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ABSTRACT: A few members of a widespread class of bacterial and archaeal flavo-diiron proteins, dubbed
FprAs, have been shown to function as either oxidases (dioxygen reductases) or scavenging nitric oxide
reductases, but the questions of which of these functions dominates in vivo for a given FprA and whether
all FprAs function as oxidases or nitric oxide reductases remain to be clarified. To address these questions,

an FprA has been characterized from the anaerobic sulfate-reducing bacBsutiaibrio vulgaris.

The gene encoding thB. vulgaris FprA lies downstream of an operon encoding superoxide reductase
and rubredoxin, consistent with arn-@cavenging oxidase function for this FprA. The recombirant
vulgaris FprA can indeed serve as the terminal component of an NADH oxidase. However, this oxidase
turnover results in irreversible inactivation of the enzyme. On the other hand, the reconibinaigaris

FprA shows robust anaerobic nitric oxide reductase activity in vitro and also protects a nitric oxide-

sensitiveEscherichia colistrain against exposure to

exogenous nitric oxide. It is, therefore, proposed that

this D. wulgaris FprA functions as a scavenging nitric oxide reductase in vivo and that this activity protects
D. vulgaris against anaerobic exposure to nitric oxide. The location of a gene encoding a second FprA
homologue in theD. vulgaris genome also suggests its involvement in nitrogen oxide metabolism.

Several members of an apparently widespread class ofstrains to anaerobic nitric oxide exposure, and expression

bacterial and archaeal proteins, called Fpiar A-type
flavoprotein), harbor a novel type of active site featuring a
flavin in close contact with a non-heme, non-sulfur diiron
site contributed from flavodoxin-like and metalblacta-
mase-like domains, respectivel§~«3). The diiron site is

of plasmid-borne flavorubredoxin restored nitric oxide
resistance &, 7). E. coli flavorubredoxin was reported to
show both NOR and &R activities in vitro 8, 9). A five-
gene cluster in the anaerobic, acetogenic bactekiioorella
thermoacetica&ncodes an FprA together with oxidative stress

ligated by histjdine, glutamate, and aspgrtatg side chains_., bufprotection proteins 10). While this gene clustering is
FprAs otherwise bear no apparent relationship to other diiron consistent with an @scavenging function, we subsequently

proteins. A lactam binding region in FprA is also not
apparent. An FprA homologue in the anaerobic sulfate-
reducing bacteriundesulfaibrio gigas named ubredoxin:
oxygenoxidoreductase (ROO), was proposed to function as
a dioxygen reductase (R) (2, 4, 5). More recently, in vivo
evidence for a nitric oxide reductase (NOR) function was
obtained for the FprA homologue, referred to as flavoru-
bredoxin, from the facultative anaerobic bacteriistheri-
chia coli (6). This nonrespiratory, scavenging NOR activity
catalyzes reduction of NO toJ®, thereby protecting. coli
against “nitrosative stress” under anaerobic growth condi-
tions. Thus, expression of flavorubredoxin was induced by
anaerobic exposure &. colito nitric oxide, flavorubredoxin
knockoutE. coli strains were more sensitive than wild-type

T This work was supported by NIH Grant GM40388 (D.M.K.).

demonstrated efficient anaerobic scavenging NOR activity
both in vitro and in vivo forM. thermoaceticaFprA (11).
Implication of NOR activity for an FprA in a pathogenic
protist has also been reportetl).

The ~100 FprA homologues in the NCBI database
(www.ncbi.nlm.nih.gov) are found predominantly in air-
sensitive (i.e., anaerobic or microaerophilic) microorganisms,
often in multiple genomic copies. Unlike their NOR activity,
aerobic QR turnover of both theE. coli flavorubredoxin
andM. thermoaceticdprA resulted in irreversible inactiva-
tion (6, 11), perhaps suggesting that NOR is the true function
of FprAs. However, the generality of the anaerobic NOR
function for FprAs has not been establishBdgigasROO,
for example, has not been reported to show NOR activity.
On the basis of its homology tB. gigasROO, an FprA
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1 Abbreviations: FprA, flavo-diiron protein; NOR, nitric oxide
reductase; €R, dioxygen reductase; ROO, rubredoxin:oxygen oxi-
doreductase; Hrb, high molecular weight rubredoxin (NADH:FprA
oxidoreductase); flavo-Hrb, truncated Hrb lacking the C-terminal
rubredoxin domain and containing only FMN as a cofactor; MOPS,
N-morpholinoethanesulfonic acid; IPTG, isoprogyb-thiogalactoside;
ccNIR, cytochromes nitrite reductase.
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reducing bacteriurDesulfaibrio vulgaris, was proposed to
function as an @scavenging ROO1Q). This D. wulgaris
FprA gene is found-130 base pairs downstream of idoo-
rub operon, which encodes a superoxide reductds® and
rubredoxin (ub) (14). Both of these latter proteins are known
to be involved in oxidative stress defenskEs{17). This
situation is reminiscent of that iN. thermoaceticawhere

© 2005 American Chemical Society

Published on Web 02/08/2005



NO Scavenging by ®. vulgaris Flavo-Diiron Protein Biochemistry, Vol. 44, No. 9, 20083573

the aforementioned five-gene cluster encoding FprA also in E. coliand purification of DvFprA2 were identical to that
encodes its reductase, Hrhigh molecular weightrubre- described foM. thermoaceticdprA (11). The pET-DvFprA
doxin), rubredoxin, superoxide reductase, and rubrerythrin (non-His-tagged) plasmid was typically used for overexpres-
(another protein known to be involved in oxidative stress sion. The molar absorptivity of purifieD. vulgaris FprA at
defense) 10, 15, 16). Reported here are recombinant 470 nm was determined from the protein and flavin quan-
expression, isolation, and functional characterization of the titations, carried out as described above, and this molar
FprA that is encoded downstream of thm-rub operon in absorptivity was subsequently used to calculate FprA con-
D. wulgaris. centrations from measured absorbances.

Hrb and Flavo-Hrb Expression and Characterization.
RecombinanM. thermoaceticalrb was expressed, purified,

Reagents and General Procedurelll solutions were  and handled under low-temperature—® °C), low-light
prepared in deionized water. DNA restriction and ligating conditions, as previously described, and Hrb concentrations
enzymes were obtained from New England Biolabs, Inc. \yere determined using a published molar absorptivit.(
NADH (Sigma Chemical Co.) and protein molecular weight - A variant of Hrb, labeled flavo-Hrb, could be purified using
standards (Bio-Rad, Inc.) were used without further purifica- the identical procedure except taking no precautions to avoid
tion. Molecular biology manipulations followed standard exposure to light and if all manipulations were carried out
protocols (8). RecombinantD. wvulgaris rubredoxin, M. at room temperature. Flavo-Hrb was verified by SBS
thermoaceticaHrb, andM. thermoaceticaFprA were ob- PAGE, UV—vis absorption, mass spectrometry, and N-
tained as previously described( 15). Where indicated,  terminal amino acid sequencing to consist of a truncated Hrb,
solutions were made anaerobic by repetitive vacuum/argon|acking the C-terminal rubredoxin domain and containing
or N2 gas exchange or by extensive purging with argon or only FMN as a cofactor. The N-terminal amino acid
N2 gas via syringe needles inserted through tight-fitting sequence, MDTKALHTLTYGLXT, determined for the
rubber septa. Protein purity was judged by SHRAGE flavo-Hrb was identical to that of Hrb (cf. NCBI accession
(15% polyacrylamide gels) and Coomassie blue stairilg ( nymper AAG00803), and the protein molecular mass of
Western blotting followed a standard proced#8)(Chro- 17828 pa (determined by ESI mass spectrometry) indicated
mosomal DNA of D. vulgaris and plasmid DNA were — cjeayage after residue T164. Flavo-Hrb did not catalyze FprA
isolated and purified using a QlAamp DNA mini kit and  eqyction by NADH but proved to be a convenient catalyst
QIAprep spin miniprep kit (Qiagen Inc.), respectively. ESI tqr requction ofD. vulgaris rubredoxin by NADH (albeit at
protein mass spectrometry was performed at the University raies 100 slow to support a measurable NADH:FprA oxi-
of Georgia Chemical and Biological Sciences Mass Spec- yorequctase activity). Nevertheless, the so-produced reduced
trometry Facility on a Perkin-Elmer Sciex APII plus quad-  rpredoxin, when anaerobically added in excess, served as
rupole mass spectrometer. N-Terminal amino acid sequencingy, eficient electron donor to FprA for catalytic NOR activity.

and DNA sequencing were carried out in the University of .
Georgia Integrated Biotechnology Laboratories. Protein Oxidase and NOR Assayhll assays were conducted at
concentrations were determined using the Bio-Rad proteinroom temperature in 20 mM. MOPS, pH 7.0. NADH'
assay (Bio-Rad, Inc.) with bovine serum albumin as the ergndent oxidase (@onsumption) assays were monitored
standard. Metal contents of FprA were determined by in air-saturated buffer by the rate of dec_rea_slng absorbance
inductively coupled plasma-atomic emission analysis at the at 340 nm que to &dependent NADH oxidation. For NOR
University of Georgia Chemical Analysis Facility. Flavin was 2SS&ys, nitric oxide from saturated.8 mM) aqueous stock
identified and quantitated as described previously).( solut|ons_ was delivered via a gastight syringe to anaerobic
Antibodies against the purified recombin@ntuulgaris FprA assay mixtures. The saturated stock solutions were prepared
were raised in rabbits at the Animal Care and Use Facility 0¥ bubbling gaseous nitric oxide through anaerobic deionized
at the University of Georgia and purified from serum by a water for 15 mm._'l_'he gaseous_mtrlc oxide (98.5%) (Aldrich)
had been prepurified by bubbling through 100 mL of a 10%

standard procedure2). Ultraviolet-visible absorption ; _
spectra and absorbance time courses were measured in 1 cffOH solution. NO-dependent NADH consumption was

path length quartz cuvettes on a Shimadzu UV-2401PC measured anaerobically by m_onitoring the decrease in
scanning spectrophotometer. absorbance at 340 nm. Alternatively, the NADH-dependent

D. wulgaris FprA Cloning, Qerexpression, and Purifica- NOR activity was monitored by measuring the rate of
tion. Anaerobic growth ofD. wulgaris (Hildenborough) decrease in NO conqgntratlon with a commerc.|ally available
at 37 °C in Postgate medium C2P) and preparation of Clark-type NO-sensitive eIectrode (2 mm diameter) and
cell extracts were carried out as described previousgy. (  chamber (WP, Inc.), as described previouslyt)( Further
N- and C-terminal PCR primers, DvFprAN 'facgacagc- .detalls., including component. concentratlpns, are provided
catATGCATCCTATCGAAATC-3] and DvFprAC [3-taat- in the figure Iegends_. All protein concentrations are expressed
ggatccCTAACCCCCCGCACTTTTC:B (with coding re- on a monomer basis.
gions in capital letters) incorporatinldd and BarHl| FprA Complementation of E. coli Growth Sengiiy to
restriction sites (underlined), respectively, were used for PCR NO. E. coli strain AG300, containing a disrupted flavoru-
amplification and subsequent cloning of the FprA gene bredoxin gene, was kindly provided by Paul R. Gard@r (

MATERIALS AND METHODS

[genome locus ID DVU31851Q@)] downstream of thebo-
rub operon fromD. vulgaris genomic DNA into both pET-
(21bt) (Novagen, Inc.) and pCYB1 (New England Biolabs,
Inc.), generating the respective plasmids pET-DvFprA
(without the His tag) and pCYB1-DvFprA. Overexpression

The anaerobic growth and complementation studies were
carried out as described previously for recombindht
thermoacetica FprA11) usingE. coli AG300 that had been
transformed with either pCYB1 or pCYB1-DvFprA. Re-
ported results were obtained with 100 mL cultures maintained
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Ficure 1: Western blot probed with antibodies raised against the
recombinanD. vulgaris FprA. Lanes: 1, purified recombinabt
vulgaris FprA; 2, D. vulgaris cell extract; 3, purified recombinant
M. thermoaceticaFprA. Molecular mass marker positions are
indicated.

at 37°C. Isopropyls-p-thiogalactoside (IPTG) (0.05 mg/L)
was anaerobically added to the cultures ats6f ~0.1.
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Ficure 2: UV—vis absorption spectrum of as-isolated recombinant

D. wulgaris FprA in aerobic 50 mM MOPS, pH 7.3.

300 400 800

no heme or obvious heme binding si®. (At least five other
FprAs have been found to function as NORs and/gR€in

the absence of any detectable heme coni@n®,(11, 24—

26). We, therefore, conclude that the heme copurifying with
recombinantD. pulgaris FprA is a contaminant. Attempts

to remove the heme contaminant from the recombirant
vulgaris FprA preparations included anion/cation-exchange
and hydrophobic chromatographies, ammonium sulfate pre-
cipitation, and mild acidic or basic treatment. None of these
treatments succeeded in removing all of the heme. Figure 2
shows the UW-vis absorption spectrum of as-isolated

Where required, nitric oxide was anaerobically delivered via recombinantD. vulgaris FprA, which is dominated [as in
a gastight syringe from a saturated agqueous stock solutionthe case ofD. gigas ROO @, 5)] by heme and flavin
(prepared as described for the enzyme assays) to the 10@bsorptions. Following heat denaturation to release the

mL cultures 60 min after IPTG addition to give an initial
nitric oxide concentration of 7.6M. Optical densities were
measured by removing 1 mL aliquots of medium from the
culture bottles, using sterile disposable 1 mL syringes.

RESULTS

protein-bound flavin, an extinction coefficient of 12 (mM
FprA monomer)! cm™! was determined at 470 nm, where
the flavin absorption predominates. This value is identical
to that of M. thermoaceticaFprA (11). Metal and flavin
analyses confirmed a cofactor content of-0079 FMN and
1.7-1.9 iron perD. wpulgaris FprA monomer in multiple

Throughout this section, all protein concentrations are Preparations. Assumingzo= 100 mM* cm™* for the heme

expressed on a monomer basis.
Expression of FprA in Dyulgaris. Western blots oD.

vulgaris cell extracts using antibodies raised against the

recombinanD. vulgaris FprA (cf. Figure 1) show that this
protein is constitutively expressed iD. vulgaris under

contaminant, the estimated mol ratio of heme/flavin was
~0.3.

O2;R and NOR Aciiities. The recombinanD. wulgaris
FprA exhibited both GR and anaerobic NOR activities.
Panels A and B of Figure 3 show traces comparing NO-

standard laboratory anaerobic growth conditions using lactateand Q-dependent NADH consumption rates, respectively,
as electron donor and sulfate as electron acceptor. The effecof D. vulgaris FprA vs M. thermoaceticaFprA using M.

of nitric oxide or dioxygen on the level of FprA expression

thermoaceticaHrb as the NADH:FprA oxidoreductase. For

in D. vulgaris has not been reported and was not investigated NOR activity (Figure 3, panel A) the NADH concentration

in this work.

FprA Overexpression, Purification, and Physicochemical
Properties RecombinantD. wvulgaris FprA was readily
overexpressed in and isolated frdi coli under the same
conditions and with similar yields as fdil. thermoacetica
FprA (11). Also paralleling theM. thermoaceticdprA, the
D. wulgaris FprA was shown by gel filtration to be a
homodimer in solution, whereas SBBAGE showed a
monomer of molecular mass45 kDa, consistent with that

decreased linearly with time (over periods where the NADH
concentration was not rate-limiting), whereas fgR@ctivity
(Figure 3, panel B) this decrease was nonlinear and indicative
of a progressive decrease in the rate of NADH consumption.
Thus,D. vulgaris FprA, similarly toM. thermoaceticdprA
(112), became inactivated when turning over afiR@®ut not
when turning over as anaerobic NOR.

The gene for th®. vulgaris FprA is just downstream of
that encoding rubredoxinl®), suggesting that rubredoxin

calculated from the amino acid sequence (45079 Da). Theserves as a proximal electron donor to fhisyulgaris FprA

D. wulgaris FprA copurified with substoichiometric heme,

in vivo. Consistent with this suggestion, Figure 4, panel A,

a not uncommon occurrence for heterologously expressedshows that the reducdal. vulgaris rubredoxin-D. vulgaris

proteins inE. coli. Extensive efforts were made to character-
ize what turned out to be contaminating heme®irgigas
ROO (@, 5, 23); the D. gigasROO crystal structure revealed

FprA combination functions as an NOR withkg, for the
rubredoxin-FprA interaction of~8 uM. For comparison,
the K, for the M. thermoaceticaHrb—FprA interaction [the
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Ficure 3: NADH:NO oxidoreductase (panel A) and NADH:O
oxidoreductase (panel B) activity of recombin&ntvulgaris FprA
(solid traces) oM. thermoaceticdprA (dashed traces) monitored
as the time courses of NADH consumptioAAzs) in 50 mM
MOPS, pH 7.0 (anaerobic for panel A or air-saturated for panel B)
at room temperature. Concentrations for panel A wea®1FprAs,

1 uM M. thermoaceticeHrb, and 160uM NADH. Nitric oxide
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Ficure 4: Michaelis-Menten plots of NADH:NO oxidoreductase
activity illustrating the reduceD. vulgaris rubredoxin-D. vulgaris
FprA interaction (panel A) and thB. wvulgaris FprA—M. ther-
moaceticaHrb interaction (panel B) in anaerobic 50 mM MOPS,
pH 7.0 at room temperature. For panel A, appropriate volumes of
a 450 uM stock solution of reduced rubredoxin (prepared by
anaerobic reductive titration with NADH in the presence @f\M

25 30 35

(1004M) was anaerobically added from an agqueous stock solution flavo-Hrb) were added to an anaerobic NO chamber, which
at the times indicated by the arrows. Concentrations for panel B contained 120 nM recombinabt vulgaris FprA and 5QuM nitric

were 0.7uM FprAs, 0.8uM Hrb, and 160uM NADH. Reactions
were initiated by adding Hrb (which showed ngROactivity on
this scale) at the times indicated by the arrows.

genes for which are known to be cotranscrib&@d]is only
slightly lower, ~2 uM (11).

Figure 4, panel B, shows that the recombinantulgaris
FprA—M. thermoaceticaHrb interaction during NOR turn-
over features a similarly loviK,, (~8 uM) as for theD.
vulgaris FprA—rubredoxin combination. The similafs

oxide. Nitric oxide consumption rates were monitored using an NO
electrode and are plotted as initial rates. On the time scale of these
experiments negligible nitric oxide consumption was observed when
FprA was omitted from the assay mixture. The fit (solid trace) to
the data (filled circles) was obtained using the paraméfgrs- 8

UM andkg:= 22 s'L. For panel B, the reaction mixtures contained
250 nMD. wulgaris FprA, 160uM NADH, 100 uM NO, and the
indicated concentrations &d. thermoaceticadrb. Reactions were
initiated by adding FprA from a concentrated stock solution. Initial
rates of NADH consumption (from\As4) are plotted. The fit (solid
trace) to the data (filled circles) was obtained using the parameters
Km=8uM and ke = 19 s%.

presumably reflect the strong amino acid sequence and,

therefore, structural similarity between the Hrb rubredoxin
domain and théD. pulgaris rubredoxin.M. thermoacetica
Hrb could, therefore, be conveniently used as an NADH:
vulgaris FprA oxidoreductase in saturatingmanner.

Figure 5 illustrates MichaelisMenten plots for the R
and NOR activities oD. wulgaris FprA in the presence of
saturatingM. thermoaceticaHrb. Table 1 lists the resulting

An improved fit for theD. vulgaris FprA NOR activity
profile in Figure 5 was obtained by adopting a kinetic scheme
(Scheme 1) previously used to analylge thermoacetica
FprA NOR turnover kinetics1(1), which was itself adapted
from that used for bacterial respiratory NORs that contain a
binuclear hemenon-heme iron active sit€7). According
to this scheme, at saturating levels of NADH and Hrb,

kinetic parameters, along with those previously reported for reduction of two NO to BNO occurs at a single reduced FprA

other FprAs. TheD. vulgaris FprA K, for dioxygen is the
same within experimental uncertainty as that\of ther-
moaceticaFprA. On the other hand, the. vulgaris FprA
Km for NO is ~5 times higher than that measured fdr
thermoaceticaFprA, and thek./Kn values for theD.
vulgaris FprA NOR and Qreductase activities are essentially
identical to each other.

active site (ERg).

The rate law applying to Scheme 1is= (Vina{NO]?)/
(KiKz + K3[NO] + [NOJ?), wherev is the initial velocity
(28).2 Fits of this rate law to the NOR data plotted in Figure

2 This rate law was incorrectly transcribed in def, but the correct
rate law, as listed here, was fitted to those results.
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180 Table 1: Steady-State Kinetic Parameters feR@nd NOR

Activities of FprAs

[ 4

£ 150 KedKon

E 1201 FprA source activity Km uM)?  keat(s)2 (uM™Is7H)2

g M. thermoacetica  O:R 26 50 1.9

2 90 M. thermoacetica  NOR 5 48 9.6

o D. wulgaris® OR 24 17 0.7

hug 601 D. sulgarist NOR 19 12 0.6

e D. gigas OR NRe NRe NRe

= E. colif NOR <1 4 >4

= 301 E. coli OR NRe NRe NRe
Synechocystisp”  O,R NRe NRe NRe

0 T T T T T M. arboriphilug O.R 2 180 90
0 20 40 60 80 100 120 aFor either NO or @ with a saturating electron donor on a FprA
NO (uM) monomer (i.e., active site) basis at room temperatuie.50 mM

phosphate, pH 7.A.Q). ¢ In 50 mM MOPS, pH 7.0 (this worky ROO;
buffer and pH not specified4j. ¢ Michaelis—-Menten parameters not

£ 250 1 B reported (NR)! Flavorubredoxin in 50 mM Tris, pH 7.®). 9 Corrected
E to an active site basis (cf. ref1). "In 10 mM Tris, pH 7.6 25).
T 200 - ' Reduced kg0, oxidoreductase activity dflethanobreibacter ar-
g boriphilus FprA in 50 mM Tris, pH 7.6 26).
2 150
o
(3]
E 100 - 1.6 -
2
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0 . . . . .
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02 (kM) 8 08
Ficure 5: Comparison oD. wulgaris FprA NOR (panel A) and
O;R (panel B) activities measured as initial rates in 50 mM MOPS,
pH 7.0 at room temperature. Solid traces represent fits (parameters 0.4 1
for which are listed in Table 1) of the Michaetidlenten equation
to the data (solid circles). Error bars on data points represent the
range for three determinations. Panel A: NADH:NO oxidoreductase 0.0 @ - . . . . . .
activities in anaerobic buffer with 230 nM FprA, 170/ NADH, )
and 16uM M. thermoaceticaHrb. Reactions were initiated by 0 100 200 300 400 500 600 700 800
adding FprA, and nitric oxide consumption was monitored with an Time (minutes)

NO-sensitive electrode. The dashed trace represents a fit of the rat
law derived from Scheme 1 (cf. text). Panel B: NADH:O
oxidoreductase activities in air-saturated buffer with 170

Ficure 6: Restoration of anaerobic growth #®. coli AG300

(flavorubredoxin knockout strain) in the presence of exogenous

NADH, 16 xM Hrb, and 250 nM FprA. Reactions were initiated ~ MUIC 0Xide by expression of the plasmid-borke thermoacetica

by adéling FprA, ’and @dependent NADH consumption was FprA orD. uul_garlstrA genes. CL_JIture_s were grown in anaerobic

monitored at 340 nm. minimal medium at 37C as described in Materials and Methods.
IPTG was added at Ofg» ~0.1. Circles: E. coliAG300+ pFprA-
pCYB1 (expressingVl. thermoaceticaFprA). Triangles: E. coli

; : AG300 + pCYB1-DvFprA (expressingD. wvulgaris FprA).

5 palnel A_,ylelded the dasied curve with paramd@;_? Squares: E. coli AG300 + pCYB1 (no FprA). Filled symbols:

12 5%, Ky = 217uM, andK; = 3 uM. For M. thermoacetica  control (no added nitric oxide). Open symbols: nitric oxide (7.5

FprA, K; andK; were 5 and 2tM, respectively, indicating M) was added from a saturated agqueous stock solution at the time

a modest degree of cooperativity in binding the first and indicated by the arrow.

second NOsX1). The much larger difference betwe&n

and K; for the D. wvulgaris FprA indicates a much larger Scheme 1

degree of cooperativity in NO binding. Fe'Fe' + NO K Fe'(Fe-NO)
Protection of an NO-Sensig E. coli Strain by Doulgaris

FprA. Expression oM. thermoaceticaprA was shown to Fe'(Fe-NO) + NO e (Fe-NO)

protect ark. coliflavorubredoxin knockout strain from NO- z

induced death, thus providing in vivo evidence for NOR (Fe-NO), ﬁ»Fe'"Fe'"-ero

activity of M. thermoaceticaprA, even in the absence of

its put_atlve native reduptase, Hrib1j. F|g_ure 6 shows that DISCUSSION

plasmid-borne expression of tie vulgaris FprA, presum-

ably via its NOR activity, also restores anaerobic growth to  The recombinanD. vulgaris FprA characterized in this
theE. coliflavorubredoxin knockout strain exposed to nitric  work thus appears to be a flavo-diiron enzyme which
oxide. Once again, the source of electrons must be from acatalyzes reduction of NO or &qually efficiently in vitro
non-native electron donor (sin&e coli contains no rubre-  based on initial rates but which is irreversibly inactivated
doxin). during aerobic GR turnover. ThisD. vulgaris FprA also
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appears to function as a viable NOR in vivo, protecting an proximity of HCP and FprA genes D. pulgarisis consistent
NO-sensitiveE. coli strain even at an intracellular NO with the involvement of the two proteins in nitrogen oxide
concentration well below the enzyme’s Michaelldenten metabolism. This HCP was in fact isolated many years ago
K for NO. The effective sulixy intracellular NO-scavenging  from the sameD. wulgaris strain (Hildenborough) used in
ability of this D. vulgaris FprA may be related to the strong this work grown anaerobically on lactate and sulfe26, (
cooperativity in NO binding found when the in vitro NOR  37), indicating that this HCP is produced constitutively under
kinetics were analyzed according to Scheme 1. The dem-these laboratory growth conditions. Unliké thermoacetica
onstration that th®. vulgaris rubredoxin-FprA combination this D. vulgaris strain has never been demonstrated to utilize
functions as an NOR is consistent with the proximity of their nitrate or nitrite as respiratory terminal electron acceptors
genes in theD. pulgaris genome. On the other hand, the (38, 39). D. vulgaris (Hildenborough) nevertheless contains
ability of the heterologous FprAs from. vulgaris and M. a periplasmic cytochromenitrite reductase (ccNIR), which
thermoaceticdo function as NORs if. coliin the absence  apparently serves a detoxifying role by preventing inhibition
of their putative native proximal electron donors, rubredoxin of sulfate reduction by nitrite generated by symbiotic nitrate-
and Hrb, respectively, suggests that these FprAs are alsaeducing bacteria38, 40). In fact, a cDNA macroarray
effective scavengers of reducing equivalents, which are thenanalysis indicated that the genes encoding the ccNIR and a
funneled into nitric oxide. This conclusion is further sup- secondHCP homologue were substantially upregulated when
ported by the observation of Gardner et 8).that disruption D. wulgaris (Hildenborough) was exposed to nitrite in mid-
of the E. coli flavorubredoxin reductase gene (which is log phase of growth on lactate and sulfa#®)( In E. coli
cotranscribed with that for flavorubredoxin) did not prevent the periplasmic ccNIR generates an intracellular flux of NO
in vivo NO scavenging by the flavorubredoxin, implying that upon exposure to nitrited(), but neitherD. vulgaris FprA

in this mutant strain some other (unidentified) proximal homologue was apparently upregulated upon exposure to
electron donor(s) must be supplying reducing equivalents to nitrite. TheD. vulgaris FprAs may thus provide constitutive
flavorubredoxin at a rate sufficient to support its functional protection against nitric oxide exposur€onstitutive ex-
NOR turnover. pression upon anaerobic growth Bf yulgaris (Hildenbor-

While D. wulgaris (Hildenborough) has never been con- 0ugh) on lactate and sulfate is also observed for oxidative
clusively shown togrow in either aerobic or subaerobic Stress-related proteins, including the superoxide reductase
dioxygen atmospheres, it caurive limited exposure to  (also known as desulfoferrodoxin) and rubredoxin that are
air, and some of its oxidative stress defense enzymes haveencoded upstream of the gene encoding the FprA examined
been identified 13, 16, 29). However, neither thB. vulgaris in this work @43—45).

FprA characterized in this work nor any other FprA homo- ~ Despite the case made here that FprAs from at least four
logue has yet been demonstrated to act as A i® vivo. different sources function as scavenging NORs in vivo, it is
In light of its O,R inactivation and robust NOR activity, we unclear whether this function universally applies to 00
suggest that thiB. vulgaris FprA functions as a scavenging known FprA homologues. A recent report has shown that,
NOR in vivo. Furthermore, on the basis of the high amino at least in vitro, two recombinant methanogenic archaeal
acid sequence homology (57% identity, 72% similarity) of FprAs function as reduced factogdioxygen oxidoreduc-

this D. vulgaris FprA to D. gigas ROO (cf. Figure 1S in tases (cf. Table 1), whereas under the same conditions, the
Supporting Information), we predict that tBe gigasprotein recombinantV. thermoaceticaFprA (provided by us) did

is also capable of functioning as a scavenging NOR. not show this activity 26). Conversely, under in vitro
The D. vulgaris genome encodes a second FprA homo- conditions where th&1. thermoaceticdprA showed NOR

logue (NCBI accession number AAS96489, genome locus &ctivity, the two methanogenic archaeal FprAs did not.
ID DVU2014), the deduced amino acid sequence of which Qlostrldlur_rl acetobutyllcum;.cl'ass_lfled asa strlctly_ anaero-
shows 37% identity to thebo-rub-associated. vulgaris bic bg_cterlum; however, shifting it to microaerobic growth
FprA characterized in this work and also shows conservation conditions (5 vol % headspace;Jwas reported to cause
of the diiron ligands and flavin binding domain foundmn induction of an FprA 46). Both in vitro and in vivo studies
gigas ROO (cf. Supporting Information, Figure 1S). The ©N many more FprAs are needed_ln order to (_jetermm_e the
location of the gene encoding this second FprA homologue €Xt€nt to which an &R vs NOR dichotomy exists within

in the D. sulgaris genome is also noteworthy: its stop codon the widespread FprA family.

lies 75 base pairs upstream of the start codon for a geneACKNOWLEDGMENT

(AAS96488, DVU2013) encoding the so-called hybrid
cluster protein, HCP, also known as prismane protein, the
names deriving from its unusual ireisulfur—oxygen cluster
(30, 31). The function of HCP has not been conclusively
established. Expression of HCPs in at least four distinct SUPPORTING INFORMATION AVAILABLE

bacterial species was induced by nitrate and/or nitrite under Figure 1S showing alignment of amino acid sequences of
anaerobic growth conditions, aid coli HCP was reported FprAs from M. thermoaceticaD. sulgaris, and D. gigas

to exhibit hydroxylamine reductase activity in vitro (cata- 5 material is available free of charge via the Internet at
lyzing reduction of NHOH to NH; and HO) (32—35). The http://pubs.acs.org. g

8 It is noteworthy in this regard that & vulgaris (Hildenborough) REFERENCES
genome does not encode a recognizable homologue of flavohemoglobin, 1. Wasserfallen, A., Ragettli, S., Jouanneau, Y., and Leisinger, T.
the only other bacterial enzyme that has been clearly implicated as a (1998) A family of flavoproteins in the domains Archaea and
detoxifying nitric oxide scavengei7(41, 42). Bacteria,Eur. J. Biochem. 254325-332.
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