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Structure of the Escherichia
coli Fumarate Reductase
Respiratory Complex

Tina M. Iverson,” César Luna-Chavez,? Gary Cecchini,?*
Douglas C. Rees?*

The integral membrane protein fumarate reductase catalyzes the final step of
anaerobic respiration when fumarate is the terminal electron acceptor. The
homologous enzyme succinate dehydrogenase also plays a prominent role in
cellular energetics as a member of the Krebs cycle and as complex Il of the
aerobic respiratory chain. Fumarate reductase consists of four subunits that
contain a covalently linked flavin adenine dinucleotide, three different iron-
sulfur clusters, and at least two quinones. The crystal structure of intact
fumarate reductase has been solved at 3.3 angstrom resolution and demon-
strates that the cofactors are arranged in a nearly linear manner from the
membrane-bound quinone to the active site flavin. Although fumarate reduc-
tase is not associated with any proton-pumping function, the two quinones are
positioned on opposite sides of the membrane in an arrangement similar to that
of the Q-cycle organization observed for cytochrome bc,.

Because oxygen has a high affinity for
electrons, aerobic respiration represents a
very favorable form of energy metabolism.
However, in the absence of oxygen, many
microorganisms can obtain energy through
anaerobic respiratory processes that result
in the reduction of alternate terminal accep-
tors (1). One of the most widespread accep-
tors is fumarate (2), which is reduced to
succinate by fumarate reductase, an integral
membrane protein containing flavin ade-
nine dinucleotide (FAD) and iron-sulfur
clusters (3). The electron donor for this
reaction is reduced menaquinone, which
commonly serves as a membrane-soluble,
mobile electron carrier between respiratory
complexes. The most extensively charac-
terized fumarate reductase, from Esche-
richia coli, has a total molecular mass of
121 kD in four subunits. It consists of two
water-soluble subunits, the flavoprotein (66
kD) and iron-sulfur protein (27 kD) sub-
units, and two membrane anchor subunits
(15 and 13 kD), which are the products of
the frddBCD genes, respectively (4). The
flavoprotein (Fp) subunit contains the cat-
alytic site for fumarate reduction and suc-
cinate oxidation at a covalently linked FAD
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(5), while the iron-sulfur protein subunit
(Ip) contains three different types of iron-
sulfur clusters, [2Fe:2S], [4Fe:4S], and
[3Fe:4S], which have been spectroscopical-
ly characterized (6). At least two sites as-
sociated with the membrane anchor sub-
units have been proposed to bind the qui-
nones that are involved in electron transfer
reactions of the enzyme (7).

Fumarate reductase catalyzes the re-
verse reaction of succinate dehydrogenase,
which participates in both the aerobic res-
piratory chain as complex II and in the
Krebs cycle (3). These two proteins exhibit
substantial similarities in amino acid se-
quence, cofactor composition, and mecha-
nism. Indeed, under certain conditions, one
enzyme can functionally replace the other
and support bacterial growth (8). Because
of the central role of fumarate reductase
and succinate dehydrogenase in respiration,
mutations in these complexes can have sub-
stantial metabolic consequences. In bacte-
ria, mutations in fumarate reductase can
significantly retard growth under appropri-
ate conditions (9). In higher organisms,
mutations of succinate dehydrogenase have
been linked to oxidative stress and aging in
nematodes (/0) and to Leigh’s syndrome in
humans (/7). Historically, succinate dehy-
drogenase was one of the most widely stud-
ied enzymes during the development of
enzymology. Early studies resulted in the
discoveries of nonheme iron and covalently
bound flavin in proteins (/2). To provide a
framework for addressing the functional
properties of fumarate reductase and succi-
nate dehydrogenase, we have solved the
structure of the E. coli fumarate reductase
at 3.3 A resolution. Here we describe the

fold of the polypeptides and location of the
cofactors, and the functional implications
of this structural arrangement.

Structure Determination and
Overall Fold

Fumarate reductase from E. coli was purified
and crystallized in the presence of the non-
ionic detergent Thesit (/3). The structure was
solved by multiple wavelength anomalous
diffraction (MAD), with data collected at
three wavelengths near the Fe K edge ({/4)
(Table 1). The iron-sulfur clusters and trans-
membrane helices were striking in the initial
maps calculated at 4 A resolution, and the
structure was solved by iterative combination
of density modification, noncrystallographic
symmetry averaging, model building, and re-
finement (/5). The final model has been re-
fined to values of R, 0f22.2% and R, of
29.2% at 3.3 A resolution with reasonable
stereochemistry (15, 16).

The four subunits in fumarate reductase
are arranged in a complex resembling the
letter “q,” with the top of the “q” generated
by the Fp and Ip subunits (diameter ~70 A),
while the tail of the “q” (length 110 A)
contains the membrane anchor subunits (Fig.
1, A and B). The orientation of fumarate
reductase in the cell membrane is such that
the Fp and Ip subunits are located in the
cytoplasm (equivalent to the mitochrondrial
matrix for succinate dechydrogenase). In
these crystals, two fumarate reductase com-
plexes, which are related by a twofold axis
approximately parallel to the membrane
normal, are present per asymmetric unit.
These two complexes associate through
their transmembrane regions. Contacts with
neighboring molecules related by crystallo-
graphic symmetry also occur in the mem-
brane-spanning region, creating a continu-
ous membrane-spanning region throughout
the crystal (Fig. 1C). Despite the sugges-
tiveness of this arrangement, there is no
evidence that a dimer is physiologically
relevant, unlike the situation with cyto-
chrome be, (/7). Additionally, the contact
region between fumarate reductase mole-
cules in the crystals is relatively small
(~325 A?) (18) and is unlikely to support
formation of a stable dimer (Fig. 1B).

The Fp (FrdA) subunit is organized
around an FAD/NAD(P) (nicotinamide ade-
nine dinucleotide phosphate) binding domain
formed by residues Al to AS0, A130 to
A231, and A354 to A414 (Fig. 2A). This
domain structure includes a Rossmann-type
fold that provides the binding site for FAD.
The FAD is further associated with the fla-
voprotein through a covalent bond between
the flavin C8A methyl group and the Ne atom
of the side chain of His A44. The remaining
residues of this subunit, AS1 to A129, A232
to A353, and A415 to AS75, are inserted into
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Fig. 1. Structure of fumarate reductase. (A) A
Stereoview of a fumarate reductase monomer.
The flavoprotein is in blue, the iron protein is in
red, and the membrane anchors are in green
(FrdC) and purple (FrdD). The [Fe:S] clusters are
shown as purple (Fe atoms) and yellow (S
atoms), while the menaquinones and FAD are
shown in yellow. (B) Space-filling model of
fumarate reductase showing the crystal con-
tacts between the two complexes in the mem-
brane-spanning portion. In the fumarate reduc-
tase complex, oxygen atoms are shown in red,
nitrogen atoms are shown in blue, sulfur atoms
are shown in yellow. Menaquinone molecules
are shown in magenta (see right-hand mono-
mer). The location of the membrane-spanning
region can be inferred from the coloring of the
atoms in this representation. The more hydro-
philic (soluble) region contains many polar ox-
ygen and nitrogen atoms (red and blue) while
the hydrophobic (membrane-spanning) region .
contain mostly apolar carbon atoms (gray). (C)
Crystal packing of fumarate reductase is through
the transmembrane regions of the protein (green
and purple) and forms a continuous mem-
brane-spanning portion in the crystal (36). In
this representation, the FAD and menaquinone
are shown in gray (37). B
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the core FAD binding domain and adopt
compact folds that do not exhibit significant
structural similarities to known folds in the
Protein Data Bank, as assessed by the DALI
server (19).

Fumarate reductase contains three iron-
sulfur clusters that are coordinated by cys-
teine residues in the Ip (FrdB) subunit as
follows: [2Fe:2S] (Cys residues B57, B62,
B65, and B77); [4Fe:4S] (Cys B148, B151,
B154, and B214); and [3Fe:4S] (Cys B158,
B204, and B210). Consistent with the conclu-
sions of sequence and electron paramagnetic
resonance (EPR) analyses (3, 6), the Ip sub-
unit is organized into two domains (Fig. 2B),
one characteristic of [2Fe:2S]-containing
ferredoxins (residues B1 to B91) and the
other characteristic of bacterial ferredoxins
that contain [3Fe:4S] or [4Fe:4S] type clus-
ters (residues B145 to B221). The [2Fe:2S]
domain superimposes closely with plant-type
ferredoxins, while more substantial changes
have occurred in the bacterial ferredoxin do-
main. Although bacterial ferredoxins contain-
ing both a [3Fe:4S] and a [4Fe:4S] cluster are
relatively common, the cysteine ligands for
the [3Fe:4S] cluster always appear first in the
protein sequence. As anticipated from sequence
analyses, the cluster arrangement in fumarate
reductase is reversed relative to these ferredox-
ins. In addition, the four-stranded antiparallel 8
sheet found on one side of the clusters in ferre-
doxins has been replaced by a helical hairpin in
fumarate reductase.

The two membrane anchor subunits,
FrdC and FrdD, exhibit similar folds, each
with three transmembrane helices connect-
ed by extra-membrane loops (Fig. 2C).
These helices, designated I to VI (3), con-
sist of residues C22 to C49, which is actu-
ally composed of two kinked, helical seg-
ments, C66 to C90, C105 to C128, D9 to
D35, D61 to D89, and D97 to D115, and
are in reasonable agreement with trans-
membrane segments predicted by hydropa-
thy analysis and mutagenesis (20). Helices
I, II, IV, and V are tilted ~30° to 40° from
the membrane normal, as defined by the
dimer twofold axis, and are arranged in a
right-handed, helical bundle, with helix
crossing angles of ~120°. In contrast, he-
lices IIT and VI are more parallel to the
membrane normal with a tilt of ~10° to
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25°. The NH,- and COOH-termini are on
opposite sides of the membrane-spanning
region, which correspond to the cytoplasm
and periplasm, respectively. The overall
arrangement is such that the two subunits
could be covalently connected upon dele-
tion of helix III, consistent with the obser-
vation that homologous enzymes have been
identified that contain only a single trans-
membrane domain with five membrane-
spanning helices (20).

Two menaquinone molecules, which are
located on opposite sides of the membrane-
spanning region, are present in this fumarate
reductase structure. The menaquinone (Q,)
positioned proximal to the [3Fe:4S] cluster of
the Ip subunit binds in a relatively polar
pocket formed by helices I, II, IV, and V,
while the second menaquinone (Qp,) distal to
this cluster, is positioned ~27 A from the
first and binds in a relatively hydrophobic
pocket near the other ends of helices I, IT, IV,
and V. Site-directed mutagenesis and label-
ing with azido-quinones have implicated res-
idues in both these regions as involved in
quinone binding in both fumarate reductase
and succinate dehydrogenase (9, 27). Al-
though evidence suggests that complex II
contains a stabilized semiquinone pair in
close proximity to the [3Fe-4S] cluster with
the quinone rings perpendicular to the mem-
brane plane (7, 22), only single quinone mol-
ecules were identified at the spatially distinct
Qp and Q, sites in the fumarate reductase
structure. In the absence of a conformational
rearrangement of the protein in the Q,, region,
it does not appear that this site can accom-
modate more than one quinone molecule.

Redox Centers and Electron
Transfer Pathway

The six redox cofactors of fumarate reductase
are organized into a chain with the sequence
FAD-[2Fe:2S]-[4Fe:4S]-[3Fe:4S]-Q,-Qp, (Fig.
3). With the exception of the ~27 A spacing
between the two menaquinones, the redox
cofactors are all separated by ~11 to 14 A
center-to-center distances, which are com-
mon cofactor separation distances observed
in multicentered electron transfer proteins. In
its physiologically relevant reaction, elec-
trons enter fumarate reductase in the form of
reduced menaquinone, although the enzyme

Table 1. Summary of data collection and refinement statistics. Numbers in parentheses indicate values
for the highest resolution bin. The figure of merit was 0.48 for all data to 4.0 A. Rym=2 [1. = O[],
Res, resolution (in angstroms); URef, number of unique reflections; and Red, redundancy. (PP) denotes

overall phasing power to 4 A resolution.

/ " Complete- .

Energy (keV) f f Res  URef Red ness (%) Roym o (PP)
7.500 (high remote) —22 3.6 3.3 49332 44 87.2(90.0) 0093(0.277) 15.1(63) 26
7.127 (peak) -66 45 . 35 39,139 53 94.1(91.0) 0.096(0.236) 14.5(7.9) 2.8
7.120 (inflection) —42 27 40 31,125 41 97.2(97.1) 0.118(0.269) 158(10.2) 1.6
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will physiologically reduce ubiquinone at
rates similar to native succinate dehydroge-
nase (8). Examination of a space-filling mod-
el of fumarate reductase indicates that both
quinone binding sites are exposed and should
be accessible to the exterior of the complex
(Fig. 1B). Electron transfer to the iron-sulfur
cluster almost certainly would occur from the
Qp site, which is adjacent to the [3Fe:4S]
cluster. Although Q, primarily interacts with
residues from both membrane anchor sub-
units, it has limited contact with Ip through
Lys B238. The polar environment of the Q,
(Fig. 4A) site resembles the Qp site of bac-
terial photosynthetic reaction centers (23),
which can accommodate all three quinone
oxidation states (reduced, oxidized, and
semiquinone). The Qp, site has an apolar
character (Fig. 4B) that resembles the Q, site
of photosynthetic reaction centers, which can
accommodate only the oxidized and semiqui-
none states. Indeed, residues in the Q, and
Qp, binding pockets had been identified with
Qg and Q,, respectively, based on the con-
sequences of residue substitution (7). How-
ever, the assignments of quinone oxidation
states to specific binding sites during enzyme
turnover cannot be unambiguously estab-
lished at present.

During fumarate reduction, electrons from
reduced quinone are transferred to the iron-
sulfur clusters. Both the oxygen sensitivity
upon removal of the membrane anchor sub-
units and perturbation of the EPR spectrum of
the [3Fe:4S] cluster by quinone site inhibitors
and mutants suggest that the [3Fe:4S] cluster
interacts with the quinone binding subunits to
initially accept electrons from the menaqui-
none (9, 24). Spectroscopic studies have in-
dicated that the [2Fe:2S] cluster is in close
proximity to the FAD (25), and this cluster is
the likely donor of electrons to the flavin. The
crystallographic structure demonstrates that
His A44, covalently linked to the flavin, in-
tervenes between the flavin and [2Fe:2S]
cluster. Although there was speculation that
the [4Fe:4S] cluster was “off-pathway,” in
part due to the low reduction potential of this
center, the structure confirms the proposal from
EPR studies that the clusters are arranged
in the sequence [3Fe:4S]-[4Fe:4S]-[2Fe:2S]
(6). The consequences of this arrangement
for kinetics of electron transfer through com-
plex II have recently been discussed (26).

Many of the residues observed to partici-
pate in the binding of FAD to fumarate re-
ductase had been previously identified from
sequence analysis, and from molecular bio-
logical and biochemical studies. The binding
site for fumarate can be inferred from the
location of oxaloacetate observed in the
structure. Oxaloacetate is a physiological in-
hibitor of fumarate reductase (inhibition con-
stant K, < 1 pwM), and purified preparations
of enzyme contain oxaloacetate that remains
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Fig. 2 (left). Proteins of the fumarate reductase
complex. (A) The flavoprotein. Stereoview of
the Ca trace of the flavoprotein (blue) with the
Rossmann fold highlighted in dark blue. The view
is looking down onto the plane of the membrane
and rotated 90 A from the view in Fig. 1A. (B)
The iron protein. Stereoview of the Ca trace of
the iron protein (red) aligned with the 8Fe
ferredoxin from Peptococcus aerogenes (light
green) (35) and the 2Fe ferredoxin from Spir-
ulina platensis (cyan) (34). The rmsd for the Ca
atoms in these alignments is 0.8 and 1.6 A,
respectively. (C) The membrane anchor pro-
teins. The view is down the center of the four-
helix bundle, approximately normal to the
plane of the membrane. FrdC (green) consists
of helices | to IIl, and FrdD (purple) consists of
helices IV to VI. Fig. 3 (below, right). Co-
factor location and pathway of electron trans-
fer. Center-to-center distances between each
of the cofactors are indicated. The oxaloacetate
was visible in the experimental electron density
maps and was positioned to provide the best fit
to the electron density and to avoid steric
clashes. However, at this resolution, the binding
mode for oxaloacetate cannot be unambigu-
ously established.

FAD
[2Fe:2S] B ,/1; A

14 A
[4Fe:4S]

o 13A

[3Fe:4S] t
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bound until an excess of substrate is added
(27). Oxaloacetate interacts with a pocket of
arginines and histidines near the side of the
flavin opposite to the [2Fe:2S] cluster (Fig.
4C). This group is positioned near conserved
residues His A232, Glu A245, and His A355,
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which may serve as proton donors, and the
N5 of the flavin, which likely functions as a
hydride donor to fumarate. Although the fla-
vin is buried, access to the active site could
take place at the interface between two do-
mains of the Fp.

Cys B210 Cys B210

A
Phe C24 ? Phe C24
Gin B225
Arg C28 Arg C28
D14 p D14
Glu C29 Glu C29
Arg D81 Arg D81 P \Glu D10

Phe A116 i .
Iy —

Arg A287 g
Glu A245

Fig. 4. Quinone binding pockets and active site residues. (A) Stereoview of the Q, binding site
shows Q, is bound in a polar pocket likely positioned just above the membrane bilayer. (B)
Stereoview of the Q, site shows Q,, is in a relatively apolar pocket within the membrane bilayer.
() Binding site for the physiological inhibitor oxaloacetate adjacent to the FAD. Oxaloacetate lies
beneath the isoalloxazine ring of the flavin. The flavin ring and inhibitor are shown superimposed
onto a 2iF i — IF_| map contoured at 10. The adenine has been omitted for clarity. Side chains that
appear to interact directly with the inhibitor are labeled.
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Implications for Energy Transduction
Processes in Respiration

Quinones play a central role in respiration be-

" cause they serve as membrane-soluble electron

carriers that can couple proton and electron
transfer reactions. In the placement of quinones
on opposite sides of the membrane-spanning
region, fumarate reductase resembles the ar-
rangement observed in cytochrome bc, (17)
more than the photosynthetic reaction center
(23), where the quinones are on the same side
of the membrane. This distinction can be func-
tionally significant, because the quinone ar-
rangement in cytochrome bc, (/7) allows pro-
ton translocation to be coupled to electron
transfer through operation of the Q-cycle, as
first recognized by Mitchell (28). When qui-
nones are on opposite sides of the membrane,
the Q-cycle couples oxidation at one quinone
site to reduction at the second site, with the net
result that protons are transported across the
membrane. In contrast, if the quinones are on
the same side of the membrane as in the reac-
tion center (23), there may be proton release
associated with hydroquinone oxidation, or pro-
ton uptake associated with quinone oxidation,
but there cannot be quinone-mediated proton
translocation across the membrane. In cyto-
chrome bc;, two heme groups are posi-
tioned between the quinone binding sites to
mediate electron transfer between these
centers. While the E. coli fumarate reduc-
tase lacks heme, other fumarate reductases
and succinate dehydrogenases contain one
or two b-type hemes. These hemes are like-
ly coordinated by histidine residues posi-
tioned between the quinone sites in the
membrane-spanning region. Although fu-
marate reductase and succinate dehydroge-
nase are not known to couple proton trans-
location to electron transfer, the similar
arrangement of redox groups across the
membrane like that found in the cyto-
chrome bc, complex raises the possibility
that at some point these enzymes may have
participated in proton translocation.

Fumarate reductase and succinate dehy-
drogenase occupy central positions in cellular
energy metabolism; fumarate reductase
serves as the terminal acceptor for a major
anaerobic respiratory pathway, while suc-
cinate dehydrogenase participates in both
the Krebs cycle and as complex II of the
aerobic respiratory chain. Although fumar-
ate reductase and succinate dehydrogenase
catalyze the same reaction (but in different
physiological directions) and are predicted
to have similar structures, organisms with
both types of respiratory chains use distinct
proteins for each purpose for reasons not
understood. In terms of the overall process
of respiration, exciting progress has been
made recently in structurally characterizing
membrane-associated members of respira-
tory pathways (29). Fumarate reductase
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(complex II) now joins structures available
for cytochrome bc, [complex III (17)], cy-
tochrome ¢ oxidase [complex IV (30)], and
the F, component of the ATP synthase
[complex V (31)]. This gives a more com-
plete view of the respiratory chain at the
atomic level and increases our understand-
ing of one of the most fundamental process-
es of biological systems.
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