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Background: The widely expressed Dps proteins, so named after the DNA-binding properties of the first
characterized member of the family in Escherichia coli, are considered major players in the bacterial response
to stress.
Scope of review: The review describes the distinctive features of the “ferritin-like” ferroxidation reaction,
which uses hydrogen peroxide as physiological iron oxidant and therefore permits the concomitant removal
of the two reactants that give rise to hydroxyl radicals via Fenton chemistry. It also illustrates the structural
elements identified to date that render the interaction of some Dps proteins with DNA possible and outlines
briefly the significance of Dps–DNA complex formation and of the Dps interaction with other DNA-binding
proteins in relation to the organization of the nucleoid and microbial survival.
General significance: Understanding in molecular terms the distinctive role of Dps proteins in bacterial
resistance to general and specific stress conditions.
Major conclusions: The state of the art is that the response to oxidative and peroxide-mediated stress is
mediated directly by Dps proteins via their ferritin-like activity. In contrast, the response to other stress

conditions derives from the concerted interplay of diverse interactions that Dps proteins may establish with
DNA and with other DNA-binding proteins.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

The first member of the Dps proteins family was isolated in 1992
by Roberto Kolter et al. from 3-day old cells of Escherichia coli. This
model system reflects the prevailing state of bacteria during the
majority of their lives in their natural environment where micro-
organisms face an intense competition for nutrients and are under
starvation conditions. Kolter et al. observed that in vitro the protein
they had isolated binds DNA without apparent sequence specificity
and therefore named it Dps for DNA-binding protein from starved
cells [1]. They observed also that Dps–DNA complexes are very stable
so as to render DNA resistant to DNase and to oxidative damage
attendant treatment with H2O2, and that mutant cells lacking Dps
show a dramatically altered pattern of protein synthesis during
starvation and do not develop starvation-induced resistance to H2O2

[1,2]. In turn, the strong induction of Dps expression during the
stationary phase of E. coli growth renders Dps the most abundant
protein in the bacterial cytoplasm where Dps–DNA crystals are
formed. DNA is entrapped in these crystals and shielded physically by
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the protein. On this basis DNA protection by E. coli Dps was attributed
to its interaction with DNA [3,4]. However, the physical sequestration
of DNA in Dps–DNA complexes did not explain the seminal
observation that Dps expression is associated to starvation-induced
resistance to H2O2 and increases during the log phase of growth under
conditions of oxidative stress [5].

Understanding the molecular basis of the linkage between Dps
expression and bacterial resistance toward H2O2-mediated and
oxidative stress has been the focus of most subsequent studies on
the Dps protein family. The fact that this linkage is provided by the
highly conserved ferroxidase center [6], that confers a “ferritin-like”
activity to all Dps proteins, was decisive for their assignment to the
ferritin superfamily proposed initially by Evans et al. [7].

To date Dps proteins, after the characterization of over 20 family
members, are considered major players in the bacterial response to
oxidative stress. The molecular foundation of their protective action
will be reviewed and discussed in terms of both the “ferritin-like”
activity and the DNA binding capacity. The former nullifies the toxic
combination of Fe(II) and H2O2 and allows protection not only of DNA,
but also of other biological macromolecules under conditions of
oxidative damage. In contrast, DNA binding provides a physical means
of protecting specifically this macromolecule. Therefore, special
emphasis will be given to the structural determinants on the Dps
molecule that allow interaction with DNA.
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2. Structural features of Dps proteins

Dps proteins are distributed widely in the bacterial kingdom.
Typically bacterial genomes encode for one Dps protein; some genomes
encode for two (e.g.Mycobacterium smegmatis,Deinococcus radiodurans,
Thermosynechococcus elongatus, and Bacillus anthracis) while two
actinobacteria, Streptomyces coelicolor and Streptomyces ghanaensis,
encode three of these proteins. Thus, a search in the PROSITE database
using the E. coli protein as a probe identified over 300 Dps sequences.
These are characterized by a central core and by N- and C-terminal
regions of variable length and with a different number of positive
charges (Fig. 1). The central core contains several conserved amino acids
that are located at or near the ferroxidase center (respectivelyH51, H63,
D78, E82, and W52, E. coli numbering) or are involved in structurally
important interactions (e.g. W163, R83, D143—E. coli numbering—
which participate in stabilization of the quaternary assembly).
Fig. 1. Alignment of representative sequences of Dps proteins. The software Multalin (ww
proteins of known crystal structure: L. innocua (DPS_Li; PDB 1QGH), B. anthracis (DPS_Ba1 a
PDB 1O9R), E. coli (DPS_Ec; PDB 1DPS), M. smegmatis (DPS_Ms1 and DPS_Ms2; PDB 1UVH a
(DPS_Dr1 and DPS_Dr2; PDB 2C2U and 2C2J). Secondary structure elements: random coil
regions are in orange, whereas the ferroxidase center residues are in red.
2.1. The Dps fold and quaternary structure

The tertiary and quaternary structures of Dps proteins are highly
conserved: the polypeptide chain folds into a four-helix bundle (A–D
helices) formed by the central core. An additional small helix, the BC
helix, is located in the loop that links the B and C helices. The stable
molecule is a quasi-spherical, shell-like dodecamer assembledwith 23
symmetry (external diameter∼9.0 nm) that defines an internal cavity
∼4.5 nm in diameter (Fig. 2). The Dps fold and assembly were
described first for E. coli Dps by Grant et al. [8] who evidenced the
close resemblance of both structural features with those typical of
ferritins, although the latter proteins are assembled from 24 identical
or highly similar subunits related by 432 symmetry. At the junction of
the 3-fold symmetry axes the Dps subunits, just like the ferritin ones,
form small pores that connect the internal cavity with solvent and
can be used for passage of ions and small molecules. Since the 23
w.expasy.org) was used to align Dps sequences. The sequences were selected among
nd DPS_Ba2; PDB 1JI5 and 1JIG), H. pylori (DPS_Hp; PDB 1JI4), A. tumefaciens (DPS_At;
nd 2Z90), T. elongatus (DPS_Te1 and DPS_Te2; PDB 2C41 and 2VXX) and D. radiodurans
(——), α-helix (\/\/\/). The positively charged residues of N-terminal and C-terminal

http://www.expasy.org


Fig. 2. Structural organization of Dps proteins. Dps fold (A), 12-mer assembly: view along the ferritin-like (B) and Dps-type (C) pores formed respectively by the N- and C-terminal
regions of the subunits. In (B) the blow-up shows the aspartate residues lining of the ferritin-like pore in L. innocua Dps [10].
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symmetry defines two kinds of environments at the 3-fold symmetry
axes, two different types of pore can be distinguished. One is created
by the N-terminal ends of the subunits and was named “ferritin-like”
since it is lined by negatively charged residues similar to the pores
formed at the 3-fold symmetry axes in ferritins. The structural
similarity carries over to function. Thus, in both protein families iron
exploits the electrostatic potential created by the negatively charged
residues lining the pores to enter and exit the protein cavity as shown
by the presence of one metal ion in iron-soaked crystals of D.
radiodurans Dps [9] and by recent experiments on Listeria innocua Dps
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[10]. The other type of pore is formed by the C-terminal ends of the
subunits, is unique to Dps proteins and has been called “Dps-type”.
The function of these pores is still unknown. One of the reasons lies
possibly in the variability of their dimensions and of the residues that
line them.

A further structural similarity of the Dps and ferritin molecule
concerns the internal cavity which has a predominantly negative
charge in both assemblages and is used in an analogous manner to
furnish iron core nucleation sites.

2.2. The ferroxidase center

The ferroxidase center represents the most distinctive structural
signature of the Dps family. It is highly conserved and has a most
unusual location at the interface of 2-fold symmetry related subunits
rather than within the four-helix bundle of a single subunit as in all
known ferroxidases ([6], Fig. 3). This signature is not present in the
Dps-like dodecameric proteins from two Archaea, Pyrococcus furiosus
[11] and Sulfolobus solfataricus [12], which possess an intrasubunit
ferroxidase center resembling that of bacterioferritins and apparently
belong to a different branch of the ferritin superfamily.

Typical ferroxidase centers are bimetallic. In ferritins, the two iron
atoms are at a distance of about 3 Å and are connected by an oxo-
bridge. The so-called A site uses a histidine and carboxylates as iron
coordinating ligands and binds iron with higher affinity than the so-
called B site where the metal is coordinated by carboxylates only [13].
In Dps proteins, both symmetry related subunits furnish the iron
ligands (Fig. 3). In particular, one subunit provides two histidine
residues (H51 and H63, E. coli numbering) and the other subunit two
carboxylate ligands (D78 and E82, E. coli numbering). The only known
exception is T. elongatus DpsAwhere the ferroxidase center comprises
three histidine residues since the canonical aspartate (Asp78, E. coli
numbering) is substituted by a histidine, His78 (Fig. 1).

Despite the high conservation of the iron coordinating residues,
the occupancy of the two metal binding sites with iron varies
significantly in the known crystal structures. In L. innocua Dps, where
the ferroxidase center was identified, it contains one iron and one
water molecule, which lies at about 3 Å from the iron and could be
replaced by the second iron atom to give rise to a canonical bimetallic
ferroxidase center [6]. The ferroxidase center of Helicobacter pylori
Dps [14], D. radiodurans Dps1 [9,15], and Agrobacterium tumefaciens
Dps [16] likewise contains one bound iron; in D. radioduransDps2 [17]
and Bacillus brevis Dps [18] it contains two iron atoms, while in E. coli
Dps [8] and T. elongatus Dps [19] it is occupied by two water
Fig. 3.Dimeric interface and ferroxidase center of Dps proteins. Two-fold symmetry interface
The positions of the high affinity A and low affinity B iron binding site are indicated along wit
and one glutamic acid.
molecules. This variability in iron occupancy in turn indicates that the
amino acids forming the second metal coordination shell influence
the affinity of the ferroxidase center for iron. In E. coli Dps the
decreased affinity for iron has been attributed to the presence of a
lysine residue which forms a salt bridge with the iron coordinating
Asp residue [20]. Notably, anaerobic titration of E. coli Dps with Fe(II)
leads to full saturation of both the A and the B sites with the metal
[21].

2.3. DNA binding signatures

The striking DNA binding ability displayed by the prototypic E. coli
Dps [1,3,4] is not shared by all members of the family since the
establishment of effective electrostatic interactions with the nega-
tively charged DNA backbone depends on the presence of specific
structural elements on the Dps molecule.

The N-terminal region was recognized as a DNA-interacting
element in E. coli Dps based on the X-ray crystal structure which
displays highly mobile N-terminal regions that reach out from the
surface of themolecule into solvent such that the three lysine residues
they contain can interact with the phosphate groups on DNA [8]. The
role played by the multiplicity of positively charged residues and by
the N-terminus mobility in determining the strength and pH
dependence of the interaction was evaluated in later studies that
employed also other techniques, namely electrophoretic mobility
shift assays and atomic force microscopy, to assess Dps–DNA complex
formation. The DNA binding behaviour of wild type E. coli Dps and its
N-terminus deletion mutants pointed out the role of lysine multiplic-
ity on the DNA binding ability at various pH values [22]. Thus, the wild
type protein carries three positively charged lysines at the intact N-
terminus at physiological pH values and forms large complexes that
enclose many Dps molecules and one or more DNA plasmids, the so-
called DNA condensates. When pH increases and the lysine residues
become deprotonated, large complexes are no longer formed and
simple DNA binding takes place. On the other hand, the mutant
lacking 2 out of 3 N-terminal lysine residues binds DNA, but is unable
to condense it, while the mutant lacking all 3 lysine residues has no
DNA binding or condensation capacity. Mobility of the N-terminus is
essential for an effective Dps–DNA interaction just as the presence of
positive charges. Thus, A. tumefaciens Dps, which carries at the N-
terminus three lysine residues like E. coli Dps, is unable to interact
with DNA since the N-terminal regions are immobilized on the
dodecamer surface by means of hydrogen bonding and salt bridge
interactions established with the 3-fold symmetry related subunits
(left) and blow-up of the intersubunit ferroxidase center located at the interface (right).
h those of the conserved metal ligands, namely two histidine residues, one aspartic acid
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[16]. A decreased flexibility of the N-terminus may account also for
the observation that the DNA binding/condensation capacity of
Lactococcus lactis DpsA and DpsB is limited to long stretches
(N4000 bp) of linearized DNA. In both lactococcal Dps proteins, the
N-terminal sequences do face solvent, but are folded into an α helix
which is intrinsically less mobile than an extended conformation
[23,24].

The N-terminus is likely to mediate the interaction with DNA in
several Dps proteins since some 20 family members have N-terminal
sequences resembling that of E. coli Dps. The studies on M. smegmatis
Dps2 (MsDps2), and on D. radiodurans Dps1 have shown this
contention to be true [25–27].

Two other DNA binding signatures have been identified to date.
The C-terminal region, provided it has the appropriate charge and
mobility characteristics, can be used to advantage to bind DNA. The
only known example is furnished by M. smegmatis Dps1 which has a
truncated N-terminus and a freely mobile, 26 amino acid long C-
terminus containing five positively and four negatively charged amino
acids. Removal of the last 16 C-terminal residues abolishes the DNA
binding activity and proves the use of this region for the interaction
between the two macromolecules [28,29]. M. smegmatis Dps1 is of
interest also because it provides insight into the fine interplay
between electrostatic charges that regulate the Dps–DNA interaction.
Thus, M. smegmatis Dps1 is unable to promote DNA condensation
despite the presence of multiple positive charges on the C-terminus,
likely due to a compensatory effect of the negatively charged residues
on the very same region [30].

The third DNA binding signature is operative in H. pylori Dps, also
named HPNAP because of its neutrophil-activating properties. At pH
values around neutrality, HPNAP unlike the other Dps proteins is
characterized by a positively charged protein surface that is used to
bind DNA. The HPNAP-plasmid DNA complexes appear as “beads-on-
a-string” at pH 8.0 in atomic force microscopy images and as large
condensates at pH values around 7.0. This pH-dependent, fully
reversible change in DNA binding mode is believed to represent a
physiologically relevantmechanism that can be used by the bacterium
to protect DNA during infection in the human stomach, where the
significant decrease in cytoplasmic pH puts this macromolecule in
danger [31]. A similar mechanismmay be operative in the Dps protein
from Trichodesmium erythraeum, a marine N2-fixing cyanobacterium.
This Dps protein has a truncated C-terminus, no positively charged
residues on the N-terminus, but binds DNA at pH 8.0 without
condensing it into large Dps–DNA complexes [32].

This scrutiny of the various structural elements used by Dps
molecules to bind DNA is believed to provide an exhaustive picture of
the modes of interaction between the two macromolecules. Thus, the
presence or absence of these signatures in the sequence of a given Dps
protein can be used to predict its DNA binding ability with reasonable
confidence. Indeed, Dps proteins characterized by an N-terminus of
reduced length, like L. innocua Dps [33], B. anthracis Dlp-1 and Dlp-2,
[34] and Campylobacter jejuni [35] do not interact with DNA, according
to predictions. However, when inspection of the sequence evidences
extended, positively charged N- or C-terminal regions, in view of their
possible immobilization on the protein surface as in A. tumefaciens
Dps [16], the predicted DNA binding activity should be confirmed
experimentally, for example by means of electrophoretic mobility
shift assays.

3. Protection mechanisms operative in Dps proteins

3.1. Chemical mode of protection: ferroxidase activity

The ferroxidase activity of Dps proteins has distinctive features
with respect to the other members of the ferritin superfamily.
Ferritins in general use O2 as iron oxidant with the production of
hydrogen peroxide [36], bacterioferritins can employ both O2 and
H2O2 [37], whereas Dps proteins typically prefer H2O2which is usually
about 100-fold more efficient than O2 in carrying out iron oxidation
[19,21,38].

The first indications in this respect were provided by the protein
isolated from L. innocua, which at the time was believed to be a novel,
unusual ferritin due to its dodecameric assembly and the inefficiency
of O2 as iron oxidant [33]. However, the decisive observation that
H2O2 is by far better than O2 in carrying out Fe(II) oxidation was made
on E. coli Dps [21] and was thereafter shown to be valid for practically
all Dps proteins assayed. Thus, in the presence of H2O2 the
ferroxidation rate is between 100- and 1000-fold faster with respect
to O2 [19,21,39]. The only reported exception refers to Dps2 (also
named Dlp2) from B. anthracis which reacts with Fe(II) and H2O2

three-fold faster than with O2. The structural basis for this unusual
behaviour remains unexplained.

The concomitant removal of Fe(II) and H2O2 from solution results
in a strong inhibition of the Fenton reaction: Fe(II)+H2O2→Fe(III)+
OH−+OH•. As a result, formation of the highly toxic hydroxyl radicals
is attenuated significantly as confirmed by spin trapping experiments
using EMPO (5-ethoxycarbonyl-5-methyl-1-pyrroline-N-oxide) as a
probe. These experiments not only proved that the release of OH• into
solution decreases significantly in the presence of E. coli and L. innocua
Dps, but showed that it is practically nil if Fe(II) is added to the protein
before hydrogen peroxide [21,39]. The inhibition of Fenton chemistry
requires an intact ferroxidase center whereas oxidation of Fe(II) by
molecular oxygen does not. Thus, in Listeria Dps variants that carry
substitutions at the iron coordinating ligands, the rate of iron
oxidation and the capacity to inhibit Fenton chemistry are decreased
significantly in the presence of H2O2 but are affected only slightly
under aerobic conditions [40].

After oxidation, iron moves to the internal Dps protein cavity and
gives rise to a microcrystalline core that may contain up to 400–500
iron atoms [20]. At variance with the ferroxidation step, the iron
uptake one has similar characteristics in both ferritins and Dps
proteins. Thus, a slow nucleation step is followed by fast, cooperative
growth of the crystal as manifest in the sigmoid kinetics of core
formation. The nucleation step takes place at the internal cavity and is
likely to involve specific residues as in ferritins. On the other hand,
cooperativity in the crystal growth step is modulated by the strength
of the electrostatic gradient at the pores and is linked to the size
distribution of the iron mineral as shown recently by the behaviour of
L. innocua Dps and site-specific variants of negatively charged pore
residues ([10] and Fig. 2B, blow-up).

The decreased production of OH• has obvious consequences on the
protection of DNA, RNA, proteins and lipids, the biological targets of
these highly reactive oxygen species. The experimentalists have
concentrated their attention on the protection of DNA which in
bacteria can be attacked directly by damaging agents due to the
absence of nucleosomes. DNA protection against Fe(II)- and H2O2-
mediated oxidative damage has been assessed by means of simple in
vitro assays that utilize agarose gel electrophoresis and supercoiled or
linearized DNA plasmids. The effect of L. innocua and E. coliDps in tests
entailing exposure of pet-11a DNA to 1 mM H2O2 and 24 Fe(II)/
dodecamer at pH 7.0 is depicted in Fig. 4. In the absence of Dps, DNA is
fully degraded. In contrast, Dps in sufficient amounts to saturate DNA
yields essentially complete protection irrespective of the occurrence
of DNA binding. The order of iron and H2O2 addition does not appear
to have an influence in this experiment which therefore appears to
have a lower sensitivity than that employing EMPO described in
[21,39] and mentioned above.

These findings provide the molecular explanation for the initial
observations by Kolter et al. that E. coli dps deletion mutants display
an enhanced susceptibility to oxidative stress and that under these
conditions Dps synthesis increases [2]. The data obtained thereafter
on a number of bacterial species brought out clearly the unique
capacity of Dps proteins to combat the Fe(II) and H2O2 dependent



Fig. 4. DNA protection exerted by L. innocua and E. coli Dps as manifest in a DNA
protection assay at pH 7.0. Panel A, lanes in the 1% agarose gel (from left to right): 1,
native plasmid DNA (pet-11a, 5600 bp, 20 nM); 2, plasmid DNA with 3 µM E. coli Dps
exposed to 72 µM FeSO4 and subsequently to 1 mM H2O2; 3, plasmid DNA with 3 µM L.
innocua Dps exposed to 72 µM FeSO4 and subsequently to 1 mM H2O2; and 4, plasmid
DNA exposed to 72 µM FeSO4 and subsequently to 1 mM H2O2. In panel B, the 1%
agarose gel shows that migration of plasmid DNA (lane 3) is not affected by the
presence of L. innocua Dps (lane 2) but forms large complexes that do not enter the gel
in the presence of E. coli Dps (lane 1).
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oxidative stress even though different situations may be encountered
in the various species due to the expression of different defence
proteins. Thus, if one takes solely ferritins and Dps proteins into
consideration for the sake of simplicity, some bacteria (e.g. E. coli, H.
pylori, T. elongatus, B. anthracis, and A. tumefaciens) possess both,
while others (e.g. Listeria spp.) contain only Dps proteins. In the
species which possess both proteins, ferritins have a prominent role in
iron storage while Dps proteins provide resistance to peroxide stress
as evidenced by the behaviour of the respective deletion mutants and
by the nature of the transcription factors that control protein
synthesis. It is worth stressing that the unique capacity of Dps
proteins to inhibit the production of reactive oxygen species via
Fenton chemistry is of special importance in pathogenic bacteria.
Since production of H2O2 inmacrophages and neutrophiles represents
one of the host first defence mechanisms, Dps proteins contribute to
or are required for bacterial survival in macrophages and for
virulence. In Salmonella enterica serovar Typhimurium for example,
Dps protects the bacterium from iron-dependent killing by H2O2,
promotes its survival in macrophages and enhances its virulence in
mice [41].

Numerous literature data bring out the different roles of ferritin
and Dps proteins in bacteria. Only a few examples will be presented. C.
jejuni, a microaerophilic Gram-negative bacterium that represents a
major cause of bacterial diarrhea in undeveloped and developing
countries, is likely to encounter growth-limiting or potentially lethal
conditions such as iron limitation and oxidative stress in the natural
habitat, be it the gastrointestinal tract of the host or the external
environment during transmission. C. jejuni possesses a canonical 24-
mer ferritin and a Dps protein that does not bind DNA and is
expressed constitutively. As expected, ferritin plays an important role
in iron storage under iron-restricted conditions while the Dps protein
confers hydrogen peroxide stress resistance as demonstrated by the
enhanced sensitivity to H2O2 of a dps mutant strain and by the re-
establishment of peroxide resistance upon addition of the iron-
chelator Desferal in the culture medium [35].

The relationships with other oxidative response systems are
apparent in the following two examples. Porphyromonas gingivalis is
a Gram-negative obligate anaerobe associated with chronic period-
ontites that by definition cannot grow in aerobic conditions, but
displays a high degree of aerotolerance. It has no catalase and therefore
is not able to break down H2O2 into O2 and water, but contains a
ferritin and a Dps protein. While aerotolerance is conferred both by
ferritin and the Dps protein, resistance to peroxide stress depends
solely on the presence of the latter protein that is expressed under the
control of the transcription factor OxyR, like other hydrogen peroxide
inducible activities [42,43]. Likewise of interest is Streptococcus
mutans, a Gram-positive, facultative anaerobe that occurs frequently
in the human oral cavity and is a major cause of tooth decay. S. mutans
does not synthesize heme like all lactic acid bacteria and therefore
lacks catalase and heme-peroxidase that are required for oxygen
tolerance. However, S. mutans can grow in the presence of oxygen due
to the action of flavoenzymes and of a Dps-like protein named Dpr
(Dps-like peroxide resistance) that protects the bacterium from
peroxides. The specific contribution of Dpr in conferring oxygen
tolerance is proven by the ∼104-fold decreased formation of colonies
by dpr disruption mutants with respect to wild type S. mutans in the
presence of air [44,45].

The data just presented demonstrate unambiguously that the
ferroxidase activity of Dps proteins is essential in conferring bacterial
protection against H2O2-promoted damage. Having established this,
the illustration of themost recent advancements in the understanding
of the underlying reaction mechanism is in order. The overall scheme
of the reaction of Fe(II) with H2O2 has been presented in several
papers [21,39,40,46–49]. It leads to the production of water and
entails the simultaneous transfer of two electrons to account for the
very small release of hydroxyl radicals into solution [21,39]. However,
intraprotein hydroxyl radicals can be formed upon transfer of single
electrons as in other proteins [50,51]. The formation of hydroxyl
radicals was indeed shown to occur in E. coli and L. innocua Dps after
partial saturation of their ferroxidase centers with Fe(II) [52]. When
such solutions are mixed rapidly with H2O2 in a stopped-flow
apparatus, transient bands appear after 2.5 ms in both proteins and
are no longer apparent after about 1 min. The transient E. coli Dps
spectrum is characterized by a band centered at 512–536 nm
attributable to a long-lived Trp radical, whereas the L. innocua Dps
one contains additional bands at 410 nm, attributable to a Tyr radical,
and at ∼600 nm due to a Trp radical cation. With the aid of site-
specific variants the bands have been assigned respectively to Trp52
and Trp32, which occupy the same position in the vicinity of the
ferroxidase center in both E. coli and L. innocua Dps, and to Tyr50
which is present near this center only in the latter protein.
Significantly, Trp52 (E. coli numbering) is conserved in over 90% of
the known Dps sequences, while Tyr50 (L. innocua numbering) is
present in about 50%. DNA protection assays carried out on the
relevant site-specificmutants provided a reason for their conservation
since they proved their role as a trap that limits release of hydroxyl
radicals in solution and the consequent oxidative damage to DNA.

3.2. Physical mode of protection: DNA binding

At variance with ferroxidase activity, the DNA binding ability is
not shared by all members of the Dps family as discussed under
Section 2.3. Consequently, the protective function of Dps–DNA com-
plexes is not common to all bacterial species. In those species where
such complexes are formed, they play a key role under stress
conditions occurring during starvation or vegetative growth, or
induced by acid and base shock, iron and copper toxicity, high salt or
radiation, but have no major relevance in resistance towards hydro-
gen peroxide [53]. Importantly, the binding of Dps to DNA without
apparent sequence specificity described originally [1] represents
only part of the picture since Dps proteins can bind specifically
other nucleoid-associated proteins and DNA itself thus creating a
complex, readily reversible interaction network with global regula-
tory functions.

In these types of studies E. coli served as amajormodel system. The
observation of individual nucleoids by atomic force microscopy and
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the use of dps deletion mutants have brought out the correlation
between the cell cycle dependent changes in nucleoid compaction
and the variations in the amount of Dps and other nucleoid-associated
proteins, while the pleiotropic effects due to gene deletion have been
accounted for in terms of direct effects on the transcriptionmachinery
[1] In particular, the different effects of Dps expression on nucleoid
compaction during the exponential and stationary phase of growth
have been ascribed to the involvement of Fis and H-NS, two other
nucleoid-associated proteins, that act by repressing Dps expres-
sion [54,55]. Fis binds at the dps promoter and prevents transcription
initiation by σ70 containing RNA polymerase, while H-NS displaces
this very same polymerase. Further, the abrupt decrease in Fis and H-
NS concentration [55] when cells enter stationary phase explains the
concomitant occurrence of Dps-dependent DNA super-compaction.
The direct interaction between Dps and another DNA-binding protein
was likewise reported to occur in E. coli [56]. The interaction involves
DnaA, a replication initiation factor which promotes unwinding or
denaturation of DNA at oriC. As a result, Dps prevent DnaA binding to
DNA, hampers strand opening of the replication origin and blocks
initiations partially. In turn, this block may provide a useful
opportunity to repair damaged DNA under stress conditions and
hence favour bacterial survival.

A most recent paper on S. coelicolor revealed a novel, unsuspected
function of Dps proteins in bacterial cell division [57]. S. coelicolor,
which has to adapt to various experimental stresses in situ, encodes
three Dps proteins, DpsA, DpsB, and DpsC. Disruption of the respective
genes results in a gene-specific, irregular condensation of spore
nucleoids that is correlated with changes to the spacing between
sporulation septa. Other stress conditions, notably heat and osmotic
stress, induced expression of the various Dps proteins in a stimulus-
dependent manner, suggesting stress-induced, protein-specific pro-
tective functions in addition to their role during reproductive cell
division. Intriguingly, the S. coelicolor Dps proteins are not induced
under oxidative stress suggesting that other enzymatic activities
mediate the response to these conditions.

In conclusion, whereas the response to oxidative and peroxide-
mediated stress finds its molecular basis in the ferritin-like activity of
Dps proteins, the response to other stress conditions derives from the
concerted interplay of diverse interactions that Dps proteins establish
with DNA and with other DNA-binding proteins. Their study promises
to disclose other roles of the exciting Dps family andmay explain why
DNA binding takes place only in some bacterial species.

Acknowledgements

Local grants from MiUR to E.C. are gratefully acknowledged.

References

[1] M. Almiron, A.J. Link, F. Deirdre, R. Kolter, A novel DNA-binding protein with
regulatory and protective roles in starved Escherichia coli, Genes Dev. 6 (1992)
2646–2654.

[2] A. Martinez, R. Kolter, Protection of DNA during oxidative stress by the nonspecific
DNA-binding protein Dps, J. Bacteriol. 179 (1997) 5188–5194.

[3] S.G. Wolf, D. Frenkiel, T. Arad, S.E. Finkel, R. Kolter, A. Minsky, DNA protection by
stress-induced biocrystallization, Nature 400 (1999) 83–85.

[4] D. Frenkiel-Krispin, S. Levin-Zaidman, E. Shimoni, S. GgWolf, E.J. Wachtel, T. Arad,
S.E. Finkel, R. Kolter, A. Minsky, Regulated phase transitions of bacterial
chromatin: a non-enzymatic pathway for generic DNA protection, EMBO J. 20
(2001) 1184–1191.

[5] S. Altuvia, M. Almirón, G. Huisman, R. Kolter, G. Storz, The dps promoter is
activated by OxyR during growth and by IHF and sigma S in stationary phase, Mol.
Microbiol. 13 (1994) 265–272.

[6] A. Ilari, S. Stefanini, E. Chiancone, D. Tsernoglou, The dodecameric ferritin from
Listeria innocua contains a novel intersubunit iron-binding site, Nat. Struct. Biol. 7
(2000) 38–43.

[7] D.J. Evans Jr, D.G. Evans, H.C. Lampert, H. Nakano, Identification of four new
prokaryotic bacterioferritins, from Helicobacter pylori, Anabaena variabilis, Bacillus
subtilis and Treponema pallidum, by analysis of gene sequences, Gene 153 (1995)
123–127.
[8] R.A. Grant, D.J. Filman, S.E. Finkel, R. Kolter, J.M. Hogle, The crystal structure of Dps,
a ferritin homolog that binds and protects DNA, Nat. Struct. Biol. 5 (1998)
294–303.

[9] C.V. Romão, E.P. Mitchell, S. McSweeney, The crystal structure of Deinococcus
radiodurans Dps protein (DR2263) reveals the presence of a novel metal centre in
the N terminus, J. Biol. Inorg. Chem. 11 (2006) 891–902.

[10] G. Bellapadrona, S. Stefanini, C. Zamparelli, E.C. Theil, E. Chiancone, Iron
translocation into and out of Listeria innocua Dps and size distribution of the
protein-enclosed nanomineral are modulated by the electrostatic gradient at the
3-fold “ferritin-like” pores, J. Biol. Chem. 284 (2009) 19101–19109.

[11] B. Ramsay, B. Wiedenheft, M. Allen, G.H. Gauss, C.M. Lawrence, M. Young, T.
Douglas, Dps-like protein from the hyperthermophilic archaeon Pyrococcus
furiosus, J. Inorg. Biochem. 100 (2006) 1061–1068.

[12] G.H. Gauss, P. Benas, B. Wiedenheft, M. Young, T. Douglas, C.M. Lawrence,
Structure of the DPS-like protein from Sulfolobus solfataricus reveals a bacter-
ioferritin-like dimetal binding site within a DPS-like dodecameric assembly,
Biochemistry 45 (2006) 10815–10827.

[13] D.M. Lawson, A. Treffry, A.P.J. Artymiuk, P.M. Harrison, S.J. Yewdall, A. Luzzago, G.
Cesareni, S. Levi, P. Arosio, Identification of the ferroxidase centre in ferritin, FEBS
Lett. 254 (1989) 207–210.

[14] G. Zanotti, E. Papinutto, W. Dundon, R. Battistutta, M. Seveso, G. Giudice, R.
Rappuoli, C. Montecucco, Structure of the neutrophil-activating protein from
Helicobacter pylori, J. Mol. Biol. 323 (2002) 125–130.

[15] S.G. Kim, G. Bhattacharyya, A. Grove, Y.H. Lee, Crystal structure of Dps-1, a
functionally distinct Dps protein from Deinococcus radiodurans, J. Mol. Biol. 361
(2006) 105–114.

[16] P. Ceci, A. Ilari, E. Falvo, E. Chiancone, The Dps protein of Agrobacterium
tumefaciens does not bind to DNA but protects it toward oxidative cleavage: x-
ray crystal structure, iron binding, and hydroxyl-radical scavenging properties, J.
Biol. Chem. 278 (2003) 20319–20326.

[17] M.G. Cuypers, E.P. Mitchell, C.V. Romão, S.M. McSweeney, The crystal structure of
the Dps2 from Deinococcus radiodurans reveals an unusual pore profile with a
non-specific metal binding site, J. Mol. Biol. 371 (2007) 787–799.

[18] B. Ren, G. Tibbelin, T. Kajino, O. Asami, R. Ladenstein, The multi-layered structure
of Dps with a novel di-nuclear ferroxidase center, J. Mol. Biol. 329 (2003)
467–477.

[19] S. Franceschini, P. Ceci, F. Alaleona, E. Chiancone, A. Ilari, Antioxidant Dps protein
from the thermophilic cyanobacterium Thermosynechococcus elongatus, FEBS J.
273 (2006) 4913–4928.

[20] A. Ilari, P. Ceci, D. Ferrari, G.L. Rossi, E. Chiancone, Iron incorporation into
Escherichia coli Dps gives rise to a ferritin-like microcrystalline core, J. Biol. Chem.
277 (2002) 37619–37623.

[21] G. Zhao, P. Ceci, A. Ilari, L. Giangiacomo, T.M. Laue, E. Chiancone, N.D. Chasteen,
Iron and hydrogen peroxide detoxification properties of DNA-binding protein
from starved cells. A ferritin-like DNA-binding protein of Escherichia coli, J. Biol.
Chem. 277 (2002) 27689–27696.

[22] P. Ceci, S. Cellai, E. Falvo, C. Rivetti, G.L. Rossi, E. Chiancone, DNA condensation and
self-aggregation of Escherichia coli Dps are coupled phenomena related to the
properties of the N-terminus, Nucleic Acids Res. 32 (2004) 5935–5944.

[23] T.J. Stillman, M. Upadhyay, V.A. Norte, S.E. Sedelnikova, M. Carradus, S. Tzokov, P.
A. Bullough, C.A. Shearman, M.J. Gasson, C.H. Williams, P.J. Artymiuk, J. Green, The
crystal structures of Lactococcus lactisMG1363 Dps proteins reveal the presence of
an N-terminal helix that is required for DNA binding, Mol. Microbiol. 57 (2005)
1101–1112.

[24] E. Chiancone, P. Ceci, Dps (DNA-binding proteins from starved cells) proteins.
The aggregation on DNA and its role in microbial survival, Front Biosci 15 (2010)
122–131.

[25] S. Roy, R. Saraswathi, D. Chatterji, M. Vijayan, Structural studies on the second
Mycobacterium smegmatis Dps: invariant and variable features of structure,
assembly and function, J. Mol. Biol. 375 (2008) 948–959.

[26] A. Grove, S.P. Wilkinson, Differential DNA binding and protection by dimeric and
dodecameric forms of the ferritin homolog Dps from Deinococcus radiodurans, J.
Mol. Biol. 347 (2005) 495–508.

[27] G. Bhattacharyya, A. Grove, The N-terminal extensions of Deinococcus radiodurans
Dps-1 mediate DNA major groove interactions as well as assembly of the
dodecamer, J. Biol. Chem. 282 (2007) 11921–11930.

[28] S. Gupta, D. Chatterji, Bimodal protection of DNA by Mycobacterium smegmatis
DNA-binding protein from stationary phase cells, J. Biol. Chem. 278 (2003)
5235–5241.

[29] S. Roy, R. Saraswathi, S. Gupta, K. Sekar, D. Chatterji, M. Vijayan, Role of N and C-
terminal tails in DNA binding and assembly in Dps: structural studies of
Mycobacterium smegmatis Dps deletion mutants, J. Mol. Biol. 370 (2007) 752–767.

[30] P. Ceci, A. Ilari, E. Falvo, L. Giangiacomo, E. Chiancone, Reassessment of protein
stability, DNA binding, and protection of Mycobacterium smegmatis Dps, J. Biol.
Chem. 280 (2005) 34776–34785.

[31] P. Ceci, L. Mangiarotti, C. Rivetti, E. Chiancone, The neutrophil-activating Dps
protein of Helicobacter pylori, HP-NAP, adopts a mechanism different from
Escherichia coli Dps to bind and condense DNA, Nucleic Acids Res. 35 (2007)
2247–2256.

[32] M. Castruita, M. Saito, P.C. Schottel, L.A. Elmegreen, S. Myneni, E.I. Stiefel, F.M.
Morel, Overexpression and characterization of an iron storage and DNA-binding
Dps protein from Trichodesmium erythraeum, Appl. Environ. Microbiol. 72 (2006)
2918–2924.

[33] M. Bozzi, G. Mignogna, S. Stefanini, D. Barra, C. Longhi, P. Valenti, E. Chiancone, A
novel non-heme iron-binding ferritin related to the DNA-binding proteins of the
Dps family in Listeria innocua, J. Biol. Chem. 272 (1997) 3259–3265.



805E. Chiancone, P. Ceci / Biochimica et Biophysica Acta 1800 (2010) 798–805
[34] E. Papinutto, W.G. Dundon, N. Pitulis, R. Battistutta, C. Montecucco, G. Zanotti,
Structure of two iron-binding proteins from Bacillus anthracis, J. Biol. Chem. 277
(2002) 15093–15098.

[35] T. Ishikawa, Y. Mizunoe, S. Kawabata, A. Takade, M. Harada, S.N. Wai, S. Yoshida,
The iron-binding protein Dps confers hydrogen peroxide stress resistance to
Campylobacter jejuni, J. Bacteriol. 185 (2003) 1010–1017.

[36] G. Zhao, F. Bou-Abdallah, P. Arosio, S. Levi, C. Janus-Chandler, N.D. Chasteen,
Multiple pathways for mineral core formation in mammalian apoferritin. The role
of hydrogen peroxide, Biochemistry 42 (2003) 3142–3150.

[37] J. Bunker, T. Lowry, G. Davis, B. Zhang, D. Brosnahan, S. Lindsay, R. Costen, S. Choi,
P. Arosio, G.D. Watt, Kinetic studies of iron deposition catalyzed by recombinant
human liver heavy and light ferritins and Azotobacter vinelandii bacterioferritin
using O2 and H2O2 as oxidants, Biophys. Chem. 114 (2005) 235–244.

[38] F. Tonello,W.G. Dundon, B. Satin, M.Molinari, G. Tognon, G. Grandi, G. Del Giudice,
R. Rappuoli, C. Montecucco, The Helicobacter pylori neutrophil-activating protein
is an iron-binding protein with dodecameric structure, Mol. Microbiol. 34 (1999)
238–246.

[39] M. Su, S. Cavallo, S. Stefanini, E. Chiancone, N.D. Chasteen, The so-called Listeria
innocua ferritin is a Dps protein, iron incorporation, detoxification, and DNA
protection properties, Biochemistry 44 (2005) 5572–5578.

[40] A. Ilari, M.C. Latella, P. Ceci, F. Ribacchi, M. Su, L. Giangiacomo, S. Stefanini, N.D.
Chasteen, E. Chiancone, The unusual intersubunit ferroxidase center of Listeria
innocua Dps is required for hydrogen peroxide detoxification but not for iron
uptake. A study with site-specific mutants, Biochemistry 44 (2005) 5579–5587.

[41] T.A. Halsey, A. Vazquez-Torres, D.J. Gravdahl, F.C. Fang, S.J. Libby, The ferritin-like
Dps protein is required for Salmonella enterica serovar Typhimurium oxidative
stress resistance and virulence, Infect. Immun. 72 (2004) 1155–1158.

[42] J. Ueshima, M. Shoji, D.B. Ratnayake, K. Abe, S. Yoshida, K. Yamamoto, K.
Nakayama, Purification, gene cloning, gene expression, and mutants of Dps from
the obligate anaerobe Porphyromonas gingivalis, Infect. Immun. 71 (2003)
1170–1178.

[43] P.I. Diaz, N. Slakeski, E.C. Reynolds, R. Morona, A.H. Rogers, P.E. Kolenbrander, Role
of oxyR in the oral anaerobe Porphyromonas gingivalis, J. Bacteriol. 188 (2006)
2454–2462.

[44] Y. Yamamoto, M. Higuchi, L.B. Poole, Y. Kamio, Role of the dpr product in oxygen
tolerance in Streptococcus mutans, J. Bacteriol. 182 (2000) 3740–3747.
[45] M. Higuchi, Y. Yamamoto, Y. Kamio, Molecular biology of oxygen tolerance in
lactic acid bacteria: functions of NADH oxidases and Dpr in oxidative stress, J.
Biosci. Bioeng. 90 (2000) 484–493.

[46] X. Yang, E. Chiancone, S. Stefanini, A. Ilari, N.D. Chasteen, Iron oxidation and hydrolysis
reactions of a novel ferritin from Listeria innocua, Biochem. J. 349 (2000) 783–786.

[47] A.T. Pulliainen, A. Kauko, S. Haataja, A.C. Papageorgiou, J. Finne, Dps/Dpr ferritin-
like protein: insight into the mechanism of iron incorporation and evidences for a
central role in cellular iron homeostasis in Streptococcus suis, Mol. Microbiol. 57
(2005) 1086–1100.

[48] A. Kauko, A.T. Pulliainen, S. Haataja, W. Meyer-Klaucke, J. Finne, A.C. Papageor-
giou, Iron incorporation in Streptococcus suis Dps-like peroxide resistance protein
Dpr requires mobility in the ferroxidase center and leads to formation of a
ferrihydrite-like core, J. Mol. Biol. 364 (2006) 97–109.

[49] X. Liu, K. Kim, T. Leighton, E.C. Theil, Paired Bacillus anthracis Dps (mini-ferritin)
have different reactivities with peroxide, J. Biol. Chem. 281 (2006) 27827–27835.

[50] C. Aubert, M.H. Vos, P. Mathis, A.P. Eker, K. Brettel, Intraprotein radical transfer
during photoactivation of DNA photolyase, Nature 405 (2000) 586–590.

[51] M. Fontecave, Ribonucleotide reductase and radical reactions, Cell. Mol. Life Sci. 54
(1998) 684–695.

[52] G. Bellapadrona, M. Ardini, P. Ceci, S. Stefanini, E. Chiancone, Dps proteins prevent
Fentonmediated oxidative damage by trapping hydroxyl radicalswithin the protein
shell, Free Radic. Biol. Med. (2010) 292–297.

[53] S. Nair, S.E. Finkel, Dps protects cells against multiple stresses during stationary
phase, J. Bacteriol. 186 (2004) 4192–4198.

[54] R.L. Ohniwa, K. Morikawa, J. Kim, T. Ohta, A. Ishihama, C. Wada, K. Takeyasu,
Dynamic state of DNA topology is essential for genome condensation in bacteria,
EMBO J. 25 (2006) 5591–5602.

[55] D.C. Grainger, M.D. Goldberg, D.J. Lee, S.J. Busby, Selective repression by Fis and H-
NS at the Escherichia coli dps promoter, Mol. Microbiol. 68 (2008) 1366–1377.

[56] S. Chodavarapu, R. Gomez, M. Vicente, J.M. Kaguni, Escherichia coli Dps interacts
with DnaA protein to impede initiation: a model of adaptive mutation, Mol.
Microbiol. 67 (2008) 1331–1346.

[57] P.D. Facey, M.D. Hitchings, P. Saavedra-Garcia, L. Fernandez-Martinez, P.J. Dyson,
R. Del Sol, Streptomyces coelicolor Dps-like proteins: differential dual roles in
response to stress during vegetative growth and in nucleoid condensation during
reproductive cell division, Mol. Microbiol. 73 (2009) 1186–1202.


	The multifaceted capacity of Dps proteins to combat bacterial stress conditions: Detoxification.....
	Introduction
	Structural features of Dps proteins
	The Dps fold and quaternary structure
	The ferroxidase center
	DNA binding signatures

	Protection mechanisms operative in Dps proteins
	Chemical mode of protection: ferroxidase activity
	Physical mode of protection: DNA binding

	Acknowledgements
	References




