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Previous studies have shown that the hyperthermophilic archaeon Pyrococcus furiosus contains four distinct
cytoplasmic 2-ketoacid oxidoreductases (ORs) which differ in their substrate specificities, while the hyper-
thermophilic bacterium Thermotoga maritima contains only one, pyruvate ferredoxin oxidoreductase (POR).
These enzymes catalyze the synthesis of the acyl (or aryl) coenzyme A derivative in a thiamine PP;-dependent
oxidative decarboxylation reaction with reduction of ferredoxin. We report here on the molecular analysis of
the POR (por) and 2-ketoisovalerate ferredoxin oxidoreductase (vor) genes from P. furiosus and of the POR
gene from T. maritima, all of which comprise four different subunits. The operon organization for P. furiosus
POR and VOR was porG-vorDAB-porDAB, wherein the v subunit is shared by the two enzymes. The operon
organization for T. maritima POR was porGDAB. The three enzymes were 46 to 53% identical at the amino acid
level. Their & subunits each contained two ferredoxin-type [4Fe-4S] cluster binding motifs (CXXCXXC
XXXCP), while their 3 subunits each contained four conserved cysteines in addition to a thiamine PP;-binding
domain. Amino-terminal sequence comparisons show that POR, VOR, indolepyruvate OR, and 2-ketoglutarate
OR of P. furiosus all belong to a phylogenetically homologous OR family. Moreover, the single-subunit pyruvate
ORs from mesophilic and moderately thermophilic bacteria and from an amitochondriate eucaryote each
contain four domains which are phylogenetically homologous to the four subunits of the hyperthermophilic
ORs (27% sequence identity). Three of these subunits are also homologous to the dimeric POR from a
mesophilic archaeon, Halobacterium halobium (21% identity). A model is proposed to account for the observed

phenotypes based on genomic rearrangements of four ancestral OR subunits.

The final oxidative step in the fermentation of carbohydrates
in anaerobic microorganisms is typically catalyzed by pyruvate
ferredoxin oxidoreductase (POR). This involves the oxidative
decarboxylation of pyruvate with the participation of thiamine
PP; (TPP) followed by the transfer of an acetyl moiety to
coenzyme A (CoASH) for the synthesis of acetyl-CoA as
shown in the following equation: CH;-CO-COOH + CoASH
— CH;-CO-SCoA + CO, + 2H" + 2e~ (e is an electron)
(44, 45). The electrons from this reaction are transferred to
low-potential ferredoxins or flavodoxins typically for ultimate
disposal either as H, or in an organic compound.

PORs have been purified from several anaerobic hyperther-
mophiles, which are organisms that grow at temperatures near
and above 100°C (42). These include the sulfur-reducing ar-
chaea Pyrococcus furiosus (6) and Thermococcus litoralis (15),
the sulfate-reducing archaeon Archaeoglobus fulgidus (28), and
the bacterium Thermotoga maritima (7). All the hyperthermo-
philic PORs comprise four different subunits («, B, vy, and 3)
with apparent molecular masses of approximately 43, 35, 23,
and 12 kDa, respectively. We have also purified three other
types of 2-ketoacid-oxidizing, CoASH-dependent oxidoreduc-
tases (ORs) from P. furiosus and T. litoralis; however, they do
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not occur in 7. maritima. These are involved in peptide fer-
mentation and oxidize the transaminated forms of various
amino acids. 2-Ketoisovalerate OR (VOR) oxidizes predomi-
nantly branched-chain 2-ketoacids, which are derived from
valine, leucine, and isoleucine (17, 22); 2-ketoglutarate OR
(KGOR) is specific for 2-ketoglutarate (22, 32); and indo-
lepyruvate OR (IOR) preferentially oxidizes 2-keto acids gen-
erated from the aromatic amino acids (31). VOR and KGOR
also contain four distinct subunits with sizes comparable to
those of the PORs, whereas IOR consists only of two subunits
(A and B) with sizes of 66 and 23 kDa (17, 31, 32). As with
POR, the acyl- and aryl-CoA derivatives produced by the three
other ORs are thought to be utilized for energy conservation
(1a, 2, 22).

PORs have also been purified from various mesophilic or-
ganisms, including several anaerobic bacteria (8, 20, 33, 37, 44,
45), aerobic archaeal halobacteria (23, 24, 38), and anaerobic
eucaryotes (10, 47). On the other hand, in most aerobic organ-
isms, pyruvate oxidation is catalyzed by a pyruvate dehydroge-
nase (PDH) complex (reviewed in reference 46). The reactions
catalyzed by PDH and the ORs (POR, VOR, KGOR, and
IOR) involve both the formation of an acyl-TPP complex and
the transfer of the acyl moiety to CoASH, but PDH differs in
the use of NAD as an electron acceptor and in the presence of
lipoic acid and flavin but the absence of iron-sulfur (FeS)
clusters. The mechanism of pyruvate oxidation by PDH has
been firmly established, but this is not the case with the ORs.
For example, TPP radical-based (24, 37, 41) and non-radical-
based (41, 45) reactions have been proposed, and it is not clear
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how acyl transfer to CoASH takes place in the ORs without
lipoic acid. It has been suggested that an FeS cluster acts as an
intermediate binding site for the acyl moiety, although the
precise mechanism is unclear (37, 41, 45). Moreover, the exact
role and, in many cases, the actual number of FeS clusters in
the ORs are uncertain (see, for example, reference 7).

In contrast to the four-subunit structure of the ORs from the
hyperthermophilic archaea (la, 2, 7, 22) and hyperthermo-
philic bacteria (7), most PORs of mesophilic bacteria and of
eucaryotic protozoans are homodimers, and the primary struc-
tures for several are known (4, 5, 9, 18, 26). Each subunit (125
kDa) is about the size of the four subunits of the hyperther-
mophilic ORs combined and contains between one and three
FeS clusters and one TPP molecule. A notable exception is the
four-subunit POR from the mesophilic bacterium Helicobacter
pylori, which so far is the only example of this type in a meso-
phile (20). In further contrast, the POR from the aerobic
halophilic archaecon Halobacterium halobium consists of two
different subunits (68 and 35 kDa) and contains only one FeS
cluster per dimer (24, 38). Even in the absence of complete
sequences for the multisubunit hyperthermophilic ORs, it has
been suggested that they and the single-subunit PORs are
phylogenetically related (17, 18, 20, 28). Herein we report the
first por operons to be sequenced from the hyperthermophiles
together with the first vor operon to be sequenced from any
organism. We show that all of the hyperthermophilic and me-
sophilic ORs are phylogenetically homologous. This includes
H. halobium POR, which has resisted any previous attempt at
meaningful classification. We show that the different subunit
structures observed for these enzymes can be explained by
operon rearrangements of an ancestral OR of four subunits.

MATERIALS AND METHODS

Organisms and DNA preparation. P. furiosus (DSM 3638) (11) and T. mari-
tima (DSM 3109) (19) were grown according to published procedures (11, 19,
21). DNA was prepared by the cetyl trimethyl ammonium bromide (CTAB)
method with CsCl purification as described elsewhere (48).

Cloning, subcloning, and sequencing of the P. furiosus por and vor genes. From
the N-terminal amino acid sequence of each of the subunits of P. furiosus POR,
a pair of oligonucleotides, one each from the coding and anticoding strands, was
designed (see Fig. 1). For lack of significant codon usage tables for both organ-
isms, the following rules were applied for wobble positions of codons. For N (any
base), inosine was chosen regardless of the position in the oligonucleotides.
Within the last 9 bases of the 3’ end a degenerate mix of G and A (for purines),
T and C (for pyrimidines), and A, T, and C (for the isoleucine codons) was
included. Within the remaining part of the oligonucleotides (11 to 14 bases) G
was chosen for purines, T was chosen for pyrimidines, and a degenerate mix of
A and T was chosen for isoleucine, assuming a reasonable GT base pairing in the
case of a wrong match. Custom oligonucleotides were obtained from Stratagene.
All meaningful combinations of oligonucleotides from different subunits were
chosen for PCR amplification of intervening parts of the operon. The initial
annealing temperature of 37°C in PCR was shifted after the third cycle to 54°C
and kept for the remaining 35 cycles. Following visualization on agarose gels,
unique bands were excised and cloned into the pCRscript vector (Stratagene)
according to the manufacturer’s instructions. Sequencing of two different clones
showed that one (pPP6; see Fig. 2) contained a 385-bp fragment coding for the
3 subunit and the N terminus of the a subunit, while the second contained an
overlapping fragment coding for the N terminus of the & subunit and 785 bp
upstream (because of nonspecific binding of the second A-subunit oligonucleo-
tide) (pPP5; see Fig. 2). In addition, the two oligonucleotides derived from the
v subunit were used for the amplification, cloning, and sequencing of a 59-bp
fragment specific for that subunit (pPP-G). For probe generation, the gel-puri-
fied pPP6 fragment was subjected to a second round of PCR amplification with
the same set of oligonucleotides and the labeling mix contained in the digoxi-
genin labeling kit (Boehringer) diluted fivefold with unlabeled deoxynucleoside
triphosphates (ANTPs) (0.2 mM final concentration of dNTPs). Following diges-
tion of genomic DNA, Southern hybridization was carried out according to
standard procedures (40), with luminescence detection according to the manu-
facturer’s instructions. An internal oligonucleotide derived from the sequence
was labeled with polynucleotide kinase and [y-*P]ATP according to standard
procedures (40) and was used for the identification of positive clones following
colony lifting. A 2,675-bp PstI fragment which contained the genetic information
for the & subunit and the first 72 amino acid residues of the « subunit of POR
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and, upstream, the o subunit (except for the first 13 amino acid residues) and the
entire 8 subunit of P. furiosus VOR (pPP23; see Fig. 2) was identified and cloned
into pUC19. The downstream part of the POR operon was cloned in a similar
fashion by using the same 3?P-labeled oligonucleotide to identify and clone a
2,939-bp overlapping Xhol-EcoRV fragment into pBluescript Il KS™ cut with the
same enzymes (pPP24; see Fig. 2). To clone the upstream part of the VOR
operon, including the shared vy subunit, an oligonucleotide derived from the
sequence of the upstream end of pPP23 was used in addition to the [a->*P]dATP
PCR-labeled insert of pPP-G. Both probes gave identical patterns in Southern
hybridization except with the restriction enzyme PstI (see Fig. 2), suggesting that
the missing POR +y subunit was indeed coded upstream of VOR. In the course
of cloning a 5,317-bp overlapping KpnI-EcoRV fragment into both pBluescript I
KS* (pPP25) and pBluescript II SK* (pPP26), a third positive clone (pPP27,
3,418 bp; see Fig. 2) which was the product of a random truncation of the original
fragment on the side of the blunt-ended EcoRYV site was found. The sequencing
of the entire 9,585-bp single EcoRV fragment was carried out by a mixture of
primer walking and the construction, cloning, and sequencing of nested dele-
tions. Double-stranded sequencing was used in each case with the original plas-
mids or one of the deletion clones as a template. New sequencing primers were
derived from previously determined parts, from flanking regions of the original
clone, or from the deletion plasmids with T3 and T7 primers (for pBluescript;
Stratagene) or M13 universal and reverse primers (for pUC). All sequencing was
carried out by the dideoxy chain termination method using the Sequenase kit
(United States Biochemical Corp.) with [a-**S]dATP (Amersham) according to
the manufacturer’s instructions. Sequencing reactions were run in the BaseAce
sequencing apparatus (Stratagene).

Cloning, subcloning, sequencing, and expression of the T. maritima por gene.
The T. maritima por gene was cloned in a fashion similar to that used for the P.
furiosus por and vor genes. The combination of an oligonucleotide from the o
subunit with one from the B subunit resulted in the cloning of a unique 639-bp
PCR-amplified fragment into pCRscript due to arbitrary priming of the B-sub-
unit oligonucleotide. From sequencing, it was shown to contain the information
for the C-terminal part of the vy subunit, the entire 8 subunit, and the N terminus
of the o subunit. Probe generation, cloning, and sequencing were done as de-
scribed above. A 4,030-bp HindIII-PstI fragment was cloned into pUC18 (pHP
511) and later into pBluescript II KS* (pKSHP) and was sequenced. This
contained the C-terminal half of the y subunit and all of 3, «, and B subunits, as
well as a gene downstream encoding a putative glucose dehydrogenase (gld) or
an oxoacyl carrier protein reductase (fabG). For the upstream part of the por
operon, an overlapping 3,418-bp BamHI fragment was cloned into pBluescript I1
KS™ (pKB-112) and sequenced. In addition to the entire y subunit, the upstream
fragment contained a putative methyl-accepting chemotaxis protein and the
C-terminal part of a CDP-abequose synthase (see Fig. 2).

Sequence comparisons and phylogenetic analysis. The searches in the NBRF,
the Swiss Prot, the combined GenBank-EMBL, and the PROSITE databases for
sequence similarities were carried out with the programs FASTA, TFASTA,
BLAST, and MOTIFS (University of Wisconsin Genetics Computer Group;
version 8.0). The sequences of the nif/ gene products of an Anabaena sp. (ac-
cession number 114925 [5]), Rhodospirillum rubrum (X77515 [5]), Klebsiella
pneumoniae (X13109 and X13303 [4, 9]), and Enterobacter agglomerans (X78558
[26]); Trichomonas vaginalis POR A and B (U16822 and U16823 [18]); and the
H. halobium por product (X64521 and X22397 [38]) were extracted from the
databases and subjected to specific sequence comparisons to the POR and VOR
amino acid sequences with the programs GAP, FASTA, and WORDSEARCH
(University of Wisconsin Genetics Computer Group). Pairwise alignments were
done in a modified way as described earlier (25) with the program GAP (gap
weight = 3), and the resulting percent identities, percent similarities, alignment
scores (quality [4]), mean random alignment scores (R), and standard deviations
(SD; n = 20) were recorded. The product of (4 — R)/SD was calculated as a
measure of the significance of the alignment results (Table 1) (25), wherein
values greater than 10 were considered significant. For the pairwise comparisons
and for the multiple alignments, the sequences of P. furiosus POR and VOR and
of H. halobium POR were put together into a contiguous sequence file in the
order present in the single-subunit PORs. Because of the absence of the
domain in the large subunit of the H. halobium POR sequence (see below) and
the low overall similarity, the computer programs did not find the optimal
alignment in an unbiased search. For this reason, a second alignment was con-
ducted with the sequences as aligned in Fig. 3 and 4 under more stringent
conditions (gap weight = 10) to avoid the introduction of secondary gaps.
Multiple alignments were carried with the programs PILEUP and LINEUP, and
these were manually corrected against the results of pairwise alignments, multi-
ple alignments of subsets of the sequences, and conserved signatures not found
by the computer programs. The phylogenetic dendrogram was calculated with
the programs DISTANCES and GROWTREE (University of Wisconsin Genet-
ics Computer Group), and branch length corrections were included.

Nucleotide sequence accession numbers. Nucleotide sequences were submit-
ted to the EMBL data library; the accession numbers assigned were X85250 for
the P. furiosus por and vor genes and X85171 for T. maritima por.
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TABLE 1. Pairwise comparison of 2-ketoacid ORs*

As Rr Kp Ea Tv A Tv B Pf P Pf VvV Tm Hh
lAnabaena sp. POR 241.2 57.7 49.7 49.7 43.9 43.6 27.7 27.2 27.3 19.7
R. rubrum POR 136.9 236.9 49.1 48.4 44.3 44.2 27.6 29.3 26.9 21.1
K. pneumonige POR 111.9 108.9 234.2 71.7 44.3 44.1 27.5 27.5 27.4 20.4
E. agglomerans POR 110.7 106.8 172.0 [ 236.4 45.7 45.4 26.4 29.0 29.7 19.8
T. vaginalis POR Al 96.2 95.8 101.0 | 100.9 234.6 94.5 27.9 27.3 25.5 18.3
T. vaginalis POR B 95.9 94.7 100.4 99.7 224.8 | 234.1 27.9 27.6 25.5 19.4
P. furiosus POR 22.1 25.4 26.6 26.1 23.3 23.4 | 203.0 |53.6" 45.5 17.7
furiosus _VOR 24.2 28.7 25.8 26.9 24.2 23.7 1113.6 ({199.6 44 .7 16.8
T. maritima _POR 26.4 28.0 27.5 29.8 25.8 26.3 80.6 79.2 [ 202.6 17.7
lH. halobium POR® 2.3/ 4.8/ 1.6/ 0.8/ 3.6/ 3.8/ 6.1/ 2.9/ 5.2/ 186.7/
24.8 27.4 26.1 26.1 24,7 24.5 39.3 38.3 37.1 ) 176.5

“ The available sequences of ORs were combined into a single file in the order given in the alignments (Fig. 3 and 4). The upper right triangle shows
pairwise identities, and the lower left triangle depicts the significance evaluation of the alignment results. The values for P. furiosus POR, P. furiosus
VOR, and T. maritima POR are shown in boldface. The significance evaluation value is a measure of the significance of the alignment results and is
the product of (4 — R)/SD from an unbiased alighment where A4 is the alignment score (quality), R is the mean random alignment score, and SD is
the standard deviation (n = 20). As and Rr, etc., are abbreviations for the respective species given in the left column.

> The percent identity of P. furiosus POR and VOR does not include the shared vy subunit.

¢In the case of H. halobium POR, the program did not find the optimal alignments because of the low overall similarity, so the procedure was
repeated with the sequences aligned as given in Fig. 3 and 4 with gaps included applying high stringency (gap weight = 10). When the same procedure
was applied to P. furiosus POR and VOR and T. maritima POR in comparison with the single-subunit ORs, the scores were approximately double
the values of those shown. For comparison, an optimal alignment with randomly selected, unrelated protein sequences gave values between 5 and 15
with this method. For references, accession numbers, and a more detailed description, see Materials and Methods.

RESULTS AND DISCUSSION

Amino-terminal sequences and the generation of probes.
Amino-terminal sequences for the subunits of POR (6), IOR
(31), and VOR (2, 17) from P. furiosus; POR (15), IOR (32),
VOR (17), and KGOR (2, 22, 32) from T. litoralis (35); and
POR (7, 31) from the hyperthermophilic bacterium 7. mari-
tima are shown in Fig. 1. Each of the enzymes comprises four
subunits (e, B, v, and §), with the exception of the IORs, which
comprise two subunits (A and B). The multiple alignment (Fig.
1) showed that the sequence for a given subunit from one
enzyme is homologous to those of the same subunit type from
the other enzymes, except for the vy subunit of T. maritima
POR (7, 31). This prompted a redetermination of its amino-
terminal sequence, and the new sequence proved to be similar
to those of the other +y subunits (Fig. 1). Notably, the y sub-
units of POR and VOR from P. furiosus have the same amino-
terminal sequence. In addition, the large subunit (A) of the
IORs from P. furiosus and T. litoralis are homologous to the a
subunits of POR, VOR, and KGOR, and the small IOR sub-
unit (B) is homologous to the +y subunits of the other ORs (Fig.
1). The four subunits of the POR from the mesophilic bacte-
rium H. pylori are also homologous to the respective subunits
of the PORs from the hyperthermophiles (20). Moreover, the
amino terminus of the large subunit (a) of H. halobium is
homologous to the vy subunits of the hyperthermophilic ORs
(Fig. 1). It had been previously reported that the small subunit
(b) of H. halobium POR is homologous to the B subunit (18,
28). Clearly, the four subunits of the various hyperthermophilic
ORs are closely related, and a relationship to H. halobium
POR is also suggested by the data. Of a set of meaningful
pairwise combinations of oligonucleotides derived from the
amino termini of different subunits of P. furiosus and T. mari-
tima PORs (Fig. 1), three were successful in PCR amplification
of parts of the respective operons (pTm-3, pPP-6, and pPP-5;
Fig. 2).

P. furiosus por and vor. Southern hybridization of genomic
digests of P. furiosus DNA probed with the pPP-6 insert en-
coding the & subunit of POR consistently identified one major

and three to four minor bands even after application of the
most stringent washing conditions (65°C, 0.1X SSC [1X SSCis
0.15 M NaCl plus 0.015 M sodium citrate]), suggesting the
presence of other ORs in P. furiosus. The initially identified
and cloned 2,675-bp PstI fragment (pPP23) contained the &
subunit of POR, the first 72 amino acid residues of the «
subunit, and upstream, to our surprise, the a and 8 subunits of
P. furiosus VOR (Fig. 2). Subsequently, on the downstream
XhoI-EcoRV fragment (pPP24; Fig. 2) and the upstream KpnI-
EcoRYV fragment (pPP25), the remaining parts of the POR and
VOR operons were cloned, such that the three plasmids were
contained within a single large 9,585-bp EcoRV fragment, the
sequence of which was determined completely on both strands.
This fragment contained the entire genetic information for the
subunits of POR and VOR in three separate units in the order
(i) porG, encoding the shared vy subunit of POR and VOR; (ii)
vorD, vorA, and vorB; and (iii) porD, porA, and porB. The
complete amino acid sequences are given in the Fig. 3 (« and
v) and 4 (8 and B) together with those of T. maritima, H.
halobium, and K. pneumoniae PORs. Amino-terminal residues
translated from the por and vor genes matched virtually every
residue of the amino termini of the subunits determined by
amino acid sequencing (Fig. 1), indicating that the subunits
were correctly identified. Although amino-terminal sequence
information was not available for the & subunit of P. furiosus
VOR, it was identified by the high similarity of the translated
sequence to the N termini of other & subunits (Fig. 1). The
absence of an ATG codon indicates that the gene for the VOR
d subunit is translated from a GTG start codon (Fig. 1 and 5).
Since the holoenzymes of both POR and VOR contain the vy
subunit in equimolar amounts, three separate transcription
units (of porG, porDAB, and vorDAB) are assumed to be re-
sponsible for the production of these two enzymes. This is
supported by archaeal consensus transcriptional start and ter-
mination signal sequences in each case (Fig. 5) (13, 29, 39).
The overall G+C content of the sequenced region was 42.8%;
the G+C content of the por, vor, and porG genes was 43.8%.
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ME-~RVVERV-AVTGAEAVANAMRQIEPDVVAAYPITPQTPIVEYF. ..
ME--RVVERV-AVTGAEAVANAMRQIEPDVVAAYPITPQTPIVEYFARF

MEY-KPI-RK-VVSGNYAAAYAALHARVQVVAAYPITPQTSIIEKIAEF

VPTGSHDEPQVLMSGSHAIAYGAIDAGCRFISGYPMTPWTDAFTIMTQL

P POR O eeeeeaea K-VMKGNEAAAW

“Tm  POR Y48  ieeanonn

Pf POR €@ (S} «euvuennn.

T1  POR €@ ceennnnnnn PM-KK-VMKGNEAAAW

ar  POR @ ........... M-RK-VVRGFYSVAYSVKLAKPNVIXAYPIT
Tm  POR & ......

Tm  POR @ (S) ......

tp  POR o ..... AKSI-ELQEIE-VWDGNTA SNTL

Pf  VOR O ...... MEY-KPI-RK-VVSGNYAAAYAXXL

Pf VOR @ (8) ......

TI  VOR @ ceeneeenenn P--KE-VVSGNYAAAYXA

T KGOR & ..... MRYPFPVGAADFIQGDEAIA

Hh  POR az;®  ......

pf  IOR A VKVTDIVLWDKPGERV-LLLGNQAIVRGALEGNIAVFAXYP
Tl __IOR A AKVSDIVLWDKPGERV-LL. .. .. . . .

MIEVAFHGRGGQKAVTAANILAEAAFLEGKYVQAFPFFGVERRGAPVT.

MPVAKKYFEIRWHGRAGQGAKSVSQMLAEAALEAGKYVQAFPEYGAERTGAPMR.

— -
Pf POR ¥ ... MIEVAFHGRGGQKAVTAANILAEAAFLG
Pf VOR Y ee.... VIEVRFHGRGGQXAVTAANILXEXA
Pf P/VOR y (sd) ......
TI  POR Y eeu.-.- MIEIRFHGRGGQGAV
TI  VOR Y ... MIEIRFHGRGGQGAV
Af  POR Y ..... MIL,IEVRFHGRGGQGAVTAADLLAVAGFK
Tm  POR ¥ . PVAKKYFEIRRHGRAGQXA.
Tm  POR Y (s)
Hp  POR Y .v.... MFQIRWHARAGQGAITGAKGLADVISKT
Pf IOR B .. .XLKEYNIVITGWGGQGILTAANILGXAALRAGYXVG
T1  IOR B ....MREYNIVITGVGGQGVLTAANILGWAALRAGYKVR
Y ....MR-XEVLIGGFGGQGVILASVILGXA
a

. .MTDDELIWRIAGGSGDGIDSTSQNFAKALMRSGLDVFTHRHYPSRIRGGH. . .

FIG. 1. Multiple alignment of N-terminal amino acid sequences of 2-ketoacid ORs of hyperthermophiles, H. halobium, and H. pylori. The amino acid sequences
are boxed according to their phylogenetic relationship. Conserved positions are shown in boldface. A comparison with the sequences as translated from the gene
sequence is also included (denoted s). Arrows show residues from which oligonucleotides were derived for PCR amplification (plus or minus strand). Superscripts: a,
the sequence published previously for the -y subunit of T. maritima POR (7, 31) is identical to the P. furiosus POR « subunit; b, position 211 of the large subunit of
H. halobium POR, as shown in Fig. 3 and 4 (38); ¢, two mismatches occurred between the sequence as determined from the protein (italics and large dots) and the

sequence translated from the gene; d, the sequences of P. furiosus POR and VOR vy

subunits are identical (see Fig. 2); e, the newly determined N-terminal amino acid

sequence for the y subunit of 7. maritima POR; f, position 1 of the large subunit of H. halobium POR (38). Pf, P. furiosus; Tm, T. maritima; TI, T. litoralis; Af, A. fulgidus;

Hp, H. pylori; Hh, H. halobium.

The regions flanking the POR and VOR genes (Fig. 2) were
also sequenced. There was no indication of adjacent genes
encoding IOR or KGOR. A three-reading-frame operon
(termed aca for acetoacetyl-CoA synthase) and an incomplete
one (termed frx for F,,-reducing hydrogenase) were identified
upstream of porG (all on the complementary strand). The frx
operon contained one gene (frxA4) showing significant similarity
to genes for proteins of unknown function associated with the
F,,,-reducing hydrogenase of methanogens (3, 14) and other
hydrogenase-processing proteins (hyaA and hoxM [reviewed in
reference 12]). The three-gene aca operon encoded proteins
showing significant similarity to acyl carrier protein synthetases
(acaA; e.g., accession number A42431) and eukaryotic sterol
carrier proteins (aca4d and acaC; e.g., accession number
S34744 [36]). The significance of these similarities is unknown,
but these putative gene products appear to be unrelated to the
functions of POR and VOR.

T. maritima por. In contrast to P. furiosus, Southern hybrid-

ization with a probe for T. maritima POR (pTm-3) yielded only
a single band in each lane of 7. maritima genomic digests. A
4,055-bp PstI-HindIII fragment was identified and cloned into
pUC19 (pHP-511) and pBluescript (pKSHP). This coded for
the 8, a, and B subunits and for the C-terminal part of vy
subunit. An overlapping 3,418-bp BamHI fragment was subse-
quently cloned into pBluescript II KS* to obtain the rest of the
operon (pKB-112; Fig. 2). The inserts of both plasmids were
completely sequenced (5,728 bp). The two fragments con-
tained the entire por operon, which encodes the four POR
subunits (porG, porD, porA, and porB; Fig. 2, 3, and 4). The
amino-terminal sequences were virtually identical to those de-
termined by amino acid sequencing of the separated subunits
(including the newly determined sequence of the <y subunit),
showing that the correct genes had been identified. Two mis-
matches occurred in the N terminus of the B subunit, one
residue being added and in exchange two others being omitted
(Fig. 1). No other reading frame with similarity to any of the
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FIG. 2. Graphic representation of P. furiosus and T. maritima genomic fragments. The subunit organization of POR and VOR operons is indicated in tall boxes,
and other genes and reading frames are shown in small boxes. The fragments pTM 3, pPP-5, pPP-6, and pPP-G were PCR amplified from oligonucleotides derived
from the N-terminal amino acid sequences (Fig. 1) as described in Materials and Methods and were used for the identification and cloning of the genomic fragments.
The gene designations are as follows: rfbX, open reading frame homologous to the CDP-abequose synthase gene; mcp, methyl-accepting chemotaxis protein gene;
gld/fabG, glucose dehydrogenase/oxoacyl carrier protein reductase gene; fix4, gene for a protein homologous to Methanobacterium thermoautotrophicum frhD and
Methanococcus vannielii frcD and fixD hydrogenase subunits; frxB, gene for an unknown putative transmembrane protein in the same operon; acaA4, gene for a protein
homologous to acyl carrier protein synthase (fabH); acaB, gene for a protein homologous to sterol carrier proteins and acetoacetyl-CoA synthases (aca); acaC, gene
for a protein homologous to the C-terminal part of eucaryotic sterol carrier proteins; z, gene for an unknown protein.

subunits of the hyperthermophilic ORs was found upstream
and downstream of por. The overall G+C content of the se-
quenced region was 48.8%; the G+C content of the por operon
was 49.4%.

In addition to the por operon in 7. maritima, three other
genes were identified and sequenced, as shown in Fig. 2. Up-
stream were two genes that encoded proteins homologous to
bacterial CDP-abequoses (rbfJ; accession number M29713)
and methyl-accepting chemotaxis proteins (mcp; reviewed in
reference 43), while immediately downstream was a gene (gld/
fab) that encoded a protein with significant similarity to the
superfamily of short-chain alcohol dehydrogenases, which also
includes glucose dehydrogenases and oxoacyl carrier protein
reductases (27). The T. maritima gld/fab gene is the first exam-
ple of a hyperthermophilic member of this superfamily, al-
though the nature of the oxidoreductase-type enzyme it en-
codes remains to be determined. For the present, we conclude
that the genes surrounding the T. maritima por operon are
unrelated to the function of POR.

Molecular properties of P. furiosus POR and VOR and T.
maritima POR. The calculated molecular weights of the «, B,
and & subunits were, respectively, 44,186, 36,261, and 12,012
for P. furiosus POR and 43,960, 34,766, and 11,851 for P.
furiosus VOR, and that of the common <y subunit was 20,033.
The values for the o through 8 subunits of 7. maritima POR
were 44,319, 36,385, 21,298, and 11,257, respectively. All of
these values agree within 10% of the values obtained by so-
dium dodecyl sulfate (SDS) gel electrophoresis (7, 17), with
the exception of the -y subunit of P. furiosus POR (24,000 from
SDS gels). The calculated amino acid compositions of the
three enzymes were likewise in good agreement with the com-
position based on chemical amino acid analysis. The one ex-
ception was the cysteine content of P. furiosus POR, which was
underestimated by chemical analysis (8 versus 15 residues per
aByd tetramer from the gene sequences [7]). T. maritima POR
contained 13 cysteine residues per afyd tetramer (the analyt-
ical value was 15 [7]), while P. furiosus VOR contains 14
cysteine residues per aByd tetramer (this had not been
determined chemically). Cysteine contents have important
consequences for the predicted reaction mechanism, since a
striking feature common to the sequences of all three ORs is
the presence of two ferredoxin-type FeS cluster motifs in the

small 8 subunit (CXXCXXCXXXCP; PROSITE). In addition,
four conserved cysteine residues were present in each of the 3
subunits, and these cysteines are assumed to coordinate a third
FeS cluster in each enzyme. This subunit also contained a
conserved TPP-binding domain (16, 30, 34). Thus, in the fol-
lowing calculations, it is assumed that each of the afvyd tet-
ramers contains three [4Fe-4S] clusters.

Sequence comparisons of P. furiosus por and vor, T. maritima
por, and PORs from mesophiles. The sequences of the three
ORs from the hyperthermophiles were remarkably similar (Ta-
ble 1; Fig. 3, 4, and 6). Excluding the shared vy subunit, P.
furiosus POR and VOR had 53% identical residues in the a, 3,
and & subunits (60% identity at the nucleotide level). The
identity scores were virtually the same for the three subunits
(range: 52 to 54%); however, there were stretches of striking
dissimilarity in several places. For example, the first 40 amino
acids of the & subunits were not homologous, while the remain-
der was almost identical. There were also two short stretches
unique to the P. furiosus POR B subunit, one consisting of 7
amino acid residues and the second consisting of 12 (Fig. 4).
On the other hand, the 60-amino-acid TPP-binding domains in
the B subunits were virtually identical (54 identical residues out
of 60; Fig. 4). The unexpected linkage of P. furiosus POR and
VOR (and, judged from the N-terminal amino acid sequences,
of T. litoralis POR and VOR; Fig. 1) can be explained by a
partial operon duplication involving the 3, o, and B subunits
ultimately leading to the creation of separate promoter struc-
tures for the shared vy subunit, for the vor operon, and for the
por operon. Two partial gene fragments from P. furiosus had
been previously entered in the databases. One encoded amino
acid residues 59 to 150 of P. furiosus porA (bp 7163 to 7438,
entry R7T7 in the DBEST library [39a]), and the reported
sequence was identical to the one determined here. For the
second partial sequence (193 bp; accession number T12789
[39a]), the first 160 bp is identical to the anticoding strand of
porA (amino acid residues 193 to 240; bp 7565 to 7725; the last
33 bp is a vector sequence), but there are four mismatches and
one reading frame error (additional C, position 148) in the
reported sequence.

Both POR and VOR were equally similar to 7. maritima
POR, with 45% identity (for all four subunits; Table 1) and no
preference for a particular subunit. On the nucleotide level, P.
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PfP ..... MPIRK V.MKANEAAA WAAKLAKPKV IAAFPITPST
Pf V ..MEYKPIRK V.VSGNYAAA YAATHARVQV VAAYPITPQT
T™m P ..MERVVERV A.VTGAEAVA NAMRQIEPDV VAAYPITPQT
Hh PaVPTGSHDEPQ VLMSGSHAIA YGAIDAGCRF ISGYPMTPWT
Kp P ....MS.GKM KTMDGNAAAA WISY.AFTEV AAIYPITPST
Pf P AAAGVRTFTA TASQGLAIMH EILFIAAGMR LPTVMAIGNR
Pf V SATGARTFTA TSAQGLALMH EMLHWAAGAR LPIVMVDVNR
Tm P AAAEARAMTA TSANGLALMH EIVYIAASYR LPIVMPVVNR
Hh P SHAGAKAMSG SSGGGFALMS EPLGLAEMTE TPLVLLEAQR
Kp P LOQAGALTTTY TASQGLLLMI PNMYKIAGEL LPGVFHVSAR
Pf P ALDLILIAYK VAEDERVLLP AMVGFDAFIL THTVEPVEIP
Pf V VYDGVLMAYK VAET..VNVP AMVVESAFIL SHTYDVVEMI
Tm P AYDFTILAVR LAEHEDVRLP VMVNLDGFIL PHGVEPVEFY
Hh P CYEQTRTAFE IAYDYQ..IP VILLYDQ.KL SGEYRNVDA.
Kp P VMDLSAVAHL AAIKGR..IP FVNFFDGFRT SHEIQKIEVL
Pf P ESRYTVWEAM ERAKKVIDEA FAEF.EKKFG RKY.......
Pf V EFRYKLAKAH EEAKKVIKEV GKEF.GERFG RDY.......
Tm P EHRKRQQIEAM ENVKKVFPEI AKEF.EETFG RKY.......
Hh P .HRYQHD..V EDGVS..... PRTIPGQSGG RYLASGNEHW
Kp P QEREAGNRFY QALPDIV.ES YMTQISALTG REY.......
Pf P Y.KTEDADII FVTMGSLAGT LNEWIDKKRE EGYKVGAAKI
Pf V Y..IDDADFV FMGMGSLMGT VKEAVDLLRK EGYRVGYARV
Tm P Y.RMEDAEHV MVALGSTNST IKYVVDELRE EGYRKVGSLKI
Hh P Y.GDEDADIG LIAWGSQEGT VEEAVHRLND DGNSVKALGI
Kp P YTGAADAERV IIAMGSVCDT VQEVVDTLNA AGERVGLLSV
Pf P DASAALINES EKPLMVDFIV GHGGR.DVTF NQLDEALEIA
Pf V ESKGALYNSS AHPLMKNYIV GLGGR.DVTV KDIKAIADDM
Tm P AVKSALYEVA ARPMLGSYVY GLGGR.DIKP EHIRKAFED.
Hh P EV.GDI.... ...... GGK. .LSSLLKYNG NPFEPA.EIV
Kp P DVKNAFYNHD DAPLIVGGRY ALGGK.DVLP NDIAAVFDNL
Pf P FH..GRGGQK .AVTAANILA EAAFLEGK.Y VQAFPFFGVE
Pf V FH..GRGGQK .AVTAANILA EAAFLEGK.Y VQAFPFFGVE
Tm P WH..GRAGQG .AKSVSOMLA EAALEAGK.Y VQAFPEYGAE
Hh P WRIAGGSGDG IDST.SONFA KALMRSG.LD VFTHRHYPSR
Kp P FW..GMGSDG .TVGANKSAI KIIGDKTPLY AQAYFSYD.S
pPf P GLKDEGIVIV NTEKSKEEVL
Pf VvV .. GLKDEGIVIV NTEKSKEEVL
Tm P . GLSEDGILLV NTVKD....F
Hh P PSEEAVYGDE EVKPLTENLD DLRAGGVIIY DEGLLDDEDV
Ko PYD........ .o.vnnn LLD GLKPGGTFLL NCSWSDAELE
gElgekNac
Pf P LGAVAKATGL VKIESIEEAI K....DTF.. .SGELGEKNA
Pf V LGAVAKATGL VKIESIEEAI K....DTF.. .SGELGEKNA
Tm P LGALVRVTGI VPLEAIEKRI ERMFGKKF.. .PQEVIDANK
Hh P VGA....TAA LIDMDL.DHI EDLMSDAM.. .GGDILEQNL
Kp P QAAFFKLAAI IDPQTAADYL KQAVEKSYGS KGAAVIEMNQ

LIPEKISEFV ANG..... EL DAEFIKVESE HSAISACVGA - 0, 69
SIIEKIAEFI ANG..... EA DIQYIPVESE HSAMAACIGA - o 72
PIVEYFARFV ADG..... VV RTEMIPVESE HSAMSAVVGA - o 72
DAFTIMTQLL PD....... M GGVSEQVEDE IAARAMAVGA - a283
PMAENVDEWA AQGKKNLFGQ PVRLMEMQSE AGAAGAVHGA 74
ALSA...... PINIWNDWQD TISQRDTGWM QFYAENN.QE - o142
AMAP...... PWSVWDDQTD SLSQRDTGWM OFYAENN.QE - o145
ALSG...... PINIHCDHSD AMAERDSGWI QLFAETN.QE - (145
AGPSTGMPTK PEQADLEHVL YTSQGDSHRV AFGPKDP.KE - a362
ALATN..... SLNIFGDHQD VMAVRQTG.C AMLAENNVQQ 148
DQEVVDEFLG E...YEPKHA YIDPARPITQ GSLAFPAHYM -~ 0219
PQELVDEFLP P...RKPLYS LANFDEPIAV GALATPNDYY - 0,220
PDELVKKFVG E...LKPMYP LLDTEHPVTW GPLDLYDYYF - 0222
..SFFDR..E P..AADLGTT L.SEDQ.IPD APHD.PTGKY - a428
EYEQLATLLD RPALDSFRRN ALHPDHPVIR GTAQNPDIYF 226
.............................. ....QRIEE. - 0256
.............................. .. .SOMIETG - 259
.............................. ....WFVEP. - 0259
PNGHISEDTD NRVAQVERRL QKLAAIRDDL DERDQQ..TH - ad99
................................... HLFN. 262
TVYRPFPVEE I.RELAKKAK VLAFLEKNIT IGL.YGAVFT - 333
RWFRPFPKEE L.VEIAESVK GIAVLDRNFS FGQ.EGILFT - 335
WMFRPFPKEQ L.QELLNGRK SVVVLDRAVS FGA.EAPLYE - 0336
SDLAPFPVAE T.RAFVDSVD EAIVVEMSST KQF.RGLIQK - aS76
HLFRPFSLAH FFAQLPKTVQ RIAVLDRTKE PGAQAEPLCL 342
ERALKEGK. . ..VENPINWI GLRWELVK*. ..... MIEVA - Y 5
KKVIESGK.. ..VDKEVVWY HLKR*..... ..... MIEVA - Y 5
..AINGNL.. ..IADEQRYL GLRE*....M PVAKKYFEIR - y 11
EAV.EIEQAG DGAE.PAAQT TLEPAAGD*. ..PMTDDELI - a 7
NKPLPMDGFT LGIVDDVTFT SLPPROQTLA VSHDGITACK 421
RRGAPVTAFT .RIDNKPIRI KTQIYEPDVV VVLDPSLLDA - y 80
RRGAPVTAFT .RIDNKPIRI KTQIYEPDVV VVLDPSLLDA - Y 80
RTGAPMRAFN .RIGDEYIRV RSAVENPDVV VVIDETLLSP - Y 86
IRG.GHT.Y. VEIRARDGTYV TSRGDGYNFL LALGDSFARN - a 82
RKSGGITVSH LRFGDRPINS PYLIHRADFI SCSQQSYVER 497
EKLKKK. ... ....PKKLAI VDATTIALEI LGLPITNTAI - y137
EKLKKK.... ....PKKLAI VDATTIALEI LGLPITNTAI - Y137
EFVREK.... TGFNGK.ICV VDATDIALQE IKRGIPNTPM - Y141
GDLEQQ. ... ADANDWHLYP LDLRGLAKEH GREVMRNTAG - al58
QHLPVGFKRY LARENIHFYT LNAVDIAREL GLGGRFNMLM 562
RAAREAYEKT EVFEL*.... - 7185

RAAREAYEKT EVFEL*.... - 7185

RALRRGYEEV KCSE*..... - Y192

TVLRDAYEQV SEMEHTHDLS -.. - a210

RATELGMASL HQVTIPAHWA TLD - 625
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FIG. 3. Multiple alignment of the POR and VOR amino acid sequences: o and vy subunits. P. furiosus POR (PfP) and VOR (Pf V) and T. maritima POR « subunit
(Tm P) are aligned with H. halobium POR (Hh P) (superscript a, alignment starts at position 211 of the large subunit; superscript b, alignment starts at position 1 of
the large subunit), and K. pneumoniae POR (Kp P). The amino acid sequences of the PORs from E. agglomerans, R. rubrum, and an Anabaena sp. and of T. vaginalis
POR A and POR B were not included because of the high degree of similarity to the ones shown (Table 1 and Fig. 6). The complete alignment of the six sequences
of the single-subunit PORs is published in reference 18. The alignment is continued in Fig. 4 (8 and B subunits) with the sequences of the single-subunit ORs extending
throughout without any gaps. Positions conserved between any of the H. halobium, P. furiosus, and T. maritima ORs and the bacterial, single-subunit POR are shown
in boldface. Positions that are conserved in H. halobium POR and any of the three ORs of the hyperthermophiles are underlined. Gaps are indicated by dots. For
references and accession numbers, see Materials and Methods. Superscript c, aldehyde dehydrogenase active-site motif as found in a search in the PROSITE database
(the glutamate is an active site residue in these enzymes); *, stop codon.

furiosus por and vor operons were 53 and 54% identical to T.
maritima por, respectively. The high similarity among both
POR and VOR from P. furiosus and POR from T. maritima
was unexpected (Table 1 and Fig. 3, 4, and 6), given the phylo-
genetic distance between these organisms (49). However, the
presence of a similar, four-subunit POR in the mesophilic bacte-
rium H. pylori points to more general distribution of this type
of 2-ketoacid OR in bacteria (20).

Database sequences of the PORs from mesophilic bacteria
(often termed nifJ genes) and from the amitochondriate protist
T. vaginalis were very similar to the P. furiosus and T. maritima
ORs, as suggested previously (18, 28). In fact, the different
subunits of the hyperthermophilic ORs were homologous to
discrete domains in the single large subunit (A) of the meso-
philic PORs (Fig. 7). Note that the latter have a molecular
weight of about 130,000, which is slightly larger than the sum of
the four subunits («, B, v, and ) of the T. maritima and P.
furiosus enzymes. Hence, the o subunit of the hyperthermo-
philic ORs aligned to the N-terminal (or o) domain of the A
subunit. This was followed by the y domain, the 8 domain

(containing the two ferredoxin-type FeS cluster motifs), and
finally, with one additional 60-amino-acid insertion not present
in the hyperthermophilic ORs, the B domain (containing the
third FeS cluster and the TPP-binding site; Fig. 4). In all cases
examined, these domains were identified by computer-aided
multiple alignments (PILEUP) without applying any bias. The
pairwise identity scores were between 25 and 28% when the
four subunits of the P. furiosus and T. maritima enzymes were
aligned in a single sequence (aydB) and compared with the
single subunit of the mesophilic PORs (Table 1 and Fig. 7). An
alignment of the amino acid sequences of P. furiosus VOR and
the PORs from T. maritima, H. halobium, and K. pneumoniae
is given in Fig. 3 and 4. The sequences are arranged in the
domain order (a-y-3-B) found in the large, single-subunit (A)
PORs.

The scenario of recombination events proposed for the sin-
gle-subunit ORs and also for the two-subunit IORs of P. fu-
riosus and T. litoralis is more complicated. For the single-
subunit enzymes, at least two separate events have to be
assumed. First, a y-8 fusion must have occurred in the original,
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PEP ....... MAE SPFKADIERA QKELSEKMTP .GAIVYIPGS
PEV ...... MNTL FGKTKEEAKP IVLKSVDEYP .EAPISL.GT
TP et e MSLKSWKEIP IGGVIDKPGT
Kp P EPAAQASAMM PDFIRDILQP MNRQCGDQLP VSAFVGMEDG
PEP Tuiiiiiii voniinuns YL DEEGYP.VFD Y....... DY
PEV Ioiiiiiii cuvinnns YI KPDGYV.AID Y....... DY
TP Teueniiaaanannnnn. I QEGGIMKGFN Y....... DY
Kp P IRPALLNGEE HDAAPVGLLS KPAQGAKEYH YHLAISPLD.
# #
PEf P ..MAV....R KPPITTREYW AP...GHAAC AGCGCATALR
Pf V ..MEVPENIK KRVTI..PFE EHFYAGHTAC QGCGASLGLR
Tm P .MPVNIK QLAQEFDKKE IGITQGHRLC PGCGAPITVK
Hh P MSKAFSAIDE DREVDRDAFT PGVEPQPTWC PGCGDFGVLK
RKp P LT.PKSNPFR KTTVKGSQFE TPLLEFSGAC AGCGETPYAR
PEPW...... KAP .WIHVAFENA AAV.ASGIEA AWKKLGRKGK
Pf V I..DAN.... .LFHTAFETT GAV.ISGIEA ALKAMGYKVK
TP W...... SVP .YIHNAFENV AA.TMSGVET AYKALKNKGK
HA P ...o..... .LNSYFDSY GFHTIHGRSL P.VARAAKLA
Kp P YTTNHRGHGP AWANSLFEDN AEF.GLGMML GGQAVRQQIA
P
PE P tteiiieies e e ILA IGGDGGTADI
PE V ettt e e MVVG WAGDGGTADI
s AFIA FGGDGGTYDI
HO P ooteiaaae e caaaas VVA AGGDGDGYGI
Kp P ERLAAEKEGV PLLEQLWQNR DYFVRRSQWI FGGDGWAYDI
Pf P WITTSPPGKY SVGEDKPKKW VALIAAAHQI PYVA.TASIG
Pf V WITNTPGGRR HFLEKRHKKK VIDIVIAHRI PYAA.TASIA
Tm P DTTTAPVGKK LPGKVQLKKN IVEIVAAHEN VYAA.TASLS
Hh P KSKIQPHGS. .AKSPIR PLSLSMTSGA SYVARTAAV.
Kp P IAKFARQGK. .RTRKKD LGMMAMSYGN VYVAQVAMGA
Pf P EIARLAIETG IWPLFEIENG DIWNIKIQPP GGGAKVYKEG
Pf V EIARLAVQTA YFPLFEYENG K.YKINMPNP ..KKEP....
Tm P EISKLAVETK YWPLYEVERG .VYRV.TRKP ...RQ.F...
HA P VPYVDVQESD EYD.FDVTDR REAQELMTET ..EEALY...
Kp P REAKRAVEAG YWHLWRYHPQ REAEGKTPFM LDSEEPE...
Pf P .I.EE.L.RN QVK..AMW.K VLGVEAILPR PEE*.. -
Pf V .I.ET.L.QK WVL..EEWER LKKLAEVFG* ...... -
Tm P .IVDE.L.QE YVD..RRWER LLTLEEV.TK DKPIR* -
Hh P DMPEEPVAKR YFDDDYEWER SF...DVIDR HK*... - b
Ko P .LFSR.T.EE DAR..ARFAQ YRRLAGEE*. ...... -

# # # #

SVINKTGSW. .RVFKPE FNRDKCVRCY LCYIYCPEPA - § 67
TLVNPTGDW. .RTFKPV VNEERCVKCY ICWKYCPEPA - & 67
AREYKTGAW. .RVMRPI LHKEKRCIDCM FCWLYCPDQA - § 55
TFPSGTAAWE KRGIALEVPV WQPEGCTQCN QCAFICPHAA - 705
# # # #

CKGCGICANE CPTK..AIEM VR.EVK*. . ........ - 3105
CKGCGICANE CPTK..AITM IK.EERK*. . ........ - 8105
CKGCGLCANV CPKQ..AIEM RP.ETEFLSE EG*..... - 3 99
CSGCGNCVDI CPARGKALKM QSLDSQROMA PVWDYALA -~ 782

#
LATKALSEAM EEKYGDPNAF ATAHATGCME VVSAVFPYTA - 72
YVLKAYGKKT ......... LVIPAC.CST IIAGPWPYSA - 67
FVMMIARHLG YE....... P VVGLATGCLE VSTSIYPYTA - 70
ALKGAMAELG KD. PEEI LLATGIGCSG K......... - b 67
LITQLFGDR. ......... M LIANATGCSS IWGASAPSIP - 851
........................................ - B103
CBED .Gl s e e e e - B103
IPEDKKY . .t ttvtiiinns teianinann cvaneennnn - B108
CNHDLE . Lo n i i e e it e e e e e - b 99
DDMTAALALP VSDELSDAMR QWLAKQDEGE GTRERADRLS - 930
_______________________ e —— d ________4
GLQALSGMLE RWHNVLYLMY DNEAYMNTGI QRSSSTPYGA - B156
GLQALSGFLE RGHDAVYIMY DNEAYMNTGI QRSSSTPYGA - [B157
GLQSLSGMLE RGHKVLYVLY DNEGYMNTGN QRSGSTPPGS - P162
GGNHFMHTAR ENHDITYIVF NNEVFGLTKG QTSPTSPKGH - bl152
GFGGLDHVLA SGEDVNILVF DTEVYSNTGG QSSKSTPVAA - 1010
fdgss® #

NPLDFVRKIK KAGKIDGPAF VQVLCTCPT. GWRSPLEKGV - PB236
YPEDFIRKLK KAQKISGPSF IQLFAPCPT. GWRAPTDKSI - B236
EPMDFFAKVE KALNFDGPSF LAVFSPCVR. FWRVNDDKTV - B240
NPNQAKDILV EAIQHDGFAH VDFLTQCPT. .WNK.DAKQY - b223
DKDQTLRAIA EAEAWPGPSL VIAYAACINH GLKAGMRCSQ - 1085
NRVVRIEFKK PIEEYLKLQG RFKHLFK.RP ..EA...... - B307
......... K PIEEFLKLQG RFKYMTK... ..ED...... - [288
......... K PVEEFLKAQG RFRKLLS.RP DA .KE - B29s
.......... .DGTVLTG RYYQDEQ.RP SYQAEKQSRG - b290
......... E SFRDFLLGEV RYASLHKTTP H.LADA - 1148
331

311

324

312
1171

FIG. 4. Multiple alignment of the POR and VOR amino acid sequences. Co

ntinuation of the alignment from Fig. 3, including the 3 and B subunits of P. furiosus

POR and VOR and T. maritima POR. #, conserved cysteine residues forming two ferredoxin-type FeS-cluster motifs of the 8 subunit (CXXCXXCXXXCP) and the
conserved cysteines of the B subunit; superscript d, the TPP-binding domain (+---+) conserved in all TPP-containing enzymes (16, 30, 34), including a GDG motif (@),
a conserved Asn-Thr (a possible replacement for the missing Asn residue in H. halobium POR is also indicated); superscript e, glutamine synthase active-site motif as
found in a search with 7. maritima POR $ subunit in the PROSITE database. For other abbreviations and symbols, see the legend to Fig. 3.

four-subunit y8ap operon. Second, there must have occurred a
recombination event that resulted in the insertion of the com-
bined +-3-subunit gene between the genes for the o and
subunits (Fig. 7). Although the primary structure of IOR is not
available, we postulate that its large subunit arose by a recom-
bination event similar to that of the single-subunit ORs but
that only the 8 subunit was integrated between the « and B
subunits. The y subunit remained as a second, smaller IOR
subunit (Fig. 1 and 7). The presence of more than four FeS

clusters per IOR holoenzyme (or two per A-B dimer [31, 32])
shows that it does not lack the 8 domain, as is the case with H.
halobium POR (see below). However, on the basis of the
molecular weight estimated by SDS gel analysis, the large sub-
unit of IOR is about 200 residues smaller than would be ex-
pected from a direct a-8-8 fusion, suggesting a partial deletion
in the course of the recombination event (Fig. 7).

It had been previously shown that the two-subunit (a-b)
POR of the aerobic mesophilic archaeon H. halobium con-

1 ACCGAAAATTAAATAAACTAATTTTCTTTAACCAAAAATGCCCGTAATTAAATTCAAAAATTTTARGGACCTIITGAAGATGATAGAAGTT
POR/VOR ¥ : M I E V

2 GCAAGAGAAGCTTACGAAAARACACAAGTATTTCAGCTTTAACCTCTTTCTTTCCAATATTTGA' AGAAGTTGTGAACACTCTA
A REAYTZEZXKTEVTFE L * POR/VOR ¥ VOR-8: X N T L

3 CTAAAGAAGCTTGCCGAGGTCTTTGGATGACCTATATGCTTAAATTTTTATTTTGAAACCTCACTAGAGGTEGTAAATATGGCTGAAAGT
L K KL A EV F G * VORP POR-8: M A E S

4 AAGCAATACTTCCAAGACCCGAGGAGTAGCCTCTTTTTCCATTATCTTTTTTAACCTATTAATTATTTCCTTTTATTGATGCGAATTGCG
A I L PR P E E * POR-P ORF-Z: M R I A

consensus, terminator: TTTTTCT or TTTTTATTTT

consensus, promoter: TTTA(T/A)A - 19-25 nt- T(G/A) RBS: |[AGGAGGTA

FIG. 5. Nucleotide sequences between P. furiosus POR and VOR genes and putative signal sequences. The sequences are aligned at the start codon of the

downstream gene (boldfaced and underlined; P. furiosus VOR is translated from

a GTG). Putative box A and box B sites are shown in boldface. Transcription usually

starts on the G or A site of box B (13). Pyrimidine-rich consensus transcriptional termination signal sequences (29, 39) are underlined, and ribosomal binding sites
derived from the 3’ end of the P. furiosus 16S rRNA (RBS) (accession number U20163) (1) are boxed. Sequences: 1, promoter region of porG (upstream is an AT-rich

noncoding region [bp 3325 to 3562; Fig. 2]); 2, promoter region of P. furiosus vor;

3, promoter region of P. furiosus por (no meaningful box B motif was identified); and

4, terminator region of P. furiosus por and promoter of open reading frame Z (ORF-Z) (no RBS identified; Fig. 2). nt, nucleotides.
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Anabaena POR  Rhodopseudomonas POR

Trichomonas PORB

POR A -\

Enterobacter POR

Klebsiella POR

Thermotoga POR

Pyrococcus POR  Pyrococcus VOR

Halobacterium POR

FIG. 6. Phylogenetic dendrogram of PORs and VOR, calculated from the
multiple alignment as shown in Fig. 3 and 4 with the other POR sequences
included. For the calculation only 742 positions without gaps out of a total of
1,385 residues were used. The branch lengths denote relative distances, and the
H. halobium POR branch length is approximately double what is shown. Note
that the dendrogram reflects distances between individual molecules evolved
separately after gene recombination events (Fig. 7) and not the organisms them-
selves.

tained a conserved TPP-binding site in its smaller (b) subunit
in a part of the subunit that was similar to the C-terminal part
of the large single A subunit of the bacterial PORs (Fig. 4 and
7) (16, 18, 38). Also, conserved cysteine residues were found
near the N terminus of the subunit (20, 28, 38). However, the
large subunit (a) of H. halobium POR could not be aligned
with the bacterial PORs in a meaningful way in these studies.
A detailed analysis of the alignments among the four subunits
of the ORs from P. furiosus and T. maritima with the H.
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halobium enzyme clearly showed that the first third of the large
subunit (a) of H. halobium POR corresponds to the -y subunits
from the hyperthermophilic enzymes, while the remaining two-
thirds is homologous to the a subunits (Fig. 3, 4, and 7). Thus,
the domain order observed in the single large subunit (A) of
the bacterial PORs (« to vy) is reversed in the H. halobium
POR a subunit (y to ). Similar alignment analyses showed, as
anticipated, that the H. halobium POR b subunit is homolo-
gous to the P. furiosus and T. maritima 3 subunits. We were
unable to find in H. halobium POR any sequence that resem-
bled the & subunits of the hyperthermophilic enzymes. By anal-
ogy to the operon duplication in P. furiosus, it is proposed that
the large subunit (a) of H. halobium POR arose by the deletion
of the & subunit from a y-3-a precursor, leading to the forma-
tion of a subunit composed of the y and a domains, while the
B-subunit directly gave rise to the smaller b subunit of H.
halobium POR (Fig. 7). Since this contains four conserved
cysteine residues to coordinate just one FeS cluster, it readily
explains why the H. halobium enzyme contains only two FeS
clusters per holoenzyme (o,B,). The overall similarity of H.
halobium POR to both the mesophilic single-subunit (A) en-
zymes and the four hyperthermophilic subunits was only about
21%. For example, there are 40 amino acids in the o domain of
the large a subunit of H. halobium POR that have no equiva-
lent (Fig. 3).

A significance evaluation of the unbiased pairwise align-
ments with H. halobium POR did not yield scores much dif-
ferent from random scores, in contrast to the comparisons
among all other ORs. However, this was not the case when the
evaluation was performed with the H. halobium POR sequence
aligned as described above (Table 1). Many conserved signa-
tures were identified throughout all of the OR sequences, and
those shared by the H. halobium POR sequence and the sub-
units of the hyperthermophilic ORs served to confirm the
domain assignment in the former enzyme (Fig. 3 and 4). The
inclusion of the H. halobium sequence into the multiple align-
ment requires that the large a subunit of H. halobium POR be
split at position 210 to accommodate the homologous domains.

The multiple alignment presented in Fig. 3 and 4 was ob-
tained by including each of the six known single-subunit POR
sequences (for a multiple alignment of those, see reference
18), but for reasons of simplicity, only one is shown. However,
these PORs were included in pairwise comparisons (Table 1)
and in the construction of the phylogenetic dendrogram which

Thermotoga POR
Helicobacter POR
Thermococcus KGOR
Pyrococcus POR/VOR
Thermococcus POR/VOR
Pyrococcus IOR
Thermococcus IOR

Halobacterium POR

Klebsiella POR
Rhodobacter POR
Trichomonas POR

L

FIG. 7. Comparison of the subunit and domain structures of the 2-ketoacid ORs. The structures of P. furiosus and T. litoralis IORs are predicted. Homologous
domains are shown in the same shading. It is assumed that P. furiosus and T. litoralis IORs have lost a part of the o domain in the recombination event (see text). The

arrows indicate predicted transcriptional units.
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used 742 positions without gaps (Fig. 6). The multiple align-
ment showed a considerable number of conserved residues.
These encompass 14 different amino acids, and besides 12
cysteines, the most abundant are glycine (» = 12) and proline
(n = 7) (data not shown). Although most of them cannot be
assigned a function in the absence of crystallographic data, it
seems reasonable to conclude that the eight cysteine residues
in the 3 domain and the four cysteine residues in the B domain
coordinate a total of three FeS clusters in all of the enzymes,
except for H. halobium POR, which lacks the 8 domain. Sim-
ilarly, the TPP-binding site in the § domain is highly conserved
in all ORs.

Thus, the evolution of all of the various 2-ketoacid oxi-
doreductases, whether they comprise one, two, or four differ-
ent subunits, can be explained by the rearrangement of four
ancestral genes of the type now present in 7. maritima POR, P.
furiosus VOR, and P. furiosus POR. The two-subunit archaeal
enzymes (P. furiosus IOR and H. halobium POR) and the
single-subunit mesophilic enzymes may have originated in one
or more of the gene duplication and recombination events
described above and subsequently evolved as a separate phy-
logenetic unit.
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