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Abstract

Very recently, an iron-rich protein, DpsA, was isolated from the extreme halophilic euryarchacon Halo-
bacterium salinarum JWS5 and characterized. The amino acid sequence of DpsA is related to Dps proteins
which belong structurally to the ferritin superfamily but differ from ferritins in their function and regu-
lation. Employing Northern and Western blot analysis, the expression of DpsA in H. salinarum was
examined throughout all growth phases and under a variety of growth conditions (iron deficiency, iron
supplied growth, oxidative stress). DpsA shows increasing expression of dps4 mRNA in iron rich media
and under conditions of oxidative stress (H,O,), whereas under iron deficient conditions mRNA-levels
decrease. This is in contrast to Dps-type proteins the transcription of which is induced under conditions of
iron starvation. Northern blot experiments show that the expression pattern of halobacterial DpsA is the
same as that found in the few bacterial non-heme ferritin the expression pattern of which has been analyzed
so far. Based on Western-blot analysis post-transcriptional regulation, typical of mammalian ferritins, can
be excluded. This protein exhibits features of a non-heme type bacterial ferritin although it shares only little
sequence similarity with Ftn from E. coli.

Abbreviations: Dps — DNA binding protein from starved cells; Bfr — heme containing bacterial ferritin; Ftn
— non-heme bacterial ferritin

Introduction Recently, we characterized a novel iron-

containing protein from the H. salinarum (Reindel

Within a major project analyzing archaebacterial
iron transport and iron metabolism we have fo-
cussed our interest on possible iron storage forms
in the euryarchacon Halobacterium salinarum.
H. salinarum is extremely halophilic requiring
4.2 M NaCl for optimal growth. To cope with
osmotic stress H. salinarum accumulates up to 5 M
K "-Ions in its cytosol. This chemoorganotrophic,
obligate aerobic organism (Tindall 1992) exhib-
its highly acidic cytoplasmic proteins and is,
therefore, excellently adapted to live in an
environment of high ionic strength (Lanyi 1974).

et al. 2002). This protein exhibits typical features
of a ferritin: it is heat stable, the molecular mass of
each subunit is 20 kDa, the subunit shows a highly
a-helical secondary structure and subunits assem-
ble to a hollow spherical shell where the iron
atoms can be deposited. Heme groups as observed
in Bfr-type bacterioferritins are not present. In
general, the protein shell of a ferritin is built up by
24 subunits. For our isolated protein, however, a
dodecameric assembly with a single subunit-type
could be derived. The peptide sequence of
fragments of that protein were compared with a
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genome derived protein library of H. salinarum sp.
NRC-1 disclosing an identity of 100% with DpsA
(DNA binding protein from starved cells). Further
sequence alignments uncovered partial identities
with the DpsA protein from Synechococcus
sp. and with the non-heme ferritins (Ftn) from
Listeria innocua and from Helicobacter pylori
(named NapA). Both non-heme ferritins exhibit
dodecameric structures, too. Employing molecular
modelling of the halobacterial DpsA protein a
four-helix-bundle structure was obtained with one
additional smaller a-helix connecting helix B with
helix C. In typical subunits of 24-meric ferritins,
however, the small o-helix is located at the C-
terminal end. In addition, halobacterial DpsA is
lacking the typical intra-subunit-ferroxidase site
which catalyzes the oxidation of Fe** to Fe*" in
eukaryotic H-chain and in tetraicosameric bacte-
rial ferritins. This type of ferroxidase site is also
missing in other dodecameric ferritins, for example
in the non-heme ferritin of H. pylori (Tonello et al.
1999; Zanotti et al. 2002) . In NapA from H. pylori
the ferroxidase site is located at the interface of
two subunits (Evans Jr. et al. 1995; Tonello et al.
1999).

Surprisingly, all Dps proteins characterized so
far (Grant et al. 1998; Ilari et al. 2000; Yamamoto
et al. 2000; Gupta et al. 2002; Papinutto et al.
2002; Ceci et al. 2003; Ishikawa et al. 2003;
Pulliainen et al. 2003; Ren et al. 2003) show the
same properties as the new class of dodecameric
ferritins: (i) subunits exhibit a molecular mass of
approximately 20 kDa, (ii) the subunit tertiary
structures consist of a four a-helix bundle with one
additional smaller a-helix connecting helix B with
helix C, (iii) six or 12 subunits assemble to a
hollow spherical shell, (iv) a ferroxidase site is
present located at the interface of two subunits and
(v) with the exception of DpsA from Synechococ-
cus (Pena & Bullerjahn 1995a; Pena et al. 1995b) —
no heme groups are detectable.

On the other hand, differences exist on a
regulatory and on a functional level. Some Dps
proteins show non-specific DNA binding (Azam et
al. 2000; Chen & Helmann 1995). The abundance
of the mRNA of dpSASynechococcus/mrgAB. subtilis/
non-heme ferriting__ innocua 18 low under conditions
of iron-rich growth whereas an induction is ob-
served under conditions of iron starvation (Chen
et al. 1993; Altuvia et al. 1994; Polidoro et al.
2002). The expression is also induced in response

to oxidative stress (Chen & Helmann 1995; Sen
et al. 2000). Although the structures and catalytic
functions of bacterial ferritins are well known,
merely limited data on their regulation in bacteria
are available. For Bfr (bacterioferritin) and FtnA
from E. coli and for Pfr of H. pylori an accumu-
lation is observed under iron-rich growth condi-
tions in the stationary phase. In contrast to dps
regulation the expression of bacterial ferritins is
low under conditions iron starvation (Abdul-
Tehrani et al. 1999; Bereswill et al. 2000).

The ability of Dps proteins to bind DNA non-
specifically is not proven for all members of this
class of proteins and it is very difficult to examine
protein—DNA interactions at the existing high salt
concentration in the cytosol of H. salinarum. In
order to decide whether halobacterial DpsA is
functionally a Dps or a bacterial ferritin we
examined the expression of the protein under dif-
ferent growth conditions by Northern and
Western blot analysis throughout all growth pha-
ses. Based on our observations, we conclude that
the regulation of halobacterial DpsA differs from
that of other Dps proteins. Rather, regulation
seems to be similar to what is known about bac-
terial ferritin regulation and the general archaeal
transcription initiation.

Materials and methods
Organism and growth conditions

H. salinarum (DSM 3754), strain JW 5, was a kind
gift of Dr. Peter Palm (MPI fiir Biochemie,
Martinsried Germany). This strain is defective in
carotinoid-biosynthesis and consequently can not
grow by converting light into energy. Therefore,
aerobic growth is dependent on a functional
respiratory chain. The iron rich medium con-
tained: 4.2 M NaCl, 81 mM MgSO,, 10 mM
Na-citrate, 26.8 mM KCI, 200 uM FeCl;, 10 g
neutralized bacteriological peptone L34 (Oxoid),
pH 7.2. Iron limited medium contained the same
concentrations of NaCl, Na-citrate, KCl and
peptone. This solution was incubated with
Chelex® 100 resin (BioRad, 5 g/100 ml) over night
to remove traces of iron. After decanting this
solution 81 mM MgSO, and an appropriate
volume of a 1000 fold concentrated trace elements
solution (containing per liter: 9 mM MnCl,,



11.8 mM Na,B40;, 1.6 mM ZnSO,, 0.29 mM
CuCl,, 0.12 mM Na,MoQOy, 0.12 mM VOSO,,
0.036 mM CoSO,) were added to the supernatant.
To eliminate iron contaminations glass ware was
treated in succession with alkaline methanol (1 N
KOH, 1:1 methanol/H;Opigesry, 2 N HCI and
50 mM EDTA. In order to produce oxidative
stress 1 mM H,»O, (final concentration) was added
after 24 h of growth to the iron rich and iron
limited medium. All growth media were inoculated
per 100 ml with 1 ml of an iron depleted cell
suspension (ODsy9 = 1.17). The cells were grown
aerobically in a gyratory shaker at 100 rpm
and 37 °C. Aliquots for total RNA- and cytosol-
preparations were taken at 16, 24, 36, 48, 60, 84 h
of growth.

Total RNA isolation and Northern blot analysis

Total RNA isolation was performed as described
(Chomczynski & Sacchi 1987). Total RNA(S ug)
was electrophoresed in a 1.2% formaldehyde/
agarose gel and transferred on a nylon mem-
brane (Hybond™-N, Amersham) as describedin
(Chomczynski 1992). In order to normalize the
dpsA signal intensity with reference to the general
transcription rate of the cell we chose the 16S rRNA
signal intensity as reference. Therefore, probes for
the dps A mRNA and the /165 rRNA were generated
with the nested PCR method (Poster-Jordan et al.
1990) using the primers listed in Table 1. After
prehybridization and random primed labelling
reaction the dpsA probe was added to the blot over
night. The blot was exposed to a phosphorus-

Table 1.Primers. Primers for the preparation of dpsA4 and 16S
rRNA probes.

Name Sequence

dpsA senl CGT TAT GAG CAG GCA AAA GA
dpsA antil AAC GCT AGT CGC GAA AGA A
dpsA sen2 CGC CGA ACA GTG TGT AGA

dpsA anti2 TCG TCT TCG AGC TCG ATG

16S rRNA ATT GCT ATC GGA GTC CGA TTT A
senl

16S rRNA GGC TAC CTT GTT ACG ACTTAA T
antil

16S rRNA GGC ATA GAG CCTTCA CTTTT
sen2

16S rRNA GTC AGC TGA ACA GTITT

anti2
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imaging screen and after a second prehybridization
the 16S rRNA probe was added to the same blot. By
variation of the exposure times it was possible to
prevent an intensity-increase of the Northern
blots beyond the linear detection-range of the
screens. Intensity-determinations of single bands
were achieved using a phosphoimager (BAS1000,
raytest)-and the AIDA program (Version 2.11,
copyright by raytest). The intensity data of dpsA
were normalized taking into account exposure time,
the degree of labelling of the probe and the integral
density of the 16S rRN A signal. To check the dpsA4
mRNA and the /6S rRNA size, the distances of the
RNA ladder of the formaldehyde/agarose gel was
transcribed to the Northern blot.

Polyclonal antibodies

Polyclonal antibodies against the native and de-
naturated H. salinarum DpsA were generated in a
rabbit. The protein was purified as described
recently (Reindel et al. 2002). In bimonthly inter-
vals, a Chinchilla bastard rabbit was immunized
subcutaneously with a solution containing 500 ug
heat denaturated protein (10 min, 100 °C), 500 ug
native protein, and an equal volume of incomplete
Freund’s adjuvant (Sigma). Peripheral blood
was collected and stored for use as polyclonal
antiserum.

Western blot analysis

Cells were grown aerobically in a shaker at 100 rpm
and 37 °C for 16, 24, 36, 48, 60, 84 h , respectively
(conditions as described above). Cytosol of each
sample was prepared as describedin (Sreeramulu
et al. 1998). Protein concentrations were determined
based on the Lowry method employing the Bio-Rad
D, protein assay. Amounts of 5 ug total protein
were electrophoresed in a 4-12% SDS-PAGE using
the ready-to-use NuPAGE® electrophoresis system
(Invitrogen) and transferred on a nitrocellulose
filter (45 um, Schleicher & Schiill) using the
NuPAGE® Western transfer apparatus (Invitro-
gen). DpsA was detected by using a 1:200 dilution of
the rabbit serum which contained polyclonal anti-
bodies against native and denatured DpsA. The
immune reaction was visualized with the Novex
chromogenic Western blot immunodetection kit
WesternBreeze® (Invitrogen).
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In silico analysis

In order to investigate possible promoter binding
sites nucleotide sequence alignments were generated
with the FASTA program (http://pir.georgetown.
edu/).

Results
Growth conditions of H. salinarum

Suspensions of Halobacterium salinarum were
cultured under four distinct conditions: iron-rich
growth ([Fe] approx. 200 uM), iron-rich growth
under oxidative stress, iron limited growth
([Fe] £0.5 uM in the medium) and iron-limited
growth under oxidative stress. Oxidative stress was
induced by adding H,O, (I mM final concentra-
tion) after 24 h of growth cell suspensions. The
applied amount of H,O, did not show any effect on
halobacterial growth rates (Figure 1). Typically,
growth rates of iron limited cultures were half of the
growth rates of iron-rich cultures. However, it was
not possible to starve out this organism by serial
subcultures grown under low-iron conditions.

Northern blot analysis

Northern blot analyses of the four different cultures
described above performed with total RNA iso-
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Figure 2. Example of a Northern blot performed with total
RNA isolated from iron-rich cultures taken at various times of
growth. Row one shows the transcription of the /65 rRNA, row
two displays the transcription of halobacterial dpsA4. There were
no cross-hybridizations of the dpsA4 and 16S rRNA probe (data
not shown).

lated from six aliquots taken at various times during
incubation. Figure 2 shows a typical Northern blot
for iron rich growth conditions. Each dps4 mRNA
signal was normalized to the signal of the /6S
rRNA. Figure 3 displays the evaluation of the dif-
ferent Northern blots. Each experiment was per-
formed three times with independent cultures. The
analysis reveals a decrease of the abundance of the
dpsA mRNA in the late log phase for iron limited
growth. This decrease starts after 36 h of growth at
0.4% integral density and reaches a level of
0.16% +0.03% integral density at 84 h of growth.
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Figure 1. Growth curves of four independent cultures of the diffe
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squares (MW): iron deficient medium ([Fe] < 0.5 uM); dark grey circles (@): iron deficient medium and oxidative stress (1 mM H,0,).

Composition of the media is described in Materials and methods.



23

1,2
22
3 104
*
_ +Fe+HO
< 22
22 081
4
5 ped
23
= = 064
52
2 -
EDE: 0.4 J-MW
q I I
8. -Fe + H202
T 024 I
-Fe
) | [ ' T T T T T T T T T T T 1
10 20 30 40 50 60 70 o0 0

time [h]

Figure 3. Graph of Northern blot analysis at four different growth conditions. H. salinarum — RNA was prepared at various points of
time during growth, subjected to Northern blotting, and hybridized with the dps4 and 16S rRNA probe, respectively. Transcription of
the /65 rRNA was used as an internal control to correct RNA loading and to calculate the relative transcription level of the dpsA4 gene
for each condition and time. Each experiment was performed three times with independent cultures. Variations are indicated by error
bars. Black triangles (V) correspond to probes isolated at the corresponding time grown under iron-rich conditions and oxidative stress
(1 mM H,0,). Grey triangles (A) correspond to iron-rich growth conditions; black squares (M): iron deficient medium ([Fe] < 0.5 uM);
dark grey circles (@): iron deficient medium and oxidative stress (1 mM H,0,).

A decrease is also observed for iron limited growth
under oxidative stress. This decrease starts imme-
diately after adding H>O,. At 24 h of growth the
percentage of the relative integral density amounts
to 0.32 £ 0.1%, whereas after 36 h of growth this
value decreases to 0.17% = 0.02%. Iron limitation
under oxidative stress stops enhanced expression of
the halobacterial dpsA already in the log phase.
Under condition of iron-rich growth the expression
increases continuously from 0.11 + 0.06% at 16 h
to 0.42 + 0.075% integral density at 84 h. Under
conditions of iron-rich growth in combination with
oxidative stress the expression increases within 12 h
after addition of H>O, from 0.11 £+ 0.06% up to
1.07 £+ 0.04% integral density. The overall pattern
of the expression displays an upregulation of the
halobacterial dpsA mRNA under iron-rich growth
conditions and a downregulation under condition
of iron starvation. Oxidative stress enhances this
effect especially under iron-rich growth conditions.
This regulation behaviour is in contrast to what is
known for dps regulation but is in line with bacterial
ferritin regulation.

Immunoblots

Western blot analyses (Figure 4) were performed
with cytosol isolated from six aliquots taken at

various times during growth of any of the four
different cultures described above. Blots reveal an
increasing signal with time under all growth condi-
tions tested. Pre-immuneserum (zero-blood) was
used as a control. As expected, no reaction was
observed (data not shown). In the Western blots we
observed a stepwise denaturation of DpsA resulting
in multiple bands per lane. Interestingly, the most
intense band on the cytosol immunoblotsis found at
40 kDa, corresponding to the dimeric form of
DpsA. The second most intense signal occurs at
20 kDa corresponding to the monomer. Weaker
signals in 20 kDa steps are also visible. This is a
result of a stepwise denaturation of the protein
forming stable dimeric, trimeric and higher
oligomeric aggregates of DpsA, with the dimeric
form as the main denaturation product under the
conditions of high salinity of the cytosol . This
observation isin line with the denaturation behavior
of 24-meric ferritins (Listowsky et al. 1972). In
addition, there was a discrepancy in the apparent
molecular masses of the monomer in the Western
blots (21 kDa) versus SDS-PAGE (25 kDa)
(Reindel et al. 2002). Furthermore, a Western blot
performed with purified DpsA showed a single band
with an apparent molecular mass of 25 kDA. This s
caused by the high salt concentration of the halo-
bacterial cytosol taken for the Western blots
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Figure 4. Western blots at four different growth conditions. Growth conditions are the same as described in Figure 3. Cytosol of H.
salinarum was prepared at various points of time during growth, subjected to Western blotting, and detected by using a 1:200 dilution
of polyclonal antibodies against ferritin. Only blot (a) is shown in full size, because the overall pattern of the blots is nearly identical. A
size marker (MagicMark, Invitrogen) is shown to the left. (a) Iron-deficient growth (b) iron-deficient growth under oxidative stress (c)

Iron-rich growth (d) Iron-rich growth under oxidative stress.

whereas on SDS PAGE salt-free DpsA was ana-
lyzed. The high salt concentration seems to stabilize
the oligomeric structure of DpsA.

In silico analysis

Since the complete genome sequence from H. sali-
narum sp. NRC-1 is known (Ng et al. 2000) and
available at NCBI (Acc. No.: NP_281044), we
perform a sequence alignment of the region 210 bp
upstream of the dps4 gene with sequences of
known transcription factor binding motives. Five
different promoter are known in promoter regions
of genes involved in the regulation of iron
homeostasis and of dps (Figure 5): (i) Fur box
(Ferric-uptake regulator; consensus sequence from
E. coli), (i) Fur box (Ferric-uptake regulator;
consensus sequence from H. pylori,) (iii)) DtxR
(diphteria-toxin regulator, consensus sequence
from C. diphtheriae), (iv) PerR (consensus sequence
from B. subtilis and S. aureus), and (v) the OxyR
binding site from E. coli.

In bacteria two iron regulatory repressors are
known: Fur and DtxR. The physiological role of
Fur and DtxR is similar. They are metal-activated
transcriptional repressors found in gram-negative
and gram-positive bacteria, respectively, partici-
pating in the control of iron homeostasis. Pfr, the

24-meric ferritin from H. pylori, is the sole repre-
sentative of its class known to be directly controlled
by Fur (Waidner et al. 2002). The Dps protein from
B. subtilis, MrgA, is under control of PerR, a
peroxide inducible, iron dependent repressor
(Fuangthong et al. 2002). Dps from E .coli is under
control of OxyR, a hydrogen peroxide response
regulator (Altuvia et al. 1994).

The analysis of the upstream DNA sequence of
the dpsAgene discloses a true promoter region
halobacterial TATA box: NTTTWWWN (W = A
or T; N=A, T, G or C) (Soppa 2001). Moreover,
the transcription factor element B (BRE) upstream
to the TATA box could be identified (Soppa 2001)
(Figure 5), upstream sequence alignments revealed
the highest identity with the DtxR consensus
sequence from C. diphtheria (68.4% identity in a
19 nt overlap). For the PerR consensus sequence
from B. subtilis and S. aureus 66.7% identity in a
15 nt overlap was found, 63.2% identity in a 19 nt
overlap with the Fur box consensus sequence from
E. coli, 58.6% identity in a 29 nt overlap with the
OxyR binding sequence from E. coli and 45%
identity in a 20 nt overlap with the Fur box from
H. pylori.

These sequence alignments reveal possible
transcription factor binding sites indicating that
the halobacterial dpsA very likely is under the
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Figure 5. In silico analysis with possible promoter binding sites of different promoters. (1) E.coli OxyR binding box (58.62% identity in
29 nt overlap) (Altuvia et al. 1994). (2) E. coli Fur box consensus sequence (Delany ef al. 2001) (63.16% identity in 19 nt overlap). (3)
H. pylori Fur box consensus sequence (45% identity in 20 nt overlap) (Delany et al. 2001). (4) C. diphtheriae DtxR consensus sequence
(68.42% identity in 19 nt overlap) (Quian et al. 2002). (5) B. subtilis and S. aureua PerR consensus sequence (66.67% identity in 15 nt
overlap) (Mongkolsuk & Helmann 2002). Boxed nucleotides indicate the TATA-box which is required for transcription of all types of
genes. Numbers above nucleotides indicate the position of the Transcription factor B element upstream of the TATA-box. The
underlined triplet indicates the transcription start and the capitals above the triplets indicate the beginning of the ferritin gene (Soppa

2001).

control of iron regulatory repressors and/or under
the control of oxidative stress repressors.

Discussion

From the growth experiments under conditions
of iron-deficiency carried out in this study it can
be derived that it is not possible to starve out
H. salinarum by serial low-iron subcultures. We
assume that — like in E. coli (McHugh et al. 2003) —
H. salinarum is able to switch gene expression
to alternative systems when iron starvation
starts. For example, the respiratory chain is ex-
pressed under conditions of iron starvation in a
way requiring only very small amounts of iron
(Hubmacher et al. 2003). Another strategy might
be a change in the biosynthesis of ribonucleotide
reductase going from the synthesis of a class-I to a
class-II enzyme. Class-I ribonucleotide reductases
possess iron, whereas class II reductases employ
vitamin Bj, as a cofactor. Homologies to both
classes are found in the halobacterial genome
(Sjoberg, personal communication.)

Almost all organisms require iron to sustain a
wide variety of biological reactions but on the
other hand iron is also a potentially toxic element.
As a consequence organisms have developed a
very balanced and complex regulatory system for
iron metabolism and, in particular, for iron
homeostasis. The objective of regulation is to
minimize the internal “free’ iron content in the
cell. This is achieved mainly on two levels: (i) by

up- or down-regulation of iron-uptake systems
depending on the iron deprivation state of the cell
(transferrin, siderophores, membrane-transport
proteins) and (ii) by up - or down-regulation of the
iron storage protein ferritin, depending on the
intracellular availability of iron. The latter process
is very well characterized in eukaryotic systems by
the IRE/IRP post-transcriptional regulatory sys-
tem (Torti et al. 2002). In prokaryotes, however,
much less is known about regulation of bacterial
ferritins, whereas the regulation of iron transport
into the cell by the Fur- (Gram-negative bacteria)
and DtxR-regulator (Gram-positive bacteria)
(Escolar et al. 1999; Hantke 2001) is well charac-
terized. To our knowledge there exists merely one
example of a promoter regulated ferritin gene, the
Pfr from H. pylori (Bereswill et al. 2000). Tran-
scription of pfr is iron-induced and Fur-dependent
(Van Vliet et al. 2002) but synthesis of pfr mRNA
is completely repressed under conditions of iron
starvation (Bereswill et al. 2000). Transcription of
napA (neutrophil activating protein), the 12-meric
non-heme ferritin from H. pylori, showing signifi-
cant sequence and structural homologies to our
protein, is neither affected by iron nor by Fur (Van
Vliet et al. 2002). For E. coli, it was shown that Ftn
and Bfr expression is increasing concomitant to an
increasing iron content of the cell (Abdul-Tehrani
et al. 1999). Recent work revealed that the
expression of Ftn is lacking in a fur negative
mutant (McHugh et al. 2003) — although a Fur
binding site could not be identified. For E. coli, it
is assumed that the fur dependent regulation of
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Ftn in is achieved via a small non-coding RNA,
named RhyB (Massé et al. 2002). The Northern
blot analysis of the halobacterial dps4 mRNA in
the present study shows an increase of transcrip-
tion up to 0.42% integral density in iron-rich
media, whereas in iron limited media the tran-
scription decreases leading to 0.16% integral
density in the stationary growth phase. This is in
line with the regulation of bacterial ferritin as far
as it is known today.

Iron homeostasis is linked to oxidative stress
via damage of iron-sulfur clusters (Imlay 2002). As
a result an increased level of “free’” iron occurs in
the cell generating increased levels of hydroxyl
radicals by Fenton chemistry, which in turn
intensify oxidative stress. Therefore, one should
expect, that the regulation of ferritins is affected by
oxidative stress. However, a direct regulatory link
has been observed so far only in eukaryotes.
There, it was shown that cells overexpressing
ferritin are more resistant to oxidative stress and
that under stress conditions the ferritin expression
is stimulated in a complex way by cytokines (Testa
2002). In E. coli and Campylobacter jejuni absence
of ferritin increases the sensitivity to oxidative
stress. For a ferritin-deficient mutant of C. jejuni,
was complemented with a plasmid encoding bac-
terial ferritin, it is assumed, that the observed
resistance against oxidative stress was achieved by
sequestering iron via ferritin (Andrews 1998).

A decade ago a new class of proteins, named
Dps,was discovered. The first representative of
this class was isolated from E. coli (Almiron et al.
1992). Dps transcription is induced during expo-
nential growth by OxyR (Altuvia et al. 1994).
OxyR is activated by H»O,-oxidation and then
induces transcription of genes necessary for the
bacterial defence against oxidative stress (Choi
et al. 2001). Other Dps proteins are expressed
under conditions of iron starvation in the late
log-phase (MrgAB.subLiliSa DPSASynechcoccuSs non-
heme ferriting.. innocuay (Chen et al. 1993; Polidoro
et al. 2002; Sen et al. 2000). MrgA from B. sub-
tilis is also induced under oxidative stress and the
mrgA promoter is under the control of PerR.
PerR is a member of the Fur family exhibiting
two metal binding sites per monomer: one for
Zn?" providing structural stability and another
one for Fe?" serving as a regulatory element. It
is suggested that H,O, reacts with a cystein
involved in iron coordination, leading to a

disulphide bond and eventually releasing iron
from its binding site. It is inferred, that the loss of
iron in PerR leads to a loss of DNA binding
affinity thus enabling transcription (Mongkolsuk
& Helmann 2002). In general, dps transcription
seems to be induced under oxidative stress in
exponentially growing cells and/or in the sta-
tionary growth phase under iron-limited growth
conditions. The transcription is blocked under
iron rich growth conditions.

This is in contrast to the Northern-blot results
of this study, because the transcription decreases
under iron-limited growth and increases under
iron rich growth. Moreover, the transcription
decreases under iron limited growth and oxidative
stress. Therefore, an expression pattern — like that
observed for the Dps of E. coli — can be excluded.
The transcription profile of halobacterial DpsA
appears, however, to be the same as for the FtnA/
Bfr system in E. coli and for Pfr in H. pylori.

Based on the data presented here the question
arises which transcription factor is responsible for
the observed regulation-mode of the dpsA4 gene
activity. In an alignment study we were able to
show that potential binding sequences for tran-
scription factors DtxR, Fur, OxyR and PerR are
present in the upstream region of the halobacterial
dpsA gene. The highest identity is found for the
binding sequence of the DtxR binding protein
(68%), followed by the PerR binding sequence
(67%) and the Fur binding box from E. coli
(63%). The binding sequence of OxyR (59%) and
the Fur binding box from H. pylori (45%), how-
ever, display a slightly lower sequence identity.

If OxyR would be the promoter binding
protein one would expect an increase of the dpsA
transcript under conditions of oxidative stress
under iron limited growth because OxyR is a
sensor solely for oxidative stress. However, this is
not the case. In contrast, the Northern blot anal-
ysis shows a decrease of the transcription under
conditions of iron limited growth and oxidative
stress. If PerR would bind at the promoter region
one would expect an increase of the transcription
under iron limited growth because PerR activates
genes when iron is not bound to the protein. This
is not the case. The Northern blot analysis displays
a decrease of the transcription under these growth
conditions. Based on these results we can exclude
an OyxR or PerR - like activation of dps4 in
H. salinarum.



We observed decreasing transcription in the
Northern blots for both, iron limited growth and
iron limited growth under conditions of oxidative
stress. Taking into account the error bars of the
experimental data we explicate this result as a
basal transcription at an integral density of about
0.2%. In contrast to the Northern blot result
Western blots show an increasing expression of
DpsA concomitant to incubation time and under
all growth conditions tested. We attribute this
finding to a very long half life of DpsA as it is
observed for members of the ferritin superfamily.
In this context even a basal transcription leads to
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an accumulation of the protein in the cytosol over
time.

The increasing transcript abundance observed
in the Northern blot analysis under conditions of
iron rich growth is consistent with a possible Fur
or DtxR protein binding, an observation which is
also found in general ferritin regulation. Interest-
ingly, merely a DtxR-homologue has been
detected in the halobacterial genome (named sirR,
32-36% identity in 224-226 amino acid overlap).
In addition, the Northern blot results display a
basal transcription under all growth conditions
applied in the early logarithmic growth phase and

de

Figure 6. Scheme for the suggested dpsA regulation. (a) The archaeal promoter region. (b) Formation of the pre-initiation complex. (c)
Suggested transcription under condition of iron deficiency. (d) Suggested transcription under iron rich growth conditions. Abbrevi-
ations: BRE (Transcription factor element B), TATA (TATA-box), INR (Initiator), TBP (TATA-box binding protein), TFB (tran-
scription factor B required for a proper positioning of the polymerase), E (effector). BRE, TATA-box and TBP are of primary

importance for the promoter specifity.
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under conditions of iron limitation over the whole
incubation period. We interpret these observations
as a result of the basal transcription apparatus in
Archaea (Reeve 2003). The increased level of
“free’” iron in the cytosol under iron rich growth
probably activates an hitherto unknown iron-reg-
ulated promoter binding protein which enhances
ferritin transcription (for a detailled discussion of
the term “‘free” iron see: (Bohnke & Matzanke
1995)). Under conditions of iron rich growth
combined with oxidative stress the oxidatively
damaged iron—sulfur clusters might release iron
into the cytosol as observed in E. coli (Imlay 2002).
As a consequence, the level of “free” iron is more
elevated resulting in a very rapid increase of the
transcription under that growth condition. Such
an increase of transcription should not occur in the
case of iron limited growth under oxidative stress
because recent reports indicate that Halobacterium
replaces iron-containing enzymes and proteins
by alternative systems not requiring iron as a
co-factor (Hubmacher ez al. 2003). The suggested
regulation process is summarized in a scheme (see
Figure 6).

In conclusion, the halobacterial protein DpsA
is truly a ferritin. The Northern blot analysis
uncovers a regulation pattern which is inverse
compared to dps. The result from the Western blot
analysis reflects a regulation which parallels the
few bacterial systems known so far but not the
post-transcriptionally regulated eukaryotic ferri-
tins. The latter finding is of special interest because
the archaeal transcription system does not per se
exclude a ferritin regulation typical of eukaryotes.
However, the Dps-ferritin of Halobacterium ap-
pears to operate with regulators typical of bacteria
modulating the activity of a basal transcription
apparatus like in eukarya. Based on our findings
we would suggest to rename dps4/DpsA of H.
salinarum. An appropriate name would be:
Dps homologous dodecameric bacterial ferritin,
ddf/Ddf.
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