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3 ABBREVIATIONS 
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MME  monomethyl ether 

MrgA  metal-regulated gene A 

OM  outer membrane 

PDB  Protein Data Bank 
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ROS  reactive oxygen species 

SBP  solute binding protein 

SOD  superoxide dismutase 

SpDpr  recombinant Streptococcus pyogenes Dpr 
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4 ABSTRACT 

Oxidative stress is a constant threat to almost all organisms. It damages a number of 
biomolecules and leads to the disruption of many crucial cellular functions. It is caused by 
reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide (•O2

-), and 
hydroxyl radical (•OH). The most harmful of these compounds is •OH, which is only formed 
in cells in the presence of redox-cycling transition metals, such as iron and copper. 

Bacteria have developed a number of mechanisms to cope with ROS. One of the most 
widespread means employed by bacteria is the DNA-binding proteins from starved cells 
(Dps). Dps proteins protect the cells by binding and oxidizing Fe2+, thus greatly reducing the 
production of •OH. The oxidized iron is stored inside the protein as an iron core. In addition, 
Dps proteins bind directly to DNA forming a protective coating that shields DNA from 
harmful agents. Moreover, Dps proteins have been found to elicit other protective functions 
in cells and to participate in bacterial virulence. Dps proteins are of special importance to 
Streptococci owing to the lack of catalase in this genus of bacteria. 

This study was focused on structural and functional characterization of streptococcal Dps-
like peroxide resistance (Dpr) proteins. Initially, crystal structures of Streptococcus pyogenes 
Dpr were determined. The data confirmed the presence of a di-metal ferroxidase center 
(FOC) in Dpr proteins and revealed the presence of a novel N-terminal helix as well as a 
surface metal-binding site. The crystal structures of Streptococcus suis Dpr complexed with 
transition metals demonstrated the metal specificity of the FOC. Solution binding studies also 
indicated the presence of a di-metal FOC. These results suggested a possible role for Dpr in 
the detoxification of various metals. Iron was found to mineralize inside the protein as 
ferrihydrite based on X-ray absorption spectroscopy data. The iron core was found to exhibit 
clear superparamagnetic behaviour using magnetic and Mössbauer measurements.     

The results from this study are expected to further increase our understanding on the 
binding, oxidation, and mineralization of iron and other metals in Dpr proteins. In particular, 
the structural and magnetic properties of the iron core can form a basis for potential new 
applications in nanotechnology. From the streptococcal viewpoint, the results would help in 
understanding better the complicated picture of bacterial pathogenesis. Dpr proteins may also 
provide a novel target for drug design due to their tight involvement in bacterial virulence. 
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5 REVIEW OF THE LITERATURE 

5.1 Transition metals and oxygen in bacteria 

Transition metal cations are necessary for all living cells. They have a common basic 
electronic configuration in their s valence shell with a few exceptions (for example, copper) 
but differ in the occupation of their incomplete d orbitals. The variable oxidation states of 
transition metals allow them to form complex compounds in cells and to act as co-factors at 
the active sites of numerous enzymes. 

Transition metals are usually complexed to nitrogen, oxygen, or sulphur atoms in 
molecules. Approximately one-third of all proteins require transition metals for efficient 
function. However, the usage of various metals varies from organism to organism and has 
probably evolved as a response to metal availability in the environment [1,2]. In the absence 
of transition metals, many of the necessary reactions for life and probably life itself would 
have been impossible. 

Despite their necessity, transition metals can also cause stress. The stress can result from 
the deficiency of necessary metals or from the excess of metals leading to disruption of 
cellular function and toxic effects, respectively. In addition, the reaction of oxygen, and 
especially reduced oxygen species, with transition metals can result in the production of 
extremely harmful radicals [3]. Thus, cells have to be able to sense metal levels to properly 
respond to environmental changes in metal concentrations. 

Transition metals can be divided into two groups based on the cell requirements: necessary 
and toxic metals (Table 1). Fe, Zn, Cu, Co, Ni, Mn, V, Mo, and W are essential to life and 
bacteria need to acquire them from the environment. However, they can become toxic if they 
are present in excess. Conversely, metals for which no biological function has been 
discovered so far are treated as toxic metals. These are Al, Au, Ag, Bi, Cd, Cr, Hg, Pb, Sn, 
and Tl, although not all of them are transition metals. The rest of the transition metals not 
mentioned above are generally treated as non-toxic metals because they are either very rare or 
not soluble at physiological conditions and, therefore, are present at too low concentrations to 
become toxic [4-6]. 
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Table 1. Transition metals or d-block elements. The atoms of these elements have 1-10 d electrons. 
Essential transition metals are coloured in green and toxic metals are coloured in red. The elements on 
the white background are not essential and are too rare or insoluble to be considered toxic. 

Group 3 4 5 6 7 8 9 10 11 12# 
Period 4 21 

Sc 
22 
Ti 

23 
V 

24 
Cr 

25 
Mn 

26 
Fe 

27 
Co 

28 
Ni 

29 
Cu 

30 
Zn 

Period 5 Y 39 
 

40 
Zr 

41 
Nb 

42 
Mo 

43 
Tc 

44 
Ru 

45 
Rh 

46 
Pd 

47 
Ag 

48 
Cd 

Period 6 57-
71* 

72 
Hf 

73 
Ta 

74 
W 

75 
Re 

76 
Os 

77 
Ir 

78 
Pt 

79 
Au 

80 
Hg 

Period 7 89-
103* 

104 
Rf 

105 
Db 

106 
Sg 

107 
Bh 

108 
Hs 

109 
Mt 

109 
Ds 

111 
Rg 

112 
Cn 

* The classification of some lanthanides and actinides as transition metals (or d-block elements) 
varies. 
# Group 12 elements, such as zinc, do not have an incomplete d sub-shell, and they do not give rise to 
cations with an incomplete d sub-shell. They are, therefore, not always classified as transition metals. 

 

5.1.1 Role of transition metals in bacteria 

In biology, the most important transition metals are iron, zinc, manganese, copper, cobalt, 
and nickel. They are crucial constituents of a variety of proteins in bacteria [7]. Owing to 
their unique properties, these metal cations can be used to perform diverse functions in the 
cell. Transition metal cations act as structural components of proteins, as catalytic cofactors 
in oxidation-reduction reactions, and in electron transfer chemistry, to name a few of their 
biological roles. 

Iron is the only macroelement of the transition metals and, with a few exceptions, an 
essential element for all organisms [8,9]. Owing to its low solubility in physiological pH and 
aerobic conditions, iron is also the growth-limiting factor for many bacteria. Iron has three 
biologically relevant oxidation states: Fe2+, Fe3+, and Fe4+. Despite the fact that Fe2+ and Fe3+ 
are far more common than Fe4+, the latter is an extremely important intermediate in a variety 
of metalloproteins, such as peroxidases and cytochromes P450 [10,11]. The redox potential 
of Fe2+/Fe3+ makes iron a versatile cofactor in catalytic centers of enzymes and a suitable 
electron carrier in proteins. In addition, iron can change its electronic spin state and redox 
potential depending on the needs of the enzyme. In the high spin state all five 3d orbitals of 
Fe2+ have the same energy and four of its electrons are unpaired. When Fe2+ is surrounded by 
six ligands, the unpaired electrons can pair with lower energy orbitals. This results in low-
spin state of Fe2+ with no unpaired electrons [12]. In this state, iron is more difficult to 
oxidize and low-spin Fe2+ is present, for example, in oxyhaemoglobin. In contrast, 
deoxyhaemoglobin has iron in high-spin state [13]. In bacteria, low-spin and high-spin iron is 
found, for instance, in nitric oxide reductases [14]. 

Zinc is the second most important transition metal for living organisms after iron. 
However, there is a distinct difference between zinc and iron: while iron is able to change its 
redox state, zinc exists solely as Zn2+ [4]. Most intracellular Zn2+ is complexed to different 
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proteins and hence the pool of bioavailable Zn2+ in bacteria is very small. Zn2+ is involved in 
crucial tasks in many proteins and plays either structural, regulatory, or catalytic role in 
proteins [15]. Zn2+ has been reported in many key enzymes, such as in DNA and RNA 
polymerases [16,17]. Zn2+ is also found in ribosome, where it functions as a structural 
component of many ribosomal proteins [18-20]. 

Manganese exists in many oxidation states. Notably, every oxidation state of manganese 
from Mn2+ to Mn7+ occurs in cells. Mn2+ homeostasis, in particular, plays an important role in 
virulence of many human microbial pathogens [21]. Perhaps the most important role of 
manganese in biology appears in the water splitting in oxygenic photosynthesis [22]. In 
addition, manganese plays key roles in various enzymatic reactions, such as in signal 
transduction through the Mn2+-dependent phosphatase [23] and in DNA-synthesis under iron-
deprived conditions through the Mn2+-dependent ribonucleotide reductase [24].  

In striking contrast to iron, zinc, and manganese, the requirements for copper, cobalt, and 
nickel in the cytosol are quite low in most bacteria. Copper is also extremely dangerous 
owing to the redox potential of Cu2+/Cu+ (E0 = 0.15 V), which is close to that of the cytosol. 
The ease of the Cu2+/Cu+ redox cycling allows copper to participate in the generation of 
radicals [12]. With the exception of the photosynthetic cyanobacteria, which contain copper-
requiring organelles termed thylakoids responsible for photosynthesis, no known bacterial 
species express a cytosolic enzyme that absolutely requires copper [25]. The copper-
containing enzymes are either in the periplasm (in Gram-negative bacteria) or embedded in 
the plasma membrane. These enzymes include tyrosinases [26] and copper-containing 
monoamine oxidase [27]. 

Both nickel and cobalt are mostly found as divalent cations, whereas their trivalent form is 
stable only in complex compounds. They both perform a few specific tasks in the cell in 
association with certain metalloenzymes. Cobalt is part of the corrin ring of coenzyme B12 
which is present in certain enzymes [28]. Non-corrinoid cobalt enzymes include nitrile 
hydratase, which catalyzes the hydration of nitriles to form amides [29], and 
transcarboxylase, which transfers a carboxyl group from methylmalonyl-CoA to pyruvate to 
form propionyl-CoA and oxaloacetate [30]. Nickel is present in a few enzymes, such as NiFe-
hydrogenase which catalyzes the reversible oxidation of H2 [31], and urease which catalyzes 
the hydrolysis of urea into ammonia and carbon dioxide [32].  

 

5.1.2 Transition metals and oxidative stress 

After the evolution of oxygen-producing cyanobacteria 2.2-2.7 billion years ago, the 
anaerobic organisms at that time had to respond to new oxidative conditions. In order to 
survive, they either had to retreat to anaerobic habitats or develop antioxidant defences. One 
of the major consequences of the oxidative atmosphere was the conversion of the highly 
soluble and easily utilizable Fe2+ to a rather insoluble Fe3+. In other words, iron was 
transformed from a “friendly” metal to a potentially toxic one as it could react with reduced 
oxygen species with deleterious effects. 



Review of the Literature 
 

14 
 

Today, every aerobic organism encounters reduced oxygen species that can react with 
transition metals. Reactive oxygen species (ROS) are partially reduced forms of molecular 
oxygen formed as by-products of aerobic metabolism (Fig. 1). The one- and two-electron 
reduction products of oxygen, superoxide (•O2

-) and hydrogen peroxide (H2O2), respectively, 
are the most common by-products of aerobic metabolism and are formed by various routes. 
The respiratory chain, in particular, has been identified as a major source of •O2

- [33,34]. •O2
- 

is also formed by the function of redox-cycling compounds excreted by microbes and plants 
that diffuse into the bacteria. There, •O2

- also generates H2O2 through a dismutation reaction 
[35]. The external media is a constant source of H2O2, because H2O2 can pass through 
membranes, unlike the charged •O2

- [36]. Many lactic acid bacteria also utilize pyruvate and 
lactate oxidases to excrete H2O2 in order to gain advantage over other microbes or use it as a 
virulence factor against host cells [37-40]. In addition, phagocytes produce •O2

- through 
NADPH oxidases to fight microbial infection [41]. Although •O2

- and H2O2 are by 
themselves only mildly reactive, they can still damage some biomolecules. In particular, they 
are able to damage proteins containing [4Fe-4S]2+ clusters. [4Fe-4S]2+-containing 
dehydratases, such as isopropylmalate isomerase, 6-phosphogluconate dehydratase, and 
dihydroxy-acid dehydratase have been identified as targets for H2O2 and •O2

- inactivation 
[42-44]. However, H2O2 and •O2

- become truly dangerous only in the presence of a transition 
metal catalyst, often iron, or to some extent copper, resulting in the formation of the more 
toxic compound hydroxyl radical (•OH). The transition metal catalyst can react with •O2

- and 
H2O2 in a series of reactions that eventually lead to the production of •OH:  

Iron/copper reduction: •O2
- + Fe3+/Cu2+ → O2 + Fe2+/Cu+       (1) 

Fenton reaction: Fe2+/Cu+ + H2O2 → Fe3+/Cu2+ + -OH + •OH      (2) 

Haber-Weiss reaction: •O2
- + H2O2 

௧௦௧	௧	௧௬௦௧
ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛሮ O2 + -OH + •OH    (3) 

The transition metal catalyst in the net reaction (Haber-Weiss reaction) is required for •OH 
production, since the second order rate constant of the reaction in an aqueous solution is 
practically zero [45]. The hydroxyl radical formed as the net result is highly reactive and can 
damage a variety of biomolecules, including proteins, nucleic acids, and lipids [46]. DNA 
damage is especially severe as •OH causes strand breaks, depurination/depyrimidation, and 
oxidation of bases. Lipids are damaged by peroxidation that decreases membrane fluidity. 
Protein damage occurs via oxidation of amino acids leading, for example, to fragmentation 
[47]. The diffusion of •OH is limited because after its formation it is likely to react with an 
oxidizable substrate before travelling a long distance. However, •OH can start a radical 
reaction, which can result in injury far away from the site of •OH formation [45]. 

Since •OH formation requires a transition metal catalyst under physiological conditions, it 
is imperative that a proper balance with metal uptake and efflux is maintained. Accordingly, 
bacteria have developed multiple systems to maintain the appropriate concentrations of metal 
ions in the cell. These systems will be discussed in the next section. 
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Figure 1. Reduction series of oxygen.  

 

5.1.3 Transition metal homeostasis in bacteria 

5.1.3.1 Metal uptake and efflux 

The homeostasis of essential transition metals is mediated by the control of metal uptake, 
efflux, and storage (Fig. 2). Since metal cations cannot diffuse across the membrane bilayer, 
metal uptake and efflux are mainly accomplished by metal transporters, which are integral 
membrane proteins in both the outer and inner membranes (OM and IM, respectively). In 
Gram-negative bacteria, metals must pass through both OM and IM before gaining access to 
cytosol, whereas Gram-positive bacteria lack periplasm. Non-selective, passive metal 
transport through the OM occurs by diffusion through trimeric β-barrel proteins called porins 
[48,49]. However, this passive diffusion is unable to deliver enough metals to cytosol to fulfil 
the cellular needs. Therefore, several high-affinity transport systems exist in OM and IM that 
facilitate metal transport to cytosol. The IM transport proteins use the energy created by ATP 
hydrolysis for the transport (e.g., ATP-binding cassette (ABC) transporters and P-type 
ATPases) or couple the transport with the energetically favourable transfer of protons or ions 
across the bilayer (e.g., cation diffusion facilitator, natural resistance-associated macrophage 
protein) [50-54]. Some metal transporters are capable of transporting a variety of metals into 
and out of the cell but some tend to be more selective for certain metals over others. For 
example, ABC transporters have been identified in most bacteria and transport nearly all 
biologically required transition metal ions. The specificity of this transport is mediated by the 
solute binding protein (SBP) component of the transporter. SBP is freely diffusible in the 
periplasm of Gram-negative bacteria, whereas in Gram-positive bacteria it is covalently 
anchored to the plasma membrane [50]. 

Metal transport has evolved according to the needs of the organism. Pathogenic bacteria 
encounter elevated concentrations of zinc in the host; thus, various methods of exporting Zn2+ 
from the cytosol have evolved [55]. In addition, Lactobacillus plantarum, which requires 
large intracellular concentration of Mn2+, utilizes Mn2+- and Cd2+-specific P-type ATPase 
(MntA) to transport Mn2+ inside the cell [56]. 

As iron is the most important but rather insoluble transition metal, bacteria have developed 
a wide array of uptake systems to obtain iron either from the environment or from the host. 
Bacteria produce high-affinity extracellular ferric chelators, namely siderophores, which are 
small molecular weight compounds that chelate iron, and the complexes are then transported 
back into the cell. The iron-siderophore complexes are taken up by specific receptors in the 
OM. The uptake is driven by the IM potential and mediated by the energy-transducing TonB-
ExbB-ExbD system. SBPs shuttle the iron-siderophores to ABC transporters, which deliver 
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the complexes into the cytosol [57,58]. Gram-positive bacteria, which lack the periplasm, do 
not have OM receptors or TonB-ExbB-ExbD systems but instead they have the ABC 
transporters and SBPs directly tethered to the cytosolic membrane. Under unaerobic 
conditions, Fe3+ can also be reduced to Fe2+ by reductases and taken up by ferrous iron 
transporters. In addition, pathogenic bacteria can take iron from the host iron-binding proteins 
transferrin and lactoferrin or from the heme of haemoglobin. Unlike other transition metals, 
iron is not transported out from the cells when toxic levels have been reached. Instead, iron is 
mineralized in iron storage proteins, mainly ferritins, in a bioavailable form [57]. 

 

Figure 2. Overview of the iron, zinc, manganese, copper, nickel, and cobalt uptake and efflux in 
Gram-negative bacteria. This depiction is not exhaustive and not all the mechanisms are present in 
every bacterium. Porins mediate the diffusion of transition metals (M2+) through the OM [48,49]. 
Nickel and cobalt complexes are brought to cells by TonB-ExbB-ExbD–activated processes 
analogous to those used for iron complexes [59]. ABC transporters mediate the transfer of SBP-
transported metals to the cytosol [60]. P-type ATPases, natural resistance-associated macrophage 
proteins (Nramp), magnesium transport protein (CorA), and nickel/cobalt transporters (Ni/CoT) 
mediate the cytosolic transport of transition metals [53,61,62]. The metal efflux is achieved by 
resistance-nodulation-cell division (RND) transporters, cation diffusion facilitators (CDF), resistance 
to cobalt and nickel (RcnA) transporters, and P-type ATPases [51,52,63,64].    

 

5.1.3.2 Regulation of genes involved in metal homeostasis  

Proteins involved in metal homestasis are tightly regulated by metalloregulatory proteins in 
order to quickly respond to the changes of metals levels in the environment and to maintain a 
strict control over the concentration of metal cations in the cell. Based on their function, the 
regulators can be divided into those that control the gene expression of metal efflux and 
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storage proteins, and those that control the gene expression of metal uptake proteins. In 
general, regulators that control metal uptake bind metal ions as co-repressors (i.e., metal 
binding causes the repression of the genes involved in metal uptake) and regulators that 
control the metal efflux and storage function via activation or transcriptional derepression 
[65]. Till date, ten structural families of metalloregulatory proteins have been identified 
(Table 2). 

Metal sensors define the boundaries of metal excess and metal deficiency in the cell. 
These values are defined by the affinities of the sensors for metals. Accordingly, two zinc 
sensors, zinc uptake regulator (Zur) and zinc-responsive regulator (ZntR), from Escherichia 
coli have very high affinities (10-15 M) for zinc. At higher zinc concentrations, Zur represses 
the transcription of zinc-importing ABC-type transporter and ZntR activates zinc-exporting 
P1-type ATPase expression [66-68]. Similarly, high affinities (10-21 M, less than one atom per 
cell) have also been measured for E. coli copper efflux regulator (CueR) that regulates the 
expression of copper-exporting P1-type ATPase and multi-copper oxidase (CueO) [69]. These 
high affinities indicate that practically all zinc and copper within cells are complexed and the 
levels of free zinc and copper in the cytosol are vanishingly low. 

In respect to oxidative stress, the regulators of genes involved in iron homeostasis are the 
most important. Bacterial iron metabolism is regulated in response to iron availability and the 
regulation is mediated in many bacteria by ferric-uptake regulator protein (Fur). Fur acts as a 
positive repressor and controls iron-dependent expression of over 90 genes [70]. It represses 
the transcription of genes by Fe2+ binding, and derepresses the transcription in the absence of 
Fe2+. The affinity of Fur for Fe2+ (10 µM) matches the concentration of ferrous iron in the 
cytosol and is, therefore, well suited for sensing the changes in Fe2+ levels in the cytosol 
[71,72]. It is interesting that oxidative stress regulators OxyR and SoxRS also activate the 
expression of Fur, emphasizing the link between iron homeostasis and redox stress 
management [73]. Other Fur orthologs have been characterized as well, and they include 
sensors for various transition metal ions, like the Zn2+-sensor Zur [68], the Mn2+/Fe2+-sensor 
Mur [74] and the Ni2+-sensor Nur [75]. Although Fur is the major iron sensor, other iron 
sensors have been characterized, such as the DtxR (diphtheria toxin repressor) family, which 
also includes Mn2+-sensors. Like Fur, DtxR is a Fe2+-dependent repressor, although it bears 
no sequence similarity to Fur [57]. In some Gram-positive bacteria, DtxR performs 
functionally analogous roles to Fur [76].  
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Table 2. Structural families of metalloregulatory proteins. 

Regulators that control the gene expression of metal efflux and storage proteins 
Protein family Metal sensing Oxidative stress sensing* 
ArsR [77,78] Co, Ni, Cu, Zn, As, Cd, Sb, Hg, 

Pb, Bi 
Yes 

CopY [79] Cu No 
CsoR [80] Co, Ni, Cu Yes 

MerR [81,82] Co, Cu, Zn, Ag, Cd, Au, Hg, Pb Yes 
TetR [55] Zn No 

Regulators that control the gene expression of metal uptake proteins 
Protein family Metal sensing Oxidative stress sensing 

DtxR [81] Mn, Fe No 
Fur [75] Mn, Fe, Ni, Zn Yes 

LysR [83,84] Mo Yes 
MarR [85] Zn Yes 
NikR [86] Ni No 

* Oxidative stress sensing indicates if any family member senses cytosolic oxidative stress. ArsR, 
arsenic-resistance regulatory protein; CopY, copper-responsive repressor protein; CsoR, copper-
sensing transcriptional repressor; MerR, mercuric ion resistance regulator; TetR, tetracycline 
repressor protein; DtrX, diphtheria toxin repressor; Fur, ferric-uptake regulator; LysR, lysine 
regulator; MarR, multiple antibiotic resistance regulator; NikR, nickel responsive transcription factor. 

 

5.1.4 Antioxidant enzymes in bacteria 

Even with a tightly regulated metal homeostasis, bacteria encounter elevated levels of ROS 
that are produced both endogenously and exogenously. Consequently, bacteria produce a 
variety of compounds that elicit antioxidant features both in vitro and in vivo. For example, 
polyamines scavenge ROS [87]. Mn2+ has also been reported to function as ROS scavenger. 
Indeed, high levels of Mn2+ may compensate for the lack of ROS scavenging enzymes in 
some lactic acid bacteria [88,89]. Some non-enzymatic antioxidant molecules, such as 
glutathione, not only act as ROS scavengers but also function as substrates in certain 
enzymes involved in oxidative stress protection [90]. 

From the enzymatic point of view and regarding the three oxygen radicals, H2O2, 
•O2

-, and 
•OH, the former two can be enzymatically detoxified. Because •OH has a half-life of 10-9 s 
[91], its detoxification is not enzymatically feasible. Bacteria possess several enzymes that 
detoxify either H2O2 or •O2

-. The H2O2 and •O2
- detoxification also reduces the availability of 

H2O2 and •O2
- as substrates for the Haber-Weiss reaction and, therefore, the •OH formation in 

the cells is decreased. 

 

5.1.4.1 Hydrogen peroxide scavengers 

Most bacteria utilize catalases and peroxidases as H2O2 scavengers. Catalases decompose 
H2O2 into O2 and H2O (Eq. 4) and constitute a diverse enzyme family. Peroxidases are 
enzymes that use a variety of electron donors to reduce H2O2 to H2O (Eq. 5). 
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2 H2O2 → 2 H2O + O2           (4) 

H2O2 + RH2 → 2 H2O + R           (5) 

Most of catalases are heme enzymes but some have a di-manganese active site. The heme-
containing catalases are divided into two major groups: monofunctional catalases which only 
have catalase activity, and bifunctional catalases (catalase-peroxidases) which also have 
peroxidase activity. A third group, the non-heme or di-manganese catalases (also known as 
pseudocatalases), constitutes a minor group of catalases. 

Monofunctional, heme-containing catalases are the most widespread. They perform the 
H2O2 disproportionation by a common 2-step mechanism. In the first step, the heme in the 
resting stage enzyme is oxidized by a H2O2 molecule to an oxyferryl species [•+Por Fe4+=O] 
(compound I, oxoiron porphyrin π-cation radical species), and reduced back to the ferric 
enzyme in the second stage by a second H2O2 molecule. Thus, H2O2 functions both as an 
oxidant (Eq. 6) and a reductant (Eq. 7) in the overall reaction [92]. 

Por-Fe3+ + H2O2 → •+Por-Fe4+=O + H2O         (6) 

•+Por-Fe4+=O + H2O2 → Por-Fe3+ + H2O + O2        (7) 

Despite their strong catalatic activity, bifunctional catalases do not share sequence 
similarity with monofunctional catalases but exhibit similar fold and active-site architecture 
as class I peroxidases [93]. Despite the structural differences, the overall catalatic reaction 
takes place via the same two steps (Eq. 6 and 7). Because of the peroxidatic activity, they can 
also use organic electron donors for the reduction of compound I. This proceeds via two one-
electron transfers (Eq. 8, 9, and 10) [94]:    

•+Por-Fe4+=O + AH2 → Por-Fe4+=O + •AH         (8) 

Por-Fe4+=O + AH2 → Por-Fe3+ + H2O + •AH        (9) 

Net reaction: •+Por-Fe4+=O + 2 AH2 → Por-Fe3+ + 2 •AH + H2O               (10) 

Alternatively, they can reduce compound I directly in a two-electron reaction back to the 
ferric enzyme by oxidizing short-chain aliphatic alcohols, such as ethanol (Eq. 11) [94]: 

•+Por-Fe4+=O + CH3CH2OH → Por-Fe3+ + CH3CHO + H2O               (11) 

Non-heme catalases, which have a di-manganese as a catalytic group, are not as 
widespread as heme-containing catalases. The catalytic mechanism has two steps, like in 
heme-containing catalases, but the mechanism is essentially different. The di-manganese 
cluster is equally stable as 2,2 (Mn2+-Mn2+) or 3,3 (Mn3+-Mn3+) states and either the oxidation 
or the reduction stage of the reaction can occur first, depending on which form encounters 
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H2O2. If the 2,2 form encounters H2O2 the reaction proceeds via Eq. 12, while in the case of 
the 3,3 form the reaction proceeds via Eq. 13 [92]. 

Mn2+-Mn2+(2H+) + H2O2 → Mn3+-Mn3+ + 2 H2O                 (12) 

Mn3+-Mn3+ + H2O2 → Mn2+-Mn2+(2H+) + O2                 (13) 

In Eq. 12, H2O2 is an oxidant and the reaction involves removal of two electrons from the 
manganese cluster. A derivatized reactive intermediate is not produced. In Eq. 13, the H2O2 is 
a reductant and the reaction is simply a transfer of electrons to the manganese cluster with a 
formation of oxygen [92]. 

Peroxidases are enzymes that use H2O2 to oxidize another substrate. Peroxidases can be 
classified as heme peroxidases (which also include catalase-peroxidases) and non-heme 
peroxidases. Non-heme peroxidases include glutathione peroxidases, alkyl hydroperoxide 
reductases (Ahp), and NADH peroxidases. 

An important scavenger of H2O2 in many bacteria is the two-component alkyl 
hydroperoxide reductase, AhpCF [95,96]. AhpC and AhpF are separate enzymes, which 
undergo electron transfers reactions to catalyze the NADH- (or to lesser extent NADPH-) 
dependent reduction of hydroperoxide substrates. A reactive, peroxidatic cysteine of AhpC is 
oxidized to sulfenic acid by H2O2, which subsequently condenses with another cysteine to 
form a disulfide bond. Exchange reactions with other cysteinyl residues rereduce the disulfide 
bond creating a second disulfide. AhpF, a separate disulfide reductase protein, reduces the 
second bond and regenerates AhpC in every catalytic cycle via electron transfer from NADH 
to AhpC through a flavin and two disulfide centers [97,98]. 

A controlled interplay in H2O2 scavenging exists in bacteria between catalases and 
peroxidases. At low concentrations, H2O2 is efficiently scavenged by AhpCF in E. coli. At 
very high H2O2 concentrations, AhpCF is inactivated probably to prevent the enzyme from 
exhausting the cellular NADH pool. Concomitantly, catalase becomes the major H2O2 
scavenging enzyme [95]. 

 

5.1.4.2 Superoxide scavengers 

The dedicated scavengers of superoxide in bacteria are superoxide dismutases (SOD). 
Bacteria synthesize various SODs that dismute •O2

- to H2O2 and O2. The general reaction is 
called a “ping-pong” mechanism because it involves the consecutive reduction and oxidation 
of the metal center with the associated oxidation and reduction of superoxide radicals (Eq. 
14-16) [99]. 

M(n+1)+ + •O2
-  → Mn+ + O2                    (14) 

Mn+ + •O2
- + 2 H+ → M(n+1)+ + H2O2                   (15) 
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Net reaction: 2 •O2
- + 2 H+ → H2O2 + O2                  (16) 

Bacteria synthesize cytosolic SODs co-factored with manganese [100] and iron [101]. In 
addition, Gram-negative bacteria produce periplasmic copper/zinc co-factored SOD [102]. A 
nickel co-factored SOD has more recently been characterized even though the mechanism of 
the dismutation in this particular enzyme remains to be characterized [103]. Although SODs 
are extremely efficient enzymes (their rate constants approach catalytic perfection), bacteria 
synthesize them in abundance: they are four orders of magnitude more abundant than their 
substrate [104]. Some anaerobic bacteria lack SOD, but produce superoxide reductases 
instead. Superoxide reductases catalyze the reduction rather than the dismutation of 
superoxide (Eq. 17) [105]: 

e- + •O2
- + 2 H+ → H2O2                    (17) 

 

5.1.4.3 Other mechanisms  

In addition to small molecule antioxidants and oxidative stress resistance proteins, bacteria 
can also employ other means to combat ROS. These means include various DNA and protein 
repair enzymes, such as those involved in base-excision repair pathways and in disulfide 
bond reduction. Another crucial aspect of oxidative stress protection is the complexation of 
Fe2+ in a safe form. A major portion of cellular iron in many organisms is complexed in a 
safe and bioavailable form in ferritins. Ferritins form their own subfamily within a large 
ferritin-like superfamily. The members of this subfamily have evolved efficient iron 
detoxification strategies. Details are given in the following sections. 

 

5.2 Overview of the ferritin-like superfamily 

The ferritin-like superfamily is widely spread across all kingdoms of life and consists of at 
least 13 protein families (Table 3). All the members of the superfamily share the same four-
helical bundle, or at least part of the structural motif (Figure 3). Three superfamily members 
(COQ7, Coat F, and DUF2202) are not structurally characterized and their status in the 
superfamily remains uncertain. Ferritins are part of the superfamily and consist of three sub-
families: the classical ferritins (Ftn), bacterioferritins (Bfr), and DNA-binding protein from 
starved cells (Dps). 
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Table 3. Members of the ferritin-like superfamily. The data were acquired from the PFam 
(http://pfam.sanger.ac.uk/) and Interpro (http://www.ebi.ac.uk/interpro/) databases. 

Protein family Main function Found in 
Ferritin Iron storage / detoxification Eukarya, Bacteria, Archaea 

Ubiquinone biosynthesis protein 
COQ7 

Ubiquinone biosynthesis Eukarya, Bacteria 

Fatty acid desaturase 2 Catalysis of the insertion of a 
double bond in fatty acids 

Eukarya, Bacteria 

Coat F Part of the Bacillales endospore
coat

Bacteria 

tRNA-(ms[2]io[6]a)-
hydroxylase (MiaE) 

Hydroxylation of 2-methylthio-
N-6-isopentenyl adenosine in 

tRNAs 

Bacteria 

Mn-catalase Disproportionation of H2O2 Eukarya, Bacteria, Archaea 
Methane/Phenol/Toluene 

Hydroxylase 
Catabolysis of phenol and its 

methylated derivatives 
Eukarya, Bacteria, Archaea 

Ribonucleotide reductase, small 
chain 

Synthesis of 
deoxyribonucleotides from 

ribonucleotides 

Eukarya, Bacteria, Archaea 

Rubrerythrin Reduction of H2O2 Eukarya, Bacteria, Archaea 
Ferritin-like Not known Bacteria* 
DUF2383 Not known Eukarya, Bacteria 
DUF892 Not known Eukarya, Bacteria, Archaea 

DUF2202 Not known Bacteria, Archaea 
* Taxonomic coverage not available. 

 

5.2.1 Classical ferritins 

Ftns are the main iron storage proteins in living organisms. The iron is stored inside a 
spherical cavity created by the assembly of 24 protein subunits [106,107]. The high iron 
storage capacity of Ftns (up to 4500 iron atoms per protein shell) makes them ideal for the 
storage of iron in a safe and bioavailable form. The spherical assembly of the subunits 
follows a 432-symmetry and has inner and outer diameter of 80 Å and 120 Å, respectively. 
Each subunit consists of five α-helices designated A, B, C, D, and E. Helices A-D form the 
four-helix bundle structural motif characteristic to the ferritin superfamily. The E-helix is 
located at one end of the cylindrical bundle. 

Ftns are considered as the archetypical members of the ferritin subfamily. Mammalian 
Ftns are usually heteropolymers consisting of two types of subunits, H (heavy, ≈ 21 kDa)-
chain and L (light, ≈ 19 kDa)-chain, which assemble in different ratios following tissue-
specific distribution [108]. The two subunits are similar in sequence and fold but have 
functional differences. The H-chain contains an intrasubunit ferroxidase center (FOC) 
required for the oxidation of Fe2+ to Fe3+, whereas the L-chain is necessary for the nucleation 
of the iron core [109,110]. Owing to the differences in the subunit function, the subunit 
composition of Ftn isoforms influences the properties of the assembled Ftn: H-rich isoforms 
accumulate and release iron faster than L-rich isoforms and L-rich isoforms contain more 
iron than H-rich isoforms [111-113]. Hence, Ftn isoforms display a tissue specific 
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distribution: L-rich isoforms are typical for tissues storing iron (spleen, liver) and H-rich 
isoforms are more typical for tissues exhibiting high ferroxidase activity (heart, brain) 
[114,115]. In contrast to mammalian Ftns, the bacterial and plant Ftns are commonly 
homopolymers, with subunits bearing greater homology to mammalian H-chain than L-chain. 
Accordingly, the single subunit of bacterial Ftns contains the FOC similar to mammalian H-
chain Ftn [116]. The plant Ftn subunits, however, are H/L-hybrids, containing both the H-
chain characteristic FOC and L-chain site for iron nucleation [117]. Despite low sequence 
similarity between bacterial and mammalian Ftns, the protein folds are very similar. 

So far, two Ftns from archaea have been structurally characterized. Pyrococcus furiosus 
Ftn is similar to bacterial Ftns [118]. However, Ftn from Archaeoglobus fulgidis displays 
some curious characteristics. Although the subunit is similar to typical Ftns, its quaternary 
structure has 32-tetrahedral symmetry, instead of the typical 432-octahedral symmetry. This 
results in a more loosely packed sphere with larger overall dimensions than those of typical 
Ftns. Another interesting characteristic of the structure is the presence of four large openings 
of approximately 45 Å in diameter in the protein shell that may allow the diffusion of large 
molecules inside the protein [119].  

 

5.2.2 Bacterioferritins 

Bfrs resemble Ftns although they are found only in bacteria and archaea. They have similar 
tertiary and quaternary structure as Ftns. Their FOC is located within the four-helix bundle 
subunit similarly to Ftns. Furthermore, many of the residues that contribute to iron binding 
are conserved between Bfr and Ftn. The most striking difference between Ftn and Bfr is the 
presence of 12 iron-protoporphyrin IX (heme) groups in Bfr [120-122] (although 
Desulfovibrio desulfuricans bacterioferritin contains iron-coproporphyrin III) [123]. Each 
heme moiety is located at the interface of two adjacent subunits and ligated by two Met 
residues related by a two-fold symmetry. However, not all Bfr subunits have the heme-
binding capability. The function of the heme group is, therefore, largely unknown, although 
heme was recently found to facilitate iron release from the cavity of E. coli Bfr [124]. Bfrs 
have similar function as Ftns in iron storage oxidative stress resistance. Curiously, bacteria 
utilize either Ftn or Bfr as their main iron storage protein. Accordingly, in E. coli, FtnA plays 
a major role in iron storage, accounting for half of the cellular iron [125] while in Salmonella 
typhimurium, Bfr is the major iron storage protein with FtnA playing a minor role in iron 
storage [126]. 

Bfrs are most often homopolymers, but some bacteria (most notably cyanobacteria) 
encode two Bfr subunits, which seem to assemble in a heteropolymer fashion [127,128]. In 
this case, one subunit contains the conserved FOC while the other subunit contains heme. 
Because FOC is required for efficient iron mineralization and heme facilitates iron release, 
bacteria could efficiently regulate the iron homeostasis by adjusting the subunit composition 
of oligomeric Bfr. 
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5.2.3 Other members of the superfamily 

Besides the ferritin subfamily, the ferritin-like superfamily contains several other members. 
They have diverse functions but are not iron storage proteins as ferritins (Table 3). There are 
also other iron core-forming proteins, such as frataxins [129]. However, they do not share the 
same four-helical bundle structural motif as the members of ferritin superfamily and are, 
therefore, not classified as members of this family.  

 

Figure 3. Monomer folds of the representatives of the members of the ferritin-like superfamily with a 
known structure. The helices belonging to the four-helix bundle fold are shown in light purple. PDB 
accession codes are shown in parentheses. A) Escherichia coli ferritin (1eum) [116], Ferritin; B) 
Desulfovibrio vulgaris rubrerythrin (1lko) [130], Rubrerythin; C) Mycobacterium tuberculosis H37Rv 
acyl-ACP desaturase (1za0) [131], Fatty acid desaturase 2; D) Thermus thermophilus di-manganese 
catalase (2v8t) [132], Mn-catalase; E) Pseudomonas Putida KT2440 tRNA-(ms[2]io[6]a)-hydroxylase 
(2itb) [Joint Center for Structural Genomics, unpublished], MiaE; F) Escherichia coli YciF (2gs4) 
[133], DUF892; G) Corynebacterium ammoniagenes ribonucleotide reductase R2 (3dhz) [134], 
Ribonucleotide reductase, small chain; H) Caulobacter crescentus CB15 ferritin like protein (3hl1) 
[Joint Center for Structural Genomics, unpublished], Ferritin-like; I) Pseudomonas mendocina KR1 
toluene 4-monooxygenase hydroxylase (3ge8) [135], Methane/Phenol/Toluene Hydroxylase; J) 
Anabaena variabilis ATCC 29413 two-domain protein containing dj-1/thij/pfpi-like and ferritin-like 
domains (3fse) [Joint Center for Structural Genomics, unpublished], DUF2383. 
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5.3 Dps proteins 

Dps proteins are prokaryotic proteins found almost in every bacteria and archaea studied so 
far. As members of the ferritin subfamily, they are related to Ftn and Bfr both structurally and 
functionally. Because some bacteria encode all three proteins (Ftn, Bfr, and Dps), a question 
may be asked: Why do some bacteria possess three similar iron storage proteins? A simple 
answer is that although Dps proteins are well capable of storing iron inside the protein shell, 
the primary role of the protein is not iron storage but protection against oxidative stress. This 
is achieved by simultaneous oxidation of Fe2+ and reduction of H2O2. In addition, Dps 
proteins protect the cell in a manner not shared by either Ftn or Bfr. Indeed, Dps is able to 
physically shield DNA, blocking ROS and other harmful agents from damaging it. Owing to 
their widespread presence in prokaryotes and abundance in the cell during oxidative stress, 
Dps proteins can be considered to be in the frontline of defence against ROS in many 
prokaryotes. However, the functions of Dps proteins are not limited to protection against 
ROS. Several different, and sometimes surprising, functions have been linked to the protein. 
Consequently, Dps proteins appear to stand out from the other proteins of the ferritin 
subfamily by having functions not only in iron detoxification but also in stress response, 
bacterial survival, and virulence.   

 

5.3.1 Structural characteristics 

The first Dps crystal structure was determined in 1998 from Escherichia coli [136] and 
thereafter the structural information of Dps proteins has steadily increased. Now, several Dps 
crystal structures have been determined, two of them from archaea. All of the Dps proteins 
have a common tertiary structure (described in the following section) but, unlike Ftn and Bfr 
proteins, they form 12-mers instead of 24-mers. In addition, the structures of Dps paralogs 
from the same organism have been determined for a few bacteria. Despite the conservation of 
the tertiary and quaternary structure, some structural diversity exists among Dps proteins. 
These differences, although often small, result in key differences in the protein function.    

 

5.3.1.1 Monomer architecture 

Dps monomers are relatively small (≈ 20 kDa) all-alpha-helical proteins with approximate 
diameters of 55 Å × 39 Å × 27 Å [137]. They fold into a compact four-helix bundle, similarly 
to the Ftn and Bfr monomers. About 70 % of the residues are situated in five helices: A, B, 
BC, C, and D, corresponding to residues 22-53, 58-87, 94-102, 113-139, and 141-165, 
respectively, in E. coli Dps (EcDps) [136]. Helices A and B are connected by a short loop, as 
are helices C and D. Together these four helices constitute the classical four-helix bundle of 
ferritins. A long loop that runs along the length of the bundle connects helices B and C. In the 
middle of the loop, a short BC helix characteristic to Dps proteins but not to Ftns or Bfrs, is 
found. Dps misses the fifth, C-terminal E helix present in Ftns and Bfrs. Overall, the core 
structure of the bundle fold is highly conserved, but variations exist in the N- and C-termini 
(Fig. 4). Some Dps proteins, for example, have long N- or C-terminal extensions that are 
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often flexible, lacking a regular secondary structure and are only partially visible in crystal 
structures. However, in some cases, the termini are stabilized by crystal packing [137] or, in 
other cases, they form a short helix [138-140]. 

 

Figure 4. Conservation of the four-helix bundle fold in Dps proteins. Comparison of the monomers of 
several Dps crystal structures as stereo presentation. PDB accession codes are shown in parentheses. 
Escherichia coli Dps (1dps) [136], grey; Helicobacter pylori Nap (1ji4) [141], blue; Bacillus 
anthracis Dps1 (1ji5) [142], red; Bacillus brevis Dps (1n1q) [143], green; Listeria innocua Dps 
(1qgh) [144], yellow; Halobacterium salinarum DpsA (1tjo) [145], magenta; Streptococcus suis Dpr 
(1umn) [137], light blue; Mycobacterium smegmatis Dps1 (1uvh) [146], light green; Mycobacterium 
smegmatis Dps2 (2z90) [147], lemon; Deinococcus radiodurans Dps1 (2c2u) [148], purple; 
Sulfolobus solfataricus Dps (2clb) [139], black; Borrelia burgdorferi NapA (2pyb) [149], pink.  

 

5.3.1.2 Packing of the dodecamer 

Three distinct interfaces can be distinguished in Dps dodecamer: a dimer interface, a trimer 
interface near the N-termini of the monomers, and another trimer interface near the C-termini 
of the monomers. Six 2-fold axes can be found in the dodecamer and, as a result, the 12 
monomers form six dimers. The monomers are arranged as dimers with their long axes anti-
parallel to each other (Fig. 5A). In this way, the BC-helices, the loops around the BC-helices, 
and helices A and B of both monomers participate in the monomer-monomer interactions. 

Near the N-termini of the monomers, a 3-fold axis creates a trimeric interface resembling 
that of ferritins (Fig. 5B). This interface is built by identical residues from each of the 
monomers from the C-terminal part of C-helix, the N-terminal part of D-helix, and the loop 
between them. This axis forms a channel connecting the surface of the dodecamer with the 
protein interior and is termed as a “ferritin-like” channel (or pore). 
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The second trimeric interface forms at the other side of the dodecamer, near the C-termini 
of the monomers (Fig. 5C). This interface is built by identical residues from each of the 
monomers from the C-terminal part of A-helix, the N-terminal part of B-helix, and the loop 
between them. Another channel, referred to as a “Dps-like” channel, connecting the protein 
exterior with the interior forms here. This channel is not found in ferritins and is, therefore, 
unique to Dps. Moreover, it is generally hydrophobic and more variable in terms of length 
and diameter than the ferritin-like channel [150]. 

Upon dodecamer formation, the protein interior encompasses helices B, D, and the C-
terminal part of the A-helix, while helices BC, C, and the N-terminal part of the A-helix line 
the outer surface of the protein. The assembled Dps dodecamer has a 23-symmetry and can 
be described as a distorted icosahedron. The Dps dodecamer measures ≈ 90 Å in diameter 
with a central cavity of ≈ 45 Å. The Dps cavity, similarly to that of Ftns, is negatively 
charged owing to several carboxylate residues that surround it. This feature renders the Dps 
cavity an ideal environment for sequestration of positively charged metal cations. Despite the 
fact that dodecamers are the predominant oligomeric states of Dps proteins, a few Dps 
proteins have also been found to exist as dimers. The dimerization depends on the ionic 
strength or the pH of the solution [146,151]. However, the physiological relevance of such 
lower order oligomeric species is not known.      

 

Figure 5. EcDps dodecamer (PDB accession code 1dps) [136]. Monomers are coloured in different 
colours and the monomers forming the presented axis are bolded. A) View down the two-fold axis. B) 
View down the N-terminal three-fold axis. C) View down the C-terminal three-fold axis.  

 

5.3.1.3 Ferroxidase center 

The FOC in Dps proteins is found in a shallow groove formed at the dimer interface. There 
are 12 FOCs in each Dps dodecamer, two in between each dimer. This arrangement results in 
two neighbouring centers at 22-24 Å apart from each other [143,144,148]. FOCs are highly 
conserved and constitute the most distinctive structural feature in Dps proteins; in other 
ferroxidases, the FOC is located within the four-helix bundle [144]. However, upon closer 
inspection, the helices A and B from both monomers can be visualized to form a special four-
helix bundle accommodating two FOCs (Fig. 6). A conventional FOC is not present in every 
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Dps protein. Lactococcus lactis DpsA and DpsB do not possess a FOC at all [138] and 
archaeal Dps from Sulfolobus solfataricus has a bacterioferritin-like intrasubunit FOC [139]. 

A typical FOC contains two iron atoms connected by an oxo-bridge. In Ftns, iron is bound 
to the high-affinity iron-binding site A by a histidine and carboxylate residues. In the lower 
affinity site B, iron is only coordinated by carboxylates [109,116,152]. In Dps proteins, one 
subunit from the dimer interface provides metal coordinating histidines and the other subunit 
metal coordinating carboxylates. The only exception so far is Thermosynechococcus 
elongatus DpsA where a histidine replaces a canonical aspartic acid as a metal ligand in the A 
site [153].  

Despite the structural conservation of the FOC, the metal-binding signature varies among 
Dps proteins. The FOC was first characterized in Listeria innocua Dps (LiDps), where one 
iron atom was found in site A. The iron was coordinated by two carboxylates from one 
subunit and one histidine from the adjacent subunit across the dimer interface [144]. 
Thereafter, monometallic FOCs were characterized from several Dps proteins, including 
Helicobacter pylori neutrophil-activating protein (HpNap), Bacillus anthracis Dps1 and 
Dps2, Deinococcus radiodurans Dps1 and Streptococcus suis Dps-like peroxide resistance 
protein (Dpr), while some Dps, like that of E. coli, contain two water molecules in the FOC 
[141,142,148,154,155]. A di-iron FOC has been observed in Bacillus brevis Dps (BbDps), 
Borrelia burgdorferi neutrophil-activating protein A (BbNapA), and in Halobacterium 
salinarum DpsA (HsDpsA) [143,145,149]. In addition, a di-zinc FOC has been found in T. 
elongatus DpsA [153] while the di-metallic character of the Dps FOC has been detected in 
titration measurements [156,157]. In di-metallic FOCs, another histidine also functions as a 
metal ligand. In BbDps, the ligands for iron in site A are His31, Asp58, and Glu62, while site 
B iron is liganded to His43, Glu62, and Glu47 via a water molecule (Fig. 6). A μ-oxo bridge 
was found between the iron atoms and the distance between the iron atoms was 3.3 Å, which 
is a typical value for di-iron sites in ferritins [116]. The μ-oxo bridge between two iron atoms 
represents a Fe3+-O-Fe3+ reaction intermediate during the oxidation of Fe2+ and it has also 
been observed in UV−visible difference spectrophotometric measurements of Dps and Bfr 
proteins [156,158-160], UV−visible difference spectrophotometric and Mössbauer studies of 
Ftns [161,162], as well as in Ftn crystal structures [116]. 

In HsDpsA low-iron state structure, a conserved water molecule in the B-site of mono-iron 
FOC was replaced by an iron atom in high-iron state structure [145]. This observation lent 
further proof for the role of the B-site as a more transient site in the iron oxidation. 
Altogether, the differences observed in the metal-binding properties despite the structural 
conservation of the FOC imply that metal ligands in the second coordination shell are 
important for the iron binding and oxidation properties of Dps.  
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Figure 6. Di-iron ferroxidase center of Dps proteins. Overview of the dimer interface of BbDps (PDB 
accession code 1n1q) [143] and a schematic presentation of the di-iron FOC as an inset. The box with 
the dashed lines depicts the special four-helix bundle with two FOCs.   

 

5.3.2 Detoxification of iron 

Iron must be able to access the interior of the protein for oxidation at FOC and subsequent 
storage. The route of free, cytosolic Fe2+ to its final form as mineralized ferrihydrite 
(Fe3+OOH) is a 5-step process: 1) Entry of Fe2+ inside the protein via entry channels, 2) 
Binding of Fe2+ to the ferroxidase centers, 3) Oxidation of Fe2+ to Fe3+, 4) Nucleation of Fe3+, 
and 5) Mineralization inside the cavity as Fe3+OOH. 

 

5.3.2.1 Entry to the protein shell 

Dps proteins have eight 3-fold symmetry generated channels/pores that lead from the surface 
of the dodecamer to the interior (Section 5.3.1.2). Four of these channels are located near the 
N-termini of the monomers and the other four near the C-termini of the monomers. Iron 
enters the dodecamer via the N-terminal ferritin-like pores, which also correspond to the iron 
route of the mammalian Ftns [163-167]. The hydrophilic character of the channels is thought 
to guide Fe2+ inside the protein (Fig. 7A). The negative charge of the ferritin-like pores is 
contributed from a row of conserved carboxylate residues, which also function as metal 
ligands in the channels [140,148,153,168]. These pores are ≈ 10 Å in length and wide enough 
(7-11 Å at the inner opening) to allow for the passage of iron [169]. Although in some Dps 
proteins the pore narrows down significantly before opening to the cavity, iron passage is 
possible with minor structural rearrangements. Iron uptake is significantly reduced when the 
narrowest part of the channel (a conserved Asp) is blocked (Asp substituted by Phe) [170] or 
when the electrostatic potential of the narrowest part is changed (Asp substituted by Asn) 
[171], supporting the idea that the pores are used in iron transport. The only other openings to 
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the cavity are the Dps-like pores. However, these are significantly narrower than the ferritin-
like pores and highly hydrophobic, rendering them unsuitable for efficient iron transport (Fig. 
7B). 

Archaeal DpsA from H. salinarum has an alternative iron translocation pathway. The 
ferritin-like pores of HsDpsA are blocked and cannot be used for iron transport without 
structural rearrangements. Instead, the protein uses 12 non-symmetric translocation pores, 
which form an alternative passage for iron inside the protein.  This pathway is not conserved 
in bacterial Dps and might represent an adaptation of the protein to hypersaline environment. 
Because of the extreme salt concentration of the H. salinarum cytosol (5 M KCl), the 
electrostatic guidance of iron via ferritin-like pores as in bacterial Dps can not be achieved 
because long-range electrostatic interactions are shielded in high salt cytosol. In addition, 
HsDpsA uses histidines instead of carboxylates as iron ligands in the iron translocation 
pathway. The interference of potassium ions for iron binding in carboxylates might hamper 
iron transport in the protein whereas potassium does not compete with iron binding to 
histidines [145]. 

 

Figure 7. Electrostatic potential of the pores formed at the three-fold axes of EcDps (PDB accession 
code 1dps) [136]. The surfaces of the trimers contributing to the pores are shown according to their 
electrostatic potential. A) Pore formed at the N-terminal interface. B) Pore formed at the C-terminal 
interface.   

 

5.3.2.2 Ferroxidase reaction 

Once inside the protein, Fe2+ binds to the FOCs at the dimer interfaces (Fig. 6). In each FOC, 
two Fe2+ are oxidized per one H2O2 molecule reduced, efficiently limiting the formation of 
hydroxyl radicals [156,158]. Consequently, the iron oxidation reaction protects DNA by 
minimizing the dangerous combination of Fe2+ and H2O2. At the same time, it also attenuates 
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the deleterious properties of H2O2. The FOC is required for the inhibition of the Fenton 
reaction but not for iron oxidation in the absence of H2O2 [157], indicating the primary role 
of Dps in oxidative stress resistance but not in iron storage. 

The iron binding affinity of LiDps is ≈ 300 times higher than that of the human H-chain 
ferritin and ≈ 10 times higher than that of E. coli FtnA [158,166,172]. The overall reactions 
for iron binding and oxidation determined for EcDps and LiDps are similar. However, while 
EcDps binds two Fe2+ to FOC prior to oxidation, in LiDps the second Fe2+ binds and becomes 
oxidized only after the addition of oxidant (H2O2) [156,158]. Thus, the reaction mechanism 
for iron binding and oxidation for EcDps is:     

Binding of two Fe2+: 2 Fe2+ + DpsZ  [(Fe2+)2 – Dps]Z+2 + 2 H+               (18) 

Oxidation of the di-iron complex: [(Fe2+)2 – Dps]Z+2 + H2O2 + H2O  [(Fe3+)2(O)2(OH) – 
Dps]Z-1 + 3 H+                     (19)     

In LiDps the reaction proceeds as follows:  

Binding of one Fe2+ to site A: Fe2+ + DpsZ  [(Fe2+) – Dps]Z+1 + H+            (20)  

Binding of the second iron to site B and subsequent oxidation: [(Fe2+) – Dps]Z+1 + Fe2+ + 
H2O2  [(Fe3+)2(O)2 – Dps]Z+1 + 2 H+               (21)     

O2 can also be utilized as an oxidant but the reaction proceeds at a much lower rate than 
with H2O2 [156,158]. However, a few Dps proteins have been found to utilize O2 as iron 
oxidant nearly as efficiently as H2O2 [153,159]. More surprisingly, Dps1 from B. anthracis 
does not have any ferroxidase activity in the presence of H2O2 but is able to use O2 as iron 
oxidant [159]. 

In iron limiting situations where bacteria encounter H2O2-mediated oxidative stress, the 
cytoplasmic Fe2+ concentration may not be enough to saturate the FOC with two Fe2+. Thus, 
the iron oxidation cannot proceed with the mechanisms presented above, leading to the 
production of odd electrons and, consequently, intraprotein radicals. These radicals do not 
diffuse out of the protein shell but are trapped by Trp and Tyr residues near the FOC. This 
adds yet another role for the protein cage as a trap of free electrons preventing them from 
damaging DNA [173]. 

 

5.3.2.3 Nucleation of iron and the structure of the iron core 

After iron has been oxidized in the FOCs, it starts to nucleate. This is the initial stage of the 
formation of the mineral core. Mammalian Ftns contain distinct nucleation sites formed as 
clusters of glutamic acid residues within the L-subunits [113,174,175]. In bacterial Dps 
proteins, distinct nucleation sites have not been identified although residues similar to L-
chain ferritin in LiDps have been suggested to be involved in iron nucleation [144]. However, 
these residues are not strictly conserved among Dps proteins and other negatively charged 
residues around the cavity might be utilized in iron core nucleation. It is also possible that no 
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distinct nucleation site exists in bacterial Dps but the nucleation is initiated by a negatively 
charged environment near the FOC. However, in archaeal Dps, alternative nucleation sites 
have been identified [145]. Again, the residues in these sites are not conserved among Dps 
and the sites probably represent novel nucleation sites in HsDpsA. 

After nucleation, the iron accumulates in the negatively charged cavity as a 
microcrystalline core. The maximum iron capacity of Dps proteins is ≈ 500 iron atoms 
[156,159,176], significantly smaller than that of ferritins. The direct core formation inside the 
protein cavity proceeds similarly in both EcDps and LiDps [156,158]: 

2 Fe2+ + H2O2 + 2 H2O  2 Fe3+OOH(CORE) + 4 H+                 (22) 

The mineralization reaction is faster than the ferroxidation reaction, a property different from 
Ftns where the mineralization reaction is slower than the ferroxidation reaction 
[156,160,162]. 

The structures of Ftn iron cores have been more widely studied than Dps iron cores. 
However, Dps cores have recently received attention as well, largely because of their 
potential in various applications in nanotechnology. Dps iron cores exhibit the same 
characteristics as Ftn iron cores. Iron forms a microcrystalline oxyhydroxide core that can be 
mobilized upon reduction and was initially found to display a tetrahedral coordination [155]. 
X-ray absorption near edge structure (XANES) from Trichodesmium erythraeum Dps, in 
turn, suggested that iron inside the fully loaded core is octahedrally coordinated [177]. Later, 
in extended X-ray absorption fine structure (EXAFS) analysis, the iron core of S. suis Dpr 
was suggested to be a mixture of tetrahedrally and octahedrally coordinated species according 
to the ferrihydrite model proposed by Eggleton and Fitzpatrick [154,178]. 

Because the main function of Dps is not iron storage, the bioavailability of the deposited 
iron is not studied in detail. Iron can be reduced and released from the Dps cavity by sodium 
dithionite in anaerobic conditions and, in more physiologically relevant aerobic conditions, 
by NADH/FMN. The reduced iron has been found to exit the dodecamer via the same route 
as it enters, e.g., the ferritin-like pores [171]. Some studies, however, have suggested that the 
C-terminal Dps-like pore might be utilized for iron exit [148,168]. Nevertheless, it is not 
known whether iron release is actually physiologically relevant and if iron release from Dps 
proteins contributes to the cytosolic free iron pool during iron limitation. 

 

5.3.3 DNA shielding 

DNA damaging agents such as ROS and UV irradiation pose greater danger to bacteria 
during starvation than to actively growing cells. This is due to the scarcity of genetic material 
in nutrient deplete cells. Whereas log-phase cells contain several copies of chromosome, only 
one copy is usually found in stationary-phase cells [179]. This leads to several difficulties in 
managing DNA damage, as lesions cannot be repaired through homologous recombination 
pathways. Moreover, DNA repair requires rapid protein synthesis and energy, and is not 
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feasible in starved cells [180]. Accordingly, instead of achieving DNA protection via 
chemical processes, physical protection becomes an alternative means for bacteria. 

 

5.3.3.1 DNA-binding signatures 

The most distinct function of Dps proteins compared to the other members of the ferritin 
subfamily is their DNA-binding capability. Dps was first characterized as a DNA-binding 
protein and was not at that time known to exhibit any ferroxidase activity [181]. Although not 
all Dps proteins have DNA-binding ability, such property is an important factor in protecting 
DNA against ROS. Dps proteins do not have any classical DNA-binding motifs but they have 
been found to bind preferentially to duplex DNA that possesses two complete turns in the 
major groove [182]. 

The mobile N-terminus and its positively charged lysine residues have been found to 
contribute to the DNA-binding ability of EcDps [136,183]. The N-terminus has been linked 
to the DNA-binding ability of other Dps, as well [138,182]. In Mycobacterium smegmatis 
Dps1, which does not contain a protruded, flexible N-terminus, a long positively charged C-
terminal tail is required for DNA-binding [146,184]. The absence of long, positively charged 
N-terminal tails has been found to correlate well with the absence of DNA-binding activity 
[142,176,185]. Furthermore, the lack of flexibility in the positively charged N-terminus 
seems to abolish DNA-binding ability, as seen in Agrobacterium tumefaciens Dps crystal 
structure where the positively charged tail interacts with the rest of the protein and becomes 
immobilized on the dodecamer’s surface [186]. 

HpNap binds DNA despite the absence of N- or C-terminal tails and, therefore, bears 
unique DNA-binding properties among Dps proteins. The DNA-binding ability of HpNap is 
linked to the electrostatics of the dodecamer surface. Unlike other characterized Dps proteins, 
the HpNap dodecamer surface is positively charged at near neutral pH values, which enables 
it to bind the negatively charged DNA polymer [187]. 

Furthermore, D. radiodurans Dps1 has an unusual DNA-binding signature. In low salt 
solution it exists as a dimer and is capable of binding and protecting DNA against •OH and 
DNase I -mediated cleavage. While the dodecameric form is also able to bind DNA, it does 
not provide efficient protection to DNA [151]. 

In addition to pH, which controls the electrostatics of the N- and C-terminal tails and the 
dodecamer, Mg2+ has also been linked to the DNA-binding ability of Dps proteins [188]. 
MgCl2 is able to abolish DNA condensation by Dps at appropriate concentrations but the 
specific role of Mg2+ in DNA binding is still not understood [183]. 

 

5.3.3.2 Biocrystallization 

In stationary growth phase, Dps becomes the most abundant nucleoid component in E. coli 
and causes the compaction of DNA [189,190]. The binding of Dps to DNA results in large 
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and highly ordered complexes that represent a honeycomb arrangement when viewed with 
electron microscope both in vivo and in vitro [181,188,191]. These complexes form 
crystalline assemblies and can be essentially called biocrystals. The biocrystals protect DNA 
from ROS and other damaging agents [181,192,193]. The condensation of DNA is fully 
reversible and normal chromatin structure is restored when signals responsible for the Dps-
dependent nucleoid condensation are removed [188].  

Since Dps does not contain any classical DNA-binding motifs, the DNA-binding mode of 
the protein is not thoroughly understood. However, prolonged incubation of Dps was found 
to result in self-aggregation of the protein in solution [183,191]. Electron microscopic studies 
showed that these aggregates are two-dimensional crystals packed hexagonally with a 
spacing of 78 ± 1 Å [191]. The self-aggregation behaviour of Dps is tightly linked to Dps-
DNA co-crystallization [183]. When DNA is added to Dps, similar crystals are formed, 
indicating that incorporation of DNA does not disturb the hexagonal packing or the intra-
planar spacing of the dodecamers. This, combined with similar packing of Dps observed in 
crystal structures, suggests that DNA is packed between layers of hexagonally arranged Dps 
dodecamers within the crystals [143,191,194].   

 

5.3.4 Regulation in response to stress signals 

The regulation of Dps expression displays significant variations between bacterial species. 
Generally, the production of Dps is induced at the onset of stationary phase when nutrients 
become scarce [181,195,196] and in response to oxidative stress [197-200] although some 
Dps proteins are not responsive to oxidative stress [201,202] or nutrient availability 
[200,201]. 

EcDps has functioned as a model protein in many studies concerning the regulation of 
Dps. E. coli dps transcription is induced at the onset of stationary phase by stationary phase-
specific transcription factor, σS (also termed σ38) [181], and the histone-like integration host 
factor (IHF) is required for the induction [197]. OxyR induces dps transcription when cells 
are treated with H2O2 in exponential growth phase [197]. OxyR also upregulates Dps 
expression in other bacteria [203-205]. When exponentially growing cells do not encounter 
oxidative stress, the E. coli dps transcription is repressed by the factor for inversion 
stimulation (Fis) and histone-like nucleoid structuring protein (H-NS) that bind to dps 
promoter [206].  

EcDps is also under proteolytic regulation. During the exponential growth phase, Dps is 
degraded by ClpXP protease. However, the degradation ceases upon carbon starvation, 
suggesting that the degradation is efficiently controlled. During the stationary phase of the 
growth, however, proteolysis does not seem to play any significant role in controlling the Dps 
levels. Another protease, ClpAP, controls the Dps levels in an opposite way by indirectly 
maintaining the dps mRNA synthesis in stationary phase [207]. Recently, EcDps was found 
degraded by the N-end rule degradation pathway. The N-end rule degradation pathway is 
based on the fact that proteins have different half-lives depending on their N-terminal 
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residues [208]. After the cleavage of a few N-terminal residues from Dps (the mechanism is 
still unknown), ClpS interacts with the new N-terminal residue (Leu) and targets Dps for 
ClpAP degradation [209].     

Several bacteria contain two or more Dps paralogs that are differentially regulated and can 
perform different functions. For example, nitrogen-fixing cyanobacteria possess multiple Dps 
proteins. These organisms have nitrogenase, a very sensitive enzyme to oxidative 
environment. Therefore, the presence of multiple Dps can be linked to the enhanced ROS 
scavenging requirements posed by the oxidizing environment [147]. 

Bacillus subtilis contains two genes encoding Dps paralogs that are differentially 
regulated, MrgA (metal-regulated gene A) and Dps. mrgA functions as a specific stress-
regulated gene and is induced in response to oxidative stress, but not in response to other 
types of stress [200]. mrgA is also induced at the end of the logarithmic growth phase in the 
absence of iron and the induction is prevented by the excess of manganese, iron, cobalt, or 
copper, with manganese being the most potent effector. Additionally, the limitation of both 
iron and manganese is sufficient to start mrgA induction in exponentially growing cells [210]. 
PerR functions as a peroxide-sensing and metal sensing repressor of mrgA [211] and PerR 
has been found to be a transcriptional repressor of genes encoding Dps proteins also in other 
bacteria [212-214]. B. subtilis Dps expression is regulated by the general stress and starvation 
sigma factor, σB. Its expression is induced after heat, salt and ethanol stress, and in glucose 
starvation. However, B. subtilis Dps is not induced in response to oxidative stress [200]. 

Although the best-studied regulators of Dps expression are OxyR and PerR, Fur has also 
been found to play a role in the regulation of Dps [215-218]. Despite the fact that the 
expression of Dps proteins is generally linked to oxidative stress and starvation, the Dps 
proteins are also expressed in response to other stress signals. Listeria monocytogenes Dps is 
induced in response to cold or heat shock [219] and Streptococcus thermophilus Dpr is 
expressed during cold shock [196,220]. Campylobacter jejuni Dps is constitutively expressed 
in logarithmic and stationary phase and no induction of Dps occurs in response to either H2O2 
stress or during iron limitation or iron excess [185].  

 

5.3.5 Other biological functions 

The function of Dps proteins is not limited to the protection only against ROS. Indeed, Dps 
proteins confer protection against a multitude of stresses. In addition to stress protection, they 
exhibit an array of other biological functions, some of which have just recently been 
discovered and are still poorly characterized (Table 4). 

EcDps offer resistance against copper stress whilst its DNA-binding activity is not 
necessary for the protection [221]. Because EcDps does not store copper inside the cavity and 
cells lacking Dps exhibit higher copper concentrations, an interesting question arises: Does 
Dps have a role in copper efflux? Dps also confers resistance to zinc stress [222,223]. 
Because the concentrations of both zinc and copper are increased in the sites of inflammation 
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[224], pathogenic bacteria may use Dps to cope with elevated metal concentrations during 
infection.  

Pathogenic bacteria encounter extreme acidic conditions in the stomach of hosts and in the 
phagolysosome after their uptake by phagocytic cells. The acidic environment is extremely 
toxic to macromolecules, particularly DNA, resulting in depurination and depyrimidination. 
Acidification of cytosol is also harmful to the activity of several enzymes, which do not 
perform well outside near physiological pH values. Dps has been shown to protect DNA from 
acid stress as well as alkaline stress [222,223,225]. The DNA strand breakage induced by 
acid stress is prevented by the DNA-co-crystallization of EcDps [193]. However, because 
Streptococcus pyogenes Dpr also protects cells from acid stress and does not bind DNA, 
another mechanism, such as Dpr-mediated induction of genes that migitate acid damage, may 
be involved. 

Dps proteins confer resistance against heat stress, high-pressure stress, and gamma and 
UV irradiation [222,226]. The underlying protective mechanisms against these stresses are 
not well characterized. They may, for example, involve the prevention of single- and double-
strand breaks in DNA by DNA condensation, or by recruitment of DNA repair enzymes. 
Moreover, ferroxidase activity might be employed as a defence mechanism since high 
pressure has been shown to increase oxidative stress [227].  

Dps is also important for the virulence of several bacteria. Bacterial cells lacking Dps have 
been found to be less virulent. In agreement with that, dps deletion decreases the survival of 
bacteria in host cells as well as the lethality of the infected host [203,228]. Some of these 
properties can be attributed to the enhanced ROS resistance conferred by the protein e.g., 
against respiratory burst during phagocytosis. 

The role of Dps in virulence is best studied in HpNap, a Dps homolog which was first 
discovered owing to its ability to induce the production of ROS in neutrophils [229]. HpNap 
is a major antigen in the human immune response. Antibodies against HpNap have been 
found in patients with several gastric diseases, including peptic ulcer and gastric cancer 
[230,231]. Following cells lysis, H. pylori releases HpNap that can subsequently cross the 
stomach epithelial layer and endothelium and stimulate the adherence and migration of 
leukocytes to the infected area [232,233]. HpNap also induces the activation of resident mast 
cells resulting in the release of proinflammatory mediators [232]. HpNap functions as a Toll-
like receptor 2 agonist, stimulating neutrophils and monocytes to release interleukin (IL)-12 
and IL-23 secretion, thus redirecting immune response towards Th1 cytotoxic type [234]. 
HpNap has actually been included in a promising vaccine, which is currently in clinical trial 
[235]. 

Dps from other bacteria can also contribute to virulence in various ways. Campylobacter 
jejuni enteritis is the most common antecedent to Guillain-Barré syndrome (GBS) [236]. C. 
jejuni Dps can bind and damage myelinated nerves in vivo suggesting that Dps is involved in 
C. jejuni-related GBS [237,238]. Finally, B. burgdorferi, the agent of Lyme disease, requires 
Dps for persistence within ticks [239]. Its Dps protein also possesses specific immune 
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modulatory properties. More specifically, it is able to induce the production of IL-1 β, IL-6, 
IL-23, and transforming growth factor β (TGF-β) by the cells of the innate immune system. It 
also drives synovial fluid T helper 17 (Th17) cell responses that might play a crucial role in 
the pathogenesis of Lyme arthritis [240]. 

A much wider array of functions has started to emerge for Dps proteins in recent years. 
EcDps has been discovered to function as a DNA replication gatekeeper during oxidative 
stress. The protein inhibits DnaA function in initiation by interfering with the strand opening 
in the replication origin [241]. Interestingly, a novel role for Dps as an N-acyl amino acid 
hydrolase, a catalyst of amide cleavage and amide formation, has been described in insect gut 
bacteria [242]. Surprising roles for Dps proteins might still emerge. For example, Dps 
proteins have been found localized to OM, where they have been linked to disinfectant-
tolerance, antibiotic sensitivity, and resistance to bacteriophages [243-245].       
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Table 4. Various functions of Dps proteins in different organisms. 

Protein Ferroxidase 
activity 

DNA binding Other functions 

AtDps Yes [186] No [186] N.d. 
BaDps1 Yes [142] No [142] N.d. 
BaDps2 Yes [142] No [142] N.d. 
BbDps Yes [143] Yes [143] N.d. 

BbNapA Yes [149] N.d. Involved in virulence [149] 
CjDps Yes [185] No [185] Involved in virulence [237] 

DrDps1 Yes [168] Yes [182] N.d. 
DrDps2 Yes [140] N.d. N.d. 
EcDps Yes [156] Yes [181] Copper, acid, alkaline, high pressure, heat and 

gamma/UV irradiation stress resistance 
[221,222,226] 

HpNap Yes [246] Yes [187] Involved in virulence [246] 
HsDpsA Yes [145] N.d. N.d. 
LiDps Yes [176] No [176] N.d. 

LlDpsA No [138] Yes [138] N.d. 
LlDpsB No [138] Yes [138] N.d. 
LmDps Yes [247] N.d. Involved in virulence [248] 
MaDps Yes [242] No [242] N-acyl amino acid hydrolase [242] 
MsDps1 Yes [146] Yes [146] N.d. 
MsDps2 Yes [147] Yes [249] N.d. 
PfDps Yes [250] N.d. N.d. 
SeDps Yes [228] N.d. Involved in virulence [228] 
SmDpr Yes [251] No [251] N.d. 
SpDpr Yes [223] No [223] Acid, alkaline, and zinc stress resistance [223] 
SsDpr Yes [154] No [252] N.d. 
SsDps Yes [199] N.d. N.d. 
TeDps Yes [150] No [150] N.d. 

TeDpsA Yes [153] No [153] N.d. 
N.d., Not determined. Ferroxidase activity has been marked as “yes” for proteins which have been 
found to bind iron at the FOC or the activity has been measured by other means. AtDps, 
Agrobacterium tumefaciens Dps; BaDps1, Bacillus anthracis Dps1; BaDps2, Bacillus anthracis 
Dps2; BbDps, Bacillus brevis Dps; BbNapA, Borrelia burgdorferi NapA; CjDps, Campylobacter 
jejuni Dps; DrDps1, Deinococcus radiodurans Dps1; DrDps2, Deinococcus radiodurans Dps2; 
EcDps, Escherichia coli Dps; HpNap, Helicobacter pylori Nap; HsDpsA, Halobacterium salinarum 
DpsA; LiDps, Listeria innocua Dps; LlDpsA, Lactococcus lactis DpsA; LlDpsB, Lactococcus lactis 
DpsB; LmDps, Listeria monocytogenes Dps; MaDps, Microbacterium arborescens Dps; MsDps1, 
Mycobacterium smegmatis Dps1; MsDps2, Mycobacterium smegmatis Dps2; PfDps, Pyrococcus 
furiosus Dps; SeDps, Salmonella enterica serovar Typhimurium Dps; SmDpr, Streptococcus mutans 
Dpr; SpDpr, Streptococcus pyogenes Dpr; SsDpr, Streptococcus suis Dpr; SsDps, Sulfolobus 
solfataricus Dps; TeDps, Thermosynechococcus elongatus Dps; TeDpsA, Thermosynechococcus 
elongatus DpsA. 

 

5.3.6 Applications in nanotechnology  

Protein cages have a potential to be used in a variety of applications, such as nanoscale 
material synthesis [253-255], magnetic resonance imaging [256], and cell-specific targeting 
[257]. Protein cages are useful in nanomaterial synthesis because they offer size-constrained 
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reaction templates. Ftns are doubly useful because of their intrinsic biomineralizing 
capability, allowing the synthesis of various minerals inside the protein. 

Compared to 24-meric Ftns and Bfrs, Dps proteins provide an additional benefit in 
nanoparticle synthesis as the smaller size of the protein cavity allows the synthesis of 
nanoparticles with reduced dimensions. In addition, many Dps proteins are stable at high 
temperatures, a fact that further facilitates the usefulness of these proteins in synthetic 
applications. The characterization of Dps proteins from hyperthermophilic archaea is, 
therefore, of interest also from a biotechnological standpoint [199,250]. 

Protein cages are also amenable to genetic manipulation. Mutational redesign of the 
hydrophilic Dps cavity to a hydrophobic one can open new avenues for the use of the cavity 
in the synthesis of novel materials [258]. Notably, the re-design of the entire Dps assembly 
has been successfully conducted by adding the E-helix of Bfr to Dps. The resultant protein 
formed assemblies of intermediate size between Dps and Bfr despite the fact that they still 
consisted of 12 monomers [259]. 

LiDps has been used as a template of nanomaterial synthesis in various studies. Different 
nanoparticles composed of various metals, such as cobalt and platinum, have been 
synthesized inside the protein cage [260,261]. Biominerals have also been produced under 
various conditions in Dps. Under physiological conditions, iron forms amorphous ferric 
oxyhydroxide, while mineralization at high pH and temperature, and substoichiometric 
amounts of H2O2 result in the formation of maghemite (γ-Fe2O3) as evidenced by electron 
powder diffraction [262].  
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6 AIMS OF THE STUDY 

S. suis and S. pyogenes are Gram-positive animal and human pathogens that can cause life-
threatening illnesses. Importantly, they are catalase-negative even though they both 
endogenously produce high levels of H2O2 and also encounter elevated levels of H2O2 
released by phagocytes during infection. Hence, Dpr proteins are especially important for the 
survival and pathogenesis of both bacteria and present a good target for the study of oxidative 
resistance mechanisms in these organisms.  

 

This study aimed to: 

 

 Provide further understanding of the structure-function relationship of iron-mediated 
oxidative stress defence in S. suis Dpr and S. pyogenes Dpr. 
 

 Structurally characterize the FOC of Dpr proteins by using various metals as 
substitutes for iron. 
 

 Study the protective mechanisms of Dpr in stress conditions induced by transition 
metals. 

 

 Utilize site-directed mutagenesis to analyze the iron nucleation and mineralization 
process. 
 

 Analyze the structure and magnetic properties of the iron core and study the 
applicability of S. suis Dpr in nanotechnological applications. 
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7 SUMMARY OF MATERIALS AND METHODS 

7.1 Protein expression and purification 

Truncated (7 residues deleted from the N-terminus) S. suis Dpr (SsDpr) and the SsDpr point 
mutants (D74A, E64A, E67A, E68A, and E75A) were cloned into the pET-30 Ek/LIC vector 
for overexpression. The vectors were transformed into BL21(DE3)pLysS competent cells by 
the heat shock method. The protein expression was carried out in LB medium supplemented 
with chloramphenicol (30 µg/ml) and kanamycin (30 µg/ml). The cultures were grown at 37 
°C until OD600 reached 0.5 and subsequently induced with 1 mM IPTG at 30 °C for 6 hours. 
Protein purification was performed by immobilized metal affinity chromatography followed 
by a thrombin cleavage of the 6xHis-tag at room temperature overnight. The proteins were 
further purified with gel filtration by the HiPrep 26/60 Sephacryl S-300 HR (GE Healthcare) 
column pre-equilibrated with 10 mM Tris-HCl pH 7.5, 150 mM NaCl. Protein concentrations 
were measured with a NanoDrop 2000c (Thermo Scientific). Purified recombinant S. 
pyogenes Dpr (SpDpr) was provided by Prof. J.-J. Wu [223].   

 

7.2 In vitro iron loading and end-point iron staining 

The maximal iron loading capacity of SsDpr was determined by an end-point in vitro iron 
incorporation assay. SsDpr (1 mg/ml) was incubated with different concentrations (ranging 
from 0 to 500 molar excess) of Fe(NH4)2(SO4)2 × 6 H2O on ice for 1 hour. The samples were 
resolved with native PAGE and the adventitiously bound iron was removed by incubating the 
gel in 50 mM MES pH 6.0, 0.15 M NaCl, 5 mM EDTA, at room temperature for 2 × 15 min. 
Subsequently, the gel was incubated in 350 mM HCl, 25 mM potassium ferrocyanide at room 
temperature for 10 min and washed with distilled water 3 × 5 min. Finally, the gel was 
incubated in 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 mM 3,3′-diaminobenzidine 
tetrahydrochloride, 10 mM H2O2 in dark for 5 min and thoroughly washed with distilled  
water. The maximal iron-loading capacity was determined from the stained gels.  

Large scale iron loading to SsDpr and E64A, E67A, E68A, and E75A was carried out by 
incubating 1 mg/ml of protein with 500 molar excess of Fe(NH4)2(SO4)2 × 6 H2O on ice for 1 
hour. The proteins were subsequently dialyzed and filtered with 0.22 µm polyvinylidene 
fluoride (PVDF) filters to remove any excess of iron. The amount of incorporated iron was 
verified with inductively coupled plasma mass spectrometry (ICP-MS). 

 

7.3 X-ray crystallography 

7.3.1 Crystallizations 

7.3.1.1 S. suis Dpr 

SsDpr, E64A, E67A, E68A, and E75A were crystallized by the hanging drop vapour-
diffusion method. Equal amounts of protein (10-15 mg/ml) and precipitant solution (20-35 % 
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v/v PEG400, 0.2 M CaCl2, 0.1 M HEPES pH 7.0-7.5) were incubated at 16 °C. Normally the 
crystals appeared after 1-5 days and grew to a maximal size of 0.2 x 0.2 x 0.2 mm3 within 1-2 
weeks afterwards. 

Iron-soaked crystals were prepared by soaking apo-crystals in a freshly prepared reservoir 
solution containing 10 mM (NH4)2Fe(SO4)2 × 6 H2O and 1 mM Na2S2O4 for 10 min. 

Co-crystallizations were performed by adding 1 mM CoCl2 × 6H2O, 1 mM CuCl2 × 2H2O, 
2 mM MnCl2 × 4H2O, 0.75 mM NiCl2 × 6H2O, or 2 mM MgCl2 × 6H2O to the protein 
solution prior to crystallization.   

 

7.3.1.2 S. pyogenes Dpr 

Crystallization conditions for SpDpr were screened by the sitting drop vapour-diffusion 
method. Prior to crystallization, the protein was concentrated to 8 mg/ml in 20 mM Tris-HCl 
pH 7.5, 100 mM NaCl. Crystals were obtained with Formulation 34 (1 M succinic acid pH 
7.0, 0.1 M HEPES pH 7.0, 1 % w/v PEG 2000 MME) of the INDEX Screen (Hampton). The 
crystal quality was improved by optimizing the crystallization conditions in a hanging drop 
vapour-diffusion setup. The optimized condition for the crystallizations was 1 M succinic 
acid pH 7.0, 0.1 M HEPES pH 7.0, 1 % w/v PEG 2000 MME, 5 % 2-propanol. Equal 
volumes of the precipitant and protein solutions were used and crystallization plates were 
equilibrated at 16 °C. Crystals appeared after a few days and grew to a full size of 
approximately 0.05 × 0.05 × 0.05 mm3 in a few weeks (Fig. 8). Prior to data collection the 
crystals were soaked for a few seconds in precipitant solution supplemented with 20 % v/v 
glycerol for cryo-protection.  

Iron-loaded crystals were prepared by soaking the apo-crystals in precipitant solution 
supplemented with 20 % v/v glycerol, 20 mM Fe(NH4)2(SO4)2 × 6H2O, 2 mM Na2S2O4 for 
30 min. Zinc soakings were prepared by soaking the apo-crystals in precipitant solution 
supplemented with 20 % v/v glycerol and 10 mM  ZnCl2 for 10 min. 

 

Figure 8. SpDpr crystals. 
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7.3.2 Data collection and processing 

All X-ray diffraction data sets were collected on X12, X13, and BW7A beamlines at EMBL 
Hamburg (c/o DESY) at 100 K. The data were processed with the XDS package [263] or 
with MOSFLM [264] followed by SCALA [265]. All the SsDpr crystals belonged to the 
orthorhombic P212121 space group and contained 12 monomers in the asymmetric unit. The 
SpDpr crystals were cubic (F4132 space group) and contained one monomer in the 
asymmetric unit. The data processing statistics are displayed in Tables 5 (SsDpr-metal cation 
complexes), 6 (SsDpr mutants), and 7 (SpDpr). 

 

Table 5. Data processing and refinement statistics for SsDpr-metal cation complexes. 

 SsDpr-Ni2+ SsDpr-Co2+ SsDpr-Cu2+ SsDpr-Mn2+ SsDpr-Mg2+ 
Data 

processing 
     

Beamline EMBL-DESY 
X12 

EMBL-DESY 
X12 

EMBL-DESY 
X12 

EMBL-DESY 
BW7A 

EMBL-DESY 
BW7A 

Wavelength 
(Å) 

1.48746 1.60846 1.38047 0.90000 0.90000 

Space group P212121 P212121 P212121 P212121 P212121 
Unit cell 

parameters 
     

a, b, c (Å) 104.9, 137.5, 
141.7 

104.9, 137.4, 
141.9 

105.2, 138.1, 
142.6 

106.2, 139.5, 
143.8 

106.2, 139.7, 
144.5 

Resolution 
range (Å) 

20.0–2.10 
(2.21–2.10)* 

25.0–2.30 
(2.36–2.30) 

25.0–2.10 
(2.15–2.10) 

50.0–2.40 
(2.53–2.40) 

40.0–2.20 
(2.32–2.20) 

Completeness 
(%) 

99.0 (95.5) 96.6 (77.2) 98.4 (86.4) 99.9 (99.9) 99.9 (100.0) 

〈I/σ(I)〉 23.3 (9.7) 23.3 (9.7) 17.4 (3.7) 14.1 (2.8) 19.7 (4.4) 
Rmerge 6.7 (36.9) 5.4 (12.0) 6.9 (38.4) 10.0 (49.4) 8.1 (45.4) 

Wilson B-
factor (Å2) 

43.1 43.3 35.4 46.6 35.2 

 
Refinement 

     

Rcryst/Rfree (%) 17.6/22.2 17.4/23.2 16.3/21.4 18.3/24.5 - 
RMSD from 

ideal geometry 
     

Bond lengths 
(Å) 

0.015 0.014 0.014 0.015 - 

Bond angles 
(°) 

1.4 1.3 1.3 1.3 - 

PDB ID 2xjo 2xjm 2xjn 2xqb - 
* Statistics for the highest resolution shell are shown in parentheses. 

 

 

 

 



Summary of Materials and Methods 
 

44 
 

Table 6. Data processing statistics for SsDpr mutants. 

 E64A E67A E68A E75A 
Data processing     

Beamline EMBL-DESY 
X12 

EMBL-DESY 
X12 

EMBL-DESY 
X12 

EMBL-DESY 
X12 

Wavelength (Å) 1.72003 1.72003 1.72005 1.72196 
Space group P212121 P212121 P212121 P212121 

Unit cell 
parameters 

    

a, b, c (Å) 104.9, 137.3, 
141.4 

105.5, 137.7, 
142.2 

104.5, 137.5, 
141.6 

104.5, 137.8, 
142.0 

Resolution range 
(Å) 

50.0-2.70 (2.85-
2.70)* 

20.0-2.85 (2.92-
2.85) 

25.0-2.20 (2.32-
2.20) 

40.0-2.40 (2.53-
2.40) 

Completeness (%) 100.0 (100.0) 99.5 (99.6) 99.9 (100.0) 92.3 (61.9) 
〈I/σ(I)〉 20.2 (5.2) 22.3 (3.6) 17.7 (6.5) 25.4 (5.8) 
Rmerge 9.2 (53.0) 10.6 (73.0) 10.2 (36.4) 6.6 (34.6) 

Wilson B-factor 
(Å2) 

65.5 46.8 31.1 48.8 

* Statistics for the highest resolution shell are shown in parentheses. 

 

Table 7. Data processing and refinement statistics for SpDpr data sets. 

 SpDpr SpDpr-Fe2+ SpDpr-Zn2+ 
Data processing    

Beamline EMBL-DESY X13 EMBL-DESY X13 EMBL-DESY X12 
Wavelength (Å) 0.81 0.81 1.0 

Space group F4132 F4132 F4132 
Unit cell parameters    

a = b = c (Å) 189.3 188.3 187.1 
Resolution range (Å) 33.00-2.00 (2.11-

2.00)*
43.20–1.93 (2.03–1.93) 60.0–2.1 (2.21–2.10) 

Completeness (%) 99.9 (100.0) 92.7 (79.1) 100 (100) 
〈I/σ(I)〉 10.8 (3.5) 16.0 (4.9) 17.3 (5.8) 
Rmerge 15.4 (48.8) 9.3 (32.7) 16.4 (43.6) 

Wilson B-factor (Å2) 13.4 15.3 16.6 
 

Refinement 
   

Rcryst/Rfree (%) 15.3/18.2 14.6/16.3 14.4/17.2 
RMSD from ideal 

geometry 
   

Bond lengths (Å) 0.011 0.010 0.014 
Bond angles (°) 1.0 1.0 1.2 

PDB ID 2wla 2wlu 2xgw 
* Statistics for the highest resolution shell are shown in parentheses. 
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7.3.3 Structure determination, refinement, and validation 

7.3.3.1 S. suis Dpr 

For all the SsDpr crystal structures, the phases were directly obtained from the apo-crystal 
structure (PDB accession code 1umn) [137]. Dpr crystal structures complexed with copper, 
manganese, cobalt, and nickel were refined with REFMAC5 [266] and the 
Translation/Libration/Screw refinement parameters were applied in the refinement. Manual 
building of the structures was performed with COOT [267] and the stereochemistry of the 
structures was validated with PROCHECK [265]. The data refinement statistics are displayed 
in Table 5. 

E64A, E67A, E68A, and E75A mutants were refined with PHENIX.REFINE [268]. The 
manual building of the structures was performed with COOT and the stereochemistry of the 
structures was validated with MOLPROBITY [269]. The structures were not fully refined, 
because no structural differences were observed when compared with SsDpr crystal structure 
(PDB accession code 1umn) [137]. The Rfree values for the partially refined structures are 
23.2, 22.0, 22.7, and 23.7 % for E64A, E67A, E68A, and E75A, respectively. 

 

7.3.3.2 S. pyogenes Dpr 

The SpDpr structure was solved with molecular replacement. A polyalanine model of the 
monomer of S. suis Dpr (PDB accession code 1umn, sequence identity 48.2 %) [137] was 
used as a search model in PHASER [270]. The initial model was built with ARP/wARP [271] 
and further refined with REFMAC5. The phases for the iron and zinc loaded structures were 
derived directly from the SpDpr crystal structure and refined with REFMAC5. Manual 
building was performed in COOT and the stereochemistry of the structures was analyzed 
with PROCHECK. The data refinement statistics are displayed in Table 7. 

  

7.4 X-ray absorption spectroscopy 

7.4.1 Data collection 

The iron-loaded samples of E64A, E67A, E68A, and E75A were supplemented with 20 % 
v/v glycerol and concentrated to 50 mg/ml. The samples were transferred into plastic sample 
holders with polyimide windows, frozen in liquid nitrogen and kept at 4 K during data 
collection. X-ray absorption spectra were collected at the Fe K-edge in fluorescence mode at 
Wiggler station 7-3 (Stanford Synchrotron Radiation Lightsource, Menlo Park, CA, USA), 
equipped with a Si(220) double-crystal monochromatic, a focusing mirror and a 30-element 
germanium solid-state fluorescence detector (Canberra). Dead-time correction was applied to 
the fluorescence signals and saturation effects were excluded because the dead time was 
always below 20 %. The energy axis of each scan was calibrated using a reference sample 
(Fe foil; absorption edge calibrated to 7112 eV). Scan averaging, normalization, and data 
reduction were performed with the KEMP2 [272] program using E0(Fe) =	7120 eV.	
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7.4.2 Data analysis 

The pre-edge peak areas were analyzed with WinXAS [273]. The K-edge EXAFS data were 
converted to photoelectron wave vector k-space and weighted by k3. The EXAFS data were 
refined with the DL_EXCURV package [274]. To avoid the overinterpretation of the data, 
the Debye-Waller factors were grouped according to distances for the iron shells. The number 
of oxygen ligands was fixed according to the pre-edge results. The R factors were used as a 
measure of the goodness of the fits. 

 

7.5 Isothermal titration calorimetry 

The interactions of SsDpr and D74A with the metal cations were studied with isothermal 
titration calorimetry (ITC) on a MCS-ITC titration calorimeter. Both the proteins and the 
metal cations were in 10 mM Tris–HCl (pH 7.5), 150 mM NaCl, except in the measurements 
with CuCl2 where 10 mM Pipes (pH 7.5) were used instead of Tris-HCl, due to the high 
affinity of Tris for Cu2+. For MgCl2, NiCl2, CuCl2, ZnCl2, and CoCl2 titrations, 5 μΜ of Dpr 
was titrated with a 4 mM solution of the metal chloride. Due to the low-enthalpy output of the 
reaction in the MnCl2 titration, 15 μΜ of Dpr was titrated with 8 mM MnCl2 solution. All the 
experiments were performed at 25 °C under aerobic conditions and repeated for at least three 
times. Origin® 5.0 (http://www.originlab.com) was used to fit the ITC data to a one-set-of-
sites binding model and to a two-set-of-sites binding model. 

 

7.6 Mössbauer spectroscopy 

For the Mössbauer measurements, the iron-loaded SsDpr, E64A, E67A, E68A, and E75A 
were concentrated to 25 mg/ml and freeze-dried. The measurements were performed using a 
25 mCi 57Co:Rh source (Cyclotron Co.) at fixed temperatures of 77 and 300 K in 
transmission geometry with a maximum Doppler velocity of 2.05 mm/s and with a few 
additional measurements of 10.0 mm/s. The spectra were fitted using three spectral 
components defined by the following hyperfine parameters: the chemical isomer shift relative 
to α-Fe, the relative component intensities, the quadrupole coupling constants, and the 
resonance line width which was constrained to be equal for all three components. 

 

7.7 Magnetic measurements 

The samples were prepared the same way as those for the Mössbauer measurements. Direct 
current (DC) magnetization measurements were performed in a superconducting quantum 
interference device (SQUID) magnetometer at temperatures of 5-80 K and in magnetic fields 
up to 6 T. The samples were zero-field-cooled (ZFC), the magnetic field was increased to 10 
mT and the temperature dependence of magnetization was measured. After it had reached 80 
K, the temperature was decreased and the field-cooled (FC) curve was recorded. The 
magnetization loops were measured at 5, 20, 40, and 80 K and the maximum magnetic field 
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was 6 T. The alternating current (AC) magnetization measurements were performed in a 
Quantum Design physical property measurement system with the ACMS option at 1.9–20 K. 
The DC magnetic field was zero, the AC-field amplitude was 1 mT, and the magnetic field 
frequencies used were 100, 316, 1000, 3162, and 10000 Hz. 

 

7.8 Inductively coupled plasma mass spectrometry 

The concentrations of iron and phosphorus were determined with ICP-MS measurements. 
PerkinElmer Elan 6100 DRC+ was used in the analysis with masses 56 (Fe) and 31 (P). For 
mass 56, the dynamic reaction chamber was used to eliminate the ArO interference effect. 
The measurements were repeated 5 times. 
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8 RESULTS AND DISCUSSION 

All lactic acid bacteria (Streptococcus, Enterococcus, and Lactococcus) lack the biosynthetic 
pathway of heme production. Therefore, they cannot synthesize cytochrome oxidases 
required for oxidative energy-linked metabolism or catalase required for H2O2 decomposition 
[275]. Some streptococci, such as S. suis and S. pyogenes also lack NADH peroxidase which 
catalyzes the breakdown of H2O2 to H2O [276,277]. However, streptococci themselves 
produce H2O2 that is subsequently utilized as a virulence factor [278-282]. H2O2 is also 
encountered by the bacteria inside the host’s phagocytes as part of the host defences during 
infection [283,284]. In addition, many Gram-positive bacteria cannot synthesize glutathione, 
an important molecule in the oxidative stress resistance, although some bacteria can acquire it 
from the growth medium. Consequently, several streptococci lack the high levels of 
intracellular glutathione found in many Gram-negative bacteria [285,286]. Taken together, 
one would think that without these widespread mechanisms for handling oxidative stress, 
aerobic conditions could pose severe restrictions for streptococcal growth. However, most 
streptococci are facultative anaerobes and many of them display a somewhat surprising level 
of aerotolerance [287].  

Since lactic acid bacteria do not contain Ftn or Bfr [251], it seems they have very little use 
of iron storage proteins. Curiously, S. suis does not require iron for growth if manganese is 
available [8]. However, there is still an influx of iron cations into the cytosol if iron is present 
in the extracellular media. The role of Dpr in streptococci seems to be tightly linked to the 
detoxification of iron and H2O2. In addition, Dpr participates in the interplay of various stress 
resistances in streptococci [223]. 

 

8.1 Crystal structures of S. pyogenes Dpr (STUDIES I AND II) 

Although crystal structures of several Dps proteins have been determined from a variety of 
bacteria, Dpr structures from only one streptococcus bacterium were available at the 
beginning of this thesis [137]. The lack of streptococcal Dpr structures is rather surprising 
since streptococci comprise a large group of bacteria that contain many human pathogens. 
Because of their lack of many other defence mechanisms against oxidative stress, 
streptococci are ideal organisms to study the role of Dpr in oxidative stress resistance. 

The crystal structures of SpDpr without and with iron (SpDpr-Fe) and the structure of 
SpDpr complexed with zinc (SpDpr-Zn) were solved and refined to 2.0-, 1.93-, and 2.1-Å 
resolution, respectively. The quality of the structures is good based on the crystallographic 
residuals. The final Rcryst and Rfree for SpDpr are 15.3 % and 18.2 %, for SpDpr-Fe 14.6 % and 
16.3 %, and for SpDpr-Zn 14.4 % and 17.2 %. A loop running between the first and the 
second α-helix in all the structures was only partially visible, and was not modelled in its 
entirety owing to the lack of electron density. There were no major changes in the overall 
structure between the complexes and the apo-structure, as indicated by the small root-mean-



Results and Discussion 
 

49 
 

square deviation between Cα atoms (0.14 Å between SpDpr and SpDpr-Fe and 0.23 Å 
between SpDpr and SpDpr-Zn). 

 

8.1.1 Description of the structures 

SpDpr was crystallized as a monomer. The biologically active dodecamer with 23 point-
group symmetry was created by applying the crystal symmetry operators. The SpDpr 
monomer follows the common four-helix bundle fold as other Dps proteins (Fig. 9A). In 
addition to the conserved bundle, SpDpr contains an N-terminal helix (Nα), which is 
connected to helix A by a flexible loop that is only partially visible in the crystal structures. 
Helix Nα is positioned almost perpendicularly to the four-helix bundle and is situated on the 
top of helices A and C. The overall structure of the dodecamer is similar to other Dps proteins 
forming a hollow sphere with inner and outer diameter of ≈ 45 Å and ≈ 90 Å, respectively 
(Fig. 9B). The two pores leading to the dodecamer cavity follow the general trend in Dps 
proteins. The N-terminal ferritin-like pore is hydrophilic and wide enough for cation 
transport. In contrast, the C-terminal Dps-like pore is hydrophobic and more constricted. In 
addition, three symmetry-related Tyr residues that restrict any cation passage block the Dps-
like pore. This excludes the possibility that the Dps-like pore might be used as an auxiliary 
route for iron entry to the cavity or as an iron exit, as suggested for some Dps proteins 
[148,168]. The ferritin-like pores have conserved Asp residues that provide negative charges 
and bind iron and other metals in some Dps proteins. No metal ions were observed in the 
ferritin-like pore of SpDpr structures. However, a spherical electron density was found in the 
ferritin-like pore of SpDpr-Fe and it was assigned to a bound sodium ion based also on the 
nature of the surrounding residues. In a recently published structure of Microbacterium 
arborescens Dps, an iron cation was situated in the ferritin-like pore in a similar position as 
the sodium ion in SpDpr-Fe [288]. This suggests that the spherical electron density might 
actually arise from a low occupancy iron cation instead of a sodium ion. 

 

(Figure legend on the following page). 
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Figure 9. The tertiary and quaternary structure of SpDpr. A) SpDpr monomer. The helices are 
labelled and the flexible loop connecting the N-terminal helix and helix A is shown as a dotted line. 
B) SpDpr dodecamer. The view is down the 3-fold axis with the N-terminal pore towards the viewer. 
Monomers are coloured in different colours. 

 

8.1.2 Novel N-terminal helix 

A striking difference between SpDpr and most of the other Dps proteins is the presence of the 
N-terminal helix (Nα). N-terminal helices have been found in three other Dps proteins, 
namely, in DpsA and DpsB from L. lactis MG1363 [138] and in S. solfataricus Dps [139]. 
However, in SpDpr three symmetry-related Nα helices fold around the N-terminal pore 
creating a funnel around the channel contrary to the other three Dps proteins. Moreover, the 
Nα in SpDpr does not participate in dodecamer stabilization as it does not interact with 
adjacent subunits. Helix Nα contains no lysines and accordingly SpDpr does not interact with 
DNA as also confirmed by a gel mobility shift assay [223]. Conversely, the N-terminal 
helices of L. lactis and S. solfataricus Dps proteins have been implicated in DNA binding and 
contain lysines in their respective helices. Furthermore, the Nα helix contains no metal 
binding sites, in contrast to the N-terminal helices of L. lactis DpsA and DpsB. Consequently, 
the biological role of the Nα helix in SpDpr is still unanswered. Nevertheless, owing to its 
location around the N-terminal pore, it might help guiding the iron cations inside the protein 
for oxidation. 

 

8.1.3 Variant ferroxidase centers 

8.1.3.1 Binding of iron and changes in the ferroxidase center 

SpDpr has the canonical FOC situated at the interface of two symmetry-related subunits. No 
metal cations were found in the crystal structure of SpDpr. Following the soaking with iron, 
the formation of a mono-iron FOC was observed. Mono-metal FOCs have previously been 
characterized from several other Dps crystal structures. Although the di-iron FOC is thought 
to be the functional form of the FOC, its characterization crystallographically is difficult 
owing to the transient role of the second iron-binding site in the oxidation process. 

The iron in the SpDpr-Fe complex is coordinated to His50 from one subunit and Asp77 
and Glu81 from a second subunit at the dimer interface. In addition, a water molecule was 
found ligated to iron. A glycerol molecule was located close to FOC and involved in an 
interaction with the iron. The coordination of the iron SpDpr-Fe FOC is very similar to other 
mono-iron FOCs in Dps proteins, except for the presence of the glycerol molecule. The 
binding of only one iron in the FOC might actually be explained by the presence of the 
glycerol molecule, which occupies the position of iron in the B-site. A glycerol molecule has 
also been found in the FOC of D. radiodurans Dps1, where it is also ligated to iron [148]. In 
the second ligation sphere three residues bind iron via the water and the glycerol molecules. 
Asp66 binds to iron via the water molecule and His62 and Lys160 via the glycerol molecule. 
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The binding of iron leads to conformational changes in the carboxylic residues around the 
FOC, indicating that the FOC is not preformed. 

 

8.1.3.2 The di-zinc ferroxidase center 

Zinc is a useful redox-stable replacement of iron in binding studies. The soaking of SpDpr 
crystals with zinc led to the binding of two zinc cations (ZN1 and ZN2) to the FOC (Fig. 10). 
ZN1 was also found to exist in two alternative conformations, A and B. The distance between 
ZN1A–ZN2 (3.51 Å) is typical for di-iron and di-zinc sites in proteins, whereas the ZN1B–
ZN2 distance (2.71 Å) is shorter than normally found [116]. This led to the conclusion that 
ZN1B could represent an intermediate position of iron during the oxidation process. ZN1B is 
coordinated in a similar manner as the iron in the SpDpr-Fe complex, except that Asp66 also 
contributes to the binding. ZN1A occupies the position of the conserved water molecule 
(W2065) in the SpDpr-Fe FOC and is coordinated by His50 from one subunit and Asp66 and 
Asp77 from the second subunit. ZN2 in coordinated by one residue from each subunit, 
namely, His62 and Glu81. Instead of the glycerol molecule found in the SpDpr-Fe FOC, a 
succinic acid molecule was found bound near the FOC and involved in a direct interaction 
with ZN2.  

The co-crystallization of SsDpr with zinc has been shown to result in a mono-zinc FOC 
[289]. The zinc superimposes well with ZN1B in SpDpr-Zn and is coordinated in a similar 
fashion by surrounding residues. A conserved water molecule in SsDpr FOC was proposed to 
be a zinc cation based on a low-resolution crystal structure. The presence of ZN2 at this site 
in SpDpr-Zn supports this hypothesis. 

 

Figure 10. Stereo presentation of the di-zinc ferroxidase center of SpDpr. 
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8.1.3.3 Comparison of di-metal ferroxidase centers of Dps proteins  

Di-iron FOCs from BbDps [143], BbNapA [149], and in archaeal HsDpsA [145] have been 
structurally characterized. The coordination of the two iron cations (in sites A and B) in the 
three proteins is very similar. Moreover, the conformations of the residues in the FOCs show 
high similarity, especially between the bacterial proteins BbDps and BbNapA. 

Interestingly, in SpDpr-Zn, the two zinc cations do not superimpose well with the iron 
cations in the di-iron FOCs with the exception of ZN1B that superimposes with the FE1 of 
BbDps and BbNapA. In addition, all of the structures contain a bridging water molecule (or 
an oxo ion) between the metal cations. 

The conformation of the residues involved in the metal binding, however, is similar with 
SpDpr-Zn, BbDps, and BbNapA. The only major difference between the SpDpr-Zn FOC and 
BbDps and BbNapA FOCs is the role of a single structurally aligned residue in the metal 
binding (Asp66 in SpDpr-Zn, Glu47 in BbDps, and Gln54 in BbNapA). Whereas Asp66 binds 
directly to ZN1, Glu47 binds FE2 via a water molecule and Gln54 does not participate in any 
interactions in the FOC. Because of the differences between the di-iron FOCs and the di-zinc 
FOC in SpDpr-Zn, the SpDpr-Zn FOC might represent a catalytically stable intermediate in 
the ferroxidase reaction.  

A di-zinc FOC has also been identified in DpsA from T. elongatus. In T. elongatus DpsA, 
however, the conserved carboxylate residue in the FOC is replaced by a non-conserved 
histidine [153]. This feature alters the binding of the zinc cations considerably compared to 
other di-metal FOCs of Dps proteins. The ability of T. elongatus DpsA to bind two zinc 
cations was attributed to the presence of the histidine residue. Nevertheless, as shown with 
SpDpr-Zn, and also suggested for SsDpr, the binding of two zinc cations does not absolutely 
require a variant FOC. Taken together, the structural features of the T. elongatus DpsA FOC 
are not shared with SpDpr, and the two proteins might utilize different mechanisms for 
ferroxidase reaction.    

The ferroxidase reaction mechanisms of Dps proteins in general might not be as similar as 
they could be thought based on the similarities of the FOC. Subtle but structurally significant 
changes on the first and the second ligation sphere of the metal cation might have an impact 
in the ferroxidase reaction mechanism and the reaction rate. The effect of the second ligation 
sphere residues has already been demonstrated for ferritins [290]. In Dps proteins, the 
ferroxidase reaction has been found to proceed slightly different in EcDps and LiDps despite 
the conservation of the FOC [156,158] (Section 5.3.2.2). In addition, the conformation of the 
residues in the FOCs of B. anthracis Dps1 and Dps2 are very similar but, unlike Dps2, Dps1 
cannot utilize H2O2 as an oxidant in the ferroxidase reaction. Notably, the ferroxidase 
reaction also proceeds at different rates in the two proteins. 
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8.1.3.4 The effect of point-mutations to iron and zinc binding 

In vitro iron and zinc loading followed by gel staining was used to study the effect of point 
mutations around the FOC in the iron and zinc incorporation of SpDpr. His50Ala, His62Ala, 
Asp66Ala, Asp77Ala, and Glu81Ala SpDpr mutants displayed a significant reduction in iron 
and zinc content. All of the above residues bind either directly or indirectly to the metal 
cations in SpDpr-Fe and SpDpr-Zn. Asp66 is a conserved FOC residue in Dps proteins and 
usually either Asp or Glu is found in its place. Surprisingly, a homologous mutation in SsDpr 
(Asp63Ala) did not affect the iron incorporation [170]. Both residues bind iron via a 
conserved water molecule in their respective FOCs except that this interaction seems to have 
greater importance in SpDpr. This lends further proof that subtle differences between the 
FOCs of Dps proteins can change the mechanism and the rate of iron binding and ferroxidase 
reaction. 

 

8.1.4 Surface zinc-binding site and potential implications 

An additional zinc-binding site was identified on the surface of SpDpr-Zn near the dimer 
interface and it was also capable of binding copper (T.H. and A.C.P., unpublished results). 
The zinc is coordinated by His100, two water molecules, and a chloride ion (Fig. 11A). 
Lys99 binds the zinc via one of the water molecules. Glu96 and Lys107 bind the zinc cation 
via the second water molecule. The residues are located in the small BC helix. His100 and 
Glu96 originate from the same monomer whereas Lys107 is located in the two-fold 
symmetry-related monomer. The only residue directly involved in the zinc binding, His100, 
is not conserved among Dps proteins. However, other streptococcal Dpr proteins have 
asparagine in the same place, offering a potential zinc ligand.  

Usually zinc sites present in proteins have either structural, catalytic, or co-catalytic 
functions [291]. The coordination sphere of the zinc did not provide any clues of its possible 
function. Nevertheless, the concentrations of both zinc and copper are elevated in the site of 
inflammation and SpDpr has been found to protect the bacterium against zinc stress [223]. 
This novel zinc/copper site might, therefore, play a role in zinc and/or copper scavenging and 
explain the protective mechanism of Dpr against zinc stress. 

Surface zinc sites have also been identified in L. lactis DpsA and DpsB, and D. 
radiodurans Dps1 [138,148]. In these proteins, the sites are located at the N-terminal 
extension (Fig. 11C-D). Although their function is unknown, the location of the sites suggests 
that they might be involved in DNA binding. In D. radiodurans Dps1, the zinc ion was 
coordinated by four residues (two histidines, one aspartic acid, and one glutamic acid) and 
thus it might function as a structural zinc site [291]. The site was also suggested to function 
as metal sensor or as a zinc finger involved in DNA interactions [148]. 
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Figure 11. Surface zinc sites of three Dps proteins. A) Close-up stereo view of the surface zinc site in 
SpDpr-Zn. Water molecules are coloured in cyan. B) Surface zinc site in SpDpr-Zn near the dimer 
interface. C) Surface zinc site in L. lactis DpsA at the N-terminus (PDB accession code 1zuj) [138]. 
D) Surface zinc site in D. radiodurans Dps1 at the N-terminus (PDB accession code 2c2u) [148]. 

 

8.2 Metal cation binding to S. suis Dpr (STUDY III) 

The binding of iron to Dps proteins has been of major interest in several studies. However, 
the binding of other transition metal cations has not been studied in detail. Binding sites for 
other metal cations have usually been discovered as a byproduct of de novo structure 
determination [136,168]. Still, these studies have indicated that Dps proteins are capable of 
binding various metal cations and possess sites other than the FOC for metal binding. The 
binding of six metal cations to SsDpr was studied in order to characterize different metal 
binding sites in the protein, to identify new metal binding sites, and to analyze the potential of 
this protein as a cage for the synthesis of nanosized materials. 

 

8.2.1 Metal binding to the ferroxidase center 

The mono-metal FOC of SsDpr has been crystallographically characterized before and iron, 
zinc, and terbium were found coordinated by His47, Asp74, and Asp78 in the FOC 
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[154,289]. His59 and Asp63 bind these metals indirectly via two conserved water molecules. 
In order to analyze further the metal binding specificity of the SsDpr FOC, the binding of 
four transition metal cations (Cu2+, Co2+, Ni2+, and Mn2+) and that of an alkaline earth metal 
(Mg2+) were studied by X-ray crystallography. Mg2+ did not bind to the FOC, whereas all the 
other metal cations were found bound to the FOC. The coordination of the transition metal 
cations was similar to that of iron, zinc, and terbium (Fig. 12). 

The binding of Mn2+ showed some variation when compared to the rest of the complexes. 
Glu78 was found tilted away from the binding site and, thus, Glu78OE1 was unable to 
interact with Mn2+. Furthermore, one of the two conserved water molecules is missing in the 
structure thus abolishing the indirect interaction of His59 with Mn2+. In the structure 
complexed with copper, Cu2+ was observed to bind with a partial occupancy indicating looser 
coordination of the complex. Surprisingly, none of the metal cations were found bound to the 
secondary zinc site observed in the SsDpr crystal structure complexed with zinc [289]. This 
site, therefore, appears to be specific for zinc.  

Various metal binding sites have been observed in several Dps proteins. Usually, metal 
binding sites have been observed at the N- and C-terminal pores. In SsDpr, however, no 
additional metal binding sites besides FOC could be identified. This can be partly due to the 
low concentration of metal cations used in the co-crystallization as higher concentrations led 
to protein precipitation or inhibition of crystal growth.   

 

Figure 12. Comparison of the mono-metal ferroxidase centers as stereo presentation. The same colour 
is used for the protein, the conserved water molecules, and the respective transition metal for each 
structure. SsDpr-Co2+ is in pink, SsDpr-Cu2+ in grey, SsDpr-Ni2+ in light blue, and SsDpr-Mn2+ in 
cyan. 
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8.2.2 Thermodynamic properties of the metal binding 

The binding of metal cations was further studied with ITC. In addition to SsDpr, a FOC 
mutant (D74A) with no ferroxidase activity was used in the titration measurements as a 
control.   

From the metal cations analyzed, Zn2+, Co2+, Ni2+, and Mn2+ bind to the protein, whereas 
Cu2+ and Mg2+ do not. With Mg2+, the ITC results are consistent with the co-crystallization 
experiments. However, Cu2+ was found in the FOC of the crystal structure but its binding was 
not detected by ITC. It is possible that a low-enthalpy change of the Cu2+ binding prevented 
its detection with ITC. 

Zn2+, Co2+, Ni2+, and Mn2+ bind to SsDpr in an exothermic process with moderate 
affinities (binding constants from 0.18 x 10-5 to 0.98 x 10-5 M) indicating small free-energy 
changes upon complexation. ITC data demonstrated that all the metals bind in 24 sites in the 
protein suggesting a di-metal FOC (2 sites in each of the 12 monomers). The binding of the 
metals was driven both by enthalpy and entropy. In the case of Mn2+ and Co2+, the two 
binding sites were thermodynamically equivalent whereas with Ni2+ and Zn2+, fitting the data 
considering that the two sites are not equivalent, resulted in n = 12 for each site with differing 
binding constants. In both cases the binding constants were higher for site 1 than for site 2.  

In the SsDpr-zinc crystal structure, zinc binds to the secondary zinc site in addition to the 
FOC [289]. Because only 2 zinc sites were found per monomer in ITC measurements, two 
scenarios arise from the Zn2+ titration data: 1) Zn2+ binds to FOC as a single cation, while the 
second zinc cation binds to the secondary zinc site, or 2) two Zn2+ cations bind to the FOC 
and the binding of the third cation to the secondary zinc site bears no measurable contribution 
to the ITC results, possibly due to low enthalpy. 

Because the SsDpr ITC data suggested that two metal cations bind to the FOC even though 
only one could be seen in the crystal structures, the ITC measurements were repeated with the 
D74A mutant. Since Asp74 is a residue that ligates metal in the site A in the di-metal FOC of 
Dps proteins, it was assumed that the mutation of this residue to Ala would abolish the 
binding of metal cations completely or at least the binding of metal cation to one of the sites.  

The binding of Mn2+ to D74A was thermodynamically analogous to its binding to SsDpr. 
Therefore, the mutation either does not alter the di-metallic character of the FOC or the other 
Mn2+ cation binds elsewhere in the protein monomer. Furthermore, the binding constant 
remains essentially unaltered. However, Co2+ binds to the D74A with only 12 sites. Despite 
the similar thermodynamic profile of the binding, the mutation clearly abolishes the second 
binding site for Co2+. This implies that Co2+ cations bind to the FOC as di-metal species. 
Moreover, the binding of Ni2+ to D74A has the stoichiometry of n = 12, demonstrating that 
the mutation leads to the disruption of one of the binding sites. Unlike with Co2+, the 
mutation also changes the thermodynamic profile of the binding. Although the binding 
constant does not change much, the mutation leads to an increase in enthalpy and decrease in 
entropy of the reaction. It, therefore, appears that the binding of Ni2+ to site 1 affects the 
binding of the second Ni2+ to site 2. 
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The binding of Zn2+ to D74A shows a substantially different thermodynamic behaviour, 
compared to other metal cations. The data supports a model in which 24 cations bind to the 
protein in an exothermic process and 36 cations in an endothermic process. It is unclear if the 
endothermic process, unique for the zinc binding, stems from the interaction of the FOC with 
the zinc cations or from the interaction of the zinc cations with the secondary site. It is, thus, 
not clear if the mutation abolishes the di-metallic character of the FOC although the 
thermodynamic parameters are severely changed. All in all, based on the ITC results, the 
SsDpr FOC seems to be di-metallic. However, the mutation of the Asp74 to Ala seems to 
have different effect on the binding of each metal cation. This can be due to the differences in 
the stability of the di-metal complexes when bound to FOC. 

The binding of Fe2+ to SsDpr was not analyzed with ITC. Still, the interaction of LiDps 
with iron (Kd = 0.023 μM) suggests that Dps proteins have significantly higher affinity for 
Fe2+ than for other divalent transition metals. This indicates that other metals cannot easily 
compete with iron binding and they can inhibit iron binding only at relatively high 
concentrations. Nonetheless, at elevated concentrations, other transition metals are able to 
bind SsDpr and the binding appears to occur solely at the FOC with the exception of zinc. 
Because no other metal cations were able to bind to the secondary zinc site, a high specificity 
and a specific functional role of this site in SsDpr could be assumed.  

More evidence has accumulated in recent years implicating Dps proteins in the protection 
of bacteria against metal stress. This form of protection would be especially important for 
bacterial pathogenesis. However, the specific mechanism of how this protection is achieved is 
not well studied and remains still elusive. The binding of various transition metal cations to 
SsDpr FOC indicates that the protective mechanism might be similar to that of iron, i.e., 
metal sequestration by FOC and deposition inside the cavity.  

 

8.3 Structural and magnetic properties of S. suis Dpr iron core (STUDY 
IV) 

The structure of the iron core of Dps proteins is of biological relevance. Indeed, the 
coordination of iron atoms has direct effects on the mobilization and chemical reactivity of 
the core. The iron core of Dps proteins consists of microcrystalline iron oxyhydroxide. Based 
on its microcrystalline nature and the fact that the core does not follow the symmetry of the 
protein crystal, the iron core can not be studied with X-ray crystallography. Other techniques, 
such as X-ray absorption spectroscopy (XAS) or high-resolution transmission electron 
microscopy, have to be utilized to provide structural insights. 

Mössbauer spectroscopy together with magnetic measurements provides a powerful 
approach to study the magnetic properties of the iron core. Mössbauer spectroscopy is used to 
analyze the internal magnetism of the iron core and to detect local magnetic moments at the 
iron sites. No external magnetic field is required. Magnetic measurements, in turn, deduce the 
total magnetic moment of the iron core via its interaction with an externally applied magnetic 
field. The detailed determination of the magnetic properties of the iron core is complicated 
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due to the nanoscale size of the iron particle, its degree of crystallinity, and the possible 
heterogeneity of the iron oxyhydroxide phase as well as the varied amounts of phosphate 
incorporated in the core [292].  

 

8.3.1 Structures of the iron cores 

To understand the role of the negatively charged residues lining the SsDpr cavity, four point-
mutants of SsDpr were constructed: E64A, E67A, E68A, and E75A. These mutations are 
expected to decrease the negative charge of the inner cavity and might affect the iron 
incorporation, nucleation, and mineralization (Fig. 13). Other residues contributing to the 
negative charge of the cavity were not mutated because they are part of either the FOC or the 
ferritin-like pore; thus, their replacement might have changed protein functionality in other 
ways. Of the mutated residues, Glu64, Glu67, and Glu68 lay close to each other and could 
form a site for iron nucleation. On the other hand, Glu75 is situated > 10 Å from Glu64, 
Glu67, and Glu68. The ICP-MS analysis of the in vitro loaded iron cores of the SsDpr and the 
mutants revealed that the mutant proteins contained less iron than SsDpr. The iron contents in 
the proteins were 290, 240, 240, 250, and 260 Fe / dodecamer for SsDpr, E64A, E67A, E68A, 
and E75A, respectively. This result suggested that the mutations either affect the nucleation 
efficiency or decrease the maximum iron loading capacity of the protein. However, the lower 
iron content was not due to any structural changes in the overall structure of the proteins as 
evidenced by the crystal structures of the mutants. Additionally, none of the mutations had 
any significant effect on the iron incorporation, suggesting that none of the mutations 
disrupted the possible iron nucleation site. 

The iron cores of the mutant proteins were analyzed with XAS. The pre-edge spectra were 
compared to the spectra measured previously for SsDpr [154]. The pre-edge features at ≈ 
7113.5 eV correspond to the quasi-forbidden 1s → 3d transition. This transition is related to 
the electronic structure of the iron, and specifically to the 3d manifold. All the spectra were 
found to superimpose almost perfectly. This indicated no major changes in the structures of 
the iron cores between the mutants and wild-type SsDpr. The EXAFS analysis revealed 
essentially identical Fe-Fe distances as in the SsDpr core. Based on the pre-edge data, the first 
shell was best described by the presence of 5 to 6 oxygen atoms and the best fits were 
obtained by refining 5.5 oxygen atoms in the first shell. This number is slightly higher than 
previously determined for the SsDpr (5 oxygens in the first shell). The best fits were obtained 
by refining iron in three shells. The iron-iron distances of the refined models corresponded 
well to those observed in the SsDpr core. Because phosphorus had also been detected in the 
ferritin and Dps iron cores [154,293], a refinement taking into account a phosphate 
contribution to the scattering was also attempted. However, this approach substantially 
decreased the coordination number of iron and it was later abandoned when the ICP-MS 
measurements revealed only a minimal amount of phosphate in the cores. According to the 
XAS analysis, the structure of the iron cores was compatible with that of ferrihydrite. 

The structure of the iron core may have potential implications in the mobilization of the 
deposited iron. Smaller cores have larger surface-to-interior ratio leading to higher amount of 
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more loosely packed iron. Smaller cores also seem to have larger amount of phosphate [154], 
rendering their structure less ordered. This leads to the hypothesis that for the cellular needs 
the mobilization and reutilization of iron is easier from a small core. When the size of the iron 
core grows, the packing of the iron becomes tighter and its utilization more difficult. This fits 
well to the suggested scheme that iron is continuously deposited in and released from the 
cavity according to the cellular needs [177]. Consequently, under extreme iron excess, the 
reutilization of the iron from the core would slow down or totally seize, preventing further 
increase of iron concentration in the cytosol. 

 

Figure 13. Contribution of the electrostatic potential of the mutated residues to the iron storage cavity 
of SsDpr. Residues contributing to the negative charge of the cavity are labelled and their electrostatic 
potential is shown. The mutated residues are shown in bold. The CB distances between the mutated 
residues are: E64-E67, 5.7 Å; E64-E68, 6.7 Å; E64-E75, 17.6 Å; E67-E68, 5.3 Å; E67-E75, 13.1 Å; 
E68-E75, 10.9 Å). A) SsDpr structure showing the distribution of the electrostatic potential of the 
labelled residues on the cavity surface. B) SsDpr structure showing the change in the electrostatic 
potential when Glu64, Glu67, Glu68, and Glu75 are replaced with Ala. PDB accession code 1umn 
[137]. 

 

8.3.2 Magnetic properties of the iron nanoparticles 

Although they are better studied in Ftns, the magnetic properties of LiDps iron core were 
recently characterized. The iron nanoparticles (about 3 nm in diameter) formed inside the 
LiDps dodecamers have superparamagnetic behaviour above 4.5 K and a large magnetic 
anisotropy. The lattice parameters of these nanoparticles matched those of maghemite or 
magnetite instead of ferrihydrite [294]. The iron mineralization was conducted in non-
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physiological conditions of elevated temperature and pH and controlled oxidation, where iron 
mineralizes as maghemite or magnetite [262]. Thus, the magnetite phase does not represent 
the physiological state of the nanoparticle inside the LiDps cavity. 

 

8.3.2.1 Magnetic measurements of the iron cores 

The analysis of the magnetic properties of the iron cores of SsDpr and the four mutants were 
carried out with SQUID magnetometry. Similar behaviour was practically observed for all 
the proteins with superparamagnetism (i.e., random variations in magnetization as a result of 
thermal fluctuations) exhibited at a blocking temperature below 5 K in DC measurements. 
Accordingly, the ZFC and FC curves did not deviate from each other. The magnetic moment 
(i.e., the torque exerted on a magnet within a magnetic field) of each particle was determined 
independently, and the moments agreed well with the antiferromagnetic ordering of 
ferrihydrite. Ferrihydrite has a hexagonal crystal structure and contains two sublattices of 
Fe3+ ions whose magnetic moments are oriented in opposite directions. These two directions 
should compensate for each other and result in a magnetic moment of zero [295,296]. 
However, largely because of the unpaired surface moments and defects in the interior of the 
core, such as cation vacancies, a small magnetic moment exists in each SsDpr iron core [297] 
(Fig. 14). The magnetic moment of each of the mutants was higher (about 5–10 μB moment 
per particle) than for SsDpr. This finding can be explained by the smaller size of the iron 
cores of the mutants, which leads to a higher surface-to-volume ratio of the core and an 
increase in the number of unpaired spins in the core surface. The SsDpr iron core is hence a 
two-phase spin system as it has also been noticed for ferritin iron cores [292]. The frequency 
dependence of the blocking temperature was determined by the AC-magnetization 
measurements. As expected for superparamagnetic samples, the blocking temperature of the 
samples varies with frequency, and no differences were observed in the attempt frequency or 
magnetic anisotropy energy in the samples. 

In broad perspective, the possibility of changing the iron mineralization rates of Dps 
proteins with selected mutations could allow the growing of superparamagnetic nanoparticles 
of controlled dimensions and narrow size distribution. This would give the opportunity to 
study the magnetism of nanoparticles of varied dimensions and enhance the understanding of 
magnetism at nanosize levels.    

 

8.3.2.2 Mössbauer analysis of the iron cores 

SsDpr and the mutants exhibited identical paramagnetic Mössbauer spectra at 300 K while 
the cooling of the samples down to 77 K did not cause any magnetic splitting of the 
resonance lines. The Mössbauer spectra exhibited a clear asymmetry and were modelled 
using a singlet line close to zero velocity, while the two doublet components were centered 
around 0.2-0.3 mm/s which is typical for high-spin Fe3+ in iron oxides. The nonzero 
quadrupole coupling constant for these components was compatible with superparamagnetic 
ferrihydrite particles [298]. The two quadrupole doublets have similar isomer shifts but 
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different quadrupole splittings. The larger quadrupole splitting probably originates from iron 
at the surface of the core (Fig. 14, red quadrupole doublet), while the smaller quadrupole 
splitting (Fig. 14, green quadrupole doublet) arises from the interior of the core. The singlet 
in the spectra (Fig. 14, blue singlet) covers ≈ 6 % of the total intensity of the spectra. This 
corresponds to ≈ 15 iron atoms, when the two doublets assigned to the iron core correspond 
to 240 iron atoms. Consequently, the singlet probably originates from the 12 iron atoms 
coordinated outside the iron core, at the FOC. This is further supported by its differing isomer 
shift, as the chemical environment of iron at the FOC is different from that of the oxygen-
coordinated core iron atoms. An isomer shift close to zero velocity is difficult to be assigned 
to a specific oxidation state and it could be, for example, a low-spin Fe3+, a zero-spin Fe2+, or 
even Fe4+. The latter can be excluded based on the iron loading conditions, the known 
ferroxidase reaction mechanism, and the results from XAS. Considering that iron dissociates 
from the binding site after oxidation, Fe3+ could not be expected at the FOC. Hence, the iron 
at the FOC is most likely a zero-spin Fe2+. 

 

 

Figure 14. Schematic representation of the iron nanoparticle growth inside the Dps proteins. On the 
left: A schematic picture of SsDpr (gray), FOCs (blue), the interior of the iron core (green), and the 
surface of the iron core (red). Arrows in the interior of the iron core represent the magnetic 
organization in ferrihydrite with cation vacancies (V). Uncompensated magnetic moments are 
depicted with dashed arrows. On the right: The fitted Mössbauer spectrum of E68A recorded at 77 K. 
The arrows indicate the origin of the spectral components.   

 

8.3.3 Potential nanotechnological applications of Dpr  

Different protein cages, such as viruses, heat shock proteins, and ferritins, have been used as 
size-constrained reaction vessels for the synthesis of nanomaterials (Fig. 15). Compared to 



Results and Discussion 
 

62 
 

most of the other protein cages, the Dps cavity offers smaller dimensions for the nanomaterial 
synthesis allowing the production of smaller nanoparticles. In addition, the intrinsic 
biomineralization ability of the protein renders it a versatile system for nanomaterial 
synthesis. The mutational redesign of SsDpr cavity presented here suggests that the iron 
incorporation kinetics can be modified via selective mutagenesis on the cavity surface. The 
redesign of the cavity together with varied metal loading conditions could open new 
possibilities for nanoparticle construction inside Dps proteins. The superparamagnetic 
character of the nanoparticles makes them potentially useful in a variety of applications. 
Owing to the inducability of the magnetic field, the nanoparticles can be heated up or directed 
to a specific location with an external magnetic field. This behaviour makes them attractive 
for a number of applications, such as in drug delivery, magnetic hyperthermia (local heating 
of tumor cells), and magnetofection (transfection of cells) [299]. 

        

 

Figure 15. Examples of protein cages used as nanocontainers. The upper line indicates the outer 
diameter of the protein shell and the lower line shows the diameter of the cavity inside the protein. 
PDB accession codes are shown in parentheses. A) Cowpea cholorotic mottle virus (1za7) [300], B) 
Salmonella typhimurium LT2 lumazine synthase (3mk3) [301], C) Horse spleen ferritin (3f32) [302], 
D) Methanococcus jannaschii small heat shock protein (1shs) [303], E) SsDpr (1umn) [137]. 
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9 CONCLUSIONS AND FUTURE PERSPECTIVES 

The main focus of this study was to provide structural and functional details of the FOC, iron 
nucleation, and core formation of Dpr proteins. Crystal structures of native SpDpr as well as 
those of complexes with iron and zinc were determined. The metal-binding specificity of 
SsDpr was characterized both crystallographically and in solution. Iron nucleation in SsDpr 
was analyzed by site directed mutagenesis and the mineralization process was studied by a 
combination of X-ray crystallography, XAS, Mössbauer spectroscopy, and magnetic 
measurements. 

 

The main conclusions of the thesis are: 

 

 SpDpr shares the canonical structural features of Dps proteins. It has the conserved 
FOC which is capable of binding and oxidizing iron. The protein also possesses a 
novel N-terminal helix which is not involved in DNA binding. 
 

 A di-metal FOC is found in SpDpr. The binding of the two zinc cations show 
variations compared to other di-metal FOCs of Dps proteins. 
 

 A surface zinc/copper site found in SpDpr might be linked to zinc/copper resistance. 
 

 SsDpr is able to bind Cu2+, Co2+, Ni2+, and Mn2+ in the FOC. The binding is similar to 
that of Fe2+, Zn2+, and Tb3+. 
 

 In solution, the binding of Cu2+, Co2+, Ni2+, Mn2+, and Zn2+ leads to two binding sites 
per monomer. Based on the ITC data, the two cations bind to the FOC resulting in the 
formation of a di-metal FOC. 
 

 The iron cores in SsDpr and in the E64A, E67A, E68A, and E75A mutants are 
structurally similar. The iron is found as ferrihydrite inside the cavity. 
 

 The mutations decrease the rate of iron mineralization or storage capacity of the 
SsDpr cavity. 
 

 All iron cores exhibit clear superparamagnetic behaviour in magnetic and Mössbauer 
measurements. 
 

 The iron cores of the mutants have higher magnetic moment than the iron core of the 
wild type SsDpr.  
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There are still questions that remain to be addressed in future studies. Additionally, new 
questions invoked by this study remain to be answered. Although it was shown here that Dpr 
is capable of binding various transition metals, the biological significance of this process is 
still not fully understood. In particular, the question how Dpr protects against zinc stress is 
still open: Is the protective mechanism linked, for example, to the surface zinc site identified 
in SpDpr or to the second zinc site in SsDpr? Indeed, a more extensive analysis of transition 
metal binding to Dpr, with necessary and toxic metals, combined with biological data on 
bacterial growth and survival under metal stress could enlighten the role of Dpr in metal 
resistance. Due to their involvement in stress protection and virulence, Dps proteins are also 
potential candidates for drug design.    

Further studies are needed to address the ferroxidase mechanism of SpDpr as well as the 
biological role of the Nα helix. The exact location of the iron nucleation site in Dps proteins 
is not known although the evidence (or lack of it) points out that no single nucleation site 
exists in Dps proteins. A more extensive mutational analysis of the cavity surface could 
enlighten the critical residues for iron nucleation.  

Magnetic analysis of the iron cores of the mutant proteins could assist in understanding 
magnetism at nanosize levels and enhance our knowledge of magnetism in biological 
systems. The Dps shell provides an ideal environment to study the fundamental magnetic 
behaviour of antiferromagnetic nanoparticles because it produces a system with non-
interacting single domains. In addition, by loading the Dpr cavity with various metal cations, 
nanoparticles of novel magnetic properties could be produced.   
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