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Rute Rodrigues,1 João B. Vicente,1 Rute Félix,1 Solange Oliveira,1,2

Miguel Teixeira,1 and Claudina Rodrigues-Pousada1*
Instituto de Tecnologia Quı́mica e Biológica, Universidade Nova de Lisboa, Oeiras, Portugal,1

and Departamento de Biologia, Universidade de Évora, Évora, Portugal2
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Desulfovibrio gigas flavodiiron protein (FDP), rubredoxin:oxygen oxidoreductase (ROO), was proposed to be
the terminal oxidase of a soluble electron transfer chain coupling NADH oxidation to oxygen reduction.
However, several members from the FDP family, to which ROO belongs, revealed nitric oxide (NO) reductase
activity. Therefore, the protection afforded by ROO against the cytotoxic effects of NO was here investigated.
The NO and oxygen reductase activities of recombinant ROO in vitro were tested by amperometric methods,
and the enzyme was shown to effectively reduce NO and O2. Functional complementation studies of an
Escherichia coli mutant strain lacking the ROO homologue flavorubredoxin, an NO reductase, showed that
ROO restores the anaerobic growth phenotype of cultures exposed to otherwise-toxic levels of exogenous NO.
Additional studies in vivo using a D. gigas roo-deleted strain confirmed an increased sensitivity to NO of the
mutant strain in comparison to the wild type. This effect is more pronounced when using the nitrosating agent
S-nitrosoglutathione (GSNO), which effectively impairs the growth of the D. gigas �roo strain. roo is consti-
tutively expressed in D. gigas under all conditions tested. However, real-time reverse transcription-PCR
analysis revealed a twofold induction of mRNA levels upon exposure to GSNO, suggesting regulation at the
transcription level by NO. The newly proposed role of D. gigas ROO as an NO reductase combined with the O2
reductase activity reveals a versatility which appears to afford protection to D. gigas at the onset of both
oxidative and nitrosative stresses.

Desulfovibrio gigas is a sulfate-reducing bacterium consid-
ered to be a strict anaerobe. However, there is growing evi-
dence that this organism can survive and probably even profit
energetically from transient exposure to oxygen (8, 23). Like
other isolates from the Desulfovibrio genus, D. gigas has metal-
binding enzymes for the detoxification of molecular oxygen
(rubredoxin:oxygen oxidoreductase [ROO] and cytochrome
bd) (8, 23), its reactive species (catalase and superoxide dis-
mutase) (9), and superoxide reductase (34). The first pro-
posed D. gigas defense mechanism against O2 involved a
flavometalloprotein, ROO (8), which accomplishes full ox-
ygen reduction to water by accepting electrons from reduced
rubredoxin (Rd). Rd is in turn reduced by NADH:rubre-
doxin oxidoreductase (7, 8).

ROO belongs to the flavodiiron protein (FDP) family,
whose members are widespread in strict and facultative anaer-
obic Archaea and Bacteria members, as well as in anaerobic
protozoa (1, 29, 30). The resolution of its crystallographic
structure (12) revealed that each monomer of this homo-
dimeric protein consists of two structural modules, a C-termi-
nal flavin mononucleotide-binding flavodoxin-like domain and
an N-terminal metallo-�-lactamase-like domain. More recently,
the structure of the FDP from Moorella thermoacetica was also
solved (33).

Although a role in oxygen reduction was initially assigned to
the FDP family, recent reports contributed to the establish-

ment of members of this protein family as NO reductases. The
first evidence of NO reduction activity concerned Escherichia
coli flavorubredoxin (FlRd). A role in anaerobic NO reduction
was proposed for FlRd on the basis of an increased sensitivity
to NO of an E. coli norV (the gene encoding FlRd) mutant
(13), which was further confirmed by the NO reductase activity
of the enzyme in vitro (15) and by transcriptional analysis of E.
coli grown under nitrosative stress, both aerobically (25) and
anaerobically (18). Subsequently, the same NO reductase ac-
tivity was determined for the FDPs from M. thermoacetica (32)
and Desulfovibrio vulgaris (33).

The presence of protective mechanisms against NO in De-
sulfovibrio species (besides D. gigas and D. vulgaris, other De-
sulfovibrio species have FDP orthologues present in their ge-
nomes) raises the possibility that these organisms may face
nitrosative stress in their living environments. They may indeed
have to cope with NO formed and released in the process of
nitrite reduction by coexisting denitrifying organisms. On the
other hand, as some of these organisms inhabit the mammalian
digestive tract, associated with chronic inflammatory diseases
(14, 24), they may locally be subjected to the immune response
mechanisms of their hosts at the onset of infection and inflam-
matory processes, including NO production and release by
activated macrophages. The existence of FDPs in Desulfovibrio
species thus appears to constitute another stress resistance
strategy of these versatile organisms.

The present work aims to investigate the role of ROO in the
protection of D. gigas against NO, using a combination of
approaches in vitro and in vivo. The NO and O2 reductase
activities of recombinant ROO in vitro were measured by am-
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perometric methods, and the approach in vivo involved
complementation studies performed with an E. coli norV mu-
tant strain, as well as construction and phenotypic analysis of a
D. gigas roo mutant strain. The results are discussed in the light
of the versatility of ROO to act either as an NO or an oxygen
reductase.

MATERIALS AND METHODS

Cloning, overexpression, and purification of recombinant ROO. ROO was
cloned in the expression vector pET-30a (Novagene), using restriction sites for
NdeI and XhoI. The clone obtained was confirmed by sequencing, performed
with the Thermo Sequenase Cycle Sequencing kit (Amersham) and with the ABI
Prism 373A Automatic Sequencer using the ABI Prism DyeDeoxy Terminator
Cycle Sequencing kit. Recombinant expression of ROO was performed with E.
coli strain BL21(DE3) (Novagene), using M9 minimal medium (2) with kana-
mycin (30 mg/ml) supplemented with FeSO4 (10 �M) at 30°C. Isopropyl-beta-
D-thiogalactopyranoside (IPTG; 1 mM) was used as an inducer at an optical
density at 600 nm (OD600) of �0.6, and cultures were allowed to grow for 7 h
before harvest of the cells by centrifugation. E. coli cells overexpressing ROO
were disrupted in two cycles in a French press minicell at 1,000 lb/in2. The soluble
extract was separated from the membrane fraction by ultracentrifugation for 2 h
at 100,000 � g and analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), using molecular mass markers (Fermentas). The ob-
tained soluble extract was dialyzed overnight at 4°C against 5 mM Tris-HCl, pH
7.6, with 9% glycerol (buffer A) and then loaded onto a 60 ml Q-Sepharose Fast
Flow column (Amersham Pharmacia) previously equilibrated with 20 mM Tris-
HCl and 18% glycerol, pH 7.5 (buffer B). An NaCl gradient of 8 column volumes
(from buffer B to buffer C, i.e., buffer B with 1 M NaCl) was applied at a flow rate
of 2.5 ml/min, and ROO was eluted at approximately 350 mM NaCl, as indicated
by the mild yellow color, and confirmed by UV-visible spectroscopy. The pooled
fractions were then dialyzed overnight against buffer A and subsequently applied
to a 50-ml Fractogel TMAE column (Merck), previously equilibrated with buffer
B. ROO eluted at approximately 250 mM NaCl, at a flow rate of 1.5 ml/min,
using an 8-column-volume gradient of buffer B to buffer C. This step yielded pure
ROO, as judged by SDS-PAGE.

Biochemical analysis of recombinant ROO. The purity of recombinant ROO
was assessed by 12% SDS-PAGE (20). ROO flavin cofactor analysis was per-
formed as described previously (38), and its iron content was determined by the
2,4,6-tripyridyl 1,3,5-triazine method (11). The amount of total protein was
quantified by the bicinchoninic acid assay method (36).

Amperometric monitoring of nitric oxide and oxygen reduction. NO consump-
tion measurements were carried out using a World Precision Instruments ISO-
NOP 2-mm electrode at room temperature as described previously (15). Re-
duced D. gigas rubredoxin was prepared separately by anaerobically incubating
415 �M Rd with 48 nM E. coli FlRd-reductase and 1 mM NADH. D. gigas
rubredoxin and E. coli flavorubredoxin reductase were overexpressed in E. coli
and purified as described previously (15, 21).

Oxygen consumption rates were measured with a Clark-type O2 electrode
plugged into a Biological Oxygen monitor (model 5300; Yellow Springs). Rubre-
doxin was reduced in situ with 400 nM E. coli FlRd reductase and 1 mM NADH
prior to the addition of ROO to the reaction mixture. Catalase (Sigma) was
added to the reaction mixture to test the production of hydrogen peroxide upon
oxygen consumption. The experiments were carried out at 25°C in an air-equil-
ibrated buffer (50 mM Tris-HCl, pH 7.5, containing 18% glycerol), i.e., with
approximately 240 �M O2. Since full reduction of oxygen to water requires four
electrons, ROO will oxidize four Rd (one-electron carrier) molecules to catalyze
this reaction to completeness. To check whether the O2 or NO reductase activ-
ities were limited by electron donation from reduced Rd, the concentration of
the latter was varied, and the O2 and NO consumption rates were measured.

Functional complementation studies. roo was cloned into the expression vec-
tor pFLAG-CTC (Sigma), using restriction sites BamHI and XhoI, and the
resulting plasmid construction pFLAG-CTC(ROO) was confirmed by sequenc-
ing, as described above. Anaerobic cultures of E. coli AG300 (containing the
norV gene disrupted) transformed with either pFLAG-CTC (Sigma) or pFLAG-
CTC(ROO) were grown without shaking at 37°C under N2 gas in medium
prepared as described previously (32) with ampicillin (100 �g/ml).

roo expression was induced by addition of IPTG (1 mM) to 80-ml anaerobic
cultures of E. coli AG300[pFLAG-CTC] and AG300[pFLAG-CTC(ROO)], at
OD550 of �0.3. Where required, 50 �M NO or 1 mM S-nitrosoglutathione
(GSNO) was added to the cultures 1 h after induction. Culture growth was
followed by measurement of OD at 550 nm. NO-saturated solutions were pre-

pared as described previously (3) and used immediately afterward. Residual
oxygen was removed from the solutions stored in rubber seal-capped flasks by
bubbling with oxygen-free argon prior to saturation with NO. NO was depleted
from contaminants such as higher N oxides (mostly NO2) by being passed first
through 5 M NaOH in a gas scrubbing bottle and then through a second bottle
containing water, thus avoiding aerosol contamination. GSNO stock solutions
were prepared as described previously (37) by mixing S-glutathiol (Sigma) with
sodium nitrite under acidic conditions.

D. gigas growth and roo deletion. D. gigas cells were grown anaerobically at
37°C in lactate-sulfate medium (22).

To determine the function of ROO in vivo, a null mutant for this gene in D.
gigas was generated by gene replacement with a kanamycin resistance gene by
homologous recombination (5, 27).

Plasmid construction. The flanking regions of the gene encoding ROO were
amplified by PCR, including appropriate restriction sites for cloning in the vector
pZErO-1 (Invitrogen), for ligation with the amplified kanamycin resistance gene.
The kanamycin resistance gene from pJRD215 was amplified by PCR, using
primers with appropriate restriction sites for ligation with the cloned flanking
regions of roo (see Fig. 5) The resulting plasmid used for D. gigas transformation
consisted of the kanamycin resistance gene with the flanking regions of roo.

D. gigas transformation. D. gigas cells to be transformed were prepared based
on the method previously described (5, 27) from 500 ml of an early-stationary-
phase culture (OD600, �0.7 to 0.8). Transformation was performed with 6 �g of
the plasmid construct in 0.1-cm cuvettes by electroporation in a Bio-Rad Gene
Pulser apparatus, setting the resistance to �, using a 0.7-kV voltage and a 3-�F
capacitance. Immediately after electroporation, cells were inoculated in medium
(22) and allowed to grow at 37°C. After a 5-h growth period, kanamycin was
added to the medium (50 �g/ml), and the cultures were allowed to grow over-
night. Cells were then subcultured three consecutive times in medium with
kanamycin (50 �g/ml). Colonies were isolated in medium supplemented with
agar (15 g/liter) and kanamycin (50 �g/ml) by the roll tube technique (5, 28). roo
gene deletion was confirmed by PCR and Southern blot analyses.

Phenotypic analysis of the D. gigas �roo strain. Cells were grown anaerobi-
cally at 37°C in lactate-sulfate medium (22) until early log phase (OD600, �0.3 to
0.4). Where appropriate, 10 �M NO or 10 �M GSNO was added to the cultures.
Growth of the cultures was monitored by OD600 nm.

D. gigas growth for mRNA expression analysis. Cells were grown anaerobically
as described above until early log phase. Where appropriate, exposure to NO,
GSNO, or O2 was achieved by the addition of NO-saturated water to the cultures
to a concentration of 150 �M NO, of GSNO solution to a concentration of 1 mM,
or air-saturated water to a concentration of 60 �M O2 for 1 h. Exposure to 60
�M O2 was chosen according to the oxygen concentration at which Desulfovibrio
desulfuricans CSN (DSM 9104), a close relative of D. gigas, was shown to survive
(31) and also because this value is within the range of oxygen concentrations
previously shown to induce expression of an ROO orthologue in Clostridium
acetobutylicum (19).

RNA isolation and real-time reverse transcription-PCR (RT-PCR) analysis.
Total RNA was extracted as previously described (26) from early-log-phase D.
gigas cells, grown as previously described.

Total RNA was treated with DNaseI RNase-free (Roche), and Transcriptor
Reverse Transcriptase (Roche) was used to synthesize cDNA with the random
primer p(dN)6, according to the manufacturer’s instructions. To rule out the
presence of DNA in the RNA preparation, a control reaction was performed
without the RT (no-RT control). Amplification and quantification of cDNA was
performed with a Light Cycler (Roche) with the DNA Master SYBR Green I kit
(Roche), according to the manufacturer’s instructions, using specific primers
amplifying a region of 331 bp in roo. The housekeeping gene for 16S rRNA was
used as the internal control. Relative standard curves were generated with
duplicate serial dilutions of cDNA. The samples for comparison were analyzed as
unknowns using duplicate dilutions of cDNA. The relative expression of roo
(roo/16S) in the different conditions tested was normalized against its expression
in cells grown in standard conditions.

RESULTS

Biochemical and spectroscopic analyses of recombinant
ROO. ROO was successfully overexpressed in E. coli and pu-
rified to homogeneity, as revealed by the SDS-PAGE analysis
which displayed a single band of about 43 kDa (Fig. 1, inset),
as predicted. Recombinant ROO was isolated with �2 irons
and �0.8 flavin mononucleotides per monomer, as expected.
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The spectrum of recombinant oxidized D. gigas ROO (Fig.
1) was dominated by the flavin moiety, with two major bands
around 380 nm and 450 nm. The band at 424 nm appeared to
be due to a substoichiometric b-type heme. The low-absor-
bance band at approximately 500 nm observed in the spectrum
of the reduced enzyme (Fig. 1, line b) remains to be assigned.
The dominance of the flavin moiety was confirmed by subtract-
ing the reduced ROO spectrum to the oxidized one (Fig. 1, line
a). The redox spectrum thus obtained (Fig. 1, line c) displayed
the features of the oxidized flavin moiety, with a maximum at
454 nm and the � and � bands at 548 and 571 nm, character-
istic of reduced heme moieties. From the redox spectrum, it
was also possible to estimate a heme content of about 0.02 to
0.04 mol heme/mol ROO. It should be noted that wild-type
(wt) ROO also contains substoichiometric amounts of heme
(16). The significance, if any, of the heme copurification, also
observed for the D. vulgaris enzyme (33), is not known. Nev-
ertheless, the very small amount of heme (�0.005 heme per
protein molecule) present in the purified recombinant protein
precludes any significant contribution to the NO reaction.

Oxygen consumption by recombinant D. gigas ROO. The
oxygen reductase activity of recombinant D. gigas ROO was
measured using reduced recombinant D. gigas rubredoxin as
the electron donor (Fig. 2A). In the range of Rd concentra-
tions tested, the oxygen reduction activity of ROO was shown
to depend hyperbolically on the concentration of Rd (Fig. B).
From the data, a maximal oxygen reductase activity can be
estimated as 50.5 	 10 �M O2 · s
1 · �M ROO
1. However,
the observation that a large fraction of the Rd was immediately
oxidized upon addition of ROO and remained so in the course
of the assays suggested that rereduction of Rd by FlRd reduc-
tase could limit the overall reaction. This was further investi-
gated by performing a set of experiments where the Rd concen-
tration was kept constant and the FlRd reductase concentration
was varied. Figure 2B, inset, displays the linear increase of the
O2 reductase activity of ROO with increasing FlRd reductase
concentrations, up to 1 �M. The feasibility of these assays at
higher FlRd reductase concentrations was impaired by the O2

reductase activity of the FlRd reductase (17). The slow O2

consumption observed upon addition of FlRd reductase (Fig.
2A) became steeper with the increasing FlRd reductase con-

centration, enough to compromise the correct assignment of
the O2 reductase activity to ROO. With these observations in
mind, we envisage that the maximal oxygen reductase activity
of recombinant ROO may be significantly higher than the rates
reported here, i.e., when not limited by electron donation from
its redox partners.

Nitric oxide reductase activity of recombinant D. gigas ROO.
Nitric oxide consumption by recombinant ROO was measured
anaerobically using excess reduced Rd as the electron donor to
ROO. In the absence of oxygen, the expected NO reduction
product was nitrous oxide (N2O), as corroborated by the
NADH/NO stoichiometries observed for other FDPs (32) and
our own unpublished results. In comparison with the O2 re-
duction measurements, two major differences reside in the fact
that (i) NO reduction to nitrous oxide (N2O) required only two
electrons (one per NO molecule) and (ii) the NO concentra-
tions tested here were much lower (maximally 10 �M) than
those of oxygen (�240 �M). Thus, electron donation from
reduced Rd should not pose the same experimental difficulties
as for the O2 reduction assays, i.e., the slow rereduction of Rd
by catalytic amounts of FlRd reductase. The NO reductase
activity was thus studied as a function of reduced Rd con-
centration, by anaerobically incubating Rd with FlRd reduc-
tase and excess NADH prior to its addition to the reaction
mixture. Upon addition of aliquots of a saturated NO solu-

FIG. 1. Biochemical and spectroscopic analyses of recombinant D.
gigas ROO. Visible spectra of pure ROO recorded in different redox
states. Line a (full), spectrum of an isolated ROO; line b (dashed),
spectrum of reduced ROO (the sample from line a reduced with
sodium dithionite); line c (dotted), redox spectrum obtained by sub-
tracting line a from line b. Inset, SDS-PAGE analysis of purified
recombinant D. gigas ROO.

FIG. 2. Oxygen consumption by recombinant D. gigas ROO. (A)
Representative oxygen consumption assay by D. gigas ROO monitored
with a Clark-type electrode. FlRd reductase, E. coli flavorubredoxin
reductase; Dg_Rd, D. gigas recombinant rubredoxin. (B) Hyperbolic
dependence of the oxygen reductase activity of ROO on the concen-
tration of rubredoxin. Inset, linear dependence of the oxygen reductase
activity of ROO on the concentration of E. coli FlRd reductase (tested
range, 100 to 800 nM) at a fixed rubredoxin concentration of 16 �M.
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tion (1.9 mM at 25°C), a slow NO consumption rate was
observed, due to the unspecific reduction of NO by NADH,
mediated by FlRd reductase (Fig. 3A). The NO reduction
rates were shown to vary hyperbolically with increasing re-
duced Rd concentrations (Fig. 3B) with an estimated max-
imal NO consumption rate of 14.9 	 3.2 mol NO · s
1 · mol
ROO
1. From the observation of the NO consumption
traces, an apparent Km can be estimated to be higher than
that reported for E. coli FlRd and within the order of the
values for the M. thermoacetica and D. vulgaris FDPs (32,
33), i.e., slightly �5 �M.

Functional complementation. E. coli strain AG300, which
contains the norV gene disrupted, is incapable of anaerobic
growth in minimal medium containing low micromolar levels
of added NO (13). To evaluate the NO reductase activity of
ROO in vivo, growth of E. coli strain AG300 expressing plas-
mid-borne ROO was analyzed in the presence of NO. The
results, depicted in Fig. 4, show that in contrast to the mutant
strain, the strain expressing D. gigas ROO from the plasmid
pFLAG-CTC(ROO) was capable of anaerobic growth under
exposure to NO. This indicates that D. gigas ROO can replace
E. coli FlRd, restoring anaerobic growth to the mutant strain

under exposure to NO, most probably through its NO reduc-
tase activity.

Genotypic and phenotypic analysis of the D. gigas �roo
strain. To clearly evaluate the ROO function in vivo, we con-
structed and characterized a D. gigas roo mutant. A plasmid
containing the kanamycin resistance gene and the flanking
regions of roo (Fig. 5) was constructed and used to transform
wt D. gigas, as described in Materials and Methods. Following
transformation and isolation of colonies grown in the presence
of kanamycin, disruption of roo was confirmed by both PCR
and Southern blot analyses.

PCR analysis revealed PCR products of the expected size in
wt D. gigas and the mutant strain (data not shown). EcoRI-
digested genomic DNAs from wild-type and �roo D. gigas
strains were hybridized with the roo and the kanamycin resis-
tance gene probes. Hybridization with the roo probe resulted in
two positive bands of the expected size (1,006 bp and 1,140 bp),
only in the lane corresponding to wild-type D. gigas (data not
shown). Hybridization with the kanamycin resistance gene
probe resulted in a single positive band of the predicted size
(2,351 bp) only in the lane corresponding to �roo D. gigas (data
not shown). The results obtained by both PCR and Southern
blotting hence confirmed deletion of the roo gene and its re-
placement by the kanamycin resistance gene.

To determine the phenotype of the D. gigas �roo strain, we
first performed sensitivity assays of the presence of different
concentrations of NO and the nitrosating agent GSNO with
both the wild type and the mutant strain. A concentration of 10
�M NO or GSNO was shown to reveal growth differences
between the two strains tested (Fig. 6). Under standard growth
conditions, no differences were observed between wild-type
and mutant strains. However, in the presence of either NO or
GSNO, it is clear that growth of the mutant strain was severely
impaired. These results strongly suggest that ROO is respon-
sible for NO detoxification in D. gigas.

The phenotype of the D. gigas �roo strain in the presence of
O2 was analyzed to address whether the activity of O2 reduc-

FIG. 3. Nitric oxide consumption by recombinant D. gigas ROO.
(A) Representative NO consumption anaerobic assay by D. gigas ROO
monitored with an NO-specific electrode. (B) Hyperbolic dependence
of NO reductase activity of ROO on the concentration of reduced
rubredoxin.

FIG. 4. Anaerobic growth of E. coli AG300 in the presence of 50
�M NO with expression of plasmid-borne D. gigas ROO. �, control
strain AG300[pFLAG-CTC]; ■ , control strain AG300[pFLAG-CTC]
with NO; E, strain AG300[pFLAG-CTC(ROO)]; F, strain AG300
[pFLAG-CTC(ROO)] with NO. IPTG and NO were added at the
times following inoculation indicated by the arrows. Each data point is
the average of three independent growth experiments.
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tion in vitro is significant in vivo. However, sensitivity assays
performed in the presence of various concentrations of O2 in
both wild-type and mutant strains, including full aeration of
the cultures, revealed no growth differences between the two
tested strains (data not shown).

roo expression analysis under stress conditions. To corre-
late the previous results with roo expression, the roo mRNA
levels in D. gigas were analyzed by real-time reverse transcrip-
tion-PCR in the presence of NO, GSNO, and O2 (data not
shown). roo was constitutively expressed, with a twofold induc-
tion of roo mRNA levels observed upon exposure to 1 mM
GSNO but not upon direct exposure to NO. No significant
changes in roo mRNA levels were detected upon exposure to
60 �M O2. The values obtained are the average of three inde-
pendent experiments.

DISCUSSION

Prokaryotes such as Desulfovibrio spp. may face nitrosative
stress when coexisting with denitrifiers, derived from the re-
lease of NO from denitrification reactions. Furthermore, sev-
eral Desulfovibrio spp., possibly including D. gigas, inhabit the
mammalian digestive tract, being related to chronic inflamma-
tory diseases (14, 24). Within this environment, at the onset of
infection and inflammatory processes they may face NO re-
lease from activated macrophages, as part of the immune sys-
tem response of their hosts. Therefore, an anaerobe such as D.
gigas must be able to cope with nitrosative stress, in addition to
oxidative stress. Although D. gigas appears to have the appro-
priate enzymatic machinery to cope with oxidative stress de-
rived from transient exposure to O2 and its reactive species (9,
10, 23, 34), no system for NO detoxification has been so far
described for this organism. However, recent reports on D.
gigas ROO orthologues endowed with NO reductase activity
suggest a similar role for this enzyme.

In this work, we used multiple approaches to investigate
whether D. gigas ROO is involved in NO reduction and/or
oxygen reduction. The measurements of oxygen consumption
by recombinant ROO in vitro showed that this FDP has a
maximal oxygen reductase activity of 50.5 	 10 mol O2 · s
1 ·
mol ROO
1 under the conditions tested. However, this activity
can be underestimated, due to limitation by electron donation
from its redox partners. Nevertheless, it is evident that D. gigas
ROO can act as a robust oxygen reductase, pointing to a role
for this protein as an efficient oxygen scavenger in this organ-
ism. With respect to NO, an apparent maximal consumption
rate of 14.9 	 3.2 mol NO · s
1 · mol ROO
1 was estimated.
This rate was lower than those reported for other FDPs but
still within those reported for NO reductases, including respi-
ratory ones (40). These observations may imply that the elec-
tron transfer chain with ROO as its terminal reductase detoxi-
fies either NO or O2 under different conditions.

Evidence of NO scavenging by D. gigas ROO in vivo came
from the induced production of the protein in an E. coli strain

FIG. 5. Restriction map of wild-type D. gigas and �roo D. gigas. The primers used are indicated.

FIG. 6. Growth curves of wild-type D. gigas and �roo D. gigas in the
presence of 10 �M NO or 10 �M GSNO. Open symbols, wt; solid
symbols, �roo; squares, no induced stress; circles, added NO; triangles,
added GSNO. NO and GSNO were added at an initial concentration
of 10 �M at the time following inoculation indicated by the arrow.
Each data point is the average of three independent growth experi-
ments.
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containing a disrupted norV gene. Cultures grown anaerobi-
cally were no longer sensitive to NO or to the nitrosating agent
GSNO. Most probably, the restoration of E. coli’s ability to
grow anaerobically in the presence of NO results from the
lower NO levels, due to the reductase activity of the heterolo-
gously produced D. gigas ROO. Since in this experiment the
rubredoxin-like module of FlRd (redox partner of ROO, Rd)
was not provided and no Rd was encoded in the E. coli genome
(4), an endogenous E. coli protein most likely acted as an
electron provider for ROO. Similarly, in analogous experi-
ments with M. thermoacetica and D. vulgaris in which the re-
spective FDPs were expressed in the E. coli norV mutant strain
in the absence of their redox partners, restoration of the an-
aerobic phenotype was also observed (32, 33).

To further complement these results on ROO function, we
assessed the activity in vivo of ROO in D. gigas by phenotypic
analysis of a mutant roo strain. This strain showed severe
growth impairment upon exposure to 10 �M NO, compared to
the wild type. Upon exposure to stress, both strains showed
growth arrest, which was clearly resumed in the wild-type
strain, while the mutant strain did not recover efficiently. The
slight recovery of the mutant strain was probably due to re-
moval of NO from the reducing medium.

This, as well as the aforementioned E. coli complementation
results, supports the idea that ROO is indeed involved in NO
detoxification as an NO reductase in D. gigas.

Under exposure to oxygen (up to 60 �M), no differences
between the wild type and the mutant strain were observed.
Given the reductive nature of the culture medium, it is possible
that under these conditions the introduced 60 �M O2 was
promptly reduced by the medium, with very little or no effect
on the cultures. Furthermore, D. gigas was shown to have
several enzymes besides ROO that allow it to deal with oxygen
(9, 23, 34). The combination of these features contributes to
the absence of phenotypic differences between wild-type and
�roo D. gigas strains in the presence of oxygen.

Analysis of roo gene expression in D. gigas revealed no sig-
nificant changes in roo mRNA levels upon exposure to NO. On
the contrary, when cells were exposed to the nitrosating agent
GSNO, there was an increase in roo mRNA levels of approx-
imately twofold. This seemingly contradictory result may be
due to depletion of NO from the highly reductive growth
medium to levels insufficient to cause induction of roo expres-
sion, whereas the GSNO concentration used seems to cause a
nitrosative effect sufficient for induction of roo mRNA levels.
Furthermore, some bacteria are much more sensitive to S-
nitrosothiols (such as GSNO) than to NO (29), and this may
also be the case with D. gigas.

Upon exposure to oxygen, no induction of roo mRNA levels
was observed, although it cannot be excluded that the added
oxygen may not have been enough to trigger a response, espe-
cially given the reductive nature of the growth medium.

These results suggest that under the conditions tested, NO
but not O2 induces roo expression at the transcriptional level.

The mechanism by which expression of roo is regulated is
not known; contrary to FlRd from E. coli, ROO is constitu-
tively expressed in D. gigas (35), as its counterpart from D.
vulgaris (33). No consensus sequences similar to those recog-
nized by regulator proteins, such as FNR or ArcAB involved in
the response to O2 or NO, were found in the rd-roo promoter

region (35). In addition and contrary to what is observed with
E. coli FlRd, no gene encoding a norR homologue, a putative
physiological NO sensor in enteric bacteria (18, 25, 39), was
found in the upstream vicinity of D. gigas ROO. However, two
putative consensus sequences for a NorR-binding box [GT-
(N7)-AC] were found upstream of the rd-roo coding region.
According to genome database analyses, this inverted repeat is
found in several bacteria upstream of gene loci encoding pro-
teins involved in nitric oxide metabolism (6), which is in agree-
ment with our results regarding the involvement of ROO in
NO detoxification in D. gigas.

Altogether, our observations strongly suggest that D. gigas
ROO may afford a protective mechanism for this organism
when it faces either NO or oxygen stress.
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