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Desulfovibrio gigas neelaredoxin is an iron-containing protein of 15 kDa, having a single iron site with a
His,Cys coordination. Neelaredoxins and homologous proteins are widespread in anaerobic prokaryotes and
have superoxide-scavenging activity. To further understand its role in anaerobes, its genomic organization and
expression in D. gigas were studied and its ability to complement Escherichia coli superoxide dismutase deletion
mutant was assessed. In D. gigas, neelaredoxin is transcribed as a monocistronic mRNA of 500 bases as
revealed by Northern analysis. Putative promoter elements resembling o’° recognition sequences were iden-
tified. Neelaredoxin is abundantly and constitutively expressed, and its expression is not further induced
during treatment with O, or H,O,. The neelaredoxin gene was cloned by PCR and expressed in E. coli, and the
protein was purified to homogeneity. The recombinant neelaredoxin has spectroscopic properties identical to
those observed for the native one. Mutations of Cys-115, one of the iron ligands, show that this ligand is
essential for the activity of neelaredoxin. In an attempt to elucidate the function of neelaredoxin within the cell,
it was expressed in an E. coli mutant deficient in cytoplasmic superoxide dismutases (sodA4 sodB). Neelaredoxin
suppresses the deleterious effects produced by superoxide, indicating that it is involved in oxygen detoxification

in the anaerobe D. gigas.

Sulfate-reducing bacteria (SRB) were shown to occur in oxic
surface layers of aquatic habitats and to be active in microbial
mats at oxygen tensions near saturation (9, 21). Moreover, they
can survive prolonged exposure to oxygen (14, 49). These ob-
servations suggest that oxygen may play a physiological role in
these so-called strict anaerobes, although it has not been
clearly demonstrated that SRB can grow in the presence of
oxygen as the sole electron acceptor (30). Indeed, in the pres-
ence of oxygen the sulfate reducer Desulfovibrio gigas is capa-
ble of generating ATP from internal reserves of polyglucose
(16, 48). Analysis of oxygen utilization by this bacterium re-
vealed that the full reduction of oxygen directly to water is
linked to NADH oxidation through a three-component soluble
electron transfer chain (11, 20, 25).

The fact that SRB can tolerate transient contact with oxygen
indicates that these microorganisms have protective mecha-
nisms that will eliminate toxic oxygen products, which causes
serious damage at the protein and DNA levels (18, 28, 45, 58).
Indeed, catalase and superoxide dismutase (SOD) were found
in some Desulfovibrio species (15, 27). Moreover, SRB contain
several other nonheme and mononuclear iron proteins, such as
rubredoxin, desulfoferrodoxin, neelaredoxin, and rubrerythrin,
whose functions are possibly related to defense mechanisms
against oxidative stress (41, 46, 47, 50, 59). Furthermore, be-
sides the presence of oxygen-utilizing or -detoxifying enzymes,
some SRB may also have chemosensory pathways that trigger
physiological responses to the presence of oxygen (22). It was
reported that D. gigas can avoid the deleterious effect of reac-
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tive oxygen species (ROS), either through scavenging oxygen
by reducing it to water (11) or through reactions involving
canonical ROS-detoxifying enzymes such as FeSOD and cata-
lase (15). Another protein that is likely to be involved in de-
fense mechanisms against ROS in D. gigas cells is neelaredoxin
(NIr) (50).

NIr is a small (~15-kDa) iron-containing protein, first dis-
covered in D. gigas (12). Its name comes from the fact that it
was the first blue iron protein (Neela), due to the presence of
a so far unique iron center, penta-coordinated by four histidine
residues in the basal plane and a cysteine residue in the axial
position (13, 50, 60). This metal site is identical to center II of
another mononuclear iron protein, desulfoferrodoxin (Dfx),
also first found in SRB (13, 43, 55). Dfx contains another metal
site, at the N-terminal domain, similar to that of D. gigas
desulforedoxin (Dx), a small rubredoxin-like protein with no
attributed function and with one iron atom bound in a dis-
torted tetrahedral configuration to four cysteines (2, 13, 42). It
is now clear that Nlr and Dfx proteins are widespread in an-
aerobic prokaryotes; in particular, they are found in all ge-
nomes of anaerobes so far sequenced, which shows their gen-
eral biological relevance.

These proteins have superoxide-scavenging activity, either as
SODs or as superoxide reductases (1, 29, 31, 39, 40, 47, 50).
Their activity is due to the common Neela center, the His,Cys
iron site, since it was shown that the overproduction of Dfx
from Desulfoarculus barsii complements the SOD ™ phenotype
of an Escherichia coli mutant strain deficient in cytoplasmic
SODs, whereas overproduction of D. gigas Dx, corresponding
to the Dfx first domain, does not (46).

In spite of a wealth of structural and spectroscopic data on
this protein family and of the numerous reports on the in vitro
activity of its members as superoxide scavengers, very little is
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known at the physiological level, i.e., the level of genomic
organization, expression, and function.

The present report shows that the D. gigas nlr gene is con-
tained in a monocistronic unit and that it is constitutively
expressed. The mRNA levels are not increased if cells are
subjected to oxidative stress. Data obtained with recombinant
wild-type Nlr proteins and those mutated at the cysteine iron
ligand show that this residue is essential for the catalytic ac-
tivity. Furthermore, it is shown that nlr overexpression sup-
presses the deleterious effects produced by the lack of SOD
activity in the double-mutant E. coli sodA sodB strain.

MATERIALS AND METHODS

Bacterial strains and growth conditions. D. gigas ATCC 19364 was grown as
previously described (12). The E. coli strains XL2-Blue (Stratagene, La Jolla,
Calif.), BL21(DE3) (5), and QC1799 [F~ A(argF-lac)U169 rpsL AsodA3 d(sodB-
kan)A2] (57) were grown aerobically in Luria-Bertani (LB) broth (containing,
per liter, tryptone [Difco], 10 g; yeast extract [Difco], 5 g; and sodium chloride,
5 g) or in minimal medium. Minimal medium was M9 (4) supplemented with
0.4% glucose, gluconate, or succinate and with thiamine and biotin (1 pg/ml
each). This medium was also supplemented with 0.5 mM amino acids when
required. Growth of E. coli strains carrying the pT7-7/pT7-7-derived plasmids
and pCYTEXP/pCYTEXP-derived plasmids was measured in media supple-
mented with ampicillin (100 wg/ml). Strains with the pZErO-1 (Invitrogen, San
Diego, Calif.) and pZErO-1-derived vectors were grown in LB broth supple-
mented with 20 pg of zeocin per ml or with 20 and 100 ug of zeocin and
isopropyl-B-p-thiogalactopyranoside (IPTG) per ml, respectively. Plasmid DNA
was prepared using the standard protocols or the plasmid purification kit from
Gibco BRL (Life Technologies). E. coli XL.2-Blue and E. coli QC1799 competent
cells were prepared as specified by Invitrogen. E. coli BL21(DE3) competent
cells were prepared by an electroporation transformation procedure (Bio-Rad).

Biochemical reagents and materials. Restriction enzymes, T4 polynucleotide
kinase, T4 DNA ligase, and Pfu DNA polymerase were from either Boehringer
Mannheim or Stratagene (San Diego) and were used as specified by the manu-
facturer. Ampicillin and IPTG were from Promega (Madison, Wis.). Diethylpy-
rocarbonate, paraquat (methyl viologen), nitroblue tetrazolium (NBT), and ri-
boflavin were from Sigma. Potassium cyanide (KCN) was from Merck. The
Thermo Sequenase cycle-sequencing kit used for sequencing was purchased from
Amersham Life Science. [a->>S]dATP and [y->*P]dATP were from ICN. The
oligonucleotides used were synthesized by Gibco BRL. Q-Sepharose and Super-
dex/75 columns were from Pharmacia Biotech Inc. All solutions used were
prepared in MilliQ (Millipore Corp.) ultrapure water or in diethylpyrocarbonate
treated ultrapure water.

RNA isolation, Northern blotting and primer extension analyses. Total RNA
was isolated from exponential and stationary D. gigas cells grown anaerobically
and from E. coli cells producing wild-type and mutated NlIr recombinant proteins
grown aerobically as described by Silva et al. (51). The amount of RNA loaded
was calculated by reading the absorbance at 260 nm, and the RNA was then
separated on a 1.5 to 2% agarose in 1X morpholinepropanesulfonic acid
(MOPS) buffer (4)-6% (vol/vol) formaldehyde gel using a 0.24- to 9.5-kb RNA
ladder (Gibco BRL, Life Technologies) as a size marker. Northern blotting was
carried out essentially as described previously (4). Filters were prehybridized and
hybridized as described previously (51) at 53 to 58°C. 3*P-labeled oligonucleo-
tides homologous to the n/r coding unit (BP5R and BP3' [see below]), to ORF1
(5'-GGAACTTGCGATGAGCCGAGTGC-3"), and to ORF2 (5'-GGCGCCG
ATGGCCGCCACG-3"), together with a 3?P-labeled 23S rRNA primer, were
used as probes. The 23S rRNA oligonucleotide (5'-CTTTTCRCCTTTCCCTC
ACGGTAC-3") was used as an internal control of loading and hybridization
conditions. It was designed based on a search for gene sequence homology
between the 23S rRNA gene sequences from different microorganisms, using the
Sequence Retrieval System (SRS) and ClustalW (56). After hybridization, the
filters were washed in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS) and 0.2X SSC-0.1% SDS under
homologous hybridization temperatures. For removal of probe, a boiling solution
of 0.1% SDS was poured onto the membrane. Quantification analysis of North-
ern blots was performed using ImageQuant version 3.1 (Molecular Dynamics).
Primer extension was carried out as described previously (51) using two 32P-
labeled primers complementary to the nlr sequence from +51 to +72, primer
BP5R (5'-GTCGCACTCGATGGCGGGCACG-3'), and from +100 to +120,
primer BP5ext (5'-GCCCAGGCTCACGGTGACGGG-3').
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Overexpression and purification of recombinant neelaredoxin. The nlr gene
was cloned as described previously (50). The neelaredoxin coding unit was
amplified from the recombinant plasmid pZ3NI by PCR using oligonucleotides
BP5' (5'-CGGGATCCATATGAAAATGTGCGACATGTTTCAAAC-3') and
BP3’" (5'-TTAAGCTTACTTGAGGGCCACGGCCTTG-3’), with Ndel and
HindIII restriction sites (underlined), respectively. The cycling conditions were
as follows: 1 cycle of 96°C for 1 min followed by 40 cycles of 94°C for 30 s, 60°C
for 30 s, and 72°C for 1 min, with a final cycle of 72°C for 10 min. The amplified
fragments were gel purified and subcloned into the EcoRYV site of pZErO-1, and
the resulting plasmid, pZBP, was transformed in competent E. coli XL2-Blue
cells. Positive clones were identified by restriction analysis, and nlr gene integrity
was subsequently verified by sequencing analysis using the plasmid reverse and
universal primers. The nlr gene was excised from pZBP with Ndel and HindIII
and subcloned into the Ndel-HindIII sites of the expression vector pT7-7 to give
the recombinant vector pT7NIlr. After transformation of competent E. coli
BL21(DE3), we obtained BL21(DE3)[pT7NIr]. Overexpression of the nir gene
was performed by growing BL21(DE3)[pT7NIr] aerobically at 37°C overnight in
LB broth containing ampicillin (100 wg/ml). After overnight growth, the culture
was diluted 1:400 and left to grow until it reached an optical density at 600 nm
(ODgy) of 0.5 to 0.6. At this point, nlr expression was induced by adding 1 mM
IPTG, and the cell cultures were then grown for an additional 6 h. The cells were
then chilled, harvested by centrifugation at 3,000 X g for 15 min, washed in 10
mM Tris-HCl buffer (pH 7.6), and suspended in the same buffer at about 0.4 g
(wet cell weight)/ml. A cell extract (total-protein soluble extract) was obtained
after cell disruption using a French pressure cell at 10,000 Ib/in? and ultracen-
trifugation at 42,000 X g for 2 h. The presence of NIr overproduction was
checked by SDS-polyacrylamide gel electrophoresis (PAGE) and its functionality
was detected by using the NBT reduction technique described elsewhere (5).
Neelaredoxin expression was also induced with 0.6 and 0.8 mM IPTG, and the
cell cultures were grown for an additional 10 and 8 h, respectively. Neelaredoxin
expression was also induced using different iron concentrations, by adding 1 and
4 mM FeSO, to the medium.

All purification procedures were performed at pH 7.6 and at 4°C, using
anion-exchange and gel filtration chromatography of soluble cell extracts. Total-
protein soluble extracts from NIr overexpressed in the absence and in the pres-
ence of 1 and 4 mM FeSO, were concentrated to 5 ml using a Diaflo apparatus
equipped with a YM3 membrane (Amicon, Inc., Beverly, Mass.). This blue-green
soluble extract was loaded onto a Q-Sepharose ion-exchange column (1.8 by 18
cm) previously equilibrated with 10 mM Tris-HCI (pH 7.6) (buffer A) and eluted
with a linear gradient of 0 to 1.0 M NaCl in 10 mM Tris-HCl at a flow rate of 1
ml/min. The presence of recombinant protein in blue fractions, eluted mostly at
0.190 to 0.270 mM NaCl, was assayed by UV-visible spectroscopy. Protein frac-
tions with similar purity levels were combined, analyzed by SDS-PAGE, concen-
trated as described above, separately applied to a Superdex/75 gel filtration
column (2.6 by 100 cm), equilibrated with 50 mM Tris-HCI (pH 7.6)-100 mM
NaCl, and eluted with the same buffer at a flow rate of 0.5ml/min. After this step,
the protein was considered pure as established by SDS-PAGE.

Analysis of Nlr superoxide-scavenging activity. The superoxide-scavenging
activity of the recombinant Nlr was evaluated by the NBT reduction technique
(5) in nondenaturating 10% polyacrylamide gels using riboflavin in both resolv-
ing and concentrating gels as described previously (26).

Analytical determinations. SDS-PAGE was carried out in a 15% polyacryl-
amide gel in the presence of glycine (36). SDS was omitted from all buffers when
PAGE was performed under nondenaturating conditions in 10% polyacrylamide
gels. Gels were calibrated with protein high-molecular-weight Rainbow stan-
dards from Amersham Life Science and stained with Coomassie brilliant blue
R-250. The protein concentration was determined using either the Bio-Rad
protein assay reagent (7) with bovine serum albumin as a standard or the
bicinchoninic acid protein assay kit from Pierce (53). The total iron content was
determined by the 2,4,6-tripyridyl-s-triazine (TPZT) method (17) and by atomic
absorption spectroscopy. UV-visible spectra and SOD activity measurements
were recorded on a Shimadzu UV-3100 spectrophotometer with 1-cm quartz
cells. Electron paramagnetic resonance spectra were recorded using a Bruker
EPS 380 spectrometer equipped with an ESR 900 continuous-flow helium cry-
ostat from Oxford Instruments.

Site-directed mutagenesis. NIr mutant proteins in unique amino acid residues
were obtained by site-directed mutagenesis, using complementary mutagenic
primers with the desired mutation and pCYTNIr as the DNA template, as
specified in the QuikChange site-directed mutagenesis kit instructions. pCYTNIr
was obtained by subcloning the nilr gene excised from pT7NIr with Ndel and
EcoRI into the Ndel-EcoRI sites of the expression vector pPCYTEXP (pCYT)
(6). Primer NIrC4S (5'-ATGAAAATGTCCGACATGTTTCAAACTGC-3")
and its complementary primer were used to replace the TGC Cys-4 codon
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FIG. 1. Transcriptional analysis of the D. gigas nlr operon. (A) Northern blot analysis of D. gigas total RNA using an nlr homologous probe.
M represents molecular mass standards, with corresponding sizes marked on the left; lane 1 contains 10 pg of total RNA from D. gigas. The arrow
indicates the size of the nlr mRNA. (B) Determination of the transcription start site of n/r mRNA. Lanes 1, primer extension control (no RNA);
2, primer extension product. T, G, C, and A show the DNA sequence obtained with the same primer. The —10, and —35 promoter regions are
in boldface. The nucleotides which might correspond to the transcriptional start site of n/r mRNA are also highlighted in boldface. rbs, ribosome

binding site.

(boldface) by a TCC Ser (S) codon. Primer NIrC23S (5'-CCCGCCATCGAGT
CCGACGATGCCG-3") and its complementary primer were used for the re-
placement of the TGC Cys-23 codon by the TCC Ser (S) codon. Primers
NIrC115A (5'-GCTTCGTCTTTCGCCAATATTCACGGG-3'), NIrC115D (5'-
GCTTCGTCTTTCGACAATATTCACGGG-3"), and NIrC115S (5'-GCTTCGT
CTTTCTCCAATATTCACGGG-3') and their complementary primers were
used to replace the TGC Cys-115 codon with GCC Ala (A), GAC Asp (D), and
TCC Ser (S) codons, respectively. The PCR conditions used were as follows: 1
cycle at 96°C for 15 s followed by 16 cycles of denaturation at 94°C for 30 s,
annealing at 55°C for 1 min, and extension at 68°C for 12 min. After the reaction
was stopped, Dpnl was added to the reaction mixture at 37°C and the mixture
was incubated for 30 min to destroy the original, nonmutagenized methylated
target plasmid. The obtained mutated plasmids, pCYTNIrC4S, pCYTNIrC23S,
pCYTNIrC115A, pCYTNIrC115D, and pCYTNIrC115S, were analyzed by gel
agarose electrophoresis and introduced into competent cells of E. coli QC1799,
which were then plated in LB agar with ampicillin. Transformants were screened
by digestion of the corresponding plasmid DNA and sequencing analysis to
confirm the desired mutations and to detect unexpected mutations, using the
pCYT primers 5'-GATACGAAACGAAGCATTG-3" and 5'-GTTGTTCCTTT
CTATTCTCACTCCG-3'. Plasmids with mutated n/r genes obtained by PCR
amplifications can have errors introduced during the PCR procedure. Thus,
mutated nlr genes from these plasmids were then excised, recloned into a new
PCYTEXP vector with compatible ends, and transformed into E. coli QC1799
competent cells. Sequencing analysis was once again performed with pPCYTEXP
primers and the primer BPSR (see above), to confirm nir mutated genes and
pCYTEXP promoter regions. Wild-type and mutated nir genes were expressed
by growing E. coli QC1799 strains carrying recombinant pCYTEXP vectors
harboring wild-type and mutated nir genes aerobically at 28°C overnight in LB

broth containing ampicillin (100 pg/ml). These cultures were then diluted 1:400
in the same medium, and the cells were grown to an ODsg5 of ~0.5, at which
stage the cultures were transferred to a 42°C incubator and grown for an addi-
tional 3 h. Production of wild-type and mutated nlr genes was verified by SDS-
PAGE analysis as described above. SOD activity of wild-type and mutated NIr
recombinant proteins was tested on NBT-stained gels as described elsewhere (5).

Effect of NIr on the E. coli sodA sodB mutant strain. The studies concerning the
effect of Nlr on the sensitivity of the E. coli sodA sodB mutant strain to paraquat
and to H,0,, and on the growth of this strain in minimal medium with glucose,
gluconate, or succinate as the carbon source were done essentially as described
previously (10, 46).

RESULTS

Characterization of the neelaredoxin operon of D. gigas.
Previous sequencing analysis suggested that Nlr was encoded
by a polycistronic unit, which contains two additional open
reading frames (ORF1 and ORF2) coding for chemotaxis-like
proteins (50). To investigate whether these genes are located in
the same operon, total RNA extracted from mid-log-phase
(ODs5, =~0.3 to 0.4) cells of D. gigas was probed with ORF1,
ORF2, and nilr probes. Unexpectedly, Northern blot hybridiza-
tion analysis revealed that under the growth conditions used,
no mRNA was detected with either the ORF1 or ORF2 probe.
Moreover, a transcript of approximately 500 bases hybridizing
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FIG. 2. Analysis of mutated recombinant NIr proteins. (A) SDS-
PAGE of 10 pg of total soluble protein extracts from E. coli QC1799
cells expressing the wild-type and mutated NIr proteins. (B) native
PAGE gel stained for detection of superoxide-scavenging activity of
mutated Nlr proteins by the NBT test. M, molecular mass standards
with corresponding molecular masses on the left; lanes: 0, cell extract
from E. coli QC1799 harboring pCYTEXP (not expressing nlr); 1 to 6,
contain cell extracts from E. coli QC1799 strains expressing wild-type
NIr and C4S, C23S, C115A, C115D, and C115S mutated proteins,
respectively. Recombinant wild-type and mutated NIr proteins are
indicated by an arrow in panel A.

with the nlr probe was observed in large amounts (Fig. 1A),
indicating that the nlr gene is highly transcribed as a single
coding unit. The transcription start site was identified by
primer extension analysis and appears to be located 50 to 52 bp
upstream of the ATG start codon (Fig. 1B). The transcript size
indicates that the n/r mRNA terminates in the inverted repeat
located downstream of the stop codon, as previously proposed
(50). At —10 and —35 upstream of the transcription start site,
promoter elements resembling those recognized by E. coli ¢”°
were detected. They match four of the six bases (boldface) with
either the —35 (TTGACA) or the —10 (TATAAT) consensus
sequence (Fig. 1B). This observation indicates that E. coli ”°
-RNA polymerase might recognize the nlr promoter from D.
gigas. Indeed, using plasmid constructs in which the nlr pro-
moter elements were present or absent, it was observed by
Northern analysis that E. coli RNA polymerase is able to
transcribe nlr mRNA from its own promoter. Moreover, the
transcription start site of nlr mRNA expressed in E. coli cells

J. BACTERIOL.

was shown to be located in the same region as the one deter-
mined using total RNA from D. gigas (data not shown).

Expression of neelaredoxin gene under oxidative stress con-
ditions and in stationary-phase cells. D. gigas cells were grown
anaerobically to an ODss, of ~0.3, after which they were
saturated with O, (1.27 mM) or exposed to H,O, (100 nM)
and left to grow for an additional 1 h at 37°C. Aliquots were
taken for total-RNA extraction at 0, 10, 30, and 60 min after O,
or H,O, exposure. Northern blot hybridization and densito-
metric analyses of total RNA from these cultures, revealed that
nlr mRNA is transcribed at the same level in cultures saturated
with O, and in cultures treated with H,O, for different times
(data not shown). Northern blot analysis of anaerobically
grown D. gigas cells (ODss, ~0.8) showed that nlr expression
decreases upon entry into the stationary phase. Studies con-
cerning the expression of ORF1 and ORF2 genes in D. gigas
cells saturated with oxygen were also performed; however, no
expression of these genes was observed by Northern blot hy-
bridization analysis.

Taken together, these results strongly indicate that nir gene
is transcribed from its own promoter and that it is constitu-
tively and abundantly expressed and is not induced under ox-
idative stress conditions.

Overexpression and characterization of recombinant neel-
aredoxin. To better characterize Nlr, the gene for D. gigas NIr
was cloned using PCR with primers homologous to both ends
of the nlr gene and subcloned into the expression vector pT7-7.
A subclone of E. coli BL21(DE3) containing the recombinant
expression vector, BL21(DE3)[pT7NIr], was shown to overpro-
duce the recombinant Nlr after induction with 0.6, 0.8, or 1
mM IPTG, as evidenced by the appearance of a blue soluble
protein extract and by the gene product identified as a 15-kDa
protein on SDS-PAGE (12). The highest expression of the
recombinant protein was observed with 1 mM IPTG. Recom-
binant NIr was also obtained by growing BL21(DE3)[pT7NIr]
in the presence of 1 or 4 mM iron with 1 mM IPTG. The
respective UV-visible and electron paramagnetic resonance
spectra did not show any significant differences between them
and were identical to those of the native Nlr, as revealed by the
existence of its characteristic absorption bands at 666 and at
325 nm (data not shown). The analysis for the presence of iron
and zinc in both recombinant NIr samples revealed that zinc
was either absent or present only in trace amounts whereas
values of 0.7 mol of Fe/mol of monomer were found for all
recombinant NIr proteins, as determined both by the TPTZ
method and by atomic absorption spectroscopy. These data
indicate that Nlr contains only one iron atom per monomer, as
expected based on its amino acid sequence and on the com-
parison with the respective orthologues (1, 50, 60). SOD ac-
tivity of recombinant NIr proteins was monitored by the NBT
test, and in all cases recombinant Nlr clearly exhibited super-
oxide-scavenging activity.

Expression of neelaredoxin gene in the E. coli sodA sodB
mutant strain. Wild-type E. coli contains three superoxide
dismutases: FeSOD, MnSOD, and CuZnSOD. Thus, an E. coli
sodA sodB mutant, deficient in cytoplasmic SODs-E. coli
QC1799 (57)-was used to express the nlr gene, using the ex-
pression vector pPCYTEXP. Although this strain has only two
sod genes mutated (sodA and sodB), the superoxide-scavenging
activity in total soluble protein extract of E. coli QC1799 was
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FIG. 3. Effect of NIr on growth of the E. coli sodA sodB strain in minimal medium. sodA4 sodB strains were grown overnight in enriched M9
medium diluted to an ODyg,, of ~0.015 in preheated M9 glucose (circles), enriched M9 without branched amino acids (squares), or enriched M9
(triangles) at 42°C. (A) sodA sodB strain carrying the expression vector pPCYTEXP, QC1799[pCYT]. (B) sodA sodB strain carrying the recombinant
expression vector with the n/r coding unit, QC1799[pCYTNIr]. Growth of the sodA4 sodB strain without the expression vector, QC1799, was similar
to that of QC1799[pCYT]. When growth of sodA sodB strains was at 28°C, a temperature at which nlr is not expressed, the growth rate of

QC1799[pCYTNIr] was similar to that observed with QC1799[pCYT].

detected only when it expressed the D. gigas nlr gene
(QC1799[pCYTNIr]), as shown by the NBT test (Fig. 2B, com-
pare lane 1 with lane 0).

Expression and characterization of mutated Nlr proteins.
The observation that not only the ligands to Dfx center II but
also the surrounding amino acid residues are conserved in Nlr
and NIr orthologues led us to propose that these amino acid
residues could be involved in iron binding in D. gigas Nlr (50),
which was proven to be the case for the homologous protein
from Pyroccocus furiosus (60). Besides these conserved amino
acid residues and in contrast to the other homologous proteins,
D. gigas Nlr contains extra cysteines (50). Therefore, to assess
the possible function of some of them, Cys-4 and Cys-23 were
mutated to serine. The cysteine bound to the iron center (Cys-
115) was also mutated to serine, alanine, or aspartate, allowing
us to assess its relevance for the catalytic function (it should be
noted that FeSODs, although also having a penta-coordinated
iron site, do not have any cysteine ligand). The mutated pro-
teins were respectively designated C4S, C23S, C115S, C115A,
and C115D.

SDS-PAGE analysis of cell extracts from strains producing
wild-type and mutated Nlr proteins revealed that both the C4S
and C115D mutants were produced at almost the same level as
that of the recombinant wild type (Fig. 2A, compare lanes 2
and 5 with lane 1) whereas C23S was produced less abundantly
(lane 3). For C115A and C115S, it is not clear whether these
mutated proteins were produced at low levels (lanes 4 and 6),
in spite of the fact that both coding and promoter regions were
correct as confirmed by sequencing analysis. Both C4S and

C23S mutants had superoxide-scavenging activity (Fig. 2B,
lanes 2 and 3) whereas C115D did not (lane 5), although it was
produced in large amounts (Fig. 2A, lane 5).

Overexpression of nlr gene suppresses superoxide damage
in E. coli sodA sodB double mutant. Bacterial mutants devoid of
both FeSOD and MnSOD are hypersensitive to oxidizing
agents (10, 33). Furthermore, although they can survive aero-
bically in rich medium, growth occurs slowly in minimal me-
dium and is induced only on addition of the 20 amino acids,
suggesting a drastic effect of ROS on amino acid biosynthesis
(10, 33, 35). The growth rate of these mutants in minimal
medium containing gluconate or succinate as the carbon
source is also lower, due to 6-phosphogluconate and aconitase
inactivation (23, 24). Thus, overexpression of proteins with
SOD activity in these mutants is expected to suppress the
deleterious effect caused by superoxide anion.

The observation that Nlr has superoxide-scavenging activity
prompted us to test if it could contribute to minimizing the
damage arising from the lack of SOD activity in E. coli SOD
mutants. Indeed, as shown in Fig. 3B, an E. coli sodA sodB
mutant strain expressing the D. gigas nlr gene, QC1799
[pPCYTNIr], has reestablished growth in enriched minimal me-
dium in the absence of branched amino acids, in contrast to the
E. coli sodA sodB mutant strain in the absence of nir expres-
sion, QC1799[pCYT] (Fig. 3A). Moreover, the growth of
QC1799[pCYTNIr] was also higher in the absence of all amino
acids. The growth of E. coli sodA sodB mutant strains on
gluconate or succinate as the carbon source was also measured,
and again the growth rate of QC1799[pCYTNIr] was higher
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FIG. 4. Effect of Nlr on sensitivity of E. coli sodA sodB strains to
paraquat. sodA sodB strains carrying the expression vector,
QC1799[pCYT] (dotted lines), and the expression vector harboring
the nlr coding unit, QC1799[pCYTNIr] (full lines), were grown in the
presence of paraquat. Overnight cultures grown in LB broth at 42°C
were diluted to an ODg, of ~0.02 in the same medium and grown to
an ODy, of =~0.5, at which point paraquat was added at 0 wM (cir-
cles), 50 uM (squares), or 100 wM (triangles) (final concentrations).
The results are the average values of four different experiments. The
inset represents the percent survival of QCI1799[pCYT] and
QC1799[pCYTNIr]| after paraquat treatment. Following a 6-h treat-
ment with 0, 50, or 100 uM paraquat, cells were diluted and plated on
LB plates at 37°C to monitor cell viability. The percent survival was
calculated as the ratio of the number of colonies grown in the presence
of paraquat to those in the absence of the drug. Values are the average
of two identical experiments. Grey and black bars represent
QC1799[pCYT] and QC1799[pCYTNIr], respectively.

than that of QC1799[pCYT] (data not shown). Similarly, Nir
enhanced the resistance of sod4 sodB mutant strain both to
paraquat (Fig. 4) and to 2.5 mM H,O, (data not shown). The
effect of Nlr on the sensitivity of the sod4 sodB mutant to
paraquat was much more evident when the survival after a 6-h
treatment with paraquat was measured, as shown in the inset
of Fig. 4. Furthermore, although all experiments performed
with either QC1799 or QC1799[pCYT] showed a slow growth
in rich medium and their colonies were very different in size,
suggesting serious stress to the cells, this was not observed with
QC1799[pCYTNIr]. These findings clearly show that nir gene
expression, similarly to Dfx expression, suppresses the delete-
rious effects produced by superoxide in the E. coli sodA sodB
mutant strain.
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DISCUSSION

The results presented in this report clearly show that the D.
gigas nlr gene is transcribed monocistronically from an up-
stream promoter, with sequence elements resembling those of
an E. coli ¢’ promoter. Furthermore, the nlr gene is consti-
tutively and abundantly expressed, and its expression is not
affected by oxidative stress. A decrease in gene expression is,
however, observed in stationary-phase cells, a fact which is a
general feature of microorganisms under these conditions.

Replacement of either Cys-4 or Cys-23 led to the formation
of NIr mutants with wild-type-like characteristics, indicating
that these residues are not functionally important. On the
other hand, replacement of the iron ligand Cys-115 by other
amino acid residues resulted either in the overproduction of
catalytically inactive Nlr or in the absence of Nlr production, as
detected by SDS-PAGE (Fig. 2A). These data clearly demon-
strate that Cys-115 is essential for Nlr catalytic activity, in
contrast to the histidine-carboxylate binding in FeSODs (for an
example, see reference 37). Furthermore, the low C23S pro-
duction and the absence of C115A and C115S production
suggest that these mutated Nlr proteins might be more sensi-
tive to proteases.

In spite of being an anaerobe, D. gigas was shown not only to
have an oxygen-utilizing pathway (11, 48) but also to contain
classical enzymes involved in O, detoxification such as catalase
and FeSOD (15). Given that Nlr has superoxide-scavenging
activity, it appears reasonable that in D. gigas cells neelare-
doxin would be involved in cell protection against oxidative
stress, together with FeSOD and catalase. Because deletion of
genes in this bacterium is still difficult, an E. coli mutant defi-
cient in cytoplasmic SODs (sodA sodB) was used to probe in
vivo the physiological function of NIr. Our results obtained
with nlr overexpression in an E. coli sodA sodB mutant clearly
show that Nlr efficiently suppresses the deleterious effects pro-
duced by the lack of SODs (Fig. 3 and 4). The ability of E. coli
sodA sodB mutants to grow aerobically in minimal medium is
restored when this strain overexpresses the D. gigas nlr gene
(Fig. 3). Furthermore, neelaredoxin expression also increases
the resistance of this double-mutant strain toward oxidative
stress agents such as paraquat (Fig. 4) and H,O, (data not
shown). These data indicate that Nlr reduces the steady-state
level of the superoxide anion within the cell, protecting it from
the deleterious effect of superoxide.

In contrast to our own results, Lumppio et al. (41) have
recently stated that D. gigas Nlr is not able to complement the
SOD deficiency of an E. coli mutant. It is possible that this
discrepancy occurs because D. gigas NIr might not be function-
ally produced in the E. coli sodA sodB mutant. Indeed, It is
already known that the active center of this protein family may
incorporate zinc instead of iron, resulting in inactive proteins
(3). Our data are corroborated by those obtained with Trepo-
nema pallidum Nlr, which, like D. gigas Nlr, although not con-
taining Dfx center I, was shown to fully complement the SOD
deficiency of an E. coli mutant strain (40), indicating that Nlr
and Dfx proteins are involved in protecting cells against super-
oxide anion (40, 46).

The data obtained by Voordouw and Voordouw (59), show-
ing that deletion of the dfx gene increased the oxygen sensitiv-
ity of D. vulgaris when exposed to transient aerobic conditions,
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strongly indicate that both Dfx and NIr proteins are involved in
defense mechanisms against ROS in the anaerobic SRB. This
protein family has been proposed to function either as SOD or
superoxide reductase proteins (1, 29, 31, 38-41). The “bifunc-
tionality” of these kind of enzymes could provide an advantage
for these anaerobic microorganisms, since it would give them
the versatility to be protected from the toxic effect caused by
ROS using either the SOD cycle or a superoxide reduction
reaction, depending on the cell redox status. However, given
the abundant and constitutive expression of the nlr gene, an
additional role for this protein during anaerobiosis cannot be
ruled out, a fact that makes it interesting for future studies.

The observations that Nlr, Nlr orthologues, and Dfx proteins
are found in all the available genome sequences from anaer-
obes (8, 19, 32, 34, 44, 52) but not from aerobes, as well as the
terminal oxygen reductase (ROO) discovered in D. gigas (11,
20), raise the question whether these proteins are the ancestors
of enzymes involved in protective mechanisms against oxida-
tive stress in anaerobes.
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