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Summary

The anaerobic bacterium Desulfovibrio desulphuri-
cans ATCC 27774 contains a unique bacterioferritin,
isolated with a stable di-iron centre and having iron-
coproporphyrin lll as its haem cofactor, as well as a
type 2 rubredoxin with an unusual spacing of four
amino acid residues between the first two binding
cysteines. The genes encoding for these two proteins
were cloned and sequenced. The deduced amino acid
sequence of the bacterioferritin shows that it is
among the most divergent members of this protein
family. Most interestingly, the bacterioferritin and
rubredoxin-2 genes form a dicistronic operon, which
reflects the direct interaction between the two
proteins. Indeed, bacterioferritin and rubredoxin-2
form a complex in vitro, as shown by the significant
increase in the anisotropy and decay times of the
fluorescence of rubredoxin-2 tryptophan(s) when
mixed with bacterioferritin. In addition, rubredoxin-2
donates electrons to bacterioferritin. This is the first
identification of an electron donor to a bacterioferritin
and shows the involvement of rubredoxin-2 in iron
metabolism. Furthermore, analysis of the genomic
data for anaerobes suggests that rubredoxins play
a general role in iron metabolism and oxygen
detoxification in these prokaryotes.

Introduction

Ferritins are a widespread class of proteins involved in iron
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storage (Theil, 1987; Harrison and Arosio, 1996). In some
organisms, a subfamily of these proteins containing a
haem cofactor is present, which was named bacterioferri-
tins as they were first found in bacteria (Stiefel and Watt,
1979; Andrews, 1998). Although the role of ferritins in
aerobes in iron storage and protection from iron-mediated
oxidative stress is relatively well established (Harrison and
Arosio, 1996; Waldo and Theil, 1996), their function in
anaerobes remains less understood (Rocha et al., 1992;
Ratnayake et al., 2000; Roméao et al., 2000a).

The bacterioferritin (Bfr) from the sulphate-reducing
bacterium Desulfovibrio desulphuricans ATCC 27774
(Dd27Kk) is, so far, the only bacterioferritin isolated from
an anaerobic organism (Roméao et al. 2000a). In contrast
to other bacterioferritins, Da27k Bfr contains a new type of
biological haem cofactor, the iron-coproporphyrin Il
(Romao et al., 2000b), a haem quite distinct from the
haem B usually found in bacterioferritins (Bulen et al.,
1973; Yariv et al., 1981; Frolow et al., 1994; Andrews,
1998). Also, Dd27k Bfr is the only known example of a
ferritin isolated with a stable di-iron centre (Romao et al.,
2000a; Coelho et al., 2001), the site for the initial oxidation
of ferrous iron in the process of iron storage.

Rubredoxins are small, monomeric and mononuclear
iron proteins found in many prokaryotes (Sieker et al.,
1994), as well as in some eukaryotes (Tabata et al., 2000;
Wastl et al,, 2000; Zauner et al., 2000). All the studied
sulphate-reducing bacteria belonging to the genus
Desulfovibrio contain at least one rubredoxin (type 1 Rd,
named Rd-1). In Desulfovibrio vulgaris Hildenborough
(DvH) and Dd27k, besides Rd-1, another type of
rubredoxin (type 2 Rd, named Rd-2) was detected,
which mainly differs from Rd-1 in the spacing between
the cysteine ligands: the first two cysteines-binding motif —
Cys-xx-Cys— is substituted by —Cys-xxxx-Cys— in Rd-2
(Lumppio et al., 1997; LeGall et al., 1998).

The genomic organization of the genes coding for
rubredoxins is quite diverse, reflecting their various
physiological roles as one-electron carriers, which
parallels the wide range of reduction potentials of
rubredoxins or Rd sites in complex proteins. Its reduction
potentials vary from —150mV (Swartz et al, 1996;
Eidsness et al,, 1999; Yoon et al., 1999; Gomes et al.,



218 P. N. da Costa et al.

2000) to = +230 mV in rubrerythrin (LeGall et al., 1988). In
the sulphate-reducing bacterium Desulfovibrio gigas,
rubredoxin-1 plays a role in oxygen reduction, being the
direct electron donor to a terminal oxygen reductase (Chen
et al, 1993; Gomes et al., 1997); in other anaerobes,
rubredoxins can function as electron acceptors for diverse
enzymes, such as pyruvate or carbon monoxide dehydro-
genases (Ragsdale et al., 1983; Yoon et al., 1999).

Because of the unique characteristics of Dd27k
bacterioferritin and Rd-2, the determination of their
complete amino acid sequences as well as their genetic
organization was performed. In this paper, it is shown that
the bfr and rd-2 genes are located in tandem forming a
single transcriptional unit, reflecting the function of Rd-2 in
the iron metabolism of Dd27k, as electron donor to the
bacterioferritin. Using fluorescence spectroscopy, it is also
shown that Rd-2 and Bfr form a complex in vitro. Analysis
of the full sequenced genomes of several anaerobic
prokaryotes suggests that rubredoxins may play a role in
prokaryotic iron metabolism, closely associated with
oxygen detoxification processes.

Results and discussion

Nucleotide and complete amino acid sequence of Dd27k
Rd-2

The 2.5kb EcoRI-Sphl insert of plasmid pUBfRd
contains a 189 nucleotide (nt) open reading frame
(ORF), which is preceded by a ribosome binding site
(RBS) (GGAGG) 5 bp upstream of the start codon (Fig. 1).
The deduced amino acid sequence of 62 residues predicts
a molecular mass of 7.2kDa, and the identity between the
first 39 residues and the published N-terminal sequence
(LeGall et al., 1998) confirms the cloning of Dd27k Rd-2
(Fig. 2).

The amino acid sequence of Dd27k Rd-2 shows a high
degree of similarity to other rubredoxins, isolated from
either Desulfovibrio species or more distant organisms
(Fig. 2). The highest similarity is found with DvH Rd-2 (60%
identity and 68% similarity); Dd27k and DvH Rd-2 are, so
far, the only two examples of rubredoxins presenting the
unusual spacing —Cys-xxxx-Cys— at the first cysteine-
binding motif. Taking into account the spacing between
these cysteine residues, another type of rubredoxin, which
we propose to name type 3 rubredoxin (Rd-3) for
consistency, is present in Methanoccocus jannaschii, with
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a motif —Cys-x-Cys— (Bult et al.,, 1996). An extension of
this type of classification would include as a fourth type the
small rubredoxin-type protein, desulphoredoxin (Dx), so
far isolated only from D. gigas, in which the second cluster
of cysteines has no amino acids in between (—CysCys—)
(Bruschi et al., 1979). However, the overall amino acid
identity (or similarity) between Dx and Dx-like domains in
desulphoferrodoxins (Ascenso et al., 2000) and rubredox-
ins is extremely small, suggesting that they may be only
distantly related. All rubredoxins and many rubredoxin
domains in more complex proteins exhibit considerable
amino acid conservation: several amino acid residues
are strictly or almost strictly conserved (Fig.2), namely
the aromatic amino acids that form a hydrophobic core
underneath the iron centre (Sieker et al, 1994). This
conservation does not appear to be related to the specific
physiological partner, rather suggesting a structural role
(Kummerle et al., 1997; Moulis, 1999). Also, in contrast to
recent proposals (Swartz et al., 1996) for the division of
rubredoxins according to the type of residue after the
second cysteine motif —CysPro—x—CysGly—z, with z
being an alanine or a valine, it is clear that quite a large
variability exists at this site.

Nucleotide and complete amino acid sequence of Dd27k
Bfr

Upstream of the start codon of the rd-2 gene, a 540 nt ORF
(with RBS sequence AGGAG located 8 bp upstream of the
start codon) is observed (Fig.1). This ORF encodes a
potential 19.9kDa protein with a deduced amino acid
sequence of 179 residues. As the first 74 residues of the
gene-derived sequence are identical to the published
N-terminal sequence of Dd27k bacterioferritin (Roméao
et al., 2000a), and the predicted molecular mass (20 kDa)
agrees with the reported value, we conclude that this DNA
sequence encodes the Bfr protein from Dd27k.

The complete amino acid sequence shows that Dd27k
Bfr is one of the more divergent bacterioferritins
sequenced so far. In fact, the multiple amino acid
sequence alignment of bacterioferritins (Fig.3) shows
that a lower degree of conservation is observed between
the amino acid sequence of Dd27k Bfr and the other Bfrs
(22-28%) when compared with the range of values
usually observed (36—70%). A BLAST search against the
incomplete genome of D. vulgaris Hildenborough revealed
the presence of a similar bacterioferritin (66% identity). In

Fig.1. Genetic map of the 3kb EcoRI-Sphl
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transcription is also shown.
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Fig.2. Amino acid sequence alignment of Dd27k Rd-2 with other rubredoxins from representative prokaryotes and from eukaryotes (% identity,
NCBI-Gl). Type 2 rubredoxins: DvH (60%,1769572). Type 1 rubredoxins: Dd27k (31%,134112); D. gigas (42%,134113); Pseudomonas (P.)
aeruginosa (36%,11352532); E. coli (28%,882603); Bradyrhizobium (B.) japonicum (27%,1351031); Neisseria (N.) meningitidis (36%,11249911);
Clostridium (ClI.) thermosacharolyticum (42%,134111); CI. pasteurianum (36%,231175); Mycobacterium (My.) tuberculosis (34%,7430809);
Chlorobium (Ch.) limicola (42%,134107); Treponema (Tr.) pallidum (36%,7430808); Thermotoga (Th.) maritima (39%,4981182);
Methanobacterium (M. ) thermoautotrophicum (42%,7430810); Archaeoglobus (A.) fulgidus (41%,11498486); Pyrococcus (Py.) abyssi
(44%,7521668); Anabaena PCC7120 (31%,5139323); Arabidopsis (Ar.) thaliana (30%,4585992); Guillardia (G.) theta (27%,4583668). Type 3
rubredoxins: Methanococcus (Mt.) jannaschii (41%,2117423). The sequences from Anabaena PCC7120, Ar. thaliana and G. theta are shown only in
the region containing the rubredoxin fold (residues 1—-67 for Anabaena PCC7120, residues 88—154 for Ar. thaliana and residues 57—-122 for

G. theta). The cysteines involved in iron co-ordination (stars) are shown below the alignment. Black boxes represent conserved residues, and grey
boxes represent almost strictly conserved residues.
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Fig. 3. Amino acid sequences of bacterioferritin from Dd27k and from other bacteria (% identity, NCBI-Gl). E. coli (25%,114932), My. tuberculosis
(28%,2225984), Rhodobacter (R.) capsulatus (28%,2493294), Azotobacter (Az.) vinelandii (26%,114931), Brucella (Br.) melitensis (26%,1705456),
Vibrio (V.) cholerae (27%,9654782), Xylella (X.) fastidiosa (26%,9105231), Magnetospirillum (Mg.) magnetotacticum 1 and 2 (24%,2688837;
24%,2688836), N. meningitidis A and B (22%,7226444; 25%,7226443), DvH genome (66%). The regions of E. coli bacterioferritin corresponding to
the a-helices (A—E) are shown above the alignment, and the ligands to the di-iron centre (stars) and the haem methionine ligand (arrow) are shown
below the alignment. Black boxes represent conserved residues, and grey boxes represent almost strictly conserved residues.
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spite of the low amino acid similarity of Bfr from Dd27k
(and DvH) to other bacterioferritins, some important
residues are still strictly conserved (Dd27k Bfr numbered
and location according to the tridimensional structure of
Escherichia coli Bfr): (i) all the residues binding the di-iron
centre, Glu-23, Glu-56, Glu-99, Glu-132, His-59 and His-
135; (ii) the haem iron axial ligand, Met-57; (iii) Tyr-30,
hydrogen bonded to Glu-99, proposed to be involved in the
formation of a transient tyrosyl-radical species during the
iron oxidation/storage reaction (Harrison and Arosio,
1996); (iv) GIn-29 and Asp-95, which are in ionic
interaction; and (v) Arg-66, Ser/Thr-121 and Asp-118,
probably involved in a network of hydrogen bonds.

Contrary to what is observed in all other bacterioferritins,
instead of protoporphyrin IX (Frolow et al., 1994; Andrews,
1998), Dd27k Bfr contains iron-coproporphyrin Il as haem
cofactor (Romao et al., 2000b). The presence of the
different haem side-chains may result in an increase in
the number of residues in the vicinity of the haem that are
in electrostatic or hydrogen bonding interaction with it.
Hence, the low amino acid sequence identity may reflect,
at least in part, the presence of the different cofactor. The
preliminary X-ray crystallography data also show that
the protein forms a 24-mer (Coelho et al., 2001), and that
each monomer has the same four-helix bundle fold
characteristic of all (bacterio)ferritins.

Upstream of the gene encoding for Dd27k Bfr, an ORF
of 408 nt with the RBS sequence (GGAGQG) located 7 bp
upstream of its start codon (Fig. 1), encodes a predicted
protein of 136 residues (15kDa) (data not shown). A
BLASTX GenBank search for this protein revealed a
significant degree of sequence identity with several
peroxidase-like repressor proteins (PerR) (22—-28%)
(Bsat et al., 1998) and, in particular, with the PerR-like
protein from DvH (55% identity), which was initially
classified as a ferric uptake regulator (Fur)-like protein
(Lumppio et al., 1997).

As the region upstream of the bfr gene in Neisseria
gonorrhoeae contains a Fur binding sequence (Chen and
Morse, 1999), these typical patterns were searched in the
upstream region of Dd27k bfr, but they were not detected.

Organization and transcriptional analysis of the Dd27k
perR—bfr—rd-2 gene cluster

The perR-like, bfr and rd genes are localized in tandem
and transcribed in the same direction (Fig.1). Although
255 nt separates the stop codon of the perR-like gene and
the start codon of bfr, an intervening gap of only 28nt
separates the bfr and rd-2 genes. Upstream of the start
codon of the perR-like gene, putative —35 and —10
promoter regions were detected (data not shown), and
118 bp downstream of the stop codon in perR lies a GC-
rich region of dyad symmetry, perhaps signalling a

transcription terminator. In the 255nt region, 19nt
upstream of the start codon in the bfr gene, a putative
transcriptional promoter sequence was also identified and,
35 bp downstream of the stop codon in rd, a hairpin loop-
forming structure that may serve as a rho-independent
transcription terminator is observed. Hence, the overall
organization suggests that, in Dd27k, the PerR-like protein
is encoded by a monocistronic gene, and the closely
spaced bfr and rd genes form an operon (Fig. 1).

To confirm this genetic organization, Northern analyses
of total RNA isolated from nitrate-grown Dad27k cells were
performed (Fig.4, lanes 1-3 and 5). The transcriptional
experiments revealed the presence of a single transcript of
850 = 30 bp, using either the bf-RNA (Fig. 4, lanes 1-4)
or the rd-RNA probes (Fig. 4, lane 5), which corresponds,
within the experimental error, to the sum of the sizes of the
bfr and rd genes. Furthermore, no difference in the size
and intensity of the transcript was observed between the
RNAs isolated from nitrate-grown cells collected in the
initial, mid-log and late-exponential phases (Fig.4).
Northern analysis performed using RNA isolated from
sulphate-grown Dd27k cells (Fig. 4, lane 4) proved that
the bfr and rd genes form a dicistronic operon that is

M 1 2 3 4 5

2.37 kb—

1.35 kb—

0.85 kb—

0.24 kb—
Total RNA (ug) 1 1 1 0.5 1
ODgoo 0.7 0.5 03 02 0.5

Fig. 4. Transcriptional analysis of the Dd27k bfr—rd-2 operon.
Northern blots of Dd27k total RNA probed with bfr-RNA (lanes 1-4)
and rd-2-RNA (lane 5). Lanes (1—-3 and 5) contain 1 g of total RNA
extracted from Dd27k cells grown anaerobically with nitrate and
collected at the late (ODgpo = 0.7), mid-log (ODggo = 0.5) and initial
(ODggp = 0.3) exponential phases. Lane 4 contains 0.5 g of total RNA
extracted from Dd27k cells grown anaerobically with sulphate and
collected at the initial exponential phase (ODggo = 0.2). M, molecular
mass standards; the size determined for the bfr—rd-2 mRNA is
indicated in bold.
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expressed under both sulphate or nitrate growth
conditions.

In sulphate reducers, Rd-1s are encoded in dicistronic
units together with genes for enzymes involved in oxygen
detoxification (Fig.5): rubredoxin:oxygen-oxidoreductase
in D. gigas (Chen et al., 1993; Gomes et al., 1997; Frazéo
et al., 2000) or desulphoferrodoxins (Brumlik and
Voordouw, 1989; Pianzzola et al., 1996; Kitamura et al.,
1997; Liochev and Fridovich, 1997; Romao et al., 1999). In
DvH, rd-2 is present in a gene cluster that includes
rubrerythin and a perR-like gene (Lumppio et al., 1997;
Bsat et al., 1998). It was proposed that the three genes
form an operon (Fig.5), although a shorter transcript
corresponding only to the sum of the rubredoxin and
rubrerythin gene sizes was also observed (Lumppio et al.,
1997). Despite these results, the physiological role of Rd-2
in DvH remains unknown. Our results clearly show that, in
Dd27k, the perR-like gene does not belong to the bfr—rd-2
operon (Figs 1 and 5). In Dd27k, the operon formed by rd-2
and bfr suggests a function for Rd-2 in iron metabolism
(see below). So far, the only other known similar genetic
organization occurs in Methanobacterium thermoautrotro-
phicum, in which rubredoxins are also encoded by genes
close to that encoding for a ferritin (Smith et al., 1997).
Quite interestingly, this gene cluster also includes an
A-type flavoprotein, a homologue of D. gigas rubredox-
in:oxygen-oxidoreductase, as well as a superoxide
dismutase and an alkyl hydroperoxide reductase (Fig.5),
suggesting a quite close association of the iron and
oxygen responses in this archaeon. In other organisms,
such as E. coli and Azotobacter vinelandii, (bacterio)ferri-
tin genes are located immediately downstream of an
ORF that encodes for a [2Fe—2S]?*/'* protein, named

D. desulfuricans

D. vulgaris H
D. vulgaris M
Des. baarsii

M. thermoautotrophicum m@ att Y fr Y ahp ) sod }
[ fr >1 dfx>| rbr>1 rbr>

Fig.5. Genomic organization of the genes encoding rubredoxin and
ferritin proteins from the archaea M. thermoautotrophicum and A.
fulgidus, and the bacteria Dd27k, DvH, D. vulgaris Miyazaki, D. gigas
and Desulfoarculus (Des.) baarsii. atf, A-type flavoprotein; ahp, alkyl
hydroperoxide; bfr, bacterioferritin; dfx, desulphoferrodoxin; fr, ferritin;
perR, peroxidase-like repressor protein; rbr, rubrerythrin; rd-2, type 2
rubredoxin; rd-1, type 1 rubredoxin; roo, rubredoxin:oxygen-
oxidoreductase; sod, superoxide dismutase.

A. fulgidus
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bacterioferritin-associated ferredoxin (Bfd). In E. coli, Bfd
was proposed to be a redox and/or regulator component of
bacterioferritin, because it appears to form a complex with
this protein (Garg et al., 1996). Although no relevant amino
acid similarity is observed between Dd27k Rd-2 and the
various Bfds (= 14%), a similar role may be performed by
the two different proteins, as will be discussed below.

Interaction between Dd27k Rd-2 and Bfr

Recombinant Dd27k Rd-2 was isolated from a culture of
BL21-Gold(DE3) carrying pT7Rd2, as described in
Experimental procedures. SDS—PAGE of cell extracts
and of the purified Rd-2 revealed a strong band of = 8 kDa
(Fig. 6) that agrees with the molecular mass predicted by
the gene-derived amino acid sequence of Dd27k Rd-2.
Upon purification, two rubredoxin-2 forms were obtained,
either zinc or iron bound: ZnRd-2 and FeRd-2. The
recombinant FeRd-2 showed no differences when
compared with the wild-type Dd27k Rd-2 in the UV/visible
and EPR spectra, confirming the presence of an intact
metal centre. Both proteins contain a stoichiometric
amount of one metal per molecule.

The genetic organization of Dd27k bfrand rd-2 suggests
a possible interaction between the two proteins. To prove
this interaction, two different approaches were used: a
fluorescence study, measuring the average lifetime and
the steady-sate anisotropy of the tryptophans (Trp) in Rd-
2, in the absence and in the presence of Bfr; and a redox
interaction, followed by visible spectroscopy, to check
whether Bfr is reduced by Rd-2. The fluorescence assays
were performed with ZnRd-2, which has a much more
intense fluorescence emission when compared with the
iron form.

The fluorescence emission of ZnRd-2, when excited at
300nm, is an unstructured band with a maximum at
330nm (Fig. 7, curve a). In Fig. 7, curve c represents the
excitation spectrum of ZnRd-2 in the same conditions
when the emission is collected at 350 nm. Both, excitation
and emission are characteristic of tryptophan (Trp) and are
attributed to the two tryptophan residues existing in the
molecule (Fig. 2). Under the same excitation and emission
conditions and in the concentrations used in this work, the
fluorescence of Bfr is comparatively much lower than that
of ZnRd-2 (Fig. 7, curves b and d). Namely, when excited
at 300nm, the emission at 350nm is =13 times less
intense than that of ZnRd-2 (Fig. 7, curves a and b). In the
subsequent study of steady-state fluorescence anisotropy
and fluorescence lifetimes, the samples were excited at
300 nm and 292 nm, respectively, and the emission was
collected at 350nm. In these conditions and for the
purpose of the present work, the contribution of Bfr
emission is negligible.

The fluorescence decay of ZnRd-2, excited at 292 nm, is
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Fig.6. Overproduction of Dd27k Rd-2 in aerobically grown cells of
E. coli BL21-Gold (DE3) analysed by 15% SDS—PAGE. Lanes 1 and
2, samples of cell extracts obtained by small-scale preparations (2 ml);
lane 1, E. coli carrying plasmid pT7-7 (control); lane 2, E. coli carrying
plasmid pT7Rd2. Lane 3, Rd-2 as purified. The left and right margins
show the positions of marker proteins (M).

well described by a sum of three exponential fluorescence
lifetimes with time constants 7; and amplitudes «; as
presented in Table 1. The average fluorescence lifetime
of ZnRd-2 alone is 1.26ns (obtained with eqn 1; see
Experimental procedures). After the addition of Bfr, the
fluorescence decay of Rd-2 is still described by the sum of
three exponentials, but the average excited state lifetime,
<7>, increases to 2.25 ns and 2.32 ns for the mixtures Rd-
2/Bfr 1:1 and 1:2 (rubredoxin per Bfr monomer). The three
components obtained in the presence of Bfr differ from
those of Rd-2 alone (Table 1), and there is no evidence
of a specific interaction with a given chromophore. The
increase in the average fluorescence lifetime as a result of
the presence of Bfr can only be attributed to a change in
the microenvironment of the Trp(s) from Rd-2, indicating
that there is a direct interaction between the two proteins in
solution.

Further evidence for the Rd-2-Bfr association is
obtained from comparison of the steady-state anisotropy
of the fluorescence emission of Rd-2 at 350 nm, when
excited at 300nm, in the presence and absence of Bfr
(Table 1). With the addition of Bfr, an increase in the
steady-state fluorescence anisotropy, r, is observed,
indicating a smaller diffusional rotation of the tryptophan(s)
of Rd-2 before emission. This increase in steady-state
fluorescence anisotropy is concomitant with an increase in
the average fluorescence lifetime. Therefore, it may be
concluded that there is a true hindrance to the rotation of
the tryptophan(s) as a result of the larger hydrodynamic
volume of the whole tumbling complex or a lower freedom
of the tryptophan(s) rotation, or both. This decrease in
correlation time for the rotation must result from the
formation of a Rd-2—Bfr aggregate living for at least a time
comparable with that of the chromophore. A comparison of
the variation of fluorescence lifetime and anisotropy upon

increasing the Bfr concentration (from 1:1 and 1:2) shows
that, when doubling the concentration of Bfr, only a very
small increase in both is observed. This allows us to
conclude that the association between the two proteins is
stable and almost complete when the two proteins are
mixed in a 1:1 ratio.

The reduction potential of Rd-2 (+25mV (LeGall et al.,
1998)) is suitable for direct electron donation to Bfr, as the
reduction potential of the haem centre was determined to
be +140mV (Roméo et al., 2000a), and the reduction
potentials of the di-iron sites are usually quite positive (e.g.
Wang et al., 1991). Therefore, the redox interaction was
studied by adding FeRd-2, previously reduced with
dithionite (using slightly substoichiometric amounts of
dithionite), to an anaerobic sample of bacterioferritin
(Fig.8, curves a to e). Under these conditions, Rd-2
reduces Bfr, and complete reduction was observed after
the addition of =~ 2.5-fold excess per Bfr monomer. No
further reduction was observed with the addition of sodium
dithionite (Fig. 8, curve f), confirming that Bfr was totally
reduced. This result fully agrees with the fact that Da27k
Bfr is isolated containing an oxidized di-iron centre per
subunit and one haem per dimer (Romao et al., 2000a;
Coelho et al., 2001). Thus, it is shown that Rd-2 donates
electrons to Dd27k Bfr. This role may be quite relevant as
the release of iron from ferritin occurs only upon reduction
of the iron core (Harrison and Arosio, 1996; Theil et al.,
2000). These data also suggest that the electrons are
donated through the haem, as an almost complete
reduction of the haem is observed first (Fig. 8, curve c),
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Fig.7. Fluorescence excitation and emission spectra of 6 .M ZnRd-2
(solid lines) and 6 n.M Bfr (dotted lines). a and b, emission spectra with
excitation at 300 nm; ¢ and d, excitation spectra with fluorescence
collected at 350 nm. The fluorescence intensity units are the same for
all spectra, but curves a and b are represented on an expanded scale
(right axis).
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Table1. Results from the analysis of the fluorescence decay of
ZnRd-2 at 350 nm, excited at 292 nm, with a sum of three exponentials
with amplitudes «; and time constants 7.

Rd Rd/Bfr 1:1 Rd/Bfr 1:2
a; (au.) 0.178 0.168 0.145
1 (NS) 0.61 0.60 0.48
ap (au.) 0.154 0.165 0.215
72 (NS) 1.37 1.30 1.21
as (a.u.) 0.0026 0.030 0.033
73 (NS) 4.98 4.78 4.90
<> (NS) 1.26 2.25 2.32
r 0.124 0.13, 0.13,

The average lifetime, <t>, is calculated using eqn 1. The values of
the steady-state fluorescence anisotropy, r, obtained with excitation at
300nm and observation at 350 nm are also presented. Mixture 1:1,
one rubredoxin per one monomer of Bfr; mixture 1:2, one rubredoxin
per two monomers of Bfr. Protein concentration, ZnRd-2=6 uM;
Bfr=6 wM (mixture 1:1) and 12 M (mixture 1:2).

but reoxidation of Rd-2 continues to occur, presumably
because the di-iron centres are being reduced (Fig.8,
curve d).

In E. coli, the bacterioferritin-associated ferrodoxin, Bfd,
was shown to form a complex in vitro with Bfr (Garg et al.,
1996), a behaviour similar to that now shown to occur for
Dd27k Bfr and Rd-2. It remains to be demonstrated that
Bfd is also an electron donor for Bfr, although this function
has already been proposed (Garg et al, 1996). If this
proves to be true, Rd-2 and Bfd would play similar roles in
iron metabolism.

Conclusion

In the sulphate-reducing bacterium D. desulphuricans
ATCC 27774, the genes encoding for bacterioferritin and
rubredoxin-2 are under the same transcription regulation,
forming a dicistronic operon. This genetic arrangement, so
far uniqgue among bacteria, together with the evidence for
the formation of a complex and the electron transfer
between Bfr and Rd-2 strongly suggests a physiological
relationship between the two proteins. In addition, it makes
rubredoxin-2 the only known example of a redox partner
for an iron storage protein, paralleling the proposed
function for Bfd in other systems (Garg et al., 1996). This
finding also enlarges the known physiological functions of
rubredoxins in anaerobes, particularly in Desulfovibrio
species. Both genetic and biochemical data indicate that,
in these bacteria, rubredoxins are involved in both oxygen
and iron metabolisms.

Experimental procedures

Cloning and sequencing of rubredoxin and bacterioferritin
genes

Genomic DNA from Dd27k was grown, isolated and purified
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as described previously (Liu and Peck, 1981; Ausubel et al.,
1995).

Standard protocols (Ausubel et al., 1995) were used for
DNA manipulation. Restriction enzymes and the digoxigenin
(DIG) non-radioactive nucleic acid labelling and detection
system were obtained from Roche Molecular Biochemicals.
Purification of plasmids, polymerase chain reaction (PCR)
products and DNA fragments from gel agarose was achieved
with Concert DNA purification systems from Gibco BRL Life
Technologies.

Based on the N-terminal amino acid sequences of Dd27k
Rd-2 (LeGall et al., 1998) and Bfr (Romao et al., 2000a) and
on the Desulfovibrio codon usage (Stokkermans et al., 1992),
a pair of degenerate oligonucleotides was designed for each
protein (Table 1). Internal segments of 117 bp for rd-2 and
196 bp for bfr were amplified by PCR with Tag polymerase,
using Da27k genomic DNA as template and the correspond-
ing pair of oligonucleotides. For sequencing purposes, the two
PCR products were cloned. To this end, the rubredoxin DNA
fragment was purified, end repaired with Klenow polymerase
and cloned in EcoRV digested/desphosphorylated pBlue-
script SK+, yielding pSRd1. The transformation was
performed in E. coli DH5« cells. Bacterioferritin PCR product
was also purified, end repaired, ligated to EcoRV-cut
pZErO™-1 (Invitrogen), yielding pZBfr1, and the mixture
was transformed in E. coli XL2-Blue cells (Promega).
Recombinant plasmids, pSRd1 and pZBfr1, were isolated,
sequenced with the ABI Prism BigDye terminator cycle
sequencing ready reaction kit (PE Biosystems) and analysed
on an Applied Biosystems 377A DNA sequencer. The results
confirmed that the desired DNA fragments were cloned. After
excision of the inserts from plasmids pSRd1 and pZBfr1, two
homologous DIG-labelled DNA probes were then prepared
using the random primed DNA labelling system.

Absorbance
_h né J fﬁ
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Fig.8. Visible spectra after the reduction of Bfr after adding FeRd-2
under anaerobic conditions in 20 mM phosphate buffer, pH 7.6. (a) Bfr;
(b) after the addition of FeRd-2 previously reduced with dithionite; (c)
the same as (b) but after 5min; (d) after 20 min (some FeRd-2
reoxidized is observed); (e) the same as (d) subtracting the spectrum
of oxidized FeRd-2; (f) after reduction with dithionite. Protein
concentrations, Bfr=3 uM (monomer); FeRd-2=7.5 nM.



224 P. N. da Costa et al.

Southern blots of Dd27k genomic DNA digested with
several restriction enzymes were hybridized with the DIG-
labelled bfr and the DIG-labelled rd-2. The rd-2 probe was
also used to screen a previously constructed N\-Dash genomic
library of Dd27k (Lambda Dash Il/BamHI vector kit and
Gigapack Il gold packaging extract from Stratagene). The
library was used to infect E. coli XL1 Blue MRA-P2 cells, and
the phages containing the rubredoxin gene were identified by
plague hybridization with the DIG-labelled rd-2 probe,
according to the DIG system protocols. Two positive phages
(named phages 6 and 11) were then purified, and phage DNA
was isolated with the Lambda maxi kit from Qiagen.

The restriction maps retrieved from the Southern blots of
digested Dd27k genomic DNA and DNA isolated from phage 6
indicated that the rubredoxin and bacterioferritin genes were
located in the same 3kb EcoRI-Sphl fragment (Fig.1).
Southern blots of the second phage (phage 11) showed that
both genes (bfrand rd-2) were contained in a 2.5kb EcoRI—
Sphl fragment (where EcoRl is the restriction site of the arm
phage). Hence, that insert was cleaved from phage 11 DNA,
ligated into EcoRI-Sphl-cut pUC18, and the mixture was
used to transform E. coli JM109 cells (Promega). Recombi-
nant plasmids, named pUBfRd, were isolated and sequenced
on both strands. The results showed that this clone contained
another ORF coding for a protein with significant similarity to
the peroxidase-like repressor family of proteins (PerR).
However, the 2.5kb EcoRI-Sphl fragment of plasmid
pUBfRd contained only part of the perR-like gene. In order
to assess the complete perR-like gene sequence, direct
sequencing of phage 6 DNA was performed.

The sequences were deposited in the GenBank sequence
database under the accession number AF321851.

The nucleotide sequence data were analysed using
MULTIPLE sequence alignment with hierarchical clustering
(Corpet et al., 1988), the Genetics Computer Group
(Wisconsin) package provided by the Portuguese EMBnet
Node (PEN) and Neural Networks for Promoter Prediction
(Reese et al., 1996). The BLAST network service at NCBI was
used for searching of homologous sequences, and the
CLUSTAL X program (Thompson et al, 1994) allowed the
production amino acid sequence alignments.

Preliminary sequence data of the D. vulgaris Hildenborough
genome was obtained from The Institute for Genomic
Research website at http://www.tigr.org.

Overexpression, isolation and purification of the
recombinant Dd27k Rd-2

For expression purposes, homologous oligonucleotides were
designed that allowed the introduction in the rd-2 gene of an
EcoRl restriction site at the start codon and a Hindlll
restriction site downstream of the stop codon (Table 2). By
means of a PCR reaction, using the oligonucleotides, Pfu
polymerase (Stratagene) and pUBfRd plasmid, amplification
of the complete rd-2 gene (218 bp) was then achieved. After
purification, the 218 bp fragment of rd-2 was cloned in pT7-7
(Ausubel et al., 1995), previously cut with the appropriate
restriction enzymes, and transformed in E. coli DH5«a cells.
The resultant recombinant plasmid, pT7Rd2, was isolated and
sequenced to ensure the integrity of the gene. Cultures of
BL21-Gold (DE3) (Stratagene) containing pT7Rd2 were

grown, aerobically and at 37°C, in a 3| fermenter in M9
minimal medium (Ausubel et al., 1995) containing 100 png of
ampicillin and were induced with 400 .M IPTG when an
ODgqo of 0.8 was reached. The cells were harvested after 4 h
and resuspended into 10 mM Tris-HCI, pH7.6, broken in a
French pressure cell (SLM; Aminco) at 9000 psi. By
ultracentrifugation (150000 g, 1h), the membranes and cell
debris were removed, and the soluble extract obtained was
submitted to further purification.

All purification procedures were performed at 4°C in a
Pharmacia High-Load System, and proteins were concen-
trated using a Diaflo apparatus (Amicon) with a YM3
membrane. The prepared soluble extract was loaded on a
Q-Sepharose XK26/14 column, previously equilibrated with
20mM Tris-HCI, pH7.6. A gradient up to 0.5M NaCl, in the
same buffer (3mimin~"), was then applied, and the Rd-2
fraction was eluted at 0% NaCl. This fraction was purified
further by gel filtration on a Superdex 75 (XK26/50) column
using 20 mM Tris-HCI, pH 7.6, 0.2M NaCl (0.75mImin"") as
elution buffer. The fraction containing Rd-2 was then dialysed
against 20mM Tris-HCI, pH7.2, over 24h and applied to a
SP-Sepharose column (XK 16/12), previously equilibrated
with 20mM Tris-HCI, pH7.2. A gradient of 0-0.5M NaCl
(1 mImin~") in the same buffer was used. The two rubredoxin
forms usually observed, the zinc and iron forms, could be
separated completely under these conditions. The major form,
the iron-Rd-2, represents 60% of the total amount of produced
Rd-2 and was eluted with 0.25 M NaCl, whereas the zinc-Rd-2
form was eluted at 0.05M NaCl. The zinc and iron forms will
de designated as ZnRd-2 and FeRd-2 respectively. The purity
of Rd-2 was judged by 15% SDS—PAGE and by UV-visible
spectroscopy (absorbance ratio Axgo/Asgo =2.71 for FeRd-2).
Metal analysis was performed by Atomic Absorption at
Laboratério de Analises, IST-Lisbon, and protein concen-
tration was determined by bicinchoninic acid (BCA) protein
assay kit (Pierce) as described by Smith et al. (1985).

Bacterioferritin was purified as described previously
(Roméo et al., 2000a).

RNA isolation and Northern analyses

RNA was extracted from Da27k cells grown anaerobically with
nitrate and collected at the initial, mid-log and late-exponential
phases and from Dd27k cells grown anaerobically with
sulphate and collected at the initial exponential phase. Total
RNA was isolated with the Qiagen RNeasy extraction kit and
finally resuspended in diethyl pyrocarbonate (DEPC)-treated

Table2. Synthetic oligonucleotides used to amplify, by PCR, the
different internal segments of the rd-2 and bfr genes that were used as
DNA or RNA probes and for expression purposes.

rd-2  DNA probe 5-GCSGARCCSCAGGAYATG-3'
5-SGGVAGRTCYTCGAACTTSG-3
Expression 5-GCTGAATTCCTACCGGAAAACAATAGG-3'
RNA probe 5-CCGGTACGCATGAAGCTTCTTATG-3
bfr DNA probe 5-MGNAAGGCVAAGGTVATMGARGTVC-3
5'-CVCCVCCVAGYTCCTTKATNCKYTC-3
RNA probe 5-CACAAGGAGTTTCCATATGGCTGG-3
5-GTTTTCCGGAAGCTTTTCAGCAGC-3'
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water. Samples of 0.5—1pg of total RNA were electro-
phoresed on 1.2% (w/v) agarose (Seakem LE; FMC) gels in
1x FA buffer (10x formaldehyde buffer: 200mM MOPS,
50 mM sodium acetate and 10mM EDTA, pH7) containing
0.7% (v/v) formaldehyde and transferred to positively charged
nylon membranes (Roche Molecular Biochemicals).

Two homologous oligonucleotides (Table 2) were used in
a PCR reaction together with plasmid pUBfRd and Pfu
polymerase (Stratagene) to amplify the bfr gene (568 nt). The
fragment was then cloned in pZErO™-1 previously cut with
EcoRV, yielding plasmid pZBfr2. Also, the 218 bp rd-2 PCR
product prepared for overexpression purposes, as described
above, was cloned in EcoRV-digested pZErO™-1 and
named pZRd3. In both cases, E. coli XL2-Blue cells were
used for transformation. After isolation, the recombinant
plasmids were linearized with Eco Rl and used as templates to
generate two antisense RNA probes, according to the DIG
RNA labelling kit (SP6/T7) (Roche Molecular Biochemicals).
Northern blots of Dd27k RNA were then hybridized with the
prepared rd-2 and bfr RNA probes.

Steady-state and time-resolved fluorescence
spectroscopy

Samples were obtained at the appropriate concentrations by
diluting the protein stock solutions into a 20 mM phosphate
buffer, pH7.6. The zinc form of Rd-2 was used, and all the
assays were performed at room temperature. Steady-state
fluorescence spectra and single-wavelength fluorescence
anisotropy were obtained with an SLM-Aminco 8100-2
spectrofluorometer. The values of fluorescence anisotropy
result from the average of at least 10 independent
measurements. Fluorescence decays are measured by the
single photon counting technique using a Ti:Sapphire
picosecond laser system (Spectra Physics) operating at a
repetition rate of 827 kHz, and the excitation wavelength was
tuned to 292nm. The pulse profile and the emission of the
sample at 350 nm were collected in alternate cycles of 10°
counts each until a total accumulation of 5x 10° counts at the
maximum. Deconvolution of the fluorescence decay from the
pulse profile was carried out using a version of George
Striker's program (Striker, 1982). Average lifetimes, <7>,
were calculated with eqn 1, where «; stands for the relative
weight of the component with lifetime ;.
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