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Abstract Dps-like proteins are key factors involved in
the protection of prokaryotic cells from oxidative damage.
They act by either oxidizing iron to prevent the formation
of oxidative radicals or by forming Dps-DNA complexes to
physically protect DNA. All Dps-like proteins are charac-
terized by a common three-dimensional architecture and
are found as spherical dodecamers with a hollow central
cavity. Despite their structural similarities, recent bio-
chemical and structural data have suggested different
functions among members of the family that range from
protection inside the cells in response to various stress
signals to adhesion and virulence during bacterial infec-
tions. Moreover, the Dps-like proteins have lately attracted
considerable interest in the field of nanotechnology owing
to their ability to act as protein cages for iron and various
other metals. A better understanding of their function and
mechanism could therefore lead to novel applications in
biotechnology and nanotechnology.
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Introduction

Iron is an abundant chemical element on earth and an
essential co-factor for several enzymes found in living
organisms. Although it is widely distributed in cells, its
tendency to oxidize to insoluble Fe’" compounds can
disrupt normal cellular functions. Consequently, most of
the cytosolic iron is complexed with different proteins with
only a low concentration of free iron present inside the
cells (typical concentrations 10~'® and 10™® M of free Fe’ "
and Fe?", respectively) [1]. Most importantly, the presence
of Fe*" can lead to the generation of toxic hydroxyl radi-
cals according to the Fenton reaction:

H,0, + Fe*™ — Fe** + OH™ + OH'

Hydroxyl radicals, in turn, are reactive oxygen species
(ROS) able to induce DNA breakage, lipid peroxidation
and degradation of biomolecules [2, 3].

DNA-binding protein from starved cells (Dps)-like
proteins comprise a well-conserved family of prokaryotic
proteins found in bacteria and archaea. These proteins are
able to store iron in a bioavailable form and protect cells
against oxidative stress [4—11]. The oxidative protection is
achieved in two ways: either by binding Fe*™ ions and
preventing the Fenton reaction-catalyzed formation of
toxic hydroxyl radicals or by binding DNA and thus
shielding it from oxidative radicals.

The first Dps protein was discovered in Escherichia
coli and found to protect cells from hydrogen peroxide
and to bind DNA in a sequence-independent manner [4].
The protection from hydrogen peroxide damage was
suggested to be achieved by DNA-binding. The crystal
structure of Dps revealed structural homology to ferritins,
a large family of iron storage proteins [12]. It was pro-
posed that protection from oxidative damage could also be
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Table 1 Modes of oxidative

. Protein Oxidative stress protection Other functions
stress protection and other
functions of some Dps-like Ferroxidase activity DNA-binding
proteins
E. coli Dps Yes [50] Yes [4] Protection from copper
stress [70] and acid stress
[71]. Checkpoint during
initiation [29]
B. brevis Dps Yes [14] Yes [14] n.k.
B. anthracis Dpsl Yes [9] No [9] nk.
B. anthracis Dps2 Yes [9] No [9] n.k.
C. jejuni Dps Yes [33] No [33] n.k.
L. innocua Dps Yes [5] No [5] nk.
H. pylori NAP Yes [72] Yes [73] Involved in virulence
[38-42]
D. radiodurans Dps Yes [74] Yes [74] n.k.
M. smegmatis Dps Yes [7] Yes [7] nk.
L. lactis DpsA No [45] Yes [45] n.k.
L. lactis DpsB No [45] Yes [45] n.k.
S. solfataricus Dps Yes [75] n.k. n.k.
P. furiosus Dps Yes [10] n.k. nk.
A. tumefaciens Dps Yes [76] No [76] nk.
S. suis Dpr Yes [77] No [77] n.k.
S. mutans Dpr Yes [11] No [11] n.k.
S. pyogenes Dpr Yes [64] No [64] Protection from pH and
metal stress [64]
S. enterica serovar Typhimurium Dps Yes [8] n.k. Involved in virulence [8]
P. gingivalis Dps Yes [27] n.k. Involved in virulence [27]
B. burgdorferi Dps No [35] nk. Involved in virulence [35]

n.k. Not known

achieved by metal sequestering. Subsequently, an iron-
binding capability was shown for Listeria innocua Dps.
Interestingly, it was found that L. innocua Dps does not
bind DNA, in contrast to E. coli Dps [5]. Furthermore, the
crystal structure of L. innocua Dps revealed a novel iron-
binding site inside the protein analogous to that of E. coli
Dps [13].

To date, over a thousand Dps-like proteins have been
identified (http://www.uniprot.org). Of them, approxi-
mately 97% were found in bacteria and the remaining 3%
in archaea. The structural information of these proteins has
significantly grown [currently over 40 entries related to
Dps-like proteins are available in the Protein Data Bank
(http://www.rcsb.org)], revealing a highly conserved fold
shared by all family members [14-21]. Despite the fold
conservation, Dps-like proteins exhibit a variety of activi-
ties in addition to protection from oxidative stress and
DNA-binding. Among their additional functions, members
of the Dps family act as important virulence factors con-
ferring cell protection against multiple stresses, including
metal stress, and heat and cold shock [22-24]. Moreover,
they have been involved in inflammatory processes. Dps

proteins have also been suggested to be useful in many
applications in biotechnology and nanotechnology.

Biological regulation and function

Regulation of Dps proteins is largely related to oxidative
stress, metal regulation and general stress responses under
starvation (Table 1). E. coli Dps is the prototype of the
protein family (Fig. 1), and its regulation, together with
that of B. subtilis Dps-like proteins, has been extensively
studied. The importance of E. coli Dps has been shown in
stationary-phase E. coli cells, where it was found to be the
most abundant protein in the cell with as many as
~ 180,000 Dps molecules present [25]. In E. coli, dps
mRNA levels are controlled by transcriptional activator
OxyR, transcription initiation factor ¢® and histone-like
IHF protein. OxyR-dependent induction is induced by
H,0,, while ¢° and IHF-dependent expression of dps
occurs during the stationary phase [25]. OxyR is a common
regulator of expression of dps in other bacteria as well
[26, 27]. EcDps levels are also controlled by proteolysis.
Indeed, EcDps is proteolytically degraded in carbon-
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Fig. 1 Phylogenetic tree of Dps-family representatives. The figure
was created with TreeView [78]. The sequence alignment (supple-
mentary material, Fig. S1) was performed using CLUSTALW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and default set-
tings. AtDps, A. tumefaciens Dps; BaDpsl, B. anthracis Dpsl;
BaDps2, B. anthracis Dps2; BbNapA, B. burgdorferi NapA; BbDps,
B. brevis Dps; BsDps, B. subtilis Dps; BsMrgA, B. subtilis MrgA;
CjDps, C. jejuni Dps; EcDps, E. coli Dps; HpNap, H. pylori Nap;

abundant conditions, but the degradation stops upon carbon
starvation [28]. Intriguingly, EcDps was recently reported
to act as a checkpoint by interacting with DnaA to delay
initiations of new rounds of DNA replication until the
damaged DNA has been repaired [29].

Regulation of B. subtilis Dps-like proteins has attracted
significant interest because of the existence of two Dps-
like proteins known as DpsA and MrgA. Both are func-
tional Dps-like proteins, but their expression is
differentially regulated. The expression of DpsA, for
instance, is induced by heat, glucose starvation, salt and
ethanol stress. However, it is not induced by H,O, and
requires the general stress and starvation sigma factor ¢®.
In contrast, the expression of MrgA is induced by oxi-
dative stress. MrgA is also expressed at the early
stationary phase provoked by the limitation of iron and
manganese [28]. The expression of MrgA is regulated by
PerR [30], which also functions as a regulator for Dps
proteins in other bacteria [31, 32]. An interesting excep-
tion to the general expression pattern of dps comes from
C. jejuni Dps, which is constitutively expressed during
exponential and stationary phases and no induction is
observed after treatment with H,O, [33]. Taken together,
Dps-like proteins exhibit a variety of regulatory mecha-
nisms and function. As they are present in different types

HsDps, H. salinarium Dps; LiDps, L. innocua Dps; LIDpsA, L. lactis
DpsA; LIDpsB, L. lactis DpsB; LmDps, L. monocytogenes Dps;
MsDpsl, M. smegmatis Dpsl; MsDps2, M. smegmatis Dps2; PfDps,
P. furiosus Dps; PgDps, P. gingivalis Dps; SaDps, S. aureus Dps;
SmDpr, S. mutans Dpr; SpDpr, S. pyogenes Dpr; SsDps, S. solfa-
taricus Dps; SsDpr, S. suis Dpr; StDpr, S. thermophilus Dpr; StDps,
S. typhimurium Dps; TeDps, T. elongatus Dps

of organisms, their regulatory properties may be depen-
dent on special needs of each organism.

Role of Dps proteins in virulence

During infection, pathogenic bacteria face increased
amounts of H,O, produced by respiratory burst within
phagocytes. Oxidative stress resistance through Dps-like
proteins is a key factor in the virulence of several bacterial
species. Indeed, bacteria with loss-of-function dps muta-
tions have lower viability than wild-type cells in infected
hosts [8, 27, 34]. A recent study in Borrelia burgdorferi, an
agent of Lyme disease, showed that Dps enhances the
infection levels of the bacterium and aids its survival in
nature [35].

The virulence of the neutrophil-activating protein from
Helicobacter pylori (HP-NAP) is the best-studied example
among Dps-like proteins. H. pylori infects more than 50%
of the world’s population, resulting in chronic gastritis,
peptic ulcer disease and gastric carcinoma [36, 37]. HP-
NAP is a major pro-inflammatory factor of H. pylori and is
able to stimulate human neutrophils to produce ROS [38,
39]. Recently, it was demonstrated that HP-NAP promotes
leukocyte adhesion to endothelium in vivo [38, 40, 41]. It
was also shown that HP-NAP promotes helper-T-cell
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Fig. 2 Monomer fold and the
quaternary structure of Dps-like
proteins. a The monomer of
EcDps. b EcDps dodecamer
viewed along the threefold axis.
Figure was created with PyMol
(DeLano Scientific LLC)

immune responses and stimulates human neutrophils to
produce chemokines [42].

Structural characteristics

Dps monomers are small proteins with a MW of approxi-
mately 20 kDa that fold to a compact four-helix bundle
(Fig. 2a). The fold is essentially similar to that of ferritins
and bacterioferritins, suggesting a common evolutionary
ancestor [43]. However, in contrast to ferritins that form
24-mers with 432-point-group symmetry, Dps monomers
pack together to form a native dodecameric structure with
23-point-group symmetry (Fig. 2b). The lack in Dps pro-
teins of a fifth helix (helix E) that is found in ferritins and
involved in fourfold symmetry interactions has been sug-
gested to be responsible for the formation of 12-mers rather
than 24-mers in Dps proteins [12]. Accordingly, it has been
speculated that the 24-mers evolved from a common
dodecameric protein, which subsequently became adapted
to a variety of functions giving rise to the Dps family. The
dodecamer has a spherical architecture with a hollow
cavity in the middle that serves as an iron storage com-
partment able to accommodate up to 500 iron atoms. The
external and internal diameter of the dodecamer is 80-90
and 40-50 A, respectively. The surface as well as the
interior of the dodecamer is highly negatively charged. The
only exception is HP-NAP, which has a positively charged
exterior that may be related to HP-NAP’s function as an
adhesin [18]. Recent studies, however, have implicated the
C-terminal region of HP-NAP in human neutrophil stim-
ulation and their adhesion to endothelial cells [44].

Even though the dodecameric structure is very compact,
the Dps monomers have a highly flexible N-terminus that
usually protrudes out of the dodecamer. This flexibility

may be important for the DNA-binding ability for some of
the Dps-like proteins. Two Dps proteins from L. lactis have
shown an ordered N-terminus that adopts an a-helical (aN)
conformation linked to DNA-binding ability [45]. Notably,
the N-terminal tail has also been suggested to stabilize the
formation of the dodecamer, and deletion of nine of its
residues leads to the formation of trimers instead of
dodecamers in Mycobacterium smegmatis Dps [46].

Mechanism of iron entry and oxidation

The reaction path for the iron oxidation has been deter-
mined for L. innocua Dps and E. coli Dps [47-51]. Briefly,
it involves five phases: (1) iron entry inside the dodecamer,
(2) binding of iron to the ferroxidase center, (3) oxidation
of iron at the ferroxidase center, (4) nucleation and (5)
mineralization (Fig. 3).

The ferroxidase reaction with H,O, as an oxidant pro-
ceeds as follows in E. coli and L. innocua Dps:

2Fe* + P? — [Fe, — P|“™42H" (1)

[Fe, — P]Z+2+H202 + H20 — [Fe;0,(OH) — P]Z+3H+
(2)

2Fe”* 4+ H,0, + 2H,0 — 2FeOOH + 4H* (3)

P” represents the apo-form of the protein and [Fe,-P]“*>
the dinuclear iron complexed with the ferroxidase center.
Iron is oxidized to Fe>" in the second phase of the reaction
path, where [Fe202(OH)—P]Z is an oxidized iron complex at
the ferroxidase site. In the third phase, the iron mineralizes
as hydrous ferric oxide (FeOOH). In contrast to ferritins,
core formation is faster than ferroxidase reaction [50, 51].

Also O, can be utilized in the ferroxidase reaction, but it
is not as potent as Hy,O,. In L. innocua, the ferroxidation
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Fig. 3 Iron entry, oxidation, mineralization and reutilization. / Fe?*
enters the dodecamer via the N-terminal pores. 2 Fe>™ binds to the
ferroxidase site and 3 is oxidized to Fe*™. 4 Fe’' moves to the
nucleation site. 5 Mineralization starts with the formation of FeOOH
at the nucleation site. 6 Iron is reutilized by reducing FeOOH back to
Fe>* and 7 transported back to cytosol through N-terminal pores in
response to cellular needs. i Fe>™ flowing to the cavity might also get
oxidized on the surface of the growing mineral. ii Iron transport out of
the protein might also occur via the C-terminal pores

reaction with dioxygen as an oxidant follows the following
scheme [48]:

2Fe”™ + P? — [Fe, — PJ*"*42H" (4)

[Fe, — P|**? + 150, + H,0 — [Fey(OH), — PJ* 4 2H"
(5)

4Fe’* + 0, + 8H,0 — 8FeOOH + 8H' (6)

Entry channels

The 23-symmetry of the Dps dodecamer creates four
threefold axes that pass through the protein leading to eight
trimeric interfaces around the protein. These interfaces are
formed at the end of either the C- or N-termini of the
monomers creating channels that connect the exterior of
the dodecamer to the internal cavity. The pores formed at
the N-terminus (Fig. 4a) are usually hydrophilic and have a
length of about 10 A with outer and inner openings of 9—17
and 7-11 A, respectively, based on Ca—Co distances
(supplementary, Table SI). These negatively charged pores

are similar to the iron-uptake pores in ferritins and have
been proposed as the main route for iron entry in Dps
proteins as well [13, 14]. Moreover, the negative charge of
the outer surface of the protein is thought to guide metal
ions to the negatively charged pores, from where they are
transported to the ferroxidase center through an electro-
static gradient [52]. The same pores have also been found
to be utilized as an exit route for iron [52].

The C-terminal pores are usually highly hydrophobic
(Fig. 4b). They show more sequence variability among Dps
proteins than the N-terminal pores. They have a length of
7-21 A with outer and inner openings of approximately
6-14 and 8-10 A respectively, measured between Co—Co
distances, and are generally blocked by hydrophobic resi-
dues. Because of their smaller size and hydrophobic nature,
the C-terminal pores are usually not considered as the main
path for cations. However, they might function as an
auxiliary route for cation passage after some structural
rearrangements [15, 17].

Crystal structures of Deinococcus radiodurans Dps
have provided some evidence for the function of the pores.
In the iron-loaded structure, an iron atom was observed in
the N-terminal pores. In the native structure, no iron was
found in this position, thus supporting the idea that the
N-terminal pores are responsible for iron entry. Similarly,
the iron-loaded structure showed an iron atom in the
C-terminal pore near the cavity. Because of the hydro-
phobic character of the pore, it was proposed that it could
function as a channel for iron release rather than as an
auxiliary route for iron entry [15]. An exception to the iron
entry via threefold channels was found in the archaeal
Halobacterium salinarium Dps where the threefold pores
are blocked. Instead, 12 twofold channels appear to be
used for iron entry [19].

Ferroxidase site

Twelve ferroxidase sites exist in the dodecamer, two
between each dimer (Fig. 5a). The binding site is com-
posed of conserved histidine and carboxylate residues. In
several structures iron has been found bound in this site. In
L. innocua Dps one iron is bound to the ferroxidase center
complexed to Glu62 and Asp58 from one monomer and
His31 from another (Fig. 5b). In addition, His43 from the
same subunit binds to iron via a water molecule. In
B. brevis Dps, two irons were found to bind to the active
site with a relative distance of 3.3 A, which is a typical
distance of two irons in proteins with di-iron site (Fig. 5c).
The first iron was coordinated to Asp58 and Glu62 from
one subunit and His31 from another subunit. The second
iron was coordinated to Glu62 and Glu47 via a water
molecule from one subunit and to His43 from another.
Strong evidence also pointed to the presence of an p-oxo
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Fig. 4 The threefold interfaces
of Dps-like proteins. Monomers
are depicted in different colors.
a N-terminal pore at the
threefold interface of EcDps.

b C-terminal pore at the
threefold interface of EcDps.
Aspl46 and Ala61 from the

N- and C-terminal pore,
respectively, are shown in stick
representation. Figure was
created with PyMol
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Fig. 5 The conserved ferroxidase site of Dps-like proteins. a The dimer interface of LiDps showing two ferroxidase sites. b The mono-iron
ferroxidase site of LiDps. ¢ The di-iron ferroxidase site of BbDps

A Asp58

bridge between the two irons, a feature only observed in
functional di-iron proteins [19].

With the exception of L. lactis Dps [45], all bacterial
Dps proteins possess a ferroxidase site between two sym-
metry-related monomers. However, a Dps from the
thermoacidophilic archeon Sulfolobus solfataricus revealed
a bacterioferritin-like ferroxidase center located inside the
four-helix bundle monomer (Fig. 6a). Two metal ions
identified in the ferroxidase site were found coordinated by
two histidines and four acidic residues, forming a metal-
binding motif that resembled that of bacterioferritins
(Fig. 6b). The two metals were 3.7 A apart from each
other. Although Sulfolobus solfataricus Dps has greater
structural similarity with Dps proteins, the superposition of

A Hi

s31)
C Asp58 /\)

9 _ /l C Glu62 ° /
'-.%543 ' A Hi

B Glu47

sl |
'fi.o‘@ _}}'

') s

! B His43

the active sites shows a close similarity to E. coli bacte-
rioferritin and Lactobacillus plantarum manganese catalase
[20].

A conserved water molecule is modeled instead of iron
in the ferroxidase center of some Dps-like proteins. This
water has an atypical distance to the iron at the ferroxidase
center (about 1 A longer than expected), which actually
corresponds well with a typical 3.1 A distance of U-0X0
bridged irons. Due to the nature of this second iron as a
catalytical intermediate, it is possible that water modeled in
some Dps structures is actually a low occupancy iron atom.
In accordance with this, in the comparison of low and high
iron-stated structures of H. salinarum DpsA, a water mol-
ecule in the ferroxidase center of the low-state iron
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Fig. 6 The bacterioferritin-like ferroxidase site of Dps-like protein from S. solfataricus. a The dimer interface of SsDps showing two
intersubunit ferroxidase sites. b The bacterioferritin-like intersubunit ferroxidase site of SsDps

structure was found replaced by an iron atom in the high-
state iron structure. The distance between the two irons was
3.2 A, which also points towards p-oxo bridged species.
Furthermore, a third iron atom was found in the ferroxidase
center ligated by two Glu residues in the same monomer.
Because two of the iron-binding sites are only transiently
occupied, it is possible that they are occupied only by Fe**
which is rapidly oxidized to Fe’", and therefore not present
in crystals under long exposure to oxygen. The third iron
site might also stabilize the ferroxidase site, slowing down
iron incorporation and thus offering better bioavailability
of iron [19].

Nucleation

The mineralization of oxidized iron to ferrihydrite begins at
nucleation sites. Dps nucleation sites share common resi-
dues with those found in mammalian ferritin L-chain
proteins. In L. innocua Dps, residues Glu44 and Asp47 at
the twofold symmetry axis have been proposed to play a
role in core nucleation based on structural similarities with
the L-chain of horse spleen ferritin [13]. However, these
residues are not strictly conserved, and different residues
may be employed for core nucleation in other Dps proteins.
Indeed, there are several negatively charged residues
around the ferroxidase center that might also facilitate
nucleation. Once the nucleated Fe*™ mineral has grown to
a sufficient size, it is possible that Fe* ions flowing into
the core also get oxidized at the surface of the growing
mineral as observed in ferritins [47].

An alternative nucleation site was proposed for H. sa-
linarium DpsA since Glu44 and Asp47 are replaced by
leucine and glycine, respectively. In this structure, three
irons were found trapped between four glutamic acids
(Glu72 and Glu75 from the dimeric interface). Also,
another nucleation site was found in the protein, where iron
was coordinated to three symmetry-related Glul54 resi-
dues. Because H. salinarium Glu72 and Glu75 are not

conserved in Dps proteins, archaeal Dps proteins may have
different mechanisms for iron nucleation [19].

Iron core formation

The oxidized iron is deposited in the hollow core as fer-
rihydrite. The iron cores of ferritins and Dps proteins have
been studied with a variety of techniques, including X-ray
absorption spectroscopy (XAS), Mossbauer spectroscopy
and polarized single-crystal absorption microspectropho-
tometry. Two different core types have been described: (1)
a native core, which is present in the ‘as purified’ protein
with no additional iron introduced to the protein, and (2) an
in vitro core, which is formed after addition of iron to the
protein.

The native iron core of Dps-like proteins contains only
tens of iron atoms, with different ratios of phosphate [11,
53]. The core can also contain other metals, such as Zn, Cu,
Cr, Mn, Co, Ni and Mo [11]. According to XAS mea-
surements, the native iron core of S. suis Dps-like peroxide
resistance protein (Dpr) consists of ~ 16 iron atoms with a
P/Fe ratio of 0.7. Each iron atom is coordinated with six
ligands in an octahedral manner. The core consists of small
FeOg iron clusters linked by corner shearing interactions
and is the smallest ferritin-type core analyzed so far.

The in vitro loaded iron core of Dps-like proteins is
widely characterized [53-55]. Typically, the in vitro loaded
core contains up to 500 iron atoms. This core has more
irregular structure than the native core and appears to exist
as a mixture of octahedrally and tetrahedrally coordinated
ferrihydrite [53, 56]. The different sizes of the two cores
may contribute to their diverse geometries. The disordered
structure of the in vitro loaded iron core makes iron more
readily usable than the well-ordered, crystalline state. It has
also been proposed that a small amount of iron is contin-
uously being released from and re-deposited to the core,
making iron highly bioavailable for various needs [57]. The
amount of phosphate in the in vitro loaded cores is higher



348

T. Haikarainen, A. C. Papageorgiou

than in the native cores. It has been reported that phosphate
can affect the crystallinity and chemical reactivity of fer-
ritin cores, but the physiological significance of this is still
unknown [58]. Further studies on the in vitro loaded iron
core could provide insights into the use of Dps to create
tailor-made iron cores for various applications [59].

DNA-binding

A number of Dps-like proteins are able to bind DNA.
When viewed with electron microscopy, the Dps-DNA
complexes appear to form two-dimensional, highly ordered
honeycomb-like structures. The complexes are extremely
stable and do not dissociate even after treatment with
detergents or solvents, or when heated up to 100°C [4].
Because the surfaces of both Dps and DNA are negatively
charged, the positively charged residues at the N-terminus
have been suggested to bind DNA [6, 12, 45, 46, 60]. In
support of that, the deletion of the N-terminus in L. innocua
Dps resulted in the lack of DNA-binding [13]. Moreover, in
L. lactis Dps, a novel N-terminal helix was found to be
crucial for DNA-binding [45].

Further studies suggested that the N-terminal residues are
not directly responsible for the DNA-binding, but the inter-
action is mediated by divalent cations that form multiple ion
bridges between Dps and DNA [45, 61]. These ion bridges
form only under a particular cation concentration range.
Interestingly, below or above this cation concentration, the
surfaces of both Dps and DNA become similarly charged,
and thus electrostatically repel each other. Even though the
N-terminus, the N-terminal Lys residues and divalent cations
have all been found important for DNA-binding, the exact
binding mechanism is still not fully understood.

The binding of Dps-like proteins to DNA results in the
formation of Dps—DNA biocrystals. Based on the crystal
structures of Dps proteins and electron microscopy studies,
two models of DNA-Dps complexes have been proposed.
The first model stemmed from the crystal structure of
E. coli Dps and proposed that the DNA helix binds to
channels between three adjacent dodecamers in a pseudo-
hexagonal lattice. The DNA-binding was suggested to be
mediated by three lysines at the disordered N-terminus of
the each monomer, so that each channel at the hexagonal
lattice would be lined by nine lysine residues, three from
each monomer [12].

The second model was derived from electron micro-
scopic studies of E. coli Dps. These studies revealed that
the addition of DNA to Dps does not disturb the intra-
planar lattice spacing of the crystals. This indicated that
DNA is packed within the Dps—DNA crystals and that
DNA and Dps are stacked in alternating layers [62]. This
model was further supported by the crystal structure of
Bacillus brevis Dps [14]. The structure showed that the

hexagonal packing of Dps creates grooves that lead to
channels. These channels could accommodate DNA in
such a way that Dps and DNA would form alternating
layers in the crystal structure.

Zinc-binding sites and potential implications

Zinc is an essential trace metal, but becomes toxic in ele-
vated amounts. It usually has a catalytic or structural
function in proteins and is often found in DNA-binding
proteins. A distinct zinc-binding site consisting of His40
and His44 was identified in S. suis Dpr approximately
8.8 A from the ferroxidase center [63]. These residues are
not conserved in Dps proteins, but the most closely related
streptococcal Dpr proteins have either histidine or other
residue that can bind zinc at this site. Interestingly, Strep-
tococcus pyogenes Dpr has been suggested to play a role in
zinc stress, although the second histidine responsible for
zinc binding in S. suis Dpr is replaced by alanine in
S. pyogenes Dpr [64]. Ferritins have been suggested to
participate in the removal of zinc from the cytoplasm. This
might also be the function for the zinc site of S. suis Dpr.

A novel intrasubunit metal binding site was also found
in L. lactis Dps in the loop connecting the aN-helix with
the rest of the monomer. The site was found to bind zinc,
iron and manganese by employing two His residues. It is
worth mentioning that L. lactis Dps lacks a conventional
ferroxidase center, and this site is probably not related with
ferroxidase activity [45].

Deinococcus radiodurans Dps also contains a novel
zinc-binding site near the N-terminus. This site is located
on the surface of the dodecamer and is solvent-accessible.
The zinc is coordinated by two histidines, an aspartate and
a glutamate. Interestingly, the coordination geometry of the
center represents the coordination of a zinc site in pro-
karyotic metalloregulatory transcriptional repressors where
it functions as a metal sensor. It is also possible that the
zinc-binding site stabilizes the N-terminal extension of the
protein, thus facilitating DNA-binding [15]. In L. lactis
Dps, however, zinc binding was not found to considerably
alter the conformation of the N-terminal extension [45].

Biotechnological applications

Several potential applications that could also be exploited
with Dps proteins have been described for ferritins in the
field of biotechnology and drug design. For instance,
ferritins have been used as platforms for antigen presen-
tation and vaccine development [65]. Recently, the use of
ferritins in the production of nanoparticle conjugates for
cancer immunotherapy was described [66]. Additional
applications of ferritins have been reported in the fields of
drug delivery and molecular imaging [67].
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The potential of iron core-forming proteins, including
ferritins, as nanoreactors in the field of nanotechnology has
also been put forward [68]. Because Dps-like proteins are
capable of forming small metal particles with different
metals, they can be used, for instance, in the production of
nanoparticles with different compositions, sizes and prop-
erties. More recently, the use of Dps proteins to produce
iron particles able to catalyze the formation of carbon
nanotubes with lower size distribution was reported [69].
The benefit of using protein cages is that the cores can be
selectively loaded to control the size of the particle. The
protein cage also prevents the aggregation of particles in
the preparation and growth of carbon nanotubes. In addi-
tion, different nanoparticles with specific magnetic
properties have been created using ferritin cores, and
similar approaches could be used for Dps-like proteins as
well.

Future perspectives

Dps-like proteins have mainly evolved to protect bacteria
from ROS. Besides, they have also developed a wide array
of other roles in response to a multitude of different
stresses and survival mechanisms of bacteria. However,
many different aspects of Dps-like proteins still remain
unclear. Although the basic mechanisms of iron entry and
oxidation are known, many important questions about iron
core formation and the mechanism of iron release in
response to cellular needs still require elucidation. Fur-
thermore, the exact site and mechanism of DNA-binding
are still unknown. Some Dps-like proteins also function as
adhesins. Although this topic is not very widely studied,
the adhesive function probably plays a significant role in
virulence. The recent identification of an interacting part-
ner for E. coli Dps opens new research avenues and calls
for similar studies in other family members. Future studies
on Dps-like proteins may provide a better understanding of
their protective role against various forms of stress and
offer new leads to various applications in biotechnology
and nanotechnology.
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