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The integral membrane protein complex quinol-fumarate
reductase catalyzes the terminal step of a major anaerobic
respiratory pathway. The homologous enzyme succinate-
quinone oxidoreductase participates in aerobic respiration both
as complex II and as a member of the Krebs cycle. Last year,
two structures of quinol-fumarate reductases were reported.
These structures revealed the cofactor organization linking the
fumarate and quinol sites, and showed a cofactor arrangement
across the membrane that is suggestive of a possible energy
coupling function.
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Abbreviations
FAD flavin adenine dinucleotide
PDB Protein Data Bank
QFR quinol-fumarate reductase
rmsd root mean square deviation
SQR succinate-quinone oxidoreductase

Introduction
Bacteria such as Escherichia coli can utilize multiple res-
piratory pathways and, although aerobic respiration is
preferred because of the highly favorable energetics of
oxygen reduction, respiration can proceed in the
absence of oxygen [1]. Fumarate represents one of 
the more common alternative terminal electron 
acceptors [2] and is reduced to succinate during 
anaerobic respiration by quinol-fumarate reductase
(QFR), an integral membrane protein located in the
bacterial periplasmic membrane. A pool of reduced
quinones in the membrane serves as the electron source
for fumarate reduction by QFR. The reduced quinones
are ultimately generated through the action of an inte-
gral membrane protein donor, such as hydrogenase or a
formate dehydrogenase.

For comparison, mitochondrial aerobic respiration [3]
requires four integral membrane proteins: NADH-
ubiquinone oxidoreductase (complex I); succinate-quinone

oxidoreductase (SQR; complex II); cytochrome bc1 (com-
plex III); and cytochrome c oxidase (complex IV); as well as
the involvement of soluble cytochrome c and the
ubiquinone pool to transport electrons between complexes.
SQR and QFR represent a common element of both aero-
bic and anaerobic respiration, as they exhibit significant
sequence similarity to one another. Both complexes can
catalyze either the oxidation of succinate or the reduction of
fumarate [4–6], although, physiologically, they function to
catalyze this reaction in opposite directions [7–9]. In addi-
tion to its involvement in both aerobic and anaerobic
respiration, complex II (SQR) also participates in the citric
acid cycle, reflecting the central importance of this enzyme
in basic metabolism [10]. 

QFR and SQR are composed of three or four subunits:
the flavoprotein; the iron protein; and one or two trans-
membrane subunits, depending on the organism. The
total molecular weight of a single complex is approxi-
mately 120 kDa. Both QFR and SQR can be separated
into two components: a water-soluble domain and the
membrane anchor subunit(s). The purified soluble
domain consists of the flavoprotein subunit and the iron
protein subunit, and retains catalytic activity for
fumarate reduction when a suitable source of reducing
equivalents is provided [11,12]. The subunits of the sol-
uble domain exhibit strong sequence conservation
throughout all species and contain a variety of redox
cofactors. The flavoprotein contains FAD covalently
linked to the Nε atom of a conserved histidine residue
[13], whereas the iron protein contains three iron−sulfur
clusters: a [2Fe–2S] cluster, a [3Fe–4S] cluster and a
[4Fe–4S] cluster [7]. In contrast to the soluble subunits,
the sequence and cofactor composition of the membrane
anchor subunits vary among different organisms and
even between QFR and SQR from the same organism.
These membrane anchors have been assigned to four
classes [14] that differ in the number of transmembrane
subunits (one [designated subunit C] or two [designated
subunits C and D]), the number of transmembrane
helices (five or six) and the number of associated b-type
heme moieties (zero, one or two).

The preceding year has witnessed an explosion in our
structural understanding of complex II, with structures for
the complete QFR complex from both E. coli [15••] and
Wolinella succinogenes [16••] reported. Additionally, the
structures of four soluble homologs of the flavoprotein sub-
unit were described [17•–20•], which allows a detailed
comparison of flavoprotein structure and increased insight
into catalysis by complex II.
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Organization of the complex
As predicted from biochemical and sequence analyses,
complex II exists as an essentially modular protein
(Figure 1). Each subunit in the soluble domain exhibits
homology to other known proteins, suggesting that the for-
mation of this complex may have proceeded by the
assembly of other proteins [21]. For example, soluble
homologs of the flavoprotein have been seen in multiple
pathways (NADH biosynthesis and fumarate reduction)
and the iron protein exhibits sequence and structural sim-
ilarity to both plant and bacterial ferredoxins.
Furthermore, the iron protein exhibits weak sequence
homology and similar cluster characteristics to iron protein
subunits found in other terminal respiratory complexes,
including the multisubunit membrane-bound dimethyl

sulfoxide reductase [22] and heterodisulfide reductase
[23]. Thus, modular complex formation may represent an
evolutionary mechanism for adjusting to the availability of
dissimilar terminal electron acceptors. 

In the transmembrane region, the membrane anchor sub-
units of the E. coli and W. succinogenes QFR complexes are
organized around a central four-helix bundle, with two or
one additional helices outside this central core, respective-
ly. The E. coli and W. succinogenes QFRs (Figure 1) contain
different cofactors associated with the membrane-spanning
helices. In the E. coli QFR structure, two menaquinone
molecules have been identified in the electron density,
whereas the W. succinogenes enzyme contains two b-type
hemes. As a result of the varied cofactor composition in the

Figure 1

Ribbon diagrams of the (a) E. coli (PDB code
1FUM) and (b) W. succinogenes (PDB code
1QLA) QFR complexes. The flavoprotein is
colored purple, with the capping domain
highlighted in dark purple; the iron protein is
colored teal; the C subunit membrane anchor
is in peach; and the D subunit membrane
anchor is in gray (E. coli enzyme only).
Cofactors for both enzymes are shown as
space-filling models, with carbon and sulfur in
yellow, oxygen in red, nitrogen in blue and iron
in orange. The left panel shows a view that is
rotated 90° from the right panel. The
W. succinogenes enzyme contains a
C-terminal extension of the flavoprotein
(b, right panel) that was not observed in the
E. coli structure. Figures 1–3 and 5–7 were
made using MOLSCRIPT [52], BOBSCRIPT [53],
and RASTER3D [54].



transmembrane region, the intercofactor distances
(Figure 2) differ between the E. coli and W. succinogenes
enzymes in the membrane-spanning region. This situation
may be contrasted with the conserved distances between
cofactors in the soluble domain.

In the crystal structures of both the E. coli and the W. suc-
cinogenes QFRs, two complexes are present in the
asymmetric unit that associate through their transmem-
brane regions in a fashion suggestive of dimer formation.
In the E. coli structure, this crystal contact buries 325 Å2 of
surface area and is mediated by two ordered detergent
molecules (C12E9) [15••]. In the W. succinogenes QFR struc-
ture, almost 3700 Å2 of surface area is buried [16••] in this
interface, suggesting that this enzyme exists as a dimer.
Although detergent molecules may have disassociated a
physiological dimer in the E. coli enzyme, the C12E9 deter-
gent used in crystallization yields optimal enzyme activity
when used in biochemical assays [24]. Additionally, it is
possible that the crystals of the W. succinogenes enzyme con-
tain a deceivingly tight crystal contact and that the enzyme
is indeed a monomer. On the basis of the intercofactor dis-
tances of the crystal packing interaction, if the
W. succinogenes enzyme exists as a dimer, it probably acts as
a structural, not a functional, dimer, unlike the situation in
the cytochrome bc1 complex [25–27].

Fumarate reduction by the flavoprotein subunit
and comparison of flavoprotein conformations
The flavoprotein subunit contains two major domains: a
flavin-binding domain based on a Rossmann-type fold and
a capping domain (Figure 1). The flavin-binding domain
exhibits sequence and structural conservation among the
two full-length QFR structures (E. coli and W. succinogenes),
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Figure 2

Distances between cofactors in the (a) E. coli and
(b) W. succinogenes QFR complexes. OAA and FUM are the inhibitor
oxaloacetate and substrate fumarate, respectively, which are observed
near the FAD in these structures. Carbon atoms are colored gray,
oxygens are red, nitrogens are blue, sulfurs are yellow and irons are
orange. Distances between redox centers are measured between the
closest redox active atom of each cluster, rather than the center-to-
center distance, as given in Iverson et al. [15••]. The distances to
hemes are measured to the heme iron, rather than to the edge of the
porphyrin ring. The distances between cofactors in the soluble
domains ([Fe–S] clusters and FAD) are conserved, whereas the
distances between cofactors associated with the membrane anchors
vary as a result of the differences in cofactor composition.
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Figure 3

Stereo view illustrating the movement of the
capping domain with respect to the flavin-
binding domain in the flavoprotein subunit of
recently solved structures of fumarate
reductase flavoproteins. The capping domains
from the S. putrefaciens (green; PDB code
1D4D; [19•]), S. frigidimarina (pink; PDB
code 1QO8; [18•]) and W. succinogenes
(lilac; PDB code 1QLA; [16••]) flavoenzymes
are shown relative to a least squares
superposition of their flavin-binding domains
(black), with the position of the FAD indicated
(red). The maximal displacement of the
capping domain suggests that the hinge
connecting the two domains can bend by
more than 30°. Other flavoproteins with
intermediate hinge angles have been omitted
for clarity.



the soluble fumarate reductases [18•–20•] and L-aspartate
oxidase (LASPO) [17•]. The pairwise deviations among
Cα atoms in these proteins never exceed 1.7 Å, consistent
with a sequence identity that is never less than 30%. 

The flavin-binding domain and capping domain of the
flavoprotein are connected by a small hinge region consist-
ing of two β strands, with the active site located at the
interface between these two domains. An overlay of
recently solved structures containing the flavoprotein fold
[17•–20•,28] shows that the relative angle between the
flavin-binding and capping domains can vary (Figure 3). 

It is proposed that, during catalysis, fumarate enters the
active site, with concomitant closure of the capping
domain, sterically causing a rotation of the substrate car-
boxylate around the double bond (Figure 4). Bound
substrate has been shown to be distorted in complexes
with the W. succinogenes enzyme [16••] and the soluble
Shewanella enzyme [19•]. Fumarate reduction then pro-
ceeds by hydride transfer from the N5 of the flavin,
followed by proton transfer from a nearby sidechain. Four

active site residues (His232, Arg287, His355 and Arg390 in
the E. coli sequence) that directly contact the substrate or
inhibitor are absolutely conserved in all available
sequences. Three of these residues, His232, Arg287 and
Arg390, have been substituted by site-directed mutagene-
sis and are known to be critical for enzyme activity ([29];
E Maklashina, I Schröder, G Cecchini, unpublished data).
Both His355 and Arg390 have been suggested as proton
donors for this reaction [16••,19•]; however, the role each
sidechain plays in the reaction mechanism remains to be
conclusively established.

In an overlay of the ensemble of available structures
(Figure 5), the sidechains of His232, His355 and Arg390
appear to be structurally conserved in terms of both loca-
tion and conformation. In contrast, Arg287, which is located
in the capping domain, exhibits different conformations,
depending on both the orientation of the capping domain
and the nature of the species bound at the active site. This
suggests that Arg287 may be involved in recruiting the sub-
strate into or moving the product out of the active site.

The iron protein
As predicted by sequence similarity to plant and bacterial
ferredoxins, the iron protein contains two domains. The
N terminus has a fold similar to plant-type ferredoxins sur-
rounding the [2Fe–2S] cluster, whereas the C-terminal
domain exhibits a core similar to that of bacterial ferredox-
ins and contains the cysteine ligands to the [4Fe–4S] and
[3Fe–4S] clusters. The C-terminal domain additionally con-
tains several other helices that associate with the membrane
anchor subunits. In agreement with electron paramagnetic
resonance (EPR) spectroscopy [30–33], the three clusters
are arranged in a nearly linear fashion, leading from the
membrane anchor to the active site flavin (Figure 2). This
structural organization indicates that, despite the low reduc-
tion potential of the [4Fe–4S] cluster [7,8], it is probable that
all the [Fe–S] clusters participate in electron transfer
between the quinone pool and fumarate [34••,35••].

Organization of cofactors in the membrane:
a possible role in energy transduction
Two sets of transmembrane-associated cofactors are pre-
sent in the two available QFR structures: two
menaquinone molecules (QP and QD, where QP is the
menaquinone proximal to the QFR soluble domain and
QD is the menaquinone distal to the QFR soluble domain)
are observed in the E. coli enzyme, whereas two b-type
hemes (bP and bD) bind to the W. succinogenes enzyme
(Figure 1). Despite the differences in subunit composition,
sequences and cofactor components, the transmembrane
anchors of the E. coli and W. succinogenes QFRs are both
organized around an antiparallel four-helix bundle in the
membrane, with two or one additional peripheral trans-
membrane helices, respectively. In each structure, one of
the helices of the four-helix bundle contains a distinctive
bend in the transmembrane section. As an ideal four-helix
bundle is twofold symmetric, the transmembrane helices
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Figure 4

Schematic diagram of active site interactions with the proposed
reaction mechanism of fumarate reductase. Hydrogen bond interactions
between the protein and bound ligand are indicated (dashed lines), with
the exception of Arg287, which exhibits significant conformational
variability in the different structure determinations. Hydride transfer from
N5 of FAD (gray arrows) represents the initial step of fumarate
reduction, followed by proton transfer to the substrate. The sidechains
of His232, Arg287, His355 and Arg390 are possible candidates for the
immediate proton donor. Arg287 and Arg390 have also been shown to
be necessary for covalent attachment of the FAD to His44
(E Maklashina, I Schröder, G Cecchini, unpublished data).
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of the QFR structures can be aligned in two distinct ways.
In one alignment, the C subunit of the E. coli enzyme is
superimposed with the N terminus of the C subunit of the
W. succinogenes enzyme, yielding an rmsd of 2.4 Å for 113
Cα atoms between corresponding residues in the five
transmembrane helices of the Wolinella and E. coli
enzymes. In this alignment, the connections between the
transmembrane helices are similar and the bent helices
superimpose (Figure 6a). If the menaquinone molecules
from the E. coli QFR were transferred into the W. succino-
genes enzyme, however, they would sterically clash with the

distal heme of the latter enzyme. In the second alignment,
which is rotated approximately 180° from the first align-
ment, the N terminus of the D subunit of the E. coli
enzyme becomes superimposed with the N terminus of
the C subunit of the W. succinogenes enzyme (Figure 6b).
Although this alignment appears to be quantitively inferi-
or (rmsd 2.2 Å for only 62 Cα atoms), it preserves the
relative orientation between the transmembrane helices
and the soluble domains in the two QFR structures.
Furthermore, the QD menaquinone from the E. coli
enzyme no longer sterically clashes with the distal heme,
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Figure 5

Stereo view illustrating the superposition of
active site residues from different fumarate
reductase structures. The positions of
residues from the E. coli (PDB code 1FUM)
enzyme are in red, those from the
W. succinogenes (PDB code 1QLB) enzyme
are in orange, those from L-aspartate oxidase
(PDB code 1CHU) are in yellow, those from
the S. frigidimarina soluble fumarate
reductase are in green and blue (PDB codes
1QO8 and 1QJD, respectively) and those
from the S. putrefaciens fumarate reductase
(PDB code 1D4D) are in magenta. The
cofactor FAD and substrate fumarate (Fum)
are black and gray, respectively. Although the
positions of His232, His355 and Arg390 are
structurally conserved, the positions of the
Arg287 sidechain and the surrounding
mainchain are more variable.
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Figure 6

Alignment of transmembrane helices from the
E. coli (PDB code 1FUM) and
W. succinogenes (PDB code 1QLB) QFR
complexes. (a) Superposition of the
transmembrane helices of the N terminus of
the C subunit from the E. coli enzyme
(C subunit in lilac and D subunit in green) with
the N terminus of the C subunit from the
W. succinogenes enzyme (pink). Quinones
from the E. coli enzyme are shown in yellow,
whereas the hemes from the Wolinella
enzyme are in black.  The heme iron and
quinone oxygens are represented by red
spheres. (b) Alternate alignment
superimposing the N terminus of the E. coli
enzyme D subunit with the N terminus of the
W. succinogenes C subunit. A cavity located
using the program VOIDOO [55] in the
W. succinogenes enzyme is shown in brown
mesh. If this cavity represents a quinone-
binding site for the Wolinella enzyme, the
location of the QD site would be structurally
preserved in both enzymes.

(a) (b)

Current Opinion in Structural Biology



Structure of the quinol-fumarate reductase respiratory complex Iverson et al. 453

suggesting that this position might correspond to where
QD could bind in the W. succinogenes enzyme. Indeed, a cav-
ity is present in Wolinella QFR near this position that might
represent the cofactor-binding site for this complex.

The separation distance between the two menaquinone
molecules in the E. coli enzyme is approximately 25 Å
(Figure 2). While electron transfer has been observed
between centers separated by approximately 25 Å in pro-
teins [36••], redox cofactors are typically spaced by no more
than half this distance [34••]. Although this could indicate
that the QD site is not catalytically relevant, an alternative
explanation is that a third cofactor-binding site is positioned
between the QP and QD sites and would be approximately
13 Å from each of the established quinone-binding sites
[35••]. Although the involvement of an additional cofactor
cannot be conclusively proven, several factors point to its
possible existence. Biochemical evidence [37–39] suggests
that QD is necessary for physiological catalysis and site-
directed mutagenesis has implicated a cluster of residues
between the two known quinone-binding sites as necessary
for enzyme function [37]. This cluster of residues lies near
a cavity between the transmembrane helices in the E. coli
enzyme and is associated with density from the structure
determination that could not be assigned. Spectroscopic
evidence suggests that a stabilized semiquinone pair sepa-
rated by approximately 8 Å is localized near the [3Fe–4S]
cluster [33,40–43], which could be a result of QP interacting
with a quinone in a central binding site that could not be
identified in the density. Indeed, several residues (TrpC86,
ArgD51) lining the pocket of the potential quinone-binding
site also line the QP-binding site. Although a menaquinone
molecule could not be docked into the density observed in
the E. coli structure determination, it is possible that this
site is only partially occupied in the crystal structure.

One intriguing observation concerning the quinone loca-
tions in E. coli QFR is that they are positioned on opposite
sides of the membrane, as observed for the two quinone-
binding sites in the cytochrome bc1 complex [25–27]. In

cytochrome bc1, this transmembrane arrangement is essen-
tial for proton pumping across the mitochondrial
membrane via a Q-cycling mechanism [44]. In addition to
the similar locations of the quinone-binding sites, the envi-
ronment of the QP site (Figure 7a) has certain features in
common with the Qo (quinol-oxidizing) and Qi (quinone-
reducing) (Figure 7b) sites of cytochrome bc1. Proton
translocation at the Qo site in cytochrome bc1 is thought to
occur through the Rieske center ligand His161 and
GluC271 (bovine numbering). These two residues only
form hydrogen bonds to inhibitors when the Rieske
iron–sulfur center is positioned near the Qo site ([45];
S Iwata, personal communication), thereby mechanically
coupling proton translocation to electron transfer to the
Rieske center. Analysis of the Qi site suggests that the con-
served AspC229 and HisC202 residues (chicken
numbering), both of which form hydrogen bonds to the
quinone (Figure 7b), participate in the proton translocation
mechanism. In the E. coli QFR structure, GluC29 and
LysB228 are each within hydrogen bonding distance of the
quinone (Figure 7a). GluC29 has been shown by site-
directed mutagenesis [37] to be critical to enzyme
function. The thermodynamic basis for energy coupling
through QFR has been detailed in [35••]. If other modular
terminal respiratory acceptors, such as dimethyl sulfoxide
reductase or heterodisulfide reductase, have evolved with
a similar transmembrane arrangement of quinone-binding
sites, it is possible that these proteins may employ a
Q-cycling mechanism to pump protons.

Conclusions
Structural information is now available for most members
of the aerobic respiratory chain, including atomic-level res-
olution crystal structures of respiratory complexes II–IV
[25–27,46,47] and much of the ATP synthase [48,49••], and
electron microscopic reconstruction of complex I [50,51] at
approximately 30 Å resolution. In the past year, structures
have been reported for two full-length QFRs, one from
E. coli [15••] and one from W. succinogenes [16••], as well as
for several soluble homologs [17•–20•]. This ensemble of

Figure 7

Quinone-binding environments in respiratory
complexes. (a) Binding pocket for QP in the
E. coli QFR reductase complex. The quinone-
binding environment includes hydrogen bonds
to the sidechains of GluC29 and LysB228. The
color scheme is the same as in Figure 1, with
hydrogen bonds indicated by dashed lines.
(b) Binding pocket for Qi in the chicken
cytochrome bc1 complex ([26]; PDB code
1BCC). The structural arrangement of the
hydrogen bonds relative to the quinone shows
similarities to that seen in E. coli QFR.
Additionally, several other residue pairs
(PheD17 [QFR] and PheC221 [bc1]; TrpD14
[QFR] and LeuC22 [bc1]; [3Fe–4S] [QFR] and
heme bH [bc1]) occupy similar positions relative
to the quinones in these two structures.
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fumarate reductase structures allows a better understand-
ing of the reaction mechanism catalyzed by the
flavoprotein, as well as an understanding of how electrons
are passed from the membrane soluble quinones into the
active site of the enzyme. Additionally, these structures
open the question of whether QFR can potentially couple
electron transfer to proton translocation, thereby repre-
senting an additional mechanism for energy conservation
in respiratory chains.
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