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cidianus ambivalens Complex II Typifies a Novel Family
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Complex II from the thermoacidophilic archaeon
cidianus ambivalens, an archetype of an emerging
lass of succinate dehydrogenases (SDH), was ex-
racted from intact membranes and purified to homo-
eneity. The complex contains one molecule of co-
alently bound FAD and 10 Fe atoms. EPR studies
howed that the complex contains the canonical cen-
res S1 ([2Fe-2S]21/11) and S2 ([4Fe-4S]12/11) but lacks
entre S3 ([3Fe-4S]11/0); these observations agree with
he fact that the iron-sulfur subunit contains an extra
ysteine that may allow the binding of a new centre,
ost probably a tetranuclear one. Succinate-driven

xygen consumption is observed in intact membranes
ndicating that in vivo, complex II operates as a succi-
ate:quinone oxidoreductase, despite missing the typ-

cal anchor domain subunits. The pure complex was
ound to contain bound caldariella quinone, the en-
yme physiological partner. An alternative membrane
nchoring for this new type of SDHs, based on the
mphipathic nature of the putative helices found in
dhC, is suggested. © 2001 Academic Press

Key Words: archaea; thermophile; succinate dehy-
rogenase; iron-sulfur.

Complex II, or succinate dehydrogenase (SDH)—suc-
inate:quinone oxidoreductase—is a membrane bound
omplex that is simultaneously involved in the respi-
atory chain and in the citric acid cycle, catalysing the
xidation of succinate to fumarate with the concomi-
ant electron transfer to quinones. Two distinct do-
ains compose canonical complex II. A catalytic do-
ain, which is an hydrophilic heterodimer formed by a
avoprotein (64–79 kDa) with a covalently bound
AD, and an iron-sulfur protein (27–31 kDa) which
ccommodates three clusters: centre S1, [2Fe-2S] 21/11,

Abbreviations used: dichlorophenolindophenol, DCPIP; dithiothre-
tol, DTT; iodoacetoamide, IAA; potassium phosphate, PP; phenazine

ethosulphate, PMS; 2,6-; Tetramethyl-p-phenyldiamine, TMPD.
1 To whom correspondence should be addressed at Instituto de

ecnologia Quı́mica e Biológica, Rua da Quinta Grande 6, 2780-156
eiras, Portugal. Fax: 351-214428766. E-mail: miguel@itqb.unl.pt.
141
entre S2, [4Fe-4S] , and centre S3, [3Fe-4S] .
he anchor domain that attaches the whole complex to
he membrane and provides quinone binding sites is
omposed by one large (23–30 kDa) or two smaller
11–16 and 13–18 kDa) transmembrane polypeptides
hat may contain two, one or none B-type hemes (see
1) for a review).

In recent years, evidence has accumulated showing
hat several complex II enzymes, mostly from archaeal
ources, have atypical features and may constitute a
ew class of enzymes. Its members are distinguished
y the fact that they have an unusual composition of
ron sulfur clusters and lack the usual membrane
nchoring subunits. The first examples of such a suc-
inate dehydrogenase were found in the archaea Acidi-
nus (A.) ambivalens and Sulfolobus (S.) acido-
aldarius, thermoacidophilic organisms that live opti-
ally at 80°C and pH 2.0–4.0. A preliminary report of
PR measurements performed in intact membranes of
. ambivalens accounted for the possibility that centre
3 was absent (2), a finding later suggested by spec-
roscopic data in intact membranes and genetic studies
3, 4). In both archaea, it was found that the cysteine
luster of the SdhB subunit (the iron-sulfur protein)
ontains an additional cysteine, in a position appar-
ntly adequate to enable the coordination of a
4Fe-4S]21/11 centre in replacement of the usual centre
3, thus corroborating the spectroscopic observations

3, 4). Another interesting finding in these complex II
oncerns the putative membrane anchor polypeptides,
dhC and SdhD, which are completely distinct from
he usual ones, being mainly hydrophilic and missing
ny unequivocal transmembrane helical segments.
This new type of complex II enzymes has been es-

entially found in thermophilic archaea belonging to
he Sulfolobales order, namely in A. ambivalens, A.
nfernus, S. solfataricus (3), S. acidocaldarius (4), and
ulfolobus strain 7 (5). Nevertheless, this subclass is
ot common to all archaea. For example, S. metallicus,
lso a member of the Sulfolobales, appears to contain a
egular complex II (6), as well as the thermophile Ther-
oplasma acidophilum (7) the halophile Natronobac-
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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erium pharaonis (8) and the hyperthermophile Aero-
yrum pernix (9).
The purification, biochemical, and spectroscopic

roperties of A. ambivalens complex II reported here,
ontribute to clarifying several aspects of this new type
f succinate dehydrogenases which remain to be ad-
ressed, namely (i) the evidence that, in the pure pro-
ein, the trinuclear FeS cluster is absent; (ii) the lack of
dditional FeS clusters in the cysteine-rich subunit;
nd (iii) the interaction with quinone. Furthermore,
nalyses of the predicted helical structure of the puta-
ive membrane anchor subunits (SdhC and SdhD) sug-
est that these new SDHs are monotopic. Extensive
omparison with SdhC homologous found in other
embrane bound proteins lacking predicted trans-
embrane domains suggests that this may be a com-
on membrane attaching mode in a quite large num-

er of proteins.

ATERIALS AND METHODS

Cell growth and detergent extract preparation. A. ambivalens
ells were grown under aerobic conditions as in (10, 11). Membranes
ere prepared as in (11). The solubilised membrane extract (DM
xtract) was prepared by addition of b-dodecyl-maltoside (DM) to the
esupended membranes in a ratio of 2 g DM/g protein; the suspen-
ion was stirred for 30 min at 4°C.

Protein purification. Purification steps were performed on a
harmacia HiLoad system, at 4°C, and all buffers were adjusted to
H 6.5 and contained 0.1% DM. DM extract was applied to a DEAE-
epharose column equilibrated with 40 mM potassium phosphate

PP) buffer. SDH eluted at 500 mM NaCl in a linear gradient of 0 to
M NaCl in the equilibrating buffer. The enzyme-containing fraction
as loaded into a HTP Ceramics column equilibrated with 40mM PP
uffer. A 40 to 1000 mM linear PP gradient was applied to the
olumn and the SDH activity eluted at about 500 mM PP. The
raction was injected onto a Superdex 200 column and eluted with 40
M PP buffer/150 mM NaCl. Succinate dehydrogenase activity was

ollowed throughout the purification steps by its succinate:DCPIP
xidoreductase activity. Enzyme purity was assessed by gradient
DS–PAGE (10 to 15% acrylamide/0 to 15% sucrose). Prior to the
pplication on the gel, samples were incubated for 30 min in loading
uffer containing 8 M urea. Proteins were stained with Coomassie
rilliant blue (12).

Spectroscopic methods. EPR spectra were recorded on a Bruker
SP 380 spectrometer, equipped with an ESR900 continuos-flow
elium cryostat from Oxford Instruments. Parallel mode EPR was
erformed using a Bruker dual mode cavity.
Ultraviolet-visible spectra and kinetical assays were recorded on a

himadzu UV-1630 spectrophotometer, equipped with a tempera-
ure controller and a stirring system.

Biochemical procedures. Succinate:DCPIP oxidoreductase was
onitored by following the PMS coupled reduction of DCIP at 578
m (« 5 21 3 103 M21cm21) (13). The reaction mixture contained 100
M PP buffer pH 6.5, 0.1 mM PMS and 0.2 mM DCPIP. Prior to the

ssay, all the samples containing quinol oxidase were incubated for
min with 10 mM KCN (stock solution: 2M KCN in 1M PP buffer pH
) in order to block this enzyme activity. Assays were performed at
0°C. One unit (U) is defined as the consumption of 1 mmol of
uccinate per min. The rate of decylubiquinone reduction was ac-
essed by measuring the absorbance decrease rate at 278 nm (« 5
9230 M21cm21) (14). Protein concentration was determined by the
odified microbiuret method (15). Labile iron content was chemi-
142
16).

Quinone extraction. Quinone was extracted by adding 1 ml of
0% (v/v) methanol/acetone to the sample (50 ml); after 30 min 750 ml
f petroleumbenzin (Riedel-deHaën No. 24541) were added to the
ixture. The upper petroleum phases were collected, evaporated and

he dried residue was re-suspended in methanol (17). Stock caldari-
lla quinone was purified from A. ambivalens as described in (18).

Alkylation of sulfhydryl groups. The protein was incubated in 50
M Tris–HCl pH8/2% SDS/8 M urea/20 mM DTT for 30 min at 37°C.
ulfhydryl groups were alkylated by a 30 min incubation in 100 mM

odoacetoamide (IAA) at 37°C (19).

Hydroxylamine treatment. The SDH sample was incubated over-
ight with an equal volume of hydroxylamine 1 M pH 8, at room
emperature (20). Remaining sulfhydryl groups were alkylated as
escribed above. The samples were analysed by gradient SDS–PAGE
10 to 15% acrylamide/0 to 15% sucrose).

Redox titrations. The iron-sulfur clusters reduction potentials
ere determined by redox titrations monitored by EPR spectroscopy.
he enzyme was titrated under anaerobic conditions, at room tem-
erature and pH 6.5 in the presence of suitable redox mediators as
escribed in (21). Reduction potentials are quoted in respect to the
tandard hydrogen electrode.

Sequence analysis tools. The sequences used in multiple align-
ent comparisons were retrieved from protein databases using the
CBI Entrez protein sequence search. Multiple alignments were
erformed using Clustal W version 1.6 (22). Protein secondary struc-
ure predictions were generated in PSIPred (23). Helical wheel pro-
ections were generated in Win Pep 2.11.

ESULTS

urification and Biochemical Properties

Complex II from A. ambivalens is clearly a mem-
rane bound protein, as the membranes comprise 80%
f total SDH activity (3). The purification procedure
esulted in a 70-fold enrichment of the complex with a
ield of 11% and a final specific activity of 1.15 U/mg of
rotein at 70°C (Table 1). The protein preparation was
ound to be pure by gradient SDS–PAGE (Fig. 1, lane
). The gel shows that the isolated complex consists of

our different subunits with apparent molecular
asses of 67, 33, 28, and 14 kDa in agreement to those

redicted from the genomic sequence of the sdhABCD
peron (3).
Iron determination showed that A. ambivalens com-

lex II contains 10 6 1 iron atoms per molecule. This is
onsistent with the presence of one dinuclear [2Fe-
S]21/11 cluster (S1), one tetranuclear [4Fe-4S]12/11 clus-
er (S2) and one additional tetranuclear cluster, which
s replacing centre S3. This determination also ex-
ludes the presence of any additional iron centres in
he cysteine-rich SdhC subunit.

pectroscopic Properties

The UV-Visible spectrum of the as purified (oxidised)
rotein exhibits a broad band, centred at around 450
m, typical of flavoproteins, and additional features
rom 300 to 600 nm, attributable to the iron-sulfur
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lusters (Fig. 2). The flavin is completely succinate-
educible, as 5 min incubation with succinate, at 60°C
nder anaerobic conditions, resulted in the disappear-
nce of the 450 nm band (data not shown). Flavin
uantification, using e450 5 11300 M21.cm21 (13), from
he succinate-reduced redox spectra, showed that the
omplex contains one FAD per molecule (0.75 FAD/
ol). The flavin cofactor could not be extracted by 20%
CA, thus indicating that it is covalently bound.
The EPR spectrum of the native, oxidised protein,

hows a minor resonance centred at g 5 2.00, typical of
radical, lacking any additional features (Fig. 3A,

race a). This unequivocally indicates that the
rinuclear centre S3, which under these conditions ex-
ibits an intense signal at g 5 2.02, is absent from A.
mbivalens complex II. Even upon incubation with po-
assium hexacyanoferrate (III), no additional reso-
ances were detected (data not shown). Incubation

Purification Table for A

urification step Protein Mg Total act. U

Membranes 16,450 270
DM Extract 7000 276
Q-Sepharose 960 209
HTP 168 181
S-200 25 29

FIG. 1. SDS–PAGE (10 to 15% acrylamide and 0 to 15% sucrose
radient) of the purified A. ambivalens complex II. Lane A, molecular
ass marker proteins; lane B, 3 mg of pure protein; lane C, 3 mg of

ure protein incubated with IAA; and lane D, 3 mg of pure protein
ncubated with hydroxylamine prior to incubation with IAA.
143
ith 20 mM succinate at 70°C for 20 min resulted in
he appearance of a rhombic type signal with gmax 5
.034, gmed 5 1.937, and gmin 5 1.911 (Fig. 3A, trace b).
eduction with sodium dithionite led to the full devel-
pment of this signal (Fig. 3A, trace c). No other fea-
ures were detected in the dithionite or deazoflavin
educed enzyme (Fig. 3A, trace d) at either higher (up
o 50K) or lower temperatures, neither by changing the
icrowave power, indicating that the tetranuclear cen-

res are likely in close spatial contact and under mag-
etic interaction, thus preventing their observation. In
articular, no resonances at low magnetic field, typical
f reduced iron-tetranuclear clusters with a spin
round state higher than one-half, could be detected.
ost important, parallel experiments performed with

n intact membrane extract and with a partially puri-
ed protein, did not show any additional resonances

ndicating the integrity of the purified enzyme. The
icrowave power saturation behaviour of the [2Fe-

S]11 cluster in the enzyme samples reduced by succi-
ate or dithionite suggests a magnetic interaction of
his centre with another centre, most probably the
educed cluster S2, [4Fe-4S]11 (Fig. 3C), as generally
bserved for succinate dehydrogenases (1).

mbivalens Complex II

Sp. act. U/mg Yield (%) Enrichment-fold

0.02 100 1
0.04 102 2
0.22 78 13
1.08 67 66
1.15 11 70

FIG. 2. UV-visible spectrum of native A. ambivalens complex II
t room temperature. Inset: UV-Visible spectra of caldariella qui-
one, in methanol. Trace A, extracted from A. ambivalens mem-
ranes; Trace B, extracted from the purified complex II.
. a
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edox Potentiometry

The reduction potential of the dinuclear centre was
etermined by an EPR monitored redox titration, per-
ormed on the pure enzyme complex. The intensities of
5 1.937 and g 5 1.911 resonances were measured as
function of the redox potential of the solution. The
ean of the experimental data points were fitted to a
ernst curve with E 5 290 mV and n 5 1 (Fig. 3B).

ound Caldariella Quinone

The purified succinate-reduced complex II is capable
f reducing decylubiquinone, a synthetic quinone, at a
ate of 1.2 U.mg21 at 70°C and pH 6.5, under anaerobic
onditions. This finding suggests that, although A. am-
ivalens complex II does not contain canonical mem-
rane anchors, it must have quinone-binding site(s).
he enzyme was tested for the presence of quinones by
xtraction with methanol/acetone. The ethanolic ex-
ract, upon reduction with borohydride, in anaerobic
onditions, displayed a reduced-oxidised UV-Visible

FIG. 3. (A) EPR spectra of A. ambivalens complex II at 10K i
uccinate-reduced; c, dithionite reduced; and d, deazoflavin reduced
.643 GHz. Protein concentration 1.5 mg.ml21 in 50 mM potassium
btained by a 20 min incubation, at 70°C, with 20 mM of succinate, un
y a 30 min light irradiation, under a nitrogen atmosphere, in the pre
I cluster S1. The mean of the heights of the g 5 1.94 and g 5 1.91 re
o the fully reduced form. The solid line was calculated from a Nernst
ehaviour of the means of the g 5 1.94 and 1.91 EPR signals of A. a
b) and 3 dithionite reduced (sample as used in A c). The solid lines

f half saturation.
144
pectrum that is identical to that of caldariella quinone
solated from A. ambivalens membranes (Fig. 2, inset).
his demonstrates that the pure protein contains
ound caldariella quinone, similarly to what was re-
ently found from the crystal structure of fumarate
eductase from E. coli, which contains bound quinone
olecules (24).

embrane Anchoring

No unequivocal transmembrane helices are pre-
icted in the entire sdhABCD operon; an alternative
ould be the association to the membrane through fatty
cyl groups (25). The protein was tested for the pres-
nce of fatty acids, which could bind to the protein
hrough the several cysteine residues present in the
dhC subunit (3). This possibility was investigated by
DS–PAGE: a first incubation of the protein with io-
oacetoamide (IAA) in the presence of SDS and DTT
evealed that the SdhB subunit, containing 10 cysteine
esidues, reacted with IAA, observable by an increase
n its molecular mass (Fig. 1, lane C). The SdhC sub-

ifferent redox conditions. Traces: a, native protein as isolated; b,
emperature 14 K; microwave power 2.4 mW, microwave frequency
osphate buffer pH 6.5/0.1% DM. The succinate reduced form was

r a nitrogen atmosphere. The deazoflavin reduced form was obtained
ce of EDTA. (B) EPR redox titration curve for A. ambivalens complex
ances was plotted against each potential and normalised in respect
ation with n 5 1 and E0 5 290 mV. (C) Microwave power saturation
ivalens complex II at 14 K. 1 succinate-reduced (sample as used in
re calculated using 2.30 mW and 0.09 mW as the microwave power
n d
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nit, also containing 10 cysteine residues, reacted with
AA, affecting the protein mobility with the same in-
rement (Fig. 1, lane C).

If fatty acids were present in the SdhC subunit, a
ydroxylamine treatment would generate extra alky-

ation sites. To confirm this, prior to the DTT/IAA
ncubation, the protein was incubated with hydroxyl-
mine; the treatment had no extra effect on the SdhC
obility (Fig. 1, lane D) indicating that indeed the

rotein does not bind fatty acids.

ISCUSSION

The archaeon Acidianus ambivalens has a very sim-
le respiratory system. It is composed by a type-II
ADH dehydrogenase, solely containing a covalently
ound flavin as cofactor (26); a complex II with a dif-
erent subunit and cofactor composition (this work); a
ool of caldariella quinone (18), which carries electrons
etween the dehydrogenases and a single type of com-
lex IV, an aa3-type quinol oxidase (27–30).

FIG. 4. (A) Multiple aminoacids sequence alignment of A. ambiv
he cysteine motif. SdhCAamb, succinate dehydrogenase from A. a
ethanobacterium thermoautotrophicum (ABB86345); HdrMsbar, h
frMttherm, thiol:fumarate reductase from Methanobacterium therm
richia coli (P52074) and GlpCEcoli anaerobic sn-glycerol-3-phospha
f helices 1, 5, 6, 7, and 8 from SdhC of A. ambivalens. Shaded boxes i
re shaded.
145
New Class of Succinate Dehydrogenases

The A. ambivalens complex II is an excellent exam-
le of an emerging new class of succinate dehydroge-
ases found both in Archaea and Bacteria, which have
eatures distinct from those of the canonical complexes.
he evidence for these proteins came either from direct
pectroscopic evidence (like for those from A. infernus,
. solfataricus and Sulfolobus sp. strain 7 (3)), from
omparative genomics (Synechocystis (31) and Aquifex
eolicus (32)), or a combination of both (A. ambivalens
3) and S. acidocaldarius ((4)). Interestingly, among
his new class of SDHs, there is a difference between
rchaea and Bacteria concerning the organisation of

he gene locus encoding for these new family of succi-
ate dehydrogenases: in Archaea (A. ambivalens and
. acidocaldarius) a single operon contains the four
tructural genes, while in Bacteria (Synechocystis and
quifex aeolicus) the iron-sulfur and the flavoprotein
ncoding genes are located in distinct regions of the
enome.

ns complex II SdhC subunit with homologous peptides. ‚ indicates
ivalens (CAA06782); HdrMttherm, heterodissulfide reductase from
rodissulfide reductase from Methanosarcina barkeri (CAA70997),
utotrophicum (CAA04399); GlcFEcoli, glycolate oxidase from Esch-
ehydrogenase from Escherichia coli (P13034). (B) Wheel projections
cate hydrophobic side chains and the hydrophobic part of the helices
ale
mb
ete
oa

te d
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ron-Sulfur Centres Composition

The most prominent divergent feature of this new
lass of succinate dehydrogenases is a distinct com-
osition of iron-sulfur centres, being the trinuclear
ron-sulfur cluster absent. The extra cysteine found
n the iron sulfur subunit, SdhB (3) could be the
dditional ligand to a new tetranuclear cluster, pro-
iding it would have an adequate spatial position. In
act, this is the case as shown by homology modelling
f the sdhB from A. ambivalens using the structure
f FrdB from Escherichia coli fumarate reductase
38% similarity between sequences) as a template
24) (data not shown). Interestingly, site directed

utagenesis studies in E. coli complex II have shown
hat by adding an extra cysteine, the trinuclear clus-
er can be converted to a [4Fe-4S]21/11 one (33). Thus,
n A. ambivalens, the likely electron entry point from
uinols is the tetranuclear centre providing that it
as the adequate redox properties. Since the direct
bservation of the [4Fe-4S]21/11 centres was not pos-
ible, probably due to magnetic interactions with
eighbouring centres, its reduction potentials were
ot determined. This magnetic interaction is remi-
iscent of that occurring on [NiFe] hydrogenases
34), in which the distances between the Fe/S centres
s ;10Å (35), close to that found in SDHs (24). Also,
t becomes clear, that subunit C, which contains a

Proteins Containing the CX

Protein

uccinate dehydrogenase (SdhC) Aci
Sul

eterodisulfide reductase (HdrB) Met
Aqu
Met
Syn
Cam

eterodisulfide reductase (HdrD) Met
Arc

hiol:fumarate reductase (TfrB) Met
Met

lycolate oxidase (GlcF) Esc
Bac
Dei
Syn

naerobic sn-glycerol-3-phosphate dehydrogenase (GlpC) Esc
Hae
Aqu
Hel

igh Molecular weight cytochrome complex (Hmc orf6) Des

Note. Domain, Archaea (A) and Bacteria (B).
a Preliminary sequence data was obtained from the Institute for G
b For these organisms only the gene is known.
146
igh number of cysteines, does not contain addi-
ional Fe clusters. The reduction potential of the
inuclear centre is slightly lower (290 mV, pH 6.5)
han usual (range from 280 to 180 mV, reviewed
n (1)).

lternative Anchor

A. ambivalens complex II is clearly a membrane an-
hored protein (3), but only a small putative trans-
embrane segment in the C terminus can be predicted

or the SdhC subunit, whereas the hydropathy profile
f SdhD indicates that it is mainly hydrophilic thus,
n alternative membrane anchoring containing a
uinone-binding site must be present in this complex.
onotopic proteins achieve an alternative anchoring

rough amphipathic a-helices that embedded the pro-
ein within one of the two leaflets of the membrane
36–39). Sequence analysis of SdhC shows that it con-
ains nine putative helices plus a putative transmem-
rane helix in the C terminus and two tandem se-
uences of a CX31–35CCGX38–39CX2C motif—the cysteine
otif—suggesting a gene duplication event (Fig. 4).
onserved helices and similar cysteine motifs are also

ound in several other proteins (see Table 2 and Fig. 4).
ll these proteins are found to be membrane associated
ut they all lack obvious transmembrane helices. For
he anaerobic sn-glycerol-3-phosphate dehydrogenase

CGXnCX2C Cysteine Motif

Organism Domain Reference

nus ambivalens A (3)
bus acidocaldarius A (4)

nobacterium thermoautotrophicum A (46)
x aeolicusb A (32)
nococcus jannaschiib A (47)
ocystis spb B (31)
lobacter jejunib B a

nosarcina barkeri A (48)
oglobus fulgidusb A (49)

nobacterium thermoautotrophicum A (43)
nococcus jannaschiib A (47)

ichia coli B (45)
s subtilisb B (50)
occus radioduransb B (51)
ocystis spb B (31)

ichia coli B (41)
philus influenzaeb B (52)
x aeolicusb B (32)
acter pylorib B (53)

ovibrio vulgaris B (54)

omic Research website at http://www.tigr.org.
nC

dia
folo

ha
ife
ha
ech
py

ha
hae

ha
ha

her
illu
noc
ech

her
mo
ife
icob

ulf

en



f
t
a

p
S
G

h
C
p
A
p
H
g

Vol. 281, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
rom E. coli it was shown that the subunit containing
he cysteine motif is essential for membrane anchoring
nd for interaction with menaquinone (40, 41). Wheel

FIG. 5. Schematic representation of several proteins containing
ypothesis. CQ, caldariella quinone; CQH2 reduced caldariella quin
oMSH, 7-mercaptohethanesulfonate (coenzyme M); CoBS-ScoM, he
hosphate; Fum, fumarate; MP, methanophenazine; MPH2, reduced
. ambivalens; Sacidoc, S. acidocaldarius; Synech, Synechocytis sp;
hicum; Mjann, Methanoccocus jannaschii; Afulj, Archaeoglobus fu
aemophilus influenzae; Bsub, Bacillus subtilis; Drad, Deinococcus r

ene is known.
147
rojections of the conserved helices from A. ambivalens
dhC and from HdrBMtther, HdrDMsbar, TfrBMtther,
lcFEcoli, and GlpCEcoli predict that several amphi-

hC-like domain highlighting the independent module combination
e; CoBSH; 7-mercaptoheptanoylthreonine phosphate (coenzyme B)
disulfide of coenzyme B and coenzyme M; DHAP, dihydroxyacetone
thanophenazine; G3P, glycerol-3-phosphate; Suc, Succinate; Aamb,
aeol, Aquifex aeolicus; Mttherm, Methanobacterium thermoautotro-
us; Msbar, Methanosarcina barkeri; Ecoli, Escherichia coli; Hinf,

odurans R1. For the organisms indicated between brackets only the
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athic a-helices can be formed (Fig. 4) leading to the
ypothesis that the SdhC peptide from A. ambivalens
nchors to the protein monotopically, similarly to what
ay also happen in the other presented proteins (Fig.

). A characteristic of some amphipathic helices is that
he correct helical fold is only achieved in the presence
f anionic lipids (37); this might explain why, in vitro,
he purified A. ambivalens complex II is not capable of
educing caldariella quinone: this slight misfold would
revent adequate caldariella quinone binding. Data-
ase searching for analogues of SdhD result in no sig-
ificant matches, with the exception of SdhD from S.
cidocaldarius (4), but the peptide also contains am-
hipathic a-helices suggesting that it may also be in-
olved in membrane attachment by a similar strategy
data not shown).

The observed sequence similarities between differ-
nt proteins further extends the recent suggestion that
omplex II enzymes have a modular architecture (42).
n fact, these protein complexes are apparently a com-
ination of independent modules: flavoprotein, iron-
ulfur and cysteine-motif containing (Fig. 5). In the
ase of the A. ambivalens SDH, these modules re-
ained unassembled but for instance, in Thiol:fumar-

te reductase from M. thermoautotrophicum Marburg
43) and anaerobic sn-glycerol-3-phosphate dehydroge-
ase and Glicolate oxidase from E. coli (40, 41, 44, 45),
wo of the modules fused and a single peptide holds the
ysteine-motif as well as the iron sulfur clusters. In the
ase of the Hdr from M. thermoautotrophicum Marburg
46), the flavinic peptide bears additional iron-sulfur
lusters while maintaining separated the remaining
odules. This denotes that these proteins share a com-
on ancestry in respect to their composing domains,
hose combination was imposed by the fine tuning of

he different catalytic functions they perform. Un-
oubtedly, the elucidation of the molecular phylogeny
f these proteins and the clarification of the function of
he cysteine-rich subunit in these complexes, is a chal-
enging task for the future.
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Stetter, K. O., Schäfer, G., and Anemüller, S. (1999) The unusual
iron sulfur composition of the Acidianus ambivalens succinate
dehydrogenase complex. Biochem. Biophys. Acta 1411(1), 134–
141.
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