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Summary

Dissimilatory nitrate reductase (NAR) and assimi-
latory nitrate reductase (NAS) serve as key enzymes
for nitrogen catabolism and anabolism in many organ-
isms. We purified NAR and NAS from H. thermophi-
lus, a hydrogen-oxidizing chemolithoautotroph be-
longing to the phylogenetically deepest branch in the
Bacteria domain. Physiological contribution of these
enzymes to nitrate respiration and assimilation was
clarified by transcriptomic analysis and gene disrup-
tion experiments. These enzymes showed several fea-
tures unreported in bacteria, such as the periplasmic
orientation of NAR anchored with a putative trans-
membrane subunit and the specific electron transfer
from a [4Fe-4S]-type ferredoxin to NAS. While some
of their enzymatic properties are shared with NARs
from archaea and with NASs from phototrophs, phy-
logenetic analysis indicated that H. thermophilus
NAR and NAS have deep evolutionary origins that
cannot be explained by a recent horizontal gene trans-
fer event from archaea and phototrophs. These find-
ings revealed the diversity of NAR and NAS in non-
photosynthetic bacteria, and they also implied that the
outward orientation of NAR and the ferredoxin-de-
pendent electron transfer of NAS are evolutionarily
ancient features preserved in H. thermophilus.

Introduction

Nitrogen is an essential element in cellular compo-
nents along with carbon, hydrogen, and oxygen; thus,
oxidoreduction of nitrogen compounds is involved in
a diverse range of cellular anabolic and catabolic path-
ways. Nitrate is an abundant form of nitrogen in natu-
ral environments, and nitrate-reducing pathways oper-
ate in many microbes as the first reaction of their cen-
tral metabolism, namely, nitrate assimilation and res-
piration.

During nitrate respiration, membrane-bound dis-
similatory nitrate reductase (NAR; EC 1.7.99.4) re-
duces nitrate to nitrite via a transfer of electrons from
quinol. NAR is classified into two subtypes depending
on its localization, nNAR and pNAR, whose catalytic
centers are located on the cytoplasmic and the exterior
sides of cell membrane, respectively (Richardson et
al., 2001). Known nNAR and pNAR are specifically
distributed in bacteria and archaea, respectively, and
no bacterial pNAR has been found and characterized
although many bacterial NAR genes possess remnant
signal peptide regions in their N termini (Martinez-Es-
pinosa et al., 2007, Ize et al., 2009). nNAR consists
of the following heterotrimeric subunits: a catalytic
subunit containing a molybdenum cofactor (NarG), a

ferredoxin (Fd)-like electron transfer subunit contain-
ing Fe-S clusters (NarH), and the membrane-integral
subunit with transmembrane helices (Narl). Archaeal
pNAR shares homologous NarG and NarH with
nNAR, but contains no Narl homolog. pNARs have
been purified as a two-subunit (Hochstein & Lang,
1991, Yoshimatsu et al., 2000, Yoshimatsu et al.,
2002) or three-subunit (de Vries et al., 2010) heter-
omer, and the latter contains a membrane-anchored
subunit, NarM, in addition to NarGH. The nitrite pro-
duced by nNAR is excreted to the periplasmic space
by a transporter and is further reduced to nitric oxide
by dissimilatory nitrite reductase (ANIR; EC 1.7.2.1)
in the periplasm. Nitrate reduction by nNAR accom-
panies formation of a transmembrane proton gradient,
which allows for energy conservation and ATP syn-
thesis under anaerobic conditions with nitrate serving
as the terminal electron acceptor instead of oxygen.
In contrast to nitrate respiration, nitrate assimila-
tion is catalyzed by cytosolic soluble enzymes—as-
similatory nitrate reductase (NAS) and assimilatory
nitrite reductase—which reduce nitrate to nitrite and
nitrite to ammonium, respectively. The resulting am-
monium is incorporated into organic compounds dur-
ing anabolic synthesis of various nitrogenous metabo-
lites. Bacterial NAS is classified into two groups that
use different kinds of electron donors (Moreno-Vivian
etal., 1999, Richardson et al., 2001). One group reacts
with NADH or NADPH and is called NAD(P)H-de-
pendent NAS (NAD[P]JH-NAS; EC 1.7.1.2). The
other group uses Fd, a small metalloprotein known as
an electron carrier involved in photosynthesis and var-
ious redox metabolic pathways. This group is called
Fd-dependent NAS (Fd-NAS; EC 1.7.7.2) and has
been found in cyanobacteria, whereas NAD(P)H-NAS
is the type of enzyme predominant among nonphoto-
synthetic bacteria. As an exception, one study reported
Clostridium perfringens NAS as Fd-NAS (Chiba &
Ishimoto, 1973), but later analyses suggested that this
NAS is most likely not Fd-NAS but NAD(P)H-NAS
(Fujinaga et al., 1999). NAD(P)H-NAS is a heterodi-
meric enzyme composed of a catalytic subunit and an
NAD(P)H-binding subunit, whereas Fd-NAS is a
monomer of a subunit homologous to catalytic subu-
nits of NAD(P)H-NAS and NAR (NarG).
Hydrogenobacter thermophilus TK-6 is a hydro-
gen-oxidizing chemolithoautotroph belonging to Ag-
uificales, the phylogenetically deepest branch in the
Bacteria domain. This species’ unique central metab-
olism has been subjected to intensive biochemical
studies as a model organism for research on bacteria



Table 1. Purification of NAR from H. thermophilus

Fraction Activity® Protein  Specific activity ~ Purification Yield
©) (mg) (U/mg) (-fold) (%)
Solubilized fraction 2.6 15 0.17 1 100
Butyl-Toyopearl 3.8 1.9 2.0 12 147
CM-Toyopearl 2.7 0.86 3.1 19 104
MonoS 2.3 0.18 13 75 88

a, Assayed by using MV as the electron donor.

with outstanding evolutionary lineages. H. thermoph-
ilus optimally grows on ammonium as the assimila-
tory source of nitrogen, but can also use nitrate as an
alternative nitrogen source (Kawasumi et al., 1984).
Although H. thermophilus is tolerant to oxidative
stresses and able to grow by aerobic respiration (Sato
etal.,2014, Sato et al., 2012a), this bacterium can also
grow by nitrate respiration under anaerobic conditions,
by switching the terminal electron acceptor from oxy-
gen to nitrate and producing dinitrogen as a final prod-
uct (Suzuki et al., 2001). A number of novel charac-
teristics have been found in the nitrogen metabolism
of this bacterium (Suzuki et al., 2006b, Kameya et al.,
2006, Kameya et al., 2010, Chiba et al., 2012a, Chiba
et al., 2012b), but neither NAR nor NAS of H. ther-
mophilus has been analyzed biochemically.

In the present study, NAR and NAS were purified
from H. thermophilus, and their physiological func-
tion was determined by transcriptomic analysis and
gene disruption experiments. These enzymes were
found to have several unexpected features that were
previously assumed to be specific to archaea or pho-
tosynthetic organisms. We also discuss the networks
of electron transfer and energy synthesis in this bacte-
rium.

Results
NAR purification

To detect H. thermophilus NAR, the cells were an-
aerobically cultivated with nitrate as the terminal elec-
tron acceptor, and NAR activity was assayed in the
solubilized membrane fraction. When an artificial
electron carrier, methyl viologen (MV), was used as
the electron donor in assay mixtures, the membrane
fraction showed significant activity to reduce nitrate
to nitrite. This result suggested the presence of a mem-
brane-bound nitrate reductase.

An enzyme responsible for this activity was puri-
fied (Table 1). The purified protein yielded three
bands on SDS-PAGE analysis (Fig. 1A). N-terminal
sequences of the large and middle subunits (desig-

nated as NarG and NarH, respectively below) were de-
termined to be FRVMEPV and AKAFN, respectively.
The former sequence is identical to residues 27-33 of
a putative molybdoenzyme encoded by HTH 1717
(narG), suggesting cleavage of its N-terminal 26 resi-
dues. The latter sequence is identical to residues 2—6
of the protein encoded by HTH_ 1716 (narH). The N
terminus of the small subunit (designated as Narl be-
low) could not be sequenced, probably due to a post-
translational modification. Chemical cleavage by
CNBr and subsequent N-terminal sequencing identi-
fied the terminus as GDKDHRYV; this sequence is
identical to the internal sequence of the protein en-
coded by HTH 1715 (narl). The three genes consti-
tute a gene cluster in the genome (Fig. 2A). The mo-
lecular masses of the products of these genes were cal-
culated to be 132, 42, and 32 kDa, respectively. These
values are consistent with those estimated from the
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Figure 1. SDS-PAGE analysis of the NAR (A) and NAS (B) purified
from H. thermophilus. For separation, 13% (A) or 10% (B) acrylamide
gels were used. Lanes M: molecular mass markers.
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Figure 2. Physical maps of the gene clusters of NAR (A) and NAS (B)
in the H. thermophilus genome. Numbers represent the HTH_ locus tags
of genes that do not have an assigned name.



band positions on SDS-PAGE.

The amino acid sequences of these subunits were
compared with those of known bacterial NARs. The
proteins encoded by HTH 1717 and E. coli narG
(NCBI GI 16129187) share similarity (25% identity
and E-value of 3 x 10~%%), suggesting that HTH_ 1717
encodes the catalytic subunit of the purified enzyme.
Unexpectedly, this similarity is significantly lower
than that between E. coli and archaeal NarGs (e.g.,
33% identity and the E-value of 3 x 10?7 between E.
coli and Haloferax mediterranei NarGs). This low
similarity indicates that HTH 1717 is phylogenet-
ically distant not only from archaeal but also from
known bacterial NarGs. HTH 1716 showed similarity
with E. coli NarH (NCBI GI 16129188) with 29%
identity and the E-value of 1 x 10!, On the other
hand, HTH_ 1715 shares no significant similarity with
bacterial narl.

HTH 1715 showed low similarity to NarM of ar-
chaeal pNAR, for example, 25% identity and the E-
value of 8 x 102 in relation to H. mediterranei NarM
(NCBI GI 41349583). In addition, its downstream
gene, HTH 1714, is homologous to archaeal nar.J that
encodes a chaperone for NAR maturation. The pres-
ence of genes homologous to archaeal narM and narJ
suggested that the NAR of H. thermophilus has archi-
tectural and biosynthetic features similar to those of
NARs purified from archaea.

The SOSUI (Mitaku et al, 2002) and TMAP
(Milpetz et al., 1995) software packages predicted the
existence of a single transmembrane helix in the N ter-
minus of the H. thermophilus Narl. Meanwhile,
known bacterial Narls and archaeal NarMs possess
five and two transmembrane helices, respectively (de
Vries et al., 2010), suggesting that the H. thermophi-
lus Narl is more loosely associated with the membrane
than these anchor subunits. No additional transmem-
brane helix was found in the other region of H. ther-
mophilus NarGHI.

Four genes with an unknown function (HTH 1718
through HTH 1721) were adjacent to the region up-
stream of narG. Although the NAR gene clusters in
many bacteria contain narK encoding a nitrate/nitrate
transporter, which imports nitrate and exports nitrites
for periplasmic dNIR, no narK homolog is present in
the gene clusters encoding ANIR (Suzuki et al., 2006b)
and NAR in H. thermophilus.

Known bacterial NarG homologs possess a rem-
nant twin-arginine motif at their N termini (Ize et al.,
2009, Martinez-Espinosa et al., 2007). While the ca-
nonical twin-arginine motif causes a protein export

across the cell membrane followed by the cleavage of
the signal peptide, the remnant motif is responsible to
NAR maturation without accompanying the protein
translocation and the peptide cleavage. H. thermophi-
lus NarG possesses the twin-arginine motif in the N
terminus region, and this region shows a higher degree
of conservation of this motif in comparison with other
bacterial NarGs (Fig. 3). This N-terminal sequence
pointed to the possibility that the highly conserved
twin-arginine motif allows H. thermophilus NAR to
be translocated into the periplasmic side of the cell
membrane as reported only in archaea (Yoshimatsu et
al., 2002, Martinez-Espinosa et al., 2007). In addition,
it should be noted that this N-terminal region was
cleaved from the NarG purified from H. thermophilus.
While similar truncation has been reported in NarG of
archaeal pNAR, such truncation has not been reported
in bacterial nNAR (Fig. 3). The conserved motif se-
quence and its cleavage strongly suggest that this re-
gion functions as a secretion signal peptide and that
NAR is translocated to the periplasmic side in H. ther-
mophilus.

The whole-cell assay of NAR

To identify the localization of NAR, the whole-cell
NAR activity was assayed with MV or benzylviologen
(BV) serving as the electron donor. Although MV and
BV are artificial electron carriers with similar struc-
ture, the reduced form of the latter can penetrate the
cell membrane whereas that of the former cannot
(Carter et al., 1995, Jones & Garland, 1977). The in-
tact cells showed a significant NAR activity when
each electron carrier was used (Table 2), as is the case
for archaeal pNARs (Martinez-Espinosa et al., 2007,
Yoshimatsu et al., 2002, de Vries et al., 2010). These
activities were approximately constant before and af-
ter the sonication of the cell suspension, indicating
that H. thermophilus NAR is located on the periplas-

Bacillus 6 RSPLFRBILNYFSPI-EHHSNKHS Bacteria

Pseudomonas 1 MSHLLDIRLOFFKKKQGEFADGHG Bacteria

Escherichia 1MSKFLDIRIFRYFKQKGETFADGHG Bacteria

Haloferax 40 DSGVEIRWTIPEGIGVASLLGIGT Archaea

Hydrogenobacter 1MSDLISNSDLIBNMGGLSLTAMLSP Bacteria
[#RRxFLK]
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Figure 3. Alignment of N-terminal regions of NarG homologs and the
conserved sequence of the twin-arginine motif, [S/TIRRXFLK. The
strains and NCBI GI numbers of each NarG homolog are as follows:
Pseudomonas fluorescens, 11344601; E. coli MG1655, 16129187; B.
subtilis 168, 255767790; H. marismortui, 18447796; H. thermophilus
TK-6, 288788417. Lower case letters represent the residues cleaved
from mature NarG, which have been clarified by N-terminal amino acid
sequencing in this study and previous studies (McPherson ef al., 1984,
Philippot et al., 1997, Yoshimatsu et al., 2002). Regions where the twin-
arginine motif is conserved are shown as black boxes.



Table 2. Enzymatic activity of intact and sonicated cells

NAR (%)*? Malate dehydrogenase (%) ©
MV BV —b
Intact cells? 751  87+6 <2 243
Disrupted cells® 100£1 9146 <2 100£9

Relative activities of NAR and malate dehydrogenase are shown with standard deviations (n = 3).

a, All assay mixtures contained 5 mM dithionite and the specified electron carrier. Activity of the disrupted cells with MV was set to 100%.

b, No electron carrier was added.

¢, All assay mixtures contained 0.2 mM NADH as the electron donor for malate dehydrogenase. Activity of the disrupted cells with MV was set to
100%.

d, A suspension of intact cells without sonication was used for the assays.

e, A suspension of intact cells was sonicated and then used for the assays.

Table 3. Purification of NAS from H. thermophilus

Fraction Activity® Protein Specific activity Purification Yield
L) (mg) (U/mg) (-fold) (%)
Crude extract 18 962 0.019 1 100
Butyl-Toyopearl 16 65 0.24 13 88
DEAE-Toyopearl 5.8 21 0.28 15 32
Hydroxyapatite 4.1 2.9 1.4 76 23
MonoQ 0.45 0.032 14 758 3

a, Assayed by using Fd1 as the electron donor

mic and not the cytosolic side. The successful prepa-
ration of the intact cells without significant contami-
nation with disrupted cells was confirmed by the ab-
sence of malate dehydrogenase activity in the intact
cell suspension (Table 2).

NAS purification

To identify H. thermophilus NAS, we cultivated
the cells under aerobic conditions in the presence of
nitrate as the sole nitrogen source and prepared the cy-
tosolic crude extract. No significant nitrate-reducing
activity was detected when NADH or NADPH was
used as the electron donor in the assay. This result sug-
gested that H. thermophilus possesses no NAD(P)H-
NAS, which is the dominant type of NAS among non-
photosynthetic bacteria. When reduced MV was used
in the assay as the electron donor, a nitrate-reducing
activity was detected, and the enzyme responsible for
this activity was purified from the crude extract. The
purified enzyme, however, was identical to NarGHI,
indicating that the MV-dependent activity (that we de-
tected in the cytosolic fraction) came not from NAS
but from NAR. This result is also suggestive of the
leaky expression of NAR under aerobic conditions
and its weak binding to the cellular membrane.

Three Fds, Fd1, Fd2, and Fd3, have been found in
H. thermophilus, and some of them were shown to
serve as an electron carrier in the central metabolism
of this bacterium (Ikeda ef al., 2010, Yamamoto et al.,

2010, Kameya et al., 2007). Unexpectedly, a signifi-
cant nitrate-reducing activity was detected in the crude
extract when either reduced Fd1l or Fd2 was used as
the electron donor. Because the purified NAR showed
no significant activity toward these Fds (see below),
we assumed that another nitrate reductase reactive
with the Fds was present in the crude extract. This Fd-
dependent activity was detected in the crude extract of
the cells grown with nitrate, but was undetectable in
the cells grown with ammonium, suggesting that ex-
pression of this enzyme is induced by the culture con-
ditions where nitrate is assimilated as the nitrogen
source.

The enzyme responsible for the Fd-dependent ni-
trate reductase activity was enriched and nearly puri-
fied from the cytosolic crude extract (Table 3). The
purified fraction yielded a single band on SDS-PAGE
(Fig. 1). The N-terminal amino acid sequence was
MVPFQ, and this sequence is identical to the N termi-
nus of the protein encoded by HTH 1110 (designated
as nasB). The molecular mass calculated from the pri-
mary sequence was 77 kDa, and this value was in
agreement with the molecular weight estimated by
SDS-PAGE. NasB is homologous to cyanobacterial
Fd-NAS (39% identity and E-value of 2 x 10~!72 rela-
tive to Symechococcus elongatus NAS; NCBI GI
499561846) and the catalytic subunit of NAD(P)H-
NAS (42% identity and E-value of 5 x 10~'7 in rela-
tion to Pseudomonas aeruginosa NAS; NCBI GI



740617567). nasA, a gene homologous to those en-
coding a nitrate transporter, is located 2 bp upstream
of nasB (Fig. 2B). No gene homologous to the
NAD(P)H-binding subunit of NAD(P)H-NAS was
found in this gene cluster. These genetic observations
support our notion that H. thermophilus possesses not
NAD(P)H-NAS but Fd-NAS encoded by nasB.

Phylogenetic analysis of NAR and NAS

Using the amino acid sequences of catalytic subu-
nits of NAR and NAS, we constructed a phylogenetic
tree (Fig. 4).

H. thermophilus NAS forms a cluster with homo-
logs from Agquificales, suggesting that similar Fd-
NASs prevail among this order. While Fd-NAS has
been found also in cyanobacteria and haloarchaea, the
H. thermophilus NAS is located outside the two clus-
ters of the reported Fd-NASs. This phylogenetic dis-
tance suggests that the H. thermophilus FAd-NAS has
evolved independently of the known Fd-NASs, as is
the case with the Fd-dependent glutamate synthase
(Fd-GltS; EC 1.4.7.1) in this bacterium (Kameya ef al.,
2007).

Surprisingly, H. thermophilus NAR is located out-
side the large cluster consisting of known NARs along

100 Hydrogenobacter NAS
99 Sulfurinydrogenibium NAS (501434140)*
89 Thermocrinis NAS (644376184)*

100

100

i

Aquifex NAS (15605773)*
Persephonella NAS (225850442)*
Pseudomonas NAS (15596976)
Rhodobacter NAS (33415333)
Klebsiella NAS (206565980) &
Anabaena Nas (75910741) NAP
Synechococcus NAS (81300044)
Haloferax NAS (41222509)

Escherichia NAR (89108072)
Thermus NAR (2105093)
w0 Thioalkalivibrio NAR (430010046)*
100 Hydrogenobaculum NAR (195952716)*
0.2 Hydrogenobacter NAR

with ethylbenzene dehydrogenase (EC 1.17.99.2) and
selenate reductase (EC 1.97.1.9), periplasmic molyb-
doenzymes serving as the outgroup of known NARs.
This distinct phylogenetic position is suggestive of
early divergence of H. thermophilus NAR before the
ancestor of previously reported NARs branched from
those of the other molybdoenzymes.

Enzymatic properties of NAR and NAS

Gel filtration estimated the native molecular
masses of the purified NAR and NAS to be 107 and
42 kDa, respectively. The latter value is significantly
lower than that of the single polypeptide of NasB (77
kDa), indicating that the purified enzyme was mono-
meric. The reason why this chromatographic estimate
of molecular mass is so low might be the compact
folding of thermophilic enzymes, as often seen in en-
zymes of this bacterium (Kameya et al., 2007,
Kameya et al., 2010). Likewise, it is conceivable that
NAR forms a heterotrimer of NarGHI because the es-
timated mass was lower than the sum of the masses
deduced from sequences (206 kDa).

The purified NAR and NAS showed the highest ac-
tivity in pH ranges 7.0-8.0 and 7.5-8.4, respectively.
Although MV and BV could serve as electron donors

Bacterial NAD(P)H-NAS NAS

Cyanobacterial Fd-NAS

Haloarchaeal Fd-NAS
Haloarcula NAS (55379268)"
100 Escherichia NAP (89109022) NAP
100t Persgphoneﬂa NAP (225849857)" (outgroup for NAS)
Sulfurihydrogenibium NAP (188996384)"
80 Thauera SER (5764052) SER & EBD
Azoarcus EBD (14994027) (outgroup for NAR)
85 100— Haloarcula NAR (55378002)
L Haloferax NAR (41349577) Archaeal pNAR (1)
100 Aeropyrum NAR (118431398)"
9 Pyrobaculum NAR (18314193) | Archaeal pNAR (2) NQR
Bacillus NAR (255767790) other MoEnz
Pseud NAR (15599070
100 100 seudomonas ( ) [Bacterial nNAR

Figure 4. The Phylogenetic tree of nitrate reductases and other molybdoenzymes (MoEnz) constructed by the maximum likelihood method on the
basis of the amino acid sequences of the catalytic subunit. NCBI GI numbers of each sequence are shown in parentheses. Bootstrap confidence values
(>70) are shown as percentages of bootstrap replicates. Asterisks represent putative proteins that have not been purified and characterized in other
studies. Periplasmic nitrate reductase (NAP; EC 1.9.6.1), the third group of nitrate reductase (Richardson et al., 2001, Sparacino-Watkins et al., 2014),
serves as the outgroup of NASs. Two molybdoenzymes—ethylbenzene dehydrogenase (EBD) and selenate reductase (SER)—were used as the out-

group of known NARs.



for NAR, no significant NAR activity was observed
when NADH, NADPH, or any of the Fds from H.
thermophilus were used instead. NAS showed compa-
rable reactivity toward Fdl and Fd2, [4Fe-4S]-type
Fds sharing high homology to each other (Ikeda et al.,
2005). The K, value for Fd1 was estimated to be 11 +
2 uM. Unexpectedly, NAS showed no significant re-
activity toward MV, BV, or Fd3, a [2Fe-2S]-type Fd.
Fd-NASs that have been found among cyanobacteria
and haloarchaea react with [2Fe-2S] Fds as native
electron donors and with MV and BV as artificial elec-
tron donors (Rubio ef al., 1996, Martinez-Espinosa et
al., 2001). Thus, the absence of reactivity with these
electron donors is unusual among known Fd-NASs.

Transcriptomic analysis

The expression pattern of NAR and NAS was stud-
ied by microarray analysis of cells grown in the aero-
bic ammonium-rich condition (A) as a control, the an-
aerobic condition where denitrification is active (B),
or the aerobic ammonium-limited condition where ni-
trate assimilation is active (C).

Expression of the genes in the NAR cluster was in-
duced by condition B, whereas that in the NAS cluster
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was induced by condition C (Fig. 5). These expression
patterns indicate that expression of NAR and NAS is
induced by an oxygen and ammonium deficiency, re-
spectively. Nitrate respiration is energetically less fa-
vorable than aerobic respiration. Likewise, nitrate as-
similation is unfavorable compared to ammonium as-
similation because the former requires an additional
reducing power to convert nitrate to ammonium. Thus,
the regulations of nitrate respiration and assimilation
observed in this study should enhance the metabolic
efficiency of H. thermophilus by repressing these un-
favored pathways in the presence of oxygen and am-
monium, respectively. Significant induction of nar-
GHI and nasAB expression was not observed in con-
ditions C and B, respectively.

No significant change was observed in the tran-
scriptional activity of HTH 1721-1718 and of
HTH 1108 (cobA2) through HTH 1105 under the
conditions tested. This expression profile suggests that
none of these genes is included in the NAR and NAS
operons or involved in nitrate respiration and assimi-
lation.

Outside the NAR and NAS gene clusters, the ex-
pression of dissimilatory nitrite reductase (nirS) and

1105
1106

ginB5 nasA hemD2 1107
cynS nasB CObA2

NAR gene cluster

NAS gene cluster

Figure 5. The microarray gene expression profile of the genes in the NAR and NAS gene clusters. The length of the white, gray, and black bars
represent the mean of the microarray signal values of each gene under the nitrate-free aerobic (condition A), anaerobic (condition B), and ammonium-
free aerobic conditions (condition C), respectively. Error bars represent the standard deviations of the signal values.
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Figure 6. Growth curves of H. thermophilus strains under aerobic (A) and anaerobic (B) conditions. Optical density at 540 nm of wild type (circles)
and AnasB (squares) was plotted. The culture medium contained 4 g/l sodium nitrate with (closed symbols) or without (open symbols) 3 g/l ammonium
sulfate as a nitrogen source. Error bars represent the standard deviations of the optical density at each time point.
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nitric oxide reductase (norBC) was significantly up-
regulated >10-fold under condition B. These two en-
zymes are involved in nitrate respiration along with
NAR, and the present result demonstrates that the ex-
pression of these genes is induced at the transcrip-
tional level under the anaerobic condition. The exist-
ence of a unique regulatory system is suggested the
upstream region of these genes, where the consensus
binding motifs of known expression regulators are ab-
sent as described previously (Suzuki et al., 2006a, Su-
zuki et al., 2006b). On the other hand, the ammonium-
limited condition C induced the expression of the
genes encoding ammonium transporter (amtB) >100-
fold, which forms a gene cluster with glutamine syn-
thetase (g/nA) on the genome. In many organisms,
these two proteins are involved in the ammonium as-
similation, and their expressions are induced by a tran-
scriptional regulator, NtrC, responsive to ammonium
starvation. No NtrC-binding motif (Reitzer & Ma-
gasanik, 1986) is found in the upstream regions of the
gene clusters harboring nasB and amtB in the H. ther-
mophilus genome, suggesting that another unknown
mechanism regulates the expression of these genes in
response to nitrogen availability.

Gene disruption

A AnasB mutant was prepared by insertion of a
kanamycin resistance gene into nasB according to a
previously described method (Yamamoto et al., 2006).
We also attempted to prepare a AnarG mutant by the
same method, without success.

Under aerobic conditions, the AnasB mutant did
not grow on nitrate in the absence of ammonium, and
addition of ammonium restored the growth of this mu-
tant (Fig. 6A). This result demonstrated that NasB is
necessary for nitrate assimilation and cannot be com-
pensated by other enzymes. On the other hand, nasB
was found to be unnecessary for denitrification be-
cause the AnasB mutant showed vigorous growth un-
der anaerobic conditions in the presence of ammo-
nium (Fig. 6B). One study on a ANAS mutant of Ba-
cillus subtilis showed that anaerobic conditions al-
lowed this mutant to grow well on nitrate as the sole
nitrogen source because its nNAR expression was in-
duced and provided nitrite for assimilation in the cy-
toplasm (Nakano et al., 1998). In contrast to B. subtilis,
H. thermophilus AnasB showed only faint growth in
the anaerobic condition without ammonium, even
though NAR expression was expected to be induced.
The probable reason for the difference in growth be-
havior of the ANAS mutants is the difference in NAR
localization, i.e., either the cytosolic or periplasmic

side of the membrane.

Discussion

In this study, NAR and NAS were purified from H.
thermophilus, and their enzymatic features including
the subunit composition, localization, electron donors,
expression profile, and physiological role were clari-
fied.

Localization of NAR on the periplasmic side of the
membrane is a feature previously unknown among
bacteria. The whole-cell assay of NAR activity re-
vealed the outward orientation of this enzyme in H.
thermophilus. Furthermore, the highly conserved
twin-arginine motif and its truncation in the purified
NarG confirmed the periplasmic localization of the H.
thermophilus NAR. Similar outward orientation has
been reported for archaeal pNARs from Haloarcula
marismortui (Yoshimatsu et al., 2002), H. mediterra-
nei (Martinez-Espinosa et al., 2007), and Pyrobacu-
lum aerophilum (de Vries et al., 2010). Here we
clearly demonstrated the presence of pNAR in bacte-
ria, whereas previously this enzyme has only been
found in archaea. Genes encoding a component of the
twin-arginine translocation machinery are found in the
H. thermophilus genome (HTH_0502-0505), and their
homolog in a related species has been characterized
(Rollauer et al., 2012). In addition, twin-arginine mo-
tifs are also found in other membrane-bound proteins
in H. thermophilus (Ueda et al., 2007). These facts are
consistent with the NAR export by the twin-arginine
translocation system in this organism. pNAR does not
require any nitrate/nitrite transporter in principle
whereas nNAR does (Fig. 7). The absence of the
transporter gene in the NAR gene cluster agrees with
the outward orientation of H. thermophilus NAR. The
poor growth of the ANAS mutant on nitrate under an-
aerobic conditions is also conceivable because pNAR
cannot provide intracellular nitrite for assimilation in
place of NAS.

H. thermophilus Narl is homologous to EbdC in
ethylbenzene dehydrogenase, whose crystal structure
has been solved (Kloer et al., 2006). Comparison of
the primary sequences revealed that residues involved
in the binding of heme b in EbdC are conserved in H.
thermophilus Narl, and thus Narl possibly coordinates
heme for the electron transfer from an external donor
to NarGH. It is still unclear what electron-transfer
component donates electrons to Narl in this bacterium.
Although haloarchaeal pNARs are supposed to form a
supercomplex with the Rieske protein and diheme cy-
tochrome b (Yoshimatsu et al., 2007, Martinez-Espi-
nosa et al., 2007), H. thermophilus genome contains



no homologs of these haloarchaeal genes. H. ther-
mophilus oxidizes hydrogen as the energy source, and
previous studies identified membrane-bound hydro-
genases (Ueda et al., 2007, Ishii et al., 2000, Sato et
al., 2012b) that transfer electron to methionaquinone
in this bacterium (Ishii ez al., 1991). In addition, H.
thermophilus conserves genes encoding the respira-
tory complex I, and the electron transfer from NADH
to ubiquinone was observed in a relative species
(Scheide et al., 2002). Thus, it is plausible that the hy-
drogenases and the complex I serve as indirect elec-
tron donors for NAR if Narl can receive electrons
from the quinone pool.

From a bioenergetics standpoint, nNAR is advan-
tageous because it can generate a proton electrochem-
ical gradient across the cytoplasmic membrane for
ATP synthesis (Fig. 7B). On the other hand, pNAR
cannot generate the proton gradient by itself due to the
periplasmic localization of its catalytic center (Fig.
7A). Thus, the outward orientation of H. thermophilus
pNAR seems energetically disadvantageous, although
it may contribute to a proton gradient formation if it
couples with the complex I or hydrogenases. Mean-
while, a potential advantage of the periplasmic locali-
zation is protection of cells from toxic nitrogen oxides
at a high growth temperature of H. thermophilus, as
suggested by a study on pNAR from P. aerophilum
(de Vries et al., 2010).

Our analysis shows that H. thermophilus NAR 1is
phylogenetically distant from the archaeal pNARs
(Fig. 4) despite sharing the same localization on the
cell membrane. This phylogenetic distance indicates
that H. thermophilus NAR and archaeal pNARs have
not been acquired by horizontal transfer between these
taxa but evolved independently. This evolutionary
conclusion and the phylogenetically deep origin of H.
thermophilus suggests that bacterial nNAR evolved
from pNAR, and this idea is consistent with a previous
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presumption that nNAR is derived from an enzyme
with the outward orientation (Ize et al., 2009). The de-
duced origin of nNAR indicates that the energetically
unfavored pNAR system, which was originally be-
lieved to be specific to archaea, is not a minor deriva-
tive but an ancestral form of the energetically favored
nNAR system.

The phylogenetic branch of H. thermophilus NAR
is located not only outside that of known NARs, but
also outside the phylogenetic branch of other periplas-
mic molybdoenzymes such as ethylbenzene dehydro-
genase and selenate reductase. The phylogenetic tree
suggests that H. thermophilus NAR diverged from
other NARs at the earliest evolutionary stage and that
the above molybdoenzymes have evolved from the
probable ancestral pNAR. The latter notion is in
agreement with a previously reported hypothesis that
archaeal pNARs are evolutionary precursors of the
periplasmic molybdoenzymes (de Vries et al., 2010).

We identified H. thermophilus NAS as Fd-NAS not
NAD(P)H-NAS. Another example of Fd-dependent
enzymes involved in nitrogen anabolism of this bacte-
rium is Fd-GItS, which had been believed to be spe-
cific to cyanobacteria and plants before its discovery
in H. thermophilus (Kameya et al., 2007). Thus, the
studies revealed that an Fd-dependent metabolic net-
work, which is driven by Fd-NAS and Fd-GltS, is pre-
sent not only in photosynthetic organisms but also in
nonphotosynthetic bacteria including H. thermophilus.
This finding suggests that Fd may serve as an electron
carrier in nitrogen assimilation in a wider range of or-
ganisms than previously thought. Indeed, Fd-GItS was
recently found in the Archaea domain (Pire et al.,
2014), and an interesting future question is what range
of organism possesses the Fd-dependent network in
nitrogen anabolism.

The physiological and evolutionary background for
the existence of an Fd-dependent metabolic network
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Figure 7. Organization of NAR and NAS in H. thermophilus (A) and other nonphotosynthetic bacteria (B). The catalytic subunits of NAR and NAS
are shown as gray circles. The other subunits are shown as open rounded squares. Electron transfers are indicated by dotted arrows. 4, NAR is linked
to hydrogenase through a putative electron transfer mediated by a quinone pool. B, Assimilatory and dissimilatory nitrate transporters are labeled as
NasA and NarK, respectively, which are the typical gene names of these transporters.



is an intriguing issue because the corresponding net-
work in many organisms is NAD(P)H-dependent. It is
believed that Fd appeared as a primordial electron car-
rier at the earliest evolutionary stage of life, and that
NAD(P)H and NAD(P)H-dependent oxidoreductases
replaced Fd and Fd-dependent enzymes at a later stage
(Daniel & Danson, 1995, Fitch & Bruschi, 1987, Eck
& Dayhoft, 1966). In cyanobacteria, Fd is an electron
carrier indispensable for photosynthesis, the central
energy metabolism of phototrophic organisms. Mean-
while, H. thermophilus utilizes Fd as an essential elec-
tron carrier for the reductive tricarboxylic acid cycle
(Ikeda et al., 2010, Yamamoto et al., 2006, Yamamoto
et al., 2010), the central carbon metabolic pathway via
which this bacterium fixes carbon dioxide as the sole
carbon source. This multifaceted physiological neces-
sity of Fd should have forced each organism to main-
tain a constitutive supply of reduced Fd as a major
pathway of intracellular electron flux. Consequently,
this constraint might have prevented these organisms
from replacing the Fd-dependent enzymes in nitrogen
anabolism by NAD(P)H-dependent enzymes.

All of the reported Fd-NASs react with [2Fe-2S]-
type Fds (Rubio et al., 1996, Martinez-Espinosa et al.,
2001), which are often called “plant-type Fd.” In con-
trast, H. thermophilus NAS showed no significant ac-
tivity toward [2Fe-2S]-type Fd3 and instead reacted
with [4Fe-4S]-type Fd1 and Fd2. While Fd1 and Fd2
are highly homologous to each other, Fd3 shares no
significant similarity to these two Fds. Thus, it is con-
ceivable that the difference in the structure of Fd1-3
can differentiate their reactivity with NAS, as often re-
ported in previous studies on Fd-dependent enzymes
(Ikeda et al., 2005). In addition, another distinctive
feature of H. thermophilus NAS is the absence of an
activity toward MV and BV, which are commonly
used for assays of Fd-dependent enzymes. The reason
for this unusual feature is unknown, but it is possible
that the binding of Fd may cause a conformational
change accompanying activation of the catalytic cen-
ter. Structural analysis of this enzyme may elucidate
the molecular mechanism. The above finding also
suggests the possibility that previous studies using
MYV and BV might have overlooked undiscovered Fd-
dependent enzymes.

Our homology search identified homologs of
H. thermophilus Fd-NAS and pNAR among Aquifi-
cales species (Fig. 4). Genes highly homologous to H.
thermophilus narG were found in several e-proteobac-
terial species such as Thioalkalivibrio nitratireducens.
In this bacterium, a soluble monomeric nitrate reduc-
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tase was identified (Filimonenkov et al., 2010) alt-
hough the gene encoding this enzyme was not. Further
studies on these phylogenetically outstanding en-
zymes may expand our knowledge about the diversity
of nitrate reductases.

Experimental procedures
The bacterial strain and culture conditions

H. thermophilus TK-6 (IAM 12695) was cultivated
at 70°C under the following three conditions: (A) the
aerobic condition, where the cells were cultivated in
an inorganic medium (Shiba et al., 1982) containing 3
g/l ammonium sulfate as the sole nitrogen source un-
der a gas phase of 75% Haz, 10% O2, and 15% CO; (B)
the anaerobic condition, where the cells were culti-
vated under a gas phase of 85% Hz and 15% COz in a
medium that additionally contained 4 g/l sodium ni-
trate as the terminal electron acceptor; and (C) the aer-
obic ammonium-limited condition, where the cells
were cultivated under the same gas phase as in condi-
tion A, in a medium where 4 g/l sodium nitrate was
substituted for ammonium sulfate as the sole nitrogen
source.

For evaluation of the effects of nasB disruption,
wild-type and the mutant H. thermophilus were
precultured in condition A. The cells were harvested
and washed to remove the ammonium contamination
from the preculture medium and were then inoculated
into a medium containing 4 g/l sodium nitrate with or
without 4 g/l ammonium sulfate as a nitrogen source.
The cells were cultivated under the aerobic or anaero-
bic gas phase described above (condition A or B).

Escherichia coli JIM109 was used as the host strain
for construction of plasmids for gene disruption.

Purification of Fds
Fdl1, Fd2, and Fd3 were overexpressed in E. coli

and purified as described previously (Ikeda et al.,
2005, Kameya et al., 2007).

Detection of the nitrate reductase activity

The assay mixtures contained 40 mM sodium phos-
phate buffer (pH 8.0), | mM sodium nitrate, 5 mM
MV, 5 mM sodium dithionite, and the enzyme in a to-
tal volume of 500 pl. MV was replaced by 5 mM BV
or 10 uM Fd1, Fd2, or Fd3 if necessary. The mixtures
were anaerobically incubated at 70[]C under an Ar gas
phase, and the amount of nitrite produced from nitrate
was determined by the diazo-coupling reaction
(Showe & DeMoss, 1968). The assay mixtures were
diluted to 667 pul with deionized water and mixed with
200 pl of a coloring reagent, which was prepared by



mixing 4% sulfanilamide in 25% HCI and 0.08%
naphthylethylene-diamine dihydrochloride at a ratio
of 2:1. Nitrite concentration was determined by meas-
uring absorbance at 540 nm. One unit was defined as
the amount of enzyme that produces 1 umol of nitrite
per minute.

For measurement of NAD(P)H-NAS activity, MV
and dithionite in the above assay mixture were re-
placed by 0.2 mM NADH or NADPH. The decrease
in the amount of NAD(P)H was determined by moni-
toring absorbance at 340 nm. The activity was also
measured by nitrite quantification as described above.

NAR purification

To induce NAR expression, we anaerobically cul-
tivated H. thermophilus in a medium containing ni-
trate as the electron acceptor (condition B described
above). The harvested cells were resuspended in 20
mM sodium phosphate buffer (pH 6.5) and passed
through a French pressure cell, and cell debris was re-
moved by centrifugation at 10,000 x g for 10 min.
From the supernatant, the membrane fraction was iso-
lated by ultracentrifugation at 100,000 xg for 1 h. Af-
ter a wash with the buffer to remove the cytosolic pro-
teins, the precipitated membrane fraction was resus-
pended in 20 mM sodium phosphate buffer (pH 6.5)
containing 0.5% Triton X-100 and was stirred for 1.5
h at 4°C. The solubilized proteins were separated by
ultracentrifugation at 100,000 xg for 1 h. The super-
natant, designated as the solubilized membrane frac-
tion, was applied to a CM-Toyopearl open column
(Tosoh, Tokyo, Japan) equilibrated with 20 mM so-
dium phosphate buffer (pH 6.5) containing 0.5% Tri-
ton X-100. The bound proteins were eluted with 20
mM Tris-HCI buffer (pH 6.5) containing 1 M NaClL
Triton X-100 was absent in the eluents used at this and
subsequent chromatographic steps because this rea-
gent made no significant difference. After the addition
of ammonium sulfate to 30% saturation, the eluted
protein solution was applied to a Butyl-Toyopearl col-
umn (Tosoh) equilibrated with 20 mM sodium phos-
phate buffer (pH 6.5) containing ammonium sulfate at
30% saturation. This and subsequent chromatographic
steps were conducted on an AKTa purifier system (GE
Healthcare, Piscataway, NJ, USA). The proteins were
eluted with a gradient of ammonium sulfate from 30%
to 0%. The active fractions were dialyzed against 20
mM sodium phosphate buffer (pH 6.5) and were ap-
plied to a CM-Toyopearl column (Tosoh) equilibrated
with 20 mM sodium phosphate buffer (pH 6.5). The
proteins were eluted with a gradient of NaCl from 0 to
1 M, and the active fractions were dialyzed against 20
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mM sodium phosphate buffer (pH 6.5) and applied to
a MonoS HR 5/5 column (GE Healthcare) equilibrated
with 20 mM sodium phosphate buffer (pH 6.5). The
proteins were eluted with a gradient of NaCl from 0 to
1 M, and active fractions were designated as purified
NAR. Throughout the purification procedures, NAR
activity was monitored by the assay involving MV as
the electron donor.

NAS purification

To induce NAS expression, we cultured H. ther-
mophilus aerobically in the presence of nitrate as the
sole nitrogen source (condition C described above).
The cells were disrupted by sonication, and cell debris
and the membrane fraction were removed by ultracen-
trifugation at 100,000 xg for 1 h. The supernatant, des-
ignated as the crude extract, was applied to a DE52
open column (Whatman, Brentford, Middlesex, UK)
equilibrated with 20 mM Tris-HCI buffer (pH 8.0)
containing 1 mM MgCl,. The bound proteins were
eluted with 20 mM Tris-HCI buffer (pH 8.0) contain-
ing 1 M NaCl, and ammonium sulfate was added to
30% saturation. The protein solution was applied to
the Butyl-Toyopearl column equilibrated with 20 mM
Tris-HCI buffer (pH 8.0) containing 1 mM MgCl» and
ammonium sulfate at 30% saturation. This and subse-
quent chromatographic steps were conducted on the
AKTa purifier system. The proteins were eluted with
a gradient of ammonium sulfate from 30% to 0%. The
active fractions were dialyzed against 20 mM Tris-
HCI buffer (pH 8.0) containing 1 mM MgCl, and
were applied to a DEAE-Toyopearl column (Tosoh)
equilibrated with 20 mM Tris-HCI buffer (pH 8.0)
containing 1 mM MgCl,. The proteins were eluted
with a gradient of NaCl from 0 to 1 M. The active frac-
tions were applied to a CHT Ceramic Hydroxyapatite
column (Bio-Rad, Hercules, CA, USA) equilibrated
with 1 mM potassium phosphate buffer (pH 7.0). The
proteins were eluted with a gradient of potassium
phosphate buffer from 1 to 400 mM. The active frac-
tions were dialyzed against 20 mM Tris-HCI buffer
(pH 8.0) containing 1 mM MgCl, and were applied to
a MonoQ HR 5/5 column (GE Healthcare) equili-
brated with 20 mM Tris-HCI buffer (pH 8.0) contain-
ing 1 mM MgCl. The proteins were eluted with a gra-
dient of NaCl from 0 to 1 M. The active fractions were
designated as the purified NAS. Throughout the puri-
fication procedures, NAS activity was monitored by
the assay involving Fd1 as the electron donor.

The whole-cell assay of the NAR activity
H. thermophilus was anaerobically cultivated in the



presence of nitrate as were the cells used for NAR pu-
rification. The harvested cells were resuspended in 20
mM sodium phosphate buffer (pH 7.2). A portion of
the intact cell suspension was subjected to sonication
for cell disruption, and the resultant suspension con-
taining cell debris was designated as the disrupted-cell
suspension.

The intact- and disrupted-cell suspensions were
added to nitrate reductase assay mixtures containing
40 mM sodium phosphate buffer (pH 8.0), 1 mM so-
dium nitrate, 5 mM MV or BV, and 5 mM sodium di-
thionite. The mixtures were anaerobically incubated at
70°C under an Ar gas phase, and the cells and cell de-
bris were removed by centrifugation (as described
above) after the incubation. The amount of nitrite pro-
duced in the assay mixtures was determined as de-
scribed above.

The control samples of cytosolic enzymes were set
up as follows: we measured malate dehydrogenase
(EC 1.1.1.37) activity in the intact- and disrupted-cell
suspensions. The assay mixture containing 20 mM so-
dium phosphate buffer (pH 8.0), 0.2 mM NADH, 3
mM oxaloacetate, and the suspension was incubated
at 70°C, and the decrease in the amount of NADH was
monitored by measuring absorbance at 340 nm.

N-terminal amino acid sequencing

For sequencing of the N termini of NarGHI and
NasB, the purified enzymes were subjected to SDS-
PAGE followed by transfer to a membrane (0.2 pm
Sequi-Blot PVDF; Bio-Rad). To determine the inter-
nal sequence of Narl, the protein solution was dried
under vacuum and treated with 200 pl of 0.9 mg ml’!
CNBr in a 70% (v/v) formic acid solution for 16 h at
room temperature (Jahnen et al., 1990). After removal
of CNBr and formic acid by drying under vacuum, we
separated the digested peptides by SDS-PAGE and
transferred them to the membrane. A band with ap-
proximate molecular mass of 18 kDa was subjected to
the subsequent sequencing. The N-terminal amino
acid sequences were determined on a Procise 492HT
(Applied Biosystems, Foster City, CA, USA).

Gel filtration

For estimation of molecular weights of native NAR
and NAS, gel filtration was conducted on a Superose
6 HR 10/30 column (GE Healthcare) equilibrated with
20 mM Tris-HCI buffer (pH 8.0) containing 1 mM
MgCl> and 150 mM NaCl. Gel Filtration Standard
(Bio-Rad) was used as a molecular maker for calibra-
tion. Each analysis of standards or the enzyme sam-
ples was performed in triplicate.

12

Transcriptomic analysis

H. thermophilus was cultivated under one of the
three above-mentioned conditions (A—C), in 10 ml of
the medium dispensed in 100-ml vials sealed with rub-
ber caps. Two vials of cells were prepared and inde-
pendently cultivated in each condition. The cells were
harvested when the optical density reached ~0.5. RNA
was extracted from the harvested cells, followed by
tiling microarray analysis according to NimbleGen
Arrays User’s Guide for Gene Expression Analysis
(Roche NimbleGen, Basel, Switzerland) as described
previously (Sato et al., 2012b). All expression data are
deposited in the GEO database under the series acces-
sion number of GSE70944.

Gene disruption of nitrate reductases

Plasmids for disruption of nasB or narG were pre-
pared according to a previously described method
(Yamamoto et al., 2006). A fragment of nasB was am-
plified from H. thermophilus genomic DNA by PCR
with primers nasB-F and nasB-R (Table S1) and was
inserted into pUC19. A thermostable-kanamycin-re-
sistance gene, htk, was amplified from pUC18-htk by
PCR with primers htk-F-Pstl and htk-R-Pstl (Table
S1) and inserted into the Pstl site in the middle of the
above-mentioned nasB fragment, resulting in a
pUC19 containing a nasB fragment with an Atk inser-
tion. Similarly, a pUC19 plasmid harboring a narG
fragment with an Atk insertion was prepared by PCR
with primer sets narG-F/narG-R and htk-F-Scal/htk-
R-Scal (Table S1) followed by insertion of Atk into the
Scal site in the narG fragment. Each primer sequence
was designed on the basis of the whole-genome se-
quence of H. thermophilus (Arai et al., 2010).

The two plasmids were introduced into H. ther-
mophilus by the previously reported method (Yama-
moto et al., 2006), and the cells were aerobically cul-
tivated on solid plates of the inorganic medium sup-
plemented with kanamycin. The mutants resulting
from double-crossover homologous recombination
were selected by kanamycin resistance, and the dis-
ruption of each gene was confirmed by PCR.

Phylogenetic analysis

Amino acid sequences of the catalytic subunits of
NAR and NAS and their homologs were aligned in the
MUSCLE software (Edgar, 2004). Phylogenetic trees
were constructed by the maximum likelihood method
in MEGA 6 (Tamura et al., 2013).
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