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Abstract Genes encoding the NarG and NarH subunits of the
molybdo^iron^sulfur enzyme, a nitrate reductase from a
denitrifying halophilic euryarchaeota Haloarcula marismortui,
were cloned and sequenced. An incomplete cysteine motif
reminiscent of that for a [4Fe^4S] cluster binding was found
in the NarG subunit, and complete cysteine arrangements for
binding one [3Fe^4S] cluster and three [4Fe^4S] clusters were
found in the NarH subunit. In conjunction with chemical,
electron paramagnetic resonance, and subcellular localization
analyses, we firmly establish that the H. marismortui enzyme is
a new archaeal member of the known membrane-bound nitrate
reductases whose homologs are found in the bacterial
domain. ß 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Denitrifying microorganisms possess nitrate reductase as
the terminal enzyme of the nitrate respiration [32]. Except
for the enzyme from an anaerobic vanadate-reducing bacte-
rium [4], nitrate reductases generally contain a molybdenum
(Mo) atom coordinated with sulfur atoms of a pterin deriva-
tive, termed molybdopterin, as the catalytic center. Based on
the structural and catalytic properties, dissimilatory nitrate
reductases can be classi¢ed into two groups, i.e. periplasmic
nitrate reductase (Nap) and membrane-bound nitrate reduc-
tase (Nar). The Nap enzyme, found mainly in the denitrifying
purple bacteria, is a soluble protein with a heterodimeric com-
position. The large subunit (NapA) harbors a Mo-bis-molyb-
dopterin guanine dinucleotide (Mo-bisMGD) complex and a
[4Fe^4S] cluster, and the small subunit (NapB) is a diheme c
protein that mediates internal electron transfer to the catalytic
NapA subunit [25].

As compared with the Nap, the Nar enzyme is distributed
more widely in the nitrate-respirating microorganisms includ-
ing the Gram-negative and Gram-positive bacteria [24]. In
general, the Nar complex is in the heterotrimeric con¢gura-
tion. In the Escherichia coli enzyme (NarGHI), which is the

most investigated Nar complex so far, the 145 kDa NarG
subunit contains a Mo-bisMGD center for nitrate reduction,
and the 60 kDa NarH subunit contains four iron^sulfur (Fe^
S) clusters that function as internal electron mediators to the
molybdopterin center in the NarG subunit. The NarG and
NarH subunits are membrane-extrinsic, while the NarI sub-
unit (20 kDa) is a hydrophobic membrane protein that har-
bors a protoheme moiety as the reaction site with quinol, a
physiological electron donor to the NarGHI complex [21,26].
A three-dimensional structure of the whole Nar complex re-
mains unknown due to the di⁄culty of crystallization of an
amphipathic enzyme.

In archaea, puri¢cation of dissimilatory nitrate reductases
has been reported from denitrifying halophiles in the genus
Haloferax [3,5,14]. The Haloferax enzymes are membrane-
bound, and found in heterodimeric or trimeric con¢gurations.
Their prosthetic groups have been rather poorly characterized,
and so far detailed information regarding to their similarities
to their bacterial counterparts is not available. Our previous
study of the Haloarcula marismortui nitrate reductase identi-
¢ed the enzyme as a Nar-type enzyme for the ¢rst time, based
on its catalytic features and its initial electron paramagnetic
resonance (EPR) and chemical characterization of the molyb-
dopterin center [31].

In this study, the gene encoding the H. marismortui nitrate
reductase was cloned and sequenced. The deduced amino acid
sequence of an archaeal Nar enzyme, reported for the ¢rst
time, showed marked similarities with the bacterial counter-
parts, while there was a signi¢cant di¡erence in the subcellular
localization between the archaeal and bacterial enzymes.
Moreover, the number and the types of the Fe^S clusters in
the puri¢ed enzyme were investigated by X-band EPR spec-
troscopy.

2. Materials and methods

2.1. Puri¢cation and electrophoretic and enzymatic analysis
Puri¢cation of nitrate reductase from the denitrifying cells of H.

marismortui ATCC43049 was carried out according to our previous
report [31]. Sodium dodecyl sulfate^polyacrylamide gel electrophoresis
(SDS^PAGE) was performed according to the method of Scha«gger
and von Jagow [27]. Selenate-reducing activity of the puri¢ed enzyme
was assayed on the native PAGE gel with potassium selenate instead
of potassium nitrate [31].

2.2. Sequencing of the N-terminal and the internal peptides
The puri¢ed enzyme was denatured by treatment with 2% SDS and

2% L-mercaptoethanol for 5 min at 100‡C, then loaded onto a Se-

0014-5793 / 02 / $22.00 ß 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.
PII: S 0 0 1 4 - 5 7 9 3 ( 0 2 ) 0 2 5 2 4 - 3

*Corresponding author. Fax: (81)-54-238 0986.
E-mail address: sbtfuji@ipc.shizuoka.ac.jp (T. Fujiwara).

FEBS 25945 8-4-02

FEBS 25945 FEBS Letters 516 (2002) 145^150



phacryl S-300 gel-¢ltration column (2U90 cm) equilibrated with 10
mM Tris^HCl bu¡er (pH 8.0) containing 0.1% SDS and 0.2 M NaCl.
Subunits of the enzyme were collected separately, and their N-termi-
nal amino acid sequences were analyzed using a protein sequencer
model PPSQ-21 (Shimadzu Co., Kyoto, Japan).

Tryptic digestion of the puri¢ed enzyme was performed by treating
100 Wg of the sample with 1 Wg TPCK-trypsin in 50 mM (NH4)HCO3
containing 10 mM CaCl2 for 24 h at 37‡C. The peptide fragment
mixtures thus obtained were fractionated by reverse-phase high per-
formance liquid chromatography on a Cosmosil 5C18 packed column
(4.6U250 mm; Tosoh Co., Tokyo, Japan) in 0.1% (v/v) tri£uoroace-
tate with a linear gradient from 0 to 70% (v/v) acetonitrile. The frac-
tionated fragments were lyophilized separately, dissolved in a mini-
mum volume of 0.1% tri£uoroacetate, and applied to the protein
sequencer mentioned above.

2.3. Cloning of the gene encoding the enzyme
Extraction of the genomic DNA from the H. marismortui cells was

performed as previously described [7]. Based on the amino acid se-
quences of two tryptic digests of the enzyme, GWE(D)(?)GGGW and
LVNEYEVALPLHPEFR, three degenerated oligonucleotides (primer
1, 5P-GGGARGAYIIIGGNGGNGGNTGG-3P ; primer 2, 5P-CG-
RAAYTCNGGRTGNARNGG-3P ; primer 3, 5P-GCNACYTCRT-
AYTCRTTNAC-3P, with R, Y, V, B, N representing A+G, C+T,
A+C+G, C+G+T, A+C+G+T, respectively), were designed for the
polymerase chain reaction (PCR)-ampli¢cation of the gene encoding
the corresponding part of the enzyme. For the ¢rst ampli¢cation,
primers 1 and 2 were used with the archaeal genomic DNA as the
template. A mixture of the ampli¢ed fragments were then used as the
template for the second PCR reaction with primers 1 and 3. The
resulting 600 bp product was cloned into a pT7 Blue T vector (No-
vagen, Madison, WI, USA), and the nucleotide sequence was deter-
mined by the dideoxy chain termination method [8] using a DNA
sequencer model 4200 (LI-COR Co., Lincoln, NE, USA). The de-
duced amino acid sequence of the 600 bp product was homologous
with those of bacterial nitrate reductase genes.

Hybridization on SacI-digested genomic DNA using the alkaline
phosphatase-labeled 600 bp fragment as a DNA probe showed a
single positive band corresponding to 2.7 kbp by using the chemilu-
minescent detection protocol (Amersham Pharmacia Biotech., Buck-
inghamshire, UK). The 2.7 kbp fragment was obtained from the SacI-
digested genomic DNA library, using standard DNA manipulation
methods. Both strands of the obtained clone, designated pNR1, was
fully sequenced. It contained two potent open reading frames, ORF-1
and ORF-2, although ORF-1 lacked its 5P-terminal portion. There-
fore, by using the SacI/BglII-digested 240 bp fragment prepared from
pNR1 as a hybridization probe, the BglII/SmaI-digested genomic
DNA library was screened to clone the DNA fragment expected to
cover the 5P-region of the ORF-1. The 2.0 kbp fragment, designated
pNR2, was cloned and sequenced. The resulting nucleotide sequence
of 4500 bp, which covers the entire length of ORF-1 and ORF-2, was
determined.

2.4. Subcellular localization of the enzyme
Localization of the active site of the H. marismortui nitrate reduc-

tase in the archaeal cells was estimated based on the reactivity of the
enzyme with a membrane-permeable electron donor, benzylviologen
radical (BV), as compared to that with a membrane-impermeable
methylviologen radical (MV), as described by Jones and Garland
[18] with the following modi¢cations. H. marismortui cells grown in
the denitrifying medium [31] and harvested in the early-exponential
phase of the growth, were used as a suspension of the whole cells. The
intactness of the cells was estimated by the level of the oxaloacetate-
dependent oxidation of NADH (monitored spectrophotometrically at
340 nm) upon cell damage or lysis, due to leakage of the cognate
cytoplasmic malate dehydrogenase (MDH) activity in the reaction
mixture (100 mM Tris^HCl bu¡er (pH 7.5), 2.0 M NaCl, 0.1 mM
NADH, 0.25 mM oxaloacetate, and 10 Wg/ml protein). The broken
cells were prepared by disruption of a portion of the whole cell sus-
pension with a sonic oscillator and by removal of the unbroken cells
by centrifugation at 15 000Ug for 10 min.

Nitrate reductase (Nar) activity was measured by mixing the whole
or broken cell suspension of H. marismortui in the reaction mixture
(100 mM Tris^HCl bu¡er (pH 7.5), 2.0 M NaCl, 10 mM NaNO3, 2.3
mM dithionite and 0.12 mM BV or 0.2 mM MV, and 2 Wg/ml pro-
tein).

For comparison, E. coli strain JM109 was cultivated anaerobically
in the presence of nitrate [20], and the whole and broken cells were
prepared as described by Jones and Garland [18]. Nar activity of E.
coli was assayed essentially as described above, but in the absence of
2.0 M NaCl in the reaction mixture.

2.5. EPR measurements
EPR measurements were carried out using a JEOL JEX-RE1X

spectrometer equipped with an Air Products model LTR-3 Heli-
Tran cryostat system and a Scienti¢c Instruments series 5500 temper-
ature indicator/controller as reported previously [15,17]. All EPR data
were processed using KaleidaGraph software ver. 3.05 (Abelbeck
Software). The 7Fe form of zinc-containing ferredoxin was puri¢ed
from Sulfolobus tokodaii strain 7 (formerly Sulfolobus sp. strain 7) as
described previously [16] and was used as a control in the EPR mea-
surements.

3. Results and discussion

3.1. Subunit structure
The nitrate reductase puri¢ed from H. marismortui displays

a single band corresponding to a molecular mass of 63 kDa
on a polyacrylamide gel when treated with 1 or 5% SDS at
room temperature as shown in Fig. 1 (lanes 1 and 2). When
the sample was treated with L-mercaptoethanol (lane 3) or at
100‡C (lanes 4 and 5), two bands appeared accompanying the
disappearance of the 63 kDa band. This indicates that the
puri¢ed enzyme is composed of two subunits with the appar-
ent molecular masses of 117 and 47 kDa, respectively, and
that the 63 kDa band corresponds to an incomplete denatur-
ation state of the puri¢ed enzyme. The N-terminal amino acid
sequence of the larger (K) subunit was determined to be
AVDDPIGSYP (with low recovery (2.8%) from the protein
sequencer against the total mol of the applied sample), and
that of the smaller (L) subunit could not be sequenced, prob-
ably owing to its modi¢cation at the N-terminus. The puri¢ed
enzyme has a molecular weight of 208 000 [31] and contains
0.79 þ 0.07 mol of Mo, 10.7 þ 0.40 mol of Fe, and 10.4 þ 0.33

Fig. 1. SDS^PAGE of puri¢ed H. marismortui nitrate reductase.
The pre-treatment conditions of the puri¢ed enzyme (1.6 Wg) by
SDS, L-mercaptoethanol (L-ME), and temperature are indicated in
the ¢gure (lanes 1^5). Standard proteins, with their molecular
masses shown beside the gel, are in lane 6. Coomassie brilliant blue
was used for protein-staining.
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mol of acid-labile sulfur atoms per mol of the enzyme (based
on our previous report [31]), indicating its probable subunit
composition to be K1L1. These results suggest that one Mo-
cofactor and multiple Fe^S clusters (up to four clusters per
Mo) exist in the archaeal enzyme.

3.2. Cloning and nucleotide sequence analysis
The plasmid clones pNR1, pNR2 and their 13 subclones

were used to determine the nucleotide sequence of a DNA
stretch starting with the ¢rst basepair of a SmaI site and
ending with the last basepair of a SacI site. The resulting
sequence of 4500 bp contained two complete ORFs as de-
scribed in Section 2. ORF-1, which starts at nucleotide 545
and ends at nucleotide 3403, encodes a product of 952 amino
acid residues with an estimated molecular weight of 107 743.
The stop codon of ORF-1 overlaps with the start codon of
ORF-2 (nucleotides 3400^4476), which encodes a product of
358 residues with an estimated molecular weight of 41 121.
The N-terminal amino acid sequence of the larger subunit
was identical with a part of the deduced sequence of ORF-1
(see Fig. 2A). Further, the amino acid sequences of the two
tryptic digests matched the corresponding deduced inner se-
quences of ORF-2. These results demonstrate that the two
ORFs represent the genes encoding the large and small sub-
units of the H. marismortui enzyme, respectively. Nucleotide
and amino acid sequence data are available under accession
number AJ277440 in the EMBL nucleotide sequence data-
base.

3.3. Multiple amino acid sequence alignments and subcellular
localization

The deduced amino acid sequences of ORF-1 and ORF-2
showed overall homologies with those of the NarG and NarH
subunits of E. coli Nar enzyme (34.8 and 42.7% identities,
respectively). Therefore, ORF-1 and ORF-2 were designated
narG and narH, respectively. Interestingly, in addition to oth-
er bacterial NarGH enzymes, H. marismortui NarGH enzyme
also shows a signi¢cant structural similarity to Thauera sele-
natis dissimilatory selenate reductase (Ser), which is a terminal
enzyme in bacterial anaerobic selenate respiration that cata-
lyzes the reduction of selenate with a concomitant production
of selenite [19,28]. The amino acid sequences of SerA (918
residues) and SerB (327 residues) subunits of the T. selenatis
selenate reductase could be aligned with those of H. maris-
mortui NarG and NarH proteins with a few sequence gaps
(30.8 and 47.8% identities, respectively). However, the puri¢ed
H. marismortui NarGH enzyme did not reduce selenate, in-
dicating its distinctive substrate speci¢city.

As shown in Fig. 2A, the typical signal peptide containing a
twin-arginine motif and the following hydrophobic stretch
(-GLGAASLLGA-) are found in the N-terminal region of
H. marismortui NarG [23]. Similar signal peptides in the N-
termini of the catalytic subunits of several other related en-
zymes are known to determine the localization of the enzymes
relative to the cytoplasmic membrane, and the catalytic site of
T. selenatis SerA [28] has been shown to be located on the
periplasmic side on the basis of subcellular fractionation ex-

Fig. 2. Sequence alignments of the H. marismortui NarG (A) and NarH (B). Sequences were aligned with counterpart bacterial nitrate reduc-
tases and structural relatives using the CLUSTALW alignment algorithm [29]. A: Putative signal sequences are shown by lower case letters,
and twin-arginine motifs are boxed. Shaded residues highlight the N-terminal consensus motif -(Cys/His)-Xaa3-Cys-Xaa3-Cys-//-Cys-. In E. coli
Nar, a mutant NarG subunit, in which the consensus His (His50) is replaced by Cys, does not show any additional EPR signal in the g = 2 re-
gion [22]. On the other hand, site-directed mutagenesis of the second Cys of this motif in E. coli DmsA by Ala or Ser promotes assembly of
an extra [3Fe^4S] cluster [30], and the crystal structure of D. desulfuricans NapA shows the presence of a typical bacterial-type ferredoxin fold
containing a [4Fe^4S] cluster in close proximity to the Mo-bisMGD center [9]. Amino acids are numbered in the margins. B: Cys residues in
the putative Fe^S cluster-binding motifs are shaded. Numbers (1^4) under the conserved Cys residues correspond to the numbering of the pos-
sible arrangements of the four Fe^S clusters in the E. coli NarH protein proposed by Guigliarelli et al. [12]. HmNarGH, H. marismortui
NarGH (accession nunmer EMBL AJ277440); EcNarGH, E. coli NarGH (GenBank X16181); TsSerAB, T. selenatis SerAB (EMBL
AJ007744); EcDmsAB, E. coli DmsAB (GenBank J03412); DdNapA, D. desulfuricans NapA (GenBank Y18045).
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periments. The subcellular localization experiments with the
intact H. marismortui cells (see Section 2) clearly show that
the archaeal Nar enzyme can react with both membrane-im-
permeable MV and membrane-permeable BV in situ (Table
1). On the other hand, E. coli NarG does not possess any
signal sequence (Fig. 2A) and has been shown to be located
on the cytoplasmic side of the membrane [21] as it does not
react with MV in situ (Table 1). Hence, we suggest that the N-
terminal signal peptide of H. marismortui NarG also deter-

mines the localization of the catalytic site of the native Nar
complex in the periplasmic side of the archaeal membrane.

In Fig. 2, the deduced amino acid sequences in the N-ter-
minal region of H. marismortui NarG (Fig. 2A) and in the
internal regions of the NarH involved in the possible Fe^S
cluster binding motif (Fig. 2B) were aligned with the equiv-
alent regions of several Mo-bisMGD-containing enzymes, in-
cluding E. coli Nar, T. selenatis Ser, E. coli dimethylsulfoxide
reductase (Dms), and Desulfovibrio desulfuricans Nap. A pos-
sible [4Fe^4S] cluster binding motif with the complete cysteine
ligations was identi¢ed at the N-terminal part of E. coli DmsA
and D. desulfuricans NapA (Fig. 2A). Similar motifs were also
present in H. marismortui NarG, E. coli NarG and T. selenatis
SerA, but, in these cases, they are incomplete, as the ¢rst Cys
in the motif is replaced by His, and may not serve as ligands
to a [3Fe^4S]/[4Fe^4S] cluster [22]. In Fig. 2B, the deduced
sequence of H. marismortui NarH clearly indicates the pres-
ence of one regular [3Fe^4S] and three [4Fe^4S] cluster bind-
ing motifs that are equivalent to those previously reported for
E. coli NarH [6]. The site-directed mutagenesis studies on the
E. coli enzyme have suggested possible pairs of the cysteine
motifs for the cluster ligations (groups 1^4) as indicated in
Fig. 2B [12].

Table 1
Reactivities of MV and BV with nitrate reductase in the whole and broken cells of H. marismortui

NaR activity (Wmol/min/mg protein) MDH activity (Wmol/min/mg protein)

MV BV ^

H. marismortui whole cells 4.01 3.38 0.05 0.00
broken cells 3.89 3.40 0.02 0.53

E. coli whole cells 0.30 2.80 0.05 n.d.
broken cells 2.47 3.59 0.03 n.d.

The subcellular localization of the catalytic site of H. marismortui Nar enzyme was performed as described in Section 2. n.d., not determined.

Fig. 3. EPR spectra of H. marismortui nitrate reductase NarGH at
8.5^60 K. Spectra (A) and (B^G) are of the oxidized and dithionite-
reduced enzyme, respectively. The samples were produced in 6.3 mg
protein/ml in 100 mM Tris^HCl bu¡er (pH 7.8). In the E. coli Nar
enzyme, the equivalent EPR-visible Fe^S clusters in the g = 2 region
have been reported to be associated with the NarH subunit [12].
Modulation amplitude, 1.0 mT; microwave power, temperature, g
values, and relative gain are indicated in the ¢gure.

Fig. 4. Low-¢eld resonances in the EPR spectrum of dithionite-re-
duced H. marismortui nitrate reductase. Modulation amplitude, 1.0
mT; microwave power, 1 mW; temperature, 8.5 K. The g values
are indicated in the ¢gure.
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3.4. EPR spectroscopic analysis
In agreement with the results inferred by the sequence and

metal content analyses of H. marismortui nitrate reductase,
the EPR spectra of the oxidized enzyme showed a sharp
peak at g = 2.02 and a trough at g = 1.99, which are character-
istic of a [3Fe^4S]1þ cluster (Fig. 3A). Dithionite-reduced en-
zyme showed complex features consisting mainly of EPR sig-
nals at g = 2.06, 2.05, 2.04, 1.95, 1.91 and 1.89 (Fig. 3B^E),
with additional broad wing-like features at 8.5 K (Fig. 4).
These EPR signals are substantially broadened at tempera-
tures above 20 K (Fig. 3F, G), and hence have the character-
istics of S = 1/2[4Fe^4S]1þ clusters. The broad outer lines at
8.5 K of the reduced enzyme indicate spin^spin interactions
between adjacent [3Fe^4S] and/or [4Fe^4S] clusters, as found
in regular 8Fe- and 7Fe-containing dicluster ferredoxins [17].
The modi¢cations of the gz and gy signals on application of
di¡erent amounts of microwave power and temperatures are
consistent with the presence of at least three [4Fe^4S] clusters,
although the spectrum of the interacting pair of the reduced
clusters lacks some of the features of the spectra of individual
clusters. Double integration of the S = 1/2 resonances of the
oxidized and reduced H. marismortui enzyme suggested the
presence of approximately one [3Fe^4S] cluster and three
[4Fe^4S] clusters, as found in E. coli Nar [11,12] and as ex-
pected from the sequence features of H. marismortui NarH
(Fig. 2B). These four Fe^S clusters may mediate intramolec-
ular electron transfer between a physiological electron donor
and the Mo-bisMGD center in the archaeal enzyme.

In addition to the spectral contribution of multiple, spin-
coupled S = 1/2 species in the g = 2 region and a broad and
weak low-¢eld resonance associated with an S = 2[3Fe^4S]0

cluster, the EPR spectrum of the dithionite-reduced H. mar-
ismortui enzyme exhibited an additional broad EPR feature at
g = 5.7, 5.0 and V2.7 in the low ¢eld region (Fig. 4). This was
not observed with the 7Fe form of the dithionite-reduced zinc-
containing ferredoxin from S. tokodaii strain 7 containing one
[3Fe^4S] cluster and one [4Fe^4S] cluster [17] (data not
shown). This species was not observed with the oxidized H.
marismortui enzyme (data not shown), and is therefore likely
to be associated with a putative S = 3/2[4Fe^4S]1þ cluster
[1,13]. Since the low-¢eld EPR resonance has not been inves-
tigated in E. coli Nar or Dms, it is currently not known if this
center is unique to the reduced archaeal enzyme. Further
studies (including low-temperature magnetic circular dichro-
ism and Mo«ssbauer spectroscopies) will allow its detailed as-
signment and its possible correlation with the consensus Cys
groups in H. marismortui NarGH (Fig. 2).

In this study, we demonstrate that archaeal nitrate reduc-
tase from H. marismortui is composed of two subunits, NarG
and NarH, which have homologs in the bacterial domain, and
that it contains one [3Fe^4S] and at least three [4Fe^4S] clus-
ters, in addition to the catalytic Mo-bisMGD center charac-
terized previously [31]. The results are consistent with our
earlier report that the archaeal enzyme shows chlorate-reduc-
ing activity that is characteristic of the bacterial Nar enzymes
[31], and lend some credence to our proposal that they might
have evolved from a common ancestral soluble enzyme.

Our on-going sequence analysis of the archaeal nar gene
cluster further suggests that the puri¢ed NarGH probably
represents a minimal functional and structural module of a
larger membrane protein complex. We found several addition-
al ORFs downstream of the narGH genes (EMBL accession

number AJ429077), and assigned two genes encoding the
archaeal homologs of bacterial NarJ (a putative chaperon-
like protein involved in the Mo-pterin cofactor assembly)
and T. selenatis SerC (a putative cytochrome b subunit of
the bacterial selenate reductase). On the other hand, no narI
gene was found. We therefore suggest that the native H. mar-
ismortui dissimilatory Nar complex is phylogenetically and
perhaps structurally closely related to the T. selenatis Ser
complex, having the common catalytic site topology relative
to the membrane (Table 1) and the SerC-like cytochrome b
anchor. Intriguingly, another archaeal nitrate reductase com-
plex puri¢ed from the cytoplasmic membrane of a hyperther-
mophilic crenarchaeote Pyrobaculum aerophilum [2] is also a
molybdoenzyme having the b-type cytochrome, of which the
sequence shows similarity to the T. selenatis SerC. It seems
plausible to postulate that these archaeal Nar complexes may
represent a novel class of the membrane-bound Nar enzymes,
re£ecting their unique evolutionary consequences.

The puri¢ed H. marismortui NarGH does not have the
ability to oxidize quinol, a potential physiological electron
donor to the bacterial Nar, nor does it contain any cyto-
chrome b subunit that could mediate the intermolecular elec-
tron transfer from quinol to the Fe^S centers in NarH. The
sequence information and the presence of the multiple mem-
brane-bound b-type cytochromes in several halophilic archaea
[10] (Yoshimatsu, K., unpublished results) suggest that addi-
tional SerC-like b-type cytochrome subunit, probably dissoci-
ated from the halophile Nar complex during the puri¢cation,
is required for the physiological function. Further attempts to
isolate the whole H. marismortui Nar complex are in progress.
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