J. Biochem. 120, 587-599 (1996)

2-Oxoacid:Ferredoxin Oxidoreductase from the Thermoacidophilic

Archaeon, Sulfolobus sp. Strain 7'

Qian Zhang, Toshio Iwasaki,’? Takayoshi Wakagi,* and Tairo Oshima?®
Department of Life Science, Tokyo Institute of Technology, Nagatsuta, Yokohama 226

Received for publication, April 23, 1996

The purified 2-oxoacid:ferredoxin oxidoreductase of a thermoacidophilic and aerobic
crenarchaeote, Sulfolobus sp. strain 7, consists of 70-kDa ¢ and 37-kDa 2 subunits, and
contains one thiamine pyrophosphate (TPP), one [4Fe-4S]**'* cluster, and two magnesium
atoms per qf structure. It exhibits a broad substrate specificity toward 2-oxoacids such as
2-oxoglutarate, 2-oxobutyrate, and pyruvate. The gene encoding the archaeal oxidoreduc-
tase was cloned, and the two open reading frames encoding the ¢ (632 amino acids) and 2
subunits (305 amino acids), respectively, were sequenced. Careful sequence alignment
revealed several consensus motifs of this enzyme family, as well as possible cofactor
binding residues of the Sulfolobus enzyme. This new structural information also indicates
that (i) several genetic fusions and reorganization of the early, possibly a¢878-type enzyme
similar to those from hyperthermophiles have taken place during evolution of the 2-oxo-
acid:ferredoxin (flavodoxin) oxidoreductase superfamily, which might have occurred in
different ways in early aerobic archaea and early anaerobic bacteria, and that (ii) enzymes
with different subunit compositions should have an essentially similar catalytic mecha-
nism with one TPP and at least one (4Fe-4S] cluster as the minimal set of redox centers.

Key words: archaea (archaebacteria), evolution, 2-oxoacid:ferredoxin oxidoreductase,

primary structure, Sulfolobus.

Ferredoxin serves as an intermediate electron acceptor in a
variety of key steps in the central metabolic pathways
involved in saccharolytic and peptide fermentation by sev-
eral strictly anaerobic archaea (archaebacteria), NAD(P)*
usually substituting by bacteria (eubacteria) (I-5). Al-
though the ferredoxin-dependent redox system of aerobic
respiratory archaea is rather less understood, ferredoxin
has been shown to function as a physiological electron
acceptor of the archaeal coenzyme A (CoA)-acylating 2-
oxoacid:ferredoxin oxidoreductase (6-10). The enzyme
plays a central role in the decarboxylation of pyruvate and
2-oxoglutarate in archaea, the 2-oxoacid dehydrogenase
multienzyme complex (11) being involved in aerobic
bacteria and eukarya (eukaryotes) with mitochondria.

In the case of conventional 2-oxoacid dehydrogenase
multienzyme complexes (2,000-7,000 kDa), thiamine pyro-
phosphate (TPP), lipoic acid, and flavin nucleotide are
involved as prosthetic groups, and each of three different
kinds of enzymes catalyzes a partial reaction. In contrast,
the archaeal 2-oxoacid:ferredoxin oxidoreductases are
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much smaller enzymes (100-300 kDa), and contain one
TPP and at least one [4Fe-4S)**!* cluster (per protomer)
as prosthetic groups (7, 12-16). Thus, the cofactor compo-
sition of the archaeal enzymes is remarkably similar to that
of those from fermentative and phototrophic obligatory
anaerobic bacteria (e.g., Clostridia and Chlorobia) (17-
22), several photosynthetic bacteria (18, 23), and anaero-
bic and amitochondrial protozoa [such as Trichomonas
vaginalis (24-26)] (Table I). Cloning and sequencing of the
gene encoding Halobacterium salinarium (f. halobium)
pyruvate:ferredoxin oxidoreductase, which is composed of
two non-identical subunits and probably contains two TPP
and two [4Fe-48]2+!* cluster per a,f, structures (12), has
revealed that neither the a nor the A subunit shows
considerable homology to any subunit of the mitochondrial
2.oxoacid dehydrogenase multienzyme complexes (27).
This is also supported by recent molecular biological
studies on 2-oxoacid:ferredoxin (flavodoxin) oxidoreduc-
tases from several anaerobic bacterial and eukaryal
sources, including the Klebsiella pneumoniae (28), Entero-
bacter agglomerans 333 (29), Rhodospirillum rubrum
(unpublished, EMBL accession number X77515), Anaba-
ena variabilis ATCC29413 (30), Anabaena sp. PCC 7119
(30), and T. vaginalis enzymes (26), which have an a,
composition.

The strategy used for the breakdown of 2-oxoacids by the
H. salinarium enzyme is distinctly different from that in
the case of mitochondrial multienzyme complexes, and is
proposed to proceed through a sequential two-step reaction
(20, 31). More recently, a modified catalytic mechanism
was also proposed for the hyperthermophile enzymes which
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TABLE 1. Properties of 2-oxoacid:ferredoxin (flavodoxin) oxidoreductases.
Molecular mass Subunit Cofactor compeosition Substrate specificity (K,(mM])
Source (kDa) (kDa) (per protomer) Pyravate  Z.Oxoglutarate L CIcrences
Archaea:
Sulfolobus sp. strain 7 103° 70, 37 TPP, [4Fe-4S], 2xMg 0.26 0.87 (52, 53; this work)
Halobacterium salinarium 256> 86x2,42%x2  TPP, [4Fe-4S) 0.10 1.1 (12, 27, 31)
2481 882, 36 X2 TPP, [4Fe-4S)? — n.d.® 27
Pyrococcus furiosus 115 47,31, 24,13  TPP, 3% [4Fe-48], Cu 0.46 — (13, 15, 22, 32)
Archaeoglobus fulgidus 120° 45, 33, 25, 13 TPP, 3% [4Fe-45]? 0.3 — (14)
Bacteria:
Clostridium acidiurici 2404 1202 TPP, (4Fe-4S)? 2.2 — (17)
Clostridium thermoaceticum  240° 120 x2 TPP, 2x [4Fe-45]? 2.0 — (20}
Clostridium acetobutylicum 246 123x2 TPP, [4Fe-45]? 0.32 — (21)
Klebsiella pneumoniae 240 120x2 TPP, 3X [4Fe-48]? 2.0 — (19, 20, 28)
Rhodospirillum rubrum 252¢ 114 %2 n.d. (9.7 mol of Fe/dimer) 0.18 — (23)
Thermotoga maritima 113 43, 34, 23,13  TPP, 3X [4Fe-48] 14.56 — (15, 22)
Anaerobic amitochondrial Eukarya:
Trichomonas vaginalis 240° 123x2 TPP, 3% [4Fe-4S]? 0.14 — (24, 26)

*af-type enzyme. " fh-type enzyme. ‘afyd-type enzyme. “a;-type enzyme. *pyruvate:ferredoxin oxidoreductase. ‘2-oxoglutarate-specific

enzyme. *not reactive. "not determined.

have an afyd structure, and contain one TPP cofactor and
multiple FeS clusters (32).

Sulfolobus sp. strain 7 (originally named Sulfolobus
acidocaldarius strain 7) is a typical aerobic and thermo-
acidophilic archaeon isolated from Beppu hot springs,
Kyushu, and grows optimally at pH 2-3 and at 75-80°C
(33). The chemoheterotrophically-grown crenarchaeote
acquires biological energy through aerobic respiration
rather than simple fermentation, and contains a complex
aerobic respiratory system in its membrane (33-39). As
opposed to most aerobic bacteria and mitochondria, how-
ever, Sulfolobus sp. strain 7 also contains a ferredoxin-de-
pendent redox system in its cytoplasm (9, 10). In earlier
studies, we showed that the Sulfolobus sp. ferredoxin is of
the 7Fe-containing dicluster type, and that only a [3Fe-4S]
cluster is reduced during the steady-state turnover of
cognate 2-oxoacid:ferredoxin oxidoreductase (9) and
NADPH:ferredoxin oxidoreductase (Iwasaki, T. and
Oshima, T., unpublished result).

In this paper, we report the initial characterization of a
2-oxoacid:ferredoxin oxidoreductase purified from Sulfo-
lobus sp. strain 7, and cloning and sequencing of the gene
encoding it. We show that the purified enzyme has a
heterodimeric «f structure, and shows a broad substrate
specificity toward 2-oxoacids such as pyruvate and 2-oxo-
glutarate, implying its bifunctional role in archaeal central
metabolism, viz., the CoA-dependent oxidation of pyruvate
and 2-oxoglutarate in the tricarboxylic acid cycle. More-
over, in conjunction with careful multiple alignment of the
amino acid sequences of the enzymes from other sources
including those reported earlier by others (14, 15, 26), the
primary structure of the archaeal enzyme led to the iden-
tification of several conserved amino acid sequences and
possible cofactor-binding sites in enzymes with different
subunit structures. These findings further indicate that
2-oxoacid:ferredoxin (flavodoxin) oxidoreductases prob-
ably have a common catalytic mechanism despite their
different domain arrangements. Preliminary accounts of
the present work have appeared in abstract form (52, 53).

EXPERIMENTAL PROCEDURES
Materials—Sodium pyruvate, 2-oxoglutarate, 2-oxobu-

tyrate, and thiamine pyrophosphate (TPP) were from
Nacalai Tesque (Tokyo). Coenzyme A (CoA) was obtained
from Kohjin (Tokyo). DEAE-Sephacel, phenyl-Toyopearl
650M, and hydroxylapatite HTP were purchased from
Pharmacia LKB Biotechnology, Tosoh, and Bio-Rad, re-
spectively. Water was purified with a Milli-Q purification
system (Millipore). Other chemicals mentioned in this
study were of analytical grade.

Bacterial Strain and Plasmid— Sulfolobus sp. strain 7
(originally named S. acidocaldarius strain 7) was culti-
vated aerobically and chemoheterotrophically at pH 2.5-3
and 75-80°C, and was harvested in the late exponential
phase of growth as described previously (10, 33). The
Escherichia coli strain used for cloning was JM 103 grown
in LB or 2X YT medium, with 50 x£g/ml ampicillin when
required. Plasmid pUC118 was used for cloning, and
phagemids M13mpl8 and M13mpl9 were used for se-
quencing. DNA was manipulated by standard procedures
(40, 41).

Purification of Ferredoxin and Measurement of En-
zymatic Activities—A TFe-containing dicluster ferredoxin
of Sulfolobus sp. strain 7 was purified as described previ-
ously (9), and was used for the routine enzymatic assay.
2-Oxoacid:ferredoxin oxidoreductase activities were
monitored by means of the horse heart cytochrome ¢
reduction assay at 50°C using the Sulfolobus ferredoxin as
an intermediate electron acceptor (6), except that the
reaction was carried out in 10 mM potassium phosphate
buffer, pH 6.8, and was initiated by the addition of the
purified enzyme (10). Non-enzymatic reduction of cyto-
chrome ¢ by coenzyme A at this temperature was corrected.

Purification of Sulfolobus 2-Oxoacid:Ferredoxin Oxido-
reductase—Purification of the 2-oxoacid:ferredoxin oxido-
reductase of Sulfolobus sp. strain 7 was carried out by
following the 2-oxoacid:ferredoxin oxidoreductase activity
and the absorption bands at 280, 408, and 450 nm of each
fraction at different steps. The cytosol fraction, prepared
by French press treatment as described previously (10),
was applied to a DEAE Sephacel column (3.0 28 cm),
which had been previously equilibrated with 30 mM
Tris-Cl buffer, pH 7.3, containing 1 mM EDTA and 1 mM
phenylmethylsulfonyl fluoride. The column was washed
with 500 ml of the equilibration buffer, and then the
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material bound to the column was eluted with a 1,600-ml
linear gradient of NaCl (0-400 mM) in the equilibration
buffer. The combined peak fraction was made to a 1 M
ammonium sulfate solution by the addition of solid ammo-
nium sulfate at 4°C. The suspension was gently degassed
with an aspirator, and then directly applied to a phenyl-
Toyopear] 650M column (1.2 X 25 cm), which had been pre-
equilibrated with 20 mM potassium phosphate buffer, pH
6.8, containing 1 M ammonium sulfate. The column was
washed with 100 ml of the equilibration buffer, and then
eluted with a 200-ml linear gradient between 1 M and O M
ammonium sulfate in 20 mM potassium phosphate buffer,
pH 6.8. The combined peak fraction was dialyzed against
20 mM potassium phosphate buffer, pH 6.8, and then
applied to a hydroxylapatite column (1.0 X 23 cm), which
had been pre-equilibrated with 10 mM potassium phos-
phate buffer, pH 6.8. The enzyme bound to the column was
eluted with a 90-ml linear gradient of potassium phosphate
buffer, pH 6.8 (10-300 mM), and the peak fraction was
collected and concentrated by pressure filtration through an
Amicon YM-10 membrane at 4°C. The concentrated
material (~2 ml per tube) was loaded onto a 34-ml glycerol
density gradient (5-20%, v/v) in 20 mM potassium phos-
phate buffer, pH 6.8, which had been placed on 0.5 ml of a
25% glycerol (v/v) cushion (containing 20 mM potassium
phosphate buffer, pH 6.8), and then ultracentrifuged in a
Beckman SW 28 rotor at 28,000 rpm for 20 h at 10°C. The
combined fraction collected by tubing was made to 2 M
ammonium sulfate in 20 mM potassium phosphate buffer,
pH 6.8, and then gently degassed with an aspirator. It was
then applied to a phenyl-Toyopearl 650M column (1.0 % 25
c¢m) which had been pre-equilibrated with 20 mM potas-
sium phosphate buffer, pH 6.8, containing 2 M ammonium
sulfate. The column was first washed with 40 ml of the
equilibration buffer, and eluted with a 160-ml linear
gradient of 1-0 M ammonium sulfate in 20 mM potassium
phosphate buffer, pH 6.8, and then further with 10 mM
potassium phosphate buffer, pH 6.8. Although 2-oxoacid:
ferredoxin oxidoreductase activity in the cytosol fraction
was not very stable on storage at room temperature, at 4°C
or —80°C, the purified enzyme was considerably stable
against oxygen and could be stored at —80°C after dialysis
against 20 mM potassium phosphate buffer, pH 6.8.
Analytical Methods— Absorption spectra were recorded
with a Hitachi U-3210 spectrophotometer equipped with a
thermoelectric cell holder, or with a Beckman DU7400
spectrophotometer. EPR measurements were carried out
with a JEOL JEX-RE1X spectrometer equipped with an
Air Products model LTR-3 Heli-Tran cryostat system, in
which the temperature was monitored with a Scientific
Instruments series 5500 temperature indicator/controller.
The apparent molecular masses of the purified proteins
were estimated by gel filtration analysis on a calibrated
Tosoh G-3000XL column in a Tosoh HPLC 8030, which had
been equilibrated with 50 mM 3-[N-morpholino]-pro-
panesulfonic acid (MOPS)-NaOH buffer, pH 6.8, contain-
ing 200 mM NaCl. Protein was measured by the BCA assay
(Pierce Chemical) with bovine serum albumin as a stan-
dard. Metal content analyses of the purified proteins were
carried out by inductively coupled plasma atomic emission
spectrometry with a Seiko SPS 1500 VR instrument. The
TPP content of the purified 2-oxoacid:ferredoxin oxidore-
ductase was determined as described in Ref. 12 using a
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Shimadzu spectroflusrophotometer RF-540.

Cross-linking between 2-oxoacid: ferredoxin oxidoreduc-
tase and ferredoxin was examined with a water soluble
carbodiimide, N-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide, as described by Zanetti et al. (42).

Polyacrylamide gel electrophoresis in the presence of
SDS (SDS-PAGE) (43) was carried out on 12 to 20% gels
after treating the proteins with 2% SDS in the presence or
absence of 2% 2-mercaptoethanol at 90°C for 15 min, and
the proteins were visualized by Coomassie Brilliant Blue
(CBB) staining and scanned with a densitometer (Shimadzu
dual-wavelength scanner CS-930). Analytical PAGE (in the
absence of SDS) was carried out with the Laemmli-dis-
continuous system on 5 or 7.5% gels in the absence of SDS,
and proteins were visualized by CBB staining.

N-Terminal Amino Acid Sequencing—N-Terminal
amino acid sequence analysis of each subunit of the purified
2-oxoacid:ferredoxin oxidoreductase was carried out with a
470A Protein Sequencer (Applied Biosystems), after sepa-
ration of the subunits on SDS-PAGE gels and recovery by
electroelution in the presence of 0.1% SDS, the subunits
having been visualized by reversible imidazole/Zn/SDS-
staining (44).

Cloning Procedures—A 23-mer of 32-fold degeneracy,
5.CC TTG (TA)GC (TA)CC (TA)CC (TGKAT (TA)AC
CCA-3’, the antisense sequence corresponding to the 5th to
12th amino acid residues of the « subunit of the purified
Sulfolobus sp. enzyme, was synthesized and used to probe
Southern blot of the chromosomal DNA digests. Genome
DNA from Sulfolobus sp. strain 7 was completely digested
with EcoRI, Hindlll, or BamHI. The fragments were
separated on a 1% agarose gel and then transferred to a
nylon membrane. Hybridization was carried out with the
oligonucleotide probe labeled with dUTP digoxigenin (DIG)
(Boehringer) at its 3'-terminal. Hybridization and subse-
quent washing were carried out with a 56X SSC solution at
45°C. The probe designed above hybridized exclusively
with the bands corresponding to 5.4, 3.6, and 2.5 kbp (data
not shown), with the fragments digested by EcoRI, Xbal,
and HindIIl, respectively.

A genomic DNA library was constructed by ligating the
EcoRI digested genome DNA and pUC118. The library was
screened with the oligonucleotide probe labeled with [y-
2ZPJATP by T, polynucleotidyl kinase (Takara). Colony
hybridization was carried out under the same conditions as
for Southern hybridization. A single clone containing a 5.4
kbp EcoRI insert, designated as pZE91, was isolated on the
screening of 8,000 colonies from the EcoRI library. A
subclone, pZES91, was constructed by removing the 2.1 kb
fragment between the Bell and EcoRI sites of pZE91 (see
Fig. 4A).

Sequence Analysis—The nucleotide sequence of the gene
encoding the Sulfolobus enzyme in pZES91 (Fig. 4A) was
determined on both strands by the dideoxy chain termina-
tion method with an Applied Biosystem 373A sequencer.
The DNA sequence was processed using Genetyx software
(SDC Software, Tokyo). The nucleotide sequence reported
in this paper has been submitted to the DNA Data Bank of
Japan (DDBJ), and will appear in the DDBJ, EMBL, and
GenBank nucleotide sequence databases under accession
number D64024.
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RESULTS AND DISCUSSION

Purification and Catalytic Properties of Sulfolobus 2-
Oxoacid:Ferredoxin Oxidoreductase—A 2-oxoacid:ferre-
doxin oxidoreductase was purified to electrophoretically
homogeneity from the cytosol fraction of Sulfolobus sp.
strain 7, as described under “EXPERIMENTAL PROCE-
DURES.” The purified enzyme exhibited specific activities
of 69 units/mg with 2-oxoglutarate and 39 units/mg with
pyruvate, respectively, which typically corresponded to
~52- and ~43-fold purification, respectively, from the
cytosol fraction. Approximately 6-8 mg of pure enzyme
could be obtained from ~100 g (wet weight) of cells. The
ratio of the specific activities toward pyruvate/2-oxogluta-
rate of the purified enzyme was ~0.6, which was very close
to the corresponding values for the cytosol fractions of
Sulfolobus sp. strain 7 (~0.7) and 8. acidocaldarius strain
DSM 639 (~0.68 (6)]. No pyruvate-specific enzyme was
detected during the purification of soluble redox proteins
(data not shown). For comparison, purified pyruvate:fer-
redoxin and 2-oxoglutarate:ferredoxin oxidoreductases of
H. salinarium exhibited ratios of specific activities toward
pyruvate/2-oxoglutarate of 1.7 and 0.01, respectively,
while its cytosol fraction exhibited a ratio of ~0.78 (12).

Table II summarizes the substrate specificities toward
2-oxoacids and the effects of the Sulfolobus 7Fe ferredoxin
on the enzymatic activities. As opposed to the cases of the
enzymes from other sources, most of which are specific to
either pyruvate or 2-oxoglutarate (12- 14, 20-24, 45), the
Sulfolobus enzyme showed a broad substrate specificity
toward 2-oxoacids; under the present experimental condi-
tions, the apparent K,s for pyruvate and 2-oxoglutarate
were 250 and 870 uM, respectively, while the apparent
Vimax for 2-oxoglutarate (86 units/mg in the presence of 25
uM Sulfolobus ferredoxin) was about twofold larger than
that for pyruvate. The specific activities of the purified
enzyme in the presence of the cognate ferredoxin were in
the order of 2-oxoglutarate> 2-oxobutyrate > pyruvate,
while the Viux/Kn for pyruvate was ~1.9-fold higher than
that for 2-oxoglutarate.

Comparison of the specific activities in the presence of 4
mM 2-oxoacids indicated a correlation between the sizes of
2-oxoacids and the ferredoxin dependence of the reaction
(Table II). Thus, when the acyl group of a 2-oxoacid was
bulky, as in the cases of 2-oxoglutarate and 2-oxobutyrate,
the 2-oxoacid-dependent cytochrome ¢ reductase activity
was clearly ferredoxin-dependent. On the other hand, when
a small 2-oxoacid such as pyruvate was used as a substrate,

TABLE II. Substrate specificity.

Cyt. ¢ reductase activity

0 Substrate (U/mg)"
R: “00C-C- (4 mM) terredonin 728 M
ferredoxin
R-H Glyoxylate ~1 ~1
R-CH, Pyruvate 19 39
R-CH,-CH.-CH, 2.Oxobutyrate 8.8 46
R-CH,-CH,-COO- 2-Oxoglutarate 2.9 69"

*The specific activity was measured at 50°C in 20 mM potassium
phosphate buffer, pH 6.8, containing 50 uM coenzyme A and 50 xM
horse heart cytochrome ¢, in either the absence or presence of the
Sulfolobus TFe ferredoxin. "K,, for 2-oxoglutarate =870 uM; Vi =
86 U/mg; apparent K. for the cognate ferredoxin=~0.1 z M.

Q. Zhang et al.

a non-physiological electron acceptor (such as horse heart
cytochrome c) was reduced even in the absence of ferredox-
in, although ferredoxin dependence was still observed.
These data imply that the microenvironment of the puta-
tive ferredoxin binding site of the enzyme may be affected
by the binding of a 2-oxoacid, possibly indicating a confor-
mational and/or structural change of the enzyme. When
glyoxylate, which is even smaller than pyruvate, was used,
no activity was detected in either the presence or absence of
ferredoxin.

Molecular Composition and Spectroscopic Properties—
The purified Sulfolobus enzyme gave a single band on 10%
analytical PAGE in the absence of SDS, and had an
apparent molecular mass of ~103 kDa, as estimated on gel
filtration analysis (data not shown). This apparent size is
similar to those of the hyperthermophile pyruvate:fer-
redoxin oxidoreductases (13-15, 22), corresponding to
roughly half the sizes of other prokaryotic enzymes (Table
I). Two different subunits with apparent molecular masses
of 70 and 37 kDa, respectively (designated as the a and g
subunits, respectively), were observed on SDS-PAGE, of
which the 37-kDa £ subunit was less stained by CBB (Fig.
1). These data suggest that the Sulfolobus enzyme is a
dimeric protein, af8. In order to identify possible ferre-
doxin-binding subunit(s), a cross-linking experiment was
performed with a water soluble carbodiimide, N-ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (42), but with no
success. Even under low ionic strength conditions and under
various conditions in either the presence or absence of
substrates, no cross-linked complex (except for the intra-
molecular ones) could be obtained (Iwasaki, T. and Oshima,
T., unpublished results). These data imply that the Sulfolo-
bus enzyme may not form any electrostatically-stabilized
ferredoxin-enzyme intermediate complex in vitro.

Fig. 1. Polyacrylamide gel electrophoresis in the presence of
SDS of the purified Sulfolobus 2-oxoacid:ferredoxin oxidore-
ductase, as analyzed by densitometric scanning. The purified
enzyme was analyzed by 13% SDS-PAGE and stained with Coomassie
Brilliant Blue. Std, standard molecular markers (Bio-Rad).
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The purified Sulfolobus enzyme contained 2.8 mol of
non-heme Fe (27.2 nmol of Fe/mg of protein), 1.4 mol of
Mg (13.7 nmol of Mg/mg of protein), and 0.4-0.5 mol of
TPP per mol of protein. These values are probably underes-
timated due to the overestimation of protein, as often
experienced for other FeS proteins (e.g., Refs. 4, 9, 16, 36).
On the basis of the spectroscopic and primary structural
evidence presented below, we suggest that the native
Sulfolobus enzyme contains 4 mol of non-heme Fe, 2 mol of
Mg, and 1 mol of TPP per mol of protein. No copper (< 0.2
mol of Cu/mol of protein), flavin, or heme could be detected
in the purified enzyme (data not shown).

The optical spectrum of the air-oxidized Sulfolobus
enzyme had a peak at 280 nm and a broad shoulder around
410 nm, characteristic of FeS proteins with [4Fe-4S]
clusters (Fig. 2, trace 1). Upon the addition of excess of a
2-oxoacid such as 2-oxoglutarate and pyruvate, the forma-
tion of a 320-nm chromophore was detected (Fig. 2, traces
2 and 3, and inset). Since this species was formed only after
the binding of a 2-oxoacid, but not upon the addition of
excess glyoxylate, it is due probably to an “activated”
hydroxyalkyl-TPP radical intermediate of the enzyme.
Preliminary experiments suggested that the formation of a
320-nm chromophore upon the addition of pyruvate occur-
red faster than in the case of 2-oxoglutarate, being con-
sistent with the respective apparent K, values (Iwasaki, T.
and Oshima, T., unpublished results).

The properties of the bound cofactors were further
investigated by X-band EPR spectroscopy (Fig. 3). The
air-oxidized (as isolated) enzyme elicited a radical feature
at g=2.01 (Fig. 3A). This signal showed a temperature
dependence distinctly different from those of [3Fe-45]'*
clusters, and was readily detectable at 70 K (data not
shown). The EPR lineshapes of the g=2.01 signal were
altered and slightly broadened upon the addition of excess
2-oxoacids (Fig. 3B), indicating the formation of an activat-
ed hydroxyalkyl-TPP radical intermediate (6, 12, 46).

0.080

DIFFERENCE

3-1
0.02
/320 [o0

Absorbance
(=]
=3
3

o 'y
200 700
Wavelength {nm)]

Fig. 2. Optical properties of the purified 2-oxoacid:ferredoxin
oxidoreductase of Sulfolobus sp. strain 7 in the air-oxidized
(trace 1) and 2-oxoacid-bound (traces 2 and 3) states. Formation
of the 2-oxoacid-bound enzyme was monitored spectroscopically at
room temperature after the addition of 2 mM 2-oxoglutarate in the
absence of CoA (traces 2 and 3, 5 and 105 s after the addition of
2.oxoglutarate, respectively; scan speed, 2 s per scan). The difference
spectra show the formation of the 320-nm chromophore in the
2.oxoacid-bound state (inset). Identical spectra were obtained for the
pyruvate-bound enzyme (the formation of the pyruvate-bound
species was faster than in the case of the 2-oxoglutarate-bound
species, and was completed within ~10s; data not shown). The
protein concentration was ~0.86 mg/ml in 20 mM potassium phos-
phate buffer.
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Upon reduction with excess dithionite, the Sulfolobus
enzyme gave a complex EPR spectrum which was attrib-
uted to a partially-reduced S=1/2([4Fe-4S]'* cluster
(82,,x=2.07, 1.94, and 1.90) and an overlapping radical
signal (g=2.01) (Fig. 3C). The relative intensity of the
radical species was dependent on the extent of dithionite
treatment, although it was not possible to achieve complete
abolition of the radical feature at pH 6.8 (data not shown).
No low-field resonance was detected under the conditions
used. Double integration of the EPR signals in the dithio-
nite-reduced state resulted in only ~6-9% of that of the
£=2.0 radical in the air-oxidized state. Since the visible
absorption around 400 nm of the purified enzyme was only
slightly bleached on the addition of excess dithionite under
the conditions used, it is suggested that the bulk of the
(4Fe-48S] cluster still remained in the oxidized state even
under the conditions used due to its low midpoint redox
potential (presumably below —450 mV). In the partially-
reduced state, the [4Fe-4S) and radical centers exhibited a
spin-spin interaction (Fig. 3C), indicating the close proxim-
ity of these centers as a functional unit. The EPR lineshape

(z0y)

! r200

A. Air-oxidized

8. + 2 mM 2-oxogiutarate
X1

C Dithionite-reduced

0.300 0.350 0.400
Magnetic Fleld (lcsla)

Fig. 3. EPR spectra of the purified 2-oxoacid:ferredoxin ox-
idoreductase from Sulfolobus sp. strain 7. The protein concentra-
tion was ~1.7 mg/ml in 20 mM potassium phosphate buffer. Instru-
ment settings: temperature, 10 K; microwave power, 1.0 mW;
modulation amplitude, 0.79 mT; accumulation, 4 times; the g values
and the relative intensity scales are indicated in the figure.
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Fig. 4. Gene cloning and sequencing strategy (A), and nu-
cleotide sequence and deduced amino acid sequence (B) of the
2-oxoacid:ferredoxin oxidoreductase from Sulfolobus sp.
strain 7. The putative promoter (box A) and terminator elements are
indicated. RBS, possible ribosomal RNA binding site. The amino acid
sequence confirmed by protein analysis is underlined.
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GANTTCACTTTAATNTAATCAGGGA ~TACA TUTTATAAAYGGTACTACTTTAACAGCAGAAAGCAANGCCGAGTTATRITACGACTATA 100
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AMGAT TAGT TATAMGAGGTT TAAMIT TTACTGAMGATGGAATTTCTCCAAGAGCTTTCTTAGUTAAGGCAACAATGTACTATA 1700
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. . . . . . « 3100
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Fig. 4B

Q. Zhang et al.
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of the S=1/2([4Fe-4S])'* cluster was not affected by the
addition of 5 mM cyanide (data not shown). On the other
hand, although the catalytic cycle model of a 2-oxoacid:
ferredoxin oxidoreductase of Kerscher and Oesterhelt (7,
31) predicts the reduction of a [4Fe-4S] center on the
addition of a 2-oxoacid alone, this [4Fe-4S] cluster was not
reduced on the addition of a 2-oxoacid alone even under
anaerobic conditions, as in the cases of several other
pyruvate:ferredoxin oxidoreductases (20, 32).

These data suggest that the Sulfolobus enzyme contains
one TPP, one low-potential [4Fe-4S]2+!* cluster, and at
least two Mg atoms per af structure. One of the bound Mg
atoms may be coordinated to the phosphate groups of the
TPP cofactor, by analogy to the case of Lactobacillus
plantarum TPP-containing pyruvate oxidase (47).

Cloning and Sequencing of the Sulfolobus Oxidoreduc-
tase Gene—The N-terminal amino acid sequence of the «
subunit of the Sulfolobus 2-oxoacid:ferredoxin oxidore-
ductase was determined up to 23 residues: MRLSWVIGG-

A

593

AQGTGIDTAANIFG---. It is highly homologous to the
corresponding subunit of the H. salinarium enzyme (27).
On the other hand, the N-terminal amino acid sequence of
the 8 subunit of the Sulfolobus enzyme was blocked (data
not shown).

The peptide sequence of the & subunit thus obtained was
used to design mixtures of oligonucleotide probes for
library screening, and the genes encoding the « and g
subunits of the Sulfolobus enzyme were cloned and se-
quenced as described under “EXPERIMENTAL PROCE-
DURES” (Fig. 4A). Figure 4B shows the resultant nucleotide
sequences of two open reading frames, and promoter- and
terminator-like elements. The first open reading frame
(positions 305-2200; 1,896 bases) corresponds to the «
subunit, as confirmed by protein analysis of the N-terminus
(underlined in Fig. 4B), and the deduced molecular mass of
70,758 Da 18 in good agreement with that obtained on
SDS-PAGE (Fig. 1). Its deduced amino acid sequence was
27.2% identical to that of the a subunit gene of the H.

S#78 1 «-MAAFTPQWNDWCPGCGONFGILNAEQAIVELGVDTERNVVVYSGI[fGCS| 4
Hep 17 DAFTPGVEPQP DFPGVLKJALKGAMAELGKDPEETIL TG I|ccgles
AlLp 1---MKYFGSG LPIAVIKTV 2
T.mp NEFDK ITQGHERLICPGCGAPITUVIEFVHMMSS - soPVVGLIATGC[L 55
P.Lp 1o ReYWAP]---0mAAC CATALRLATK3 - . . . s2F A[T AlHIA 82
PLVORS 12 IPFEEHFYAGH ASLGLRYVLEK4 « . .. <ILVIPAlC 56
Hpp 12 FQGSH HGIIVREVL 38
Kpa 797 slor e TPlLLEFSGAC ETPYARLITOLFGD 839
Eata 798 § PlLLEFSs/GAC erpYAXLvTQoLrGD 838
Ara a1y glolrMTPlLFEPS|/GAC ETPYLKLL TIQMWGD 853
Aspa 823 LQE|P[LFEFS|GAC ETPYVIKILL TQILPGD 865
T.va, 787 FRQPLIEFNGAC ETAI LLTQLYGD 829
Tva, 787 LIEF ETAICKLLTOLYGD 829
consensyd =--==-p--~---gallLPgl @g----- K---Qemmeece s e m ===

S.#78 88|G @ D 1

Hasp 104|/G G D G I

T.mp 114|G G D G 16lLoslL]s 6 ML ER[G]H
P.1p 108{G G D G IGILQA|L|SGMLERKH
P.LVOAS 105 AlG D G 1 ,

K.pa 982|GGDGWAYDIGFGGL DRV

Eaa #67/GGDGWAYDI GLDHV

R.ra 975 |GG DGWAYDI D H V]

Aspa 8993|GGDGWAYDI D H V|

T.V.a1 952|GGDGWAYDI GGLDHV

Tva, s52lccpe I GLDHV

dﬂar&ﬁacnnuvouvvz

TARE@B@TYIE!

DTEVYSNTGGQ
DTEVYSNTGGQ
EVYSNTGG Q]
EVYSNTGGOQ
DTEVYSNTGGQ
DTEVYSNTGGQ

XA XXX
g
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*

*
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3P
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(e -
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Fig. 5. Multiple alignment of the amino acid sequence of the g8 subunit of
the af-type 2-oxoacid:ferredoxin oxidoreductase from Sulfolobus sp.
strain 7 with the available sequences of homologous regions in a;5;-, a878-,
and a,-type enzymes from other sources. Subunits are denoted by «, £, and y.
The residues exhibiting significant identity are boxed. The consensus sequence is
indicated by capital and small letters, in decreasing order of conservation.
Highlighted Cys residues indicate possible ligands to the £ subunit-bound common
[4Fe-4S] cluster located in the vicinity of the TPP center. Only the several
conserved regions discussed in the text are indicated. Abbreviations: S.#7, af-type
enzyme of Sulfolobus sp. strain 7 (this work); H.s.,
salinarium (27); A.f., aByd-type enzyme of A. fulgidus (14); T.m., afy8-type
enzyme of T. maritima (15, 22); P.f., afyd-type enzyme of P. furiosus (13, 15,
22); P.fVOR, branched-chain 2-oxoacid-specific a;8:7:4-type enzyme of P.
furiosus (16, 16); H.p., afyd-type enzyme of H. pylori (45); K.p., a;-type enzyme

ayfr-type enzyme of H.

of K. pneumoniae (28); E.a., a,-type enzyme of E. agglomerans 333 (29); R.r.,
a;-type enzyme of R. rubrum (unpublished, EMBL accession number X77515); A.sp., a,-type enzyme of Anabaena sp. PCC 7119 (30); T.v.

a, and T.v.a,, two non-identical a:-type enzymes of T. vaginalis (26).
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salinarium enzyme (27) (data not shown). A promoter-like
element (box A) (48) was found upstream of the open
reading frame at positions 246-254, and a putative ribo-

Q. Zhang et al.

some-binding sequence (49) at positions 297-300. The
second open reading frame encodes a 305 amino acid
protein of 33,608 Da (positions 2175-3089, 915 bases),

A

S#7a ewv 1c[dlag[drGlipTaAlAMIrgNAVvASAGYYIYGHR[Y]

Hea swrRIAGles|lcpoliIpsTsQNARKALNREGLDVP TER|Y| 4

T.my nwwBE--|clrRAlc[lglaxsvsoNLIAlEAALEAGKRYVQAFP|Y|] @

P.ly 5[F]E - - coloxavTaANzILlAlEAAFLEGKYVQAFR|Y] 4

P.LVORy s|lela - - gooxkavTAlaANILAlEAAFLEGKYVQAFP|Y] 4

Aly e|rja-~ saloclavralabrLiavacrk .

P.LIFORS 8IT~" agloleltIL TAIAR|IILGXAALRAGYXVXVG 38

Kpa a2(rlw-- 8 -TVGARKBmIKIIGDKTPLYAQAT 453

E.aa 22|rlw-- spel-Tvolan|kslAlIxTIeDRTDM YA QA|Y[ 45

Rra 409 |F|w - - AlDGl-TVG|AN|KNSIKRIISDSPTIEGQG|Y| 4o

Aspa w7iP|y-- spel-TVGlAN|KESEIXTIIGEGT DN YA QG|Y| 433

Tva, b 5DG-TVGAHKﬁIKLIVBNTKLYGQAY s

T.v.a, 418 FIW — — -TVG K IKLIVSNTKL YGQA 449

coNsensus £f ... e o oo AHoo ot o o005 00000000 Y

S.#7a 28 ---8KERRRFWLDG ;[ﬂ NrzexiYlecavrrgs

Hsa 215 ----HDEPQVLHME|a[s BAlT|AlYcATIDAGCRFIS

Ala 1 ~==-===-MRKVVRG|FYSVIAlYSVKLAKPNV]IX

T.ma 1 --MERVVERVAV falviAluanrgIErviva

Pla 1P mm——— MPIRKVMKGNEAAAwWAARLARPHVIIA

P.f. VORa 1 --MEYKPIRKVVSEGN YAALHARVQVVA

H.pa 1AKSIELQEIEYV DG N BN TLM

PIIFORa 7TVLWDKPGERVLLILGE|QMIVRGALEGNIA[N|FAXEPL __ 3

Kp.a 1=--=-=MBGKMKT AwI-slylarTelvjaaIlyrI TR a2

Eaa 1 =-=-—-MPGKMKTHM Ayv-sly]arrolvltazlyriTel 2

Rra 1 —~=-MBVREMVATI cllsv-aylrveelvlavIyrI TP 36

Aspo 1 ==-=-=MBQTPFATTI RV-AvruwElvitayrITs 22

T.va, 1 -MLRSFGKRIPG ATSV-~-AYloLsETBPIYPITSH 35

T.va, 1 ~MLRNFSKRVPG ATsv-aAyorTETsrilyrprTo 35

consensus - - = = = = = = T -~ - val----y-~---v---OJPI1ITP

S.#7a DFTL 553

Hsa SVEA 565

Tma [K]v[G]s 304

Pla K|VIG|A 301

P.LVORa Kivla{y a 303

K.pa x{vis|L L 8 309

Eaa x|vig|v L 308

Ara k|zla|v v K[viR F 5l 310

Asp.a K[vlg|lv L : p 310

T.va, x|Tle|L 1 310

Tva, {LTE_LI R T 310

S.#7a BBA--LIKVIEKRVVLNGGIYTBHE.ndm
Hs.a VEA-VEIEQAGDGAZEPAAQTTLEPAAGDend 628
Tma YFEIRFWE--GRAG-QGAKSBVSBQMLAEA 30
P.£ VORa AMIEVAFH--GREG-QKAVTAANILAEA 24
Pla RWELVKend . .....MMIEVAFE--ORGG-QKAVTAANILAEA 24
Kpa P-PRQQTLAVSHDGITACKFWGMGSDGTVGANKBAIKIIGDRK 444
Eaa P-LSDRDIDTSSB8GTTACKFWGLGSDGTVGANKEAIKIIGDK 444
Ara --8VDRSE[FRIESADIKRSVFFGLOADGTVGANKNSIKIISDS 41
Aspa B TEPDNVVRAMPFYGLGS[DGTVGANKNSBIKIIGEG 429
T.va, IDELPEGTKQCMFWGLGOGSDGTVGANKQAIKLIVSN 44
Tva, IDELPEGTKQCMPWGLGSDGITVGANKQAIKLIVSEN 4

Fig. 6. Multiple alignment of the amino acid sequence of the a
subunit of the gf-type 2-oxoacid:ferredoxin oxidoreductase
from Sulfolobus sp. strain 7 with the available sequences of
homologous regions in a;5:-, a878-, and a,-type enzymes from
other sources (only strictly conserved regions are indicated).
Subunits are denoted by «, 8, and y. Note that the arrangement of
protein domains differ among different oxidoreductases. The last half

of the sequence alignment in panel D overlaps with that in panel A.
P.f.IFORa and f denote the 66-kDa « and 23-kDa g subunits of
indolepyruvate:ferredoxin oxidoreductase from P. furiosus, respec-
tively (4). The domain arrangement of this enzyme probably differs
from those of af-/a:f:-type enzymes from aerobic archaea, Sul-
folobus sp. strain 7 and H. salinarium (cf. panels A and B; see also Ref.
15). Other indications and abbreviations are the same as in Fig. 5.
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whose deduced amino acid sequence was 38.7% identical to
that of the 8 subunit gene of the H. salinarium enzyme (27)
(data not shown). Because the N-terminal amino acid
sequence of the £ subunit of the Sulfolobus enzyme was
blocked, the average mass of the 8 subunit apoprotein was
estimated by matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectroscopy using 2,5-
dihydroxybenzoic acid as a matrix, which gave a [M+H]*
of ~33,566 Da (Iwasaki, T., Oshima, T., and Ikezawa, H.,
unpublished result). This value is in good agreement,
within experimental error, with the deduced molecular
mass of the second open reading frame (33,608 Da). Thus,
it corresponds to the £ subunit gene. At this stage it is not
possible to state which kind of modification occurs in the
N-terminus of the 8 subunit. An overlap of upto 26 base
pairs was found between the « and S subunit genes.
Putative ribosome binding sequence was found at positions
2163-2166, upstream of the open reading frame, and a
T-rich terminator like element (50) at positions 3114-3127
shortly after the termination codon.

The H. salinarium oxidoreductase operon contains a
single promoter upstream and a single terminator down-
stream of the two structural genes, possibly producing a
polycistronic RNA for the genes of both subunits (27). As
shown in Fig. 4, the Sulfolobus sp. oxidoreductase genes are
organized in a similar manner.

Identification of Possible Ligand Residues to the Redox
Centers—The deduced sequence of the N-terminal region
of the B subunit of the Sulfolobus sp. oxidoreductase
showed significant homology to the corresponding regions
of the g subunits of the H. salinarium, Pyrococcus furiosus,
Thermotoga maritima, and Archaeoglobus fulgidus en-
zymes (14, 15, 22, 27) (Fig. 5A). Four strictly conserved
Cys residues were found at positions 12, 15, 47, and 197 in
the 8 subunit of the Sulfolobus sp. enzyme, of which three
were arranged in a conserved motif -CPGCG-//-GCS-
(designated as the CPGCG//GCS motif in this paper; Fig.
5A), the fourth one being downstream of this motif (Fig.
5C). Because of the complete absence of any Cys residue in
the @ subunit of the Sulfolobus enzyme (Fig. 4B), these four

a 71 kDa g
aff / azfz type ;
Sulfolobus sp strain 7, -GXXG- -YPITP-
H. salinarium
Y a

afyd pe | 24KDa  §13kDa o 47kDa P
P. furfosus, . - .

. futoms -GXXG-| [ YPITP

T. maritima;,

H. pylori ¥ u a

a

a2z type

K. pneumoniae, -GXXG- -YPITP-

Anabaenasp.;

T. vaginalis, ¥ a

elc

595

conserved Cys residues in the £ subunit are inevitably
responsible for the binding of a [4Fe-4S] cluster without
the aid of other subunits (Fig. 5, A and C). Intriguingly, the
same Cys arrangement (CPGCG//GCS//C motif) was also
found in the central region of the a,-type enzymes (e.g.,
around positions 750-1102 in the case of the K. pneu-
moniae enzyme (28); Fig. 5, A and C).

In addition to the conserved ligand residues to the
(4Fe-4S] cluster, a possible TPP-binding motif, arranged
in the sequence -GGDG-//-TXGQXS- (designated as the
GGDG motif in this paper) (51), was also found in the same
regions of the S subunits of the Sulfolobus sp. and H.
salinarium enzymes (27), and the a subunit of the K.
pneumoniae enzyme (28), at positions 97-, 104-, and 962-,
respectively (Fig. 5B). Thus, the primary structure of the
Sulfolobus enzyme clearly indicates the spatial proximity
of one [4Fe-4S] cluster and one TPP, both located exclu-
sively in the 8 subunit, which is consistent with the EPR
data (Fig. 3). The CPGCG//GCS//C- and GGDG//TXGQ-
XS- motifs are strictly conserved in all types of 2-oxoacid:
ferredoxin (flavodoxin) oxidoreductases with different
subunit compositions (i.e., the a,-, af/a:f.-, and afys-
types; Fig. 5, A-C), implying essentially the same spatial
arrangement of the common TPP and [4Fe-4S] centers in
the enzymes.

Identification of a Possible CoA-Binding Site—In order
to further elucidate the structure-function relationship
among 2-oxoacid:ferredoxin (flavodoxin) oxidoreductases
with different subunit compositions, the deduced amino
acid sequence of the a subunit of the Sulfolobus sp. enzyme
was carefully aligned with the available sequences of
several hyperthermophile and mesophile enzymes (Fig. 6,
A-D). We previously found that the N-terminal region of
the a subunit of the Sulfolobus sp. enzyme was not only
homologous to that of the a subunit of the H. salinarium
enzyme (27, 52), but also to the N-terminal portions of the
v subunits of the A. fulgidus and P. furiosus enzymes (13,
14, 22, 53). The same conclusion was recently made by
Kletzin and Adams (15), who reported the complete amino
acid sequences of three afyd-type 2-oxoacid:ferredoxin

Fig. 7. The similarities in the protein
domain among the 2-oxoacid:ferredoxin
(flavodoxin) oxidoreductases, despite
the different arrangements. The structural
relations between three representative
oxidoreductases [Sulfolobus sp. strain 7
enzyme (this work) for af-/a,fk-type en-
zymes from aerobic archaea; P. furiosus
enzyme (15) for afyd-type enzymes from
anaerobic archaea and bacteria; and K.
pneumoniae enzyme (28) for a:-type en-
zymes from bacteria and amitochondrnial
protozoon (26)] are schematically illus-
trated. Each subunit and its apparent size is

34 kDa
. [9Fe-48]

128 kDa indicated at the top of each subunit box, in

bold greek letters and italicized numbers,

PGCG//GCS/IGGDG/) respectively. Each domain is designated in
e small greek letters in each domain box. Four

p

consensus sequence motifs, -GXXG-, -YPI-
TP-, -CPGCG//GCS//C-, and -GGDG- (see

the text), are labeled in the figure for convenience. The two common redox centers of the oxidoreductase superfamily (i.e., a TPP cofactor and
a [4Fe-4S] cluster) are probably located in the £ domain (Fig. 5). The putative CoA-binding site is proposed to be primarily in the ¥ domain
(Fig. 6). Note that the 8 domain/subunit potentially carrying two additional [4Fe-4S] clusters in a,-/afyd-type enzymes (15, 26, 28)
(indicated as [8Fe-8S] in the figure) is missing in the Sulfolobus sp. enzyme.
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oxidoreductases from hyperthermophiles. In Fig. 6A,
sequence alignment of the N-terminal regions of domains
homologous to the hyperthermophile y subunits (15) is
presented, including that of the & subunit of the Sulfolobus
enzyme. This region, namely the “y domain,” is character-
ized by several conserved Gly residues, mainly arranged
in either a -GXXGXG-, -GXGG-, or -GXGXXG- motif
(designated as the GXXG motif; Fig. 6A): This motif is
similar to the conserved “adenine recognition loop” iden-
tified in the three-dimensional structures of pig heart and
Thermoplasma acidophilum citrate synthases (54, 55), and
is most likely the adenine recognition site of 2-oxoacid:
ferredoxin (flavodoxin) oxidoreductases for CoA binding.
Although several other Gly-rich regions were found in the
sequences of the archaeal, bacterial, and eukaryal enzymes
at different locations, none of them appeared to be strictly
conserved, as opposed to the GXXG motif in Fig. 6A (data
not shown). We therefore suggest that the CoA-binding site
of the Sulfolobus sp. enzyme is located exclusively in the y
domain of the « subunit.

Kletzin and Adams (15) suggested the presence of an
aldehyde dehydrogenase active-site motif (gElgekNa) in
the C-terminal regions of the y subunits of afyd-type
hyperthermophile enzymes. In the case of the y domain of
the Sulfolobus sp. enzyme, the corresponding sequence,
-QDLYRMNE- (Fig. 4B), is rather poorly conserved.

Other Conserved Motifs—The central domain of the
~70-kDa a subunit of the Sulfolobus sp. enzyme (positions
210-270) showed significant homology with the ~45-kDa «
subunits of hyperthermophile and mesophile efyd-type
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enzymes (13-15, 22, 45), and is called the “a domain.” It
is also homologous with the N-terminal domains of the
~120-kDa « subunits of mesophile «;-type enzymes (26,
28, 30) (Fig. 6B). One of the strictly conserved stretches
found in the « domain is -EQXAVV-//-YP-I(or M)-TP-
(designated as the YPITP motif). Several other consensus
stretches were also found in this domain, some of which are
primarily short clusters composed of hydrophobic amino
acid residues (data not shown; e.g., Fig. 3 in Ref. 15).
Although the functions of these consensus stretches remain
to be studied, they might have certain regulatory roles in
the catalytic cycle of the enzyme.

Evolutionary Implications—Using the several consensus
motifs mentioned above as guidelines (Figs. 5 and 6), it can
be concluded that 2-oxoacid:ferredoxin (flavodoxin) oxido-
reductases with different subunit compositions exhibit
remarkable similarities in their protein domains despite
different arrangements (schematically illustrated in Fig.
7). Thus, as recently proposed by Kletzin and Adams (15),
three different types, viz., a.-, af/a:f:-, and afyd-type
oxidoreductases, appear to be a functionally and structur-
ally related superfamily; each of these protein domains is
homologous to a corresponding subunit of afyd-type
enzymes. The primary structure of the Sulfolobus enzyme
reported in this paper strengthened this proposal (53).

Because of the differences in the protein domain arrange-
ments (Fig. 7), we suggest that rearrangement of early
genes encoding smaller protein domains (viz., early a, £, v,
and & genes) and genetic fusion events might have occurred
in the course of evolution of the 2-oxoacid:ferredoxin

Fig. 8. Putative catalytic cycle of the a8-
type 2-oxoacid:ferredoxin oxidoreductase
from Sulfolobus sp. strain 7 on the basis of
the proposed domain arrangement. A puta-
tive catalytic cycle model of the Sulfolobus sp.
enzyme is illustrated on the basis of a slightly
modified version of the Kerscher-Oesterhelt
two-step model (7, 31) proposed here (see the
text). This model would require one TPP and
one [4Fe-48S] cluster as a minimal set of redox
centers, but no disulfide groups (20, 31). In the
[4Fe-38] A subunit (denoted as f£; shaded), both the

red TPP and [4Fe-4S] centers are bound in close

TPP ﬂ vicinity. In the catalytic cycle, the S subunit-
bound common [4Fe-4S] cluster provides

reducing equivalent for the cognate 7Fe fer-
redoxin which probably acts as a single elec-

tron carrier (9). The « subunit of the enzyme
contains the y and a domains (denoted as y
and a, respectively; bridged white boxes).
The y domain is proposed to have a putative
CoA-SH binding site (-GXXG-), which may be
in spatial proximity to the £ subunit-bound
TPP cofactor. The putative CoA-SH binding
site is presumably oriented such that no
electron transfer from CoA-SH to [4Fe-48]
cluster would occur unless the TPP center is
occupied by an acyl group or 2-oxoacid-de-
rived reaction intermediate. The possible
function of the &« domain is not known, but it
is linked to the y domain in af-/ a:f-/ a;-type

ANOA (iFe-1S)
[+1}

enzymes (see Fig. 7), implying that it might
play a certain regulatory role. In the vicinity of
the # subunit-bound common [4Fe-48] clus-

ter, there is assumed to be a putative ferredox-

in docking site in the Sulfolobus enzyme, which might be occupied by the & domain in the cases of a;-/afyd-type enzymes (see Fig. 7.
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(flavodoxin) oxidoreductase family, in different ways in
early aerobic archaea and early anaerobic bacteria: Given
the order of the genes in the 2-oxoacid:ferredoxin oxidore-
ductase operon of the enzymes of “slow-clock” anaerobic
hyperthermophiles, i.e., y-6-a-8 (15), it can be postulated
that several recombination and fusion events for the early
a, v, 6, and 8 genes of early afyd-type enzymes, in that
order, might have been required to form a subunit of
mesophilic a,-type enzymes (see Fig. 7). In the cases of the
afl/ a,f-type enzymes from “fast-clock” aerobic respira-
tory archaea, loss of the early & gene, and the subsequent
fusion of the early y and « genes of early afyd-type
enzymes, in that order, might have given rise to an «
subunit (see Fig. 7). It could be argued in this connection
that the enzymes present in the hydrogenosomes of amito-
chondrial protozoa (25) might be more closely related to
and presumably derived from those of early anaerobic and
mesophilic bacteria, rather than those of early archaea.
Thus, the molecular evolution of the 2-oxoacid:ferredox-
in (flavodoxin) oxidoreductase superfamily clearly demon-
strates a unique evolutionary event for the enzymes in fast-
clock aerobic archaea, which also have a unique membrane-
bound aerobic respiratory chain (37-39). The most notable
feature of the af-/a,B.-type enzymes from fast-clock
aerobic archaea is the absence of a ¢ subunit homologue;
this domain carries two sets of typical -CX,CX,CX,;CP-
stretches characteristic of [4Fe-4S] (or [3Fe-4S]) cluster-
binding motifs (15), and is present not only in the afyd-
type enzymes from slow-clock anaerobic hyperthermo-
philes (14, 22), but also in all the a,-type enzymes from
anaerobic bacteria and an amitochondrial protozoon report-
ed so far (26, 28, 30). As opposed to the cases of the latter
enzymes potentially carrying as many as three FeS clus-
ters, the af-/a,-type enzymes from fast-clock aerobic
archaea might have evolved to carry only a single [4Fe-4S]
cluster per protomer, and presumably thereby acquired
resistance toward aerobic conditions. In this connection, it
is intriguing that all the enzymes from slow-clock anaerobic
archaea obtained so far seem to retain the & subunit or a
homologue of it (15); even an a,f.-type indolepyruvate-
specific enzyme of P. furiosus (4) probably has a & subunit
homologue, and its domain arrangement may be different
from those of the af/a,;8,-type enzymes of fast-clock
aerobic archaea (27 and this work; cf. Fig. 6, A and B).
Possible Common Catalytic Mechanism of 2-O=xoacid:
Ferredoxin (Flavodoxin) Oxidoreductases—In spite of con-
siderable variations in the numbers of subunits and FeS
clusters among 2-oxoacid:ferredoxin (flavodoxin) oxidore-
ductases from different sources, as emphasized in recent
studies (Table I), the results presented here and those
recently reported by others (15) clearly demonstrate that
they are in fact a functionally and structurally related
superfamily (Fig. 7). The simplest catalytic scheme for this
enzyme superfamily would therefore require only one TPP
and one [4Fe-4S] cluster as a minimal set of redox centers,
and should be interpreted by the Kerscher-Oesterhelt
two-step model (7, 31), or the slightly modified version of
it proposed here (schematically illustrated in Fig. 8): In the
initial step, the binding of 2-oxoacid to the TPP cofactor
located in the A subunit causes decarboxylation of the
2-oxoacid and intramolecular electron transfer to the
conserved [4Fe-4S] cluster bound to the 8 subunit in the
vicinity of the TPP cofactor (Fig. 3), resulting in the
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formation of an activated hydroxyalkyl-TPP radical and
the reduction of one ferredoxin (or possibly oxygen); in the
subsequent step, CoA binds to the y domain of the «
subunit, and upon release of the acyl group from the stable
radical intermediate, a second ferredoxin is reduced via
intramolecular electron transfer through the [4Fe-4S]
cluster located in the £ subunit. Because the addition of
CoA alone did not reduce the [4Fe-4S] cluster in the g
subunit, we suggest that the reduction of ferredoxin in the
second step should occur prior to release of the final
product, acyl-CoA, from the enzyme, to complete the
catalytic cycle (Fig. 8).

In order to satisfy this modified model, the putative CoA
binding site in the ¥ domain of the & subunit should be in
proximity to the TPP cofactor in the A subunit (ie.,
2-oxoacid binding site), but distantly located from the
[4Fe-4S] cluster in the £ subunit, which is in the vicinity of
the TPP cofactor and possibly near the electron acceptor
site (i.e., ferredoxin binding site) (Fig. 8). Considering the
significant sequence similarity, we propose this spatial
arrangement in the protein molecule to be one of the
fundamental structures of this enzyme superfamily. On the
other hand, the two additional [4Fe-4S] clusters located in
the ¢ domain/subunit of a,-/afyd-type enzymes (15) (Fig.
7) are absent in the af-type enzyme of Sulfolobus sp. strain
7 (Fig. 4). We therefore suggest that these additional redox
centers are functionally not essential for this enzyme
superfamily; rather, they may be intramolecular electron
transmitters from the 8 domain-bound common [4Fe-4S]
center to the putative electron acceptor site, presumably
functioning as an electron sink in the catalytic cycle of
afyd-/ a,-type enzymes. The results of EPR analyses of
several afyd-type hyperthermophile enzymes (16, 32)
seem to be in line with this proposal.

The present paper reported the purification, characteri-
zation, cloning and sequencing of the af-type 2-oxoacid:
ferredoxin oxidoreductase from Sulfolobus sp. strain 7,
providing some new structural and functional insights into
this enzyme superfamily. This new information will be
useful for further studies involving protein engineering
techniques.
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