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ABSTRACT: Among the 118 genes upregulated®seudomonas aeruginogaresponse to iron starvation
[Ochsner, U. A., Wilderman, P. J., Vasil, A. ., and Vasil, M. L. (200&)I. Microbiol. 45 12771287],

we focused on the products of the two genes encoding electron transfer proteins, as a means of identifying
the redox partners of the heme oxygengeseHO) expressed under low-iron stress conditions. Biochemical
and spectroscopic investigations demonstrated thabfthgene encodes a 73-amino acid protea- (

Bfd) that incorporates a [2Fe-ZS}" center, whereas tHpr gene encodes a 258-residue NADPH-dependent
ferredoxin reductasg&FPR) that utilizes FAD as a cofactor. In vitro reconstitutiorpefHO catalytic
activity with the newly characterized proteins led to the surprising observatiorp&faPR efficiently
supports the catalytic cycle pia-HO, without the need of a ferredoxin. In comparison, electron transfer
from pa-Bfd to pa-HO is sluggish, which strongly argues against the possibility that the seven electrons
needed bypaHO to degrade biliverdin are transferred from NADPHp&HO in a ferredoxin Bfd)-
dependent manner. Given tha&HO functions to release iron from exogenous heme acquired under
iron-starvation conditions, the use of a flavoenzyme rather than ar&alfur center-containing protein

to support heme degradation is an efficient use of resources in the cell. The crystal strugtaHfeRst

(1.6 A resolution) showed that its fold is comparable that of the superfamily of ferredoxin reductases and
most similar to the structure dzotobacterinelandii FPR andEscherichia coliflavodoxin reductase.

The latter two enzymes interact with distinct redox partners, a ferredoxin and a flavodoxin, respectively.
Hence, findings reported herein extend the range of redox partners recognized by thepgaERR to
include a heme oxygenaspaHO).

Pathogenic bacteria need iron to colonize (infect) an reducing levels of transferrin and by downregulating the
organism. However, the concentration of free iron in mam- recycling of iron from macrophage®)( It has also been
mals is typically very low {10° M) because it is  shown that lipocalin 2, an iron-binding protein innate to the
sequestered by iron-binding and iron-containing compoundsimmune response, sequesters iron from bacterial siderophores
such as transferrin, lactoferrin, heme, hemoglobin, and ferritin jn the early stages of bacterial infectio)(It is therefore
(). In addition, mammals have evolved means of fighting ot surprising that pathogens such\sisseriae meningitidis
invading pathogens by making iron even less accessible byHaemophiIus influenzashigella dysenteriaé/ibrio chol-

erag and the opportunistiseudomonas aeruginosave
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Ficure 1: Schematic representation of the heme oxygenase catalytic cycle. Emphasis has been placed on the input of the first two electrons
that are utilized by the enzyme to reduce coordinatectQhe active site. The resultant ferric hydroperoxide intermediaté-(lBOH)
reacts with the macrocycle to form meso-hydroxyheme, which in the presenceanfddive additional reducing equivalents is converted
to biliverdin and free iron.
opportunistic pathogeR. aeruginosawhich can deploy two The identification and characterization of redox partners
operons regulated by Fur, the master Fe uptake regulatorthat deliver electrons to HO, as well as the characterization
(8). The global iron response associated with Fur-regulated of protein—protein interactions that facilitate the vectorial
genes includes the heme uptake systpms(Pseudomonas  electron flow from NAD(P)H to HO, are important steps
heme uptake) anHas (heme acquisition system). Theu toward a molecular-level understanding of heme metabolism.
locus consists of a receptor gemph(R and thephuSTUVW Cytochrome P450 reductase supports the catalytic activity
operon encoding a typical ABC transporter. The second of mammalian HO-1 and HO-2 by donating all seven
uptake systenhas consists of a heme receptdra6R and electrons 15). In comparison, our current understanding
a protein that binds heme with high affinity, also known as regarding the nature of the redox partner(s) that supports the
a hemophore4). Once internalized to the cytoplasm, heme catalytic activity of bacterial HO enzymes is significantly
is delivered to a heme oxygenage{HO)* for its degradation less developed. It is thought that cyanobacterial and eubac-
to biliverdin, thus facilitating release of the heme iron for terial HOs are ferredoxin-dependent. It is noteworthy,
subsequent metabolic us®).( however, that reports proposing this idea also state that HO
Release of heme iron is accomplished by the breakdownactivity in cell extracts containing reduced ferredoxin also
of heme to biliverdin. This is a complex reaction requiring requires the presence of a second (auxiliary) reductant, such
the input of seven electrons and three molecules,pi@ich as trolox or ascorbatel§6—19). In fact, in the absence of
must be delivered to HO rapidly and efficiently to sustain such auxiliary reducing agents, HO activity is very sld,(
catalytic activity (Figure 1). Heme breakdown starts with 18) or is arrested at the oxyferrous heme stagj@.(lt is
the one-electron reduction of ferric HO (resting state) to the also important to note that despite the widespread belief that
deoxyferrous state, followed by the rapid binding of dioxygen bacterial HOs are ferredoxin-dependent the specific ferre-
to form an oxyferrous complex (Ee O,) (10). Injection of doxins that support the activity of these HO enzymes are
a second electron into the 'FeO, complex triggers electron  not yet known. We have recently observed a potentially
rearrangement that leads to the formation of a ferric peroxide important clue regarding the nature of the enzymes that
(F&"—-00") complex, which accepts a proton to form a ferric transfer electrons tpa-HO under conditions of iron starva-
hydroperoxide (F&—OOH) oxidizing species1{). Ring tion. This indication comes from the analysis of relatively
oxidation involves attack of the Be-OOH intermediate on  recently published data on genes affected by the iron-
the aromatic macrocycld ) which forms a meso-hydroxy-  starvation response iR. aeruginosa(20), which revealed
heme intermediate, which undergoes a subsequenau@l that the level of expression of 118 genes was increased at
electron-dependent elimination of the hydroxylated meso least 3-fold under iron-starvation conditions relative to iron-
carbon as CO, thus forming verdoheme. Verdoheme is thenreplete conditions. We noticed that among the 118 upregu-
oxidized to the F&—biliverdin complex in a reaction that lated genes, the level of expression of a gene encoding a

requires both @and additional electron4.8, 14). The Fé' — ferredoxin pfd) is increased 203-fold and that of a gene
biliverdin complex must be reduced to the'Féiliverdin encoding a ferredoxin reductadpr) 3-fold. These observa-
complex prior to the sequential release of Bed biliverdin tions suggested to us that the ferredoxin encoded bpfihe
(15). gene may be the physiological reductant pdHO, a

hypothesis that is in agreement with the fact that among the
! Abbreviations: Av-FPR,Azotobacterinelandii ferredoxin reduc- 118 genes upregulated by iron limitation, the level of

tase;bfd, bacterioferritin-associated ferredoxbir, bacterioferritin,Cp- expression of the gene encodipgHO (pigA, or PA0672)

Fd, Clostridium pasteurianurferredoxin; DTT, dithiothreitolEcFIdR, . . .
Escherichia coliflavodoxin reductase: EPR, electron paramagnetic 1S @ISO increased 138-fold and that there is no other
resonance; FAD, flavin adenine dinucleotide; NAD(P)H, nicotinamide upregulated gene encoding a ferredoxin or other classical

adenine dinucleotide (phosphate); FNR, ferredoxin NAD(P)H reductase; e|lectron transfer protein_ Moreover, the product of ﬂ]E

HO, heme oxygenase; IPTG, isopropyl 1-thiealactopyranoside; MS, : el
mass spectrometrypa-FPR, Pseudomonas aeruginosgrredoxin gene, a ferredoxin reductasea{FPR), is likely the enzyme

reductasepa-HO, P. aeruginosaheme oxygenase; PMSF, phenyl- that transfers electrons tm&B_fd from NAD(P)H. Hence, _
methanesulfonyl fluoride. the motivation for these studies was to probe a hypothesis
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that the seven electrons neededdayHO to degrade heme 23 500 rpm and 4C. The pellet was resuspended in 50 mM
and release iron in the cytosol Bf aeruginosare shuttled potassium phosphate buffer (pH 7.0) contagnh M urea
from NAD(P)H to paFPR and subsequently foa-Bfd, and stirred at room temperature for 60 min. The suspension
which in turn delivers them tpa-HO. These investigations  was centrifuged at 23 500 rpm for 1.5 h; the supernatant
uncovered the surprising finding thaa-FPR efficiently containing denaturepga-Bfd was placed on an ice bath and
sustains the catalytic activity @a-HO in vitro, whereas the  bubbled with argon for~30 min, followed by addition of
ferredoxin pa-Bfd) is extremely inefficient at transferring  DTT (dithiothreitol) to a final concentration of 100 mM, and
electrons to the oxygenase. These observations stronglybubbled with Ar for an additional 15 min. The solution was
suggest that the flavoenzynma-FPR is the physiological then diluted 10 times by transferring it into 50 mM potassium
electron donor topa-HO, a situation that is similar that phosphate buffer, previously degassed by being bubbled with
observed with mammalian HOs, which are reduced by the Ar for 45 min, via a cannula. This was followed by slow
flavoprotein cytochrome P450 reductase. addition of previously degassed solutions of FeS@,0
and NaS (200 mM each) to a final concentration of 1.0 mM

EXPERIMENTAL PROCEDURES and incubation with continuous stirring under an argon

Cloning and Expression of pa-Bfd and pa-FPRe genes  atmosphere. The resultant solution was subsequently mixed
encoding pa-Bfd (PA3530) andpaFPR (PA3397) were  Wwith a suspension of Q-Sepharose resin under a laboratory
synthesized and subcloned into the pET11a vector (Gene-atmosphere; the resin was allowed to settle, the supernatant
Script Corp., Piscataway, NJ). The genes were engineereddiscarded, and the resin washed three times, each with 60
with silent mutations introducing codons favored Bg- mL of 600 mM NaCl in 50 mM potassium phosphate buffer
cherichia coli (21) and with Ndd and BanHI restriction (pH 7.0). The solutions from each of the three washes were
enzyme sites at the'5and 3 ends, respectively, for ~combined and dialyzed againé L of 50 mM potassium
subcloning into the pET11a vector (Figures S1 and S2 of phosphate buffer (pH 7.0) f&B h before the mixture was
the Supporting Information). The pET11a vector harboring loaded onto a column packed with Q-Sepharose [12xcm
the bfd gene was then transformed irfo coli BL21(DE3) 2.5 cm (inside diameter)] pre-equilibrated with the same
Gold cells (Stratagene) for protein expression, whereas thatbuffer used for dialysis. The protein was eluted with 50 mM
containing thefpr gene was transformed int&. coli potassium phosphate buffer (pH 7.0) with a salt gradient from
ArcticExpress RIL Competent Cells (Stratagene), to over- 0 to 300 mM NacCl. Fractions containimg-Bfd were pooled
come protein misfolding and insolubility issues observed with together, concentrated, and loaded onto a Sephadex G-50
BL21(DE3) Gold cells. To expregsa-Bfd, a single colony  column [55 cmx 1.5 cm (inside diameter)], which was
of E. coli BL21(DE3) Gold cells was cultured overnight in  eluted with previously degassed 50 mM potassium phosphate
5 mL of LB medium containing 10@g/mL ampicillin; the (pH 7.0) containing 100 mM NaCl. Fractions with an
cells were subsequently subcultured i L of fresh LB/ absorbance ratio®g4Azs0) larger than 0.5 were pooled, and
ampicillin medium and grown at 37C until the OD at the resultant solution was concentrated by ultrafiltration and
600 nm reached 0:50.6. Protein expression was then then degassed with argon before being stored & °C.
induced by addition of isopropyl 1-thial-galactopyranose Characterization of the FeS Cluster in pa-BfdThe purity
(IPTG) to a final concentration of 1 mM, and the cells were of overexpresse@a-Bfd was analyzed using SDFAGE
cultured for an additiodad h at 30°C, before they were  (18% polyacrylamide) and electrospray ionization mass
harvested by centrifugation (4000 rpm for 10 min) and stored spectrometry; the latter was performed in the Mass Spec-
at—20°C. To exprespa-FPR, a single colony of ArcticEx-  trometry Laboratory at the University of Kansas. Molar
press RIL cells was introduced into 10 mL of LB medium extinction coefficients opa-Bfd were determined by amino
containing ampicillin as described above and cultured at acid analysis at the Molecular Structure, Sequencing and
37 °C and 220 rpm overnight. The cell suspension was Synthesis Facility, Michigan State University (East Lansing,
transferred im 1 L of LB/ampicillin medium and further ~ MI). The electronic absorption spectra p&-Bfd were
cultured at 37°C (4—5 h) to an OD of approximately 0.7. recorded in 50 mM potassium phosphate buffer (pH 7.0)
At this point, the cells were transferred to another shaker using a UV-vis S2000 spectrophotometer (Ocean Optics,
incubator (Barnstead) pre-equilibrated at’@and cultured Dunedin, FL). The protein concentration for the EPR and
for an additional 30 min. Protein expression was then induced resonance Raman experiment wa4.3 mM in 50 mM
by addition of IPTG to a final concentration of 0.3 mM, and HEPES (pH 7) containing 100 mM NaCl anrd®2 mM DTT.
the cells were subsequently cultured for approximately 14 h EPR spectra of oxidized and reduqeaBfd were obtained
before they were harvested by centrifugation (4000 rpm for on a Bruker E500 X-band EPR spectrometer equipped with
10 min) and stored at 20 °C. a superX microwave bridge and a dual-mode cavity with a

Purification and Reconstitution of the IrerSulfur Cluster helium flow cryostat (ESR900, Oxford Instruments, Inc.).
in pa-Bfd One gram of harvested cells was resuspended in The same EPR samples were used for the resonance Raman
3 mL of lysis buffer [50 mM Tris-HCI (pH 8.0 and 4C), (RR) characterization using a custom Dewar and cold finger
1 mM EDTA, and 100 mM NaCl]. Lysozyme (0.5 mg/mL), to keep the sample temperature at 100 K. The 488 nm
PMSF (0.5 mM), and deoxycholic acid (1.3 mg/mL) were excitation (50 mW) of an Innova 90 argon laser (Coherent,
added to the cell suspension, followed by stirring &G4 Santa Clara, CA) was focused on the sample with a
for 20 min. Mg" (final concentration of 4.2 mM) and DNase cylindrical lens. The back-scattered light was collected with
| (Sigma-Aldrich, St. Louis, MO) were added to the lysate a camera lens and focused on the entrance slit of a custom
before it was incubated at 37C for 30 min. The cell McPherson 2061/207 spectrograph (0.67 m with 2400 groove
suspension was further incubated at room temperature withgrating) equipped with a Princeton Instruments liquigt N
stirring for 60 min, followed by centrifugation fo2 h at cooled CCD detector (LN-1100PB). A Kaiser Optical
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supernotch filter was used to attenuate the Rayleigh scat-
tering. Frequencies were calibrated relative to aspirin and
are accurate te:1 cnt.

Table 1: Summary of Data Collection and Structure Refinefent
FPr liganded with FAD

Purification of pa-FPR Cells were resuspended in 3 mL ~ spacegroup P22
of lysis buffer, stirred for 20 min at 4C, incubated at a=p=y=90° o
37 °C for 20 min, stirred at ambient temperature for 1 h, no. of protein atoms 2071 (averaBeactor= 11.6 49)
and then sonicated at’€. The lysed cells were centrifuged "% g]f Islgi/lclj’lst lecules F3A8DS ((2?/ :rt%“éz)cgﬁ‘r’gggéza%’r: 8.14)
at 35000 rpm for 2 h tosediment cell debris, and the sp for bonds (A) 0.01 '
supernatant was dialyzed agaidsL of 20 mM Tris-HCI rmsd for angles (deg) 1.54
(pH 7.5, 4°C) with at least three buffer changes over a period resol;ﬂion rangil(/&z_ i%%‘é_’gf’ %5%1'55)
of approximately 16 h. The resultant solution was applied Qghoplgt”e'ﬂg:s“z%‘;c NS ee (9(5‘6) )
to a Q-Sepharose Fast Flow column [10 gn2.5 cm (inside 1ol 26.4 (9.9)
diameter)] previously equilibrated with 20 mM Tris-HCI (pH ~ Ruerge(%) 3.6(9.9)

7.5, 4°C). The column was washed with 3 volumes of chwsf(%) e

20 mM Tris-HCI (pH 7.5) containing 50 mM NacCl, and the . . .
protein eluted in the same buffer with a linear gradient (from m;;f"slaiz n F(’j"j‘er\figttihoens?rsornff?éégltczlsggfsi eslc(’)'gt':”;l"f:ﬁ:m_t'
50 to 500 mM) of NaCl. Fractions containing FPR (yellow) Fmodel/Y Fobs WhereFgpsandFmogeiare observerdysémd calculated Ostsructure
were pooled, concentrated, and then loaded onto a Sephadejgctor “amplitudes, respectivelyRye is the Ruys calculated for
G-50 column (3.0 cnx 100 cm) pre-equilibrated and eluted randomly chosen unique reflections, which were excluded from the
with phosphate buffer{= 0.1, pH 7.0) at £C. Fractions  refinement (1234 for FPr liganded with FAD).
with an Axsd/ Ass0 absorbance ratio o8 were pooled, and ) _ )
pa-FPR was determined to be homogeneous by-SPSGE ~ the final concentration of resting stape-HO was 10uM
and mass spectrometry. To improve stability during storage @nd the concentrations gfa-Bfd, pa-FPR, spinach ferre-
(—80°C), the solutions were made either 0.3 M in NaCl or doxin, and spinach ferredoxin reductase were 8 uM,
10% in glycerol before they were frozen and stored. 5 uM, and 0.05 unit/mL, respectively. Catalase (final
Characterization of pa-FPRThe flavin cofactor was ~ concentration of 0.1 mg/mL) was used as biscavenger.
released frompa-FPR by addition of trichloroacetic acid, The electron transfer reactions were |n|t|§1ted by the add_|t|on
which has been described previousdg) Denatured protein of a stock solution of NADPH to give a final concentration
was removed by centrifugation and the yellow supernatant Of 2004M. The expression system fpe-HO (9) was a gift
analyzed by mass spectrometry (MS/MS), which was per- from A. Wilks (University of Maryland, Collegg Pgrk, MD),_
formed using a Q-Tof-2 hybrid mass spectrometer (Micro- and the protocols for expression and purification of this
mass, Manchester, U.K.) housed in the Protein Mass €NZyme have been reported previougg)(
Spectrometry Laboratory at the University of Kansas. The = X-ray Crystallography Crystal growing conditions were
instrument was operated for maximum sensitivity with all identified in the High Throughput Screening Laboratory of
lenses optimized while infusing a sample of lysozyme. The the Hauptman Woodward Medical Research Institute (Buf-
cone voltage was 45 eV, and Ar was admitted to the collision falo, NY) (26). X-ray-quality single crystals qia-FPR were
cell. Spectra were acquired at a pusher frequency of 11 3649rown using the hanging drop vapor diffusion method by
Hz, covering a mass range from 800 to 3000 amu and Mixing 2 uL of paFPR (18 mg/mL) dissolved in 20 mM
accumulating data fc5 s per cycle. Time to mass calibration 11 (PH 7.6) with 2uL of a solution consisting of 125 mM
was made with Csl cluster ions analyzed under the sameS0dium cacodylate, 200 mM ammonium sulfate, and 20%
conditions. Samples (50@g) were desalted on a short (w/v) PEG 8000 acetate (pH 6.5)_. Diffraction data were
column [3 cmx 1 mm (inside diameter)] of polymeric HPLC recorded at-180 °C using the rotation method on a single
resin (Hamilton PRP1, Reno, NV) by loading the protein flash-frozen crystal [detector, R-axis 1V image plate;
dissolved in a solution of 1% HOAc and eluting the column X-Tays, Cu Ku, focused by mirror optics; generator, Rigaku
directly into the source at 26L/min with 95% MeOH and ~ RU300 (MSC, The Woodlands, TX)]. The cryoprotectant
0.08% formic acid. was 20% ethylene glycol. X-ray data were reduced with XDS
Electronic Absorption Spectrophotometiihe extinction ~ (27); the program package CN28) was employed for
coefficient of the flavin inpa-FPR was determined spectro- Phasing and refinement, and model building was performed
photometrically using a previously established protogg)( ~ With O (29). The structure was determined by molecular
Electron transfer reactions from NADPH f@-HO using replacement using the goordlnqtes of ferredoxin oxidoreduc-
different redox protein mediators were carried out with tase fromAzotobactervinelandii (PDB entry 1A8P) as a
Bfd, pa-FPR, spinach ferredoxin, and spinach ferredoxin sea'rch model, stripped of sollvent molecules'and ligands.
reductase (Sigma-Aldrich), using a previously reported Reﬂnement was performed usmg_data to the highest resolu-
method with modifications24). The reactions were carried 10N with no sigma cutoff applied. Several rounds of
out either in a glovebox (Coy) under,@ee conditions or minimization, S|mu_lated. an_ngalmg (2500 K_startmg temper-
in air, in a 1 cmpath length cuvette, and monitored by aturfe), and restrained |n(j|V|du8Lfact9r reflnemenF were
electronic absorption spectroscopy using diode array Ocearcarried out. Data collection and refinement statistics are
Optics (Dunedin, FL) 2000 spectrophotometers equipped SUmmarized in Table 1.
with fiber optics. For each reaction, the cuvette was filled RESULTS
with 2 mL of 25 mM HEPES-KOH (pH 7.5), followed by
addition of a few microliters of stock solutions of the Overexpression and Purification of pa-Bfthe pa-Bfd
enzymes and proteins to be tested. In typical experiments,protein formed inclusion bodies during overexpression at all
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Ficure 3: Electronic absorption spectrapd-Bfd (25 mM HEPES,
pH 7.0) in its oxidized and reduced forms.

Ladder Bfd FPR

Ficure 2: SDS-PAGE results obtained from homogeneous
solutions ofpa-Bfd and paFPR.

three temperatures that were tested (22, 30, arfC3 7After

the cells were lysed, the protein was solubilized from the
pellet with the aid 86 M urea in 50 mM potassium
phosphate buffer (pH 7.0). Refolding p&Bfd and in vitro 834nm 424nm 465nm 560 nm
reconstitution of the FeS cluster were carried out anaero- ¢ of pa-Bfd (mM™* CT:) 1132 7.33 7.42 3.85
bically, on the basis of previously published methods with € Of‘(;%g'gg‘)'(i[rz?':e'l\zﬂ‘f’? o, 1716 6711 610 36
modifications 80—32). The rapid decrease in the urea _(m o)

concentration via dilution of the solution 10 times with __°Data obtained from reg6.

previously degassed potassium phosphate buffer allows

refolding of pa-Bfd. In contrast, a slow decrease in the urea 2, where one can see that they are in good agreement with
concentration via dialysis causes its precipitation, which is e values of previously characterized [2Fe-23] ferredoxins
likely due to the oxidation of Cys residues. The reconstitution (35, 39—41).

procedure described in Experimental Procedures renders EPR and RR spectroscopic methods were also used to
homogeneoupa-Bfd (~2 mg/L), as judged from SDS characterize the ironsulfur cluster inpa-Bfd. According
PAGE gels (Figure 2). The molecular masspafBfd was to the model proposed by Gibson et all), the two iron
determined to be 7823 Da by electrospray ionization massatoms in a [2Fe-23}'" cluster interact with one another via
spectrometry, a value that is in good agreement with the the coordinating ligands. Thus, in the oxidized protein, the
molecular mass calculated from the amino acid sequencecluster is EPR silent§ = 0) as a consequence of strong

Table 2: Molar Extinction Coefficients of Oxidizeua-Bfd and
[2Fe-2S] Ferredoxins

including the initiator methionine (7824 Da). antiferromagnetic coupling between the t&e 5, iron ions.
Spectroscopic Characterization of the-F8 Cluster The In the reduced protein, the two spinS € %, andS = 2)

electronic absorption spectrum of oxidizpd-Bfd exhibits interact antiferromagnetically to give &= %, spin. In

absorption maxima at 334, 424, 465, and 560 nm (Figure agreement, the X-band EPR spectrum of oxidipeeBfd,

3). Addition of dithionite produces reduced-Bfd, which in parallel and perpendicular modes, is silent. In comparison,

exhibits a nearly featureless electronic absorption spectrum.reducedpa-Bfd displays a slow relaxing, nearly axial EPR
The electronic absorption spectral features observed withspectrum with aga,g of 1.96 @ = 2.02, 1.93, and 1.92)
oxidized and reducepia-Bfd are characteristic of ferredoxins  (Figure 4A) diagnostic of the presence of a [2Fe+28{ister.
containing a [2Fe-23}'* cluster, such as spinach ferredoxin Theg values of reduceda-Bfd are identical to those reported
(32), putidaredoxin 83), ferredoxin fromClostridium pas- for NifU from A. vinelandii (g = 2.02, 1.93, and 1.91,
teurianum(34), Bfd isolated fromE. coli (35), and NifU respectively) 86) and very similar to values observed with
(nitrogen fixation) from the nitrogen-fixing bacterius. other [2Fe-2S} ferredoxins, such as Bfd froi. coli (35,
vinelandii (36). In comparison, [4Fe-43]" and [3Fe-4Sj° 40), beef adrenodoxind@), putidaredoxin43), and the [2Fe-
ferredoxins have a relatively featureless absorption spectrum2S] ferredoxin fromC. pasteurianun{34).

in the visible region, with only a broad band a#00 nm, The RR spectrum of oxidizeda-Bfd obtained with an
instead of the two well-defined bands at 424 and 465 nm excitation wavelength of 488 nm is shown in Figure 4B. The
(37, 38). The molar extinction coefficient] of pa-Bfd in three bands at 288, 339, and 391 érare characteristic of
the visible region was obtained using amino acid analysis. [2Fe-2S}" ferredoxins 44). It is important to note that the
Acid hydrolysis usually causes destruction or modification spectrum displays a relatively strong band at 288%¢mvhich

of Cys, Tyr, Thr, Ser, Met, Asn, and GIn. Hence, only Gly, is diagnostic of ferredoxins harboring a [2Fe-2S}luster,
Ala, Leu, Phe, Lys, Arg, and Pro were used to calculate the but it is absent in ferredoxins containing [3Fe-3S] or [4Fe-
concentration of thpa-Bfd sample subjected to amino acid 4S] clusters 45—47). In addition, the assignments of
analysis. Thee values obtained for oxidizegha-Bfd at vibrational frequencies in the RR spectrunpafBfd (Table
different wavelengths in the visible region are listed in Table 3) compare very well with vibrational frequencies from
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FiIGURE 4: (A) X-Band EPR spectrum of dithionite-reducpd-Bfd recorded at 10 K with a microwave power of 0.1 mW, a microwave
frequency of 9.66 GHz, and a modulation amplitude of 4 G. (B) Resonance Raman spectra of opéifedin 50 mM potassium

phosphate buffer (pH 7.0) containing 100 mM NacCl.

Table 3: Vibrational Assignments from the RR Spectrum of
Oxidized pa-Bfd

Bzub Agb Agub Blut, ngt Agt Blgb Bgut ref
pa-Bfd 412 391 356 - 339 314 288 this study
Av-Nifu 417 393 356 - 340 314 288 36
bovine 421 393 349 341 329 317 2948

adrenodoxin
CpFa? 404 387 366 353 335 313 29@8
SoFd® 427 395 367 357 338 329 2838

aCp Fd, C. pasteurianumferredoxin.? So Fd, Spinacea oleacia
ferredoxin.

previously characterized [2Fe-2SFerredoxins 48—50) and
synthetic analogue complexesly. In fact, as observed in

348.10 (%) to the AMP + H* fragment, and the peak at
m/z 136.07 (%) to the adenine fragment 2H". This
fragmentation pattern, together with the fact that the mass
spectrum of a FAD standard is identical that of Figure 5B,
indicates that the cofactor pe-FPR is FAD. The nature of
the donor of electrons to FAD, NADH, or NADPH was
addressed next. To this end, an anaerobic solutiopaef
FPR was placed in a cuvette inside a glovebox, where it
was mixed with a few microliters of a stock solution of
NADPH so that the mole ratio of pyridine nucleotide to
enzyme was 10:1, and the reaction was monitored by
electronic absorption spectroscopy. The FAD cofactqran
FPR is reduced rapidly and completely when the enzyme is

the EPR spectroscopic studies, the RR spectral features ofeacted with NADPH, while in contrast, addition of NADH

oxidized pa-Bfd are nearly identical to those exhibited by
the [2Fe-2S]" cluster in the second domain of NifU from
A. vinelandii (35). Taken together, the observations made
with electronic absorption, EPR, and RR spectroscopic
methods indicate thata-Bfd harbors a [2Fe-23}'* cluster.
Expression and Characterization of pa-FPRhepa-FPR
enzyme was purified to homogeneity, as judged by the
presence of a single band in SBBAGE gels (Figure 2).
The molecular mass gba-FPR measured by ESI-MS is
29 386 Da, a value that is in good agreement with the

results in very slow and inefficient reduction. These observa-
tions indicate that NADPH is the reducing agenpaiFPR
in vivo.

pa-FPR and Not pa-Bfd Is the Donor of Electrons to pa-
HO. An important aim of these investigations was to
reconstitute and study the catalytic system of heme degrada-
tion in vitro using paFPR, pa-Bfd, and pa-HO. Initial
attempts to reconstitute the catalytic cycle were carried out
by adding a few microliters opa-FPR andpa-Bfd stock

molecular mass of the enzyme calculated from the sequencesolutions to a solution gfa-HO contained in a cuvette under

not including the initiator methionine (29387 Da). Solutions
containingpa-FPR are yellow, which is consistent with the

a laboratory atmosphere. Catalase was present in all experi-
ments to scavengeB,. Heme degradation was subsequently

presence of a flavoprotein. Indeed, the electronic absorption;piiated by addition of a few microliters of a stock solution

spectrum of oxidizegha-FPR (Figure 5A) is typical of flavin
containing proteins, with bands at 370, 450, and 475 nm;
these bands lose their intensity and almost disappear whe
a solution of NADPH is added to a solutiond-FPR under
anaerobic conditions, a spectroscopic property typically
observed upon reduction of flavin-containing proteis)(
The nature of the cofactor jpa-FPR (FAD or FMN) was
determined to be FAD by mass spectrometry, following its
extraction from the enzyme into an aqueous solution. The
mass spectrum of theae-FPR cofactor (Figure 5-B) exhibits
a parent ion peak (¥ atm/z 788.41 Da, which corresponds
to the calculated mass of FAD 3H'. Fragmentation of
this peak in a MS/MS experiment renders peaksrét
439.12, 348.10, and 136.07. The peakmdt 439.12 (X)
corresponds to the FMN- 2H* fragment, the peak at/z

of NADPH and the reaction followed by monitoring changes
in the electronic absorption spectrumpd#HO. The Soret

'hand at 405 nm (ferric resting state) shifts to 416 nm with

the concomitant appearance and increase in intensity of bands
at 542 and 577 nm (Figure 6A), which indicate formation
of the oxyferrous complex. Conversion of the latter to the
iron—biliverdin complex is manifested in the time-dependent
decay of the 542 and 577 nm bandsl@ min), which results

in the featureless visible spectrum characteristic of the-tron
biliverdin complex 62). Consistent with the formation of
the iron—biliverdin complex, addition of acid to the solution
in the cuvette causes the release of iron from the-ron
biliverdin complex and results in the immediate formation
of a band at 685 nm, which is diagnostic of biliverdin. The
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FicurRe 5: (A) Electronic absorption spectra p&FPR in oxidized and reduced form. (B) MS/MS spectrum of the cofactor extracted from
paFPR. The fragmentation pattern unequivocally identifies the cofactor as FAD.

spectra in Figure 6A also show that transformation of the
oxyferrous complex into the irorbiliverdin complex occurs
without noticeable accumulation of relatively stable inter-

of acid, which results in the immediate formation of a band
at 685 nm. Whempa-FPR is present at 0.Q8M, the reaction
profile [Figure 6C #)] shows the formation of a steady state

mediates such as verdoheme, which displays a characteristiconcentration of the oxyferrous complex in the time period

band at 660 nm53). Although these results seem to suggest
participation ofpa-Bfd and pa-FPR in relaying electrons
from NADPH topa-HO, additional experimentation showed
that transfer of electrons fropa-Bfd to pa-HO is a slow
process, whereas transfer of electrons froaPR topa-

that was investigated. Nevertheless, addition of acid to the
cuvette after 1800 s results in the immediate formation of a
band at 685 nm, which indicates that oxidation of heme to
the iron—biliverdin complex, although incomplete, still
occurs when the ratio gia-HO to pa-FPR is 100.

HO is fast. In fact, results from these experiments (see below) The notion thatpa-Bfd is not required to support the

demonstrate thgba-FPR alone supports the efficient deg-
radation of heme to the irerbiliverdin complex in vitro.

catalytic activity ofpa-HO was further tested by studying
the electron transfer reaction from redugeeBfd or reduced

The time-dependent change in the intensity of the 542 nm pa-FPR to resting statea-HO. To this end, a stock solution
band in the experiment described above was plotted as aof reducedpa-FPR was prepared in a glovebox by addition

function of time [Figure 6B{)]. The initial rapid increase

in intensity demonstrates that in the presencpaeBfd and
pa-FPR, delivery of the first electron, followed by the binding
of O, (see Figure 1), occurs in less than 1 min. The more

of 1 equiv of NADPH to a solution of oxidizega-FPR.
This resulted in complete reduction of oxidizpd-FPR, as
judged by the disappearance of the yellow color and by the
electronic absorption spectrum of the resultant solution. A

gradual decay in the intensity of the 542 nm band indicates few microliters of the solution containing reducpe-FPR

that degradation of the oxyferrous complex to the iron
biliverdin complex occurs in approximately 13 min. It was
therefore striking that in a similar experiment conducted with
a solution containingpa-FPR andpa-HO, but notpa-Bfd
[Figure 6B @)], formation of the oxyferrous complex and
subsequent degradation to the irdsiliverdin complex

(1 equiv) was added to a solution of resting stageHO
contained in a cuvette. The reaction was monitored by the
appearance and growth of bands at 430 and 560 nm (Figure
6D), which are characteristic of deoxyferropaHO; these
spectral changes display clear isosbestic points, indicating
that the process involves only the one-electron reduction of

occurred at rates almost identical to those observed for theresting statepa-HO. The time-dependent increase in the

system with all three proteinpa-HO, pa-Bfd, andpa-FPR,
thus suggesting thgta-FPR alone supports the catalytic
activity of pa-HO. The profile of heme degradation shown
by the circles in Figure 6B was obtained with equimolar
concentrations (§M) of paHO and pa-FPR. Thus, the
dependency opa-FPR concentration on heme degradation
was explored by lowering the concentrationspafFPR to
3.2, 0.8, and 0.0gM, while maintaining the concentration
of pa-HO at 8uM. Results from these experiments (Figure
6C) showed that when the concentrationpaéFPR is 3.2
(a) or 0.8uM (O), the same trend as that represented by
the circles in Figure 6B is observed, that is, relatively fast
formation of the oxyferrous complex followed by its slower
conversion to the ironbiliverdin complex. As indicated
above, formation of biliverdin is corroborated by addition

intensity of the 430 nm band, plotted with filled circles in
the inset of Figure 6C, shows that the reduction of resting
state paeHO by reducedpa-FPR occurs rapidly and ef-
ficiently. If a similar experiment is performed with excess
NADPH, to mimic the conditions of the heme oxygenase
assays described above, the reduction of resting peate
HO is complete in less than 1 min (data not shown). This
observation is consistent with the rapid formation of the
oxyferrous complex opa-HO when NADPH is present in
excess (see Figure 6B). In this context, it is important to
note that NADPH alone does not reduygaHO, which is
apparent from the negligible changes in absorbance at 430
nm upon addition of excess NADPH to resting staseHO
under anaerobic conditions (triangles in the inset of Figure
6D). Experiments conducted by adding 1 equiv of reduced
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Ficure 6: (A) Spectral changes that take place upon addition of NADPH (2D to a solution containingpaHO (8 uM), paFPR

(8 uM), andpa-Bfd (10 uM). The inset shows the time-dependent growth and subsequent decrease of the intensity of the 542 and 577 nm
bands, which is a manifestation of accumulation of the oxyferrous complex and its subsequent conversion to iron biliverdin. The band at
685 nm is formed instantaneously upon addition of acid to the-mliverdin complex. (B) Time-dependent plot of the formation of the
oxyferrous complex (542 nm) in panel A and its subsequent decay to thehbidrerdin complex for systems containinggHO and

paFPR @), paHO, pa-Bfd, andpa-FPR (0), paHO and FNR 4), andpa-HO, Fd, and FNR<). (C) Time-dependent plot of the formation

of the oxyferrous complex (542 nm) and its decay to the-tbitiverdin complex for systems containing a constant concentration of
pa-HO (8 uM) and 3.2uM pa-FPR (@), 0.8uM paFPR ©), and 0.0&«M pa-FPR @). The reaction was initiated by addition of NADPH

(200 uM). (D) Spectral changes taking place upon addition of redyzeBPR (8uM) to resting statepa-HO (8 «M) under anaerobic
conditions. The appearance and growth of a band at 430 nm are diagnostic of the formation and accumulation of de@eyf¢@olike

inset shows a time-dependent plot of the formation of deoxyferpaidO (430 nm) upon addition of reducqezk-FPR @) and upon

addition of reduced pa-Bfd)) to resting statpa-HO. All experiments were carried out at 26 in the presence of catalase. Concentrations

in parentheses correspond to solutions in the cuvette (final concentration).

pa-Bfd to resting stat@a-HO (empty circles in the inset of  of the 542 nm band diagnostic of oxyferrous complex
Figure 6D) reveal that the reduction of resting staaeHO formation (triangles in Figure 6B). The fact that FNR cannot
by pa-Bfd is slow compared to the reduction of resting state reduce paHO suggests that the efficient redox reaction
paHO by paFPR. Hence, these observations are in good betweenpa-FPR andpa-HO is a consequence of specific
agreement with those described above indicating that the ratdnteractions among these two enzymes. It is also interesting
of heme degradation in the presenceoafFPR is unaltered  that when the activity opa-HO is reconstituted with FNR
by the addition ofpa-Bfd. Taken together, these findings and spinach ferredoxin, the addition of NADPH causes rapid
suggest thapa-FPR is the redox partner gia-HO in vivo. spectral changes diagnostic of the formation of the oxyferrous
Given that the heme degradation carried oupyHO is complex; i.e., the Soret band shifts to 416 nm with the
supported bypaFPR alone, we probed whether another simultaneous appearance and growth of bands at 542 and
flavoenzyme, spinach ferredoxin NADReductase (FNR), 577 nm. Plotting the intensity of the band at 542 nm as a
would also support the catalytic activity p&HO. We found function of time (diamonds in Figure 6B) underscores the
that addition of excess NADPH to a solution containing an rapid formation of the oxyferrous complex and reveals that
equimolar mixture of resting stae-HO and FNR does not  its conversion to the ironbiliverdin complex is slow.
appreciably reduce resting stapa-HO. This is clearly Formation of the latter was corroborated by the sudden
manifested in the nearly negligible changes in the intensity appearance of the 685 nm band, diagnostic of biliverdin, upon
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acidification of the solution in the cuvette. These observations similarity between the two enzymes (see Figure 7B). The
indicate that spinach ferredoxin can efficiently transfer one high degree of structural identity can be seen in the
electron to resting statpa-HO, which upon one-electron  superposition (rmsd for Catoms of 0.42 A) opa-FPR (red)
reduction binds @to form the oxyferrous complex. The very andAv-FPR (blue) shown in Figure 7C, in a view identical
slow decay of the band at 542 nm, however, indicates thatthat in Figure 7A. Only a few amino acids differ in the
transfer of a second electron to''Fe0,, which is necessary  position of their G atoms; these are Ser2, Gly74, Arg186,
to trigger the electronic rearrangement leading to the forma- and Glu257. The position of Ser2 in the amino-terminal
tion of the F&'—OOH oxidizing species, is inefficient, even sequence is expected to impart it with a laBgéactor, which

if there is excess NADPH and thus reduced ferredoxin. is likely the reason for the discrepancy in thg isition of
Consequently, although spinach ferredoxin can act as anthis residue in the two structures. R186 is located in the
efficient one-electron reductant, it cannot deliver the second middle of the loop connecting9 with a8; thus, it would
electron efficiently, which is a key step in the mechanism also be expected to experience conformational flexibility.
of O, activation that leads to heme degradation. This situation This leaves Gly74 and Glu257, which are located in the FAD
is reminiscent of that observed with cytochrome P450 binding domain, where the largest differences in structure
(from Pseudomonas putidlavhich is reduced from the ferric  are observed betweepa- and Av-FPR. In both crystal
to the ferrous oxidation state by several ferredoxins, including structures, th&-factors exhibited by these residues are very
that from spinach. However, reduction of the corresponding close to the averag®-factor for each structure, which
Fe'—0, complex, which triggers the electronic rearrangement suggests that Gly74 and Glu257 have low conformational

necessary to form the obligatory 'lFe OOH intermediate,

flexibility. Consequently, the differences in the crystal

is attained only in the presence of the physiological reductant structures likely represent subtle differences in the way in

putidaredoxin $4).
The idea that the degradation of heme gHO and

which each of the enzymes interacts with their FAD
cofactors.

presumably by HOs in other pathogenic organisms does not The FAD cofactor binds t@a-FPR using contacts that

require an iror-sulfur cluster protein is not only novel but

are typical of the superfamily of NAD(P)H reductases; these

also consistent with the fact that the genes encoding theseconserved sequences are highlighted in Figure 7B. Among

enzymes are upregulated by iron starvatiaf)(Hence, in
the sense of efficient iron utilization, it does not seem
economical for the cell to assemble iresulfur cluster

residues in the RxYS/T motif in strandf4, the side chain
of R51 hydrogen bonds with the phosphate in the FMN
moiety, the carbonyl oxygen of A52 accepts a hydrogen bond

proteins for the purpose of acquiring iron. Instead, utilization from the ribityl C2 hydroxyl, the hydroxyl group in Y53

of a flavoprotein to deliver the seven electrons needed to hydrogen bonds with the ribityl C4hydroxyl, and the
break down heme sequestered from the host obviates the needromatic side chain in the same residustacks against the

to further deplete the already scarce iron reserves in orderisoalloxazine ring (see Figure 8). The phosphate in the FMN
to acquire additional supplies of this nutrient. In this context, portion of the cofactor is stabilized by hydrogen bond
it is also important to underscore that mammalian HOs (HO-1 interactions with the amides of L76 and T77, which are part
and HO-2) are reduced by a flavoprotein, cytochrome P450 of the G“*xT/S motif near the amino-terminal section of

reductase, and not by a small electron transfer prot&n (
55-57).

Structure of pa-FPRThe polypeptide ipa-FPR folds into
the classical two-domain structure of ferredoxin NAD(P)H

helix 1. The FAD cofactor irpa-FPR adopts a conformation
that places the isoalloxazine and adenine rings close to each
other. This conformation is similar that adopted by the FAD
cofactor inAv-FPR 68) andE. coli flavodoxin reductase

reductases (Figure 7A), which includes spinach FNR. The (EcFIdR) (59) but distinct from that seen in spinach FNR

N-terminal domain, residues-B7, comprises an antiparallel
pB-barrel 31—/6) capped by helixt1, where FAD binds near
the N-terminal end ofrl and the carboxy ends ¢# and
p5. The C-terminal domain, residues 1258, folds into
the typical nucleotide binding fold comprised of a five-
stranded paralle$-sheet (ordef39, 8, 57, 410, f11) that

is surrounded by ninet-helices @2—a10). The NADP

(60) and other members of the reductase family)( where

an extended cofactor places the adenine ring distant from
the isoalloxazine moiety. As in the structuresfefFPR and
EcFIdR, the adenine ring in the cofactor pd-FPR-stacks
with the aromatic side chain of F255; this residue is F255
in Av-FPR and W255 irEcFIdR. Hence, the observations
made with the crystal structure p&-FPR support the idea

domain in ferredoxin reductases of known structures is acrossthat the conformation of FAD idv-FPR,EcFIdR, and now

the carboxy-terminal domain of th&sheet encompassing
A7, 410, the loop connecting7 to a3, and the N-terminal
residues ofx3. The NADP and FAD binding domains are
joined mainly byo3, a6, and to a certain extent5 and by

pa-FPR is driven by stabilizing-stacking interactionbg).

In comparison, the adenine ring in spinach FNR is extended
into the surface of the protein, whereststacks with the
side chain of Y120. It is also worth noting that similar to

the loops preceding and succeeding it. This interface the structure ofAv-FPR, the structure gba-FPR lacks an

produces a deep cleft where the FAD and NAD®factors
reside in the proximity of one another. Finally, the two
domains are linked by residues 8803, which comprise
elements of secondary structuygs( loop, anda2).

The structure opa-FPR is very similar to that character-
istic of the superfamily of NAD(P)H reductases and most
similar to the structure of NADPH ferredoxin reductase from
A. vinelandii (Av-FPR) 68). The latter is perhaps not
surprising, given the 85% amino acid identity and 91%

aromatic side chain on the face of the isoalloxazine ring,
opposite the side that interacts with Y53 of theh® S/T
motif on 4. Instead, the fold ofv-FPR andba-FPR places
A254 at the equivalent position, where the side chain of A254
is directed away from the isoalloxazine ring. It has been
pointed out in the context of the structure A#-FPR that
the carbonyl oxygen of A254 and its negatively charged
dipole may alter the electronic structure of the isoalloxazine
ring, which may account for the absence of a stable
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(B)
— B1 B2 B3 — B4 65 -
pa-Fpr MSNLYTBRVLSVHHH‘NDTLF‘SFKTTRNPGLRFKTGQFVMIGLBVDGRPIJ'-I&SPNYBEHLEFFSIK 70
Av-Fpr MSNLNVER.VLSVHHHNDTLE‘SPKT'I’RNPSLRFENGQWMIGLEVDGRPD-IASPNYBEHLEE‘FSIK 70
a2
e B6 = £7 CEEEEED SIS 58
pa-Fpr VFD-SRLQHLKE:GDELMVSRKPTGTLVHDDLLPGKHLYLLSTGTGMAPFLSVIQDPEITYERYEKVIL 140
Av-Fpr VQN-SRLQHLKEGDELMVSRKPTGTLVTSDLLPGKHLYMLSTGTGLAPFMSLIQDPEVYERFEKVVL 140

a6
— O e Sy 59 — oI
pa-Fpr VHGVRWVSELAYADFITKVLPEHEYFGDQVKEKLIYYPLVIEPFRNQGROTDLMRSGKLFEDIGLPPMN 210
Av-Fpr IHGVRQVNELAYQQFITEHLPQSEYFGEAVKEKLIYYPTVINESFHNQGRLTDLMRSGKLFEDIGLPPIN 210

— A0 -G 811
pa-Fpr PQDDRAMICGSPSMLEETSAVLDSFGLKISPRMGEPGDYLIERAFVEK 258

Av-Fpr PQDDRAMICGSPSMLDESCEVLDGFGLKISPRMGEPGDYLIERAFVEK 258

Ficure 7: (A) View of paFPR depicting the two domains and the bound FAD. (B) Amino acid sequence alignmpatFéfR and

Av-FPR using ClustalW. Residues distinct among the two enzymes are colored blue. The conserved sites for binding the isoalloxazine ring
of FAD and phosphates;Rand B are highlighted in cyan, magenta, and green, respectively. (C) SuperpositimFEFPR (blue) and

pa-FPR (red) obtained using the Protein3Dfit server shows, an@d of 0.416 A (left). The view is like that in panel A.

semiquinone state in this enzymé&8). It is therefore the side chain of R51 in the SXYS/T motif, interacts
interesting that a stable semiquinone state is also not observeelectrostatically with the two phosphate groups of FAD. A
in paFPR because it suggests that the electronic structuresimilar electrostatic interaction between K258 and one of
of the isoalloxazine ring in this enzyme is similar to that of the phosphate groups in the FAD cofactor is also present in
Av-FPR and distinct from those of other reductases. An the structure opa-FPR (Figure 8), which also has the three-
additional difference pointed out betwe@n-FPR and other ~ amino acid carboxy-terminal extension in its sequence.
reductases in the superfamil$g) is the three-amino acid  Hence, it appears that the microenvironment of FAR&
carboxy-terminal extension, which includes K258 as the FPR is very similar that of FAD idv-FPR but distinct from
terminal residue. The side chain of this residue, together with that observed in other enzymes from the ferredoxin reductase
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Ficure 8: Stereoview of the FAD binding site ipa-FPR.

family. How these subtle differences affect reactivity and exception, assays for determining the activity of “ferredoxin-
perhaps redox complementarity with physiologic partners dependent” HOs do not include catalad€é-<19). Interest-

remains to be investigated. ingly, the study that reports on the inclusion of catalase in
the heme degradation assays found that the oxyferrous
DISCUSSION complex is formed readily; decay of this complex into the

Pa-FPR Supports the Efficient Degradation of Heme by iron—biliverdin complex, however, is a very slow process
pa-HO. The work described here was undertaken with the (17). In contrast, when ascorbate was added as the auxiliary

aim of identifying and characterizing the proteins that are €lectron donor in addition to ferredoxin, the oxyferrous

involved in delivering the seven electrons requiredpay complex decayed rapidly to_ biliverdin, even if cat_alase was
HO to oxidize the heme macrocycle to biliverdin and release Present17). Consequently, it was suggested that in addition
its iron. Previous reports suggested that HOs in cyanobacterid© ferredoxin, an auxiliary electron donor is necessary to carry

and eubacteria are ferredoxin-dependent and thus thoughPUt the catalytic activity of bacterial HOs. It is therefore
to receive electrons from NAD(P)H via ferredoxin reductase significant that findings reported here demonstrate that when

and ferredoxin. It is interesting, however, that the rates of P&FPR is the redox partner gfa-HO the degradation of
heme degradation observed in the presence of ferredoxin aré€me to the irorbiliverdin complex occurs rapidly and
typically slow, unless a second reducing agent such aSefﬁcgen'[ly in the absence of an auxmgry electron donor,
ascorbate, isoascorbate, or trolox is added to the sydtem ( despite the fact that all assays were carried out in the presence
19). In this context, it should be pointed out that ascorbate Of catalase (Figure 6B,C). It is also significant that concen-
or other similar reducing agents cause heme degradation byfrations ofpa-FPR at least 10-fold lower than that pé-

two chemically distinct processes, heme oxygenation (as seer1O sustain the efficient degradation of hemepayHO in

in the normal catalytic cycle of HO) and coupled oxidation Vitro. When the concentration gfe-FPR is lowered 100-
(62—64). The process of heme oxygenation occurs as fold relative to that opaHO, degradation of heme is slower;

outlined in Figure 1, where £roordinated to iron is reduced nevertheless, the irorbiliverdin complex is still formed. The

to HOO", to form the ferric hydroperoxide (Fe-OOH) efficiency ofp&FER in supporting thg in vi'tro degradation
intermediate within the active site of heme oxygenaséi:-Fe  Of heme bypa-HO is lower than that with which cytochrome
OOH adds an OH group to the macrocycle to form meso- P450 reductase suppo_rt_s the catalytic activity of HO-1
hydroxyheme. In contrast, in the coupled oxidation process, Pecause the latter efficiently degrades heme when the
noncoordinated ©is reduced to KD, by the reducing agent ~ Proportion of oxygenase to reductase is 100-f@a, 57).

(i.e., ascorbate) outside the enzyrid)( Once formed, KD, A plausible reason for the higher eff_|C|e_ncy displayed by.
can diffuse into the active site and react with ferrous heme ¢ytochrome P450 reductase may reside in the fact that this
to form meso-hydroxyheme, which is then channeled to the €nZyme contains both FAD and FMN as cofactors and that
iron—biliverdin complex using additional electrons from €léctrons can be delivered to HO-1 by either cofactor in
ascorbate. Thus, the processes of heme oxygenation andlifferent steps of the catalytic cycl&3).

coupled oxidation differ fundamentally in the form in which It is also important to note that our attempts to support
0O, is reduced to KD, (64). In addition, it is also important  the catalytic activity ofpaHO with another flavoprotein

to consider that resting state (ferric) HO can bind exogenous(spinach FNR) did not result in appreciable activity, thus
H,0; to form the F&# —OOH intermediate, which decays into  suggesting thgpa-HO andpa-FPR associate specifically to
meso-hydroxyhemel@, 53). Because exogenous,®,; is form optimum complexes that facilitate the electron transfer
readily formed when dissolved,@eacts with electron donors  events leading to heme degradation. In addition, wba&n
such as NADPH, ascorbate, hydrazine, etc., it is important HO activity was assayed using spinach ferredoxin as the
that assays of HO activity include catalase to destroy electron donor (Figure 6B), there was rapid accumulation
exogenous kD,, thus preventing the oxidation of heme by of the oxyferrous complex; subsequent decay to the-iron
paths other than the catalytic cycle of heme oxygenase. Inbiliverdin complex, however, was very slow. This observa-
this context, it is important to note that with only one tion, which is reminiscent of that made with ferredoxin-
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dependent HOs in the absence of an auxiliary electron donor,strongly suggesting that these two proteins are not redox
supports the notion thgta-HO and paFPR specifically partners in vivo. A Blast search usima-Bfd as a query
interact in the cytosol oP. aeruginosdo release iron from  revealed equivalent proteins in several bacteria; members of
exogenously acquired heme. The study of these interactionghis family contain four conserved cysteine residues orga-
will be facilitated by the availability of crystal structures for nized in a unique-X-C-X31-3+-C-X,-C arrangement, which
pa-HO (65) andpa-FPR and by the availability of sequential  are thought to function as ligands in the [2Fe28]cluster.
backbone NMR assignments fpa-HO (66). This informa- Efforts to structurally characterizes-Bfd are ongoing in our
tion will make it possible to carry out chemical shift laboratories. The EPR and vibrational featurep®Bfd are
perturbation experiment§7) aimed at experimentally defin-  identical to those reported for the [2Fe-2'$} cluster in
ing the interprotein interface once the sequential assignmentNifU, which is a multidomain protein required for the
of paFPR have been obtained, a task that is currently assembly of the metallo cluster in nitrogenag®.(However,
underway in our laboratories. A final comment regarding unlike members of the NifU familypa-Bfd is a single-
heme degradation pertains to the observation that in vitro domain protein that would seem to be analogous to [2Fe-
heme is degraded to the irebiliverdin complex, not 2SE+*-containing ferredoxins of bacteria, plants, and algae.
biliverdin; the release of iron requires the addition of acid The latter, nonetheless, are50 residues longer than Bfds
or a chelating agent such as desferroxiamine. This may reflectand do not exhibit the uniqu€-X-C-X3;-34-C-X,-C ar-
the fact that iron in vivo is highly regulated, and therefore, rangement of Bfds. Consequently, it is tempting to speculate
it is likely to be escorted out of the HEbiliverdin complex that Bfd does not function as a classical electron transfer
by a chaperone protein that shuttles it to a place where it ferredoxin but instead serves as a scaffold for [2Fe-25]
will be incorporated into an ironsulfur or heme cofactor.  cluster assembly and subsequent delivery to ferredoxins or
One other alternative is that a protein other thmaFPR other enzymes that utilize irersulfur clusters to carry out
reduces the Fé& in the iron—biliverdin chelate bound tpa- their cellular roles. In this context, it is interesting that when
HO and facilitates release of e Identification of this P. aeruginosas challenged with iron-limiting conditions the
putative protein may constitute the next significant advance bfd gene is upregulated while that encoding bacterioferritin
in piecing together the path that allo®saeruginosdo use (bfr) is downregulated20). This observation, together with
heme iron as a nutrient. the fact that théofd andbfr genes are contiguous, has been
The crystal structure gia-FPR revealed a fold typical of  used to suggest that the two proteins may interact within
the ferredoxin reductase superfamily and provided unequivo- the cell and that Bfd may participate in the delivery of iron
cal corroboration of biochemical observations described from or to bacterioferritin 35, 40). Clearly, additional
herein, indicating that the flavin cofactor is FAD. Structural experimentation is needed to test these ideas in the quest to
comparisons indicate that the structurepafFPR is almost ~ understand the iron assimilation and trafficking events that
identical to that ofAv-FPR and very similar to that dt. take place whefP. aeruginosdas challenged with low iron
coli flavodoxin reductase. The function of the latter two availability.
enzymes has been proposed to be their participation in a In conclusion, the products of two genes upregulated by
putative redox pathway leading to protection against oxida- iron starvation have been characterized and studied. This has
tive stress, which is carried out by performing the reductive led to the surprising observation that the product offgire
repair of Q -damaged hydroxylases, such as the [Fe-S] gene, a NADP-dependent ferredoxin reductase, efficiently
cluster-containing aconitasésg 69). Additional studies supports the catalytic activity gfa-HO in vitro, without the
suggest that a function éf-FPR andecFIdR is to maintain need for a mediating ferredoxin. The X-ray crystal structure
tolerable levels of NADPH during oxidative stress, thereby of this enzyme has been determined to 1.6 A resolution. The
preventing reduction of iron and other transition metals that fold of pa-FPR is almost identical to that ofv-FPR,
catalyze the formation of highly toxic hydroxyl radicals via including the bent conformation of the FAD cofactor, which
Fenton-type chemistry6@). It is therefore remarkable that is a distinguishing feature of these two enzymes from the
although the structures dfv-FPR andEcFIdR are nearly majority of enzymes of known structure in the ferredoxin

identical, each utilizes a different type of redox partar; reductase family. The product of thed gene, catalogued
FPR interacts specifically with Fdl, a protein containing [3Fe- as bacterioferritin-associated ferredoxin, likely does not
4S]0 and [4Fe-4S+ clusters {0), whereasEcFIdR function as a classical electron transfer ferredoxin. Rather,

interacts with a flavodoxin7q1). Our findings extend the it is possible that Bfd functions in the mobilization of iron
range of possible redox partners for the same fpERPR) from bacterioferritin, perhaps as a scaffold for assembling
to include a bacterial heme oxygenagea-HO) which [2Fe-SPH'* clusters for subsequent transfer to proteins and
metabolizes heme in the cytosol®faeruginosaThis notion enzymes that harbor such clusters in their active site.

is supported by the fact that some bacteria and algae possess

flavodoxins capable of efficiently replacing ferredoxins as SUPPORTING INFORMATION AVAILABLE

electron transfer proteins and that the expression of these pNa sequences opa-Bfd andpa-FPR engineered with
proteins is induced under conditions of iron starvation, which gjjent mutations to include codons favored Bycoli. This

limit the biosynthesis of [FeS] clusters and thus the aterial is available free of charge via the Internet at http:/
assembly of electron transfer ferredoxid,(72). pubs.acs.org.
Bfd May Function as a Scaffold for the Assembly of ton
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