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Abstract

Iron is required by most organisms, but is potentially toxic due to the low solubility of the stable oxidation state,
Fe(III), and to the tendency to potentiate the production of reactive oxygen species, ROS. The reactivity of iron
is counteracted by bacteria with the same strategies employed by the host, namely by sequestering the metal
into ferritin, the ubiquitous iron storage protein. Ferritins are highly conserved, hollow spheres constructed from
24 subunits that are endowed with ferroxidase activity and can harbour up to 4500 iron atoms as oxy-hydroxide
micelles. The release of the metal upon reduction can alter the microorganism-host iron balance and hence permit
bacteria to overcome iron limitation. In bacteria, the relevance of the Dps (DNA-binding proteins from starved
cells) family in iron storage-detoxification has been recognized recently. The seminal studies on the protein
from Listeria innocua demonstrated that Dps proteins have ferritin-like activity and most importantly have the
capacity to attenuate the production of ROS. This latter function allows bacterial pathogens that lack catalase, e.g.
Porphyromonas gingivalis, to survive in an aerobic environment and resist to peroxide stress.

Iron is essential for most organisms since it serves as
cofactor in several enzymes and as catalyst in elec-
tron transport processes, yet it is poorly available and
potentially toxic. Thus, Fe(IIl), the stable oxidation
state of the metal at neutral pH values, forms insol-
uble hydroxy-aquo complexes that are in equilibrium
with a free Fe(IIl) concentration around 10~!% M,
whereas bacteria, for example, need iron concentra-
tions around 10~7 M for growth. Further, free iron in
the presence of oxygen is a dangerous metal for the
cell as it potentiates the non-enzymatic production of
reactive oxygen species (ROS) through the following
reactions:

Fe(Il) + O, — Fe(Ill) + O3 (1)
205 +2H" - H,0, 4+ 0, 2)
H,0; + Fe(Il) -* OH + OH™ + Fe(Ill).  (3)

Hydroxyl radicals in particular can damage a num-
ber of cellular components, like DNA, proteins and
membrane lipids.

All organisms therefore have developed strategies
that allow them to acquire iron, and to solubilize

and store it in a non toxic, readily available form.
Bacteria use a variety of iron acquisition systems to
bridge the enormous gap between iron supply and
demand. Gram-negative bacteria are characterized by
numerous iron-uptake mechanisms that comprise the
utilization of iron sources presented by the host (e.g.
iron-loaded lactoferrin or transferrin, heme, hemo-
globin), the secretion of siderophores characterized
by a very high affinity and specificity for Fe(IIl),
and the synthesis of iron-transport systems that de-
liver the metal into the bacterial cell via specific
receptors (Cornelissen & Sparling 1994, Schryvers &
Stojilijkovic 1999, Wandersman & Stojiljkovic 2000).
Gram-positive bacteria seem to contain relatively few
iron-uptake mechanisms. Specific to Gram-positive
bacteria is the reduction of Fe(IIl) with ferric re-
ductases located on the bacterial surface that permits
the direct import of Fe(Il) into the cell (Johnson et al.
1991, Deneer et al. 1995)

The host and bacteria use the same general
strategies to counteract the reactivity of iron. Typ-
ically, intracellular iron is sequestered reversibly in
ferritins and ROS are detoxified by means of specific
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enzymes (e.g. superoxide dismutases and catalase that
act respectively on the superoxide anion and on hy-
drogen peroxide). Recently however, a protein family
distinct from ferritins has been recognized to possess
iron storage and detoxification capacity in bacteria.
This is the Dps family (DNA-binding proteins from
starved cells) named after the prototype expressed in
Escherichia coli under starvation or oxidative stress
(Almiron et al. 1992).

Ferritin has a highly conserved molecular architec-
ture in all organisms (Harrison & Arosio 1996). The
protein moiety, apoferritin, is an extremely stable hol-
low sphere that can harbour up to 4500 iron atoms
as ferric oxy-hydroxide micelles. Apoferritin is con-
structed from 24 identical or very similar subunits that
are folded in a four-helix bundle and contain a ferrox-
idase site, located within the four-helix bundle of
individual subunits, and micelle nucleation sites facing
the internal cavity. The subunits are assembled with
432 symmetry such that small hydrophobic and hy-
drophilic channels are formed at the 4-fold and 3-fold
symmetry axes, respectively. These channels permit
passage of iron and other ions or small molecules.
Iron in particular is guided to the 3-fold channels by a
negative electrostatic gradient, enters the channels and
reaches the ferroxidase sites (Douglas & Ripoli 1998).
In fact, although ferritins store iron in the Fe(III) form,
the metal is bound as Fe(II) and oxidized at the ferrox-
idase site where the iron ligands are highly conserved
throughout evolution. After oxidation, iron moves to
the internal cavity of the apoferritin shell which is
rich in carboxylate residues that provide the nucleation
sites of the ferric oxy-hydroxide micelles. When re-
quired for intracellular metabolism, ferritin iron can
be mobilized upon reduction of the oxy-hydroxide
core. The nature of the physiological reducing agent
is still unknown though ascorbate and flavins can act
as ferritin iron mobilizing agents in vitro (Jones et al.
1978, Takagi et al. 1998). Importantly, the release
of bacterial ferritin iron upon reduction may alter the
microorganism-host balance and thus permit bacteria
to overcome iron limitation.

A closer look at the ferroxidation reaction reveals
that ferritins of various organisms are characterized
by different chemistries of iron deposition. In mam-
malian ferritins, iron is oxidized pairwise by molecular
oxygen with formation of a peroxo intermediate. Mo-
lecular oxygen is reduced to hydrogen peroxide which
is released into the bulk solution where catalase can
disproportionate it to water and molecular oxygen
(Yang et al. 1998); in part it may be utilized by ferritin

itself in a detoxifixation reaction (Zhao et al. 2003).
In bacteria possessing ‘canonical’ ferritins these carry
out the ferroxidation reaction just as mammalian fer-
ritins and have an iron storage role. However, in
some bacteria heme-containing ferritins, the so-called
bacterioferritins, may be present in addition to the ‘ca-
nonical’ ones (Cheesman et al. 1993). The case of
E. coli is prototypical: it possesses two ‘canonical’
non-heme ferritins, EcFtnA and EcFtnB, and a heme-
containing bacterioferritin, ECBFR. In EcBFR, up to
12 protoporphyrin IX groups can bind between 2-fold
symmetry related subunits, and are ligated by two me-
thionine residues (Frolow et al. 1994). The function
of the heme groups is still unknown although a role in
mediating iron core reduction and iron release from
the protein has been proposed (Andrews 1998). In
bacterioferritins the ferroxidation chemistry has dis-
tinct features relative to the ‘canonical’ mammalian
protein. Thus, hydrogen peroxide carries out the pair-
wise oxidation of Fe(Il) better than oxygen; and the
product of dioxygen reduction is water and not hydro-
gen peroxide. The consumption of hydrogen peroxide
at the ferroxidase site parallels the inhibition of the
odd-electron oxidation of Fe(Il) by H,O; (reaction 3)
and hence accounts for the capacity of bacterioferritins
to attenuate the production of hydroxyl radicals. In
turn, this capacity implies that bacterioferritins are en-
dowed with specific detoxifying properties towards the
damaging action of ROS. It is therefore likely that bac-
terioferritin serves to protect cellular components from
oxidative damage and hence plays a role in oxidative
stress relief (Bou-Abdallah er al. 2002).

This very same role is exerted also by another
class of bacterial proteins, the members of the Dps
family. When discovered in 1992, Dps proteins were
found to protect DNA from oxidative damage both in
vitro and in vivo and this protective action was attrib-
uted to their interaction with DNA which takes place
without apparent sequence specificity. Very recently
however Dps proteins were recognized to possess a
ferritin-like function that endows them with iron and
hydrogen peroxide detoxification properties. This re-
cognition stems to a large extent from the work on
Listeria ferritin, that was prompted by the observa-
tion that no ferritins from Gram-positive bacteria had
been characterized and iron availability was known
to increase virulence of L. monocytogenes, the only
pathogenic species for humans. By employing a clas-
sical ferritin purification protocol that takes advantage
of the very high stability of the apoferritin moiety,
quite unexpectedly a ‘small’ ferritin was isolated, that
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Fig. 1. X-ray crystal structure of Listeria innocua ferritin. A: view of the dodecamer along a 3-fold symmetry axis. B: blow up of the intersubunit
ferroxidase site showing the iron ligands belonging to two-fold symmetry related subunits.

was assembled from only 12 identical subunits rather
than the ‘canonical’ 24 subunits. Yet this small ferritin
was able to oxidize and incorporate iron like a true
ferritin. Even more surprisingly, the primary structure
did not resemble that of known ferritins, but showed a
strong similarity with the Dps proteins (Bozzi ef al.
1997). The resolution of the X-ray crystal structure
(Ilari et al. 2000) revealed that this similarity carries
over to the quaternary structure, as the protein shell
of Listeria ferritin displays 32 symmetry (Figure 1A)
just like E. coli Dps, the family prototype (Grant et al.
1998). More importantly, the X-ray structure revealed
the presence of a very unusual ferroxidase site that
is not located in the four-helix bundle of individual
monomers as in all known proteins with ferroxidase
activity, but has ligands provided by two symmetry
related subunits (Figure 1B). Most of the iron ligands
are conserved in the Dps proteins where they are part
of the so-called ‘DNA-binding signature’. This find-
ing immediately suggested that iron binding could be
part of the protective effect exerted by Dps proteins
on DNA (Ilari et al. 2000). Over the last two years, a
number of studies addressed this point and confirmed
this contention, namely that the ferritin-like activity is
a characteristic of all Dps proteins. Curiously enough,
not all the members of the family were found to bind
DNA (Papinutto et al. 2002, Tonello et al. 1999) due to
the variability of the N-terminus that in the E. coli pro-
tein participates in the interaction by means of three
lysine residues (Grant et al. 1998).

The chemistry of iron oxidation and deposition has
been characterized in E. coli Dps (Zhao et al. 2002). It
resembles closely that described for bacterioferritins.
Thus, two Fe(Il) bind at each of the 12 ferroxidase
sites and the pairwise oxidation of Fe(Il) is carried out
most efficiently by hydrogen peroxide rather than by
oxygen, avoiding hydroxyl radical production through
Fenton chemistry (reaction 3). Dps acquires a ferric
core of about 500 Fe(Ill)/dodecamer according to the
mineralization reaction:

2Fe(Il) + H,0, + HoO — 2Fe(IIN)OOH ore + 4HT

again with a 2 Fe(I)/H,0; stoichiometry. In line
with the consumption of hydrogen peroxide, spin
trapping experiments indicate that Dps greatly atten-
uates hydroxyl radical production thus avoiding ROS-
mediated oxidative damage. The protection of DNA
exerted by E. coli Dps towards the toxic combination
of Fe(Il) and hydrogen peroxide can be assessed in
vitro by means of simple DNA damage assays. Prior
to carrying out these assays, the amount of Dps neces-
sary to saturate DNA (400 Dps molecules per plasmid
molecule) can be established easily in gel retardation
experiments since the E. coli Dps-DNA complex does
not leave the well (Figure 2). A DNA damage assay
is depicted in Figure 3. In the absence of E. coli Dps,
DNA is fully degraded by the combination of 50 uM
Fe(Il) plus 10 mM hydrogen peroxide, wheras the
presence of saturating amounts of Dps yields essen-
tially complete protection. These results indicate that
the protective effect of E. coli Dps in vitro is exerted
by means of a dual action: the physical association
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Fig. 2. Binding of E. coli Dps to DNA. Linearized pUH21-E DNA (3900 bp, 5 nM) was incubated with E. coli Dps in 20 mM Tris-HCl
(pH 7.5) containing 100 mM NaCl and was resolved in 1% agarose gel run in Tris-acetic acid-EDTA (TAE) buffer. Lanes (from left to right):
1, pUH21-E DNA (5 nM); 24, pUH21-E DNA (5 nM) plus 0.5, 1.0, 2.0 uM Dps, 5-6, empty lanes.

Fig. 3. DNA protection by E. coli Dps. Lanes (from left to right): 1, native plasmid pet-11a DNA (5600 bp, 20 nM); 2, plasmid DNA exposed
to 50 uM FeSO4 and subsequently to 10 mM HOj;; 3, plasmid DNA with 5 uM Dps exposed to 50 uM FeSO,4 and subsequently to 10 mM
H,0,.



with DNA and the ferritin-like capacity to nullify the
toxic combination of Fe(II) and hydrogen peroxide
(Zhao et al. 2002). It is relevant in this connection
that in E. coli the expression of dps, like that of many
hydrogen-peroxide inducible activities is regulated by
the OxyR transcription factor (Altuvia et al. 1994).

Given the fact that not all Dps proteins are able
to bind DNA, the natural question is whether Dps
proteins confer DNA protection also in the absence
of interaction between the two macromolecules. This
point was addressed in esperiments on the Dps protein
extracted from Agrobacterium tumefaciens, a plant
pathogen. A. tumefaciens Dps does not bind DNA as
it does not affect its electrophoretic mobility. Despite
the lack of interaction DNA damage assays clearly
demonstrates that this Dps protein protects DNA ef-
ficiently (Ceci et al. 2003). It follows that in vitro the
iron and hydrogen peroxide detoxification properties
of the Dps proteins are the major players in the game.

The in vivo relevance of the effects just described
is illustrated in very recent studies that bring out also
the multiplicity of situations that may be encountered
in different bacteria.

The first example concerns the role of Dps in Cam-
pylobacter jejuni, the microaerophilic Gram-negative
bacterium that is a major cause of bacterial diarrhea
both in developed and developing countries (Ishi-
kawa et al. 2003). In the natural habitat, be it the
gastrointestinal tract of the host or the external en-
vironment during transmission, C. jejuni is likely to
encounter iron limitation and oxidative stress, i.e.
growth-limiting or potentially lethal conditions. C. je-
Jjuni contains a ‘canonical’ ferritin that plays an im-
portant role in iron storage under iron-restricted con-
ditions; in addition it possesses a Dps protein that
is expressed constitutively. The importance of the
iron-detoxifying capacity of this protein in conferring
hydrogen peroxide stress resistance is demonstrated
by the enhanced sensitivity of a dps mutant strain to
hydrogen peroxide and by the restoration of resistance
achieved by addition of the iron-chelator Desferal in
the culture medium. It should be noted that C. jejuni
Dps does not bind DNA.

An interesting case is provided by Streptococcus
mutans (Yamamoto et al. 2002). Like all lactic acid
bacteria, S. mutans can not synthesize heme and there-
fore lacks cytochrome oxidases required for energy-
linked oxygen metabolism as well as catalase and
heme-peroxidase required for oxygen tolerance. How-
ever, S. mutans like many lactic acid bacteria can grow
in the presence of oxygen and is even able to consume
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oxygen due to the action of flavoenzymes. S. mutans
does not contain ‘canonical’ ferritins nor bacteriofer-
ritins, but expresses a Dps protein named Dpr, for
Dps-like peroxide-resistance, since it protects cells
from peroxides and hence has an indispensable role
in conferring oxygen tolerance. This is demonstrated
by the fact that dpr disruption mutants in the presence
of air show a decrease of about 10*-fold in the number
of colonies formed compared to the wild-type strain.

The Gram-negative obligate anaerobe Porphyromo-
nas gingivalis, which is strongly associated with
chronic periodontitis, likewise provides an interesting
case (Ueshima et al. 2003). This bacterium expresses
numerous potential virulence factors (e.g. fimbriae,
hemagglutinins, lipopolysaccharides) and various pro-
teases that are able to hydrolyze a number of host
proteins. By definition P. gingivalis can not grow in
aerobic conditions, but exhibits a high degree of aero-
tolerance. It lacks catalase, but possesses a ‘canonical’
ferritin (Ftn) and a Dps protein whose expression is
significantly increased in an OxyR-dependent manner
upon exposure of the bacterium to air. Interestingly,
dps, ftn and dps fin-deficient mutants are as tolerant to
atmospheric oxygen as the wild type strain. However,
the Dps protein confers hydrogen peroxide resistance
as apparent from the increased sensitivity of the dps
and dps ftn-deficient mutants to hydrogen peroxide
relative wild type and the fin deficient strain in the
presence of air. Dps also plays a role in the survival
of P. gingivalis in infected cells as shown by the de-
crease of viability in human umbelical vein endothelial
cells of the dps deficient mutant as compared to wild
type, although there was no significant difference in
invasion between these strains.

In conclusion, whereas in the extracellular me-
dium the relationship between iron, microorganisms
and the host is governed essentially by a ‘battle of
chelating agents’ i.e. by the competition between
lactoferrin and bacteria for iron, in the bacterial cell
the situation is quite diversified. Not only the num-
ber and type of iron-transport and -uptake systems
may differ, but also the number and type of iron
storage and detoxification proteins. E. coli is proto-
typical of bacteria which acquire iron by means of
a multiplicity of iron transport systems and possess
a number of different proteins for iron storage and
detoxification, namely two ‘canonical’ ferritins, a bac-
terioferritin and a Dps protein, whereas L. innocua
or S. mutans exemplify bacteria that have relatively
few iron acquisition systems and possess only one
iron storage/detoxification protein, namely Dps. This
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is suggestive of a parallelism between the multiplicity
of iron storage/detoxification systems and the multi-
plicity of iron acquisition systems that leads to a much
more complex interplay between iron, microorgan-
isms and the host than hitherto believed.
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