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Abstract

Membrane-bound succinate dehydrogenases (succinate:quinone reductases, SQR) and fumarate reductases (quinol:fu-
marate reductases, QFR) couple the oxidation of succinate to fumarate to the reduction of quinone to quinol and also
catalyse the reverse reaction. SQR (respiratory complex II) is involved in aerobic metabolism as part of the citric acid cycle
and of the aerobic respiratory chain. QFR is involved in anaerobic respiration with fumarate as the terminal electron
acceptor, and is part of an electron transport chain catalysing the oxidation of various donor substrates by fumarate. QFR
and SQR complexes are collectively referred to as succinate:quinone oxidoreductases (EC 1.3.5.1), have very similar
compositions and are predicted to share similar structures. The complexes consist of two hydrophilic and one or two
hydrophobic, membrane-integrated subunits. The larger hydrophilic subunit A carries covalently bound flavin adenine
dinucleotide and subunit B contains three iron-sulphur centres. QFR of Wolinella succinogenes and SQR of Bacillus subtilis
contain only one hydrophobic subunit (C) with two haem b groups. In contrast, SQR and QFR of Escherichia coli contain
two hydrophobic subunits (C and D) which bind either one (SQR) or no haem b group (QFR). The structure of W.
succinogenes QFR has been determined at 2.2 Aî resolution by X-ray crystallography (C.R.D. Lancaster, A. Kro«ger, M.
Auer, H. Michel, Nature 402 (1999) 377^385). Based on this structure of the three protein subunits and the arrangement of
the six prosthetic groups, a pathway of electron transfer from the quinol-oxidising dihaem cytochrome b to the site of
fumarate reduction and a mechanism of fumarate reduction was proposed. The W. succinogenes QFR structure is different
from that of the haem-less QFR of E. coli, described at 3.3 Aî resolution (T.M. Iverson, C. Luna-Chavez, G. Cecchini, D.C.
Rees, Science 284 (1999) 1961^1966), mainly with respect to the structure of the membrane-embedded subunits and the
relative orientations of soluble and membrane-embedded subunits. Also, similarities and differences between QFR
transmembrane helix IV and transmembrane helix F of bacteriorhodopsin and their implications are discussed. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Succinate:quinone reductase (SQR, EC 1.3.5.1)
and quinol:fumarate reductase (QFR) catalyse the
two-electron oxidation of succinate to fumarate
with concomitant two-electron reduction of quinone

0005-2728 / 00 / $ ^ see front matter ß 2000 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 0 0 ) 0 0 1 8 0 - 8

* Corresponding author. http://www.mpibp-frankfurt.mpg.de/
lancaster/complexII/index.html;
E-mail : lancaster@mpibp-frankfurt.mpg.de

BBABIO 44935 7-8-00 Cyaan Magenta Geel Zwart

Biochimica et Biophysica Acta 1459 (2000) 422^431
www.elsevier.com/locate/bba

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82469898?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


to hydroquinone (quinol) as well as the reverse reac-
tion. SQR and QFR can be degraded to form succi-
nate dehydrogenase and fumarate reductase (both
EC 1.3.99.1), which no longer react with quinone
and quinol, respectively. SQRs and QFRs can be
divided into three functional subclasses based on
the quinone substrate and the in vivo function of
the enzyme [1]. Subclass 1 contains those enzymes
which oxidise succinate (EM7 = +25 mV [2]) and re-
duce a high-potential quinone (e.g. ubiquinone
(EM7 = +90 mV [3]), caldariella quinone (EM7 =
+103 mV [4])). The SQRs from mammalian mito-
chondria (respiratory complex II) and many procar-
yotes belong to this group. Subclass 2 comprises all
those enzymes which catalyse the oxidation of a low-
potential quinol (e.g. menaquinol (EM7 =374 mV
[5]), rhodoquinol (EM7 =363 mV [6])) and the reduc-
tion of fumarate. All QFRs studied so far belong to
this subclass. Subclass 3 includes those enzymes
which catalyse the oxidation of succinate and the
reduction of a low-potential quinone (e.g. menaqui-
none, thermoplasma quinone), which is an energeti-
cally unfavourable reaction. These subclass 3 en-
zymes are found in Gram-positive bacteria (e.g.
Bacillus subtilis, Paenibacillus macerans) and archae-
bacteria (e.g. Thermoplasma acidophilum).

SQR and QFR complexes are anchored in the cy-
toplasmic membranes of archaebacteria, eubacteria
and in the inner mitochondrial membrane of eucar-
yotes with the hydrophilic domain extending into the
cytoplasm and the mitochondrial matrix, respec-
tively.

SQR (respiratory complex II) is involved in aero-
bic metabolism as part of the citric acid cycle and of
the aerobic respiratory chain [7]. QFR is involved in
anaerobic respiration with fumarate as the terminal
electron acceptor [8,9], and is part of the electron
transport chain catalysing the oxidation of various
donor substrates (e.g. NADH, H2 or formate) by
fumarate. These reactions are coupled via an electro-
chemical proton potential to ADP phosphorylation
with inorganic phosphate by ATP synthase.

Succinate:quinone oxidoreductases generally con-
tain four protein subunits, referred to as A, B, C,
and D. Subunits A and B are hydrophilic, whereas
the small subunits C and D are integral membrane
proteins. Most of the SQRs of Gram-positive bacte-

ria and the QFRs 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 [10^12].

Based on their hydrophobic domain and haem
content, succinate:quinone oxidoreductases can be
classi¢ed in ¢ve types, according to Ha«gerha«ll and
Hederstedt [10] and recently updated by Hederstedt
[11]. Type A enzymes contain two hydrophobic sub-
units and two haem groups, e.g. SQR from the ar-
chaea Archaeoglobus fulgidus, Natronomonas pharao-
nis, and T. acidophilum. Type B enzymes contain one
hydrophobic subunit and two haem groups, as is the
case for SQR from the Gram-positive bacteria B.
subtilis, P. macerans and QFR from the O-proteobac-
teria 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 Paracoc-
cus denitri¢cans and Escherichia coli and QFR from
the nematode Ascaris suum. The QFR of E. coli is an
example for a type D enzyme, which contains two
hydrophobic subunits and no haem group. Finally,
type E enzymes, such as SQRs from the archaea
Acidianus ambivalens and Sulfolobus acidocaldarius,
but also from the proteobacterium C. jejuni and the
cyanobacterium Synechocystis 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 methanogenic ar-
chaea [4].

Generally, succinate:quinone oxidoreductases con-
tain three iron-sulphur centres, designated centres 1,
2, and 3, which are exclusively bound by the B sub-
unit. Enzyme types A^D contain one [2Fe-2S], one
[4Fe-4S], and one [3Fe-4S] centre as centres 1, 2, and
3, respectively, whereas an additional [4Fe-4S] centre
apparently replaces the [3Fe-4S] as centre 3 in the
type E enzyme [13]. The A subunit of all described
membrane-bound succinate:quinone oxidoreductase
complexes contains a covalently bound £avin ad-
enine dinucleotide (FAD) prosthetic group [14].
The chemical structure of the linkage as 8K-[NO-his-
tidyl]-FAD was ¢rst established for mammalian SQR
[15] and subsequently for the QFR enzymes of W.
succinogenes [16] and E. coli [17].
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2. Overall description of the structure

The currently available crystal structures of succi-
nate:quinone oxidoreductases are those of two pro-
caryotic quinol:fumarate reductases. The E. coli
QFR [18] belongs to the type D enzymes, and the
QFR of W. succinogenes [12] is of type B. Two struc-
tures of the latter enzyme, based on two di¡erent
crystal forms, are available. Both are considerably
better de¢ned and more accurate than the structure
of the E. coli enzyme. This can be seen from the ratio
of the number of independent crystallographic obser-
vations to the number of parameters required to de-
¢ne the atomic model (nobs/npar, should be s 1), and
from the free R value Rfree

T (should be 6 25%) as a
measure of how accurately the atomic model repre-
sents the experimental data. The values for the
W. succinogenes QFR structures are nobs/npar = 2.31
and Rfree

T = 22.4% at 2.2 Aî resolution for Protein
Data Bank (PDB) entry 1QLA and nobs/npar = 2.02
and Rfree

T = 22.3% at 2.33 Aî resolution for entry
1QLB. The corresponding values for the E. coli
QFR structure are nobs/npar = 0.73 and Rfree

T = 29.2%
at 3.3 Aî resolution. Therefore, we will concen-
trate on W. succinogenes QFR for the description
of structural features, and those of E. coli QFR

will be referred to for comparison, as shown in
Fig. 1.

In both W. succinogenes QFR crystal forms, the
two fumarate reductase complexes in the asymmetric
unit are associated in an identical fashion, thus form-
ing a dimer (Fig. 1a). As derived from analytical gel
¢ltration experiments, this dimer is apparently also
present in the detergent-solubilised state of the en-
zyme, implying that it is unlikely to be an artifact of
crystallisation. Approx. 3665 Aî 2 (8%) of the W. suc-
cinogenes QFR monomer surface is buried upon
dimer formation. This is more than 11 times the
value of approx. 325 Aî 2 reported [18] for the E.
coli QFR dimer, where the formation of the dimer
does seem to be an artifact of crystallisation.

W. succinogenes QFR has an overall length of 120
Aî in the direction perpendicular to the membrane.
Parallel to the membrane, the maximum width is 130
Aî for the dimer, and 70 Aî for the monomer. The
hydrophobic domain is formed by the menaquinol-
oxidising subunit C, which possesses ¢ve membrane-
spanning helices and binds two haem b groups (see
Fig. 1b). Attached to subunit C on the cytoplasmic
side of the membrane is subunit B, containing the
[3Fe-4S], [4Fe-4S], and [2Fe-2S] iron-sulphur centres
(in the order of increasing distance from subunit C).

Fig. 1. (a) Two orthogonal views parallel to the membrane of W. succinogenes QFR (PDB entry 1QLA [12]). The polypeptide back-
bones of the two A subunits are shown in blue and light blue, those of the two B subunits in purple and pink, and those of the mem-
brane-embedded C subunits in green and yellow, respectively. Prepared with the programme MolScript [42]. (b) W. succinogenes sub-
unit C as viewed perpendicular to the membrane plane from the cytoplasmic surface. Colour-coded from blue (N-terminus) to red (C-
terminus). See text for details on the labelling of the transmembrane helices. This panel and all subsequent panels in this ¢gure and in
Fig. 3 were prepared with a version of MolScript [42] modi¢ed by Robert Esnouf for colour ramping [43] capabilities. Panels b^f of
this ¢gure and Fig. 2 are adapted from [12] with permission. (c^f) Structure of the subunits of W. succinogenes QFR (in colour) and
comparison to the structure of E. coli QFR (in black). The prosthetic groups FAD, haem bP, and haem bD of the W. succinogenes en-
zyme are drawn as stick models, the iron-sulphur centres as grey spheres. The quinone models of the E. coli enzyme are drawn in
grey. Single letters in labels identify the respective subunit. Structures in (c) and (d) are superimposed based on the CK atoms of the
A and B subunits. Structures in (e) and (f) are superimposed based on the CK atoms of the transmembrane subunits. (c) W. succino-
genes subunit A domains are drawn in blue (FAD-binding domain), light blue (capping domain), blue-green (helical domain) and
green (C-terminal domain) as detailed for panel a. Subunit B domains are drawn in pink (`plant ferredoxin' domain) and brown (`bac-
terial ferredoxin' domain) as detailed for panel b, subunit C is drawn in orange. (d) Comparison of the electron transfer pathways in
the QFR complexes of W. succinogenes (red) and E. coli (black). QP is the `proximal' quinone, QD is the `distal' quinone. DCA is the
dicarboxylate (fumarate in the case of the W. succinogenes QFR coordinates (red) and oxaloacetate for the E. coli QFR coordinates
(black)). Distances between prosthetic groups are `edge-to-edge' distances in Aî as de¢ned in [20]. (e) W. succinogenes subunit C con-
sists of ¢ve transmembrane helices, two periplasmic and two cytoplasmic helices. The N-terminal cytoplasmic helix (dark blue) is fol-
lowed by transmembrane helix I (blue), a short periplasmic helix (light blue), transmembrane helix II (blue-green), a second cytoplas-
mic helix (green), transmembrane helix IV (orange), a second periplasmic helix (red), transmembrane helix V (pink) and
transmembrane helix VI (purple). Haem bP in the top half of the panel and haem bD in the bottom half of the panel are shown in
dark grey. (f) Comparison of the membrane-embedded cofactors in the complexes of W. succinogenes (red) and E. coli (black). QP is
the `proximal' quinone, QD is the `distal' quinone.
6
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Attached to subunit B, and not in contact with sub-
unit C, is subunit A, which contains the covalently
bound FAD and the site of fumarate reduction.

3. Subunit A, the £avoprotein

The CK traces of the three W. succinogenes QFR
subunits are shown in Fig. 1c. Subunit A of 73 kDa
[19] comprises four domains: a large FAD-binding
domain (residues A1^260 and A366^436), a capping
domain (A260^366), a helical domain (A436^554)
consisting of a single helix and a three-helix bundle,
and a C-terminal domain (A554^655), consisting of a
pair of antiparallel L-strands followed by a longer
and a short helix (see [12] for a more detailed ac-
count).

3.1. Binding of fumarate and chemistry of fumarate
reduction

The arrangement of residues forming the active
site of the oxidised enzyme with fumarate (PDB en-
try 1QLB [12]) suggests a trans hydrogenation mech-
anism of fumarate reduction as outlined in Fig. 2.
The dicarboxylate binding site is mainly formed by
the isoalloxazine ring of FAD, two arginine side
chains (Arg A301, Arg A404), one histidine side
chain (His A369) and the side chain of Phe A141.
One carboxylate group of fumarate is bound by po-
lar interactions with Arg A404 and His A369, the
other by Arg A301. Tightly bound by hydrogen
bonds from both Arg A301 and Arg A404, there is
a water molecule, which is also within hydrogen
bonding distance of the fumarate K-methenyl C
atom. Within hydrogen bonding distance of the fu-
marate L-methenyl C atom, there is a second water
molecule which is also within hydrogen bonding dis-
tance to N5 of the FAD isoalloxazine ring and the
peptide NH of A48. The side chain OQ atom of Ser
A409 is in a position to form hydrogen bonds with
the N1 and O2 atoms of the FAD isoalloxazine ring
and the guanidino group of Arg A404. All residues
shown in Fig. 2 are widely conserved among succi-
nate:quinone oxidoreductases. Steric constraints and
compensating hydrogen bonding interactions force
the fumarate out of its planar conformation [12].
Reduction of fumarate could occur by direct hydride

transfer [12] or by electron tunnelling [20] from the
FADH2 isoalloxazine ring, which is only 2.8 Aî away
from the fumarate molecule. The latter mechanism is
then associated with proton transfer from the N1 of
the isoalloxazine ring via Ser A409 and Arg A404 to
the fumarate K carbon and a second proton transfer
from the N5 of FAD to the fumarate L carbon via
the tightly bound water molecule. A slightly di¡erent
picture is derived from the structures of the soluble
single-subunit £avocytochromes c3 of Shewanella
frigidomarina [21] and Shewanella putrefaciens [22],
where the electron density apparently allows the
Arg corresponding to Arg A301 to be modelled with-
in hydrogen bonding distance of the fumarate K-
methenyl C atom, thus replacing the water molecule
in Fig. 2 as the proton donor to the fumarate K
carbon.

Release of the product could be facilitated by
movement of the capping domain, thus moving the
residue Arg A301 away from the dicarboxylate site
[12]. This scenario of domain movement has received
support from comparing the `closed' structures of the
QFR enzymes with bound dicarboxylate [12,18] to
the structures of the single subunit £avoenzymes E.
coli L-aspartate oxidase (LASPO) [23] and the £avo-
cytochromes of S. frigidomarina and putrefaciens (see
[24] for a review). A feature of LASPO and the £a-
vocytochrome structures lacking bound substrate

Fig. 2. Possible mechanism of fumarate reduction in W. succi-
nogenes QFR involving conserved residues identi¢ed in the
structure of oxidised QFR in co-complex with fumarate (PDB
entry 1QLB [12]). In addition, the peptide backbone NH
groups of residues A48^50 are indicated. For clarity, only the
isoalloxazine ring portion of FADH2 is shown. Electron tunnel-
ling from the FADH2 isoalloxazine ring system to fumarate is
accompanied by proton transfer via two water molecules, thus
forming succinate. Modi¢ed from [12].
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[22,25] is that the capping domain shows mobility by
rotating away from the FAD-binding domain.

4. Subunit B, the iron-sulphur protein

The CK trace of W. succinogenes subunit B is
shown in Fig. 1c. This subunit of 27 kDa [19] con-
sists of two domains (see Fig. 1c), an N-terminal
`plant ferredoxin' domain (B1^106), binding the
[2Fe-2S] iron-sulphur centre and a C-terminal `bac-
terial ferredoxin' domain (B106^239) binding the
[4Fe-4S] and the [3Fe-4S] iron-sulphur centres.

4.1. Iron-sulphur centres

The [2Fe-2S] iron-sulphur centre is coordinated by
the Cys residues B57, B62, B65, and B77 as proposed
on the basis of sequence alignments [19]. All four Cys
residues are within segments that are in contact with

the A subunit. The [4Fe-4S] iron-sulphur centre is
ligated to the protein through Cys residues B151,
B154, B157, and B218, and the [3Fe-4S] centre is
coordinated by Cys residues B161, B208, and B214.
The latter three residues are within segments that are
in contact with the C subunit.

5. Subunit C, the integral membrane domain

The CK trace of W. succinogenes subunit C is
shown in Fig. 1e. This subunit of 30 kDa [26] con-
tains ¢ve membrane-spanning segments with prefer-
entially helical secondary structure. These segments
are labelled (according to [10]) I (C22^52), II (C77^
100), IV (C121^149), V (C169^194), and VI (C202^
237). According to the sequence alignment in [10],
there is no transmembrane segment III in W. succi-
nogenes QFR. To a varying degree, all ¢ve trans-
membrane segments are tilted with respect to the

Fig. 3. Comparison of (a) transmembrane helix IV from W. succinogenes QFR (PDB entry 1QLA [12]) and (b) transmembrane helix
F from Halobacterium salinarum bacteriorhodopsin (bR) (PDB entry 1C3W [27]). In both panels hydrogen bonding interactions are
indicated by black dashed lines. Highlighted hydrogen bonds donated from the Ser side chain are indicated in green. The correspond-
ing interaction donated by the backbone NH for a standard K-helix is indicated in red. (a) The distance between Ser C141 N and Phe
C137 O (indicated in red) is 4.0 Aî , the distance between Ser C141 OQ and Phe C137 O (indicated in green) is 2.8 Aî . (b) The distance
between Ser 183 N and Val 179 O (red) is 3.0 Aî , the distance between Ser 183 OQ and Val 179 O (green) is 2.6 Aî . (c) Superposition
of QFR transmembrane helix IV (orange, from panel a), bR transmembrane helix F (green, from panel b) and an idealised K-helix
(black).
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membrane normal, and helix IV is strongly kinked at
position C137. This kink is stabilised by the side
chain Q-hydroxyl of Ser C141, which, instead of its
backbone NH, donates a hydrogen bond to the car-
bonyl oxygen of Phe C137 (Fig. 3a). This feature is
very similar to that found for helix F of bacteriorho-
dopsin (bR, PDB entry 1C3W [27], Fig. 3b), part of
which tilts during the bR photocycle [28]. Compared
to helix IV and an ideal K-helix (Fig. 3c), helix F
appears to adopt an intermediate position, also re-
garding the pattern of hydrogen bonding. It is intri-
guing to infer a structural change involving helix IV
occurring along these lines upon reduction of succi-
nate:quinone oxidoreductases, at least for the di-
haem-containing complexes.

When viewed from cytoplasmic side (Fig. 1b), the
¢rst four transmembrane segments appear to form a
pore-like structure. The `pore' is blocked by haems
bP and bD [12]. The membrane-spanning segments
are connected by four loops, three of which contain
short helices (pI-II: C55^63; cII-IV: C105^118; pIV-
V: C158^164). The N-terminus of subunit C is on
the cytoplasmic, the C-terminus on the periplasmic
side of the membrane. The N-terminal residues C3^
11 form a helix denoted `cN'.

5.1. Relative orientation of soluble and
membrane-embedded subunits

As detailed above for the individual soluble sub-
units, the structure of E. coli QFR can be superim-
posed on the structure of W. succinogenes QFR with
an r.m.s. deviation of 1.4 Aî for 757 CK atoms from
subunits A and B (see Fig. 1c,d). This similarity in
structure was expected based on sequence compari-
sons. However, in this superimposition, the mem-
brane-embedded subunits cannot be aligned. In an
alternate superimposition, the transmembrane sub-
units C and D of the E. coli enzyme can be overlayed
on to the W. succinogenes C subunit with an r.m.s.
deviation of 2.25 Aî for 113 CK atoms from the trans-
membrane helices I, II, IV, V, VI, and from the two
periplasmic helices pI-II and pIV-V (see Fig. 1e,f).
Compared to the former superimposition, the latter
involves a rotation around the membrane normal of
approx. 180³ and a 25³ rotation in the plane of the
paper. This immediately leads to two important con-
clusions [12]. First, the structures of the transmem-

brane subunits carrying no haems and two haems,
respectively, can be aligned to a signi¢cant degree,
although only eleven of the aligned residues are iden-
tical. Second, the relative orientation of the soluble
subunits and the transmembrane subunits is di¡erent
in the QFR complexes from the two species.

5.2. Haem groups

The planes of both haem molecules bound by the
W. succinogenes enzyme are approximately perpen-
dicular to the membrane surface and their interpla-
nar angle is 95³ ([12], see Fig. 1b).

The axial ligands to the `proximal' haem bP are
His C93 of transmembrane segment II and His
C182 of transmembrane segment V. This causes
haem bP to be located towards the cytoplasmic sur-
face of the membrane, and thus towards the [3Fe-4S]
iron-sulphur centre. Hydrogen bonds and salt
bridges with the propionate groups of haem bP are
formed with the side chains of residues Gln C30, Ser
C31, Lys C100, Trp C126 and Lys C193 [12]. Thus,
side chains from the residues of all four transmem-
brane segments forming the `pore' described above
are involved in the binding of haem bP, which under-
scores the structural importance of the bound haem
[29]. The axial ligands to the `distal' haem bD are His
C44 of transmembrane segment I and His C143 of
transmembrane segment IV, demonstrating that all
four haem axial ligands had been correctly predicted
by sequence alignment [26] and site-directed muta-
genesis [29].

The binding of the two haem b molecules de-
scribed here is very di¡erent from that described
for the cytochrome bc1 complex.[30] In W. succino-
genes QFR, the axial ligands for haem binding are
located on four di¡erent transmembrane segments.
In the cytochrome bc1 complex, only two transmem-
brane segments are involved, each providing two ax-
ial haem b ligands. One consequence of this di¡er-
ence is that the distance between the two haem iron
centres is distinctly shorter in QFR (15.6 Aî ) than it is
in the cytochrome bc1 complex (21 Aî ).

6. Electron transfer

For the function of QFR, electrons have to be
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transferred from the quinol-oxidising site in the
membrane to the fumarate-reducing site, protruding
approx. 40 Aî into the cytoplasm. For W. succino-
genes QFR, the experimental data [31] are consistent
with this electron transfer from the quinol to fuma-
rate occurring via (at least) one haem b group. The
shortest distance between haem bP and haem bD is
4.2 Aî . This distance strongly suggests a role in elec-
tron transfer for both haem b groups. In the event of
transmembrane electron transfer via the haems, elec-
trogenic proton transfer is possible (see below).

The arrangement of the prosthetic groups in QFR
is displayed in Fig. 1d. The fumarate molecule is in
van der Waals contact with the isoalloxazine ring of
FAD. The connectivity pattern shown in Fig. 1d
therefore provides one straightforward possible path-
way by which electrons could be transferred e¤-
ciently from the dihaem cytochrome b to the dicar-
boxylate binding site.

The redox midpoint potentials of the iron-sulphur
centres [31] follow the order high (324 mV)-low
(63250 mV)-high (359 mV) with increasing prox-
imity to the covalently bound FAD. The midpoint
potentials reported for all three iron-sulphur centres
are higher than the upper end of the range normally
found [32] for [2Fe-2S] centres in [2Fe-2S] ferredox-
ins (3220 mV to 3420mV), [4Fe-4S] centres in [7Fe-
8S] ferredoxins (3380 mV to 3650mV) and [3Fe-4S]
centres in [7Fe-8S] ferredoxins (3120 mV to
3450mV), respectively. The main reason for the
higher midpoint potentials compared to the respec-
tive soluble ferredoxins appears to be the buried na-
ture of subunit B and its prosthetic groups [12], thus
stabilising the reduced, lesser charged forms of the
iron-sulphur centres.

The [4Fe-4S] iron-sulphur centre has a very low
potential (Em 63250 mV) and has been suggested
not to participate in electron transfer (see [1] for a
review). However, the determined low potential may
be an artefact due to anti-co-operative electrostatic
interactions between the redox centres [33]. The po-
sition of the [4Fe-4S] centre as revealed in the struc-
tures of W. succinogenes QFR and E. coli QFR is
highly suggestive of its direct role in electron transfer
from the [3Fe-4S] centre to the [2Fe-2S] centre. De-
spite this major thermodynamically unfavourable
step, the calculated rate of electron transfer is on a
microsecond scale, demonstrating that this barrier

can easily be overcome by thermal activation as
long as the electron transfer chain components are
su¤ciently close to promote intrinsically rapid elec-
tron tunnelling [34].

The prosthetic groups of W. succinogenes QFR are
compared to those of the E. coli enzyme based on the
superposition of the soluble subunits (Fig. 1d) and
the superposition of the membrane-embedded sub-
units (Fig. 1f). Correlated with the similarity in struc-
ture of the soluble protein subunits (see Fig. 1c), the
histidyl-FAD group and the three iron-sulphur
centres superimpose well, with the exception of those
[3Fe-4S] sulphur atoms which are oriented towards
the membrane-embedded subunit(s).

6.1. Quinone binding sites

The existence of up to three quinone-binding sites
in succinate:quinone oxidoreductases is being dis-
cussed (reviewed in [1,2]) : a `proximal' binding site,
close to haem bP (where present) and the [3Fe-4S]
iron-sulphur centre, and a `distal' binding site close
to haem bD. In some cases, the `proximal' binding
site has been reported to contain an EPR-detectable
semiquinone pair. Unfortunately, no density for a
quinone could be found in either crystal form of
the oxidised W. succinogenes QFR. In analogy to
the cytochrome bc1 complex [30], the quinone bind-
ing site(s) is (are) expected to be located in the vicin-
ity of haem bP or (and) haem bD. In analogy to the
photosynthetic reaction centre (see [35] for a review),
the quinone(s) is (are) expected to bind in the vicinity
of the Trp `belts' in the hydrophobic surface-to-polar
transition zone of the membrane [12].

The E. coli QFR coordinate set 1FUM [18] con-
tains models for two quinone molecules per ABCD
monomer. Although some of the atomic temperature
factors of the quinone ring atoms are larger than 100
Aî 2, indicating that these quinone models may not be
well de¢ned, these models have been included in Fig.
1b,f for comparison. In the superposition of the
transmembrane subunits (Fig. 1f), the E. coli proxi-
mal quinone model clashes with the W. succinogenes
ring A haem bP propionate. The distal E. coli qui-
none model clashes with the ring A haem bD propi-
onate. In summary, this superposition indicates that
the quinone binding site(s) of the W. succinogenes
enzyme cannot simply be derived from superimposi-
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tion with the E. coli QFR coordinates. In addition, it
questions whether the E. coli Qp model is relevant for
those succinate quinone oxidoreductases that contain
a proximal haem group.

An overview of the di¡erent possibilities of elec-
tron and proton transfer in succinate:quinone oxi-
doreductases is shown in Fig. 4. In mitochondrial
complex II and other C-type enzymes, such as SQR
from P. denitri¢cans and E. coli, electron transfer
from succinate to ubiquinone does not lead to the
generation of a transmembrane electrochemical po-
tential (see [2] for a review), since the protons re-
leased by succinate oxidation are on the same side
of the membrane as those consumed in association
with quinone reduction (Fig. 4a). The emerging pic-
ture [36] regarding the succinate:menaquinone reduc-
tases from Gram-positive bacteria, type B enzymes,
is that the thermodynamically unfavourable coupling
of succinate oxidation and menaquinone reduction
involves a distal quinone reduction site and is driven
by the transmembrane electrochemical potential (Fig.
4b).

It is unlikely that transmembrane electron transfer
occurs in the E. coli QFR, because of the large edge-
to-edge distance of approx. 25 Aî between the two
quinone models [12,24]. Therefore, it is most likely
that quinol oxidation occurs at a proximal site,
which is also a possibility for the W. succinogenes
QFR ([37], Fig. 4c). The close proximity between
the two haems of W. succinogenes QFR as described
above, however, o¡ers a much more straightforward
possibility for transmembrane electron transfer. In
the presence of a distal menaquinol-oxidising site
(Fig. 4d), releasing two protons into the periplasm
per oxidised quinol, in combination with transmem-
brane electron transfer via the two haems in W. suc-
cinogenes QFR, and the binding of two protons from
the cytoplasm per reduced fumarate would lead to
the generation of a transmembrane electrochemical
potential [2,12,24]. This would be the analogous re-
action to that discussed for the SQR of Gram-pos-
itive bacteria (Fig. 4b), but in the opposite direction
[2].

7. Medical aspects

In higher organisms, mutations of succinate:qui-

none reductase have been linked to oxidative stress
and aging in nematodes [38] and to leukodystrophy
with Leigh syndrome in humans ([39]; see [40] for a
review of other human complex II de¢ciencies).
While the former mutation is localised in the gene
for the C subunit, the latter was localised in the gene
for the A subunit, as is another potentially lethal
mutation in humans, Arg A450CCys [24]. This res-
idue corresponds to A404 in W. succinogenes QFR
and is not only important for catalysis (see Fig. 2)
but also for stabilising the intermediate during cova-
lent attachment of FAD [41]. Consequently, the mu-
tated complex contains non-covalent FAD and nei-
ther oxidises succinate nor reduces fumarate [24].
Patients survive because they have a second allele
producing normal subunit A [24].

Fig. 4. Electron £ow in aerobic respiration (a,b) and anaerobic
respiration (c,d), respectively, and the possible utilisation (b)
and generation (d) of a transmembrane electrochemical poten-
tial. In bacteria, the negative side is the cytoplasm, the positive
side the periplasm. For mitochondrial systems, these are the mi-
tochondrial matrix and the intermembrane space, respectively.
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