane to the fuma-
rate-reducing site, protruding into the cytoplasm. Conversely,
for the function of SQR, electrons have to be transferred from

the succinate oxidation site in subunit A to the quinone re-
duction site in the membrane. The linear arrangement of the
prosthetic groups in the complexes shown in Fig. 1b,c there-
fore provides one straightforward pathway by which electrons
could be transferred e⁄ciently between the two sites of catal-
ysis. It has been shown for other electron transfer proteins
that physiological electron transfer between prosthetic groups
occurs if the edge-to-edge distances relevant for electron trans-
fer are shorter than 14 AR , but not if they are longer than 14 AR

[32]. In all three cases, this indicates that physiological elec-
tron transfer can occur between the prosthetic groups of one
heterotrimeric or heterotetrameric complex, but not between
the two (W. succinogenes QFR) or three (E. coli SQR) com-
plexes in the respective homodimer or homotrimer.
Prior to the determination of the three-dimensional struc-

tures, because of its very low midpoint potential (Em 63250
mV), the [4Fe^4S] iron^sulphur cluster had been suggested
not to participate in electron transfer (see [3] for a discussion).
However, the determined low potential may be an artifact due
to anti-co-operative electrostatic interactions between the re-

Fig. 4. The coupling of electron and proton £ow in SQORs in aerobic (a,c) and anaerobic respiration (b,d). Positive and negative sides of the
membrane are described for Fig. 1a. a,b: Electroneutral reactions as catalysed by C-type SQR enzymes (a) and D-type E. coli QFR (b). c: Uti-
lisation of a transmembrane electrochemical potential vp as possibly catalysed by A-type and B-type enzymes. d: Electroneutral fumarate re-
duction by B-type QFR enzymes with a proposed compensatory ‘E-pathway’.
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dox centres [33]. The position of the [4Fe^4S] cluster as re-
vealed in the structures is highly suggestive of its direct role in
electron transfer between the [3Fe^4S] cluster and the [2Fe^
2S] cluster. Despite this major thermodynamically unfavour-
able step, the calculated rate of electron transfer is on a micro-
second scale, demonstrating that this barrier can easily be
overcome by thermal activation as long as the electron trans-
fer chain components are su⁄ciently close to promote intrinsi-
cally rapid electron tunneling [34].
The positioning of the haem in E. coli SQR is apparently

puzzling, because it does not seem to be required for electron
transfer between the catalytic sites. A possible explanation for
this also explains why SQR is favoured over QFR in E. coli
when oxygen is present. Under aerobic conditions, reduced
E. coli QFR produces large amounts of reactive oxygen spe-
cies (ROS), including superoxide radical (O3

2 ) and hydrogen
peroxide (H2O2), which has been suggested to be caused by
electron accumulation around the FAD [35]. In sharp con-
trast, E. coli SQR reacts poorly with molecular oxygen, pro-
ducing modest amounts of O3

2 and no H2O2. On the basis of
their crystal structure, Yankovskaya et al. [14] argue that the
haem group in SQR provides an electron sink when the qui-
none site is not occupied, thus preventing buildup of electrons
around the FAD and subsequent ROS generation. However,
this electron sink mechanism is predicted to be less e¡ective
for mitochondrial SQRs because their haem b has a lower
redox potential than that in E. coli SQR.

4.2. Electron-coupled proton transfer
In addition to the transfer of electrons, two protons are

bound at the site of reduction and two protons are liberated
at the site of oxidation (see reactions 1 and 2 and [36] for a
review). An overview of the current status of discussion of
electron and proton transfer in SQORs is shown in Fig. 4a^
d. In mitochondrial complex II and other C-type enzymes,
such as SQR from P. denitri¢cans and E. coli, electron trans-
fer from succinate to ubiquinone does not lead to the gener-
ation of a transmembrane electrochemical potential vp, since
the protons released by succinate oxidation are on the same
side of the membrane as those consumed by quinone reduc-
tion (Fig. 4a). Similarly, in E. coli QFR, the protons released
by proximal quinol oxidation are balanced by the protons
consumed by fumarate reduction (Fig. 4b). Succinate oxida-
tion by menaquinone, an endergonic reaction under standard
conditions, is catalysed by a B-type (Fig. 1a) SQOR in Gram-
positive bacteria, e.g. B. subtilis. There is experimental evi-
dence [37] indicating that the menaquinone reduction site in
B. subtilis SQR is close to the haem bD in an analogous posi-
tion to the menaquinol oxidation site of W. succinogenes
QFR. This arrangement of the catalytic sites of succinate ox-
idation and menaquinone reduction would allow succinate
oxidation by menaquinone in B. subtilis to be driven by the
electrochemical proton potential (Fig. 4c) and there is indeed
experimental evidence that this is the case [38]. This is the
analogous reaction to that suggested by the arrangement of

Fig. 5. a: Comparison of the transmembrane subunits from W. succinogenes QFR (in colour, with cofactors in yellow) and E. coli SQR (in
black, with cofactors in grey). W. succinogenes QFR subunit C is coloured in dark blue (N-terminal helix), blue (transmembrane helix (TMH)
I), light blue (periplasmic I^II helix), blue green (TMH II), green (cytoplasmic II^IV helix), orange (TMH IV), red (periplasmic IV^V helix),
pink (TMH V), and purple (TMH VI). The [4Fe^4S] and [3Fe^4S] clusters are shown to aid orientation. b: Sequence comparison of the struc-
turally aligned segments. Identical residues are emphasised.
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the catalytic sites for W. succinogenes QFR, but in the oppo-
site direction. Recent experimental results indeed indicate that
B. subtilis SQR generates a proton potential when functioning
as a QFR [39]. However, the experimental results on intact
bacteria, with inverted vesicles or liposomes containingW. suc-
cinogenes QFR [40^42], indicate that the oxidation of mena-
quinol by fumarate as catalysed by W. succinogenes QFR is
an electroneutral process. In order to reconcile these experi-
mental ¢ndings with the arrangement of the catalytic sites in
the structure, it has been proposed [27] that transmembrane
electron transfer in dihaemic QFRs is tightly coupled to the
compensatory, parallel transfer of protons across the mem-
brane, thus balancing the protons released to the periplasm
upon menaquinol oxidation and the protons bound from the
cytoplasm upon fumarate reduction (Fig. 4d). A key residue

in this proposed proton transfer pathway is a Glu residue
located in the middle of the membrane that is conserved
only in dihaemic menaquinol :fumarate reductases, but not
in dihaemic succinate:menaquinone reductases [27]. First ex-
perimental results supporting this ‘E-pathway hypothesis’
have recently been obtained (Lancaster, Sauer, GroM, Haas,
Ma«ntele, Simon and Madej, manuscript in preparation; Haas,
Sauer, GroM, Simon, Ma«ntele and Lancaster, manuscript in
preparation).

5. A model for an ancestral SQOR and the lack of evidence for
a proximal quinone site in W. succinogenes QFR

The positions of 113 CK atoms from W. succinogenes QFR
and E. coli SQR could be superimposed with an rms deviation

Fig. 6. Structural homology of E. coli SQR and W. succinogenes QFR suggests a common ancestor. a: Evolutionary scheme of the develop-
ment of type B and type C SQOR enzymes from a hypothetical common ancestor (adapted from [10]). b: Hypothetical ancestral SQOR con-
structed from the co-ordinates of W. succinogenes QFR and E. coli SQR. Colour coding is analogous to Fig. 1. c: The transmembrane subunits
of the hypothetical ancestor. Colour coding is analogous to Fig. 5a. The side chains of the residues found to be identical in Fig. 5b are shown.
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of 1.8 AR , and Fig. 5a shows that most of this deviation can be
accounted for by slight o¡sets of the secondary structure ele-
ments, indicating a very similar topology. The residues corre-
sponding to the aligned Ca positions are shown in Fig. 5b. Of
these 113 residues, 21 are identical, of which six are Leu, three
Gly, three Ala, two His (the axial ligands to the proximal
haem), two Thr, two Phe, one Ile, one Met, and one is a
Val residue, and a number of other residues are similar.
It is generally thought that membrane-bound SQORs pos-

sess a common ancestor [10] with two hydrophobic polypep-
tides, two bound haems, and two quinone sites, QD and QP.
The structural similarities shown here support this idea, at
least for B-type and C-type members of the superfamily
(Fig. 6a). Thereby, B-type SQORs would have evolved from
the common ancestor via loss of the proximal binding site QP

and fusion of the genes for the two small hydrophobic poly-
peptides with concomitant loss of transmembrane helix III.
Conversely, C-type SQORs should have developed from the
common ancestor by loss of the distal quinone QD and haem
bD. A hypothetical model of such a common ancestor is
shown in Fig. 6b,c.
It has been generally realised that the presence of a prox-

imal quinone-binding site (QP) in addition to the distal qui-
none site (QD) and the two haem groups would allow the
operation of a Q cycle mechanism in such an ancestral
SQOR, analogous to that of the cytochrome bc1 complex
[43]. However, for W. succinogenes QFR, the available data
indicate that such a scenario is not possible. Of the 10 residues
found to form the QP pocket of E. coli SQR [14], eight can be
aligned in Fig. 5b and none of them are identical. The recent
report by Pereira and Teixeira [44] of a QP-binding motif
involving Leu C117, His C120, and Thr C123 in W. succino-
genes QFR is apparently based entirely on a corresponding
sequence motif of unknown accuracy. It is incompatible with
the available crystal structure and with the published results
from mutagenesis. In the structure, His C120 and Thr C123
are involved in the binding of subunit B, as has been described
in detail earlier [45]. In addition, replacement of His C120 by
Ala by site-directed mutagenesis indicates a non-essential role
of this residue, since the resulting mutant is capable of growth
with fumarate as the terminal electron acceptor [25]. The lack
of any proof for the presence of a QP site in W. succinogenes
QFR favours a simpler mechanism of coupled electron and
proton transfer, as represented by the E-pathway hypothesis,
which adequately explains all available experimental data.
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