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In the anaerobic respiratory chain of the parasitic
nematode Ascaris suum, complex II couples the reduc-
tion of fumarate to the oxidation of rhodoquinol, a re-
verse reaction catalyzed by mammalian complex II. In
this study, the first structure of anaerobic complex II of
mitochondria was determined. The structure, composed
of four subunits and five co-factors, is similar to that of
aerobic complex II, except for an extra peptide found
in the smallest anchor subunit of the A. suum enzyme.
We discuss herein the structure—function relationship of
the enzyme and the critical role of the low redox po-
tential of rhodoquinol in the fumarate reduction of
A. suum complex II.
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The anaerobic respiratory chain, known as the
NADH-fumarate reductase (NADH-FRD) system,
plays an essential role in the anaerobic energy metab-
olism of adult Ascaris suum, a parasite that inhabits
the small intestine, an environment with low oxygen
tension (pO, of ~4mmHg). The NADH-FRD system
comprises two membrane proteins, complexes I and II,
embedded in the mitochondrial inner membrane.
Complex I (NADH—-rhodoquinone reductase) reduces
rhodoquinone (RQ) to rhodoquinol (RQH,) using the
reducing equivalent of NADH, and complex II, which
functions as a RQH,—fumarate reductase (QFR), cou-
ples the reduction of fumarate to succinate to the oxi-
dation of RQH, to RQ, a reverse reaction catalysed by
mammalian complex II (succinate—ubiquinone reduc-
tase, SQR) of the aerobic respiratory chain. The an-
aerobic NADH-fumarate reductase system is found
not only in A. suum but also in bacteria and many
other parasites, and is thus a promising target for
chemotherapy (/-3).

Although no structure is currently available for eu-
karyotic QFR-type complex II, structures of SQR-type
complex II from porcine (4), avian (5) and Escherichia
coli (6), as well as those of QFR-type from E. coli (7)
and Wolinella succinogenes (8), have been determined.
Their structures are similar to each other and are gen-
erally composed of four polypeptides, the largest flavo-
protein subunit (Fp, 70 kDa), an iron—sulphur cluster
subunit (Ip, 30 kDa), and cytochrome b large (CybL,
15kDa), and small (CybS, 13kDa) subunits. In this
study, the first X-ray structural analysis of a eukaryotic
QFR-type complex II was performed for 4. suum adult
complex IT (4. suum QFR) in order to clarify the fac-
tors responsible for its QFR activity and the mechan-
isms of RQH, oxidation coupled to fumarate
reduction.

Ascaris suum QFR was extracted and purified from
adult 4. suum muscle mitochondria and crystallized
according to the method described by Osanai et al.
(9). In brief, ~4kg of A. suum obtained from a local
slaughterhouse was minced and suspended in
Chappell-Perry medium (100mM KCI, 50mM
Tris—HCI pH 7.4, 5SmM magnesium sulphate, 1 mM
ATP, ImM EDTA). The fraction containing mito-
chondria was separated by differential centrifugation,
and A. suum QFR was then solubilized using 1.0%
(w/v) sucrose monolaurate (SML; Dojindo). After
purification with anion-exchange column chromatog-
raphy, SML was exchanged with a mixture of
octaethylene glycol monododecyl ether (C;,Eg) and
dodecyl maltoside (C;,M) by repeated PEG3350 pre-
cipitation and dissolution in a buffer containing 0.6%
(w/v) C1Eg, 0.4% (w/v) C;oM, 200 mM NaCl, 10 mM
Tris—HCI pH 7.5 and ImM sodium malonate.
Crystallization was performed by the dialysis method
using a reservoir solution containing 15% (W/v)
PEG3350, 100mM Tris—HCI pH 8.4, 200mM NaCl,
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ImM sodium malonate, 0.06% (w/v) C;;Eg and
0.04% (w/v) C;pM. Reddish crystals grew to
100—200 pm in 2—3 days. Crystals of 4. suum QFR
in complex with fumarate were prepared by soaking
crystals in the reservoir solution supplemented
with I mM of sodium fumarate instead of sodium
malonate.

X-ray diffraction experiments were performed under
a N, gas stream (100K) at SPring-8 beam line
BL44XU (Bruker DIP-6040 detector) and at Photon
Factory beam line NW12 (ADSC315 CCD detector).
Data were processed and scaled using HKL2000 (10).
The initial structural model of A. suum QFR was
solved by molecular replacement using the structure
of porcine complex II (pdb code: 1ZOY) as a search
model. Molrep (11) was used for molecular replace-
ment. The refinement of the structure and model build-
ing were performed using Refmac5 (12) and Coot (13),
respectively. Data processing and refinement statistics
are shown in Supplementary Table SI. All figures were
generated using PyMOL (14). The coordinates have
been deposited in the Protein Data Bank under ID
codes 3VRS8 and 3VRB for the malonate and fumarate
bound forms, respectively.

The X-ray structure of 4. suum QFR (Fig. 1A and
B) is composed of Fp, Ip, CybL and CybS subunits,
with two molecules in the asymmetric unit (chains
A—D and E—H, respectively). As there are no signifi-
cant differences between the overall protein structures
of 3VR8 and 3VRB, we will focus on chains A—D of
the malonate-bound form to describe the protein struc-
ture as a whole. Fp (chain A) and Ip (chain B) are
hydrophilic, whereas CybL (chain C) and CybS
(chain D) are hydrophobic membrane-integrated sub-
units. Fp comprises four domains: a FAD binding

domain (residues A33—A279 and A384—A465), a cap-
ping domain (A279—A384), a helical domain
(A465—A580) and a C-terminal domain
(AS580—A645). A FAD prosthetic group is held in the
FAD binding domain by a covalent bond to His A79
and by hydrogen bonds with highly conserved residues
(Ala A49, Thr A71, Lys A72, Met A73, Ser A78, Thr
A80, GIln A84, Gly A85, Gly A86, Ala A201, Asp
A255, Glu A421, Arg A432, Ser A437, Leu A438)
across amino acid sequences of complex IIs from vari-
ous species. Ip contains an N-terminal plant
ferredoxin-like domain (residues B33—B130) and a
C-terminal bacterial ferredoxin-like domain
(B130—B281). Of the three iron—sulphur centres
bound to Ip, [2Fe—285] is coordinated by four cysteine
residues (B89, B94, B97 and B109) and located in the
N-terminal domain, whereas [4Fe—4S] and [3Fe—4S]
that are coordinated by four (B182, B185, B188 and
B249) and three (B192, B239 and B245) cysteine resi-
dues, respectively, are bound to the C-terminal
domain. These iron—sulphur centres are also sur-
rounded with highly conserved hydrophobic amino
acid residues (Fig. 1C). The structures of Fp and Ip
are similar to those of complex IIs with known struc-
tures, such as E. coli SQR (6), E. coli QFR (7),
W. succinogens QFR (8), porcine SQR (4) and avian
SQR (9).

In contrast to Fp and Ip, the hydrophobic
membrane-spanning part shows diversity among spe-
cies. In W. succinogens QFR, it consists of a single
polypeptide chain and two haem b prosthetic groups,
whereas 4. suum QFR, like E. coli SQR, porcine SQR
and avian SQR, holds two polypeptide chains (CybL
and CybS) and one haem h. Both CybL and CybS
consist of three membrane-spanning a-helices

Fig. 1 Structure of A. suum QFR. Fp (chain A), Ip (chain B), CybL (chain C) and CybS (chain D) are coloured in green, red, yellow and cyan,
respectively. Colour code for each atom type: C (yellow), N (blue), O (red), S (orange) and Fe (brown). (A) Cartoon representation of the

A. suum QFR structure. FAD, iron—sulphur centres and haem b are shown as sticks. (B) Surface model of 4. suum QFR viewed from a different
direction from (A) for easy observation of the extra polypeptide attached to the N-terminus of CybS. (C) The arrangement of FAD, [2Fe-2S],
[4Fe—4S], [3Fe—4S], haem b and RQ. Their edge-to-edge distances are also shown. Amino acid residues within 5 A of the prosthetic groups and
RQ are shown by a wire model. Conserved residues across amino acid sequences of complex IIs are coloured in magenta.
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(Fig. 1A and B) and anchor the A. suum QFR to the
membrane. A haem b is embedded into the interface
between the CybL and CybS, and two conserved His
residues (His C131 and His D95) are ligated to the
haem iron. A distinct cleft, whose location is in agree-
ment with the quinone binding sites proposed for other
complex IIs, is formed by Ip, CybL and CybS, and a
residual electron density probably revealing a bound
RQ is detected in the cleft.

Figure 1C shows the arrangement of the prosthetic
groups bound to A. suum QFR and their edge-to-edge
distances. [2Fe—2S], [4Fe—4S] and [3Fe—4S] line be-
tween FAD and RQ as observed in other complex
IIs (75). Thus, the disposition of the prosthetic
groups is critical to allow electron transfer from
RQH, to FAD via the iron—sulphur centres. The
hydrophobic environment around the iron—sulphur
centres_and distances between neighbouring centres
(<14 A) suggest that the eclectron transfer from
RQH, to FAD is carried out by quantum tunneling
(16), as proposed for E. coli SQR (6).

Figure 2A shows that fumarate is bound near the
FAD isoalloxazine ring in a non-planar conformation.
C2, C3 and C4 carboxyl group are in the same plane
parallel to the isoalloxazine ring, whereas the C1 carb-
oxyl group is twisted around the C1 and C2 bond with
a C3—C2—C1—O1A dihedral angle of 83.7°. The twist-
ing, which is stabilized by hydrogen bonds with Gly
AR8S5, Thr A288, Glu A289 and Arg A320, suggests that
the uniform distribution of m-electrons over the conju-
gated double bonds of fumarate is broken and a partial
charge separatlon C2%* and C3°7, is induced. The
contact of C2°" with FAD N5 (4.05 A) suggests that
a hydride (or hydride equivalent) is transferred from
reduced FAD N5 to C2°% in the reduction of fumarate
with the reduced FAD. Arg A320 i is a probable candi-
date that supplies a proton to C3°~ to complete the
reduction of fumarate. The twisted conformation of
fumarate is also observed in flavoproteins with fumar-
ate reductase acitivity (1D4E, 1P2E, 1QLB and 2E6D),
and a similar mechanism is proposed for E. coli QFR
(17) and Trypanosoma cruzi dihydroorotate dehydro-
genase (18).

Figure 2B shows the structure of the RQ binding site
proposed for A. suum QFR. The site is formed by Ip,
CybL and CybS, and is in agreement with ubiquinone
binding sites suggested for other complex IIs. [3Fe—4S]
is the nearest iron—sulphur centre to RQ (9.2 and 7.9 A
from RQ O1 and RQ O2, respectively), suggesting that
electrons are first accepted by [3Fe—4S] upon the oxi-
dization of RQH,, and then transferred to FAD via
[4Fe—4S] and [2Fe-2S].

RQ is surrounded by conserved amino acid residues
(Ser C72, Arg C76, Asp D106 and Tyr D107) and is
involved in hydrogen bond networks, RQ OI-Tyr
D107—Arg C76—Asp D106 and RQ O2—Ser C72—RQ
N—Arg C76—Asp DI106. Protons abstracted from
RQH, may leave along these networks. It should be
noted that the amino group of RQ, which is replaced
by the methoxy group in ubiquinone, is involved in one
of the hydrogen bond networks.

In this study, the structure of A. suum QFR, the first
structure of a mitochondrial QFR-type complex II, has

Crystal structure of mitochondrial QFR

Asp D106

[3Feas]

Fig. 2 Close-up views of active site structures of A. suum QFR.

(A) Fumarate binding site of 4. suum QFR. The C1 carboxyl group
is twisted around the C1 and C2 bond by hydrogen bonds with
nearby residues, which induces partial charge separation, C2°" and
C3%°.(B) RQH, binding site of A. suum QFR. Colour code for each
atom type: C (yellow), N (blue), O (red), S (orange) and Fe (brown).
Fumarate and RQ are coloured in green, FAD in pink. Hydrogen
bonds are drawn with cyan dotted lines.

been determined. A comparison of structures of
A. suum QFR and SQR-type complex II reveals that
not only are the protein structures essentially identical
to each other, but also the bound prosthetic groups are
surrounded by conserved residues (Fig. 1C). Thus, it
appears that the bound quinone type plays a role in
determining the direction of catalysis, QFR or SQR of
complex II. In fact, 4. suum QFR, which catalyses the
reduction of fumarate (Em’=+30mV) by oxidizing
RQH, (Em’' = —-63mV) in vivo, displays SQR activity,
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oxidation of succinate (Em’ =+30mV), and reduction
of ubiquinol (Em’=+110mV) in vitro.

The structure also demonstrates a feature unique to
A. suum QFR. The additional polypeptide composed
of 27 residues, which is found only at the N-terminus
of A. suum CybS, extends to and forms hydrogen
bonds with CybL, Ip and Fp (Fig. 1B, cyan), indicat-
ing that this unique region probably contributes to the
stabilization of the A. suum QFR structure. In add-
ition, because no such region has been found in
SQR-type complex IIs known to date, this unique fea-
ture could make A4. suum QFR favourable for accept-
ing RQH, and fumarate as substrates, although
further biochemical and biophysical analyses are ne-
cessary to reveal the truth.

Supplementary Data

Supplementary Data are available at /B Online.
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