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Thesis Outline 

 

The present thesis entitled “Unraveling the antioxidant protection mechanisms in 

the radiation resistant bacterium Deinococcus radiodurans, cross-talk between Dps 

proteins triggers manganese distribution as a defense strategy against oxidative 

stress” is the result of research done at the Metalloenzymes and Molecular 

Bioenergetics, Metalloproteins and Bioenergetics Unit at the Instituto de Tecnologia 

Química e Biológica António Xavier from Universidade Nova de Lisboa, under the 

supervision of Célia Valente Romão and Professor Miguel Teixeira. 

The work, realized during four years, focuses on two Dps proteins from radiation 

resistant organism Deinococcus radiodurans and is comprised of three parts. Part I is 

an introduction which is divided in fours chapters. Chapter I and II are a general 

introduction about reactive oxygen species and metals respectively, chapter III 

describes the organism used in this work, Deinococcus radiodurans, and chapter IV 

gives a description about DrDps family proteins. Part II shows the experimental 

results, and includes chapters V and VI, mainly about in vitro studies aiming to 

understand the DrDps functions, and chapter VII, mainly about in vivo studies showing 

the link between DrDps proteins and manganese, contributing for protection 

mechanisms observed in D. radiodurans. Part III is a general discussion that 

integrates all results obtained during the four years of Ph.D.  
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Dissertation abstract 

 

Deinococcus radiodurans is a radiation resistant bacterium. For this reason, it has 

been a focus of several studies over the years. The aim has been to understand what 

makes this organism so resistant to different extreme conditions. Several protection 

mechanisms are present, such as enzymatic and non-enzymatic systems, namely 

Mn
2+

-Pi complexes. These mechanisms work synergistically, thereby conferring higher 

protection to this extraordinary organism.  

The present thesis is focused on the biochemical characterisation of the two 

DNA-binding proteins from starved conditions, known as Dps, from D. radiodurans. 

This work started with studies performed under in vitro conditions, which were 

complemented with several in vivo experiments, establishing the function of these 

proteins in the cell and their role in the protection mechanism of this bacterium. 

D. radiodurans contains two genes coding for two Dps: DrDps1 (dr2263) and 

DrDps2 (drb0092). DrDps share a high structural homology, namely a dodecameric 

hollow sphere in the crystal form composed of monomeric four-helix bundles and both 

share the typical properties of Dps: iron storage and DNA binding and protection 

ability. However, the DrDps1 protein is unique for Deinococcus genus whilst DrDps2 

has high similarity with Dps present in others genus, including organisms from 

Bacteria and Archaea domains. 

Compared to the other family members known to date these two proteins have 

unique long N-terminal tails. DrDps1 has 54 amino acid residues in these tails while 

DrDps2 contains 42 amino acid residues. The crystal structures previously determined 

for DrDps lack electron density for the full or partial length of these N-terminal tails, 

probably due to disorder and/or flexibility. In the present work we have used a low-

resolution structural approach, small angle X-ray scattering (SAXS), to determine the 

structural position of the N-terminal tails in solution. For the first time was shown that 

the N-terminal tails are flexible regions protruding from the spherical shell of both 

proteins. 

The DNA binding ability of Dps proteins has been associated with the positively 

charged amino acid residues present at the N- or C-terminal tails, and the flexibility 

and location of these tails. In fact, both DrDps bind to DNA. DrDps1 binding occurs 

directly through N-terminal tails which contains seven positively charged amino acid 

residues, while for DrDps2 these N-terminal tails have one positively charged amino 
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acid residue, and are not directly involved in DNA-binding but are associated with the 

selection of DNA conformation type. DrDps1 binds to linear and supercoiled DNA, 

forming complexes with DNA looping from a central aggregate, whilst DrDps2 only 

binds to supercoiled DNA forming complexes with toroidal morphology.  

In the iron storage process DrDps are able to oxidise iron using oxygen and 

hydrogen peroxide as oxidants, leading to iron incorporation in the hollow cavity of the 

DrDps dodecamer. The maximum capacity for DrDps1 and DrDps2 is 270 and 500 

iron atoms per dodecamer, respectively. Under reducing conditions this metal is 

released.  

The iron storage capacity coupled with the DNA binding/condensation, leads to 

DNA protection. For DrDps1 this occurs via its iron storage capacity and DNA 

condensation, whilst for DrDps2 this happens mostly due to its DNA-binding ability, 

since iron oxidation is decreased when DrDps2-DNA complexes are formed. 

Since D. radiodurans contains a high intracellular manganese concentration that 

has been associated with the cell protection against oxidative damage, in this work 

was also demonstrated that these two proteins have the capacity to store and release 

this metal. 

 Based in our in vitro results, we hypothesise that these two proteins play distinct 

functions in the cell. In order to address if DrDps proteins are involved in iron-

manganese homeostasis and in cell protection against damage promoted by oxidative 

stress, a multidisciplinary approach was used, centered upon gene and protein 

expression levels, and cellular location of the proteins and metals. This work was 

performed in D. radiodurans wild-type and in dps knockout mutant strains: Δdps1, 

Δdps2 and Δdps1Δdps2, under different conditions: hydrogen peroxide, methyl 

viologen, iron, manganese, and manganese followed by methyl viologen.  

D. radiodurans is rich in a variety of elements, including: manganese, calcium, 

phosphorus, zinc, potassium, iron and sulphur as shown in our X-ray fluorescence 

imaging results. Under control conditions it was observed that manganese, 

phosphorus and calcium elements are concentrated in small phosphate granules 

which, upon stress conditions, are re-distributed to the cytosol and membrane region. 

Since manganese and phosphorus elements are co-localised in the different 

conditions, it is suggested that they are in the form of Mn
2+

-Pi complexes, which has 

been described to be involved in reactive oxygen species (ROS) detoxification, 

protecting the macromolecules against oxidation. Both DrDps are implicated in this 



xiii 

 

storage/re-distribution of manganese and phosphorus, from/to the phosphate 

granules. This mechanism is regulated by conformational changes of both DrDps. 

DrDps1 was detected with different oligomeric states, namely dimer and trimer. Under 

control conditions, DrDps1 binds as a dimer to DNA whilst under external stimulus, 

such as manganese or compounds that induce an oxidative stress condition to the 

cell, is activated a mechanism leading to conformational changes of DrDps1, to a 

trimeric form. This dimer-trimer conversion is regulated by post-translation 

phosphorylation modification. The regulation of this mechanism is proposed to be 

dependent upon calcium, as our X-ray fluorescence imaging results suggest. 

Moreover the oligomeric state change is associated with a different cellular localisation 

of DrDps1 from the nucleoid region to the cytosol and phosphate granules. Thus 

DrDps1 structural dynamic plasticity between dimer-trimer coupled with a change in its 

cellular localisation, leads to a regulation of the intracellular distribution of Mn
2+

-Pi 

complexes. 

DrDps2 contains a signal peptide suggesting a non-cytoplasmic localisation for 

protein. In fact this protein was localised mostly in the membrane region. However, 

under growth conditions submitted to an excess of manganese or oxidative stress, the 

protein appears in both membrane (DrDps2M) and cytosol regions (DrDps2C). These 

two forms have different molecular masses. DrDps2C has a lower molecular mass that 

corresponds to the protein without N-terminal tails whilst DrDps2M corresponds to the 

full length protein containing N-terminal tails and which is proposed to interact with the 

cellular membrane. These two forms are suggested to have different functions: 

DrDps2C is able to store Mn
2+

-Pi complexes inside the hollow cavity and is also to be 

involved in the Mn
2+

-Pi complex trafficking from and to the phosphate granules while 

DrDps2M protects the membrane contributing for cell division. 

Furthermore, DrDps are also implicated in iron homeostasis. Under growth 

conditions submitted to an excess of iron, DrDps1 changes its oligomeric state from 

dimer to dodecamer. In that case DrDps1 acts as a typical Dps being able to store 

iron. 

Both DrDps are dependent upon each other. DrDps1 as a trimer regulates 

indirectly a cytosolic DrDps2 form and the formation of DrDps1 dodecamer is 

dependent upon DrDps2. 

To complement our studies, we analysed the enzymatic ROS scavenging system, 

namely catalase and manganese superoxide dismutase enzymes (MnSOD). These 
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enzymes have an important role mainly during the stationary phase, where the 

catalase activity was observed to increase and a new MnSOD isoform band activity 

was detected. 

This work has revealed for the first time the mechanism protection from D. 

radiodurans that involves the Mn
2+

-Pi complex regulation which plays a crucial role 

against oxidative stress. This regulation is orchestrated by the two DrDps, which have 

different functions driven by their structural changes.  

The protection mechanism identified through Mn
2+

-Pi complexes and the 

crosstalk between the two DrDps were the missing key components that help to 

understand the protection mechanism of this bacterium.  
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Resumo da dissertação 

 

Deinococcus radiodurans é uma bactéria resistente a elevadas doses de 

radiação. Por este motivo, tem sido o foco de vários estudos ao longo dos anos. O 

objetivo é compreender os mecanismos de resistência desta bactéria a condições 

extremas. Neste organismo, estão presentes vários mecanismos de protecção, tanto 

enzimáticos como não enzimáticos, nomeadamente complexos na forma de Mn
2+

-Pi. 

Estes mecanismos funcionam sinergicamente, assim conferindo elevada proteção a 

esta extraordinária bactéria. 

O trabalho apresentado nesta tese centrou-se na caracterização bioquímica de 

duas Dps, denominadas como “DNA binding protein from starved conditions” de D. 

radiodurans. Inicialmente, baseou-se em estudos realizados em condições in vitro, 

que foram depois complementados com vários ensaios em condições in vivo. Desta 

forma, foi possível determinar as funções destas proteínas na célula e o seu papel no 

mecanismo de proteção contra o stress oxidativo. 

D. radiodurans contém dois genes que codificam para as Dps: DrDps1 (dr2263) 

e DrDps2 (drb0092). As DrDps possuem uma elevada homologia estrutural, 

nomeadamente dodecameros na forma cristalina, formando uma esfera com uma 

cavidade central oca, sendo cada monómero composto por um conjunto de quatro 

hélices-α. Pará além disso, as proteínas têm características típicas da família das 

Dps: capacidade de armazenar ferro e de ligar e proteger e o ADN. No entanto, a 

DrDps1 é única para o género Deinococcus, enquanto a DrDps2 tem elevada 

similaridade com Dps presentes em outros géneros, incluindo os domínios Bactéria e 

Arquea. 

Comparativamente a outros membros da família das Dps conhecidos até à data, 

estas duas proteínas têm longos N-terminais. Nesta região, a DrDps1 tem 54 

resíduos de aminoácido enquanto a DrDps2 contém 42 resíduos. Nas estruturas 

cristalográficas previamente determinadas, para as duas DrDps, não foi possível 

observar densidade electrónica para parte ou mesmo a totalidade da zona dos N-

terminais, provavelmente devido a uma desordem e/ou flexibilidade destes. No 

presente trabalho, utilizou-se uma abordagem estrutural de baixa resolução, o 

espalhamento de raios-X a baixos ângulos (SAXS) para determinar a posição 

estrutural dos N-terminais em solução. Pela primeira vez, foi demonstrado que os N-
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terminais são regiões flexíveis sobressaindo da superfície esférica de ambas as 

proteínas. 

A capacidade de ligação das DrDps ao ADN tem sido associada com os resíduos 

de aminoácido carregados positivamente, presentes nas zonas dos N- ou C-

terminais, bem como à flexibilidade e localização destas zonas. De facto, ambas as 

DrDps ligam ADN. Para a DrDps1, esta ligação ocorre diretamente com os N-

terminais, que contêm sete resíduos de aminoácido carregados positivamente, 

enquanto para a DrDps2, os N-terminais, que apenas contêm um resíduo de 

aminoácido carregado positivamente, não estão directamente envolvidos na ligação 

ao ADN, mas sim implicados na seleção do tipo de conformação do ADN. A DrDps1 

liga ADN linear e enrolado, formando complexos constituídos por um agregado 

central de DrDps1-ADN, na qual partes do ADN sobressaem do agregado. Por sua 

vez, a DrDps2 só liga ADN enrolado, ligando-se à volta deste, formando complexos 

DrDps2-ADN com uma morfologia toroidal. 

Durante o processo de armazenamento de ferro, as DrDps enquanto 

dodecameros são capazes de oxidar o ferro usando oxigénio e peróxido de 

hidrogénio como oxidantes, levando à incorporação daquele metal na sua cavidade 

oca. A capacidade máxima de armazenar ferro por dodecamero é de 270 e 500 para 

a DrDps1 e para a DrDps2, respetivamente. O metal é libertado para o exterior 

quando as proteínas são submetidas a condições redutoras.  

A capacidade das Dps de armazenar ferro, juntamente com a 

ligação/enrolamento do ADN, permite a proteção do ADN. De facto, para a DrDps1 

esta proteção ocorre pela sua capacidade de armazenar ferro e ligar ADN enquanto, 

para a DrDps2, acontece principalmente pela sua ligação ao ADN, uma vez que a sua 

capacidade para oxidar ferro diminui aquando da formação dos complexos DrDps2-

ADN. 

Sabe-se que D. radiodurans contém uma elevada concentração intracelular de 

manganês, a qual tem sido associada à proteção celular contra os danos oxidativos, 

neste trabalho, foi também demonstrado que ambas as DrDps têm a capacidade de 

armazenar e libertar este metal. 

Tendo como base os nossos resultados obtidos em condições in vitro, nós 

formulámos a hipótese de que estas duas proteínas poderiam desempenhar funções 

distintas na célula. De modo a perceber se as DrDps estão envolvidos na homeostase 

do ferro-manganês e na proteção celular contra os danos provocados pelo stress 
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oxidativo, foi utilizada uma abordagem multidisciplinar, centrada na análise da 

expressão dos genes e das proteínas e na localização celular das DrDps e dos 

metais. Este trabalho foi efetuado usando as estirpes de D. radiodurans do tipo 

selvagem e três deletadas nos genes que codificam para as DrDps: Δdps1, Δdps2 e 

Δdps1Δdps2. As diferentes estirpes foram submetidas a diversas condições: peróxido 

de hidrogénio, metil viologénio, manganês, ferro, e manganês seguido de metil 

viologénio. 

D. radiodurans é rico numa variedade de elementos incluindo: manganês, cálcio, 

fósforo, zinco, potássio, ferro e enxofre, como demonstrado pelos nossos resultados 

de varrimento de fluorescência de raios-X. Em condições de controlo, observou-se 

que os elementos, manganês, fósforo e cálcio estão armazenados em pequenos 

grânulos de fosfato. Em condições de stress, estes elementos são redistribuídos para 

a região citosólica e da membrana. Uma vez que o manganês e o fósforo estão co-

localizados nas diferentes condições, sugere-se que estejam na forma de complexos 

de Mn
2+

-Pi, os quais têm sido descritos estarem envolvidos na desintoxicação de 

espécies reativas de oxigénio (ROS), protegendo as macromoléculas contra a 

oxidação. Ambas as DrDps estão implicadas neste armazenamento/redistribuição do 

manganês e fosfato de/para os grânulos de fosfato. Este mecanismo é regulado por 

alterações conformacionais de ambas as DrDps. A DrDps1 mostrou existir em 

diferentes estados oligoméricos, nomeadamente dímero e trímero. Em condições de 

controlo, a DrDps1 liga ADN, na sua forma dimérica, contudo, estímulos externos, tais 

como adição de manganês ou compostos que levam a uma condição de stress 

oxidativo para a célula, induzem uma alteração do estado oligomérico da DrDps1, de 

dímero para trímero. Esta conversão dímero-trímero é regulada por uma modificação 

pós-traducional, a fosforilação. A regulação deste mecanismo poderá ser dependente 

de cálcio, como é sugerido pelos nossos resultados de varrimento de fluorescência de 

raios-X. Além disso, a alteração do estado oligomérico está associada a uma 

mudança na localização celular da DrDps1, da região do nucleoide para o citosol bem 

como para os grânulos de fosfato. Desta forma, existe uma correlação entre a 

dinâmica estrutural, dímero-trímero da DrDps1, com uma mudança na sua localização 

celular, o que leva a uma regulação da distribuição intracelular dos complexos de 

Mn
2+

-Pi. 

A DrDps2 contém um sinal peptídico, sugerindo uma localização não-citosólica 

para a proteína. De facto, em condições controlo esta proteína foi localizada 
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principalmente na região da membrana. No entanto em condições de crescimento 

celular submetidas a excesso de manganês ou stress oxidativo, a proteína aparece 

tanto na região da membrana (DrDps2M) como citosólica (DrDps2C). Estas duas 

formas apresentam diferentes massas moleculares: a DrDps2C tem uma massa 

molecular inferior, correspondendo à proteína sem os N-terminais, enquanto que a 

DrDps2M, com uma massa molecular superior, corresponde à proteína completa, 

contendo os N-terminais, os quais são propostos servir como âncoras para a 

membrana celular. A existência destas duas formas para a DrDps2 sugere que esta 

proteína desempenha diferentes funções. A DrDps2C é capaz de armazenar os 

complexos de Mn
2+

-Pi dentro da cavidade oca e posteriormente estar envolvida na 

sua distribuição de/para os grânulos de fosfato, ao passo que a DrDps2M protege a 

membrana, ajudando na divisão celular. 

Para além das funções supracitadas, a associação de ambas as DrDps à 

homeostase do ferro também foi estudada. Em condições de crescimento celular com 

excesso de ferro, a DrDps1 altera o seu estado oligomérico de dímero para 

dodecamero. Neste caso, a DrDps1 funciona como uma típica Dps, sendo capaz de 

armazenar ferro. 

Ambas as DrDps são dependentes uma da outra. A DrDps1 na sua forma 

trimérica indiretamente regula a forma citosólica da DrDps2, enquanto a formação do 

dodecamero da DrDps1 é dependente da DrDps2. 

Este estudo foi complementado com uma análise do sistema enzimático de 

desintoxicação de ROS, designadamente, as catalases e as superóxido dismutases 

de manganês (MnSOD). Estas enzimas mostraram ser fundamentais na fase 

estacionária do crescimento de D. radiodurans, uma vez que a atividade catalase 

aumentou nesta fase e uma nova banda com atividade MnSOD foi detetada. 

Este trabalho revelou, pela primeira vez, que o mecanismo de proteção de D. 

radiodurans envolve a regulação dos complexos de Mn
2+

-Pi, desempenhando um 

papel crucial contra o stress oxidativo. Esta regulação é controlada pelas duas DrDps, 

que mostraram diferentes funções, impulsionadas pelas suas alterações estruturais.  

A identificação do mecanismo de proteção contra os danos oxidativos, através 

dos complexos de Mn
2+

-Pi e a intercomunicação entre as duas DrDps, eram os 

pontos chave em falta, para a compreensão dos mecanismos de proteção desta 

bactéria.  
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I 1.1 ROS formation 

 
All aerobic organisms are surrounded by oxygen and as a consequence reactive 

oxygen species (ROS) can be generated. The production of these molecules can 

occur as indispensable intermediates in a diversity of normal biochemical reactions 

having vital roles, such as cell signaling (1-4). However, when their concentration 

increases above a threshold level exceeding the capacity of the cell defense 

mechanisms, ROS become toxic leading to the general phenomenon known as 

oxidative stress (5-7).  

The electronic structure of the oxygen molecule, with two unpaired electrons with 

parallel spins in the antibonding molecular orbitals (π*y,z) results in a triplet ground 

state and restricts its reactivity (8-9). ROS are chemically reactive molecules 

containing oxygen including free radicals, namely superoxide anion radical (O2
●–

), 

hydroxyl radical (HO
●
), peroxyl radical (ROO

●
), and the non-radical molecules 

hydrogen peroxide (H2O2), and singlet oxygen (
1
O2) (Fig. 1.1) (1, 7-8, 10). 

 

 

 

Figure 1.1 - Electronic structures of reactive oxygen species. The names and chemical 

formulas for each structure are presented. Red dots represent an unpaired electron, and blue 

dots represent an electron that jumped from one orbital to another. Adapted from Lee et al. and 

Imlay, 2003 (8, 11).  

 

R

ROO
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The formation of ROS from O2 can occur by sequential reduction of oxygen 

through the addition of electrons, which leads to the formation of superoxide anion, 

hydrogen peroxide, and hydroxyl radical (Reaction 1.1) (7, 9). The major source of 

ROS formation in aerobic cells comes from electron transfer in respiratory chain 

complexes. In that case, ROS can be formed during normal cellular respiration 

metabolism, under physiological conditions and neutral pH (12). 

 

Reaction 1.1 

 

 Reduction of O2 to H2O  

 

Reaction 1.2 

  

Reaction 1.3 

  

  Reduction of O2 to singlet oxygen and peroxyl radical 

 

Singlet oxygen (
1
O2) is an excited form of oxygen in which the absorbed energy 

(h) is enough to invert the spin of one of the unpaired electrons, and then this 

electron jumps to another orbital (Reaction 1.2) (8, 13).  

Peroxyl radical (ROO
●
) can be formed when O2 reacts with an alkyl radical (R

●
) 

(Reaction 1.3) (8). This alkyl radical can be formed when cells are subjected, for 

example, to ionizing radiation, (Chapter III).  

 

1.2 ROS and their chemical targets 

 
ROS lead to diverse reversible or irreversible redox modifications on all types of 

biomolecules, such as proteins, lipids, carbohydrates, DNA and RNA. However, ROS 

have different chemical reactivities, damaging specific biomolecules (Fig. 1.2) (1, 9). 

 

O2
1e-

O2
●–

1e-

2H+
H2O2

1e-

H+
HO● + H2O

1e-

H+
H2O

O2
h 1O2

O2
R●

ROO●
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Figure 1.2 - Reactive oxygen species and most known cellular targets (4, 14-15).  

 

1.2.1 Hydroxyl radical 

 

The hydroxyl radical is the most reactive oxygen species, with a short half-life of 

approximately 10 nanoseconds (ns). This radical oxidizes and damages 

indiscriminately all biomolecules: DNA, RNA, proteins, and lipids (Fig. 1.2). Due to its 

short lifetime this radical damages the molecules near by where it is being formed and 

there are no detoxification enzymes known to date (1, 16).  

 

1.2.2 Superoxide anion  

 
The superoxide anion is a moderately reactive ROS with a half-life approximately 

of 1 microsecond (µs) (15). In aqueous solution, these species can act as a reducing 

or oxidizing agent. As a reductant, it can reduce hemes in cytochromes or Cu
2+

 in 

copper proteins while, as an oxidant it can oxidize enzymes containing iron sulfur 

clusters (Fig. 1.2), such as aconitase or fumarase (11, 15, 17). 
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1.2.3 Hydrogen peroxide 

 
The hydrogen peroxide does not have unpaired electrons (Fig. 1.1), its reactivity 

being basically dependent on its low energy bonds (H-OOH, 376 kJ/mol; HO-OH, 213 

kJ/mol) when compared with the bond energies of O2 or O2
●–

 (493 and 393 kJ/mol, 

respectively) (18). Due to its solubility in lipids, it can cross the cell membrane and 

penetrate in the cell causing oxidative damage in thiol groups, such as cysteine (-SH) 

or methionine (-SCH3) amino acids present in different proteins generating sulfenic 

acid or even sulfinic and sulfonic acid adducts in proteins (19-20). It is also a general 

oxidant for most metalloproteins (Fig. 1.2) (14). 

 

Both hydrogen peroxide and the superoxide anion may participate in some 

reactions that will generate the most reactive oxygen species, HO
●
, by Fenton 

(Reaction 1.4) and Haber-Weiss reactions (Reaction 1.5). The Fenton reaction can be 

potentiated when both hydrogen peroxide and superoxide anion damage proteins with 

iron sulfur clusters. This damage leads to Fe
2+

 release, which reduces H2O2 thereby 

generating the hydroxyl radical (Fig. 1.2) (1, 9, 15). Moreover, in the presence of O2
●– 

Fe
3+ 

can be reduced to Fe
2+

 (Reaction 1.5). The combination of these two reactions 

(1.4 and 1.5) gives the Haber-Weiss reaction (Reaction 1.6). This reaction generates 

hydroxyl radicals from hydrogen peroxide and superoxide anion catalyzed by iron (21-

22).  

 

Reaction 1.4 
 

 Fenton reaction 

 

Reaction 1.5 
 

 

Reaction 1.6 
 

 Haber-Weiss reaction  

 

 

Fe2+ + H2O2 Fe3+ + HO● + HO–

Fe3+ + O2
●– Fe2+ + O2

H2O2 + O2
●– O2 + HO● + HO–
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The singlet oxygen has a half-life of approximately of 4 µs in water and 100 μs in a 

nonpolar environment. It is quite reactive, oxidizing mainly proteins but also lipids, 

RNA and DNA (Fig. 1.2). It has been observed that when singlet oxygen reacts with 

proteins, hydrogen peroxide is formed as a byproduct (15).  

It was demonstrated that tryptophan is the most damaged amino acid residue by 

the action of singlet oxygen. However, tyrosine, histidine, cysteine, and methionine are 

also affected, leading to protein carbonyls (common marker for protein oxidation) (13).  

 

1.2.5 Peroxyl radical 

 

The peroxyl radical is a highly reactive radical that can be involved in lipid 

peroxidation. However, the formation of this radical is proceeded by a lipid radical 

formation (L
●
) that in the presence of oxygen leads to the production of lipid peroxyl 

radical (LOO
●
) (Reaction 1.7). This radical can interact with a new lipid, forming the 

lipid hydroperoxide (LOOH) and a second lipid radical (4, 8).  

 

Reaction 1.7 

 

 Lipid peroxidation 

 

1.3 ROS Scavengers 

 
Bacteria have mechanisms to directly reduce dioxygen to water (Fig. 1.3). 

Respiratory oxygen reductases (O2R) and flavodiiron proteins (FDPs) are two 

enzymatic systems which reduce dioxygen to water without ROS formation (23). 

However, under certain conditions ROS can be generated, and systems involved in its 

detoxification can be divided in enzymatic or non-enzymatic.  

 The superoxide anion can be dismutated into hydrogen peroxide and oxygen 

by superoxide dismutase enzyme (SOD, Chapter II) or reduced to hydrogen peroxide 

by superoxide reductase (SOR). The hydrogen peroxide can be converted into water 

LH
ROS

L● LOO● LOOH + L●

HO● H2O O2 LH
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and oxygen by catalase (Kat) (Chapter II) or reduced to water by rubrerythrin (Rbr) 

and peroxidase (Pxd) (Fig. 1.3) (24). 

 

 

Figure 1.3 - Enzymatic systems involved in the reduction of oxygen and in the detoxification of 

ROS. O2R - Oxygen reductase; FDP - Flavodiiron protein; SOR - Superoxide reductase; SOD 

- Superoxide dismutase; Kat - Catalase; Pxd - Peroxidase; Rbr - Rubrerythrin. Figure adapted 

from Romão et al. 2016 (23). 

 

The low molecular weight non-protein thiol glutathione is an excellent example for 

the non-enzymatic systems which can react with ROS (superoxide anion, hydrogen 

peroxide and hydroxyl radical) with the capacity to scavenge these species (15, 25). 

Tocopherols and carotenoids (Chapter III) are lipophilic antioxidants which can be 

present in the membrane and prevent lipidic peroxidation by quenching the 
1
O2 and 

thus protecting all membrane components (15, 25). Polyphosphates have also been 

observed to protect the cell, forming small complexes, for instance with manganese, 

that have the ability to scavenge ROS. This will be further discussed in chapter II (26). 

In summary, these enzymatic and non-enzymatic systems can act synergistically 

to protect the cell from degradation promoted by ROS.  
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2.1 Metals in biological systems 

  
The elements that are most abundant in the Earth´s crust (Fig. 2.1, blue colour) 

are essential elements in living systems (Fig. 2.1, pink colour), with few exceptions, 

such as silicon and aluminum. In addition to the abundance, the availability and 

functional efficiency of the different elements also contribute to the element selection 

by organisms (22, 27-28).  

The most abundant elements present in organisms are hydrogen, oxygen, carbon 

and nitrogen. The human body is 99 % constituted by these elements. However these 

elements by themselves do not enable life and the inclusion of inorganic elements, 

such as metals, is vital (22).  

In fact, it has been observed that several metals are essential for the growth and 

development of cells, thus serving as micronutrients, and are essential for multiple 

metabolic pathways (Fig. 2.1, pink colour). Each metal has distinct chemical features 

that can be implicated in different physiological roles (22, 27-30). 

Sodium (Na) and potassium (K) are essential alkali metals, which belong to Group 

1 of the periodic table. They have in common an outer s-electron shell which is not 

fully occupied; therefore the electron can be easily lost leading to a +1 oxidation state 

(Table 2.1) (22, 27, 31). 

Magnesium (Mg) and calcium (Ca) are essential alkaline earth metals from the 

Group 2 of the periodic table. These elements share an outer s-electron shell fully 

occupied, forming cations with charge +2 (Table 2.1) (22, 27, 31). 

The majority of transition metals that are essential belong to period 4 of the 

periodic table, with exception of molybdenum and tungsten (Fig. 2.1, represented in 

pink colour). Due to incomplete d-orbitals, these elements can form cations with 

charges that can vary between +1 and +7 (Table 2.1). However, in biological systems 

the oxidation states of +2 and +3 are the most common (22, 27, 31). Zinc is an 

exception, since it contains only one stable oxidation state (+2) and acts mainly as a 

structural element and as a Lewis acid in catalysis (Table 2.1) (22, 27). 
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Figure 2.1 - Periodic table. Blue colour represents the most abundant elements in Earth´s crust (The abundance is shown in percentage by mass – 

red colour values) and pink colour represents the most essential elements for biological metabolism (27). 
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able 2.1 - Chemical properties of the most essential metals for organisms (27).  

 Alkali 
metals 

Alkaline earth 
metals 

Transition metals 

Metal ions Na, K Mg, Ca 

Mn**, Fe,  

Co, Cu,  

Mo 

Zn 

Valence electron 

configuration 
3s

1
; 4s

1
 3s

2
; 4s

2
 

4s
2
3d

5
; 4s

2
3d

6
;
 

4s
2
3d

7
; 4s

1
3d

10
; 

5s
1
4d

5 

4s
2
3d

10
 

Most common 

oxidation state 
+1 +2 Variable +2 

Complex stability Weak Moderate Strong Moderate 

Mobility High Intermediate Low Intermediate 

Donor atoms* O O N,O,S N,O,S 

Coordination number * 
6 (Na) 

8 (K) 
6 4-6 4-6 

* Most common, **Mn is not coordinated by sulfur atoms  

 

2.2 Essentiality and toxicity 

 
All the essential metals are indispensable for the cell metabolism. However, the 

intracellular concentration of these metals has to be controlled in order to maintain cell 

viability.  

Cells can have physiological and metabolic modifications at a low level of metals. 

However, after addition of essential metals to the medium, the cell recovers. On the 

other hand, at high concentration these essential metals become toxic, leading to the 

disruption of biological functions and lethal effects (27, 32). In addition, other metals 

such as silver, cadmium, gold, or aluminum, that have no biological role, are 

potentially toxic to organisms. Their toxicity is related to their capacity to bind at 

specific sites for essential metals, disrupting protein function (27, 32-33).  

The requirement of metals is not homogenous for all organisms and each 

organism has a need for specific metals at different levels (29-30, 34). This difference 
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can be related with environmental conditions (that can contain different essential or 

toxic metals) and in that case the organism has the capacity to adapt to these 

conditions, controlling the uptake or efflux of different metals (33, 35). 

The present chapter is mainly focused on metals that are essential for 

Deinococcus radiodurans, such as potassium, calcium, zinc, iron and manganese. 

 

2.3 Sodium and potassium 

 
Sodium (Na) is the 11

th
 and potassium (K) is 

the 19
th
 chemical element belonging to the 1

st
 group 

and 3
rd

 or 4
th
 periods respectively (Fig. 2.1). These 

two elements bind weakly to biomolecules, thus 

having a particular higher mobility in cell (Table 2.1).  

These two elements form complexes coordinated by oxygen when bound to 

biomolecules, but potassium can have a higher coordination number (up to 8) than 

sodium (up to 6) (Table 2.1), since potassium has a higher ionic radius (27). Both 

metals contribute to the regulation of osmotic pressure, to guarantee the 

electroneutrality of compartments, and to establish membrane potentials (22, 27). 

In general, organisms have the tendency to perform the efflux of sodium and the 

uptake of potassium in cells. The passage of these metals through the membrane 

occurs at specific sites, such as channels (Fig. 2.2, A,B), pumps (Fig. 2.2, C) and 

exchangers known as antiporters (Fig. 2.2, D) (22, 27). For example, the Na
+
/K

+
-

ATPase (sodium-potassium adenosine triphosphatase, also known as Na
+
/K

+
 pump) 

is an enzyme found in the plasma membrane of cells which pumps sodium out and 

potassium into the cell, both against their concentration gradients, using energy from 

ATP (Fig. 2.2, C) (22, 36).  

 

11

Na
[Ne]3s1

19

K
[Ar]4s1
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Figure 2.2 - Schematic representation of passive and active fluxes of potassium and sodium. 

(A, B) Na
+
 and K

+
 channels; (C) Na

+
-K

+
 pump; (D) Na

+
/H

+
 exchanger. Adapted from Epstein 

2003 (37). 

 

Potassium is also vital for phosphate uptake in the cell. In E. coli it was observed 

that in absence of potassium in the medium, the bacteria did not present the capacity 

for phosphate uptake (38). The inverse, it was also observed, meaning that the uptake 

of potassium is dependent on phosphate. E. coli mutants impaired in phosphate 

accumulation demonstrated to have a low potassium concentration inside the cell (39). 

These results showed that the uptake of potassium and phosphate are dependent on 

each other. 

 

2.4 Calcium as a signaling ion 

 
 

Calcium (Ca) is the 20
th 

chemical element belonging to the 2
th
 

group, 4
th
 period (Fig. 2.1). Calcium form complexes coordinated by 

oxygen when bound to biomolecules with 6 coordination number. This 

metal has higher binding constants than alkali metals such as Na and 

K, but lower than transition metals (Table 2.1) (27, 31). These properties confer to this 

metal the ability to function as a protein cofactor and is essential as a structural or 

catalytic element (40-41). For example, calcium is vital to maintain the structure of 

ATP ADP

+ + + +             + + + + +             + + + + + +              + + + + + + + + +               + + + + 

K
+

K
+

Na
+

Na
+

Na+ channel K+ channel Active
Na+ Na+

K+K+

Na+-K+ pump ActivePassive

Passive

_ _ _               _ _ _ _ _               _ _ _ _ _                _ _ _ _ _ _ _ _                  _ _ _ _  

Outside of the cell

Inside of the cell

Na

+
Na+/H* Exchenger

Na+ H

+
H+

A B C D

20

Ca
[Ar]4s2
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serine proteases (40), but has also been recognized as an intracellular signaling 

messenger.  

It has been demonstrated in Eukaryotic organisms that the intracellular calcium 

concentration is very low (10
-7 

M), thus preventing the precipitation of phosphorylated 

or carboxylated calcium complexes, many of which are insoluble (22, 42-43). The 

intracellular calcium levels can be controlled by calcium efflux from the cytosol to the 

extracellular space, where the concentration can reach 10
-3 

M. The low intracellular 

calcium concentration in the cytosol can also be controlled by its accumulation in 

intracellular Ca
2+

 stores, like the endoplasmic reticulum (ER), mitochondria, Golgi 

vesicles or even endosomes, lysosomes and secretory granules. In these 

compartments calcium concentration can vary from µM to mM, similar to the calcium 

concentration found in the extracellular space (Fig. 2.3). These differences in calcium 

concentration generate a concentration gradient, which is tightly controlled by the 

presence of pumps and exchangers present in the membranes that allow the flux of 

this metal. Calcium efflux to the extracellular side occurs by ATP-dependent calcium 

pumps (Fig. 2.3, step 1) and Ca
2+

/Na
+
-exchangers (Fig. 2.3, step 2). Calcium influx to 

ER and Golgi occurs via ATPase pumps (Fig. 2.3, step 4), while the influx to 

mitochondria involves calcium channels (Fig. 2.3, step 5) (22, 27, 44). 

 

 

Figure 2.3 - Intracellular Ca
2+

 homeostasis. Low intracellular Ca
2+

 level is maintained by Ca
2+

 

IP3 - Ca2+ 

channel

IP3 - Ca2+ 

channel

Ca2+

ADPATP

Ca2+ (10-3 M)

Ca2+ (10-7 M)

Na+

Na+

Na+

Ca2+

Ca2+ ?

Ca2+ binding proteins

ADP

ATP

ADP ATP

Golgi

Mitochondria ER

Nucleus

1 2

3

44
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efflux to the extracellular space, which can occur by energy dependent mechanisms using Ca
2+

 

pumps (step 1), by Na
+
/Ca

2+
 exchangers (step 2), or by Ca

2+ 
influx to organelles using Ca

2+
 

pumps present in endoplasmic reticulum (ER), and Golgi membrane (step 4) or by Ca
2+

 

channel present in the mitochondria membrane (step 5) and also by Ca
2+

 binding proteins 

(step 3). Transient high Ca
2+

 levels occur by the uptake from the extracellular space via Ca
2+

 

channel (step 6), by Ca
2+

 release from ER or Golgi via inositol trisphosphate channels (IP3-

Ca
2+

) (step 7) or from mitochondria via Ca
2+

/Na
+
 exchanger (step 8). Figure adapted from 

Clapham 2007 [43]. 

 

The internal calcium concentration can be affected by external signals that induce 

a transient increase in calcium levels, activating intracellular signal-transducing 

pathways. The intracellular increase can occur by external calcium uptake, via calcium 

channels (Fig. 2.3, step 6) or by releasing the metal from intracellular compartments 

through inositol trisphosphate (IP3) channels present in the ER or the Golgi membrane 

(Fig. 2.3, step 7) or by Na
+
/Ca

2+
-exchangers present in mitochondrial membranes (Fig. 

2.3, step 8) (22, 27, 44). 

In Prokaryotic organisms such as E. coli it was observed that intracellular calcium 

concentration is tightly controlled and the levels can vary between 100 and 300 nM 

(44-45). In this organism the presence of ion channels, pumps (P-type Ca
2+

-ATPase) 

and Ca
2+

 binding proteins that could be involved in the homeostasis of this metal was 

identified (44). 

As in Eukaryotic organisms, the intracellular calcium concentration in bacteria can 

be altered by external factors, such as: addition of calcium or H2O2; heat or cold shock 

stress, salinity and osmotic stress (45-46). For example, in E. coli it was observed that 

the free intracellular calcium concentration increased up to 2 µM after 1 mM of calcium 

addition to the medium. However, after 80 min the intracellular concentration of this 

metal stabilized at physiological levels (47). Addition of H2O2 to Bacillus subtilis led to 

the raising of intracellular calcium concentration, inducing the expression of several 

proteins, including alkyl hydroperoxide reductase that is modulated by Ca
2+

 (43). 

In cyanobacteria the intracellular calcium concentration changes under heat or 

cold shock conditions. In cold shock conditions, calcium uptake occurs mostly via the 

extracellular space; while under heat shock conditions, the intracellular calcium levels 

increases due to the uptake from extracellular and the release from intracellular 

compartments. Subsequently, the intracellular Ca
2+

 levels start to stabilize in this 

organism (46) , as described above for E.coli.  
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In Eukaryotic organisms, the Ca
2+

 signaling mechanism known as 

phosphoinositide cascade, consists on its release from intracellular compartments, 

such as the ER (Fig. 2.4). In this case, an external stimulus activates the cell surface 

receptors (Fig. 2.4, step 1), including G-protein coupled receptors (GPCR) that 

activate the G-protein, which depends on guanosine-5'-triphosphate (GTP) (Fig. 2.4, 

step 2). The qα subunits of G-protein activate the phospholipase C (PLC) which then 

hydrolyses phosphatidylinositol 4, 5 bisphosphate (PIP2) into 1,4,5-inositol 

trisphosphate (IP3) and diacylglycerol (DAG) (Fig. 2.4, step 3). Then, IP3 activates the 

calcium channel present in the ER membrane, inducing a calcium release to the 

cytosol (Fig. 2.4, step 4). As a result, calcium activates numerous cellular processes 

through Ca
2+

 binding proteins, such as calmodulin (CaM) which can activate other 

proteins by phosphorylation (Fig. 2.4, step 5). 

 

 

Figure 2.4 - Schematic representation of the phosphoinositide cascade for eukaryotic 

organisms. External stimulus (step 1) can activate the G-protein coupled receptors, (GPCR - 

Blue) (step 2), followed by the activation of phospholipase C (PLC - red) by G-protein, 

hydrolysing the phosphatidylinositol 4, 5 bisphosphate (PIP2) into 1,4,5-inositol triphosphate 

(IP3) and diacylglycerol (DAG) (step 3). IP3 is a ligand for the intracellular IP3-Ca
2+

 channel 

which span the ER membrane (step 4). Calcium released from the ER can bind proteins such 

as calmodulin (step 5) or kinase C proteins that can be recruited by DAG and 

phosphatidylserine (PS) (step 6) starting a signaling pathway. Figure adapted from Clapham 

2007 (42). 
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The membrane associated diacylglycerol (DAG) and phosphatidylserine (PS) 

cofactors are required in some cases to activate protein kinase C (PKC) located in the 

membrane. Afterwards, PKC is released to the cytosol inducing the phosphorylation of 

other proteins (Fig. 2.4, step 6). The activation of PKC is also dependent on calcium. 

(42).  

 
2.5 Zinc  

 

Zinc (Zn) is the 30
th 

chemical element belonging to the 12
th
 

group, 4
th
 period (Fig. 2.1). This element is a transition metal with 

complete 3d orbitals existing only as Zn
2+

 in solution. Although this 

metal has only one stable oxidation state as the alkali metals and 

alkaline earth metals, the nature of this element is different. Zinc forms complexes with 

higher binding constants due to its higher electronegativity and can act as a strong 

Lewis acid (Table 2.1) (22, 27, 31, 48).  

This element can play structural, catalytic or co-catalytic roles in proteins and it 

has been found in more than 300 enzymes (29, 49-50). Examples of proteins that 

require zinc are: alcohol dehydrogenase or superoxide dismutase (oxidoreductases), 

carboxypeptidase or alkaline phosphatase (hydrolases), carbonic anhydrase (lyases), 

RNA polymerase (transferases), phosphomannose isomerase (isomerase), and amino 

acyl-tRNA synthetase (ligase) (22, 49, 51-53). 

Catalytic zinc is generally coordinated by one water molecule and by three or four 

amino acid residues, which are usually cysteines or histidines, but can also be 

aspartic or glutamic acids. Therefore Zn
2+

 can bind oxygen (H2O, Asp, Glu), sulfur 

(Cys) and nitrogen (His) ligands (Table 2.1) (49, 54). 

Zinc as a structural element is coordinated by four amino acids residues with 

tetrahedral geometry, and no water molecules are involved in the coordination (55). It 

is known that zinc can stabilize several protein structures such as aspartate 

carbamoyltransferase from E. coli, ferrodoxin from Sulfolobus sp. and zinc finger 

proteins (49, 55). Zinc finger proteins are small proteins with a structural anti-parallel 

hairpin motif making tandem interactions with the target molecule. This motif can have 

one or more zinc ions in order to stabilize the protein conformation, and is coordinated 

by four amino acids residues, the most common coordination is 2 Cys and 2 His, 

known as the classical zinc finger coordination (55). Zinc finger proteins containing 

this classical coordination are the most abundant proteins in eukaryotic organisms. 

30

Zn
[Ar]3d104s2
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The majority of these proteins are transcription factors which recognize a specific DNA 

sequence, but this motif is also essential to bind RNA, proteins and lipids (55). 

Therefore, this zinc finger motif is involved in different functions such as: DNA 

replication and repair, gene transcription and translation, protein folding, proliferation, 

cell adhesion, and apoptosis (55). 

Zinc as a co-catalytic element occurs in enzymes that contain two or more zinc 

atoms in close proximity. In addition, several sites contain Zn in combination with other 

metals, such as Mg, Cu or Fe (22). An example of this function is the copper/zinc 

CuZnSOD superoxide dismutase. This enzyme is involved in protection of the cell 

against the superoxide radical (Fig. 2.5) where zinc is the structural element and 

copper is the catalytic element (22, 56). 

 

2.6 Iron  

 
Iron (Fe) is the 26

th 
chemical element belonging to the 8

th
 group 

and 4
th
 period (Fig. 2.1). This element has an electronic configuration 

of [Ar]3d
6
4s

2
. Since this metal has incomplete 3d orbitals, it can exist 

in several oxidation states (Table 2.1). The most stable valence states 

in biology are ferrous (Fe
2+

) and ferric (Fe
3+

) forms, however the ferryl form (Fe
4+

) has 

been also described to be important in enzymatic intermediates (31, 57-60). 

Iron forms stable complexes with different coordination numbers (up to 6) and 

geometries (Table 2.1).  

Iron can be in a high- or low-spin state when it is octahedrally coordinated. The 

high-spin state occurs when the electrons are distributed by the five d orbitals: three 

t2g and two eg. According to the Pauli Exclusion Principle, the final spin state of Fe
3+

 or 

Fe
2+ 

is S=5/2 or S=2, respectively. However, iron can also be in a low-spin state: this 

occurs when the interaction between the electrons and the ligand field is strong, 

favoring the pairing of the electrons in the lowest energy levels (t2g orbitals), with a 

final spin state of S= 1/2 for Fe
3+

 or S=0 for Fe
2+

. On the other hand, when iron 

present a tetrahedral coordination, only the high spin state is possible.  

These different spin states of iron is an advantage in studies to understand iron 

centers in proteins using spectroscopic techniques, such as electron paramagnetic 

resonance (EPR) spectroscopy (61). 

 

26

Fe
[Ar]3d64s2
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2.6.1 Iron availability and toxicity 

 

Iron is the fourth most abundant element in Earth´s crust and is required by all 

organisms. In reducing conditions which existed at the origin of life, the soluble Fe
2+

 

form predominated, and in this way iron was available for organisms. However the 

atmosphere transition to oxidative conditions, due to the presence of dioxygen caused 

a problem in iron availability, since Fe
2+

 was oxidized to insoluble Fe
3+

. Under these 

conditions and despite its abundance, the availability of this element for the organisms 

became limited. The insolubility of Fe
3+

 is due to the fact that under aerobic conditions 

ferric iron forms insoluble ferric hydroxides (Fe(OH)3) with a solubility product of 

Ksp=2.79x10
-39

 (22, 62).  

In addition, under oxidative conditions, free iron in cells potentiate oxygen toxicity 

by its interaction with oxygen or its reduction products, forming in this way highly 

reactive oxygen species, toxic for the cells (Fig. 2.5) (described in Chapter I).  

To overcome the problem of iron availability and prevent ROS formation under 

oxidative conditions, organisms have mechanisms to sequester and store iron. 

Proteins involved in the storage of this metal are known as iron storage proteins, 

which include Ferritins, Bacterioferritins and Dps proteins. In the presence of O2 or 

H2O2, Fe
2+

 is oxidized to Fe
3+

, which is stored in the cavity of these proteins as ferric 

hydroxides form, without ROS formation (Fig. 2.5). When cells have the need for iron, 

this metal can be released from these iron storage proteins and be “re-used” in the cell 

(63-65). 

 
2.6.2 Iron as an essential element 

 

Due to its chemical properties, iron is involved in a wide range of biological 

functions. It can interact directly with proteins regulating the expression of some 

genes. This metal can also act as a cofactor for several proteins and enzymes, for 

instance heme, iron-sulfur clusters, mixed metal centers, mononuclear and binuclear 

centers (22). 

One of the most important characteristics of iron is to promote electron transfer 

due to its redox properties. For example, it is present in several proteins from the 

oxidative phosphorylation pathway, containing iron sulfur clusters or hemes that are 

involved in the reduction of dioxygen to water (66).  
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Iron metal is also an essential cofactor of enzymes that scavenge ROS, such as 

iron superoxide dismutase enzymes (FeSOD) or heme catalase enzymes (59). Iron 

SOD contains a mononuclear iron site which is reduced from Fe
3+

 to Fe
2+

 followed by 

its reoxidation. These two steps are consecutive and require O2
●–

, which undergoes 

disproportionation into H2O2 and O2 (Reaction 2.1 and 2.2, Fig. 2.5) (59). 

 

Reaction 2.1   

Reaction 2.2  

 FeSOD disproportionation  
 

Catalases that are dependent of iron contain heme and are divided into 

monofunctional (only catalase activity) or bifunctional catalases (catalase-peroxidase 

activity). The monofunctional catalases have a heme b cofactor (FeP) which is a redox 

cofactor. During the turnover, the Fe
3+

P is oxidized to an oxo-ferryl porphyrin π-cation 

radical complex (complex I - Fe
4+

OP
●
) by one H2O2 molecule, releasing one H2O 

molecule, and then is reduced to Fe
3+

P by another H2O2 molecule. During this 

turnover two hydrogen peroxide molecules are catalytically dismutated into one 

oxygen and two water molecules, protecting the cell against ROS (Reaction 2.3 and 

2.4, Fig. 2.5) (57-58). Bifunctional catalases form the same radical, complex I 

(Reaction 2.3), but with two intermediate steps, that react with two organic electron 

donors (RH2) forming an intermediate species, 
●
RH, releasing two water molecules 

(Reaction 2.5 and 2.6) (24). 

 

Reaction 2.3  

Reaction 2.4  

 Monofunctional, heme-containing catalases  

Reaction 2.5  

Reaction 2.6  

 Bifunctional, heme-containing catalases 

 

Iron is also essential for several proteins that contain mixed metal centers or 

binuclear centers. For example the most known group that contains a binuclear center 

(di-iron centers) is the four helix bundle protein family. This family includes proteins 

with distinct functions, such as monooxygenases, erythrin, rubrerythrin, ferritins and 

bacterioferritins (22, 65).  

Fe3+ + O2
●– Fe2+ + O2

Fe2+ + O2
●– + 2H+ Fe3+ + H2O2

Fe3+P + H2O2 Fe4+OP+● + H2O

Fe4+OP+● + H2O2             Fe3+P + H2O + O2

Fe4+OP+● + RH2 Fe4+OP+ ●RH

Fe4+OP + RH2 Fe3+P + H2O+ ●RH
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Figure 2.5 - Model for manganese (pink colour) and iron (green colour) redox cycling. 

Manganese and iron are cofactors of superoxide dismutase (SOD) and catalase 

(CAT) (orange colour), respectively. Iron is a toxic element (Fenton reaction and 

Haber-Weiss reaction) and manganese is an antioxidant (Phosphate manganese 

complexes - pink colour with grey box). ROS production, hydrogen peroxide (H2O2), 

superoxide anion (O2
●–

) and hydroxyl radical (HO
●
) (red colour), from external 

sources (gamma radiation - Ƴ-IR, H2O2 and redox cycling molecule (Methyl 

viologen)) or from internal sources (Electron transfer respiratory chain - ETRC). 

Hydroxyl radical can damage proteins, DNA and lipids (LOO
●
 - Lipid peroxidation) 

and H2O2 or O2
●– 

can damage iron-sulfur cluster proteins (yellow colour) that release 

ferrous iron (green colour) which can be incorporated by iron storage proteins (Dps, 

Ferritins and bacterioferritins). MLB – membrane lipid bilayer. Adapted from Daly 

2007 and 2009, Lisher 2013 and Ghosal 2005 (34, 67-69).  

 

2.7 Manganese 

 
The transition metal manganese (Mn) is the 25

th
 chemical 

element belonging to the 7
th
 group and the 4

th
 period (Fig. 2.1), with 

an electronic configuration of [Ar]3d
5
4s

2
. Since it has 5 electrons in 

3d orbitals it can exist in several oxidation states, that can vary 

between +2 and +7
 
(Table 2.1); however only the Mn

2+
 and Mn

3+
 states have been 

identified in biological systems (31, 50). The Mn
2+ 

form is more stable than Mn
3+

, 

whereas for iron, Fe
3+

 is more stable relative to Fe
2+

. This fact is due to the existence 

of a half-filled d
5
 in both, Mn

2+
 and Fe

3+
 that confer thermodynamic stability. In this 

way, the presence of high amounts of free Mn
2+

 for cells does not have any 

consequence in ROS formation (22). 

Among transition metals, Mn
2+ 

is the one with highest ionic radius. In this case, 

manganese forms complexes with low binding constants when compared with other 

transition metals, and can be coordinated by nitrogen or oxygen atoms (Table 2.1). 

Also, Mn
2+

 has higher exchange rates where water can be easily replaced by other 

ligands. This behavior can be favorable to the formation of Mn-complexes, as 

described in section 2.7.1.2 (22). 

 

 

 

25
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2.7.1 Role of manganese in biological systems  

2.7.1.1 Manganese metalloenzymes 

 
Manganese is an essential cofactor for several manganese metalloenzymes and 

can function as a Lewis acid or as a redox catalyst element (22, 24, 59, 70-73). 

As a Lewis acid, a manganese cofactor does not play a part in the redox reaction, 

but accepts a pair of electrons, for example the di-nuclear manganese center in the 

arginase enzyme (74). Manganese is present in redox centers of different enzymes for 

example those involved in the detoxification of ROS such as mononuclear manganese 

superoxide dismutase (MnSOD) and non-heme di-nuclear manganese catalase (24, 

59, 70-71). MnSOD contains a mononuclear manganese center which is involved in 

the dismutation of O2
●–

, converting this radical into H2O2 and O2 by reduction of Mn
3+

 

to Mn
2+

 and its re-oxidation (Reaction 2.7 and 2.8, Fig. 2.5) (59). 

 

Reaction 2.7 
  

Reaction 2.8 
 

 MnSOD disproportionation  

 

Non-heme catalases contain a di-nuclear manganese active site. During turnover 

this protein converts H2O2 into H2O and O2, through two electron catalytic cycle 

between reduced (Mn
2+

Mn
2+

) and oxidized (Mn
3+

Mn
3+

) stages (Reaction 2.9 and 2.10, 

Fig. 2.5) (24, 70). 

 
Reaction 2.9   

Reaction 2.10  

 Non-heme catalase 

 

2.7.1.2 Manganese complexes 

 

Under physiological pH and oxidative conditions Fe
2+

 can produce ROS while 

Mn
2+

 is thermodynamically stable (half-filled d
5
 shell), and can be involved in the 

Mn3+ + O2
●– Mn2+ + O2

Mn2+ + O2
●– + 2H+ Mn3+ + H2O2

Mn3+ + H2O2 Mn2+ + O2 + 2H+

Mn2+ + H2O2 + 2H+ Mn3+ + 2H2O
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protection of cells by acting as a ROS scavenger. Thus, its protecting role is not only 

limited to being a cofactor in proteins, such as SOD or catalase, but is extended to 

Mn
2+

-non-protein complexes which play a crucial role as a protection mechanism in 

cells (Fig. 2.5). This protection occurs by cycling between the divalent (Mn
2+

) and 

trivalent states (Mn
3+

). The oxidation of Mn
2+

 occurs in the presence of O2
●–

 or peroxyl 

radicals (HO2
●
 and R-O2

●
), releasing hydrogen peroxide as an intermediate (reaction 

2.11). Also, oxidation of Mn
2+

 occurs in the presence of H2O2, releasing two water 

molecules (reaction 2.12) (69, 75). The reduction of Mn
3+

 can occur by electron donors 

such as thiols, hydroquinones and glutathione (25, 69, 75). 

 

Reaction 2.11 
 

Reaction 2.12 
 

 Manganese oxidation 

  

In solution, free manganese is hexagonally coordinated by six water molecules 

and can react poorly with O2
●–

. But when it is coordinated by various anion molecules, 

it loses the hexagonal coordination and can act as a potential scavenger of superoxide 

radical (75). It was been observed that Mn
2+

 can bind a diversity of small ligands (L) 

such as organic molecules (lactate, succinate, malate, citrate and pyruvate), 

phosphate (orthophosphate and pyrophosphate) and bicarbonate (71, 75). 

Mn
2+

 complexed with pyrophosphate or citrate acts as a stoichiometric scavenger 

of the superoxide radical (Reaction 2.13 and 2.14) whereas complex with 

orthophosphate or bicarbonate it serves as a catalytic scavenger (Reaction 2.15 and 

2.16) removing the superoxide with 2-3 orders of magnitude slower rates than SOD 

enzymes (Table 2.2) (71, 75-76). On the other hand, it was reported that in Mn
2+

-

polyphosphate complex is not a ROS scavenger (77). 

 

Reaction 2.13  

Reaction 2.14  

 Stoichiometric scavenger; L - Citrate or Pyrophosphate 

 

Mn2+ + O2
●– + 2H+ Mn3+ + H2O2

Mn2+ + H2O2 + 2H+ Mn3+ + 2H2O

Mn2+-L + O2
●– MnOO1+ + L

MnOO1+ + L + 2H+ Mn3+-L + H2O2
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Reaction 2.15   

Reaction 2.16  

 Catalytic scavenger; L - Bicarbonate or orthophosphate 

 

Table 2.2 – Rate constants for the non-catalytic and catalytic disproportionation of 

superoxide (71, 75-76). 

 Compounds Rates constants 

Non-catalytic mechanism 
Mn

2+
-complexes 

Mn
2+

-pyrophosphate ˃ 2.0x10
4
 s

-1
 

Mn
2+

-Citrate 2.0x10
3
 s

-1
 

Catalytic mechanism Mn
2+

-
complexes 

Mn
2+

-orthophosphate 8.9x10
6
 M

-1
s

-1
 

Mn
2+

-Bicarbonate 1.5x10
6
 M

-1
s

-1
 

Catalytic mechanism 

SOD enzymes 

CuZnSOD 6.9x10
9
 M

-1
s

-1
 

FeSOD 6.6x10
8
 M

-1
s

-1
 

MnSOD 6.8x10
8
 M

-1
s

-1
 

 

Furthermore, it was also observed that the Mn
2+

-bicarbonate complex can 

perform H2O2 dismutation, but in the presence of amino acids this complex becomes a 

much more efficient scavenger (reaction 2.17) (78). 

 

Reaction 2.17 
 

 L - Bicarbonate (HCO3
-
) 

 

The high protection ability of these complexes has been reported. Addition of 

Mn
2+

-orthophosphate complex protects endonuclease BamHI or glutamine synthetase 

activities up to an ionizing radiation dose of 10 kGy. Furthermorer, addition of peptides 

(Mn
2+

-orthophosphate-peptides), free amino acids (Mn
2+

-orthophosphate-amino acids) 

or free nucleotides (Mn
2+

-orthophosphate-nucleotides) strongly induces the protection 

of proteins, which maintain 100 % of their activity when submitted to approximately 

22.5 kGy of ionizing radiation. Nevertheless, under these conditions and in the 

presence of these manganese complexes, the damage of plasmid DNA is not 

prevented (79). DNA is damaged mainly by the HO
●
 radical, while proteins are mainly 

damaged by the superoxide radical, as mentioned in chapter I (11). These results 

Mn2+-L + O2
●– MnOO1+- L

MnOO1+- L + MnOO1+- L + 2H+ 2Mn2+-L + H2O2 + O2

RCHNH3
+COO– +  2H2O2 RCOO– +  CO2 +  NH4

+ +  2H2O
Mn2+- L
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clearly demonstrate that Mn
2+

-complexes function as scavengers of superoxide anion 

and hydrogen peroxide. However, Mn
2+

-complexes do not have the ability to scavenge 

hydroxyl radicals. 

Most organisms can accumulate micromolar quantities of manganese, but 

several organisms can accumulate millimolar levels. This high intracellular level of 

manganese has been associated with resistance to radiation (Chapter III, Table 3.1) 

(69, 79-83). 

The first report that showed the importance of Mn
2+

 complexes is from studies in 

bacterium Lactobacillus plantarum. This organism does not contain any genes coding 

for SOD enzymes (84) but accumulates high intracellular manganese levels, 

approximately 20 mM, that are required for the survival under UV conditions. Also, this 

bacterium accumulates high intracellular levels of lactate during the fermentation 

metabolism (80, 85). The high accumulation of manganese and lactate can contribute 

to the protection, since it was observed that manganese can form complexes with 

lactate which scavenge the superoxide radical (75). This organism also accumulates 

high levels of polyphosphate (60 mM) (86) that do not have the ability to scavenge 

superoxide radical when complexed with Mn
2+

 (77). However, these polyphosphates 

can be hydrolyzed to pyrophosphate or to orthophosphate by exopolyphosphatase 

(PPX) (87-88), and both phosphate forms when complexed with manganese have the 

ability to scavenge superoxide (75, 89).  

E. coli ΔsodAΔsodB double mutant (MnSOD and FeSOD) is sensitive to oxidative 

damage. However, when manganese was added to the growth medium, the oxidative 

damage was abolished. In that case, it is suggested that Mn
2+

 forms complexes with 

orthophosphate and pyrophosphate that are found in this bacterium with 

concentrations of 10 mM and 2.5 mM, respectively (90-91). Also, it is interesting to 

note that addition of manganese to B. subtilis ΔsodA (MnSOD) mutant protects cells 

under oxidative stress (92).  

Furthermore, the presence of Mn
2+

-orthophosphate complexes has been 

associated with the survival of Deinococcus radiodurans under extreme ionizing, 

ultraviolet radiation and desiccation conditions that will be discussed in chapter III.  

 The manganese complexes have also been found in Eukaryotic organisms and 

their formation in Saccharomyces cerevisiae has been studied. The survival of this 
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organism in the presence of manganese is associated with the formation of Mn
2+

-

orthophosphate or Mn
2+

-bicarbonate complexes that protect the organism against 

oxidative stress (77). In fact, S. cerevisiae ΔsodC mutant (CuZnSOD) is more 

sensitive to oxidative damage, which is suppressed by the external addition of 

manganese (93). 

It was observed that the formation of Mn
2+

-complexes is a tightly regulated 

process that occurs by nutrient or stress signaling pathways, which consists of a 

series of kinases that sense and respond to changes in the environment. In nutrient 

condition Rim15 kinase (serine/threonine kinase) is repressed while in stress 

conditions it is activated by its desphosphorylation, activating transcriptional factors 

(Msn2, Msn4 and Gis1). These transcriptional factors can activate Mn
2+

-complexes via 

Msn2 and Msn4 or repress them via Gis1, thus controlling the intracellular assembly of 

these complexes without alteration of the manganese levels (scheme 2.1) (94-96). 

This regulated process can occur via calcium signaling since during stress conditions 

the vacuolar ion channel is highly activated releasing calcium (97). 

 

 

Scheme 2.1 - Schematic representation of the tight regulation of Mn
2+

-orthophosphate 

complexes or Mn
2+

-bicarbonate complexes in Saccharomyces cerevisiae. Rim15 kinase can 

be controlled by external factors, such as nutritional and stress factors, directly (Glucose and 

stress) or indirectly (Phosphate and nitrogen). Rim15 can activate three transcriptional factors 

Glucose/nutrients Stress

Phosphate Nitrogen

Rim 15 Sch9Pho80

Gis 1 Msn2/4

Mn - antioxidant

P

OO

OHO

Mn2+

C

OO

R

Mn2+

O2
 – H2O2 + O2
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(Gis1 and Msn2/4) that regulate the levels of complexes. Scheme adapted from Aguirre and 

Culotta (95). 

 

To sum up, manganese can form complexes with small molecules, such as 

orthophosphate, pyrophosphate, bicarbonate, and lactate which can synergistically 

scavenge superoxide or peroxyl radicals, protecting proteins or even lipids, in a tightly 

regulated process. 
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3.1 General considerations 

 
Deinococcus radiodurans belongs to the family of Deinococcaceae. This 

organism was the first of this family to be discovered. In 1956, it was found in a 

canned food after being submitted to sterilization conditions using high doses of 

gamma radiation, which would supposedly kill all known forms of life (98).  

Initially, this organism was named Micrococcus radiodurans based on its 

morphological and physiological features (98). Later on, it was renamed Deinococcus 

radiodurans after an analysis of its 16S rRNA (99). The name Deinococcus comes 

from the Greek word deinos that means strange or unusual, and coccus means grain 

or berry (100). 

D. radiodurans R1 is an aerobic, red-pigmented, gram positive coccus, 

nonsporulating and mesophilic bacterium with approximately 1.5 - 3.5 µm in diameter 

(100). This bacterium can form single of pair cells but appears frequently in the form of 

tetrads (Fig. 3.1). The division occurs alternately in two planes; first the formation of 

two septa in opposite sides occurs perpendicularly to the cell wall forming two cells, 

and then two new septa starts to form in another plane before the previous two are 

finished. In this situation the tetrad cells can communicate between them until the 

division is complete (101). 

 

Figure 3.1 - D. radiodurans cell division. Step 1, septa formation perpendicularly to the cross 

wall, forming two diads. Step 2, new septa formation in opposite planes to the cross wall. Step 

3, complete formation of the septa, forming two tetrads. Step 4, new septa formation 

perpendicularly to the previously formed cross wall, leading to four tetrads. Step 5, next step of 

cell division forming eight tetrads. The nucleoids are represented in blue, and the membranes 

in red. Figure adapted from Slade and Radman (100). 

 

The complete genome sequence of D. radiodurans was published in 1999 and it 

was the first genome to be sequenced from a radiation resistant organism (102). The 

genome is composed of four DNA molecules: chromosome I (2,648,615 base pairs), 

1 µm
1 2 43 5
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chromosome II (412,340 bp), a megaplasmid (177,466 bp), and a plasmid (45,702 bp) 

yielding a total genome with 3.28 megabase pairs (Mbp) with a high GC content of 

66.6 % (102). 

 

3.2  Radiation resistant organisms 

 

Most bacteria do not have the capacity to survive to the presence of 200 Gray 

(Gy, is a derived unit of ionizing radiation dose in the International System of Units), 

such as Escherichia coli or Shewanella oneidensis and a dose of 10 Gy is enough to 

kill most invertebrate animals (Fig. 3.2) (103).  

To date several radiation resistant organisms that have been isolated belong to 

the Deinococcaceae family such as: D. radiodurans (98), D. roseus (104), D. 

misaseusis (104), D. deserti (105), D. geothermalis (106), D. murraryi (106), D. 

hopiensis (107), D. sonorensis (107) and D. ficus (108). These bacteria have been 

isolated from a variety of habitats, such as animal gut, hot springs, deserts, hospital 

air, alpine environments, and Antarctica (105-107).  

However, radiation resistance ability is not restricted to the Deinococcaceae 

family. Organisms belonging to the three domains of life have been identified as being 

radiation resistant. Halobacterium salinarum sp. NRC-1, Pyrococcus furiosus, 

Thermococcus marinus, Thermococcus radiotolerans, and Thermococcus 

gammatolerans are examples from Archaea (109-112), Kineococcus radiotolerans, 

Cyanobacterium chroococcidiopsis and Acinetobacter radioresistens are example 

from Bacteria (113-115), Philodina roseola, and Ustilago maydis are example from 

Eukarya (116-117). However D. radiodurans is still the most radiation resistant 

organism known to date, which can survive to the doses of more than 12 kGy (Fig. 

3.2) (67, 118-119). Moreover, this organism is also extremely resistant to high levels 

of desiccation (119-120), ultraviolet light (121), and oxidative stress (hydrogen 

peroxide) (122). 

 

https://en.wikipedia.org/wiki/SI_derived_unit
https://en.wikipedia.org/wiki/Ionizing_radiation
https://en.wikipedia.org/wiki/International_System_of_Units
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Figure 3.2 - Ionizing radiation survival curves from different organisms. Figure adapted from 

Daly, 2009 (67). 

 

3.3 Reactive oxygen species formation by exogenous sources 

 

There are several exogenous sources that can cause cell damage. However, here 

we will focus in the description of exogenous sources which are fundamental for this 

work which include: ionizing radiation, ultraviolet radiation, and desiccation (Scheme 

3.1). 

 

3.3.1 Ionizing and non-ionizing radiation 

 

Ionizing radiation (IR) is a radiation that has energy high enough to ionize atoms 

and molecules (123). The different types of radiation can be differentiated by their 

frequency, wavelength, and energy (Fig. 3.3). The ionizing radiation has a high 

frequency and can be divided into gamma (0.001-0.1nm) and X-ray radiation (0.1-1 

nm). The ultraviolet radiation (UV) can be divided into UVA (400-320 nm), UVB (280-

295 nm) and UVC (295-100 nm), in which the first two are considered non-ionizing 

radiation while the latter is more powerful and dangerous than UV-A and UV-B and it 

is consider ionizing (100, 124). 
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Figure 3.3 - Electromagnetic spectrum. 

 

Ionizing radiation (IR) can damage molecules directly or indirectly through 

radiolysis of water leading to ROS formation (Scheme 3.1) (125). It has been 

observed that damage occurs primarily via ROS production (80%) formed by 

radiolysis of water while the remaining 20% comes from the direct effect of IR (68, 

126). 

During radiolysis of water, the radical HO
●
 is immediately formed, releasing 1 

proton (H
+
) and 1 hydrated electron (e

-
aq) with a rate constant (theoretical) of 5.9 x 10

-8  

mol/s (Scheme 3.1, reaction 3.1). Besides this radical, other ROS are formed, but with 

lower rate constants than the one described above. H2O2 is generated from two HO
●
 

radicals (Scheme 3.1, reaction 3.2), while superoxide anion is produced when
 
O2 

reacts with one electron (Scheme 3.1, reaction 3.3), and HOO
●
 is formed from O2

●–
 in 

the presence of 1 H
+
 (Scheme 3.1, reaction 3.4) (67, 126). 

UV radiation induces ROS production which promotes oxidative damage 

(Scheme 3.1) (127-128). The 
1
O2 radical is the main ROS source formed from UV 

radiation. However, under this condition other ROS can also be formed, such as HO
●
, 

H2O2 and ROO
●
 inducing the oxidation of lipids, proteins and DNA (128-133). 

 
 

About the size of
About the size of

Radio Microwave Infrared Visible Ultraviolet X-Ray Gamma Ray

(meters)Wavelength

Non-ionizing radiation Ionizing radiation
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Scheme 3.1 - Reactive oxygen species production from exogenous sources.  

 

3.3.2 Desiccation 

 

Desiccation is a dehydration process that leads to a decrease of water content 

below 0.1 g H2O/g dry mass, a phenomenon frequently observed in plants. Under this 

condition the production of O2
●–

, H2O2, HO
●
 and 

1
O2 was observed (Scheme 3.1) (100, 

134). Consequently the oxidative damage of protein, lipid and DNA was also 

observed, due to the side effects of ROS. 

 

3.4  Factors that can contribute for the D. radiodurans survival 

 
Since high levels of ionizing radiation do not occur in natural environments, some 

studies proposed that the extreme IR resistance of D. radiodurans is a consequence 

of its high resistance to desiccation (119-120). Studies in D. radiodurans showed that 

IR and desiccation are the most severe conditions that promote DNA damage. Both 

can induce multiple types of DNA damage, namely: base damage, single-strand 

breaks (SSBs) as well as the most severe form of DNA damage, double-strand breaks 

(DSBs) (100, 120, 135). Reinforcing the link between IR resistance and desiccation, it 

Ionizing radiation UV radiation Desiccation 

HO ● H2O2O2
●- HO ● H2O2

1O2 HO ● H2O2O2
●- 1O2

Radiolysis of H2O

Reaction 3.1 H2O HO● + H+ + e-
aq

Reaction 3.2 2 HO● H2O2

Reaction 3.3 O2 + e-
aq O2

●-

Reaction 3.4 O2
●- + H+ HOO●

ROO ●

ROS production from exogenous sources 

HOO ●

Radiolysis of H2O
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was observed that after D. radiodurans being submitted to ionizing radiation or 

desiccation, the genes induced during the recovery period are similar, and belong to 

the category of DNA/RNA metabolism, stress response, heat-shock response and 

transport (119). Moreover, it has been reported that most IR resistant organisms are 

also resistant to desiccation (107, 114) .  

The link between IR and desiccation suggests that this organism has a common 

defense mechanism to survive to extreme conditions, which is centered in the 

protection against oxidative stress. Thus, under ionizing, UV radiation, desiccation, 

and hydrogen peroxide conditions D. radiodurans survives by its ability to detoxify 

ROS and protection against degradation. Multiple factors contribute to this, that will be 

described in the next sections. 

 

3.4.1 DNA repair systems 

 

As mentioned above, ionizing radiation can damage DNA, and one of the effects 

is to generate double-strand breaks (DSBs) (120). The first focus of several studies 

aimed to understand the radiation resistance mechanisms was based, during many 

years, in the DNA repair systems and consequently in their high efficiency to repair 

DSBs leading to the reconstruction of an integral genome in a few hours (136-137). IR 

can induce DSBs not only in radiation resistant but also in radiation sensitive 

organisms. However, D. radiodurans can withstand about 160 DSBs without any 

mutation while the radiation sensitive organism E. coli can undergo only 6 DSBs in its 

genome prior to the onset of mutations (138-140). 

D. radiodurans has several DNA repair systems which include the base excision 

repair (BER) / nucleotide excision repair system (NER), mismatch repair system and 

double-strand break repair system. During ionizing radiation and desiccation the 

involvement of BER and NER systems was observed, as well as of the homologous 

recombination repair pathway to repair DSBs, including RecFOR (Rec-recombinase) 

and RecA pathways (100, 141). D. radiodurans ΔrecF, ΔrecO, ΔrecR and ΔrecA 

mutants demonstrated that these two pathways are essential for DNA repair (142-

144). Under UV radiation conditions, two different excision repair systems were 

activated; classical nucleotide excision repair system (UvrABC) and also UV damage 

endonuclease pathway (UVDE) (100, 136). However, a transcriptome analysis of this 

organism did not reveal any DNA repair system unique to D. radiodurans, but identical 
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repair systems to those present in IR sensitive organisms such as S. oneidensis or E. 

coli (102, 145-147). In fact, D. radiodurans mutant strains defective in DNA 

polymerase are ionizing and UV radiation sensitive, but their resistance to radiation is 

restored when complemented with the homologous DNA polymerase I from E. coli 

(148). These results demonstrate that DNA repair systems can contribute to the repair 

of DNA, protecting the cell from DNA damage. Nevertheless, similar DNA repair 

systems are found in radiation sensitive organisms, suggesting that other factors 

contribute to the protection mechanism in this organism. 

D. radiodurans contains a high genome copy number, 4-10 haploid genome 

copies per cell, which have been suggested to facilitate the repair of DSBs (149). 

However, E. coli also contains 4-8 haploid genome copies per cell (150). Moreover, 

the high levels of chromosomal condensation forming ring-like nucleoid morphology 

was proposed to be associated with DNA repair (151), but this model has been 

contested, since it was observed that D. radiodurans is less IR resistant in the 

stationary phase where the ring-like nucleoid morphology is more pronounced (152). 

Therefore, it is unlikely that the radiation resistance of D. radiodurans is due to DNA 

ring-like morphology. 

 

3.4.2 The cell wall 

 
The cell wall is an essential component of organisms and confers resistance and 

protection to the organism when submitted to diverse environmental conditions (153). 

D. radiodurans has an unusual cell wall with multilayers and a different lipid 

composition. It is a gram positive bacterium because it contains a peptidoglycan 

multilayer. However, its cell wall is more similar to those of gram negative bacteria due 

to the presence of outer membranes (153-154). This organism has at least six 

membrane layers with a total thickness of 150 nm, identified by electron microscopy 

(Fig. 3.4) (100, 154). These layers can be divided into two innermost layers and four 

outermost layers that have been characterized as an open network structure (154). 

The first layer is an inner membrane and the second is a peptidoglycan layer 

penetrated by many holes, but until now no physiological significance for this holes is 

known (154). The innermost layers are only involved in the septum formation during 

the cell division (154). The third layer is an interstitial layer, a fine matrix 

compartmentalized, composed of soluble proteins such as S-Layer Protein A (SlpA) 
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(155). The fourth is a lipid-rich backing layer followed by a surface layer (S-layer) 

composed by S-layer proteins in which the Hexagonally Packed Intermediate protein 

(Hpi) is the major constituent. These two membranes are known as the “pink 

envelope” and the S-layer penetrates into a lipid-rich baking and interstitial layers 

(156). Finally, the sixth layer is the carbohydrate coat (Fig. 3.4) (157).  

 

 

Figure 3.4 - Cell wall composition of Deinococcus radiodurans showing six layers (1-6). (A) 

Thin section electron micrograph of the cell wall. (B) Schematic representation of the cell wall. 

Figure adapted from Rothfuss et al., 2006 (155). 

 

The D. radiodurans cell wall contains in general in its composition 1% of 

phosphorus, 4.3 % of lipids and 3.3 % of polysaccharides (of which 2.6 % is D-

galactose and 0.5 % is D-glucose), the presence of rhamnose and mannose was also 

observed but at lower concentrations (154).  

In the inner membrane, 43 % of lipids present are phosphoglycolipids that contain 

alkylamines which differ from the common bacterial phospholipids and are exclusive of 

D. radiodurans (158).  

The peptidoglycan layer of this organism is composed of mucopeptides 

containing glucosamine, muramic acid, and the following amino acids: glutamic acid, 

alanine, glycine and diamino acid L-ornitine (154). This last amino acid is 

characteristic of the Deinococcaceae family members. In addition, this layer also 

contains phosphorus, glucose and meso and LL-diaminopimelic acid (154). 

The pink envelope (lipid-rich backing and S-layers) is constituted by carotenoids, 

mainly deinoxanthine that confers the pink colour to D. radiodurans. In vitro, this D. 
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radiodurans carotenoid showed high capacity to scavenge all types of ROS, including, 

1
O2, ROO·, OH·, O2·

−
, H2O2 consequently protecting the membrane from lipid 

peroxidation, proteins against carbonylation and DNA against oxidative damage (129, 

159). When the carotenoid biosynthesis was blocked in D. radiodurans (DcrtB – 

dr0862 mutant), the mutant showed to be more sensitive to ionizing and UV radiation 

and hydrogen peroxide when compared with the wild type strain (129, 160). These 

results showed that the carotenoids are important for the survival of D. radiodurans, 

but it is not the major protection mechanism.  

It has been reported that ionizing radiation changes the composition of the cell 

wall, releasing nucleases, proteases and polysaccharides from the cell wall middle 

layers (lipid-rich backing and S- layers) to the surrounding media while the constitution 

of the peptidoglycan layer is maintained (161-163). The major polysaccharides 

released are glucose and N-acylated glucosamine, but a small amount of rhamnose 

and mannose was also observed (162). One known example from a protein that is 

released is a calcium nuclease (drb0067). Mitchel R. E. J. and co-authors observed, in 

1975, that this nuclease enzyme is essential during the recovery from ionizing 

radiation and that nucleoside-5'-monophosphate is the final product of the degradation 

reaction (161). Consequently, when this extracellular nuclease gene (drb0067) was 

deleted, D. radiodurans became more sensitive to H2O2 and gamma radiation (164).  

 
3.4.3  Carbohydrate and phosphate granules 

 

Two types of granules were observed in D. radiodurans using electron 

microscopy: carbohydrate and phosphate granules, known as electron-low and 

electron-dense granules, respectively (165-166). 

The carbohydrate granules are oval or circular with a small size that can vary 

between 10-100 nm in diameter and they are stained with periodic acid-Schiff reagent, 

specific for carbohydrate molecules. These granules do not appear to have 

surrounding membranes and are present in a high quantity but in variable number 

from cell to cell. Some cells appeared crowded with this type of granules (Fig. 3.5) 

(165).  

Phosphate granules showed to have a darker edge, which is proposed to have a 

membrane (165). Earlier electron microscopy studies estimated the diameter of these 

granules to vary between 30-90 nm. However, using cryoelectron microscopy of 
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vitreous sections with fully hydrated biological material was possible to identify the 

electron-dense granules more closely to the natural cell conditions. Under these 

conditions, it was observed that these granules have a spherical form and their 

diameter can vary between 100 and 400 nm and are localized in the central part of the 

cells (167). Contrarily to the carbohydrate granules, each cell contains only one 

phosphate granule (Fig. 3.5).  

The presence of these structures was observed only in the exponential growth 

phase. However, in the stationary phase structures was observed that resemble 

phosphate granules, but without phosphate (167). 

 

 

 

Figure 3.5 - Schematic representation of four D. 

radiodurans cells. One large electron-dense 

phosphate granule for each cell (dark circles) and 

several small carbohydrate granules (white 

circles). Figure adapted from Slade and Radman, 

2011 (100). 

 

 

3.4.3.1 Phosphate granules in other organisms 

  
Phosphate granules were observed in organisms belonging to all three life 

domain, from bacteria to human platelets. They are also known as metachromatic 

granules, volutin granules and acidocalcisomes (168-169), and they can be stained in 

pink using basic toluidine blue. These granules contain a high amount of phosphate in 

the form of polyphosphate (short-chain and long-chain) or even pyrophosphate (PPi) 

(168-170). The polyphosphate (polyP) is a linear polymer of orthophosphate residues 

linked by phosphoanhydride bonds that can vary in size, between ten to one thousand 

orthophosphate (Pi) residues (171) (Fig. 3.6). Moreover it has been observed that 

these granules contain also high amounts of calcium (Fig. 3.7) (168, 170, 172). 
 

Phosphate 

granule
Carbohydrate 

granules
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Figure 3.6 – Structure of different phosphate forms. (A) Linear orthophosphate, (B) Linear 

pyrophosphate, (C) Linear polyphosphate linked by phosphoanhydride bounds. n represents 

the number of phosphate molecules that is repeated in a linear long chain. 

 

For example, in Rhodospirillum rubrum and Agrobacterium tumefaciens, the 

granules also contain other cations such as magnesium and potassium, besides 

pyrophosphate and calcium (Fig. 3.7) (173-174). In Micrococcus lysodeikticus, 

phosphate granules contain 27 % of polyphosphate and metals, calcium, sodium, 

magnesium, potassium, manganese, iron and copper (175). In addition, in this 

organism, the granules also contains 24 % of protein and 30 % of lipids (175). 

Furthermore, several studies performed in Eukaryotic organisms, such as 

Trypanosoma cruzi and Dictyostelium discoideum, demonstrated that the granules 

contain soluble proteins involved in the synthesis or hydrolysis of phosphate, such as 

polyphosphate kinase (PPK), exopolyphosphatase (PPX) and inorganic 

pyrophosphatase (PPase) (Fig. 3.7) (see section 3.4.3.2) (176-178).  

In the membranes of phosphate granules present in some organisms, such as 

Rhodospirillum rubrum and Trypanosoma cruzi a number of pumps, channels, 

including V-H
+
-PPase V-H

+
-ATPase and V-Ca

2+
-ATPase (173-174, 179-180), cation 

exchangers, including Na
+
/H

+
 and Ca

2+
/H

+
 (181-182), and an aquaporin were also 

identified (183) (Fig. 3.7).  

In conclusion, the discovery of soluble proteins, channels, pumps, cation 

exchangers, and an aquaporin in these granules shows that they can be regarded 

subcellular structures with a surrounding membrane, demonstrating that they can be 

considered as organelles, in which the levels of different metals and phosphate can be 

regulated (Fig. 3.7). 
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Figure 3.7 - Schematic representation of an acidocalcisome/ phosphate granule from an 

eukaryote. Phosphate granules can be rich in pyrophosphate (PPi) and/or polyphosphate 

(polyP), and metals such as manganese, magnesium, calcium, sodium, potassium and zinc. 

Proteins involved in the polyphosphate (poly P) synthesis and hydrolysis can be present, such 

as polyphosphate kinase (PPK) and exopolyphosphatase (PPX), or those involved in the 

hydrolysis of pyrophosphate into orthophosphate (Pi), namely pyrophosphatase (PPase). The 

presence of different metals in granules can be controlled by pumps, channels and exchangers. 

For example Ca
2+

 can enter via a vacuolar Ca
2+

-ATPase and released via Ca
2+

/H
+
 exchanger 

that is favored by the interchange of Na
+
/H

+
. H

+
 gradient is performed via a vacuolar H

+
-ATPase 

and a vacuolar H
+
-pyrophosphatase (V-H

+
- PPase). Other transporters can be present, for 

example for inorganic phosphate (Pi), pyrophosphate transporters (PPi), and amino acids. 

Aquaporin acts as a water channel. Question marks represent the lack of biochemical evidence 

for Pi and PPi transporters. Figure adapted from Docampo et al., 2010 (172). 

 

3.4.3.2  Enzymes for the synthesis and hydrolysis of polyphosphate  

 
The synthesis of polyphosphate in prokaryotic organisms involves mostly 

polyphosphate kinase (PPK).  
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PPK1 enzyme (polyphosphate:ADP phosphotransferase) transfers a terminal 

phosphate of adenosine triphosphate (ATP) to a polyPn chain. Although this reaction 

can be reversible, the synthesis of polyP(n+1) is favorable (reaction 3.5). PPK1 

synthesizes polyP using ATP, and Mg
2+

 is also essential for the activation of this 

enzyme (72). 

 

Reaction 3.5 
 

 Phosphotransferase reaction catalyzed by PPK1 enzyme 

 

The second polyphosphate kinase, known as PPK2 was identified in a 

Pseudomonas aeruginosa PPK1 knockout mutant. This enzyme synthesizes polyP 

from ATP or guanosine triphosphate (GTP) and its activity is increased when the 

growth medium is rich in polyP and when Mg
2+

 is replaced by Mn
2+

. PPK2 also 

catalyzes the reversible reaction but more slowly, and in that case it is dependent of 

Mg
2+

 (Reaction 3.6) (72).  

 

Reaction 3.6 

 

 Phosphotransferase reaction catalyzed by PPK2 enzyme 

 

PPK1 has been mostly related with the synthesis of polyphosphate and with 

pathogenicity of bacteria, however the function of PPK2 is still unknown (184-185). 

PPK are proteins highly conserved in Bacteria and Archaea that are also found in a 

few Eukaryotes (87). However, the study of these proteins has been mainly from 

bacteria. The presence of PPK1 and/or PPK2 depends on the organism. There are 

bacteria with only PPK1 such as E. coli and H. pylori, only PPK2 such as 

Staphylococcus aureus and K. radiotolerans or both PPK1 and PPK2 such as 

Campylobacter jejuni and D. radiodurans (87).  

Exopolyphosphatase enzyme (PPX) is responsible for most of the terminal 

phosphate polyP chain hydrolysis in prokaryotic organisms (Reaction 3.7) (87-88).  

 

Reaction 3.7 
 

 Hydrolysis reaction catalyzed by PPX enzyme 
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PPX1 is found in Bacteria, fungi and protozoa while PPX2 occurs in Bacteria and 

Archaea. The latter has been demonstrated to have an important role during 

starvation conditions (87). In E. coli, two different PPXs were identified, PPX1 and 

PPX2. PPX1 activity in E. coli depends on Mg
2+

 and KCl (88), while Ca
2+

 is suggested 

to be required for the PPK2 activity (186). PPX2 from Corynebacterium glutamicum 

requires Mg
2+

 or Mn
2+ 

for its activity (187).  

The uptake and storage of polyphosphate and also its hydrolysis implies 

phosphate flux inside the cell. The two major transporter systems found in bacteria are 

the low-affinity phosphate inorganic transporter (Pit system) and the high-affinity 

phosphate specific transporter (Pst system) (188). The Pit transporter is a single 

transmembrane protein while Pst is formed by five subunits, one phosphate binding 

protein positioned in the periplasmic space (PstS), two cytoplasmic proteins (ATPases 

and PstB) and two membrane permeases (PstA and PstC) (188).  

The Pit transporter allows the influx and the efflux of neutral divalent ions, 

including Mn
2+

, Ca
2+

, Mg
2+

 and Co
2
,
 
complexed with phosphate (M-Pi). The Pst system 

is a unidirectional phosphate transporter, but as mentioned above has a higher affinity 

for phosphate (188). 

In D. radiodurans, synthesis and hydrolysis of polyphosphate can be performed 

by the two PPK (PPK1-dr1939 and PPK2-dr0132), and one PPX (PPX2-dra0185), 

respectively (102). A gene (dr2576) that encodes for a putative manganese-

dependent inorganic pyrophosphatase (PPase), that converts the pyrophosphate to 

orthophosphate, was also found is this organism (170). The uptake of phosphate can 

be controlled in D. radiodurans by the PitA (dr0925) and Pst (PstA, PstB, PstC and 

PstS) systems (dra0159, dra0160, dra0158 and dra0157) (102).  

 

3.4.3.3 Polyphosphate functions 

 
Phosphate granules have been associated with different functions, such as 

phosphate storage, energy source, cations sequestration and storage, and virulence. 

When phosphate reaches a high concentration it can be stored in the granules, 

for instance in the polyphosphate form. Under phosphate depletion these 

polyphosphates can then be hydrolyzed by PPX enzyme (189).  

Polyphosphate can be used as an energy source. It has been reported that in 

energy rich conditions, accumulation of polyphosphate increases during growth, while 
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in energy starvation conditions polyphosphate is hydrolyzed (189-190). Van Veen et 

al. in 1994 suggested that in Acinetobacter johnsonii, the orthophosphate obtained 

from the polyphosphate hydrolysis by the PPX enzyme can be transported out of the 

cell originating a transmembrane proton gradient, consequently preserving the energy 

of the phosphoanhydride bond (191).  

In the stationary phase the nutrients available decrease, therefore phosphate is 

used as an energy source. This was shown in the E. coli ppk knockout mutant, where 

only 7 % of the mutant cells survived after two days growth in a limited carbon source 

medium, when compared with the wild-type strain (192). 

Polyphosphate that is stored in the phosphate granules can also be associated 

with sequestration and storage of cations (173, 193). For example, the concentration 

of calcium increases in the granules of Agrobacterium tumefaciens in the presence of 

extracellular calcium (173). Furthermore, adaptation (long lag phase) of Vibrio 

cholerae ppk knockout mutant to the media decreases in the presence of high calcium 

levels when compared with the wild type, suggesting that the phosphate is necessary 

for metal homeostasis into granules (194). Moreover, when different metals, namely 

magnesium, barium, manganese and strontium were added to the growth medium of 

Plectonema boryanum, all the metals were uptake and incorporated in these granules 

(193). Accumulation of heavy metals in granules was also observed in the bacterium 

Acidithiobacillus ferrooxidans, which tolerates high levels of heavy metals. The 

mechanism for metal detoxification occurs via hydrolysis of polyphosphate catalyzed 

by the PPX enzyme, that is stimulated by heavy metals, thus the metal-phosphate 

complexes are transported out from the cell by phosphate transporters (195).  

Polyphosphate has also been associated with virulence. It has been observed 

that polyphosphate is a component of cell capsule and increases the virulence of 

Neisseria gonorrhoeae and N. meningitides; ppk knockout mutants of these bacteria 

are more sensitive to the action of human serum (184, 196). Polyphosphate present in 

phosphate granules from Helicobacter pylori are involved in the host colonization by 

this organism (185). It is also interesting that the V. cholera ppk knockout mutant 

demonstrates lower motility and attachment to abiotic surfaces (194).  

In D. radiodurans, until now, the function of polyphosphate in granules has not 

been characterized. 
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3.4.4 Enzymatic ROS scavenging - SOD and catalases 

 
D. radiodurans has an enzymatic antioxidant system to scavenge ROS which 

include catalases, superoxide dismutases (SODs) and peroxidases (100, 102, 146). 

SODs belong to the group of metalloenzymes that catalyze the dismutation of 

O2
●–

 to O2 and H2O2 described in chapter II (197). 

The genome of this organism encodes for four SODs: dr1279 (MnSOD) with 23.4 

kDa, dr1546 (Cu/ZnSOD1) with 18.7 kDa, dra0202 (Cu/ZnSOD2) with 48.3 kDa, and 

dr0644 with 20.9 kDa (102). 

In this organism the SOD activity is 32-fold and 19-fold higher in the exponential 

and stationary phases, respectively, when compared with SOD activity from E. coli 

(198). The SOD activity in D. radiodurans is also increased (5-fold) when manganese 

is added (198).  

MnSOD is constitutively expressed and was shown to be able to efficiently 

eliminate higher O2
●–

 concentrations in vitro when compared with the MnSODs from E. 

coli and human (199-200). 

In the D. radiodurans ΔMnsod mutant, the SOD activity was completely abolished 

and this mutant is more sensitive to the effects of ionizing radiation and methyl 

viologen addition (superoxide radical production) (201). These results suggested that 

MnSOD is the major SOD involved in the neutralization of O2
•– 

in D. radiodurans. 

However, when D. radiodurans was submitted to ionizing radiation, the Cu/Znsod2 

gene was strongly induced in the early stages of stress, suggesting that this SOD is 

also important for ROS detoxification (160).  

 

D. radiodurans genome encodes for three catalases, dr1998 (KatA) with 60.5 

kDa, dra0259 (KatB) with 84.0 kDa and dra0146 (KatC) with 40.2 kDa (100, 102, 146). 

It has been reported that KatA and KatB are constitutively expressed enzymes (122, 

198-199), and in D. radiodurans extracts collected during the exponential phase, the 

catalase activity detected is only due to KatA and KatB. Under these conditions, no 

catalase activity attributed to KatC. These results were obtained using D. radiodurans 

catalase knockout mutants, Δdr1998, Δdra0146, and Δdra0259 (202). 

This organism has higher catalase activity than E. coli, 127-fold higher in the 

exponential phase and 32-fold higher in the stationary phase (122). In the presence of 

10 mM H2O2 the catalase activity increases in D. radiodurans, and under this 
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condition, this bacterium is much more resistant than E. coli (122). Catalase activity in 

D. radiodurans is also increased by the addition of 2.5 μM manganese (198). 

Furthermore, the D. radiodurans ΔkatA mutant showed to be sensitive when submitted 

to high IR doses, 16 and 32 kGy (201). 

 

3.4.5 DNA binding proteins from starved conditions (Dps) 

 

D. radiodurans contains two genes that encode for Dps proteins: DrDps1 (dr2263) 

and DrDps2 (drb0092) (102). These two proteins are dodecamers sharing only 16 % 

amino acid sequence identity (203-204) and are structurally similar to Dps from others 

organisms (Chapter IV). This organism does not possess any gene encoding for 

ferritins or bacterioferritins, suggesting that in D. radiodurans these Dps could play a 

major role in metal storage (102). 

Previous studies showed that both DrDps bind and protect DNA against ROS 

(205-206). However, in in vitro conditions DrDps1 changes its oligomeric state 

between dimeric and dodecameric forms and only the dimeric form is able to protect 

the DNA against ROS (205). The DNA protection by both DrDps could be related with 

its capacity to bind DNA (205-206) and/or its capacity to incorporate iron avoiding the 

Fenton reaction (203-205). Furthermore, based on in vivo studies DrDps1 is weakly 

associated with DNA and is not involved in DNA compaction (207). Although the 

cellular function of DrDps2 is not yet known, this protein was suggested to be involved 

in iron storage due to the cellular localization of DrDps2 and iron, which are both close 

to the membrane (69, 206). The drdps2 gene is highly induced during recovery, 5-fold 

immediately after being submitted to 3 kGy of ionizing radiation and 8-fold after 30 min 

recovery (119), suggesting that DrDps2 can also be involved in cell protection against 

IR. 

The genetic regulation of both DrDps proteins is not yet clarified. The 

transcriptional regulators OxyR (dr0615) and DrRRA (dr2418), two oxyR type 

regulators that respond to peroxide stress, are essential for the regulation of drdps1. 

Both transcriptional regulators are repressors of drdps1 but have no effect in the 

regulation of drdps2 (208-209).  
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3.4.6 Mn/Fe ratio 

 
Intracellular manganese in D. radiodurans cells has been proposed to be 

associated with cell protection against reactive oxygen species. 

Leibowitz et al. in 1976 showed that D. radiodurans has 100 times more 

manganese then E. coli (83). Daly and co-authors have also reported that this 

bacterium has a high intracellular manganese concentration of 2 mM and can 

accumulate up to 22 mM when the growth medium was supplemented with 10 µM of 

manganese (81). Using electron paramagnetic resonance spectroscopy and X-ray-

absorption near edge structure analysis, the predominant form of manganese in D. 

radiodurans was determined, as being Mn
2+

 and the Mn
3+

 form is practically absent 

(69). Using X-ray fluorescence it was possible to observe that manganese is 

distributed in the cell but with a regional intracellular concentration that was proposed 

to be related with phosphate granules (69). In contrast the intracellular iron 

concentration in this organism is lower when compared with radiation sensitive 

organisms (1.8-fold when compared with E. coli and 3.3-fold when compared with S. 

oneidensis) (81). This metal is mostly localized in the septum region between dividing 

cells (69). 

The high intracellular manganese concentration and low iron concentration is 

reflected in an higher Mn/Fe ratio and the high ratio has been directly related with the 

capacity to survive in the presence of high ionizing radiation doses and desiccation 

conditions (67, 81). For instance, the radiation resistant organisms such as D. 

radiodurans and K. radiotolerans that have a high D10 values (D10 represents the 

irradiating dose required to reduce the population by 90%) of 16 and 2 kGy, also have 

a high Mn/Fe ratio of 0.24 and 0.087, respectively (81-82) while the radiation sensitive 

organisms such as E. coli and S. oneidensis that have a low D10 values (0.7 and 0.07 

kGy) have a low Mn/Fe ratio of 0.0072 and 0.0005, respectively (Table 3.1) (81). 
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Table 3.1 - D10 survival values, intracellular manganese and iron concentrations and ratio of 

manganese/iron for radiation resistant organisms (Deinococcus radiodurans, Deinococcus 

geothermalis, Enterococcus faecium, and Kineococcus radiotolerans) and radiation sensitive 

organisms (Escherichia coli and Shewanella oneidensis). (ICP-MS: Inductively coupled plasma 

mass spectrometry). 

Strain 
D10 

(kGy) 

Total Mn: 

ICPMS/nmol 

Mn/mg 

protein 

Total Fe: 

ICPMS/nmol 

Fe/mg 

Protein 

Mn/Fe 

ratio 
Reference 

D. radiodurans 16 0.36 1.49 0.24 Daly et al., 2004 (81) 

D. geothermalis 10 0.78 1.7 0.46 Daly et al., 2004 (81) 

E. faecium 2.0 1.1 6.3 0.17 Daly et al., 2004 (81) 

K. radiotolerans 2.0 0.075 0.86 0.087 
Bagwell et 

al.,2008(82) 

E. coli 0.7 0.0197 2.72 0.0072 Daly et al., 2004 (81) 

S. oneidensis 0.07 0.0023 4.98 0.0005 Daly et al., 2004 (81) 

 
 

The role of the high intracellular manganese concentration has been associated 

with the presence of small manganese complexes (Chapter II) (78, 89, 100). It has 

been shown that the presence of manganese complexes in D. radiodurans are 

involved in the protection against ROS. To emphasize the presence of small 

complexes, Daly and co-authors showed that manganese is mostly attached to small 

molecules (less than 3 kDa) (79). Furthermore, they demonstrated that the ultrafiltrate 

obtained from D. radiodurans (protein-free cell extracts) has high amounts of 

manganese (5-fold higher), free amino acids (100-fold higher), nucleotides (35-fold 

higher) and orthophosphate (5-fold higher) than the ultrafiltrate from E. coli (79). 

The enzymatic activity of endonuclease BamHI in the presence of ultrafiltrate 

from D. radiodurans was preserved after submission to 17.5 kGy of IR or during 66 

days of desiccation. A similar experience was done with the ultrafiltrate from the 

radiation sensitive bacteria E. coli, Pseudomonas putida, and Thermus thermophilus, 

but in this case the endonuclease BamHI activity was not protected (79). Under these 

conditions high levels of protein oxidation was observed.  
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Addition of ultrafiltrate from D. radiodurans to E. coli and human lymphoblastoid 

Jurkat T cells during growth, protects the cells against 16 kGy of IR, preventing protein 

oxidation (79).  

On the other hand, a low iron concentration could be important since iron is less 

available for promoting the production of ROS, for instance via Fenton and Haber-

Weiss reactions (Chapter I, reactions 1.4 and 1.6).  

 

3.4.7 Manganese and iron homeostasis  

 
Iron and manganese are essential metals for many functions. However, when in 

excess, these elements are toxic to cells (Chapter II). The accumulation of high 

intracellular Mn
2+

 levels and low Fe
2+ 

levels in D. radiodurans implies a regulatory 

system to maintain the Mn/Fe ratio (Table 3.1).  

Manganese homeostasis in D. radiodurans can be regulated by three types of 

manganese-dependent transporters (Table 3.2): Type 1- Natural resistance-

associated macrophage protein (Nramp); the main role of bacterial Nramp 

homologues is to transport manganese (210); in D. radiodurans it has been proposed 

to be responsible for the high manganese accumulation, and it was renamed MntH 

(dr1709) (210-211); Type 2- ABC-Mn
2+

 transporter (dr2283, dr2284 and dr2523), 

involved in manganese uptake (212); Type 3- MntE pump (dr1236), responsible for 

manganese efflux (213).  

The mntH transporter gene is highly induced (4 to 6-fold) when D. radiodurans is 

submitted to 3 kGy of IR and desiccation (119), and is not present in radiation 

sensitive bacteria such as S. oneidensis (Scheme 3.2) (68). On the other hand, when 

D. radiodurans was submitted to high IR doses (15 kGy) a higher induction of mntE 

gene was observed (Scheme 3.2) (214).  

Iron homeostasis can be maintained by iron-dependent transporters such as: 

ABC-heme transporter, ABC-Fe
3+

-siderophore transporter, Fe
2+

 transporter protein, 

and ABC-Fe
3+

-hydroxamate transporter (Table 3.2) (210). When D. radiodurans cells 

were submitted to 2 kGy of IR, several iron transporter genes have repressed, 

including heme transport system (drb0014 and drb0016), Fe
3+

-hydroxamate 

transporter (drb0125) and one iron chelator (drb0124) (215). However, in the presence 

of 15 kGy of IR the Fe
3+

-siderophore transporter gene (drb0121) was up-regulated 

(Scheme 3.2) (214). 
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Table 3.2 – Several genes and respective proteins involved in metals influx or efflux. 

Metal Gene Protein annotation 

 

 

 

The above described manganese and iron transporters are regulated by Oxy 

(dr0615) (208), putative Mn-dependent transcriptional regulator, diphtheria toxin 

repressor (Dtx) (dr2539) (211, 216) and Ferric uptake regulator, a Mur regulator 

homolog (dr0865) (Scheme 3.2) (212).  

The Oxy regulator is a transcriptional activator for the ABC-Fe
3+

-hydroxamate 

transporter gene (drb0125), while for mntH (dr1709) it is a transcriptional repressor 

(208).  

The DtxR regulator can be activated by Fe or Mn (210) and is a transcriptional 

repressor for mntH and ABC-Mn
2+

 transporter (dr2283) (211) or a transcriptional 

activator of iron transporter genes (dr1219 and drb0125) (Scheme 3.2) (216). 

Metal Gene Protein annotation 

Manganese

Dr1236 Manganese ef f lux transport protein - mntE

Dr1709 Manganese transport protein, H dependent - mntH

Dr2283 ABC-Mn2+ transport system, permease component 

Dr2284 ABC-Mn2+ transport system, ATPase component

Dr2523 ABC-Mn2+ transport system, periplasmic component

Iron

Dr1219 Fe2+ transport system protein B 

Dr1220 Fe2+ transport system protein A

Dr2588 ABC - Fe3+-hydroxamate transport system

Dr2589 ABC-iron-siderophores-like

Dr2590
ABC -cobalamin/Fe3+-siderophores transport system, 

ATPase component

Drb0014 ABC-heme transporter, periplasmic binding protein

Drb0015 ABC-heme transporter, permease protein

Drb0016 ABC-heme transport system, ATPase component

Drb0121
ABC-cobalamin/Fe3+-siderophores transport system, 

ATPase component

Drb0122/

Drb0123
ABC-iron-siderophores-like

Dr0124 Iron-chelator utilization protein

Drb0125
ABC-Fe3+-hydroxamate transport system, 

periplasmic component 

Metal Gene Protein annotation 

Manganese

Dr1236 Manganese ef f lux transport protein - mntE

Dr1709 Manganese transport protein, H dependent - mntH

Dr2283 ABC-Mn2+ transport system, permease component 

Dr2284 ABC-Mn2+ transport system, ATPase component

Dr2523 ABC-Mn2+ transport system, periplasmic component

Iron

Dr1219 Fe2+ transport system protein B 

Dr1220 Fe2+ transport system protein A

Dr2588 ABC - Fe3+-hydroxamate transport system

Dr2589 ABC-iron-siderophores-like

Dr2590
ABC -cobalamin/Fe3+-siderophores transport system, 

ATPase component

Drb0014 ABC-heme transporter, periplasmic binding protein

Drb0015 ABC-heme transporter, permease protein

Drb0016 ABC-heme transport system, ATPase component

Drb0121
ABC-cobalamin/Fe3+-siderophores transport system, 

ATPase component

Drb0122/

Drb0123
ABC-iron-siderophores-like

Dr0124 Iron-chelator utilization protein

Drb0125
ABC-Fe3+-hydroxamate transport system, 

periplasmic component 
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The MurR homolog is a positive regulator of the mntE gene (dr1236) and a 

negative regulator of Mn transporter genes (dr2283, dr2284 and dr2523). Moreover, it 

was shown that as expected a mur mutant accumulates high levels of manganese 

(Mn
2+

), and in addition accumulates copper (Cu
2+

) and zinc (Zn
2+

), but not iron (Fe
2+

). 

Despite the high amount of intracellular manganese, the mur mutant displayed a 

higher sensitivity to the addition of manganese or hydrogen peroxide when it was 

submitted to gamma and UV radiation.  

These results demonstrated that manganese and iron are important for this 

bacterium. However the homeostasis of other metals should also be considered to be 

important for the cell (212). 

 

Scheme 3.2 – Schematic representation of different regulators (OxyR, DtxR and MurR) upon 

different doses of ionizing radiation (low and high) that can activate (solid line) or repress (dot 

line) different iron or manganese transporters. 
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3.5 Concluding remarks  

 

D. radiodurans combines a diversity of physiological properties: the unusual cell 

wall with multilayers, the presence of high amounts of carotenoids in the membrane, 

the efficiency of DNA repair systems, the effectiveness of enzymatic ROS scavenging 

systems, the Mn
2+

 complexes with small molecules and low intracellular iron 

concentration. All these mechanisms are probably closely synchronized and regulated 

leading to cell protection (Fig. 3.8). 

 

 

Figure 3.8 - Factors that could contribute to the high resistance of D. radiodurans. 
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All the structures presented in this chapter were produced with PyMOL (217-218). 
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4.1 General features  

 
DNA binding proteins from starved conditions (Dps) are prokaryotic proteins 

which have been found mainly in bacteria (219-220). Dps proteins belong to the 

Ferritin family that can be divided in three major sub-families: classical ferritins (Ftn), 

bacterioferritins (Bfr) containing a heme group, and Dps proteins (65). Classical Ftn 

are found in the three domains of life, and can be divided into Eukaryotic and 

Prokaryotic ferritins, while bacterioferritins and Dps are only present in Bacteria and 

Archaea (Fig. 4.1) (65). 

Several bacteria encode for the three types of proteins, such as E. coli (63, 221-

222), while other bacteria encode only for one or two types. For instance, in 

Mycobacterium tuberculosis a ferritin and a bacterioferritin are present (223), while in 

D. radiodurans Dps is the only sub-family present (102).  

These sub-families are structurally and functionally related, and their main 

biological function is connected with their iron storage capacity (65). However, while 

ferritins and bacterioferritins have been proposed to be mostly involved in iron storage, 

Dps have also been associated with DNA protection. 

 E. coli Dps was the first of these proteins to be identified and it was observed to 

be highly expressed under starvation conditions and to be involved in the 

condensation of the nucleoid (224). Furthermore, this protein showed iron storage 

capacity in vitro. These two properties (DNA binding and iron storage) can contribute 

to the DNA protection observed in vivo. In fact, E. coli dps mutant exhibits higher 

sensitivity to oxidative DNA damage than the wild type strain (225).  

The Dps nomenclature is ambiguous and in some cases the name attributed is 

related with the function that was initially identified. For instance, they appear 

described as: Dps-like peroxide resistance protein (Dpr) (226-227), neutrophil 

activating protein (NapA) (228), metalloregulation DNA-binding stress protein (MrgA) 

(229), amino acid hydrolase (HAA) (230) and antigen growth factor (Antigen TpF1) 

(Table 4.1) (231). 
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Figure 4.1 - Dendrogram of ferritin family members generated by amino acid sequences retrieved from the 

data banks (NCB accession number), using a BLAST search. The alignment and dendrogram were 
constructed using ClustalX 2.1.The tree was displayed with TreeView. 
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4.2  Structural characteristics  

 

The crystal structure of E. coli Dps was determined in 1998 and it was the first 

protein structure of this family (232). Currently several Dps crystal structures have 

been published, including from pathogenic bacteria (231, 233-235) and Archaea (236) 

(Table 4.1).  

All Dps structures present a conserved secondary, tertiary and quaternary 

structure (203-204, 232, 236-238). The monomer has a four helix bundle fold, in which 

the connection between helix B and C contains a loop with a short BC helix in the 

middle (Fig. 4.2) (203-204, 232, 238-239). 

The Dps monomer assembles in a 12-mer quaternary structure, forming a 

spherical hollow dodecameric structure (203-204, 232, 238) contrary to ferritins and 

bacterioferritins proteins that assemble as 24-mers (65, 222, 240). The 12-mer 

assembly results in a 2-fold and a 3-fold symmetry axes, with 23-point-group 

symmetry (Fig. 4.2) (203-204, 220). The dodecameric structure of Dps contains eight 

3-fold symmetry axes, that correspond to channels from the dodecamer surface to the 

internal hollow cavity. Four of these channels are located close to the N-terminal of the 

monomers and therefore are named “N-terminal channels” (Fig. 4.2, D), and are also 

found in the ferritin family of proteins. The other four channels are located near the C-

terminal of the monomers, are known as “C-terminal channels” and are unique to Dps 

proteins (Fig. 4.2, E) (203-204, 210). 

 

 

Monomer - Four helix bundle
A

C D E

N-term

C-term

B

N-term

C-term

2-fold axis N-terminal 3-fold axis C-terminal 3-fold axis

N
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Figure 4.2 – Overall structure of Dps1 from D. radiodurans. (A) The four helix bundle monomer 

structure coloured from blue at the N-terminal to orange at the C-terminal (PDB accession 

code 2C2F). (B) Topology diagram of the monomer, showing the organization of the helix-

bundle. (C) Dodecamer viewed along the two-fold axis. (D) Dodecamer viewed along the N-

terminal three-fold axis. (E) DrDps1 dodecamer viewed along the C-terminal three-fold axis. 

Monomers are coloured in grey, except the monomers that form the presented axis that are in 

blue. 

 

The spherical dodecamer has an external diameter of 80-90 Å and the internal 

hollow cavity has a diameter of 40-50 Å (203-204, 220). In this hollow cavity Dps can 

store up to 500 iron atoms (65, 220). However, it has been reported that some Dps 

may incorporate less iron, namely the Dps from Trichodesmium erythraeum that 

stores only 260 iron atoms/dodecamer (64-65, 219-220, 241). Dps as iron storage 

proteins have a ferroxidase center and each dodecamer contains twelve ferroxidase 

centers, related by a 2-fold non-crystallographic symmetry axis, separated by 

approximately 20 Å (Section 4.3.2, Fig. 4.5, A) (203-204, 234, 242). 

Although all known Dps crystal structures are dodecameric, other oligomeric forms 

have been detected in solution: dimers, trimers, or hexamers, with changes in 

temperature, pH and salt concentration affecting the oligomerization states (205, 243-

244). 

The regions that are less conserved among Dps are the presence or not of N- or 

C-terminal tails. Frequently, these tails are not modeled in the crystal structures due to 

the lack of electron density, suggesting that these tails are flexible regions (203-204, 

245). Nevertheless, in some crystal structures it was possible to observe several 

amino acid residues in the N- or C-terminal tails. Lactococcus lactis DpsB contains a 

N-terminal with 72 amino acids but in the crystal structure the first 53 amino acids 
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residues are not visible. The remaining 19 amino acids form a long alpha helix 

localized outside of the dodecamer surface (245).  

The N-terminal tail of Dps1 from D. radiodurans has 54 amino acid residues in 

which the first 29 were not visible in the crystal structure. The remaining 25 amino acid 

residues are located at the dodecamer surface (203, 246).  

The long N-terminal tail of Dps2 from D. radiodurans was also not observed in the 

corresponding crystal structure (204).  

The structural properties of these tails, flexibility, localization at the protein surface 

and the presence of positively charged residues have been associated with the DNA-

binding function (Section 4.4). In addition, these N- or C-terminal regions have also 

been associated with the stabilization of the dodecameric form in solution as showed 

in mutants without these regions. In the case of Dps from M. smegmatis the removal 

of eitheir N- or C-terminal tail leads to the loss of the dodecameric form, and the 

observation of lower oligomeric states was detected (247). When the C-terminal tail 

was removed from the Dps2 from D. radiodurans, the dodecameric form was no 

longer observed (206). 

 

4.3 Iron storage capacity 

 

The iron storage by Dps occurs in several steps (63-64, 220), which will be 

presented below. 

 

4.3.1 Iron entry  

 
The N-terminal channels have a length of approximately 10 Å and are funnel-

shaped with a diameter decreasing from the external to the internal cavity, from 

around 10 Å to 3 Å, and are negatively charged (203-204, 210). The hydrophilicity of 

these pores is due to the presence of conserved carboxylate groups, 3-fold symmetry-

related (Asp and Glu), forming three or four transient binding sites that could lead Fe
2+

 

from the outside to the ferroxidase centre (Fig. 4.3), suggesting that iron entry occurs 

via the N-terminal channels (203, 210, 230, 242, 244, 248). This is supported by the 

presence of iron in this type of channels when the protein crystals were soaked with 

an iron solution. For example, in D. radiodurans Dps1 this channel, with a distance of 

16 Å approximately, can be described as having three symmetry-layers of negatively 

charged residues, 3-fold symmetry-related, Glu173-Asp172-Asp181 (T1-T3) that could 
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lead Fe
2+

 from outside to inside of the cavity, directing the iron to the ferroxidase 

centre. The crystal structure showed one iron atom octahedrally coordinated by three 

related aspartate residues, Asp181, and by three symmetry related water molecules 

(Fig. 4.3, A) (203). In the case of M. arborescens Dps crystal structure two iron-

translocation sites were observed involving the three symmetry-related aspartates, 

E132 (T1), and three glutamines Q138 (T2) (Fig. 4.3, B). Unexpectedly, these iron atoms 

appear as a hexa-hydrated iron complex, instead of free iron. A putative third iron-

translocation site, D139 (T3) can orient the iron from site T2 to the ferroxidase centre 

(Fig. 4.3, B) (230).  

 

 

Figura 4.3 - N-terminal channel formed at 3-fold symmetry axis. (A) DrDps1 N-terminal 

channel is funnel-shaped from outside to inside with an diameter of 10Å - 5.4Å -3Å formed by 

three layers of negatively charged residues (Glu173-Asp172-Asp181), from 3-fold symmetry-

related (Green, blue and orange monomers). Residues involved in iron translocation are 

depicted in stick representation. Two putative iron sites (T1 and T2) are shown in grey and one 

iron site (T3) is shown as a black sphere, with a distance between T1-T3 of approximately 16 

Å. The dot line along the 3-fold symmetry axis shows the iron direction from outside to inside 

(T1-T3). The electrostatic surface is represented in red and black. (B) MaDps N-terminal 

channel is funnel-shaped from outside to inside with an diameter of 9 Å to 4 Å, formed by four 

layers of amino acids residues (Glu132-Asp131-Gln138-Asp181). Residues involved in iron hexa-

aquo cluster translocation are depicted in stick representation. Two iron hexa-aquo clusters (T1 

and T2) are observed, diffusing from outside (with an diameter of 9 Å) to the inner cavity of the 

protein (with a diameter of 4 Å). A putative third iron site (T3) is shown in grey. Distances 

between the T1, T2 and T3 are shown, 5 Å and 9 Å, respectively. The dotted line along the 3-

fold symmetry axis shows the iron direction from outside to inside (T0-T3). Figure adapted from 

(203, 249). 
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To support the importance of the N-terminal channels in iron entry, studies showed 

that modification of the channels properties reduced considerably the iron uptake. This 

was observed when the conserved channel aspartates, were substituted by 

phenylalanines, altering the chemical environment and reducing the internal diameter 

of the channel (250). Also, replacing the aspartates by asparagines, changing the 

electrostatic potential of the channel, decreased the rates of Fe
2+ 

binding to the 

ferroxidase centers and of iron oxidation by hydrogen peroxide (251).  

Besides these N-terminal 3-fold symmetry axis channels, in Halobacterium 

salinarum DpsA 12 channels were observed at the non-symmetrical interface of two 

subunits, where each channel ends close a ferroxidase centre (Fig. 4.4). In these 

channels three iron-translocation sites were observed (T1-T3), guiding the iron to the 

ferroxidase center (F1) (236, 252). 

 

 

 

 

Figure 4.4 - Iron entry channel observed in H. salinarum 

DpsA crystal structure (pdb code: 1TJO). Residues 

involved in iron translocation are depicted in stick 

representation. Three iron ions (T1-T3) represented as 

green spheres, diffused from outside to the ferroxidase 

centre (F1). Distances between T1, T2, T3 and F1. 

Figure adapted from [21, 40]. 

 

 

4.3.2 Iron binding and oxidation at ferroxidation centre  

 
In general, this protein family can oxidize Fe

2+ 
to Fe

3+
 using preferentially H2O2 as 

oxidant, 100-2000 fold faster than using O2 as oxidant (63, 248, 253-254). 

Nevertheless, there are some Dps in which the iron oxidation is faster in the presence 

of both oxidants, O2 or H2O2 such as Thermosynechococcus elongatus DpsA or only 

in presence of O2 as is case of the B. anthracis Dps1 (254-255). However, how the 

oxidation occurs in this case is not known.  

Structural studies have contributed to understand the oxidation mechanism in this 

protein family. As mentioned, Dps crystal structures contain twelve ferroxidase 
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centers, related by a 2-fold non-crystallographic symmetry axis, at a distance of 

approximately 20 Å from each other (Fig. 4.5, A) (203-204, 234, 242). This catalytic 

site is the basis for Dps proteins to bind and oxidize Fe
2+

 to Fe
3+

. 

 

 

Figure 4.5 - Dimer interface viewed from the 2-fold axis of D. radiodurans Dps1 exhibiting the 

conserved mono-iron ferroxidase centre. (A) Dimer interface shows two mono-iron ferroxidase 

centres at an distance of 20 Å; represented as black spheres. (B) Zoomed-in view of the 

mono-iron ferroxidase centre, which is coordinated by three residues: His83 from subunit A, 

Asp110 (bidentate) and Glu114 (monodentate) from subunit B. Two non-protein ligands: water 

(w) and a glycerol molecule are also represented. PDB code: 2C2F. The waters are 

represented in red and labeled as “w”. Residues from subunit A and B are prefixed with A- and 

B-, respectively. 

 

The single iron atom in the ferroxidase center is coordinated by the following 

amino acids residues: one aspartate and one glutamate from one subunit and one 

histidine from the symmetry related monomer. Based on the several Dps crystal 

structures, one or two additional solvent molecules have been observed to be involved 

in the iron coordination. One of the solvent molecules forms a hydrogen bond with a 

conserved histidine, while the other solvent molecule (when present) is hydrogen-

bonded with residues that can be aspartate, glutamine or glutamate (Fig. 4.5). The 

general binding motif can be represented as (HisX11HisX3Asp/Gln/Glu)(AspX3Glu), 

where residues in bold correspond to the iron ligands, and in grey those that are 

involved in hydrogen bonds to the solvent molecules bound to the iron. The H. 

salinarum DpsA is an exception, with a binding motif (HisX11His)(AspGluX2Glu) (Fig. 

4.6, E). The iron coordination observed in the different crystal structures so far known 

is either octahedral or tetrahedral (203, 234, 242).  
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In some cases, the presence of a second iron site (site 2) was observed close to 

the first iron atom (site 1). The distance from these two sites varies from 3 Å to 6 Å 

(Fig. 4.6) (204, 210, 256).  

 

 

 

Figure 4.6 - Dimer interface viewed from the 2-fold axis of Dps exhibiting more than one metal 
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in the ferroxidase centre. The metal sites are represented as a black sphere (site1), orange 

sphere (site2) or cyan sphere (site3). (A) D. radiodurans Dps2 which contains two irons, site1 

and site2 (B) H. salinarum Dps containing three irons (site1, site2 and site3). Zoomed-in view 

of the ferroxidase centre for (C) D. radiodurans Dps2 showing two irons (PDB code: 2C6R); (D) 

B. brevis Dps showing two irons (PDB code: 1N1Q); (E) H. salinarum Dps showing three irons 

(PDB code: 1TJO) and (F) H. pylori Dps (NAP) with two zincs (PDB code: 4EVB). The waters 

are represented in red and labeled as “w”. The μ-oxo bridge in the panel D is represented in 

red and labeled as μ-oxo. Residues from subunit A and B are prefixed with A- and B-, 

respectively. 

 

In the case of D. radiodurans Dps2 this second iron ion (site 2) is loosely 

coordinated by one amino acid residue, Asp98, and via 5 water molecules, three of 

which form hydrogen-bonds with Lys94 (two hydrogen-bonds) and Lys178 (Fig. 4.6, C) 

(204).  

In the Bacillus brevis Dps the second iron is coordinated via two water molecules 

that are hydrogen-bonded with Glu47 and His43 (Fig. 4.6, D). In addition one of the 

residues which coordinate the iron in site 1, Glu62, is at a distance of 3.6 Å from the 

iron in site 2. Furthermore, in this B. brevis Dps structure a µ-oxo bridge was observed 

between the two irons (Fig. 4.6, D) (256).  

In the case of H. salinarum DpsA, a third site (site 3) was also observed besides 

the second site (site 2) (Fig. 4.6, B and E). Both sites were proposed to be transiently 

occupied by iron, since they were only observed when the crystal was soaked during 

30 min in an iron solution, while when the crystal was soaked for 120 min, only the site 

1 was occupied by iron (236). These results and the loose coordination of the second 

and third iron atoms observed in the examples mentioned above, led to the suggestion 

that they represent intermediates during the iron incorporation mechanism (204, 236). 

The presence of other metals has also been described in the ferroxidase centre 

when the crystals were incubated with divalent metals. For example, the H. pylori Dps 

(NAP) showed two sites (Site 1 and 2) occupied by zinc (Fig. 4.6, F) or cadmium 

forming a di-metal site in which the second metal site is also loosely coordinated 

(210). 
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4.3.3 Iron nucleation  

 

The nucleation mechanism starts after migration of Fe
3+ 

to the cavity of Dps, but 

how this occurs in Dps proteins is poorly understood (63-64). In classical ferritins it is 

known that the formation of the core occurs of several nucleation sites, formed by 

clusters of glutamate amino acids residues (257-259).  

The iron migration to the nucleation sites and the nucleation process initiation in 

Dps proteins has been associated with the properties of the internal hollow cavity that 

is highly negatively charged due to existence of carboxylate residues, forming a 

perfect environment for iron storage similar to ferritins (203-204, 236, 242).The 

importance of this negatively charged cavity is evidenced in the crystal structure of H. 

salinarum DpsA. In this structure were observed two iron nucleation sites. One site is 

located close to the 2-fold symmetry axis (NI), where three iron peaks are observed 

(N11-N13) and due to the proximity of four amino acids, two Glu72 and two Glu75 

symmetry-related, the iron nucleation core can be formed (Fig. 4.7). 

 

 

Figure 4.7 - Iron translocation, oxidation and storage pathway of H. salinarum DpsA. (A) Three 

translocation iron sites were observed (T1-T3) with a distance of 9 Å and 5 Å, respectively. T3 

is close to the ferroxidase iron centre (F1), at a distance of 8 Å. In addition, close to the 

ferroxidase centre (F1), two iron sites (F2 and F3 sites) at a distance of 3 Å and 5 Å were 

observed and eight iron sites are occupied at a distance of 12-13 Å from F3 site. Three iron 
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peaks (N11-N13) were observed in nucleation site I (NI), five iron peaks and three oxygen 

atoms (O1-O3) were detected in the nucleation site II (NII). (B) Schematic view of the NII iron 

cluster, forming a distorted tetrahedron, appearing as an iron-oxide nanocluster. Symmetry 

equivalent distances between iron-iron and iron-oxygen atoms are marked, and the respective 

distances are given. The irons atoms are represented as green spheres and oxygen atoms as 

pink spheres. Figure adapted from (249).  

 

The second iron nucleation site (NII) is coordinated by three symmetry Glu154, 

where five iron peaks are observed (N21-N25) and three oxygens atoms (O1-O3) (Fig. 

4.7, A). The translocation of iron between the ferroxidase iron centre and the 

nucleation sites, which are at a distance of ca. 12-13 Å, can be assisted by other 

negatively charged residues that are present in this DpsA, such as Glu158 and Glu161, 

which are located at 6 Å from the ferroxidase centre and the nucleation sites (236).  

 

4.3.4 Iron mineralization 

 
Using kinetic studies of the Dps from E. coli or L. innocua it was proposed that 

the iron mineralization starts when iron accumulates in the nucleation sites as a ferric 

oxide hydroxide (Fe(O)OH) until ca. 500 iron atoms per Dps dodecamer are uptake 

(reaction 4.1), as observed for classical ferritins for up to 4500 iron atoms (63-64). 

Reaction 4.1 
  

 Iron incorporation as hydrous ferric oxide core 

 
However, other types of iron core have been described. For example, in the 

structure of H. salinarum DpsA the accumulation of five irons and three oxygens was 

observed in the core. These subsites are arranged as a distorted tetrahedron, forming 

an iron-oxide nanocluster, [4Fe-3O] cluster (Fig. 4.7, B) (236). 

The incorporation of phosphate was observed in T. erythraeum Dps, with an 

iron:phosphate (Fe:Pi) ratio of 4:1 (241). Phosphate incorporation has not been 

described for other Dps proteins, although both ferritins and bacterioferritins have the 

capacity to bind and incorporate phosphate; this incorporation depends on the 

presence of iron (260-261). In ferritins, it has been observed that the Fe:Pi 

incorporation ratio can vary from 2:1 to 20:1, forming a hydrated iron oxide-phosphate 

complex core (Fe(O)OH)8(FeO-OPO3H2) (261-262). 

2Fe2+ + H2O2 + 2H2O 2Fe(O)OH + 4H+
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4.3.5  Iron release 

 
In in vitro conditions, it was demonstrated that these proteins have the capacity to 

release iron by using reductants, namely sodium dithionite or a nicotinamide adenine 

dinucleotide / flavin mononucleotide mixture (NADH/FMN) (251, 263-264). However, 

the iron release mechanism is poorly understood. It has been suggested that it can 

occur via N- or C-terminal channels. Nevertheless, the C-terminal channels are in 

general blocked by hydrophobic residues. For example, the T. elongatus Dps contains 

three symmetrically related valines (Val157), D. radiodurans Dps2 has phenylalanines 

(Phe198) while E. coli Dps contain alanines (Ala57) in the external surface of these 

channels (203-204, 248). However, they can act as an auxiliary route for iron passage, 

after some structural rearrangements, since iron in these channels has been observed 

in Dps structures (203-204). For example, in D. radiodurans Dps2, the C-terminal 

channel is defined by Asp87-Glu83-Tyr79-Thr80-Leu77-Thr76-Asp199-Phe198 from the inside 

to the outside of the dodecamer. This C-terminal channel appears blocked by residue 

Phe198 avoiding the transit of cations along the channel. However an alternative route 

for cations was formed by residues Thr76-Asp133-Asp199-Ile200 and one iron site was 

observed in this route (204). 

In addition, it was observed that T. erythraeum Dps that stores iron and 

phosphate as aboved mentioned, is also capable of releasing phosphate as 

pyrophosphate or orthophosphate. The incorporated phosphate is bound at the 

surface of the iron core, and during the release process phosphate is the first to be 

released followed by iron (261).  

 

In summary, considering the structural properties and functional kinetics studies 

in Dps, the iron storage mechanism has been proposed to occur in several steps: Fe
2+

 

entry through N-terminal channels (Fig. 4.8, step 1) ; Fe
2+

 binding to the ferroxidase 

centre (Fig. 4.8, step 2); Fe
2+

 oxidation in the ferroxidase centre (Fig. 4.8, step 3); Fe
3+

 

translocation to nucleation sites located inside the internal hollow sphere cavity (Fig. 

4.8, step 4) where the mineralization starts (Fig. 4.8, step 5) (63-64, 220). 

Furthermore, the iron incorporated in the hollow cavity of Dps proteins can be 

reutilized during iron limitation (Fig. 4.8, step 6) and released by N- or C-terminal 

channels to the cytosol where it can be re-used (Fig. 4.8, step 7).  
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Figure 4.8 - A schematic representation of Dps 

hypothetical mechanism for iron storage into the 

internal hollow cavity and release. This mechanism 

can be divided into several steps. Iron 

incorporation: Step 1: Fe
2+

 entry by N-terminal 

channels, Step 2: Fe
2+ 

binds to ferroxidase centre, 

Step 3: iron oxidization to Fe
3+

, Step 4: Fe
3+

 moving 

to the nucleation site, Step 5: mineralization starts 

with the accumulation of oxyhydroxide core or 4-

iron-3-oxo cluster at the nucleation sites. Iron 

release: Step 6: iron in Fe
3+

(O)OH or [4Fe-3O] form 

is reduced to Fe
2+

, Step 7: after reduction it can be 

transported to the external medium (e.g. cytosol) by 

N- or C- terminal channels. Figure adapted from 

Haikarainen et. al, 2010 (220). 
 

 

 

4.4 DNA-binding ability  

 
Despite the lack of any classical DNA-binding motifs, Dps proteins have N- or C-

terminal tails which are not conserved but in some cases have been associated with 

the DNA-binding ability (65, 219, 237, 247). Structurally, these tails are flexible, 

localized outside the dodecamer sphere and contain positively charged amino acid 

residues which can contribute to the interaction with DNA (203-204, 245). Several 

studies have been performed demonstrating the vital importance of these tails for the 

binding to DNA, using mainly electrophoretic mobility shifts assays (EMSA) and 

atomic force microscopy (AFM) (265-268). 

E. coli Dps has a long N-terminal tail with 22 amino acid residues, in which three 

lysines and one arginine (Lys5, Lys8 and Lys10 and Arg18) are present (232). It was 

possible to observe that this Dps can bind and condense DNA forming Dps-DNA 

complexes, while a construct of this Dps lacking the N-terminal tail does not have the 

ability to promote DNA condensation and the DNA binding ability was strongly 

diminished (265).  

Mycobacterium smegmatis Dps1 has a long C-terminal tail with 26 amino acid 

residues in which five of those are positively charged (Lys172, Lys177, Arg179, Arg180 and 

Lsy181), and it was demonstrated that these residues are essential for the binding to 

DNA (247).  
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D. radiodurans Dps1 has a long N-terminal tail which can be divided in two 

regions, of which have been shown to interact with DNA. The first region, (amino acid 

residues 1-29) contains seven positively charged residues (Lys3, Lys4, Lys7, Lys13, 

Lys15, Lys16 and Arg27). The second region (amino acid residues 30-54) contains a 

zinc binding site, and it was observed that in the absence of metal the DNA binding 

ability decreased. Furthermore, a positively charged Arg132 present in loop BC 

exposed at the external dodecamer surface was also proposed to contribute to the 

DNA-binding ability of this protein (269-271). 

However, the ability to bind DNA is not limited to the presence of the positively 

charged regions, located at the N- or C-terminals. For example, the Helicobacter pylori 

Dps has positively charged amino acid residues located in the dodecamer surface that 

were proposed to bind to the negatively charged phosphate group from the DNA 

(268).  

 

4.4.1  DNA packing 

 
Characterization of the packing of Dps-DNA complexes has been addressed 

mostly by electron microscopy studies. Using this technique it was observed that Dps 

dodecamers form a 2-dimensional crystal with hexagonal packing (272-273). Addition 

of supercoiled DNA, linear double-stranded DNA or single-stranded RNA immediately 

leads to the formation of several tightly packed Dps-DNA and Dps-RNA co-crystals 

with three-dimensional morphology (243, 272). However, the addition of DNA/RNA 

does not disturb the Dps dodecamer hexagonal packing (272-274). These results 

suggest a model where DNA molecules can pack between the layers of Dps 

dodecamers (Fig. 4.9) (273). Under in vivo conditions the same type of DNA packing 

was observed for E. coli under starvation conditions, where the Dps protein is highly 

expressed when compared with other proteins (272, 275). This hexagonal DNA 

packing is no longer observed in the E. coli dps mutant, where DNA adopts a similar 

structure as observed in the exponential phase cells (272-273).  

The different crystal packing observed for Dps dodecamers was used to suggest 

different models for the DNA-Dps complexes, in which DNA molecules are kept highly 

protected from the different stress conditions, conferring a physical DNA protection. 

Bacillus brevis Dps shows a similar multi-layered structure as mentioned, with an 
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hexagonal arrangement where DNA can be packed between hexagonal layers (Fig. 

4.9, A) (256).  

However, other studies suggested that DNA is included in holes formed between 

three adjacent Dps dodecamers with hexagonal packing, where the N-terminal tails 

are located (Fig. 4.9, B) (232, 256). 

 

 

Figure 4.9 - Representation of two models for DNA-Dps complexes formation with hexagonal 

packing. (A) DNA molecules are accommodated in the holes between alternate layers of Dps 

dodecamers. DNA molecules are represented in pink colour and Dps dodecamer layers are 

represented in yellow, green and grey colours. (B) DNA molecules can pack in the holes 

formed by three dodecamers. DNA molecules are represented in green and the phosphate 

groups of the DNA are in pink; Dps dodecamers are coloured purple with their N-terminal tails 

in blue. The black line represents the cell unit from the crystal packing. Figure adapted from 

Ren et. al, 2003 (256) and Grant et. al, 1998 (232). 

 

4.5 DNA protection 

 
Dps proteins could have an important role on DNA protection from ROS by two 

mechanisms: iron storage and/or DNA binding [6]. 

DNA protection by Dps can occur only by its iron storage capacity. M. smegmatis 

Dps1 protein has ferroxidase activity and binds to DNA but does not promote its 

condensation, thus DNA-Dps complexes are not formed. In this case this protein 

shows the ability to protect DNA against ROS by its storage iron capacity but not 

against DNase, since it does not condense the DNA (267).  
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The importance of DNA-binding ability forming DNA-Dps complexes in the DNA 

protection mechanism is evident in the studies of the two L. lactis Dps which are not 

able to store iron, due to lack of a ferroxidase center and a negatively charged 

environment in the internal cavity. However, both Dps formed complexes with DNA 

which is enough to protect the DNA against ROS and methylation promoted damage 

(245). 

As mentioned before, the E. coli Dps protein has the capacity to oxidize iron and 

to bind and condense DNA, conferring a high DNA protection by two mechanisms. 

The mechanism of DNA protection through iron storage using preferentially H2O2 as 

oxidant is a vital function of these proteins (63-64, 253). The simultaneous removal of 

Fe
2+

 and H2O2 leads to a strong inhibition of hydroxyl radical formation that could 

promote the damage of DNA molecules via Fenton reaction (reaction 1.4, Chapter I). 

Dps spin trapping experiments using an EMPO probe, that traps hydroxyl radicals 

yielding a specific electron paramagnetic resonance signal (EMPO-OH adduct) was 

used to demonstrated that in the presence of E. coli Dps the hydroxyl radical 

production was strongly decreased (63). Furthermore, in similar conditions, it was 

possible to observe using EMSA assays that upon addition of Dps the DNA is 

protected, while in its absence DNA was completely degraded (63).  

DNA protection by E. coli Dps through its DNA binding capacity forming DNA-Dps 

complexes was observed using atomic force microscopy and EMSA (265). This 

capacity to form DNA-Dps complexes was also observed under in vivo conditions in 

the stationary phase in starvation conditions as mentioned in section 4.4.1 (276). 

These two properties can confer higher capacity to protect DNA in vitro but also 

in vivo, since the E. coli dps mutant becomes more sensitive when compared with the 

wild type, mainly in the stationary phase under several conditions such as hydrogen 

peroxide, UV radiation, gamma radiation, iron and copper stresses (276). 

 

4.6 Multifaceted functions of Dps proteins  

  

Apart from the protection against oxidative stress, in the last decades it has been 

reported that Dps proteins are also involved on other functions, such as resistance 

against heat or cold shock (276-277), high-pressure stress (278), gamma or UV 

irradiation (276) and acid or base shock (276, 279-280). The participation of Dps in 

hydrolysis and synthesis of N-acylamino acids has been described (230). The 
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importance of Dps in antibiotic resistance such as streptomycin, nalidixic acid, 

norfloxacin and rifampicin was also reported. Moreover, it has been shown that Dps 

from several pathogenic bacteria can be involved in virulence (Table 4.1) (281-282). 

The pathogenic organisms lacking the dps gene have been shown to be 

hypersensitive to bactericidal antibiotics or less virulent (228, 281, 283). In patient sera 

with several gastric diseases caused by H. pylori specific antibodies for the Dps which 

is known as neutrophil activating protein (NAP) were found. In addition, it was shown 

that the NAP protein is crucial for the colonization of mice by of the bacterium, and 

when mice were vaccinated with HpNAP, they became more resistant to H. pylori 

infections (228, 284). 

Campylobacter jejuni Dps has also been found associated with the virulence of 

this organism. These studies indicated that Dps invades the host, and its virulence 

was associated with its ability to bind and damage the peripheral nerves under in vivo 

conditions (285-286). In patients with an axonal form of Guillain–Barré syndrome 

(GBS) caused by this bacterium the Dps and its specific antibodies were found in the 

serum (285). The Dps protein is also essential for biofilm formation and host 

colonization by C. jejuni (283).  

Dps protein from Listeria monocytogenes, a food borne pathogen, is vital for the 

proliferation in the host. Moreover, the absence of this dps gene leads to a decrease 

in survival during starvation, oxidative stress or iron depletion conditions (287), 

probably inhibiting bacterial proliferation.  

Another example of Dps involved in virulence is the glycosylated Dps from 

Salmonella enterica serovar Typhimurium (288-289). The glycosylation of this protein 

could be essential for the virulence of this bacterium since the glycosylation of diverse 

proteins has been associated with different functions, including adhesion and 

colonization of host cells (289-290). In addition, a Δdps mutant of Salmonella enterica 

strain, became hypersensitive to bactericidal antibiotics (281). 

In conclusion, Dps proteins from pathogenic organisms are involved mostly in 

biofilm formation, adhesion and colonization of host cells. It has been described that 

prokaryotic organisms have the competence to release proteins involved in the ROS 

detoxification to the extracellular space, including Dps proteins. The presence of Dps 

proteins during bacterial invasion could be essential for their protection against ROS, 

which are produced by phagocytic cells to kill invading bacteria (291).  
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4.7 More than one Dps in the same organism 

 
The genomes of most known prokaryotes contain only one Dps encoding gene. 

However there are bacteria which contain two, three or four types of Dps (102, 234, 

255, 292-294), at least one of which appears to have different oligomeric states in 

solution (205, 243-245).  

M. smegmatis encodes for two Dps: Dps1 and Dps2. In vitro, Dps2 assembles in 

a stable dodecameric form, while in solution Dps1 has two oligomeric states: trimeric 

and dodecameric, which are regulated by temperature. The Dps1 dodecamer is the 

only oligomeric state that has the ability to bind and condense DNA, protecting the 

DNA against DNase; furthermore, it incorporates iron, protecting the DNA against 

ROS promoted degradation. The Dps1 trimer displays ferroxidase activity using O2 as 

oxidant, similar to the ferroxidase activity found in the ferritin family (243). However, 

there is no information about these oligomeric states in vivo. In fact, the oxidation of 

Fe
2+

 to Fe
3+

 by the trimeric form, leads to a free Fe
3+

 in the cell, which will be 

consequently unavailable to be used by cell. Therefore, the role of this trimeric form in 

iron oxidation remains to be established in vivo. In addition, it was observed in vivo 

that both Dps1 and Dps2 bind to DNA forming different DNA-Dps complexes (295), 

thus probably conferring different levels of protection.  

D. radiodurans also has two Dps; In solution, DrDps1 can vary its oligomeric 

state. Both the dimeric and the dodecameric form have DNA-binding ability but it has 

been reported that only the dimeric form was associated with DNA protection against 

ROS and DNase cleavage (205). On the other hand, DrDps2 was mainly associated 

with iron storage capacity as a dodecamer (206).  

In Bacillus anthracis, Dps2 uses preferentially H2O2 as oxidant while Dps1 uses 

only O2 (254). It can be speculated that under stress conditions, the bacterium would 

use mostly Dps2 to detoxify hydrogen peroxide and consequently incorporate iron, 

while in non-stress conditions the iron would be incorporated by Dps1 using oxygen as 

oxidant. 

Streptomyces coelicolor contains three Dps: DpsA, DpsB and DpsC. It was 

observed that in vitro DpsB is a dimer, DpsC is a dodecamer while DpsA varies its 

oligomeric state between, dimer, hexamer and dodecamer in solution. As a 

dodecamer and hexamer, Dps can store iron using H2O2 as oxidant. However, no 

function was been attributed to the dimer form of DpsA or DpsB (244). In vivo, the 
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three Dps are proposed to be involved in the nucleoid condensation but are not 

induced in response to oxidative stress. In addition, DpsA is vital for the pre-spore 

compartment formation, after osmotic and heat stress during vegetative growth (293, 

296). The multifaceted roles of DpsA may be related with its oligomeric states that 

changes under different conditions.  

The cyanobacterium Anabaena PCC7120 contains four Dps proteins: 

Dps”all1173”, Dps”all4145”, Dps”all0458” and Dps”alr3808” (297). Two of these 

proteins, Dps”all1173” and Dps”all0458” are dodecamers, localized in the nucleoid 

region. Both have iron storage capacity and are able to protect DNA against H2O2 

stress (294, 297). The Anabaena dps”all0458” mutant is more sensitive to cold stress, 

and under this condition an increase of the expression level of Dps”alr3808 was 

observed. However, it is important to mention that Dps”alr3808 is spread throughout 

the cell, while Dps”all0458” is localized in the nucleoid (297). These results suggested 

that more than one Dps are involved in the protection mechanism, contributing to the 

resistance of this organism under stress conditions. Furthermore, in this 

cyanobacterium, during growth supplemented with ammonia, several proteins involved 

in ROS detoxification are found in the extracellular space, including three Dps; 

Dps”all4145”, Dps”all0458”, Dps”alr3808” (298). This observation reinforces the idea 

that the translocation of Dps proteins to the extracellular medium is required as a 

protection mechanism against ROS observed in pathogenic bacteria, as described 

above and also in other organisms. 

 

4.8 Concluding remarks  

 

Dps proteins have a global role in the protection from oxidative damage but also 

are vital for other functions, depending on the organism and environmental conditions 

(Table 4.1). Furthermore, these Dps functions observed in vivo are very likely related 

with the central properties of Dps proteins observed in vitro, namely DNA-binding 

ability, ferroxidase activity and iron storage capacity.  
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Table 4.1 - Dps proteins from Bacteria and Archaea for which the crystal structure has been published. 

 n.d. – not determined. 

Organisms Dps 
PDB 
code 

Ferroxidase 
activity 

DNA 
binding 

Other functions 

Agrobacterium tumefaciens Dps 1O9R  Yes (266) No (266) n.d. 

Bacillus anthracis  Dps1 1JIG Yes (254) No n.d. 

Bacillus anthracis Dps2 1JI5 Yes (254) No n.d. 

Bacillus brevis Dps 1N1Q  Yes (299) Yes (299) n.d. 

Borrelia burgdorferi  NapA 2PYB  Yes (300) n.d. Involved in virulence (300) 

Bacteroides fragilis  DpsL 2VZB Yes (301) No (301) n.d. 

Brucella melilensis; Dps 3GE4 n.d. n.d. n.d 

Bacillus subtilis  MrgA 2CHP  n.d. Yes (229) n.d. 

Campylobacter jejuni  Dps 3KWO  Yes (302) Yes (303) Involved in biofilm 
formation and virulence 

(283, 285-286) 

Deinococcus radiodurans  Dps1 2C2F Yes (205) Yes (270) n.d. 

Deinococcus radiodurans Dps2 2C2J Yes (204) Yes (206) n.d. 

Escherichia coli  Dps 1DPS  Yes (63) Yes (224) Involved in multiple stress 
resistance (276, 278, 304) 

Helicobacter pylori NapA 1JI4 Yes (210) Yes (210) Involved in virulence (233) 

Halobacterium salinarum  Dps 1TJO  Yes (236) n.d. n.d. 

Kineococcus radiotolerans Dps 4A25 Yes (238) n.d. n.d. 

Lactococcus lactis  DpsA 1ZUJ  No (245) Yes (245) n.d. 

Lactococcus lactis DpsB 1ZS3 No (245) Yes (245) n.d. 

Listeria innocua Dps 1QGH  Yes (64) No (305) n.d. 

Listeria monocytogenes Dps 2IY4 Yes (306) n.d. Involved in multiple stress 
resistance and virulence 

(307) 

Microbacterium arborescens Dps 2YJJ Yes (230) No (230) Hydrolysis and synthesys of 
N-acylamino acids (308) 

Mycobacterium smegmatis Dps1 1VEI Yes (309) Yes (243) n.d. 

Mycobacterium smegmatis Dps2 2Z90 Yes (292) Yes (295) n.d. 

Staphylococcus aureus  MrgA 2D5K Yes (310) Yes (311) Involved in virulence 
(312) 

Streptomyces coelicolor DpsA 4CYA Yes (244) Yes (293) Involved in pre-spore 
compartment, osmotic and 

heat stress resistance 
(293) 

Streptomyces coelicolor DpsC 4CYB  Yes (244) Yes (293) n.d. 

Salmonella enterica  DpsL 3AK8 Yes (239) n.d. Involved in virulence (281) 

Streptococcus pyogenes  Dpr 2WLA Yes (313) No Involved in multiple stress 
resistance (280) 

Sulfolobus solfataricus DpsL 2CLB Yes (314) n.d. n.d. 

Streptococcus suis Dpr 1UMN Yes (227) No (250) n.d. 

Thermosynechococcus 
elongates 

Dps 2C41 Yes (248) No (248) n.d. 

Thermosynechococcus 
elongates 

DpsA 2VXX Yes (255) No(255) n.d. 

Treponema pallidum TpF1 2FjC Yes (231) n.d. Involved in virulence (315) 

Vibrio cholerae Dps 3IQ1 n.d. n.d. n.d. 

Yersinia pestis Dps 4DYU n.d. n.d. n.d. 
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Highlights: 

 

Dps from Deinococcus radiodurans (DrDps1 and DrDps2) are hollow spherical 

dodecamers. We addressed their involvement in the metal storage and DNA 

protection. Results showed that DrDps1 and DrDps2 can protect DNA, and both 

proteins are able to store and release iron and manganese. Furthermore, DrDps1 

showed a structural dynamic plasticity with distinct cellular functions, from DNA 

protection to metal storage. 
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5.1 Abstract 

 

The DNA-binding proteins from starved cells from Deinococcus radiodurans: 

DrDps1-dr2263 and DrDps2-drb0092 have a common overall structure of hollow 

spherical dodecamers. Their involvement in the homeostasis of intracellular metal and 

DNA protection were addressed.  

Our results show that DrDps proteins are able to oxidize ferrous to ferric iron 

using both oxygen or hydrogen peroxide. The iron stored inside the hollow sphere 

cavity is fully released. Furthermore, these proteins are able to store and release 

manganese, suggesting they can play a role in manganese homeostasis as well. The 

interaction of DrDps with DNA was also addressed. Even though DrDps1 binds both 

linear and coiled DNA, DrDps2 preferentially binds to coiled DNA, forming different 

protein-DNA complexes, as clearly showed by atomic force microscopy. DrDps1 

(dimer and dodecamer) and DrDps2 can protect DNA against reactive oxygen 

species, although the protection occurs at different Fe to protein ratios. The difference 

between DrDps could be the result of the DrDps1 higher iron oxidation rate in the 

presence of hydrogen peroxide and its higher affinity to bind DNA than DrDps2.  

Using cellular extracts obtained from D. radiodurans cultures, we showed that 

DrDps1 oligomers observed in in vitro conditions are also presented in vivo. This 

indicates that DrDps1 has a structural dynamic plasticity that allows its oligomeric 

state to change between dimer, trimer and dodecamer. This in turn suggests the 

existence of a regulation mechanism that modulates the oligomer equilibrium and is 

dependent on growth stages and environmental conditions. 

 

 

Keywords: Oxidative stress, DNA, manganese, oligomeric-state, ROS 
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5.2 Introduction 

 
Deinococcus radiodurans is an aerobic gram-positive bacterium that survives 

exposure to several extreme conditions, such as high doses of radiation, desiccation 

and starvation (100, 102, 316). Under these conditions, the intracellular production of 

reactive oxygen species (ROS) is increased, which can be neutralized directly by 

several enzymatic systems, namely superoxide dismutases, catalases and 

peroxidases (100, 146, 201, 317). Additionally, the high manganese intracellular levels 

observed previously in D. radiodurans also have been proposed to contribute to the 

scavenging of ROS (69, 81, 100), but the molecular mechanisms involved in this 

process have yet to be clarified. 

The Mn/Fe ratio is higher in D. radiodurans (Mn/Fe=0.24) than in the radiation 

sensitive bacteria Escherichia coli (Mn/Fe=0.0072) and Shewanella oneidensis 

(Mn/Fe=0.0005) (68, 81). Perhaps linked to this, D. radiodurans does not possess any 

genes encoding for ferritin (typically Fe-storage proteins), instead it contains two 

genes for DNA binding proteins from starved cells (Dps): DrDps1 (dr2263) and 

DrDps2 (drB0092). Dps have similar architecture and properties to iron-storage 

proteins, ferritins and bacterioferritins, but instead of a 24-mer structure they form 

dodecamers with a 23 symmetry (65, 240, 318). As bacterioferritins, Dps are also 

strictly prokaryotic proteins (65, 219-220). Dps have been mainly associated with 

oxidative stress response, being able to protect DNA under those conditions (219-220, 

319-320). In addition to this, Dps proteins have been shown to be involved in the 

synthesis and hydrolysis of N-acyl amino acids (230, 308). They also have been 

described as a virulence factor (321-324) and as being associated with the axonal 

variant of Guillain-Barré syndrome (325).  

E. coli Dps was the first protein of this family to be identified as being highly 

abundant in the stationary phase of starved cells (224). Later, it was reported that 

incubation of purified E. coli Dps results in self–aggregation in solution forming two-

dimensional crystals. This was proposed to be the driving force for the formation of 

large Dps-DNA complexes during co-crystallisation (272, 326). The interaction 

between Dps and DNA occurs without any apparent DNA-sequence specificity. The 

Dps-DNA interaction has been proposed to be mediated by a variable number of 

positively charged amino acid residues, which can be present at the N-terminal (245, 

265, 292), C-terminal tails (247, 267) or at the protein surface, as in the case of 
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Helicobacter pylori Dps (NAP) (268). Also, it was shown that DNA binding only occurs 

in the presence of Fe
2+

 or H2O2 for the Campylobacter jejuni Dps (302-303). 

As iron-storage proteins, Dps can incorporate up to 500 iron atoms, preferentially 

using hydrogen peroxide as oxidant (63, 220, 248, 274, 319). The ferroxidase centers 

in most cases are located on the 2-fold axis, consisting of two mononuclear octahedral 

coordinated irons per dimer, separated by ca. 20 Å (203-204, 210, 234, 256, 266). A 

few examples are known in which a second iron was observed close to each 

ferroxidase center, suggesting a formation of a transient diiron site (204, 256). A Dps 

with a diiron site similar to bacterioferritins has been also reported (327-328).  

Several organisms with more than one gene encoding for Dps have been 

identified, such as Mycobacterium smegmatis, Bacillus anthracis, 

Thermosynechococcus elongatus, Streptomyces coelicolor and D. radiodurans (102, 

243-244, 248, 254, 292). Studies on these Dps suggest different cellular functions for 

each protein. In B. anthracis both Dps protect DNA from oxidative damage, however 

BaDps2 confers a higher DNA protection than BaDps1, and BaDps2 uses both 

oxygen and hydrogen peroxide to oxidize Fe
2+

, whilst BaDps1 uses oxygen
 
only (254). 

The M. smegmatis Dps have been proposed to promote different nucleoid 

organization: in conditions where MsDps1 is over-expressed, the DNA adopted a 

toroidal structure, whereas a coral reef structure was adopted when MsDps2 is over-

expressed (295).  

The Dps from D. radiodurans, DrDps1 and DrDps2, share 16% amino acid 

sequence identity. Their 3D-structure is similar to other Dps, consisting of 

dodecameric hollow spheres with a four-helix bundle conformation for each subunit 

(203-204, 246). When compared with other Dps, these proteins have a much longer 

N-terminal (54 and 72 amino acids for DrDps1 and DrDps2, respectively) before the 

four-helix bundle region. In this N-terminal region DrDps1 has a metal binding site, 

which has been proposed to be important for DNA binding (269); this protein is weakly 

associated with the nucleoid (329). The first 30 amino acid residues from DrDps2 are 

predicted to be a signal peptide (204, 206, 330). This protein was found to be localized 

in the cell periphery region (206); based on this and in the intracellular iron localization 

in D. radiodurans (69), it was suggested that this protein is associated mainly with iron 

storage (206).  

Although some studies have been performed on both DrDps proteins (203, 205-

206, 246, 269), several questions remain to be answered regarding their interaction 
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with DNA and their metal storage ability. Our work shows that DrDps2, and both 

dimeric and dodecameric forms of DrDps1 are able to protect the DNA against ROS at 

different Fe/12-mer DrDps ratios. Both proteins form distinct protein-DNA complexes. 

Also, it shows that DrDps1 has a higher DNA protection efficiency than DrDps2 and 

that its function is regulated by its oligomeric state. Additionally, iron and manganese 

storage and release are characterized. Our data also shows that DrDps are able to 

incorporate both iron and manganese when simultaneously submitted with both 

metals. However, manganese has been previously shown to inhibit the DrDps1 

ferroxidase activity (269). Our in vitro data for both proteins is supported by studies on 

D. radiodurans extracts for both proteins and suggests that these proteins are involved 

in iron and manganese cellular homeostasis.  

The present work characterizes DrDps-dependent cellular mechanisms which 

impact the protection of D. radiodurans against oxidative stress, and ultimately can be 

extrapolated to the resistance mechanisms against radiation.  

 

5.3 Experimental procedures 

 
5.3.1 Production, purification and oligomerization state of DrDps 

 
DrDps1 and DrDps2 were expressed and purified as described previously (203-

204). After purification the oligomerization state for each protein was determined by 

size exclusion chromatography (SEC) using a Superdex 200 column (10/300 GL, GE 

Healthcare) with 20 mM Tris-HCl pH 7.5, 150 mM NaCl buffer at 4 ºC. The column 

was previously calibrated using standard-proteins ranging from 14 to 660 kDa (GE 

Healthcare). To test DrDps1 oligomeric states the protein was analyzed at different 

temperatures (1 h at 4, 20, 37, 45 or 60 ºC), ionic strength (150 and 500 mM of NaCl), 

pH (6.5-8.0), and at different iron concentrations (100-500 Fe
2+

/12-mer).  

To test iron incorporation DrDps1 was incubated with iron and was analyzed on a 

10 % native polyacrylamide gel electrophoresis (PAGE). Protein was stained using 

Bio-safe Coomassie (Bio-Rad); Fe
2+ 

was detected
 
as previously described (250); and 

Fe
3+

 was detected after staining with 20 % (v/v) of hydrochloric acid and 10 % (w/v) 

potassium ferrocyanide (234).  

The effect of the presence of DNA on the DrDps1 oligomerization state was 

tested by SEC using the gel filtration buffer (pH 7.5) and 20 mM Bis-Tris pH 6.5, 150 



_________________________________________ Insights into the function of DrDps 

93 

 

C
h

a
p

te
r 

V
 

mM NaCl. To test the presence of protein-DNA complexes, the eluted peaks were run 

in 1 % (w/v) agarose gel containing SYBR Safe DNA (Invitrogen), followed by 

detection using Fuji Fluorescent analyzer TLA-5100 (GE). Protein was detected using 

Bio-safe Coomassie (Bio-Rad). 

 

5.3.2 Detection of DrDps protein levels in D. radiodurans  

 
D. radiodurans cells were grown in M53 medium (500 mL) at 30 ºC. Four 

independent growths were performed and cells for analyses were collected at different 

time points. The effect of 50 mM hydrogen peroxide, 500 µM of ammonium iron (II) 

sulfate or 500 µM manganese (II) chloride were tested by adding these compounds to 

the media at a cell optical density (OD600nm) of 0.3. Cells were then collected at 

different time points: 15 min (early exponential phase, OD600nm=0.33), 2 hours (mid 

exponential phase OD600nm=0.60), and 20 hours (stationary phase, OD600nm=4.1). At 

each time point the cells were harvested at 11000 g and resuspended in 20 mM Tris–

HCl pH 7.5, 150 mM NaCl, and disrupted in a French pressure cell at 15000 psi. 

Soluble fractions were obtained after centrifugation for 1 h at 20000 g at 4 ºC.  

Soluble fractions were concentrated and protein concentration was determined by 

the Bradford method (Bio-Rad) (331). A total protein of 60 µg was loaded in 12 % 

PAGE. One gel was blotted into polyvinylidene fluoride membrane (Bio-Rad) for 

Western-blotting; and another gel was stained for DNA using SYBR Safe DNA 

(Invitrogen) and visualized using Fuji Fluorescent analyzer TLA-5100 (GE Healthcare). 

DrDps was detected using specific polyclonal antibodies against DrDps1 (AbDps1) or 

DrDps2 (AbDps2). The molecular mass of the different oligomeric forms was 

confirmed by 8 % Blue Native PAGE as previously described (332), using molecular 

markers with mass from 43 to 669 kDa, and followed by Western-blotting and 

detection using AbDps1 or AbDps2. The membranes were further incubated with 

secondary antibodies alkaline phosphatase are conjugated goat anti-rabbit IgG 

(Sigma Aldrich). Finally, the protein was revealed using a colorimetric detection with a 

solution 500X diluted of Nitrotetrazolium chloride and 5-Bromo-4-chloro-3-indolyl 

phosphate toluidine salt (NBT/BCIP stock solution 50X) for 5 min. 

DrDps bands from the Western-blotting were quantified using ImageJ software. 

The data presented is from four independent samples.  
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The specificity for both DrDps antibodies was confirmed using D. radiodurans 

wild-type and the knockout mutants of both DrDps. The DrDps knockout mutants were 

previously described in (333).  

 

5.3.3 Iron oxidation using O2 or H2O2 as oxidants  

 
Iron oxidation assays were performed in 50 mM MOPS pH 7.0, 150 mM NaCl, 

using O2 or H2O2 as oxidants. The reactions were monitored at 310 nm on a UV-

Visible spectrometer (UV-1603, Shimadzu) at 25 ºC with continuous stirring. 

Ammonium iron (II) sulfate solutions were prepared freshly and kept under argon. 

Controls were performed for each assay under the same conditions but without 

protein. Experiments were repeated three times for the conditions with 24-100 Fe
2+

 

atoms/12-mer ratios and two times for the conditions above 200 Fe
2+

 atoms /12-mer 

ratios.  

Iron oxidation rates by oxygen were determined under aerobic conditions using 

0.5 µM of protein and different Fe
2+

 atoms /12-mer ratios (24 to 600). Iron oxidation 

rates by hydrogen peroxide were assayed under anaerobic conditions (argon) using 

two concentrations of hydrogen peroxide: 1 mM and 1 µM. The protein concentration 

used was 0.5 µM with the different Fe
2+

 atoms /12-mer ratios of 24, 50, 100 and/or 

200. Experiments were repeated two times for conditions with 1 mM of hydrogen 

peroxide with 50-100 Fe
2+

 atoms /12-mer ratios and three times for the conditions with 

1 µM of hydrogen peroxide with 50-200 Fe
2+

 atoms /12-mer ratios.  

Iron oxidation rates by DrDps2 in the presence of DNA by O2 or H2O2 were 

determined in the conditions described above, but using 1.0 µM of protein with 100 

Fe
2+

 atoms /12-mer ratio. The protein was incubated in the presence of DNA 30 min 

before the addition of iron and the oxidant.  

 

 

5.3.4 Iron and manganese incorporation 

 
DrDps were incubated in 20 mM Tris-HCl pH 7.5, 150 mM NaCl under aerobic 

conditions with iron and/or manganese for 1 hour. A total of 1000 Fe
2+

 ions or 1000 

Mn
2+

 ions were added per DrDps dodecamer. A total of 400 Fe
2+

 ions and 400 Mn
2+

 

ions were added simultaneously per DrDps dodecamer. The samples were then 
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loaded on a column containing analytical grade Chelex 100 resin (Bio-Rad) to remove 

excess metals. The incorporated metals were then quantified by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) at REQUIMTE Laboratório de 

Análises (FCT, UNL). Two independent samples were prepared in identical conditions 

and measured.  

 

5.3.5 Iron and manganese release 

 
A total of 200 Fe

2+
 atoms/12-mer DrDps were added in a buffer containing 20 mM 

Tris-HCl pH 7.5, 150 mM NaCl at 25 ºC (DrDps used in the assay were in the 

dodecamer form). Samples were incubated under aerobic conditions for 1 hour and 

then were loaded on a column containing analytical grade Chelex 100 resin (Bio-Rad).  

The Fe-release reaction contained 0.5 µM of DrDps-(Fe-loaded) in 50 mM MOPS 

pH 7.0, 150 mM NaCl under anaerobic conditions. Finally, 2.5 mM 2-2´bipyridyl and 

2.5 mM sodium dithionite (as reducing agent) were added to the reaction. Time-

dependent absorbance traces were recorded for 15 min at 520 nm indicative of the 

formation of Fe
2+

-bipyridyl complex (UV-1603, Shimadzu).  

For the manganese release experiments, DrDps were in the dodecamer form, a 

total of 500 Mn
2+

 atoms/12-mer DrDps were added in 20 mM Tris-HCl pH 7.5, 150 mM 

NaCl at 25 ºC and the samples were incubated for 1 h under aerobic conditions. 

Subsequently, the samples were passed through a Chelex 100 resin. The Mn-release 

reaction contained 0.01 µM of DrDps-(Mn-loaded) in 35 mM borate buffer pH 9.7 

under anaerobic conditions. The oligomeric form was confirmed under these 

conditions to be the dodecameric form. Finally, 2 mM Triton X-100, 0.6 mM 

cetylpyridinium chloride (CP), 32 µM 9-phenyl-2,3,7-trihydroxy-6-fluorone (PF), and 

2.5 mM sodium dithionite were added. The release of manganese was monitored at 

591 nm for 15 min following the formation of the Mn
2+

-PF-CP-TritonX-100 complex, 

and was quantified as previously described (334). 

Iron and manganese release were quantified using calibration curves performed 

with different concentrations solutions of ammonium ferrous sulfate and manganese 

chloride. 

Experiments were repeated three times each for the iron and manganese 

experiments.  
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5.3.6 Electrophoretic mobility shift assay (EMSA) 

 
DNA-binding interaction studies were performed using 1 % (w/v) agarose gel at 

different pH values (6.5-8.0). The DNA used was: pUC19 supercoiled plasmid DNA 

(2686 bp), D. radiodurans genomic DNA and Gene Ruler Ladder Mix containing 21 

linear fragments of DNA with different base pairs (bp), ranging from 100-10000 bp 

(Fermentas).  

DrDps1 (0.2-5.5 µM) or DrDps2 (2.0-14 µM) dodecamers were incubated with 9 

nM plasmid DNA or 10 ng/µL D. radiodurans genomic DNA for 15 min at room 

temperature in 40 mM Bis-Tris pH 6.5-7.0 or 40 mM Tris-HCl pH 7.5-8.0 plus 150 mM 

NaCl. Ladder Mix DNA (50 ng/µl) was incubated with DrDps with different 

concentrations of protein, between 2.5-11 µM, for 15 min at room temperature in 40 

mM Bis-Tris pH 7.0, 150 mM NaCl.  

After incubation, the reactions were stopped with 6x DNA Loading Dye and 

analysed in agarose gel containing SYBR Safe DNA (Invitrogen), using the running 

buffers according to pH: 40 mM Bis-Tris pH 6.5-7.0 or 89 mM Tris, 89 mM boric acid, 

2.0 mM EDTA pH 7.5-8.0 at room temperature. The gel images were obtained using a 

Fuji Fluorescent analyzer TLA-5100 (GE Healthcare). 

 

5.3.7 Atomic force microscopy (AFM) 

 
Samples for analyses were prepared by incubating DrDps1 or DrDps2 (1-5 nM) 

with 1 nM plasmid DNA for 5 min, in 40 mM Bis-Tris pH 6.5 or 7.0. The samples were 

deposited onto
 
freshly cleaved mica substrates, previously glued to a glass coverslip, 

in the presence of 15 mM NiCl2. The samples were then incubated
 
for 5 min to adhere 

to the mica, rinsed with Milli-Q water (Millipore)
 
and finally air-dried. All

 
operations 

were carried out at 23 ºC. AFM images were acquired using a JPK NanoWizard® II 

(Berlin, Germany) mounted on a Zeiss Axiovert 200 inverted microscope (Jena, 

Germany). Samples were scanned in intermittent contact mode (air) using uncoated 

silicon ACL cantilevers from Applied NanoStructure (Santa Clara, CA, USA), 

displaying a tip radius of 6 nm, resonance frequencies of 190 kHz and spring constant 

of 45 N/m. Images were acquired with a 512 × 512 resolution, 1-1.5 Hz scan rate and 

with
 
a scan size of 2 or 4 µm. Data were analyzed using JPK image processing 

software v.3 and Gwyddion v.2.19. 
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5.3.8 DNA protection against hydroxyl radical formation and DNase 

cleavage 

 
DNA protection from oxidative damage was assayed using 7 µM DrDps1 or 

DrDps2 incubated with 9 nM plasmid DNA in 40 mM Bis-Tris pH 7.0, 150 mM NaCl for 

15 min. A ratio of 12 - 500 Fe atoms /12-mer DrDps plus 10 mM of H2O2 were added 

and the mixtures incubated for 5 min at room temperature. The reactions were then 

stopped with 6x DNA loading dye and then loaded into a 1 % (w/v) agarose gel.  

The ability of DrDps to protect DNA from digestion by DNaseII cleavage was 

tested using 9 nM plasmid DNA incubated with 7, 14 or 20 µM of protein for 15 min. 

The reaction mixtures were incubated with 0.25 U DNaseII (Sigma-Aldrich) containing 

1 mM MgCl2 for 5 min at room temperature. The reactions were then stopped as 

described above. The gel images were obtained using a Fuji Fluorescent analyzer 

TLA-5100 (GE Healthcare). 

 

5.4 Results  

 
5.4.1 DrDps and their oligomerization state 

 
The size-exclusion purification profile of DrDps1 in the buffer 20mM Tris-HCl pH 

7.5, 150 mM NaCl at 4ºC indicates that the protein elutes in two different oligomeric 

states, which were identified as being mainly a trimer with a small contribution of the 

dodecamer.  

Even though the DrDps1 trimer is the main form in the conditions mentioned 

above, the dodecamer is induced when the protein is incubated at temperatures from 

20-60 ºC and by high salt concentrations (250-500 mM of NaCl) (Fig. 5.1, A-B). In the 

presence of iron, the dodecamer is also formed, and is able to store this metal, as 

confirmed by staining the native gel for iron detection (Fig. 5.1, C). Moreover the 

protein becomes also dodecameric when the pH decreases to 6.5 (Fig. 5.1, D), which 

in the presence of DNA forms DrDps1-DNA complexes, as observed by the 

appearance of a band of molecular mass higher than that of the DrDps1 dodecamer 

(Fig. 5.1, Da), and confirmed by EMSA (Fig. 5.1, Db, c).  

Another DrDps1 lower oligomeric form was identified as corresponding to a 

dimer. This lower oligomeric form appears in the presence of DNA at pH 7.5, leading 
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to the formation of DrDps1-DNA complexes smaller than those observed at pH 6.5 

(Fig. 5.1, D-E).  

The molecular mass of the protein complexes was determined after an S-200 

calibration curve, as described in the experimental procedures section, and the 

oligomeric states were inferred from the determined masses (Fig. 5.1, F).  

 

 

Figure 5.1 - Study of DrDps1 oligomerization state. (A) Effect of temperature on the 

oligomerization state of DrDps1, in 20 mM Tris-HCl pH 7.5, 150 mM NaCl. (B) Effect of the NaCl 

concentration on the oligomerization state of DrDps1, in 20 mM Tris-HCl pH 7.5. (C) Effect of the 

presence of iron, a. elution profile of recombinant DrDps1 (black line) and DrDps1 incubated with 

100 Fe
2+ 

atoms, for 60 min, at pH 7.5 (dotted line); b. and c. analysis of DrDps1 samples on 10 % 

PAGE, stained for protein (b.) and for iron (c.). (D) a. Elution profile of DrDps1 at pH 6.5 (black) 

and after incubation with plasmid DNA (dotted line); b. and c. agarose gel analyses of 

recombinant DrDps1 and peak fractions p2 (in the presence of DNA, forming the DrDps1-DNA 

complex), stained with SYBR Safe for DNA detection (b.), or with Bio-safe Coomassie for protein 

detection (c.). (E) a. Elution profiles of recombinant DrDps1 at pH 7.5 (black) and after incubation 

with plasmid DNA (dotted line); b. and c. agarose gel analyses of recombinant DrDps1 and peak 

fractions p1 and p2, stained with SYBR Safe for DNA detection (b.), or with Bio-safe Coomassie 

for protein detection (c.). (F) Size exclusion chromatography calibration curve; the different 

DrDps1 oligomeric forms are labeled as dimer (d), trimer (T), dodecamer (D) and as the complex 

DrDps1-DNA (C). 
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Although the dodecamer and dimer forms of DrDps1 were previously reported 

(205, 270), our data show that the oligomeric states interchanges between trimer to 

dodecamer and vice-versa upon variation of temperature, salt or pH; the dimer is only 

formed at pH 7.5 and in the presence of DNA.  

The structures of the lower oligomeric forms of DrDps1 have not been 

determined. The dimer structure would correspond to the 2-fold axis dimer observed in 

the dodecamer structure. The trimer structure could be either the N-terminal trimer or 

the C-terminal trimer, based on the two types of 3-fold axes observed in the DrDps 

dodecamer structure. An analysis of the crystal structure of DrDps1 (203) using the 

server “Proteins, Interfaces, Structures and Assemblies” (335) suggests that the C-

terminal trimer is the most probable assembly. Nevertheless, analysis of the number 

of hydrogen bonds between subunits for both types of trimers (N-terminal and C-

terminal) using HBPLUS (336) indicates a similar number of hydrogen bonds: 30 

hydrogen bonds from interacting residues for the N-terminal trimer versus 24 for the 

C-terminal trimer. This suggests that in solution, the trimer could be either the N- or 

the C- terminal trimers.  

In order to address the presence of oligomeric forms in DrDps2, we tested the 

same conditions as previously shown for DrDps1. The DrDps2 oligomeric form is not 

affected by changes in temperature (between 4 to 60 ºC), NaCl concentration (150, 

250, and 500 mM), pH, addition of iron (100-500 iron atoms/12-mer) or presence of 

DNA (Fig. 5.2). The iron incubation, confirmed that DrDps2 can store this metal (Fig. 

5.2, D). Consequently, our results indicate that DrDps2 is a stable dodecamer in 

solution, confirming the previously reported data (206).  

As mentioned for DrDps1, the molecular masses of DrDps2 complexes were 

determined after an S-200 calibration curve (Fig. 5.2, F).  
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Figure 5.2 - Study of DrDps2 oligomerization state. (A) Effect of temperature on DrDps2, in 20 

mM Tris-HCl pH 7.5, 150 mM NaCl. (B) Effect of NaCl concentration on DrDps2, in 20 mM Tris-

HCl pH 7.5. (C) Effect of pH (pH 6.5 and 7.5). (D) Effect of the presence of iron, a. elution profile 

of recombinant DrDps2 (black line) and after incubation with 100 Fe
2+ 

atoms, for 60 min, at pH 

7.5 (dotted line); b. and c. analysis of recombinant DrDps2 and after incubation with iron, by 10 

% PAGE, stained for protein (b.) and for iron (c.). (E) Incubation with DNA, a. elution profiles of 

recombinant DrDps2, at pH 7.5 (black) and after incubation with plasmid DNA (dotted line); b. 

and c. agarose gel analyses of recombinant DrDps2 and peak fractions p1 and p2, stained with 

SYBR Safe for DNA detection (b.), or with Bio-safe Coomassie for protein detection (c.). (F) 

Size exclusion chromatography calibration curve, the different DrDps2 oligomeric states 

detected are labeled dodecamer (D), complex DrDps2-DNA (C), and DrDps2 incorporated with 

iron (I).  

 

5.4.2 DrDps expression profiles in D. radiodurans 

 
In order to address the in vivo expression profile of DrDps and the presence of 

the lower DrDps1 oligomeric forms, both proteins were monitored during D. 

radiodurans growth when submitted to different conditions: control conditions, 

presence of manganese, iron or hydrogen peroxide (Fig. 5.3). D. radiodurans cell 

growths in the different conditions show that addition of hydrogen peroxide has an 

effect to slow down the growth, whereas the addition of manganese accelerates the 

cell growth after the mid-exponential phase (Fig. 5.3, Aa). DrDps expression levels 
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were detected by Western-blotting using polyclonal antibodies specific for both 

proteins. The antibodies specificity for each DrDps was confirmed using the knockout 

mutants of DrDps (Fig. 5.3, Ab). 

Under the different conditions tested, DrDps1 expression profile is constant 

during the different growth stages, but a change in its oligomeric state was observed. 

Under control conditions and in the early exponential phase (OD600nm= 0.3), DrDps1 is 

mainly dimeric. Still a small contribution of the trimeric form can be detected, which is 

no longer observed 15 min later (OD600nm= 0.33, Fig. 5.3, Ba). After addition of 

manganese and during the exponential growth phase, DrDps1 changes from dimeric 

to the trimeric form. When the stationary phase is reached, DrDps1 returns to its 

dimeric form (Fig. 5.3, Bb). A similar effect, although to a lesser extent, is observed 

after the addition of hydrogen peroxide, since the dimeric form remains predominant 

during the exponential phase (Fig. 5.3, Bc). Upon iron addition, the protein oligomeric 

form changed to dodecamer during the mid-exponential phase which was maintained 

in the stationary phase (Fig. 5.3, Bd). The different oligomeric forms observed for 

DrDps1 under the different conditions were confirmed by Blue Native PAGE (Fig. 5.3, 

Ca), as described in the experimental procedures section. 

Our in vitro data, shows that DrDps1 oligomeric state is affected by temperature, 

revealing that at 30 ºC the protein is mostly a dodecamer (Fig. 5.1, A). Nevertheless, 

the data presented in Figure 5.3, Ba, show that in control conditions DrDps1 is a 

dimer, suggesting that its oligomeric state in the cell is affected by other factors and 

not by temperature.  

In order to confirm the presence of DNA associated with the DrDps1 dimer, trimer 

or dodecamer, a PAGE was performed under the same conditions as those shown in 

figure 5.3, B. The only band that was clearly associated with DNA corresponds to the 

dimer form of DrDps1 (Fig. 5.3, Cb).  

Under control growth conditions DrDps2 is mostly expressed in the mid-

exponential phase, whereas in the stationary phase it is almost absent (Fig. 5.3, D). In 

the conditions where manganese and iron were added, a slight increase of the 

DrDps2 expression level during exponential growth is observed (Fig. 5.3, Db, d). The 

only condition is which the protein is more expressed in the stationary phase 

corresponds to the addition of hydrogen peroxide (Fig. 5.3, Dc). DrDps2 remained a 

stable dodecamer under all of the tested conditions (Fig. 5.3, Ca) as already observed 

by SEC (Fig. 5.2). 
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Figure 5.3 - Variation of DrDps1 and DrDps2 protein levels under different D. radiodurans 

growth conditions. (A) a. D. radiodurans cells grown in M53 medium with the addition, at an 

OD600nm of 0.3 (time 0), of water (Control) (black line), manganese chloride (dotted line), 

hydrogen peroxide (dashed line) or iron (gray line); b. Detection of DrDps1 and DrDps2 in D. 

radiodurans cellular extracts, using DrDps1 and DrDps2 specific antibodies (AbDrDps1 and 

AbDrDps2, respectively), by western-blot analysis (native 12 % PAGE); WT- wild-type protein 

extracts, dps1 – DrDps1 knockout protein extracts, and dps2 – DrDps2 knockout protein 

extracts. (B) DrDps1 oligomeric state variation during D. radiodurans growth, in M53 

supplemented as in (A); time points analysed are t=0, 15min (early exponential phase, 

OD600nm=0.33), 2h (mid exponential phase OD600nm=0.6), and 20h (point 4, stationary phase, 

OD600nm=4.1); analysis was done on western-blot in native conditions (12 % PAGE); labels are: 
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dimer (d), trimer (T) and dodecamer (D). (C) a. Western-blot analysis of blue native gel of 

soluble protein fractions from D. radiodurans cells, showing the molecular weights of the 

different oligomeric forms of DrDps1. Analyzed conditions are as in (A). DrDps2 oligomeric 

state did not vary with growth conditions, thus a 15min control condition is showed. b. Native 

gel (12 % PAGE) of the same samples as in panel a., stained with SYBR Safe for DNA 

visualization. (D) DrDps2 detection in soluble protein fractions from D. radiodurans cells grown 

in M53 medium, using native-conditions western-blot analysis; bar-charts represent the 

quantification of the amount of DrDps2, using ImageJ. All lanes from PAGE were loaded with 

60 µg of total protein. 

 

5.4.3 Iron oxidation, incorporation and release 

 

Iron incorporation in Dps occurs, as in ferritins, in a multistep process 

corresponding to ferrous entry, binding and oxidation at the ferroxidase center, 

followed by nucleation and mineral core growth inside the protein cavity (63, 220). The 

ability of DrDps to oxidize ferrous to ferric iron was measured under aerobic and 

anaerobic conditions using respectively, O2 and H2O2 as the final electron acceptors, 

in order to correlate its iron oxidation kinetics with their structural differences at the 

ferroxidase center.  

The DrDps iron storage capacity was determined using Inductively Coupled 

Plasma Atomic Emission Spectroscopy after the proteins were incubated with excess 

of iron (see experimental procedures section). This iron storage capacity was 

measured as 252 ± 27 Fe atoms/12-mer for DrDps1 and 398 ± 41 Fe atoms/12-mer 

for DrDps2. Even though both proteins store iron, DrDps1 has a lower iron storage 

limit, similar to the Trichodesmium erythraeum Dps (241), while iron storage capacity 

for DrDps2 is comparable to that generally described for Dps (63, 220, 274). 

The iron oxidation by oxygen was measured in the presence of different Fe 

atoms/12-mer ratio. The oxidation profile for both proteins is different, it is clear that 

above 200 Fe atoms/12-mer DrDps2 shows a bi-phasic behavior for iron oxidation 

while for DrDps1 the presence of more than one phase for iron oxidation is not very 

pronounced (Fig. 5.4). The initial rate for iron oxidation versus the amount of Fe/12-

mer is represented in figure 5.4 (Fig. 5.4, A,B b), instead of the maximum velocity, 

Vmax. Since Dps, ferritin and bacterioferritins are not “real” enzymes, they are limited to 

the amount of metal that fit their cavity. 

The initial iron oxidation rates observed for DrDps upon iron addition of 24 to 400 

Fe atoms/12-mer increased from 0.8 ± 0.02 to 4.1 ± 0.06 µMmin
-1

 for DrDps1 (Fig. 5.4, 
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A) and from 1.2 ± 0.04 to 11.4 ± 0.04 µM min
-1 

for DrDps2 (Fig. 5.4, B). An additional 

increase in Fe atoms/12-mer ratio (500-600) led to almost no increase in the initial iron 

oxidation rate observed for DrDps1, suggesting that this protein had reached its 

maximum capacity for iron oxidation. Under the same conditions the initial iron 

oxidation rate of DrDps2 increased to 15.6 ± 0.02 µMmin
-1

, reaching saturation for iron 

oxidation (Fig. 5.4, B).  

Our results demonstrate that until 400 Fe atoms/12-mer DrDps2 has an initial iron 

oxidation rate ca. 2-fold higher than DrDps1. It is interesting to note that in the 

condition where 600 Fe/12-mer were added, DrDps2 reaches a saturation of iron 

oxidation in 10 min while DrDps1 during the same time is only able to oxidize around 

40 % of the iron. This indicates that DrDps1 is much slower than DrDps2 for iron 

oxidation, although the difference of the initial iron oxidation rates is only about 2-fold 

higher for DrDps2.  

 

 

Figure 5.4 - Kinetics of Fe
2+

 oxidation by DrDps1 (A) and by DrDps2 (B) in the presence of 

oxygen. a. Iron oxidation profiles measured at 310 nm in the presence of different (24-600) 

ratios of Fe atoms per12-mer protein b. Dependency of initial iron oxidation rates with Fe 

atoms /12-mer protein ratios, for each DrDps. 
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Contrary to ferritins, which preferentially use O2 for iron oxidation, most of the 

Dps so far studied can use hydrogen peroxide to oxidize the iron more efficiently than 

with oxygen. This can contribute to deplete intracellular hydrogen peroxide 

concentration avoiding putative Fenton chemistry that could lead to the formation of 

hydroxyl radicals (63, 65, 237).  

The oxidation of iron in the presence of hydrogen peroxide was performed using 

two different concentrations of hydrogen peroxide. Our data shows that when 1 mM of 

hydrogen peroxide was used as the oxidizing agent, the initial iron oxidation rates for 

50 and 100 Fe atoms/12-mer are respectively 534.0 ± 9.2 µM min
-1

 and 1030.3 ± 11.2 

µM min
-1

 for DrDps1 and 276.9 ± 7.3 µM min
-1

 and 543.9 ± 9.6 µM min
-1

 for DrDps2. 

The initial iron oxidation rates is ca. 2-fold higher for DrDps1 than for DrDps2, but 

DrDps1 oxidizes totally the iron in the first 30 seconds, while DrDps2 is only able to 

oxidize the same amount of iron in 10 min (Fig. 5.5, A, B a). The iron oxidation rates 

under this condition are higher than those calculated with oxygen, corresponding to an 

increase of ca. 440 to 644-fold and 140 to 165-fold for DrDps1 and DrDps2, 

respectively upon addition of 50 and 100 Fe atoms/12-mer. In comparison, Dps from 

E. coli and T. elongatus show 100-fold and 2000-fold increase in iron oxidation rates 

with hydrogen peroxide versus oxygen, respectively (63, 248, 319).  

When a lower concentration of hydrogen peroxide (1µM) was added, the iron 

oxidation is much slower than on the previous experiment. The iron oxidation is bi-

phasic in the presence of 1µM of hydrogen peroxide and upon addition of 50-200 Fe 

atoms/12-mer (Fig. 5.5, A, B b). However, this bi-phasic profile is more evident for 

DrDps2, appearing after addition of 50 Fe atoms/12-mer, while for DrDps1 is only 

observable after the addition of 100 Fe atoms/12-mer. Under this condition (100 

Fe/12-mer) there is an increase of 1.7 fold between phase 2 and phase 1 for DrDps2, 

while for DrDps1 is only 1.2 fold higher. At 200 Fe atoms/12-mer both proteins show 

two phases with similar iron oxidation rates: phase 1 (in the first 250 s) with initial iron 

oxidation rates of 22.7 ± 0.2 µM min
-1 

and 20.0 ± 0.2 µM min
-1 

for DrDps1 and DrDps2, 

respectively; phase 2, with initial iron oxidation rates of 49.0 ± 0.1 µM min
-1 

and 44.2 ± 

0.1 µM min
-1 

for DrDps1 and DrDps2, respectively.  
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Figure 5.5 - Kinetics of Fe
2+

 oxidation by DrDps1 (A) and by DrDps2 (B) in the presence of 

hydrogen peroxide. a. Iron oxidation profiles of different Fe atoms/12-mer protein ratios (50-

100), in the presence of 1 mM of hydrogen peroxide b. Iron oxidation profiles of different Fe 

atoms /12-mer ratio (50-200), in the presence of 1 µM of hydrogen peroxide, inset initial iron 

oxidation rates for each Fe atoms/12-mer ratios.  

 

The ability of DrDps to release iron under reducing conditions was also analyzed. 

Iron release by DrDps1 is almost complete (90 %) after the first 50 seconds with an 

initial release rate of 512 ± 32 µM min
-1 

(Fig. 5.6, A). But for DrDps2 the iron release is 

bi-phasic: an initial phase (within the first 50 s) DrDps2 releases only 60 % of the iron 

incorporated with an initial release rate of 150 ± 21 µM min
-1

; in a second slower 

phase that lasts up to 13 mins the remaining iron is fully released (Fig. 5.6, A). The 

difference on the iron release rates between the two DrDps, suggests that the 

mechanism for iron release of the two proteins is different. In the case of DrDps1 it is 

associated with the oligomeric change from the dodecamer form to the trimer (Fig. 5.6, 

B, lanes 1-3), releasing all iron immediately, represented schematically in figure 5.6 C, 
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while for DrDps2, the dodecamer state is maintained (Fig. 5.6, B, lanes 4-6) and the 

iron release would occur through the specific channels, showed schematically in figure 

5.6 C.  

 

 

 

Figure 5.6 - Kinetics of iron release by DrDps1 (gray line) and DrDps2 (black line) (A). Proteins 

at a concentration of 0.5 µM were incubated with 200 Fe
 
atoms/12-mer, and iron

 
release

 
was 

monitored at 520 nm. (B) Analysis of recombinant DrDps1 or DrDps2 in the native state (lane 1, 

lane 4 respectively), incubated with 200 iron atoms (lane 2, lane 5), and incubated with iron 

followed by addition of the reducing agent- dithionite (lane3, lane 6). The native PAGE (12%) 

was stained for protein (Coomassie). (C) Schematic representation of the iron incorporation of 

DrDps1 (steps 1 to 2) or of DrDps2 (steps 4 to 5) and iron release of DrDps1 (steps 2 to 3) or 

DrDps2 (steps 5 to 6), based in results represented in Fig. 5.4, 5.5 and 5.6 A and B). 
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The difference in iron oxidation and incorporation between DrDps1 and DrDps2 

may be explained by the different metal sites observed in their crystal structures 

determined in the iron soaked state (203-204) (Fig. 5.7, A). Both protein structures 

revealed a ferroxidase center located on the two-fold dimer axis. The iron is 

octahedrally coordinated by residues His83/70 (from one subunit) and from the other 

subunit Asp110/97 and Glu114/101, and two non-residue ligands (amino acid numbering 

corresponds to DrDps1 and DrDps2, respectively) (203-204) (Fig. 5.7, A). However, in 

the DrDps2 crystal structure a second iron atom at a distance of ca. 6 Å from each 

ferroxidase iron center was found. This metal site has a loose octahedral coordination 

with five water molecules, one amino acid residue, Asp98 (OD1 at 2.4 Å), and Lys94 

which is hydrogen bonded via a water molecule (Fe2
…

2.5 Å 
…

 water 
…

 2.4 Å 
…

 NZ 

Lys94) (204). In DrDps1 the two amino acid residues, Asp98 and Lys94, are structurally 

substituted by Glu111 and Pro107 (Fig. 5.7, A), suggesting that during the iron storage 

process this protein may not contain the second iron atom. This metal site could play a 

crucial role in the iron storage mechanism, probably by the formation of a transient di-

iron center, and promoting higher iron oxidation rates using oxygen as oxidant, as 

observed in DrDps2.  

Furthermore, an analysis of the electrostatic potential of the inner cavity molecular 

surface of the DrDps dodecamer reveals a predominance of negatively charged 

residues (Fig. 5.7, B, C), which is a suitable environment for iron storage. 

Nevertheless, it is interesting to note that DrDps2 presents a slightly more negatively-

charged cavity when compared with DrDps1, which supports the different results from 

the iron oxidation and incorporation assays for the two proteins (Fig. 5.4 and 5.5). The 

highly negative electrostatic potential in the inner cavity observed for DrDps is 

comparable to the Listeria innocua Dps, a so-called “mini-ferritin”, and is higher than 

the E. coli Dps (63, 305) (Fig. 5.7, D). It is interesting to observe that a similar analysis 

performed for the Lactococcus lactis DpsA, which is a non-iron storage protein, 

reveals a completely different charge distribution inside the cavity (Fig. 5.7, D).  
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Figure 5.7 - (A) Intersubunit ferroxidase iron center of DrDps1 and DrDps2. The amino acid 

residues involved in the iron coordination are represented in different colors depending on the 

subunits to which they belong. For DrDps2 a second iron atom is present (labeled as “2”). (B, C, 

D) Electrostatic potential surfaces of DrDps1 (B), DrDps2 (C), and Dps (D) from: Listeria 

innocua (pdb code 1QGH), Escherichia coli (pdb code 1DPS) and Lactococcus lactis (pdb code 

1ZUJ). Two different orientations are represented: viewed from the 3-fold C-terminal axis (a) 

and from the 3-fold N-terminal axis (b). Each monomer is represented in cartoon-view with a 

different colour. The electrostatic potentials were calculated with APBS (337) using a protein 

and solvent dielectric constants of 2.0 and 78.0, respectively; a temperature of 310 K; and an 

ionic strength of 0.15 M. The charge for each atom was calculated using PDB2PQR (338). 

PyMOL (217-218) was used as an interface to APBS, to analyse the electrostatic surfaces and 

produce the figures. 

 

5.4.4 Manganese incorporation and release 

 
It was previously reported that manganese inhibits the ferroxidase activity of 

DrDps1 at a Mn/Fe ratio of 0.2, which is similar to the ratio reported to exist inside the 

cell (81, 269). However the localization of these two metals, iron and manganese, is 

different: manganese is globally distributed in the cell while iron is localized closely to 

the region dividing cells (69). Therefore, inside the cell, DrDps can be in the presence 

of iron and/or manganese alone, depending on the localization of these metals and 

proteins. Thus the iron-independent storage and release of manganese was 

investigated.  



Chapter V____________________________________________________________ 

110 

 

DrDps1 incorporates 452 ± 84 Mn atoms/12-mer, while DrDps2 incorporates 583 

± 32 Mn atoms/12-mer. This corresponds, for both proteins, to a higher manganese 

capacity than for iron incorporation.  

DrDps manganese release studies indicate that both proteins release 75 % of the 

total metal incorporated within the first 2 min of the release process, with similar initial 

rates (0.90 ± 0.14 µM min
-1

 and 1.1 ± 0.06 µM min
-1 

for DrDps1 and DrDps2, 

respectively). After this stage DrDps1 releases the remaining manganese, while 

DrDps2 only releases 85 % (Fig. 5.8). The residual manganese in DrDps2 could be 

located in the ferroxidase centers, thus inhibiting the ferroxidase activity, as previously 

reported for DrDps1 (269); or alternatively, manganese could form a di-metal Mn-Fe 

center, as proposed for the Kineococcus radiotolerans Dps, without affecting 

ferroxidase activity (238). In fact the two residues (His60 and Glu79) proposed to be 

involved in the binding to site B of K. radiotolerans Dps are also structurally conserved 

in DrDps2 (His82 and Glu101).  

 

 

 

 

Figure 5.8 - Kinetics of manganese
 

release by DrDps1 (gray line) and 

DrDps2 (black line). Proteins at a 

concentration of 0.01 µM were 

incubated with 500 Mn
 
atoms/12 mer of 

protein, and manganese release was 

monitored at 591 nm. 

 

 

Furthermore, it was investigated the DrDps metal storage when they were 

simultaneously submitted with both metals (Fe and Mn). It is interesting to note that 

DrDps1 incorporates similar amount of both metals, 114 ± 7 Mn/12-mer and 104 ± 9 

Fe/12-mer. However it remains to be clarified the metal storage mechanism in a mixed 

metal environment, specially if we take into consideration the previous results that 

manganese inhibits the DrDps1 ferroxidase activity (269). DrDps2 incorporates 142 ± 

5 Mn/12-mer and 298 ± 11 Fe/12-mer, suggesting that this protein preferentially 

incorporates iron versus manganese. 
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5.4.5 DNA interaction  

 
The interaction between DrDps and DNA was studied by EMSA using plasmid, 

genomic and linear DNA; and AFM was used to shed light on the structure of the Dps-

plasmid DNA complexes.  

DrDps1 induced a total DNA shift when 4.5 µM of protein was added to DNA, 

while for DrDps2 a partial DNA shift could only be observed with up to 8 µM of protein 

added. Above this concentration no further change was detected (Fig. 5.9, A, D). The 

difference in interaction between DrDps1 and DrDps2 with DNA is more evident when 

the proteins were incubated with D. radiodurans genomic DNA (Fig. 5.9, B, E). A 

DrDps1 concentration of 2.0 µM was enough to induce the formation of DrDps1-DNA 

complexes large enough not to enter in the agarose gel (Fig. 5.9, B). In contrast, for 

DrDps2, a 10 µM protein concentration was necessary to observe a small DNA shift 

(Fig. 5.9, E).  

In order to understand the effect of DNA size and conformation on protein-DNA 

complex formation, assays using different linear DNA fragments of variable sizes 

(100-10000 bp) were performed. DrDps1 appears to bind preferentially larger DNA 

fragments (Fig. 5.9, C). This cannot exclude the fact that in the absence of larger DNA 

fragments DrDps1 would bind to smaller fragments as shown previously (205, 270). 

DrDps2 did not show any ability to bind linear DNA (Fig. 5.9, F) confirming the result 

mentioned earlier when the protein was incubated with plasmid DNA (Fig. 5.9, D).  

Therefore, whilst DrDps1 binds to coiled and linear DNA, the most interesting 

point of the DrDps2-DNA interaction is that this protein binds mainly to supercoiled 

plasmid DNA.  
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Figure 5.9 - Electrophoretic mobility shift assays for the binding of DNA to DrDps1 and DrDps2. 

Plasmid DNA incubated with DrDps1 (A) or DrDps2 (D) at pH 6.5; lane 1- plasmid DNA, lane 2-

10, plasmid DNA incubated with DrDps1 (0.2 - 5.5 µM) or DrDps2 (2 - 14 µM). D. radiodurans 

genomic DNA incubated with DrDps1 (B) or DrDps2 (E) at pH 6.5; lane 1- genomic DNA, lane 

2–5, in the presence of DrDps1 (2 – 5.5 µM) or DrDps2 (2 - 14 µM). Ladder Mix DNA incubated 

with DrDps1 (C) or DrDps2 (F) at pH 7.0; lane 1- ladder mix DNA ranging from 100 to 10000 bp, 

lanes 2-5, in the presence of DrDps1 (2.5 - 11 µM) or DrDps2 (2.5 - 11 µM). 

 

 

Further evidence for the formation of DrDps-DNA complexes was obtained by 

AFM. The DrDps1-DNA complexes observed at pH 6.5 had a height within the range 

of 9 to 16 nm (DrDps1 height 8 nm and DNA height 1.5 nm) (Fig. 5.10, A, B, D). These 

complexes appear to contain plasmid DNA molecules looping out from a central 

aggregate that contains DrDps1 molecules (Fig. 5.10, D). This result showed that the 

DNA surrounds the protein, although previous studies have suggested that DrDps1 

dodecameric form is not able to bend the DNA duplex (270). A similar structure 

complex was observed for Dps from E. coli and H. pylori NAP (265, 268). At pH 7.0 

DrDps1 are sparsely distributed along the plasmid DNA (Fig. 5.10, E) suggesting the 

formation of smaller aggregates which is related to the different DrDps1 

oligomerization states induced by pH, as described above (Fig. 5.1, D, E).  

DrDps2 forms different protein-DNA complexes only 9 nm in height, suggesting 

that DrDps2 are surrounded by DNA but spread along the DNA with a toroidal 

morphology. The data indicates the formation of similar DrDps2-DNA complexes at pH 
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6.5-7.0 (Fig. 5.10, F-G). This type of protein-DNA complex structure was observed in 

the Dps1 from M. smegmatis (295), and DNA interaction studies of this protein 

indicate that the interaction is through its C-terminal region (247), which could be a 

similar case for DrDps2, which contains one lysine and two arginine residues (Lys204, 

Arg209, Arg211), in this region. 

 

 

Figure 5.10 - Interaction of DrDps1 and DrDps2 with DNA observed by atomic force 

microscopy at pH 6.5 (D, F) or pH 7.0 (E, G). (A) plasmid DNA, (B) DrDps1 without DNA, (C) 

DrDps2 without DNA. (D, E) DrDps1-DNA complexes at pH 6.5 (D) or pH 7.0 (E). (F, G) 

DrDps2-DNA complexes at pH 6.5 (F) or pH 7.0 (G). 
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5.4.6 DNA protection 

 
In order to address the ability of DrDps to protect DNA, the proteins were 

incubated with DNA followed by the addition of iron and hydrogen peroxide to promote 

ROS formation. Without the presence of DrDps, a complete degradation of DNA was 

observed (Fig. 5.11, A-C, lane 3).  

Previous studies on DrDps1 indicated that the dimer form of this protein protects 

DNA from ROS degradation, yet the dodecameric form did not confer any DNA 

protection under this condition (205). Our results on DNA protection show that both 

DrDps1 dimeric and dodecameric forms protect the DNA against ROS induced 

degradation (Fig. 5.11, A-B). It is interesting that the DrDps1 dimeric form is able to 

protect the DNA up to 200 Fe atoms/12-mer, above this value, a structural 

reorganization of the protein forming the dodecamer occurs, as observed in Fig. 5.11, 

A (bottom gel), and as shown by SEC (Fig. 5.1). Under this condition, there is no 

longer DNA protection. The DrDps1 dodecamer is able to protect DNA to above its 

iron storage capacity (500 Fe atoms/12-mer), as shown in Fig. 5.11, B, suggesting 

that DNA protection by DrDps1 could be due to its DNA interaction and to the fact that 

the protein-DNA complex formed is able to shield the DNA from degradation.  

DrDps2 protects DNA only up to 100 Fe atoms/12-mer (Fig. 5.11, C), suggesting 

that the iron capacity of DrDps2 is affected by the presence of DNA. In fact, the iron 

oxidation rate by hydrogen peroxide in the presence of DNA is reduced (Fig. 5.11, D). 

The simple explanation is the possible blockage by DNA of the iron entry channels in 

DrDps2, or since DrDps2 binds to supercoiled plasmid DNA the observed effect could 

also be due to Fenton chemistry primarily occurring on the relaxed plasmid form.  

The protection of DNA by DrDps1 from DNase I cleavage was previously 

described, in which higher concentrations of DrDps1 induce a higher DNA degradation 

(205), while DrDps2 was shown to confer protection to the DNA from DNase I 

cleavage (206). DNA protection from DNase II degradation by DrDps was analysed. 

DrDps-dependent DNA protection is observed at protein concentrations of 14 µM or 

20 µM for DrDps1 and DrDps2, respectively. At lower protein concentrations, 7 µM 

(DrDps1) or 14 µM (DrDps2), a complete degradation of plasmid DNA was observed 

(Fig. 5.11, E). This suggests the existence of a Dps-dependent DNA protection 

mechanism, substantiated by the protein-DNA complex observed by AFM, that 

appears to shield the DNA from damage.  
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Figure 5.11 - Electrophoretic mobility shift assays showing protection of DNA by DrDps1 dimer (A), 

DrDps1 dodecamer (B) and DrDps2 (C), under oxidative stress conditions. Lane 1, plasmid DNA; 

lane 2, DNA incubated with protein; lane 3, DNA incubated with 10 mM of H2O2 and 12 (C) or 50 (A, 

B) atoms of Fe
2+

; lanes 4-11, DNA incubated with DrDps1 (A, B) or DrDps2 (C), followed by the 

addition of 1 mM of H2O2 and 12-500 Fe
2+

 atoms/12-mer DrDps. The top view is stained for DNA and 

the bottom view is stained for protein (A, B). (D) Kinetics of Fe
2+

 oxidation by 1 µM of DrDps2 

dodecamer in 20 mM MOPS pH 7.0, 150 mM NaCl. 100 Fe
+2

 atoms were added to DrDps2 using O2 

as oxidant (dotted line, black), plasmid DNA was incubated with DrDps2 for 30 min followed by of the 

addition of 100 Fe
2+

 atoms using O2 as oxidant (dash line, gray), 100 Fe
+2

 atoms were added to 

DrDps2 using H2O2 as oxidant (solid line, black), plasmid DNA was incubated with DrDps2 for 30 min 

followed by the addition of 100 Fe
2+

 atoms using H2O2 as oxidant (solid line, gray). (E) DNA protection 

assay against DNase digestion by DrDps1 or DrDps2. Lane 1, plasmid DNA; lane 2, DNA incubated 
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with DrDps; lane 3, DNA in the presence of DNase; lane 4, DNA incubated with DrDps1 or DrDps2 

and then treated with DNase.  

 

5.5 Discussion 

 
The study on DrDps shows that both proteins share a similar dodecameric 

structure (203-204), have ability to store metals (Fe and Mn), bind and protect DNA in 

in vitro conditions.  

DrDps1 is constitutively expressed in D. radiodurans under control conditions 

throughout the different bacterial growth phases, which is in accordance to what was 

previously reported (199, 333). The effect of hydrogen peroxide addition to D. 

radiodurans cell growth was previously studied, and the authors claimed that the 

transcript of the dps1 gene decreases when cells are exposed to this reagent (208). 

Nevertheless, a different study indicates that dps1 promoter does not respond to the 

addition of hydrogen peroxide or iron (206). Our data indicates that DrDps1 remains 

constitutively expressed after the addition of hydrogen peroxide, iron or manganese 

(Fig. 5.3), in agreement with the study mentioned before (206).  

DrDps1 presents different oligomeric forms depending on the in vitro conditions. 

The presence of different oligomeric states in other Dps also has been described in 

solution and has been associated with different functions (205, 243, 267, 292). For 

instance, the trimeric and dodecameric forms of Dps1 from M. smegmatis differ in their 

DNA binding properties. The trimer is unable to bind DNA and the dodecamer forms 

large crystalline arrays with DNA but both oligomeric forms protect the DNA against 

ROS (243). On the other hand a study on the DrDps1, shows that both oligomeric 

forms, dimer and dodecamer, bind to DNA (205). Nevertheless, the physiological 

relevance for the lower oligomeric states has not been clarified. 

Our results show that the different DrDps1 oligomeric forms observed in in vitro 

conditions can also be identified in D. radiodurans extracts. Furthermore, it is 

interesting to observe that its oligomerization state changes during growth phases and 

is affected by the addition of different factors (manganese, iron and hydrogen 

peroxide) (Fig. 5.3). These results reinforce our in vitro data in which DrDps1 changes 

between dodecameric, trimer and dimer depending on the conditions (Fig. 5.1). In 

vivo, the conditions are determined by the environment and thus may not directly be 
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related to these in vitro conditions. Still, out data suggests that in vivo DrDps1 

oligomeric forms and functional roles may adapt to environmental changes.  

It is interesting to note that change in oligomerization is an essential property of 

heat shock proteins, which includes the formation of dimers and other different 

oligomers. In fact it has been proposed that the inter-conversation between the 

different forms may be related with their chaperone activity (339-342).  

Based on our data, we propose the following model for the function of DrDps1. 

Under control conditions, DrDps1 is dimeric (Fig. 5.3, B a) and is associated with DNA 

(Fig. 5.3, C b), forming protein-DNA complexes similar to those observed by AFM (Fig. 

5.10, E). This is also supported by a previous study in which DrDps1 

immunolocalization under control conditions (similar to those used in our work) 

showed that this protein is weakly associated with the nucleoid (207). The DrDps1 

dimer DNA interaction would probably occur through the N-terminal region which 

contains six lysines and one arginine residue with the motif 

K3K4(x)2K7(x)5K13(x)K15K16(x)11R28 and through the Arg132 which is located in the small 

BC helix, which is supported by previous deletion and mutation studies (271). 

However in this case it was proposed that the DNA interaction would occur with the 

dodecamer, but from our results we suggest that the interaction would be with the 

DrDps1 dimer.  

The addition of manganese or hydrogen peroxide, to the cell growth medium, 

induces a structural conformation change towards the trimeric form which is no longer 

DNA bound (Fig. 5.3, C). This dissociation from the DNA is only possible due to the 

fact that the interaction between DrDps1 and the nucleoid is weak, as previously 

shown (207). Since the formation of the DrDps1 trimer is higher when manganese was 

added to the D. radiodurans cell growth compared with hydrogen peroxide (Fig. 5.3, 

B), we suggest that the trimer acts as a metal chaperone and is associated with the 

“antioxidant” manganese metabolite complexes which are proposed to be involved in 

D. radiodurans protection from oxidative stress (84, 343). Iron addition induces a 

gradual structural change towards dodecamer formation that is observed after mid-

exponential and is more evident in the stationary phase. Under this condition the 

protein behaves as a typical iron storage protein with the ability to store iron. Our in 

vitro data shows that dodecamer DrDps1 is able to fully release the metal incorporated 

(Fig. 5.6), in a process associated with an oligomeric change. Furthermore, we can 

not rule out that under this condition the protein can also assume a role in manganese 
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storage, since in vitro DrDps1 incorporates the two metals (iron and manganese) in 

similar amounts when was submitted simultaneously to both metals. 

Previous studies have indicated that DrDps2 was not detected in the nucleoid 

fractions (207) and immunolocalization of DrDps2 showed that this protein is localized 

at the cell periphery region (206). Based on this, it was proposed that this protein is 

involved on iron homeostasis (206). Our data shows that DrDps2 is a stable 

dodecamer in the different conditions tested in vitro (Fig. 5.2) and in D. radiodurans 

extracts (Fig. 5.3, D). In D. radiodurans soluble fractions, it was observed that DrDps2 

is more expressed in the exponential phase, under control conditions and after the 

addition of manganese or iron, than in the stationary phase (Fig. 5.3, D). The protein is 

slightly more expressed after iron or manganese addition when compared to the 

control (Fig. 5.3, D). Our in vitro studies show that DrDps2 has higher iron oxidation 

rates under aerobic conditions and iron storage capacity than DrDps1 (Fig. 5.4), and 

also shows the ability to store manganese (Fig. 5.5). Furthermore, it is interesting that 

DrDps2 preferentially incorporates iron versus manganese, when submitted 

simultaneously to both metals. As a result, we consider that this protein is involved in 

intracellular metal storage, and could be more selective for iron depending on the 

cellular environment.  

The hydrogen peroxide concentration in the cell has been estimated to be around 

10
-7

 M in the exponential cell growth phase, which is well below the limit concentration 

estimated for toxicity (10
-5

 M) (318, 344). Therefore, under control cell growth 

conditions both DrDps would be able to oxidize the iron using hydrogen peroxide 

almost at the same oxidation rates, since the concentration of hydrogen peroxide is 

low. Whereas in an eventual oxidative stress burst, the intracellular hydrogen peroxide 

concentration increases, and in this condition DrDps1 becomes much more efficient 

for iron oxidation than DrDps2. The effect of ROS on DrDps promoter-activity has 

been described previously (206): the dps1 promoter was not shown to respond to 

hydrogen peroxide addition, whilst dps2 promoter activity increased under the same 

conditions in both the exponential and stationary phases. This is in agreement with our 

data, in which the addition of hydrogen peroxide does not induce a change in the 

DrDps1 expression levels, but a change in its oligomeric form is observed, dimer to 

trimer (Fig. 5.3). Under these conditions, DrDps1 trimer would be associated with 

manganese homeostasis and detoxification of ROS, whereas DrDps2 accumulates 

during the stationary phase of treated cells with hydrogen peroxide (Fig. 5.3), which 
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could be considered as a “typical Dps” response. Since, we have observed that 

DrDps2 expression level is higher in the stationary phase but we do not have any 

evidence for the formation of Dps-DNA two-dimensional crystals similar to those that 

have been described for the E. coli Dps (272, 326). Nevertheless, it is very interesting 

that our data show that the DrDps2-DNA interaction is specific for supercoiled DNA, 

forming a complex with toroidal morphology (Fig. 5.9-5.10). Since DNA packing in D. 

radiodurans adopts a toroidal morphology (345-346), DrDps2 could be part of this 

structure when hydrogen peroxide is present at certain concentrations, surrounding 

the DNA and forming a first protective barrier against different stress conditions.  

Taken together, our results show that despite the conserved structural features of 

DrDps, they have different functions in the cell, and that these functions depend upon 

several intracellular factors such as metal availability and oxidative stress.  

Further investigation into this family of proteins is required in order to fully 

elucidate their structural vs functional conservation inside cells. 
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Highlights: 

Location of the DrDps N-terminal tails protruding from the dodecamer spheres. 

Function of the DrDps2 N-terminal tails and its association with the membrane. 
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6.1 Abstract  

 
The radiation-resistant bacterium Deinococcus radiodurans contains two DNA-

binding proteins from starved cells (Dps): DrDps1 (Dr2263) and DrDps2 (Drb0092). 

These are suggested to play a role in DNA interaction and manganese and iron 

storage. The proteins assemble as a conserved dodecameric structure with 

structurally uncharacterised N-terminal tails. In the case of DrDps1, these tails have 

been proposed to be involved in DNA interactions, while in DrDps2, their function has 

yet to be established. 

The reported data reveal the relative position of the N-terminal tails to the 

dodecameric sphere in solution for both DrDps. The low-resolution small angle X-ray 

scattering (SAXS) results showed that the N-terminal tails protrude from the spherical 

shell of both proteins. The SAXS envelope of a truncated form of DrDps1 without the 

N-terminal tails appears as a dodecameric sphere, contrasting strongly with the 

protrusions observed in the full-length models. 

The truncated and full-length versions of DrDps were also compared on the basis 

of their interaction with DNA to analyse functional roles of the N-terminal tails. DrDps1 

N-terminal protrusions appear to be directly involved with DNA, whilst those from 

DrDps2 are indirectly associated with DNA binding. Furthermore, detection of DrDps2 

in the D. radiodurans membrane fraction suggests that the N-terminus of the protein 

interacts with the membrane. 

 

 
 
 

Keywords: DNA, metal, scattering, signal peptide, membrane  
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6.2 Introduction 

 

DNA-binding proteins from starved cells (Dps) belong to the ferritin family and 

have been identified only in prokaryotes. The function of these proteins has been 

associated mainly with iron storage and DNA protection against degradation promoted 

by reactive oxygen species (219-220, 249). The structure of these proteins is quite 

conserved. They are composed of 12 identical monomers, assembling together to 

form a roughly spherical dodecamer with 23 symmetry. This hollow shell has around 

90 Å and 50 Å external and internal diameters, respectively. Each subunit is a four-

helix bundle, as in ferritins, but contains a further short helix between helix B and C 

and lacks the fifth helix at the C-terminus, which is responsible for the 4-fold symmetry 

in ferritins (219-220, 237, 240, 249). 

Although the dodecameric core is structurally conserved, the Dps family 

members have a variety of either shorter or longer tails of the amino acid chain at the 

N- or C-termini. These tails have been proposed to be involved in DNA interaction and 

condensation and are thought to be important for the DNA protection mechanism of 

Dps. For example, the Dps from Escherichia coli (EcDps) presents an N-terminal tail 

of 20 amino acid residues with four positively charged residues: three lysine residues 

(Lys5, Lys8, and Lys10) and one arginine (Arg18). Truncating the first 18 amino acid 

prevents DNA condensation (265). It has been therefore proposed that this region is 

implicated in DNA interaction. The model of EcDps resulting from elucidation of its 

crystal structure does not include the full N-terminus, suggesting a highly flexible 

region that could not be modeled (232). In the Dps from Mycobacterium smegmatis 

(MsDps1), the tail occurs at the C-terminus, which contains 26 amino acid residues. 

This region has three positively charged lysine residues (Lys172, Lys177, and Lys181), 

which have also been suggested to be involved in DNA binding (247). Again, the 

crystal structure model of this protein does not include the tail; this disorder was 

suggested to be related with local flexibility (309). As for EcDps, the presence of the 

positively charged amino acid residues and the flexibility of this region could contribute 

to the interaction and condensation of DNA. On the other hand, for both Dps from 

Lactococcus lactis, which have an N-termini of 26 amino acid residues, it was possible 

to model this region in the corresponding crystal structures, since it forms a stable 

helix, and the deletion of this region in DpsA impairs DNA binding (245). 
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Interestingly, both Dps from Deinococcus radiodurans (DrDps) have longer N-

terminal tails compared to any other Dps family members studied so far. Before the 

helix A of the four-helix bundle, DrDps1 and DrDps2 contain a total of 54 and 41 

residues, respectively (Fig. 6.1). 

The N-terminus of DrDps1 can be divided into two regions: a positively charged 

region (residues 1–29), which contains six lysine residues (Lys3, Lys4, Lys7, Lys13, 

Lys15, and Lys16) and one arginine (Arg28) and has been proposed to be involved in 

the association with DNA (270). The second region (residues 30–55) contains a metal 

binding site with the motif Asp36X2His39X10His50X4Glu55, which is located on the 

external surface of the dodecamer accessible to the solvent. The disruption of this 

metal site affects the dodecamer assembly and also reduces DNA binding ability 

(269), but its nature is not yet fully established, since different metals have been found 

to bind to this site, including zinc and cobalt (347-348). 

DrDps2 contains a signal peptide with 30 amino acid residues, which makes this 

protein unique since the presence of a signal peptide has not been reported for other 

Dps homologues. It has been suggested that under in vivo conditions, this signal 

peptide directs DrDps2 to a non-cytoplasmic localization (206). This region is probably 

cleaved, and the mature protein has 41 amino acid residues before the start of the first 

helix (the amino acid residue numbering does not account for the signal peptide) (Fig. 

6.1). The function of the N-terminal tail has yet to be addressed, but since it only 

harbours one positively charged residue, Arg33, it is unlikely to be the DNA-binding 

region. However, at the C-terminus, this protein contains an tail of 24 amino acid 

residues, with three positively charged residues: one lysine and two arginines (Lys204, 

Arg209, and Arg211). This C-terminal tail has been proposed to be involved in 

dodecamer formation. Although its role in DNA binding has not been addressed to 

date, the presence of positively charged residues in this region strongly hints that it 

could be involved in DNA interaction as in MsDps1. 

As mentioned above, the N-terminal tail of DrDps1 is suggested to be involved in 

the interaction of DrDps with DNA, whilst in the case of DrDps2, the function remains 

unknown. However, a significant part of these N-terminal tails could not be modelled 

from the DrDps crystal structures obtained to date, probably due to protein 

degradation, disorder, or flexibility of these regions; DrDps1 lacks the first 29 amino 

acid residues, and DrDps2 crystal structure lacks the totality of its 41 residues (347, 

349). It is crucial to determine the structural conformation and localisation relative to 

http://www.sciencedirect.com/science/article/pii/S0022283617300220#f0005
http://www.sciencedirect.com/science/article/pii/S0022283617300220#f0005
http://www.sciencedirect.com/science/article/pii/S0022283617300220#f0005
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the dodecamer sphere of these regions in solution. Solution small angle X-ray 

scattering (SAXS) is part of the suite of structural techniques available to explore the 

properties of biological macromolecules and provides unique, low-resolution 

conformational information, which sometimes cannot be obtained from other 

techniques (in this case, crystallography). 

Therefore, solution scattering studies were performed on both DrDps, aiming to 

explore the structural conformation of these regions in solution. SAXS studies have 

been previously described for the Dps from Porphyromonas gingivalis (350), but only 

to characterise the spherical dodecamer shape. This current work describes the 

location and shape of the N-terminal flexible tails of DrDps proteins, which protrude 

outside from the dodecameric sphere. The aim was to obtain the ab initio shape from 

SAXS data and contribute to the unravelling of the function of these tails.  

 

 

6.3 Experimental Procedures 

 

6.3.1  Protein production and purification 

  
 DrDps1 was purified as previously described (203). DrDps1 truncated protein 

lacking the 50 N-terminal amino acids residues (DrDps1tΔ1–50) was obtained from 

the in situ cleavage of E. coli extract with recombinant DrDps1. The protocol for 

protein expression and purification was performed at room temperature using the 

same procedures described for DrDps1. Sample purity was judged by SDS-PAGE and 

Western blotting analysis as described in Ref. (351), which confirmed that the protein 

was 100% cleaved to yield DrDps1tΔ1–50. In order to determine the starting amino acid 

sequence, the N-terminal sequencing was made for DrDps1tΔ1–50. This was done first 

using SDS-PAGE followed by Western blotting (semi-dry system, BioRad) using 

polyvinylidene fluoride membrane (PVDF). Before loading the samples into 15% SDS-

PAGE, the gel was submited to a pre-run with a running buffer [1.5% (wt/vol) Tris, 

7.2% (wt/vol) glycine, and 0.5% (wt/vol) SDS at pH 8.3] with 40 μM of glutathione for 

2 h at 100 V. Subsequently, the running buffer was removed, and a new running buffer 

was added, containing an extra 3% (vol/vol) of thioglycolic acid. The sample was 

applied to the gel and the run was performed at 150 V at room temperature. Then, the 

gel was washed in the blotting running buffer [10% (vol/vol) methanol and 10 mM 
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CAPS at pH 11]. PVDF membrane was activated in 100% methanol for 30 s and 

washed with water and then with the blotting running buffer for 15 min. The sample 

transfer was done for 30 min at 15 V at room temperature. After the transfer, the 

PVDF membrane was stained with Coomassie brilliant blue R-250 (BioRad) followed 

by washing with water and 50% (vol/vol) methanol. The N-terminal amino acid residue 

sequence was determined by Edman reaction using Procise 491 HT Protein 

Sequencer (Applied Biosystems). These data were provided by the Analytical 

Laboratory, Analytical Services Unit from Instituto de Tecnologia Química e Biológica 

António Xavier, Universidade Nova de Lisboa. 

 DrDps2 was purified as previously described (204). A truncated construct 

lacking the 39 N-terminal amino acid residues (DrDps2tΔ1–39) was cloned into a 

plasmid pET151/D-TOPO (Gateway system, Invitrogen) with His-Tag and Tobacco 

Etch Virus (TEV) cleavage site at the N-terminus. The resulting plasmid was 

transformed into E. coli BL21 (DE3) Star, and overexpression was obtained by 

growing cells at 37 °C in LB with 100 μg/ml ampicillin until an optical density at 600 nm 

of 0.6. The cells were induced with 0.5 mM of IPTG, which were grown for 4 h at 

37 °C. The cells were collected by centrifugation at 16,000 g for 20 min at 4 °C, 

resuspended in lysis buffer [20% (wt/vol) sucrose, 50 mM Tris-HCl (pH 8.0), 100 mM 

NaCl, 1 mM MgCl2, 0.1 mg/ml lysozyme, and 20 μg/ml DNase], and broken in a 

French pressure cell at 35,000 psi. 

 The protein expressed was found in inclusion bodies, which were collected by 

centrifugation at 11,000 g for 15 min at 4 °C. The inclusion bodies were refolded using 

the previously reported procedure (203). The renaturated sample was loaded in 5-ml 

HisTrap HP column [1.5 ml/min, 20 mM Tris-HCl (pH 7.5), 250 mM NaCl, 2.5% 

glycerol, 1 mM PMSF, and 10-500 mM Imidazole]. The DrDp2tΔ1–39 sample was eluted 

at 100-300 mM imidazole, and it was immediately dialysed against 20 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, 2.5% glycerol, and 1 mM PMSF. His-Tag was cleaved by an 

overnight incubation at 4 °C with TEV protease. Finally, the sample was loaded on the 

5-ml HisTrap HP column (GE) using the same buffers as described above. The protein 

was eluted in flow-through, and its purity was judged by SDS-PAGE analysis. 

 The oligomerisation state for all proteins, after purification, was resolved by SEC 

using a Superdex 200 10/300 GL (GE Healthcare) column equilibrated with 20 mM 

Tris–HCl (pH 7.5) and 150 mM NaCl buffer. The column was previously calibrated 

using the standard's proteins ranging 14–660 kDa (GE Healthcare). 
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All samples, DrDps1, DrDps1tΔ1–50, DrDps2, and DrDps2tΔ1–39 used in 

experiments were dialyzed in 20 mM Tris–HCl (pH 7.5) plus 150 mM NaCl buffer and 

concentrated to 10 mg/ml. 

 

6.3.2 ESRF beamline BM29: SAXS setup, data collection for DrDps1, 

DrDps1tΔ1-50 and DrDps2 

 
SAXS data were collected at the ESRF BioSAXS beamline BM29 (352). An 

online HPLC system (Viscotek GPCmax, Malvern Instruments) was used (353) 

coupled directly to the BM29 sample changer (354) exposure unit inlet valve. 

Independently, three DrDps1, two DrDps1tΔ1–50, and two DrDps2 samples were loaded 

into vials and automatically injected onto the SEC, Superdex 200 10/300 GL (GE 

Healthcare), equilibrated with 20 mM Tris–HCl (pH 7.5) and 150 mM NaCl buffer at 

room temperature via an integrated syringe system. 

SAXS data were collected using X-rays of wavelength of 0.9919 Å and a sample-

to-detector distance of 2.81 m corresponding to q ranges of 0.08–4.5 nm
− 1 

(Table 

6.1). About 1500 (1 frame s
− 1

) frames were collected for each sample, where q is the 

magnitude of the scattering vector given by q = 4π/λ sin (θ), with 2θ the scattering 

angle. All data processing of each sample was performed automatically using 

the EDNA online data analysis (355) pipeline using tools from the EMBL-

HH ATSAS 2.5.1 (356), generating radially integrated, calibrated, and normalised one-

dimensional profiles for each frame. All frames were compared with the initial frame, 

and matching frames were merged to create the reference buffer. Any subsequent 

frames, which differed from the reference buffer, were subtracted and then processed 

within the EDNA pipeline. The invariants calculated by the ATSAS tool (AUTORG) 

were used to select a subset of frames from the peak scattering intensity. Frames with 

a consistent radius of gyration (Rg) from the peak scattering intensity were 

automatically merged to yield a single averaged frame corresponding to the scattering 

of an individual SEC-purified species. The peaks of interest were reprocessed 

manually to maximise the signal-to-noise ratio. Individually, the frames (approximately 

60 for DrDps1, 40 for DrDps1tΔ1–50, and 45 for DrDps2) corresponding to the highest 

protein concentration were merged and used for all further data processing and model 

fitting. A Kratky plot was used to confirm the fold of the all proteins samples. 
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6.3.3 Data processing for DrDps1, DrDps1tΔ1-50 and DrDps2 

 

The radius of gyration was computed from the slope of the Guinier plot of the 

profile (349) using PRIMUS (ATSAS) (357) represented by this equation: I (q) = I(0) 

exp [ − (q
2
Rg

2
)/3], and this equation is valid when the momentum transfer (q) is near 

zero or when q.Rg < 1.3 (347). Curve fitting was carried out to determine the value of 

the maximal particle size (Dmax) by calculating the pair distance distribution function 

[P(r)] for an arbitrary monodispersive system model using GNOM (358). Also, Rg and 

Porod volume were obtained by P(r) function using the GNOM program that is 

included in ATSAS 2.5.1 suite (358). The P(r) function was obtained only for 

the q values < 2 nm
− 1

. 

Theoretical scattering curves were calculated from structures of DrDps1 

or DrDps2 (PDB codes 2C2U and 2C2J) and compared with the experimental data 

SAXS using CRYSOL (359). The ab initio shapes were obtained from the SAXS data 

for each sample using GASBOR program (360) and EOM (361), first without structural 

information from the crystal structure, applying no symmetry (point group 1), then 

imposing the crystal structure point group symmetry (P23) of the DrDps dodecameric 

particles and the total protein residues expected per monomer (207 for DrDps1, 158 

for DrDps1tΔ1–50, and 211 for DrDps2). 

 

6.3.4 SAXS model shape representation 

 

For each DrDps (DrDps1, DrDps1tΔ1–50, and DrDps2), a total of 10 ab 

initio reconstructed models obtained with GASBOR were matched by DAMAVER 

(362) program package (based on the program SUPCOMB) (363). The models were 

obtained only from the q range < 2 nm
− 1

. Low-resolution electron density maps of the 

molecular envelopes were computed with PDB2VOL and converted to CCP4 format 

with MAP2MAP (both programs are part of the SITUS (v2.5) program package (348, 

364-368). Docking of the X-ray crystal structures with the SAXS maps was performed 

using Colacor (SITUS v2.5) and by manual translation and rotation. The shape 

reconstruction is contoured at 1 sigma and represented by density mesh using 

PYMOL (217-218). 

 

http://www.rcsb.org/pdb/explore.do?structureId=2C2U
http://www.rcsb.org/pdb/explore.do?structureId=2C2J
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6.3.5 Electrophoretic mobility shift assay (EMSA) 

 
DrDps1tΔ1–50 (2–25 μM) or DrDps2tΔ1–39 (0.5–8 μM) was incubated with 9 nM 

pUC19 supercoiled plasmid DNA for 15 min at room temperature in 40 mM Bis-Tris 

(pH 6.5) plus 150 mM NaCl buffer. DNA-binding interaction studies were performed as 

previously described (351). 

 

6.3.6 Detection of DrDps2 in D. radiodurans 

 
D. radiodurans cells were grown in M53 medium (500 mL) at 30 °C, as 

previously described (351). Cells were collected at mid-exponential phase 

(OD600nm = 0.60) and were then harvested at 11000 g and resuspended in 20 mM 

Tris–HCl (pH 7.5) plus 150 mM NaCl. Cells were disrupted in a French pressure cell at 

15000 psi. Membrane and soluble fractions were obtained after ultracentrifugation for 

1 h at 186000 g and at 4 °C. After protein concentration using 3-kDa protein 

concentrator (Amicon), the protein was quantified using the modified Biuret method 

(369) for the membrane fraction, and the soluble fraction was quantified by Bradford 

method (Bio-Rad) (331). A total protein of 60 μg was loaded in 12% PAGE, and 

DrDps2 was detected by Western blot analysis as previously described (351). The 

data presented are from three independent samples. 

 

6.3.7 Accession numbers 

 
The scattering data collected in BM29 beamline are deposited in the Small Angle 

Scattering Biological Data Bank (SASBDB) (370), with the following accession codes 

(Table 6.1): SASDBG7 (DrDps1), SASDBF7 (DrDps2), and SASDBH7 (DrDps1tΔ1–50). 

 

6.4  Results  

 
6.4.1 SAXS data from DrDps using on-line chromatography 

 
 SAXS data were measured at the ESRF (Grenoble, France) BioSAXS beamline, 

BM29 (352), using an online size-exclusion chromatography (SEC) column coupled 

with the standard experimental setup (354). Full-length DrDps1 and DrDps2 and their 

truncated constructs were analysed in order to confirm the data analysis and 

http://www.sciencedirect.com/science/article/pii/S0022283617300220#t0005
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interpretations obtained from the full-length proteins. The DrDps1 truncated form lacks 

the first 50 amino acid residues (DrDps1tΔ1–50), while the DrDps2 truncated form 

(DrDps2tΔ1–39) lacks the initial 39 amino acid residues (numbering does not take in 

consideration the 30 residues from the signal peptide; Fig. 6.1). 

 

 

Figure 6.1 - Structural alignment of Dps1 and Dps2 from D. radiodurans. DrDps secondary 

structure is shown above the alignment, in which the hN represents a helix present in the N-

terminal region of DrDps1, and the hC represents a helix present in the C-terminal region 

of DrDps2. The strictly conserved amino acids are represented as black boxes, ferroxidase ligands 

are represented as red boxes, zinc metal ligands are represented in grey boxes, and positive 

charged residues present in the N- or C-termini are represented as blue boxes. For DrDps1, the N-

terminal region that was truncated is represented in pink. The two regions from these N-terminal 

tails, the positively charged region and metal binding site region, are represented in blue and grey, 

respectively. For DrDps2, the signal peptide is represented in black, and the truncated region is 

shown in green.  

 

 Analysis of the elution profile obtained from the SEC indicates that DrDps1 elutes 

as two oligomeric forms, corresponding to dodecamer and trimer, and DrDps2 elutes 

as a stable dodecamer, as previously described (351). The truncated form DrDps1tΔ1–

50 presented a similar elution profile as the full-length protein. DrDps2tΔ1–39 showed the 

presence of several oligomeric states; however, the dodecameric assembly was only 

present in small quantities, making it impossible to determine a structural model for 

this oligomeric state. Therefore, the samples carried forward for in-depth analysis 

were DrDps1, DrDps1tΔ1–50, and DrDps2, using SAXS data obtained from the 

dodecamer fraction. 
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Analysis of the Krakty plot indicates that the three proteins, DrDps1, DrDps1tΔ1-50 

and DrDps2, were correctly folded (Fig. 6.2). 

 

 

Figure 6.2 - Kratky plot profile of DrDps1 (blue line), DrDps1tΔ1-50 (green line) and DrDps2 (red 

line). 

 

 

 Furthermore the three proteins show similar SAXS scattering profiles with 

typical features for a spherical particle (Fig. 6.3, A). The Guinier plots of each 

scattering profile provide a linear fit for a monodisperse solution (Fig. 6.3, B), and the 

radius of gyration (Rg) was calculated from this approximation. The value of Rg is 

similar for both DrDps1 and DrDps2, 4.15 nm and 4.25 nm, respectively, whilst the 

value for DrDps1tΔ1–50 is smaller at 3.88 nm (Table 6.1). 
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Figure 6.3 - SAXS profile of DrDps1, DrDps1tΔ1–50, and DrDps2. (A) Experimental (dotted line) 

and calculated (solid line) scattering curves. (B) Guinier plot and linear fit (solid line) to the data 

for the Guinier region, qmax*Rg < 1.3. (C) P(r) profile. In all panels, DrDps1 is represented in 

blue, DrDps1t Δ1–50 in green, and DrDps2 in red. 

 

 Based on the pair distance distribution function [P(r)] determined by the indirect 

Fourier transform from the scattering profile curves using GNOM (358), it was possible 

to determine the molecular mass for each sample and compare it with the calculated 

theoretical molecular mass determined from the known sequences (Table 6.1). The 

P(r) was determined using the data of the q range < 2 nm
− 1

, since above q > 2 nm
− 1

, 

the data contain significant noise (Fig. 6.3, A). The P(r) profile of both DrDps1 and 

DrDps1tΔ1–50 showed a single maximum at a radius (r) of ~ 5.5 nm with a shoulder at 

around 2.2 nm, while DrDps2 showed a single maximum at ~ 5.0 nm with a less 

pronounced shoulder at ~ 2.0 nm (Fig. 6.3, C). These profiles are characteristic of a 

spherical shape with a hollow core (371). The value of 5.5–5.0 nm corresponds to the 

external radius of the proteins, while the value of 2.0–2.2 nm corresponds to the 

internal radius. The values are consistent with the crystal structures, in which the 

external radius for both proteins is approximately 4.5 nm and the internal radius is 

around 2.0 nm. Furthermore, the P(r) profiles for the two full-length proteins present 

an extended tail with maximal particle size (Dmax) of 12.75 nm and 12.74 nm for 

DrDps1 and DrDps2, respectively, probably related to the presence of the long N-
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terminal tails in these two proteins (Fig. 6.3, C). This feature is notably absent from the 

P(r) profile for DrDps1tΔ1–50, which has a Dmax of 10.00 nm (Fig. 6.3, C). 

The Rg values determined using the P(r) are similar to those determined using the 

Guinier approximation, which demonstrates consistency on the results (Table 6.1). 

Moreover, the Dmax obtained for DrDps1tΔ1–50 is similar to the diameter obtained in the 

crystal structure, which is approximately 9 nm (203). 

 

Table 6.1 - Data collection and scattering-derived parameters from the DrDps1, DrDps1tΔ1–50, 

and DrDps2 using the SEC coupled to the SAXS detector.  

 DrDps1 DrDps1tΔ1-50 DrDps2 

Data collection parameters  
Beamline BM29, ESRF 
Beam geometry 700 x 700 micrometres  
Wavelength (Å) 0.9919 
q range (nm

-1
) 0.08 – 4.5 nm

-1
 

Exposure time (sec) 1 

Structural parameters 
I(0) (from Guinier)  50.55 52.25 123.88 
Rg (nm) (from Guinier) 4.15 3.88 4.25 
I(0) (cm

-1
) (from P(r)) 50.75 52.14 121.90 

Rg (nm) (from P(r)) 4.14 3.83 4.17 
Dmax (nm) (from P(r)) 12.75 10.00 12.74 
Porod volume estimate (nm

3
) (+/- 10%)

 
(from P(r)) 447.74 290.96 497.67 

Rg (nm) (from EOM)
 
 4.14 3.70 4.88 

Dmax (nm) (EOM) 14.16 10.50 18.84 
Porod volume estimate (nm

3
) (EOM)  436.85  339.46  445.08 

Molecular-mass estimation  
Molecular mass Mr (from Porod volume) (+/- 10%) 
(kDa) 

263.4+/-16 171.1+/-21 292.7+/-23 

Molecular mass Mr (from EOM) (kDa) 257.0 200.7 261.7 
Calculated dodecamer Mr from sequence (kDa) 276.2 216.4 279.9 

CRYSOL (2)    

Experimental scattering data  12.82 10.24 21.44 
EOM scattering data (EOM) 0.64 -- 0.32 

Model (2)    
GASBOR 11.0 14.6 3.03 
EOM 11.90 -- 12.39 

Software    
Primary data reduction (circular averaging) PRIMUS 
Data processing  PRIMUS 
Ab initio analysis  GASBOR, DAMMIN and EOM 
Computation of pdb model intensities CRYSOL 
Three-dimensional graphics representation  PyMOL 

Accession Codes (SASBDB) SASDBG7 SASDBH7 SASDBF7 
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6.4.2 DrDps SAXS ab initio derived molecular envelopes 

 
Molecular envelopes for each protein were obtained by ab initio modelling using 

the programs DAMMIN and GASBOR (dummy atoms: 5858 ± 51 for DrDps1, 

5895 ± 32 for DrDps1tΔ1–50, 5858 ± 14 for DrDps2) using default parameters and 

imposing P23 symmetry, consistent with the symmetry observed for the oligomer in 

solution, that is, the dodecameric hollow sphere with 23 symmetry. The knowledge of 

the oligomer symmetry is critical, as trials using P1 symmetry did not sufficiently 

restrain the modelling and did not yield an interpretable model. The q range used to 

generate the models was q < 2 nm
− 1

. The results using both programs were identical, 

and only the models obtained with GASBOR are presented. A total of 10 ab initio 

reconstructed models were averaged and filtered to obtain the final model for each 

sample. The normalised spatial discrepancy value of a set of GASBOR models for 

DrDps1, DrDps1tΔ1–50, and DrDps2 were 0.77 ± 0.043, 0.90 ± 0.10, and 0.87 ± 0.08, 

respectively (Fig. 6.4, A1, B1, and C), with final 2
 values against corrected data of 

11.0, 10.6, and 3.0 for DrDps1, DrDps1tΔ1–50, and DrDps2, respectively (Table 6.1). 

The crystal structure of DrDps docks well into the SAXS molecular envelope 

generated from the corresponding experimental scattering data. However, the SAXS 

envelopes determined for DrDps1 and DrDps2 present extra areas protruding from 

the sphere (Fig. 6.4, A1 and B1), which are attributed to the N-terminal regions and 

were not observed in the crystal structure. Importantly, these protrusions are not 

observed in the SAXS envelope corresponding to DrDps1tΔ1–50, consistent with the 

absence of the first 50 amino acid residues in this protein construct. The crystal 

structure of DrDps1 docks into the spherical envelope of DrDps1tΔ1–50 (Fig. 6.4, C). 

The models obtained for DrDps1, DrDps2, and DrDps1tΔ1–50 are superimposed in the 

central region of the dodecamer, but the extra areas protruding the sphere are only 

observed in the full-length proteins, DrDps1 and DrDps2. 
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Figure 6.4 - DrDps ab initio models superimposed with the 

corresponding crystal structures. (A1 and B1) Ab initio shape 

generated by DAMAVER from GASBOR models for 

(A1) DrDps1 and (B1) DrDps2, represented as blue mesh and 

red mesh, respectively. (A2 and B2) Molecular envelope 

obtained by using EOM for (A2) DrDps1 and for (B2) DrDps2, 

represented through the 3-fold N-terminus (left) and 3-fold C-

terminus (right). (C) Ab initio shape generated by DAMAVER 

from GASBOR models for DrDps1tΔ1–50 represented as green 

mesh. DrDps crystal structures are represented in cartoon with 

each monomer in a different colour. 

 

The N-terminal regions from Dps are known to be flexible regions but in the 

sense that they change conformation upon different conditions; for this reason, it has 

not been possible to structurally characterise these regions by X-ray crystallography 

where they were disordered, perhaps due to crystal packing. The low-resolution 

models obtained show in solution that these regions protrude from the dodecamer 

sphere as observed in both models obtained from GASBOR/DAMMIN for DrDps1 and 

DrDps2. These models correspond to the average shape attributed to the N-terminal 

regions that could not be observed in the crystal structure. 

DrDps1 / 2C2F

DrDps1tΔ1-50 / 2C2F

DrDps2 / 2C2J

B1

A1 A2

B2

C

DrDps1tΔ1-50 / 2C2F

C
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It is important to mention that using GNOM program followed by 

GASBOR/DAMMIN to obtain the final ab initio models from scattering curves of a 

flexible sample may lead to some possible errors. This is due to the over-background 

adjustment of the scattering curve, since GNOM tries to force intensity decay to q
− 4

 

(globular shape) using a constant (358). Thus, analysis using only GNOM should be 

taken with caution. In order to complement our studies, molecular envelopes for each 

protein were obtained using ensemble optimisation method (EOM), an approach that 

was developed to characterise protein mobility (361) (described below). 

 

6.4.3 EOM to flexible systems 

 

The results showed that by using EOM, it generates specific structural 

assemblies of the N-terminal tails demonstrating that these regions have a high 

degree of mobility, in which the 12 individual regions protruding from the dodecamer 

hollow sphere have different conformations (Fig. 6.4, A2 and B2). 

The different parameters were also obtained using EOM, namely Rg, Dmax, and 

molecular mass estimation (Table 6.1). The Rg determined for DrDps1, DrDps1tΔ1–50, 

and DrDps2 are similar to those obtained from Guinier plots and P(r). However, the 

Dmax obtained using EOM for both DrDps1 and DrDps2 is higher than those 

determined by P(r), 14.16 and 18.84, respectively, in contrast to those for DrDps1tΔ1–

50 (Dmax = 10.50; Table 6.1). The Dmax difference corresponds to the different 

conformations of the N-terminal tail observed in the models generated by EOM, 

showing 12 individual regions protruding from the dodecamer hollow sphere (Fig. 6.4, 

A2 and B2). The estimation of the molecular mass for each protein is similar to the 

theoretical molecular mass (Table 6.1). 

 

6.4.4 Comparison of SAXS scattering curves and crystal structure 

models 

 
The comparison of scattering experimental data for the full-length DrDps proteins 

with the corresponding crystal structure curves using CRYSOL gives a fit (2
 value) of 

12.8 and 21.4 for DrDps1 and DrDps2, respectively (Table 6.1). Similar 2
 values 

were obtained using the program FoXS (372). These high 2
 values are associated 

http://www.sciencedirect.com/science/article/pii/S0022283617300220#t0005
http://www.sciencedirect.com/science/article/pii/S0022283617300220#t0005
http://www.sciencedirect.com/science/article/pii/S0022283617300220#t0005
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with structural differences between the crystal structure and the proteins in solution, 

which could be related to the presence of the N-terminal regions. The 2
 value for 

DrDps1tΔ1–50 at 10.2 is lower when compared with the DrDps1 crystal structure 

(modelled without the 29 residues).  

Further comparison with a truncated model of DrDps1, the deletion of the total 

region of the N-terminus (residues 30–50) in the crystal structure, yields an even lower 

2
 of 9.7. The decrease from 10.2 to 9.7 is due to the fact that the crystal structure 

lacks the first 29 residues, while the truncated model used to obtain the SAXS 

envelope lacks 50 residues. Moreover, the scattering curves obtained from the crystal 

structures were compared using CRYSOL with the scattering curves of each DrDps 

generated by EOM (fit for the best ensemble). In this case, the 2
 values obtained are 

lower than those presented above, 0.64 and 0.32 for DrDps1 and DrDps2, 

respectively (Fig. 6.5). 

 

 

 

Figure 6.5 - CRYSOL of DrDps scattering 

curves and the corresponding crystal 
structures. (A) Superposition of scattering 

curve obtained from EOM SAXS data (dotted 
line) and from the crystal structure of DrDps1 
(solid line, blue). (B) Superposition of 

scattering curve obtained from EOM SAXS 
data (dotted line, green) and from the crystal 
structure of DrDps1tΔ1–50 (solid line). (C) 

Superposition of scattering curve obtained 
from EOM SAXS data (dotted line, red) and 
from the crystal structure of DrDps2 (solid 
line). 
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6.4.5 The function of the N-termini 

 

In order to address the role of the DrDps N-terminal regions with respect to DNA, 

the truncated forms of DrDps, DrDps1tΔ1–50, and DrDps2tΔ1–39 were incubated with 

DNA in the same conditions as described previously for the full-length proteins (351). 

The result shows that there was no observable DNA gel migration shift in the 

presence of DrDps1tΔ1–50 up to a concentration of 25 μM (Fig. 6.6, A), compared to 

only 4 μM of full-length protein that has been previously shown to induce a shift (351). 

This indicates that the absence of the N-terminal protrusions compromises the 

interaction with the DNA, which is in accordance with previous results (270). 

 

 

Figure 6.6 - Plasmid DNA binding (A) DrDps1tΔ1–50 protein or (B) DrDps2tΔ1–39 at pH 6.5 using 

agarose gel electrophoresis. Plasmid DNA alone (lane1) or increasing the concentration 

of DrDps1tΔ1–50 (2–25 μM) or DrDps2tΔ1–39 (0.5–8 μM) incubated with plasmid DNA (lanes 2–9). 

 

In contrast, in the case of DrDps2tΔ1–39, the addition of 8 μM of protein induced a 

DNA gel migration shift. DrDps2 and DNA have been previously shown to interact and 

form DrDps–DNA complexes only with the supercoiled form of the plasmid DNA (351). 

Here, we show that DrDps2tΔ1–39 is able to shift all the forms of plasmid DNA, being no 

longer selective for the type of DNA and suggesting that the N-terminal region plays a 

key role in this selection event (Fig. 6.6, B). 

The genomic sequence encoding for DrDps2 contains a signal peptide (204, 206), 

which suggests that this protein could interact with the membrane. Therefore, the N-

terminal function in association with the cell membrane was investigated. D. 

radiodurans bacteria were grown in M53 medium, and DrDps2 was detected by 

Western blotting, as previously described (351). The protein was detected in both 

membrane and soluble fractions but with different molecular masses (Fig. 6.7), 

A BDrDps1tΔ1-50

1        2       3        4       5        6       7        8    

0       2.0    4.0     8.0     10     12      20     25   µM

DrDps2tΔ1-39

1         2       3       4        5       6       7        8        9   

0      0.5    1.0     1.5     2.0    3.0     4.0     6.0    8.0  µM
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suggesting that the form present in the membrane corresponds to the full-length 

DrDps2 (without the signal peptide) while the one in the soluble fraction contains the 

N-terminus cleaved. These data suggest that the N-terminal tail, with most of the 

residues containing polar but uncharged side chains, would have a further role in an 

interaction with the membrane. 

 

 

 

 

 

Figure 6.7 - Western blotting 

detection of DrDps2 in soluble and 

membrane fractions from D. 

radiodurans cells. Lane 1 - soluble 

fraction; lane 2 - membrane fraction. 

 

 

6.5 Discussion  

 

6.5.1 DrDps SAXS data 

 
Dps from D. radiodurans  have long N-terminal tails before the first helix from the 

four-helix bundle, which were not modelled in the crystal structures determined to date 

(Fig. 6.1). These regions are predicted to have a coiled structure, being very flexible, 

appear disordered in the crystal, and therefore not modeled (203-204, 246). The 

structure of these regions was therefore addressed using DrDps in solution in order to 

understand if they are fully disordered or form some level of stable organisation that 

could be visualised. In the present work, the low-resolution molecular envelopes of the 

N-terminal tails of DrDps and their relative position with respect to the protein shell 

were elucidated by SAXS. 

The ab initio DrDps SAXS envelopes generated by the program GASBOR/EOM 

match the dimensions of the protein dodecameric spheres previously determined by 

protein crystallography. Besides the central dense core, the reported model envelopes 

harbour extra electron density areas (related by enforced P23 symmetry) distributed 

DrDps2rec

Soluble 

Fraction 

Membrane

Fraction

bandA

bandB

D. radiodurans 

1      2    3    
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around the sphere surface. In order to confirm this interpretation, the SAXS envelope 

model of a DrDps truncated construct lacking 50 N-terminal residues (DrDps1tΔ1–50) 

was analysed and only showed a spherical particle without any protruding regions 

(Fig. 6.4, C). Furthermore, the scattering parameters determined from this shorter 

protein, Rg and Dmax, are in agreement with those obtained from the crystal structures. 

Two types of models were generated for both DrDps, a static molecular envelope 

produced from GASBOR/DAMMIN representing the average scattering, and a flexible 

model obtained from EOM (Fig. 6.4). The different models are consistent on the 

central core, which show a hollow dodecameric sphere. The major difference is 

observed on the N-terminal tails arrangement; in the static model, 12 symmetric 

regions protruded from the dodecamer sphere, whereas in the flexible model, the N-

terminal regions that protruded from the central sphere correspond to individual 

asymmetric tails with different conformations. Although the low-resolution static model 

contains important structural information, an ensemble method such as EOM 

represents a good approach to determine the different conformations that exist in 

solution. 

 

6.5.2 DrDps and its N-terminal tail 

 

Both the N- and C-terminal tails have been reported to be involved in the 

interactions between Dps and DNA. This interaction has been proposed to occur 

through a flexible tail rich in positively charged residues such as described in the 

cases of EcDps and MsDps1 (247, 265). Flexibility of the N-terminal regions has been 

one of the factors that contribute to the interaction with DNA; however, in solution and 

without the presence of DNA, these regions are not disordered but instead present an 

organised structure as observed by the average scattering shapes obtained from the 

GASBOR molecular envelopes. To complement our studies, we applied EOM. 

Different conformations were obtained for the different N-terminal tails, indicating that 

these regions may adopt different conformations, which could be important for 

promoting DNA binding. 

The first 30 amino acid residues of DrDps1 contain a total of seven positively 

charged residues: six lysines (Lys3, Lys4, Lys7, Lys13, Lys15, and Lys16) and one 

arginine (Arg28; Fig. 6.1). DNA interaction studies of a DrDps1 truncated form without 
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the first 55 amino acid residues (270) and our comparative data with DrDps1 show 

that this region is involved in DNA binding, since the truncated forms have less affinity 

for DNA (Fig. 6.6, A) compared to the full-length protein (205, 351). This truncated 

form, which retains the dodecamer form, could still interact with the DNA by the 

positively charged residue Arg132 located at the surface of the protein as previously 

proposed (269). Nevertheless, the affinity for the DNA in this case is much lower than 

for the full-length protein, as observed in Fig. 6.6, A. 

The N-terminal tail of DrDps2 comprises 41 amino acid residues before the first 

helix from the four-helix bundle (204). The SAXS model envelopes indicate that in 

solution, the N-terminal tails can form 12 individual extra protrusions outside of the 

hollow sphere (Fig. 6.4, B). The secondary structure prediction using the PSIPRED 

(373) server based on the amino acid sequence for this region gives almost wholly 

coil, suggesting conformational flexibility. Since each region contains six proline 

residues, the structural flexibility of polypeptide regions would be reduced, which may 

be important to accommodate the N-terminus into the structures observed in the 

SAXS envelope, forming the structural arrangements observed in the GASBOR 

molecular envelope corresponding to the average scattering shapes of these regions 

obtained in solution. DNA interaction studies using the DrDps2tΔ1–39 indicate that this 

truncated form binds to all the plasmid DNA forms (Fig. 6.6, B). This result differs from 

the full-length DrDps2, which only binds to the supercoiled form from the plasmid DNA 

(351). The first 41 N-terminal amino acids only contain one positively charged residue 

(Arg33), most of which (49% out of 41 residues) are polar with uncharged side chains 

(3 × Ser, 8 × Thr, 2 × Gln, and 7 × Asn), and finally, 46% are non-polar with aliphatic 

side chains (6 × Pro, 6 × Ala, 3 × Gly, 2 × Val, and 2 × Leu). Based on this, it can be 

suggested that although this N-terminal region is not directly involved in DNA 

interactions, it could presumably guide the DNA to bind either to the positively charged 

residues located at the protein surface (Lys46, Lys47, Arg122, and Arg149) or to the 

positively charged residues (Lys204, Arg209, and Arg211) located at the C-terminal region 

(Fig. 6.1). The absence of the N-terminal tail would expose these positively charged 

regions located at the protein surface, thereby favouring DrDps2 propensity to interact 

with DNA (Fig. 6.6). 

Analysis of the cell extracts of D. radiodurans shows that DrDps2 is present in 

membrane and soluble fractions (Fig. 6.7), although under the tested conditions, most 

of the protein is present in the membrane fraction. This is in agreement with previous 
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results, which showed the localisation of this protein as being close to the membrane 

region (206). When comparing the two forms present in the soluble and membrane 

fractions, we suggest that the form present in the soluble fraction would correspond to 

the N-terminal tail-free protein (form observed in the crystal structure), while the form 

observed in the membrane fraction would be the full-length. Therefore, the N-terminus 

would allow an interaction with the membrane, indicating that the two forms of DrDps2 

(full-length and truncated forms) are present in D. radiodurans but with distinct 

physiological roles. 

 

6.6 Conclusion 

 
We present results from the SAXS experiments performed on both DrDps that 

show for the first time that both proteins exist in solution with a definable particle size 

corresponding to dodecameric spheres with protruding N-terminal regions. The SAXS 

envelope determined for DrDps1 shows 12 N-terminal protrusions pointing outside of 

the sphere, and the model generated for the DrDps1 truncated form (DrDps1tΔ1–50) 

shows that the protein maintains its spherical dodecameric shape but without the 

protruding tails, demonstrating that these protrusions observed for the full-length 

protein are from the N-terminal regions. The truncation of the first 50 amino acid 

residues of the N-terminal region of DrDps1 almost abolishes the interaction with 

DNA, indicating that these tails protruding from the dodecameric sphere are essential 

for stabilising the protein–DNA complex. 

DrDps2 SAXS data show that the N-terminal tails are organised as 12 individual 

tails and these tails are crucial for maintaining the dodecamer protein structure. The 

N-terminal protrusions in DrDps2 are probably involved in the interaction with DNA by 

hooking DNA close to the positively charged residues located at the surface or the C-

terminal part of the protein. However, these protrusions can also be important for 

interacting with the membrane: the presence of a signal peptide directs DrDps2 to the 

membrane region, and then, the interaction with the membrane would be maintained 

through the N-terminal tails. Nevertheless, the interaction between DrDps2 and the 

membrane needs to be further investigated.  

This study takes advantage of the complementarity of both crystal X-ray 

diffraction and protein structure analysis in solution by SAXS to provide a complete 

characterisation of DrDps biomolecular structures under native conditions. 
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7.1 Abstract 

 

 Deinococcus radiodurans is the most highly resistant organism to radiation known 

to date. It has been proposed that manganese plays a crucial role as a protection 

mechanism, forming complexes with small molecules, such as phosphate (Mn
2+

-Pi). 

Nevertheless, several questions remain to be answered related with the molecular 

mechanisms of these small complexes Mn
2+

-Pi, namely if DrDps proteins are involved 

on manganese homeostasis.  

 These questions were addressed by studying D. radiodurans wild-type strain and 

dps knockout mutants. Metal distribution was determined at nano-resolution by X-ray 

fluorescence imaging. In control condition was observed that manganese, phosphate 

and calcium are concentrated in phosphate granules sub-structures, which upon 

stress conditions, are re-distributed inside the cell. Furthermore, manganese and 

phosphate are co-localized, probably in the form of Mn
2+

-Pi complexes, being 

available for protection under oxidative stress conditions. It is interesting that these 

elements are not concentrated in the granules in dps1 knockout mutant, but rather 

homogenously distributed in the cell, which may explain the high resistance of this 

strain to the exposure to oxidative stress. This suggests that DrDps1 is involved in the 

incorporation of these elements to the granules. Moreover, cell division is highly 

affected in the dps2 knockout mutant, mainly in stress conditions, but also 

manganese-phosphate content in the granules is decreased. These dual functions of 

DrDps2 are regulated by the different oligomeric states of DrDps1.  

 Our results demonstrate distinct roles of DrDps, namely in phosphate granules 

build up, manganese trafficking and cell division, being both of them essential for the 

survival of this bacterium under stress conditions. 

 

 

 

 

Keywords: phosphate granules, oxidative stress, metal, X-ray fluorescence 
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7.2  Introduction 

 
Deinococcus radiodurans is an aerobic, red-pigmented, mesophilic and gram 

positive coccus (100). As a gram positive it has a peptidoglycan layer, but by electron 

microscopy it was observed that this organism contains an unusual cell wall with 

multilayers, including outer membranes, that are characteristic of gram negative 

bacteria (153-154). In this organism were detected circular or oval electron-dense 

phosphate granules with a darker margin, observed in the centre of each cell (165). 

These sub-structures were visualized mostly in the exponential phase, while in the 

stationary phase it was observed similar structures but were empty suggesting that 

granules are present but without phosphate molecules (167). 

D. radiodurans as a radioresistant bacterium has been the focus of several studies 

in order to understand the mechanisms underlying its resistance. Over the years, 

several proposals have been arisen to explain the protection mechanisms, like: high 

levels of carotenoids in the membrane region, efficiency of DNA repair systems, 

effective enzymatic ROS scavenging systems, such as superoxide dismutase and 

catalase enzymes and non-enzymatic ROS scavenging systems (100). The non-

enzymatic ROS scavenging system relies on the high intracellular manganese 

concentration and is currently the most accepted proposal, in which this metal plays a 

crucial role protecting proteins against oxidation (69, 79). 

In this organism has been demonstrated that the ratio between manganese and 

iron concentration is higher (ratio Mn/Fe of 0.24) than those of sensitive radiation 

organisms. However these studies were limited to two sensitive radiation bacteria: E. 

coli (ratio Mn/Fe of 0.0072) and Shewanella oneidensis (ratio Mn/Fe of 0.0005) (81). 

During cell growth, it was proposed that the level of manganese does not change. In 

the exponential phase manganese was suggested to be mostly associated with small 

molecules such as fructose-1,6-biphosphate, nucleic acids and phosphate molecules, 

including orthophosphate, pyrophosphate and polyphosphate. Therefore, when 

manganese can forms complexes with these small molecules have the ability to 

detoxify ROS (71, 75, 78). In the stationary phase, most of the manganese present in 

the cell is proposed to be associated with proteins, such as MnSOD (374-375), 

suggesting that proteins could also play an important role in the intracellular protection 

of D. radiodurans. 
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Previous studies using X-ray fluorescence imaging showed that manganese is 

distributed inside the cell, but with a higher regional intracellular concentration 

associated with the electron-dense phosphate granules, while iron was found mostly 

in the septum region (69). However, the resolution of these data was at the µm scale 

and the cells analysed were only in control conditions and at the early exponential 

phase (69). Therefore further studies using X-ray fluorescence imaging at nano-

resolution scale, under control and stress conditions, were essential to acquire 

knowledge on the metal homeostasis in D. radiodurans and correlate to its resistance 

mechanisms, which were performed under this work.  

D. radiodurans has two Dps proteins (DrDps1-dr2263 and DrDps2-drb0092) and 

both have been associated with the manganese homeostasis, since in in vitro 

conditions both proteins showed the ability to store and release manganese. In order 

to correlate the protection mechanisms of D. radiodurans with manganese and DrDps, 

we have conduct X-ray fluorescence imaging studies that allowed to localize metals 

inside the cell. Furthermore, these studies were complemented, with cellular location 

of DrDps determined by fluorescence microscopy. All these results show that both 

DrDps have dual functions, which are associated with cell protection and metals 

homeostasis.  

 

7.3 Experimental procedures 

 

7.3.1 GFP-dps1 and GFP-dps2 bacterial strains and transformation 

 
D. radiodurans strains expressing DrDps proteins fused to GFP-tag were 

constructed by the tripartite ligation method (376). Plasmid pFAP246 was the source 

for the cassette containing the GFP-tag and the resistance gene to chloramphenicol 

(377). The genetic structure and the purity of the resulted tagged genes were verified 

by PCR and sequence analysis. Strains expressing tagged proteins were grown with 

aeration in TGY2x at 30°C. Media were supplemented with chloramphenicol (3.5 

µg/ml final concentration). 

D. radiodurans Δdps1, Δdps2 and Δdps1Δdps2 strains were described previously 

(333). 
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7.3.2 Deinococcus radiodurans growths 

 
D. radiodurans cells wild-type, Δdps1, Δdps2, Δdps1Δdps2, GFP-dps1 and GFP-

dps2 strains were grown in M53 medium at 30 ºC. Four independent growths were 

performed and cells were collected at different time points. The effect of different 

compounds were tested, namely: 0.5 mM manganese (II) chloride, 0.5 mM ammonium 

iron (II) sulfate, 50 mM hydrogen peroxide, 1 mM methyl viologen and 0.5 mM 

manganese (II) chloride followed by the addition of 1 mM methyl viologen, 2 hours 

after. These compounds were added to the media at an optical density (OD600nm) of 

0.3. A control (water addition) growth was performed and followed simultaneously.  

Cells were collected at different time points: 0 (before adding any compound – 

OD=0.3), 15 min (early exponential phase), 2 hours (mid exponential phase), and 20 

hours (stationary phase) after adding the different compounds. 

The viability of the cells during the growth was assessed using 10 μg/ml 

propidium-iodide dye. The cells were visualized on a Leica DM RA2 microscope. 

 

7.3.3 RNA isolation and RT-PCR 

 
For total RNA extraction, 4 ml of D. radiodurans cells were collected from point 0, 

15 min and 2 h for the following strains: wild type, Δdps1, Δdps2 and Δdps1Δdps2, by 

5 min centrifugation at 11000 g, and 4 ºC. The pellets were resuspended in 100μl of 

water containing 45 mg/ml lysozyme and 4 mg/ml of proteinase K, and incubated at 

37°C for 45 min. After incubation, 350 μl of the lysis solution (Rnaspin Mini RNA 

Isolation kit - GE-Healthcare) and 1 % (w/v) of β-mercaptoethanol were added and 

mixed by vortexing. Total RNA was extracted using Rnaspin Mini RNA Isolation kit 

followed by spectrophotometric and gel quantification using ImageJ software. 

 cDNA was synthesized from DNase-treated RNA (2 μg) with Transcriptor High 

Fidelity cDNA Synthesis Kit (Roche) following the manufacturer’s protocol.  

Random hexamer primers were used for synthesis (Table 7.1). cDNA products 

were standardized for semiquantitative RT-PCR using AAAA primers as reference. 

Cycle numbers were optimized for each template using cDNA from controls to assure 

that the amplification reaction was tested in the exponential phase. Transcripts 

normalization was performed using cDNA concentrations. 
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NCBI Primer BLAST available online was used for the primer design 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers for four target genes of D. 

radiodurans used in RT-PCR are shown in Table 7.1.  

pfkA (ATP-dependent 6-phosphofructokinase) gene was used as a marker of 

oxidative stress. 

The data presented is from two biological and three experimental replicate 

experiments.  

 

Table 7.1 - Sequences of the primers used in the RT-PCR. 

Name Gene ID Primers (Forward - F / Reserse - R) Product size (bp) 

dps1 dr2263 
(F) TCGTCAACCACCACTACCTG 

(R) GGAGCATCCAGCGAATCTTG 
453 

dps2 drb0092 
(F) CACTACGAGGGCATCAGCAA 

(R) TTGATGTCGAAGCCGGTGTT 
341 

mnsod dr1279 
(F) CACACCAAGCATCACCAGAC 

(R) GCGTCTTCGFCTTCTGCTT 
293 

pfkA dr0635 
(F) GTACCCGATGGTGTGGTCAG 

(R) CAACCTGACATGGCCTACCC 
453 

 

7.3.4 Sample preparation for Western blotting assay, catalase and 

superoxide dismutase activity 

 
Cells of D. radiodurans wild-type, Δdps1, Δdps2 and Δdps1Δdps2 strains were 

harvested at 11000 g and resuspended in 20 mM Tris–HCl pH 7.5, 150 mM NaCl and 

disrupted in a French pressure cell at 15000 psi (for each time point). The cellular 

extracts were centrifuged for 1 h at 18000 g and 4 ºC. Each cellular extract was 

concentrated and protein concentration determined by the Bradford method (Bio-Rad) 

(331).  

 

7.3.4.1 Western blotting assay 

 
A total protein of 60 µg was loaded in 12 % PAGE, after the gel was blotted into 

polyvinylidene fluoride membrane (Bio-Rad) and DrDps were detected using specific 



__________________________________________________DrDps functions in vivo 

156 

 

polyclonal antibodies against DrDps1 (AbDps1) or DrDps2 (AbDps2). Protein bands 

were revealed using a colorimetric detection as previously described in chapter V. 

DrDps bands from the Western-blotting were quantified using ImageJ software. The 

data presented is from four independent samples. 

 

7.3.4.2 Mobility shift detection of phosphorylated proteins - Mn
2+

-Phos-tag 

Western blotting 

 
The samples analysed correspond to wild-type strain in manganese and control 

conditions from time point at 2 hours. Cellular extract containing 60 µg of total protein 

was centrifuged at 18000 g, and the supernatant was injected into 12 % PAGE. Two 

gels were simultaneously performed, without (control) and containing a 10 mM MnCl2 

and 5 mM Phos-tag AAL-107 solution (Wako Chemicals USA, Inc.) in the revolving 

gel. These two solutions lead to the formation of a di-nuclear metal complex (1,3-

bis[bis(pyridin-2-ylmethyl)amino]propan-2-olato di-manganese (II) complex - Mn
2+

-

Phos-tag) acting as a selective phosphate-binding tag molecule (378). After, the 

DrDps1 protein bands were detected by Western-Blot, as previously described in 

chapter V. 

 

7.3.4.3 DrDps2 detection from soluble and membrane fractions 

 

 Cellular extracts from D. radiodurans wild-type and Δdps1 strains in control 

conditions and after manganese addition at time point of 2 h were ultracentrifuged at 

180000 g, 4ºC.  

 Recombinant DrDps1 trimeric form was added to cellular extract of point 2 h in 

control and in manganese conditions for D. radiodurans Δdps1 strain and incubated 1 

h, followed also by ultracentrifuged at 180000 g, 4ºC. 

Soluble and membrane fractions were quantified using Bradford (Bio-Rad) (331) 

and modified Biuret method (369), respectively. A total of 30 µg of protein of each 

condition was loaded on a 10 % PAGE, and the DrDps2 protein bands were detected 

by Western-Blotting, as previously described in chapter V. Data presented are from 

three independent samples.  
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7.3.4.4 Interaction between DrDps1 and DrDps2 

 

Both DrDps (30 μg of recombinant DrDps1 trimeric form and 30 μg of 

recombinant DrDps2) were incubated during 1 hour, in 20 mM Tris-HCl pH 7.5, plus 

150 mM NaCl at room temperature. Recombinant pure proteins were used as a 

control (30 μg of DrDps1 trimeric form and DrDps2). The different samples were 

loaded on a 12 % PAGE. 

 

7.3.4.5 Superoxide dismutase activity assay 

 
Superoxide dismutase activity was determined using the activity gel assay based 

on the inhibition of Nitro Blue Tetrazolium (NBT) reduction by O
•-

2 under light (379-

380).  

Cellular extracts, containing 9 µg of total protein were separated 

electrophoretically in PAGE (12 %), immediately after the gel was incubated during 20 

min in a 2 % (w/v) NBT solution, and washed in water to remove the excess of NBT. 

The gel was then incubated during 15 min in a solution 100 x diluted of TEMED-

riboflavin-potassium phosphate solution (28 mM TEMED, 2.8 mM riboflavin, 36 mM 

potassium phosphate pH 7.8). Afterwards the gel was exposed to light until the 

appearance of white bands, indicating the presence of superoxide dismutase activity. 

MnSOD activity inhibition was performed by the addition of 2 or 4 % SDS to the 

sample and incubation at 37 ºC during 30 min to 2 hours (381).  

CuZnSOD activity inhibition was performed by the addition of 10 mM KCN to NBT 

solution (380, 382).  

MnSOD from Arabidopsis thaliana and CuZnSOD from bovine erythrocytes were 

used as control. 

 

7.3.4.6 Catalase activity assay 

 
Catalase activity was determined using gel polyacrylamide assay (383). The 

method is based on the ferricyanide-negative stain which consists on the removal of 

peroxide by the protein not allowing the reduction of potassium ferricyanide to 

potassium ferrocyanide, that reacts with ferric chloride forming a Prussian blue 

precipitate.  
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Cellular extracts containing 9 µg of total protein were separated 

electrophoretically on a 10 % PAGE. Afterwards the gel was washed 3 x 15 min with 

water to remove interfering buffer salts and then immersed in a solution of 5 mM H2O2. 

The gel was gently stirred for 2 min and then rinsed with water. A freshly prepared 

solution of 2 % (w/v) potassium ferricyanide (K3[Fe(CN)6]) and 2 %(w/v) iron chloride 

(FeCl3•6H2O) were added. After the appearance of white bands the gel was washed 

with water. 

 

7.3.5 DrDps1 and DrDps2 immunolocalization 

 
D. radiodurans cells GFP-dps1 and GFP-dps2 strains in control, manganese and 

methyl viologen conditions were collected by centrifugation (11000 g, 1 min) from time 

point 0 (OD=0.3) and 2 hours. Cells were resuspended in phosphate buffer saline 

(PBS) and fixed with 3.7 % paraformaldehyde, and stained with 2 µg/ml of 4,6-

diamidino-2-phenylindole dihydrochloride (DAPI - Invitrogen), and 10 μg/ml of N-(3-

Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium 

Dibromide (FM4-64 - Invitrogen). DAPI is a dye that stains nucleoid DNA with blue 

colour (wavelenghts of excitation/emission - 350/470 nm), and FM 4-64 is a dye that 

stains membranes with red colour (excitation/emission - 515/640 nm). FITC filter 

(fluorescein-isothiocyanate-excitation/emission 495/517 nm) was used to visualize 

GFP-tag constructs.  

Cells were visualized on a Leica DM RA2 microscope and the images were captured 

with a charged-coupled device (CCD) camara. The images were further processed 

using iImageJ software. 

 

7.3.6 X-ray fluorescence imaging 

 
An aliquot of 1 ml from a growth of D. radiodurans cells wild type, Δdps1, Δdps2 

and Δdps1Δdps2 strains in control and methyl viologen conditions were collected at 

time point 2 hours. Cells were fixed using 3.7 % paraformaldehyde for 15 min at room 

temperature followed by 30 min in ice, then washed 2 times in PBS and stored frozen 

at -20ºC.  
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Cells were afterwards resuspended in 25 µl of water, and then 1 µl was added to 

a Si3N4 membrane (Silson Ltd) with size of 1.5 mm  1.5 mm, thickness of 500 nm. 

Cells were air dried and then mounted in the cell support.  

Correlative imaging of both X-ray phase contrast and X-ray fluorescence was 

performed on the same sample to investigate its morphology and elemental content. 

Experiments were performed under vacuum at room temperature on the Nano-

Imaging beamline ID16A at the European Synchrotron Radiation Facility (ESRF, 

Grenoble). The multilayer coated fixed curvature Kirkpatrick-Baez (KB) focusing mirror 

system (384) provides the nanofocus (~30 nm) and a very high flux of 4.1x10
11

 ph/s 

from the broad bandpass (1%) at 17 keV. X-ray phase contrast imaging was firstly 

performed by recording magnified Fresnel projection images with an equivalent pixel 

size of 15 nm. Quantitative phase maps were retrieved (385) and converted to areal 

density (µg/mm
2
) in all figures. X-ray fluorescence (XRF) measurements were 

performed subsequently with a step size of 40 nm or 50 nm and a dwell time of 50 ms 

(386). The summed spectrum recorded with a 6-element silicon drift detector was 

fitted with the freely available software PyMca (387). The absolute calibration to the 

elemental areal density (ng/mm
2
) was determined by a thin film standard (AXO 

Dresden GmbH). 

 

7.4 Results  

 
7.4.1 Deinococcus radiodurans growth  

 
In order to correlate the presence of metals, such as iron and manganese with the 

capacity to survive to high doses of oxidative stress and with the role of manganese 

as protection mechanism, different compounds were added to the growth of D. 

radiodurans wild-type in the early exponential phase (OD600nm= 0.3). The compounds 

tested were iron, manganese, hydrogen peroxide and methyl viologen. Methyl 

viologen is routinely used as an effector in oxidative stress research, damaging the 

cell indirectly by O2
●– 

production, through its redox cycling (5). 

The presence of iron did not affect cell growth while addition of manganese (Mn) 

allowed cells grow for longer, starting later the stationary phase when compared with 

the control condition. Cell growth rate is affected after adding hydrogen peroxide or 

methyl viologen which induced an oxidative stress burst in the cells (Fig. 7.1, A). 
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However, methyl viologen produces a higher impact than hydrogen peroxide, cells 

enter in a lag phase and only start to recover after 28 hours. Upon these conditions 

(H2O2 and Mv) the cells are viable as those from the control conditions. 

Manganese has been proposed to have a crucial role in the protection 

mechanism of macromolecules against its oxidation in D. radiodurans (69). In order to 

address this question, this metal was added prior to methyl viologen (Mn/Mv) addition. 

The cell growth curve showed similar profile when compared with the control condition 

(Fig. 7.1, A). This indicates that the extra addition of manganese protects the cell from 

the oxidative stress burst promoted by methyl viologen. 

In order to understand the function of both Dps from D. radiodurans, three 

different knockout mutants were analysed: two single knockout mutants (Δdps1 and 

Δdps2) and one double knockout mutant (Δdps1Δdps2). The tested cell growth 

conditions were the same as those described above for the wild-type strain (Fig. 7.1, 

B-D). 

 

Figure 7.1 - D. radiodurans cells submitted to different conditions. Growth curves of D. radiodurans 
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cells strains: (A) wild-type, (B) Δdps1, (C) Δdps2, (D) Δdps1Δdps2, grown in M53 medium with the 

addition at time 0 (OD=0.3) of water (Control condition, black line), manganese (Mn, pink line), iron 

(Fe, green line), hydrogen peroxide (H2O2, yellow line), methyl viologen (Mv, red line), and manganese 

followed by the addition of methyl viologen (Mn/Mv, blue line). The time points analysed are 

represented by the arrows and correspond to time 0, 15min (early exponential phase), 2h (mid 

exponential phase), and 20h (stationary phase). 

 

D. radiodurans cells Δdps1 strain entered 2 times faster in the exponential phase 

when compared with wild-type cells. However, the major difference observed is that 

addition of any compounds mentioned above, did not affect the cell growth rate, 

including methyl viologen or manganese (Fig. 7.1, B).  

For Δdps2 and Δdps1Δdps2 cell strains, the lag phases are around two times 

longer when compared with D. radiodurans wild-type cells (Fig. 7.1, C and D). In these 

cases, addition of methyl viologen strongly affects the cell growth rate, cells enter in 

lag phase, and even 70 hours after are not able to recover as occurs for the wild-type 

cells submitted to the same conditions (Fig. 7.1, A). Addition of manganese prior to 

methyl viologen show similar cell growth profile when compared with addition of only 

methyl viologen. Thus, prior addition of manganese to D. radiodurans Δdps2 or 

Δdps1Δdps2 cell strains does not protect cells, as occurs for the wild-type cells (Fig. 

7.1, A).  

These results showed that D. radiodurans cells without DrDps1 are able to 

sustain an oxidative stress burst. In contrast, in the absence of DrDps2, cells are not 

able to recover from a burst of oxidative stress even upon external manganese 

addition.  

 

7.4.2 Cellular localization of elements at nano-resolution level 

 
Localization of the different elements in D. radiodurans cells was performed using 

X-ray fluorescence imaging, which contributed to understand how manganese is 

involved in the protection mechanisms against oxidative stress. D. radiodurans cells 

analyzed were: wild-type, Δdps1, Δdps2, and Δdps1Δdps2 strains grown under control 

and methyl viologen conditions collected at time point of 2 hours (Fig. 7.2).  

 It has been described that this bacterium can form single of pair cells but it 

appears frequently as tetrads (100-101). Our phase contrast results showed that D. 
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radiodurans cells are grouped in tetrads or in tetrads of tetrads (an example of one 

tetrad is highlighted with a black circle in Figure 7.2, A1). 

 

 

Figure 7.2 – Elements localization in D. radiodurans cells, using X-ray fluorescence imaging. Elements 

mapping in D. radiodurans (A) wild-type, (B) Δdps1, (C) Δdps2 and (D) Δdps1Δdps2 strains. The samples 

analysed were D. radiodurans cells in control (1) and methyl viologen (Mv - 2) conditions at time point 2 

hours. Black circle represents a tetrad, and white circle represents a phosphate granule. Gray arrow shows 

a granule rich in phosphorus, manganese and calcium, and white arrow shows a granule rich only in 

phosphorus and manganese elements. 
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 Each cell contains one circular dark region which corresponds to the electron-

dense phosphate granules that were previously described in D. radiodurans cells (Fig. 

7.2, A1, white circle) (165, 167). It has been reported that the composition of 

phosphate granules can vary between organisms, from polyphosphates, 

pyrophosphates, lipids, to proteins and different metals (170, 173, 175-177), as 

described in chapter III. 

D. radiodurans wild-type cells grown under control conditions, showed an 

homogeneous distribution of sulphur, except in the region corresponding to phosphate 

granules, indicating that these granules are a compartmental region (Fig. 7.2, A1). On 

the other hand, our results showed that calcium, manganese and phosphorus 

elements are co-localized in this compartmental region. Most of the observed granules 

are rich on both manganese and phosphorus elements, while in the case of calcium it 

was observed a higher variation between different granules (Fig. 7.2, A1, grey and 

white arrows). It has been reported that manganese can form complexes with 

phosphate molecules, being able to detoxify ROS. Since manganese and phosphorus 

are co-localized in all the tested conditions suggest that in this bacterium, manganese 

II (Mn
2+

) and phosphate (Pi) are present as complexes in Mn
2+

-Pi form.  

The granules also contain potassium, which could be involved in the phosphate 

uptake to these sub-structures, since it was observed that potassium uptake and 

phosphate are dependent from each other, as described in E. coli (38-39). This 

element is also distributed in the cytosol and membrane region, which could be 

essential to define a membrane potential value together with sodium and chloride 

anions (22, 27).  

Iron cellular localization shows that this metal is mostly concentrated in the 

septum region, which could be required during cell division. Zinc on the other hand is 

homogeneously distributed. However, it is interesting to note that some cells have 

higher amount of zinc than others, probably due to a difference in cell division, where 

zinc is proposed to have a functional role, for instances in zinc-finger proteins (55). 

 In D. radiodurans wild-type cells strain under oxidative stress conditions, 

promoted by addition of methyl viologen, phosphorus, manganese and calcium are 

distributed in the cytosol and close to the membrane, presenting a lower concentration 

in the phosphate granules (Fig. 7.2, A2). 

 Under these conditions, iron is less concentrated in the septum region while zinc 

is homogeneously distributed, and no difference between cells was observed, which 
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could be due to the fact that these cells are in lag phase as observed in the cell growth 

curves (Fig. 7.1, A).  

Similar X-ray fluorescence imaging studies were performed for D. radiodurans 

Δdps1 strain cells in control and stress conditions (Fig. 7.2, B). Manganese and 

phosphorus are homogeneously spread on both control and stress conditions 

contrarily to the wild-type strain (Fig. 7.2, A). These results suggest that DrDps1 could 

be involved in the building up of the granules with manganese and phosphorus 

elements. Thus, in absence of DrDps1, there is no difference between control and 

stress conditions, showing that manganese, and phosphorus are globally distributed 

inside the cell.  

Under the same conditions a concentrated region of calcium was detected, 

suggesting that the calcium is stored in the granules. Therefore, the mechanism 

associated with the storage of calcium is distinct from elements, like manganese and 

phosphorous. 

This explains the results obtained on the cell growth curves of Δdps1 strain, in 

which addition of methyl viologen did not affect the cell growth (Fig. 7.1, B), indicating 

that Mn
2+

-Pi complexes are already distributed in the cell, ready to detoxify ROS, 

generated by the addition of methyl viologen. 

On the knockout mutants, Δdps2 and Δdps1Δdps2 strains cells, the build up of 

granules was also affected and small circular like-granules were identified containing 

small amounts of manganese, phosphorus and calcium (Fig. 7.2, C and D). Moreover, 

more than one phosphate like-granule per cell were observed, contrasting with one 

large phosphate granule detected in the wild-type cells (Fig. 7.1, A1). It is important to 

refer that under stress conditions the septum region is compromised on both Δdps2 

and Δdps1Δdps2, affecting the cellular division which occurs in a disordered manner 

(Fig. 7.2, C2 and D2). As mentioned in chapter III, it has been described that cell 

division in D. radiodurans is an orderly process, where tetrads are generated by the 

formation of two septa in opposite sides perpendicularly to the cell wall forming two 

cells and then the two new septa start to form before the last two are finished in 

another plane (100-101). These results support the cell growth curves obtained for 

these two knockout mutants under stress condition. After methyl viologen addition the 

cell growth enters in a long lag phase, and even 70 hours after the stress, cells are not 

able to recover (Fig. 7.1, C and D).  
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Localization of iron and zinc is similar in the three different dps knockout mutants; 

iron appears more concentrated in the septum region and zinc homogenously spread 

in cells (Fig. 7.2, B, C and D), as occurs for the wild-type cells under control conditions 

(Fig. 7.2, A1). Furthermore, intracellular phosphorus and potassium levels decrease 

on the three dps knockout mutants when compared with the wild-type strain (Fig. 7.2).  

 

7.4.3 DrDps1 protein expression levels  

 
D. radiodurans wild-type and Δdps2 strains were analysed for protein expression 

profile of DrDps1 (Fig. 7.3, A-B). The samples were obtained from growths under 

different conditions: control, hydrogen peroxide, iron, manganese, methyl viologen and 

manganese followed by methyl viologen.  

DrDps1 is mainly in the dimeric form, with a small contribution of a trimeric form in 

the early exponential phase under control conditions of D. radiodurans wild-type 

strain. Afterwards, DrDps1 changes only to the dimer state, in the exponential and 

stationary phases (Fig. 7.3, A). This dimeric state is associated with DNA, as reported 

before (Fig. 5.3, Cb, Chapter V).  

However, DrDps1 oligomeric state changes to trimer after addition of different 

compounds mentioned above (Fig. 7.3, A). One exception is when iron was added, 

which induced the formation of DrDps1 dodecamer. Comparing these results, DrDps1 

trimeric form is more pronounced when manganese and/or methyl viologen was 

added to the cell growth. It is interesting to note that in the condition where 

manganese was added prior to methyl viologen, the trimeric form of DrDps1 still 

remains after 20 hours of growth, contrarily to the other conditions in which DrDps1 

dimeric form is the only oligomeric form present at this time point. Moreover, DrDps1 

total expression level increased approximately 3-fold in this condition while in the 

others remained approximately constant (Fig 7.3, A). 
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Figure 7.3 - Detection of Dps1 in D. radiodurans cellular extracts by Western-blot analysis. (A) 

DrDps1 detection in wild-type and (B) Δdps2 cellular extract. The conditions analysed were the 

following: control, H2O2, iron, manganese (Mn), methyl viologen (Mv) and manganese followed 

by the addition of methyl viologen (Mn/Mv). The time points analysed were t=0, 15min, 2h and 

20h. Labels are: dimer (d), trimer (T) and dodecamer (D). Bar-charts represent the 

quantification of the amount of the total DrDps1 using ImageJ from four independent samples. 

 

The DrDps1 oligomeric change between dimer and trimer was also observed in 

all tested conditions of Δdps2 strains (Fig. 7.3, B). Thus absence of DrDps2 does not 

affect the formation of these two DrDps1 oligomeric states. However, this is not the 

case when iron was added to the growth, since in the Δdps2 strains iron does not 

induce the formation of DrDps1 dodecamer. This suggests that the formation of 

DrDps1 dodecamer is dependent of DrDps2. 

 

7.4.4 DrDps1 regulated by post-translational modification  

 

The mechanism by which DrDps1 changes its oligomeric state between dimeric 

and trimeric is not known (Fig. 5.3, B and 7.3, Chapters V and VII). In order to address 

if the oligomeric states modification of DrDps1 is associated with a post-translational 
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modification, namely phosphorylation, cellular extracts before (dimeric form) and after 

addition of manganese (mainly trimeric form) were analysed (Fig. 7.4). 

Phosphorylation is known as one of the major post-translational modifications which 

regulate the structure and consequently the function of several proteins (22). 

Samples were loaded in a 10 % PAGE without or containing a Mn
2+

-Phos-tag 

complex that specifically binds to phosphorylated proteins and retards the protein 

migration in the gel (Fig. 7.4). The results showed that the presence of the Mn
2+

-Phos-

tag complex did not alter the DrDps1 dimer form migration profile. However, the profile 

of DrDps1 trimer was modified in the presence of the Mn
2+

-Phos-tag complex, 

appearing other bands that migrated less in the gel. These results showed that 

DrDps1 trimer is phosphorylated.  

 

 

Figure 7.4 - Phosphorylated DrDps1 detection 

in D. radiodurans wild-type cellular extracts by 

Western-blot analysis. Cellular extracts of the 

manganese condition at time 0 and 15 min were 

loaded in PAGE without (lane 1-2) or containing 

10 mM MnCl2 and 5 mM Phos-tag AAL-107 

forming an Mn
2+

-Phos-tag complex (lane 3-4) 

which bind specifically phosphorylated proteins. 

Labels are: dimer (d), trimer (T). 

 

7.4.5 DrDps2 protein expression level 

 
DrDps2 protein expression level was analysed in D. radiodurans wild-type and in 

Δdps1 cells strains in all conditions describe above. DrDps2 expression levels 

increase approximately 1.5 to 1.9 fold in exponential phase in control conditions when 

compared with early exponential phase. However, in stationary phase the expression 

levels decrease 3.5-fold, when compared with the early exponential phase (Fig. 7.5, 

A).  

 When metals, iron or manganese were added to the cell growth it was observed 

only a slight increase in DrDps2 expression level, when compared with the control 

condition (Fig. 7.5, A).  

Under stress conditions, DrDps2 expression level increase approximately 10-fold 

in the stationary phase when compared with the stationary phase in the control 
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condition (Fig. 7.5, A), suggesting that DrDps2 is essential in the protection against 

ROS.  

 

Figure 7.5 - Detection of Dps2 in D. radiodurans cellular extracts by Western-blot analysis. 

DrDps2 detection in (A) wild-type and (B) Δdps1 cellular extract. The conditions analysed were 

the following: control, H2O2, iron, manganese (Mn), methyl viologen (Mv) and manganese 

followed by the addition of methyl viologen (Mn/Mv). The time points analysed were t=0, 

15min, 2h and 20h. Label is dodecamer (D). Bar-charts represent the quantification of the total 

amount of DrDps2 using ImageJ from four independent samples. 

 

For Δdps1 strain (Fig. 7.5, B), it was observed that DrDps2 expression levels 

increased approximately 3-fold in the manganese, methyl viologen and 

manganese/methyl viologen conditions when compared with control conditions, but 

also comparing with the wild-type strain, for each corresponding time point and 

conditions (Fig. 7.5, A). Furthermore, it is interesting to mention that these conditions 

are those in which DrDps1 appears mostly as a trimer in the wild-type strain (Fig. 7.3, 

A). These results suggest that DrDps1 as a trimer would be involved on the regulation 

of DrDps2 expression. 

 

7.4.6 DrDps2 in cytosol depends of DrDps1 
 

DrDps2 contains a signal peptide and it has been observed that this protein is 

mostly localized close to the membrane region (206). Therefore, the presence of 
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DrDps2 in both soluble and membrane fractions was investigated in D. radiodurans 

wild-type (Fig. 7.6, A) and Δdps1 strains (Fig. 7.6, B). In D. radiodurans wild-type cells, 

under control conditions, DrDps2 was mostly found in the membrane, 3-fold higher 

when compared with the soluble fraction. However, the presence of DrDps2 increases 

2.5-fold in the soluble fraction after addition of manganese, while in the membrane 

fraction it decreased slightly, 0.5-fold (Fig. 7.6, A). 

It is interesting to observe that the form found in the membrane fraction has a 

higher molecular mass (DrDps2M), than the one present in the soluble fraction 

(DrDps2C) (Fig. 7.6, A).  

Moreover, after manganese addition to the cell growth, the DrDps2 detected in 

the soluble fraction presents a higher molecular mass than in control conditions (Fig. 

7.6, A). This difference maybe due to the storage of manganese by DrDps2 by its 

cytosolic form. 

 

 

Figure 7.6 - DrDps2 detection in soluble and membrane fractions in D. radiodurans (A) wild-

type and (B) Δdps1 strains. The soluble (SF, lane 1, 2, 5, and 6) and membrane (MF, lane 3, 4, 

7 and 8) fractions were isolated from control (CTR) and manganese (Mn) conditions at time 2h. 

(C) DrDps1 recombinant pure protein (DrDps1Rec) was added to cellular extract of Δdps1 and 

after incubation for 1 hour, the soluble (lane 9 and 10) and membrane fractions (lane 11 and 12) 

were obtained and loaded in PAGE. Bar-charts represent the quantification of the amount of the 

total DrDps2 using ImageJ from four independent samples. DrDps2 recombinant (DrDps2rec - 

lane 13), in which band1 corresponds to the DrDps2 dodecamer without signal peptide (279 

kDa), and band2 corresponds to DrDps2 dodecamer without N-terminal tails (232 kDa). (D) 

Cleavage of DrDps2 N-terminal tails in in vitro conditions by DrDps1. Recombinant DrDps1 as a 

trimer (lane 1), recombinant full length DrDps2 (lane 2, band1), recombinant DrDps1 trimeric 

form incubated during 1 hour with recombinant full length DrDps2 (lane 3). Label is: Trimer 

DrDps1 (T). 
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Recombinant full length DrDps2 kept for longer periods at 4ºC, cleaves the N-

terminal tail leading to a truncated form of the protein (Fig. 7.6, lane 13). These two 

forms are comparable in terms of molecular mass detected in PAGE conditions with 

those observed in the soluble and membrane fractions isolated from D. radiodurans 

cell. This suggests that DrDps2M form corresponds to the full length protein, while the 

DrDps2C form has cleaved its N-terminal tails (Fig. 5.3 C and 7.3, Chapters V and VII). 

DrDps2 protein was only detected in the membrane fraction obtained from Δdps1 

cells strain, in control and manganese conditions (Fig. 7.6, B), thus, indicating that the 

presence of DrDps2C depends on DrDps1. To corroborate this, recombinant DrDps1 

protein as a trimer was added to the cellular extract of D. radiodurans Δdps1 strain. 

Analysis of both soluble and membrane fractions shows that DrDps2 was detected in 

both fractions after addition of recombinant DrDps1 (Fig. 7.6, C). However, addition of 

recombinant DrDps1 as a trimer to the full length recombinant DrDps2 does not lead 

to the N-terminal tail truncation under in in vitro conditions (Fig. 7.6, D). Thus, 

cleavage of the DrDps2 N-terminal tails, and therefore the presence of this protein in 

the cytosol occur indirectly through DrDps1.  

 

7.4.7 Immunofluorescence localization of DrDps1 and DrDps2  

 
Cells analyzed by fluorescence microscopy were obtained from D. radiodurans 

GFP-dps1 or GFP-dps2 strains, at time point of 2 hours in control, manganese and 

methyl viologen conditions (Fig. 7.7). The cells expressing GFP-dps1 or GFP-dps2 

proteins presented similar growth rates as D. radiodurans wild-type cells under those 

conditions, indicating that the tagged proteins were functional.  

The results showed that DrDps1 in control conditions was found uniformly 

distributed throughout the DNA suggesting a co-localization with this structure (Fig. 

7.7, A). Addition of manganese or methyl viologen, changes the localization of 

DrDps1, appearing diffused in the cell. However in some cells, it was possible to 

observe that the protein is concentrated in a specific circular region (Fig. 7.7, B and 

C). This region is similar to those observed by X-ray fluorescence imaging as being 

phosphate granules (Fig. 7.2). This suggests that DrDps1 co-localizes with phosphate 

granules, under manganese and methyl viologen conditions.  

DrDps2 cellular localization changes upon addition of different compounds (Fig. 

7.7, D-F). In control conditions was observed that DrDps2 is mostly present in the 
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septum membrane region (Fig. 7.7, D). After manganese or methyl viologen addition 

the protein is dispersed in the cytosol, though remaining a part close to the membrane 

(Fig. 7.7, E and F). These results are in agreement with the data presented in Fig 7.6, 

A, where it is shown that in control conditions the protein is mostly present in the 

membrane fraction while after manganese addition DrDps2 was detected on both 

membrane and soluble fractions.  
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Figure 7.7 - D. radiodurans Dps cellular localization using fluorescence microscopy. (A-C) 

GFP-dps1 cellular localization. (D-F) GFP-dps2 cellular localization. The samples analysed 

were D. radiodurans cells in control (A and D), manganese (Mn) (B and E) and methyl 

viologen (Mv) (C and F) conditions at 2 hours. The cell images are represented in phase 

contrast (PC), stained for DNA using DAPI (blue), green fluorescence for GFP-dps constructs, 

and the membranes stained with FM4-64 (red). The overlay corresponds to GFP-dps with the 

membrane fluorescence. The white squares correspond to the amplified region. 
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7.4.8 MnSOD activity from D. radiodurans  

 
In order to understand the role of superoxide dismutase enzymes as a protection 

mechanism against oxidative stress in D. radiodurans, SOD activity was detected in 

cellular of extracts D. radiodurans wild-type, Δdps1, Δdps2, and Δdps1Δdps2 cells 

strains in the conditions mentioned above (Fig. 7.8). 

SOD activity was detected, showing three activity bands, in all conditions tested 

in the exponential phase (Fig. 7.8, bands a-c). In the stationary phase was observed 

the presence of at least two SOD activity bands, depending on the condition. 

However, in the condition where the cell growth was supplemented with manganese, 

the three bands of SOD activity were observed in both the exponential and stationary 

phases (Fig. 7.8).  

It is interesting to observe that in D. radiodurans wild-type, Δdps2, and 

Δdps1Δdps2 cells strains in the stationary phase of Mn/Mv condition, was observed a 

new SOD band that migrates more in the gel (band d), which has not been reported 

until now. This SOD band was also observed for all conditions tested in stationary 

phase of the Δdps1 strain (Fig. 7.8, B). 

D. radiodurans genome encodes for four superoxide dismutases: two CuZnSOD 

(dr1546 and drA0202), one MnSOD (dr1279) and a fourth predicted SOD still of 

unknown type dr0644 (102).  
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Figure 7.8 - D. radiodurans SOD activity. Total SOD activities in D. radiodurans cellular extracts 

(A) wild-type, (B) Δdps1, (C) Δdps2 and (D) Δdps1Δdps2 strains. The conditions analysed were 

the following: control (black colour), hydrogen peroxide (yellow colour), iron (green colour), 

manganese (Mn, pink colour), methyl viologen (Mv, red colour), and manganese followed by the 

addition of methyl viologen (Mn/Mv, blue colour). The time points analysed were t=0, 15min, 2h 

and 20h. Bar-charts represent the quantification of the amount of the total SOD activity, using 

ImageJ from four independent samples. Labels are MnSOD isoforms (Bands a-d). 

 

In order to confirm if the three bands (bands a-c) and the new band (band d) 

correspond to MnSOD or CuZnSOD enzymes, inhibitions of the SOD band activities 

were performed (Fig. 7.9). Addition of 2-4 % of SDS is used to inhibit MnSOD activity 

while potassium cyanide is used to inhibit CuZnSOD activity (381). 

The presence of KCN did not inhibit any SOD activity band, with the exception of 

CuZnSOD commercial enzyme used as control. On the other hand SDS strongly 

compromised the SOD activity bands (a-d) present in D. radiodurans extract as well 

as the MnSOD from Arabidopsis thaliana used as control which was completely 

abolished. Since it was still detected a residual activity with 2% of SDS, the 

percentage of SDS was increased up to 4 % (Fig. 7.9). Under this condition, the SOD 

activity from the four bands (a-d) was almost abolished. These results suggest that the 

SOD activity bands a-d corresponds to MnSOD protein, but probably corresponding to 

different isoforms. These different isoforms could be involved in the cell protection 

being dependent on the manganese and the new band could be essential to protect 
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the cell under stress conditions in stationary phase. The higher resistance observed in 

the Δdps1 cell growth curves upon addition of methyl viologen, could also be related 

with this new MnSOD isoform (Fig. 7.1, B). 
 

 

Figure 7.9 – D. radiodurans SOD activity inhibitions. (A) SOD activity was performed in point 0 

for the wild-type strain and in point 20 hours for the Δdps1 strain. (B) Inhibition of MnSOD 

activity using 2 % of SDS, incubated 30 min at 37 ºC. (C) Inhibition of CuZnSOD activity using 

potassium cyanide. (D) Inhibition of MnSOD activity using different SDS percentage (2-4 %) 

and different incubation times (30 min - 2 hours). MnSOD and CuZnSOD enzymes were used 

as control. 

 

7.4.9 Catalase activity from D. radiodurans 
 

D. radiodurans genome encodes for three heme containing catalases, KatA, 

KatB and KatC (dr1998, dra0259, and dra0146, respectively) (102). However, 

experimentally it was observed activity only for two catalases based on studies of 

knockout mutants for the three catalases. KatA (DR1998) showed two activity bands, 

while KatB (DRA0259) showed only one band in native acrylamide gel, and no activity 

band was attributed to KatC (202). 
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Our data showed similar results, where three bands were detected in 

exponential phase in control conditions. Based in the data previously presented by 

Jeong et al. (202), band 1 corresponds to KatB and bands 2 and 3 corresponds to 

KatA (Fig. 7.10, A). In D. radiodurans wild-type cells in stationary phase, a different 

catalase activity band was observed, in all conditions tested (Fig. 7.10, Ba, band 4). 

This new band could corresponds to KatC, which may be essential to detoxify ROS in 

the stationary phase. After addition of hydrogen peroxide and iron catalase activity 

increases, in the stationary phase (Fig. 7.10, Ba), when compared with the other 

conditions.  

The total catalase activity in the Δdps1 strain, under control conditions, is 

identical to the wild-type cells (Fig. 7.10, A). On the other hand, catalase activity levels 

on the knockout mutants Δdps2 and Δdps1Δdps2 are similar between them, but 

approximately 2.5-fold lower when compared with the total activity detected for the 

wild-type under control conditions. This lower activity could contribute for the damage 

observed in these two strains under stress conditions, decreasing the cell protection. 

Furthermore in these two knockouts mutants, the catalase activity is not affect by the 

addition of different compounds, being similar to the control conditions for the different 

knockout mutants (Fig. 7.10, Bb, Bc, and Bd). 

It is interesting to note that band 4 does not appear for any dps knockout 

mutant, under any conditions ((Fig. 7.10, B). 

These results demonstrated that KatA is present at higher levels in D. 

radiodurans cells in all growth phases, suggesting an important role in ROS 

detoxification. Nevertheless, both KatB and KatC are also involved, being essential in 

stress conditions.  
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Figure 7.10 - D. radiodurans catalase activity levels. (A) Total catalase activities in D. 

radiodurans wild-type, Δdps1, Δdps2 and Δdps1Δdps2 strains in control conditions. (B) Total 

catalase activities in D. radiodurans cellular extracts wild-type (Ba), Δdps1 (Bb), Δdps2 (Bc) 

and Δdps1Δdps2 (Bd) strains. The time points analysed were t=0, 15min, 2h and 20h. The 

conditions analysed were the following: Control (black colour), hydrogen peroxide (yellow 
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colour), iron (green colour), manganese (Mn, pink colour), methyl viologen (Mv, red colour), 

manganese followed by the addition of methyl viologen (Mn/Mv, blue colour). Bar-charts 

represent the quantification of the amount of catalase activity, using ImageJ from four 

independent samples. Labels are KatB (band 1) KatA (bands 2-3), and a new band could 

corresponds to KatC. 

 

7.4.10 dps1, dps2 and Mnsod genes expression levels 

 

In order to correlate the gene expression levels of dps1, dps2 and Mnsod with the 

protein expression level presented above and to understand the link between 

protection mechanisms associated with manganese, RT-PCR assays were performed. 

dps1, dps2 and Mnsod genes expression level were analysed in D. radiodurans wild-

type, Δdps1, Δdps2 and Δdps1Δdps2 cells strains submitted to different conditions 

(Fig. 7.11). 

The three genes expression levels were strongly repressed in wild-type strain 

under manganese conditions when compared with control conditions. However in the 

knockout mutants this effect was not observed, suggesting that the protection through 

manganese is dependent on both DrDps (Fig 7.11).  

Under stress conditions (Mv and Mn/Mv) dps1 expression increases in the wild-

type strain whereas in the dps1 knockout mutant an increase of dps2 gene was 

observed (Fig. 7.11, A). 

Regarding the expression level of mnsod, it is identical on the different conditions 

for the three dps knockout mutants (Fig. 7.11, B).  
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Figure 7.11 - RT-PCR for dps1, dps2 and Mnsod genes in D. radiodurans. (A) dps1 and dps2 

genes expression levels in wild-type, Δdps1 and Δdps2 strains. (B) Mnsod gene levels in D. 

radiodurans wild-type, Δdps1, Δdps2 and Δdps1Δdps2 strains. The conditions analysed were 

the following: control, manganese (Mn), methyl viologen (Mv), manganese followed by the 

addition of methyl viologen (Mn/Mv). The time points analysed were 0, 15 min and 2 hours. 

The point 0 was used to normalize the points 15 min (black bar) and 2 hours (gray bar). Bar-

charts represent the RNA quantification, using ImageJ from six independent samples. 

 

 

7.5 Discussion 

 

7.5.1 Phosphate granules 

 
Deinococcus radiodurans is a bacterium which survives to the presence of 

extreme conditions, such as: ionizing and UV radiation, desiccation and H2O2 (67, 118-

120, 122). This survival has been associated with the high intracellular manganese 

concentration, which forms complexes with small molecules such as phosphate 

leading to protein protection against ROS (69, 134). 

Under control conditions D. radiodurans contains an intracellular compartmental 

region, rich in phosphorus, manganese, and calcium (Fig. 7.2, A1). This region 

coincides with the phosphate granules that were identified as electron-dense 

phosphate granules by electron microscopy in several studies (165) and which are 
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described in chapter III. Daly and co-authors observed that manganese was 

concentrated in a specific region also suggesting a co-localization of this metal with 

phosphate granules. However this study was performed at low resolution and many 

questions remained to be understood (67, 69), which was accomplished with our work. 

Under oxidative stress conditions promoted by the addition of methyl viologen, 

the localization of calcium, manganese, and phosphorus changes: instead of being 

stored in the granules they are mostly distributed in the cell (Fig. 7.2, A2). These 

results suggest that this organism has a protection mechanism based in the 

distribution of manganese, calcium and phosphorus. In control conditions the granules 

act as a reservoir for these elements, which could be important to control the nutrient 

levels maintaining the cell energy, as occurs for other bacteria as referred in chapter 

III. For example in wild-type cells manganese addition induces cells to enter later in 

the stationary phase, therefore constituting a crucial mechanism to maintain cell 

homeostasis. Under stress conditions these elements are delivered to the cytosol and 

membrane region, conferring protection to the cell. 

The function of each element needs to be further investigated. However based on 

our results the mechanism that regulates the storage of calcium storage in phosphate 

granules is different from those associated with manganese and phosphorus. Calcium 

could act as an intracellular signaling messenger, being released from the granules, 

activating proteins such as kinases dependent of calcium, as reported in Eukaryotic 

but also in Prokaryotic organisms, described in chapter II (44), while manganese and 

phosphorus in the form of Mn
2+

-Pi complexes are available to scavenger ROS. 

 

7.5.2 DrDps implicated in manganese homeostasis 

 

The role of DrDps in manganese homeostasis in D. radiodurans was addressed 

in this thesis.  

In in vivo conditions, the presence of manganese strongly represses both dps 

genes (Fig. 7.11, A), although the protein expression levels are slightly increased for 

both DrDps (Fig. 7.3, A and 7.5, A). Moreover, under this condition DrDps1 changes 

its oligomeric state from dimer to trimer and the cytosolic form of DrDps2 is increased 

versus the membrane form when compared with control conditions (Fig. 7.6, A). 

These results in D. radiodurans suggest a link between DrDps and manganese, which 

is stored in the phosphate granules.  
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7.5.2.1 Mn2+-Pi complexes regulated by DrDps1 

 

The oligomeric state of DrDps1 is regulated by phosphorylation and is related with 

its cellular localization. As a dimer is co-localized with DNA, while as a trimer which is 

phosphorylated is disperse in the cytosol, although a co-localization with phosphate 

granules was also observed. 

The phosphorylation could be triggered by signaling process involving calcium 

ions, decreasing the interaction between DrDps1 and DNA and consequently its 

delocalization from the nucleoid to the cytosol and phosphate granules.  

The function of DrDps1 was further studied with knockout mutants. In the 

absence of dps1 (Δdps1 strain) the presence of manganese and phosphorus in 

granules is compromised, appearing distributed in the cell and being identical in 

control or stress conditions.  

These results suggest that DrDps1 regulates the homeostasis of manganese and 

phosphorus, affecting directly or indirectly the levels of these elements in the granules. 

Since the oligomeric state and cellular localization of DrDps1 is identical in the 

conditions where manganese or methyl viologen were added, the mechanism for 

regulation would involve the storage or distribution of Mn
2+

-Pi complexes. Under extra 

addition of manganese DrDps1 would regulate the storage of Mn
2+

-Pi complexes into 

granules while under stress conditions would allow the release of these two elements 

from the granules.  

 

7.5.2.2 DrDps2 dual function: involved in Mn2+-Pi complexes trafficking 

and in cell protection  

 

It has been reported that DrDps2 protein has a signal peptide (204), and thus it 

was suggested that this protein could be exported to the membrane region. In D. 

radiodurans wild-type cells in control conditions, DrDps2 is localized mainly in the 

membrane region during exponential phase (Fig. 7.7, D). This result is corroborated 

by our Western blot assays, in which DrDps2 was detected mostly in membrane 

fraction, 3-fold higher when compared with the level present in the cytosol (Fig. 7.6, 

A). These two forms, membrane (DrDps2M) and cytosolic (DrDps2C) have different 

molecular masses. Our data suggest that DrDps2M has the N-terminal tails while 
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DrDps2C form has the N-terminal tails cleaved. It is important to mention that DrDps2C 

form is dependent on DrDps1 as a trimer, the phosphorylated form. In Δdps1 cell 

strain DrDps2 appears only in the membrane faction, but after addition of recombinant 

DrDps1 as a trimer to cell extract it was possible to detect the cytosolic form of 

DrDps2 (Fig. 7.6). 

These two different cellular localizations and the two forms, with and without the 

N-terminal tail, suggest a dual function for DrDps2. 

Our results showed that DrDps2C form presents a higher molecular mass when 

extra manganese was added to the cell growth as compared with the control 

conditions, indicating that this protein in the cytosolic form incorporates manganese. 

This is supported by in vitro studies, in which was observed that DrDps2 has the 

capacity to incorporate manganese (Chapter V). However whether in these conditions 

DrDps2 also incorporates phosphate needs to be further investigated, nevertheless 

the incorporation of phosphate in the presence of iron by a Dps was been already 

reported (241).  

The function of DrDps2C was complemented by studies in knockout mutant 

strains. In Δdps2 the storage of manganese and phosphate in phosphate granules is 

strongly compromised, these elements are globally distributed in cytosol when 

compared with control conditions (Fig. 7.2), thus suggesting that DrDps2 is involved in 

storage of Mn
2+

-Pi complexes into phosphate granules. Since addition of manganese 

or methyl viologen to the cell growth leads to an increase of DrDps2C form, this protein 

is suggested to be involved in the Mn
2+

-Pi complexes trafficking in the cell. Under 

manganese conditions, the Mn
2+

-Pi complexes are incorporated into DrDps2C and 

delivered to the phosphate granules, while under stress conditions the protein would 

be involved in the trafficking of theses complexes from the granules to the cytosol and 

membrane. These complexes in the cytosol and membrane are then available to 

scavenge ROS and therefore protecting the membrane and soluble proteins against 

oxidation, as demonstrated by Daly, et al. (79). 

DrDps2M form protects the membrane region and consequently contributing for 

the cell division. This function was elucidated using dps knockout mutants. In both 

Δdps2 and Δdsp1Δdps2 the initial growth rate is affected, which is 2-times slower 

when compared with the wild-type strain under control conditions (Fig. 7.1). Under 

stress conditions the septum structure was damaged and the cell division was affected 

occurring in a disordered manner (Fig. 7.2). The higher protection against oxidative 
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stress observed for the Δdps1 strain, in the methyl viologen condition could be related 

with the fact that in this mutant, DrDps2 is only present in the membrane region (Fig. 

7.1, B and 7.6, B). Furthermore under stress conditions in the wild-type strain there is 

an increase of DrDps2 expression levels only in the stationary phase, while in the 

Δdps1 cell strain the DrDps2 expression level immediately increase after the stress 

addition (in the first 15 min), conferring a higher protection to the cell. 

 

7.5.3 Iron homeostasis involve both DrDps 

 
Some members belonging to the Dps family have been described as iron storage 

proteins (63-64). In fact, in in vitro conditions was observed that both DrDps have a 

role in iron storage. DrDps1 in solution appear mainly as a trimer, but changes its 

oligomeric to dodecamer after iron addition, showing capacity to incorporate 

approximately 250 iron atoms per dodecamer. On the other hand DrDps2 as a stable 

dodecamer has a higher capacity to incorporate iron, 400 atoms per dodecamer. The 

function of DrDps in iron homeostasis is elucidated in this thesis, however many 

questions remains to be answered and complementary studies are needed. 

In in vivo condition, the presence of iron also induces a changed of DrDps1 

oligomeric state, from dimer to dodecamer with a trimer as intermediate while the 

DrDps2 expression levels increased slightly.  

The data obtained from the knockout mutants showed that in Δdps2 strain 

DrDps1 dodecamer formation does not occur, suggesting that this dodecamer form is 

dependent of DrDps2 (Fig. 7.3, B).  

These results suggest that DrDps2 incorporates and transport iron through the 

cell as a cytosolic form in a mechanism similar to that described above for 

manganese, from the membrane to the cytosolic region but in that case iron is 

delivered to DrDps1, inducing dodecamer formation, acting thus as a typical iron 

storage protein. 

 

7.5.4 Enzymatic ROS scavenging systems; SODs and catalases 

 
As suggested by our work the non-enzymatic system, Mn

2+
-Pi complexes, has 

been demonstrated as being the most important protection mechanism against ROS. 

However it should be noted that other mechanisms can contribute for cell protection, 
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such as enzymatic ROS scavenging systems. D. radiodurans contains three catalases 

and four superoxide dismutase enzymes. Our work demonstrated that KatA, KatB and 

different MnSOD isoforms are constitutively expressed, contributing for ROS 

detoxification. Moreover these two families of proteins become more important in 

stationary phase, where the catalase activity levels increased and a new catalase 

band appears that could be KatC. However from our data it was not observed a major 

change in the SOD activity during the growth but a new isoform of MnSOD was 

detected, which is dependent on the manganese availability. In fact, it has been 

previously reported that most manganese available in the cell in the stationary phase 

is associated with proteins, mainly with MnSOD, instead of being associated with 

phosphate.  

Thus, these results showed that different protection systems work simultaneously 

to promote the high protection observed in this bacterium, and that manganese is the 

essential factor, forming Mn
2+

-Pi complexes or associated to proteins, both the 

systems contributing for ROS detoxification. 
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The work presented in this thesis was centered on the studies of two Dps 

(DrDps1-dr2263 and DrDps2-drb0092) from Deinococcus radiodurans, a radiation 

resistant organism. The results allowed us to elucidate about the function of DrDps 

and correlate it with the protection mechanisms against oxidative stress of this 

bacterium, which ultimately can be extrapolated to those that occur upon exposure to 

radiation. 

 

8.1 Dps from D. radiodurans in vitro conditions 

 
It has been observed that in vitro conditions, Dps family members have the ability 

to protect the cell against ROS by their capacity to incorporate Fe
2+

 and to 

bind/condense DNA (63-64, 219, 237, 247). This was also observed for both Dps from 

D. radiodurans (Chapter V). 

 DrDps have the ability to bind Fe
2+

 at the ferroxidase centre, which under 

oxidizing conditions (oxygen or hydrogen peroxide) is oxidized to Fe
3+

, being 

incorporated into the DrDps hollow cavity. DrDps2 incorporates approximately 400 Fe 

atoms/12-mer while DrDps1 only incorporates around 250 Fe atoms/12-mer. Under 

reducing conditions the incorporated iron is released from the protein cavity (Chapter 

V). 

 Manganese incorporation by DrDps was also addressed, and our results showed 

that both proteins have capacity to incorporate manganese. DrDps1 incorporates 

approximately 500 Mn atoms/12-mer whereas DrDps2 stores about 600 Mn atoms/12-

mer (Chapter V). 

DrDps-DNA interaction was assessed by EMSA and AFM, and our data shows 

that both DrDps have the ability to bind DNA and form protein-DNA complexes. 

DrDps1 binds to both linear and supercoiled forms of the DNA, showing a protein/DNA 

ratio of 500 and DrDps2 binds only to DNA in the supercoiled form with a protein/DNA 

ratio of 1500. The protein-DNA complexes formed with DrDps are quite distinct as 

observed by AFM. In the DrDps1-DNA complex, DNA is looping out from a central 

aggregate, whereas in the DrDps2-DNA complex the protein is spread along the DNA 

forming a toroidal morphology (Chapter V).  

Interaction between Dps and DNA is proposed to occur mainly through positively 

charged amino acid residues present at N- or C-terminal tails, as it has been 

demonstrated previously for several Dps proteins (219, 245, 247, 265). From previous 
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work (270) and also from our work, DrDps1 binds to DNA through the positively amino 

acid residues present at the N-terminal region, that are solvent exposed as observed 

by our SAXS analysis. Truncation of this region almost abolished the interaction with 

DNA (Chapter VI). However, as previously suggested, the positively charged residues 

located at the protein surface may also contribute for the interaction with DNA, namely 

residue Arg132 (270).  

The N-terminal regions of DrDps2, also protrude from the dodecamer as 

observed from our SAXS studies, but this region contains only one positively charged 

residue, Arg33. When this region was removed the protein still binds to DNA; in fact 8 

μM of protein is enough to form large complexes of protein-DNA contrasting with 14 

μM for the full length protein (Chapter V and VI). The interaction with DNA occurs 

probably through the C-terminal region since it contains three positively charged 

residues (Lys204, Arg209 and Arg211). However, it cannot be excluded that the positively 

charged amino acid residues located at the protein surface, namely Lys46, Lys47, 

Arg122, Arg149, may also be involved in the interaction with DNA, a similar situation as 

reported for the Dps (NAP) from H. pylori (268). As mentioned above, truncation of the 

N-terminal region of DrDps2 increases the affinity of the protein for DNA. Moreover the 

protein is able to interact with both linear and supercoiled forms of DNA, contrasting 

with the full-length protein which only binds to the supercoiled form. This suggests that 

the N-terminal region would be involved in selecting the type of DNA conformation. 

This selection mechanism could be important for the function of DrDps2 in vivo. 

The differences between DrDps on their properties on iron storage and DNA 

interaction consequently leads to distinct effects on DNA protection, in which DrDps1 

protects DNA more efficiently than DrDps2. Both proteins showed the ability to protect 

DNA in the presence of hydroxyl radical formed by addition of hydrogen peroxide and 

iron, however at different ratios of Fe atom /12-mer, 500 Fe atoms/12-mer and 50 Fe 

atoms/12-mer, for DrDps1 and DrDps2, respectively. This result contrasts with the iron 

storage capacity determined for both proteins, 270 Fe atoms/12-mer and 500 Fe 

atoms/12-mer, for DrDps1 and DrDps2, respectively. Thus, this suggests that the 

mechanism by which DNA is protected by DrDps1 occurs due to both iron storage and 

DNA binding, in which the large complexes formed between DrDps1-DNA allow the 

protection of DNA. On contrary, the DNA protection by DrDps2, is mostly due to its 

DNA binding ability, since iron oxidation is decreased when DrDps2-DNA complex is 

formed (Chapter V).  
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8.2 Dps structural alignment  

 
In addition to the common in vitro functions of Dps proteins, the two proteins from 

D. radiodurans also have a conserved tertiary and quaternary overall structure: twelve 

monomers, each with a four-helix bundle arrangement, form a hollow dodecameric 

sphere (203-204, 246). In order to understand if both Dps from D. radiodurans are 

significantly homologous with those from other organisms, a structural alignment 

based on all Dps crystal structures available in PBD database was performed (Fig. 

8.1). Furthermore, this analysis allows to establish a correlation between the function 

and the structures of Dps. 

Dps proteins from pathogenic bacteria are grouped together in the red cluster. 

Most of these Dps have been proposed to be associated with the virulence of the 

pathogen, as in the case of the Dps (NAP) from H. pylori.  

Most of the proteins that cluster in the orange group are associated with iron 

storage capacity, for example the Dps from L. innocua which is known as the mini-

ferritin. Also in this group Dps involved in virulence of the pathogens are included, 

such as Dps from S. aureus and S. pyogenes.  

The purple group can be divided into two sub-groups, the one that contains the 

proteins from Lactococcus sp., which bind to DNA but are not able to store iron, since 

they lack the conserved ligands that are involved in the ferroxidase activity and the 

hollow cavity is not negatively charged. The other two proteins are known as Dps-like 

proteins (S. solfataricus and B. fragilis), and present only the ferroxidase activity.  

The yellow group clusters only three proteins. The common properties between 

them are their ferroxidase activity.  

Dps from E. coli, which was the first protein to be identified from the Dps-family, 

has both ferroxidase activity and is able to interact and protect DNA, clusters in the 

green group with other Dps that have similar characteristics such as those from M. 

smegmatis and S. coelicolor. However this group is quite heterogeneous, since it 

contains Dps proteins from pathogenic organisms, such as Y. pestis and S. enterica, 

that have been associated with virulence. DrDps2 belongs to this group and presents 

identity of about 25% with the Dps from M. smegmatis and K. radiotolerans. On the 

other hand, DrDps1 shows to be unique among those that have been structurally 

characterized (Fig. 8.1). 
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Figure 8.1 – Dendrogram based on the 3D structural superpositions of the available Dps structures. 

The structural alignment was constructed using Modeller (388), the dendogram was built using ClustalX 

2.1 (389) and displayed with TreeView (390). PDB code 2C2F, in pink colour corresponds to DrDps1 

while the PDB code 2C2J, in green colour corresponds to DrDps2. 

 

8.3 Dps from Deinococcus species  

 

D. radiodurans is so far known as the organism with the higher D10 value; D10=16 

(Table 8.1). In order to elucidate if the protection mechanism present in D. radiodurans 

in which DrDps are involved are common to other radiation resistant Deinococcus sp. 

or if is unique of this bacterium an analysis for the presence of homologous DrDps1 

and DrDps2 was performed. 
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Table 8.1 – Dps in Deinococcus sp. Each dps of Deinococcus sp. was obtained using the data 

banks (NCB accession number) including a BLAST search of in-progress genomes. The 

alignment was constructed using ClustalX 2.1 (389)and the percentage of identity was 

calculated using the Genedoc program (391). Pink corresponds to Dps genes from 

Deinococcus sp. homologous to DrDps1 (gene dr2263) with values higher than 50 % identity, 

while the green correspond to Dps genes from Deinococcus sp. homologous with DrDps2 

(gene drb0092). The blue corresponds to Dps from Deinococcus sp. with identity values lower 

than 50 % for both DrDps. 

 

* For these organisms the D10 was not determined; instead it was observed that they are 

resistant to the specified value of ionizing radiation.  

Sequence identifiers to Dps gene: D. radiodurans (dr2263, gi|15807254; drb0092, 

gi|6460837); D. gobiensis (dgo_ca0262, gi|379998999; dgo_ca0741, gi|504497049); D. 

geothermalis (dgeo_0281, gi|499848695); D. phoenicis (deiph_dps, gi|736325612); D. grandis 

(deigr_1029, gi|960505187); D. deserti (deide_2120, gi|226319148); D. maricopensis 

(deima_3048, gi|503323519); D. proteolyticus (deipr_0748, gi|503379853); D. swuensis 

  
Identity D10 (kGy) 

 

D. radiodurans 
(Dr) 

Dps gene dr2263 drb0092 16 Daly,2004 [1] 

D. radiodurans 
(Dr) 

dr2263 -- 14 %   

D. gobiensis 

(Dgo) 
Dgo_ca0262 
Dgo_ca0741 

60 % 
15 % 

11 % 
84 % 

15 kGy * Yuan, 2009[2] 

D. geothermalis 
(Dgeo) 

Dgeo_0281 71 % 16 % 10 Daly,2004 [1] 

D. phoenicis 
(Deiph) 

Deiph_dps 69 % 16 % ˃ 8 
Vaishampayan, 

2014 [3] 

D. grandis 
(Deigr) 

Deigr_1029 55 % 12 % 10 
Shashidhar, 2006 

[4] 

D.  deserti 
(Deide) 

Deide_2120 76 % 16 % 15 kGy * Groot, 2005 [5] 

D.  maricopensis 
(Deima) 

Deima_3048 55 % 16 % ˃ 10 Pukall, 2011 [6] 

D. proteolyticus 
(Deipr) 

Deipr_0748 63 % 14 % 15 kGy * 
Copeland, 2012 

[7] 

D. swuensis 

(Deis) 
Deis_dps 69 % 14 % ˃ 5 Kim, 2015 [8] 

D.puniceus 
(Deipu) 

Deipu_dps 71 % 15 % 12 kGy * Lee, 2015 [9] 

D.  apachensis 
(Dapa) 

Dapa1_dps 
Dapa2_dps 

73 % 
21 % 

15 % 
13 % 

10 kGy * Rainey, 2005 [10] 

D. peraridilitoris 
(Deipe) 

Deipe_0824 52 % 12 % 10 kGy * Rainey, 2007 [11] 

D. pimensis 
(Deip) 

Deipi1_dps 
Deip2_dps 

51 % 
21 % 

13 % 
13 % 

10 kGy * Rainey, 2005 [10] 

D. misasensis 
(Dmis) 

Dmis_dps 20 % 19 % 2.3 kGy * Asker, 2008 [12] 

 



Chapter VIII___________________________________________________________ 

194 

 

(deis_dps, gi|746726275); D. puniceus (deipu_dps, gi|1028461677); D. apachensis 

(dapa1_dps, gi|518417535; dapa2_dps, gi|916362679; D. peraridilitoris (deipe_0824, 

gi|505047607); D. pimensis (deip1_dps, gi|653295748); Deip2_dps gi|653301829); D. 

misasensis (dmis_dps, gi|736315553). 

 

From thirteen analyzed genomes that belong to Deinococcus sp. (Fig. 8.2) most 

contain a Dps homologous to DrDps1 sharing high identity of more than 50% (Fig. 8.2 

and Table 8.1), suggesting that this Dps1-type protein is common in Deinococcus sp. 

and could contribute for the higher radiation resistant mechanism observed in these 

species. On the other hand, homologous proteins to DrDps2 are not present in most of 

the genomes analyzed (Fig. 8.2, Table 8.1). One exception is the bacterium D. 

gobiensis that contains both homologous protein to DrDps1 and DrDps2, with 

identities of 60% and 84%, respectively (Table 8.1). This suggests that the protection 

mechanism against oxidative stress, in D. gobiensis would be similar to that in D. 

radiodurans and the Dps proteins could contribute for this protection. 

 

Figure 8.2 - Dendrogram of Dps from Deinococcus sp. displayed with TreeView. The sequence 
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alignment was constructed using ClustalX 2.1 (389) and the dendrogram is displayed with 

TreeView (390). The sequences were obtained using the data banks (NCIB accession number) 

including a BLAST search of in-progress genomes. The colour code is the same as in table 8.1. 

 

This analysis together with the one presented in Fig. 8.1, shows that DrDps1 is 

unique to radiation resistant organisms, (Fig. 8.3) from Deinococcus sp. while DrDps2 

presents identity with other typical Dps, for instance Dps from E. coli and K. 

radiotolerans (Fig. 8.3). This suggests that the DrDps1 protein could be one common 

key for high radiation resistance observed in Deinococcus sp., while DrDps2 could 

help in protection as a metal storage protein.  

 

 

Figure 8.3 - Dendrogram of Dps from Deinococcus sp. and Dps in which the crystal 

structures have been determined. The dendrogram was constructed using profile alignment in 
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ClustalX 2.1 (389) of the structural alignment presented in Fig. 8.1 with the sequence 

alignment of Dps from Deinococcus sp. presented in Fig. 8.2. The dendrogram is displayed with 

TreeView (390). The colour code is the same as in Fig. 8.1 and Fig. 8.2. 

 

8.4 DrDps and its oligomeric states 

 
Crystal structures of Dps family members show that these proteins form 

dodecamers in the crystal lattice, although in solution other oligomeric states have 

been described such as dimers, trimers and hexamers. However, the function of each 

oligomer has not been extensively studied. For example, it is known that M. 

smegmatis contains two Dps, and it was demonstrated that in in vitro conditions Dps1 

has two oligomeric states, trimer and dodecamer. The dodecamer form was proposed 

to bind/condense DNA, incorporate iron, and protect DNA against ROS and DNase, 

while the trimer form showed a ferroxidase activity using O2 as oxidant, similar to the 

ferroxidase activity found in the ferritin family (243). However, the physiological 

relevance of the different oligomeric states has not been addressed. 

 The bacterium S. coelicolor contains three Dps: DpsA, DpsB and DpsC. DpsA 

changes its oligomeric state between, dimer, hexamer and dodecamer while DpsB 

appears only as a dimer. DpsA as hexamer and dodecamer stores iron, however no 

function is known for the dimer form of DpsA and DpsB. Although these proteins in 

vivo conditions are proposed to be involved in nucleoid condensation and pre-spore 

compartment formation (244, 293), the different oligomeric states have not been 

associated with any of these biological functions. 

The two Dps from D. radiodurans have distinct behaviors in solution (Chapter V 

and VII). DrDps1 changes its oligomeric state between low molecular mass forms, 

namely dimer and trimer, to a high-molecular mass dodecamer form. These oligomeric 

states were identified in vitro and in vivo conditions. DrDps1 dimeric form was 

detected in cell extracts obtained under control conditions, and being associated with 

DNA. Addition of manganese or methyl viologen induced a change in the oligomeric 

state of DrDps1 and the trimeric form is more pronounced than the dimeric form. 

DrDps1 dodecamer state was obtained by iron addition to the cell growth. These 

different oligomeric states are proposed to be related with distinct functions of DrDps1 

inside the cell upon stress response (Section 8.5).  
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 DrDps2 behaves as a stable dodecamer under all tested in vitro and in vivo 

conditions. However, it is quite interesting that this protein contains a signal peptide, 

which has not been reported until now for any other Dps protein (206). Although the 

function of this signal peptide has not been clarified, the data now obtained from 

analysis of cell extracts, detects DrDps2 in both soluble and membrane fractions, but 

showing different molecular masses. The form present in the membrane (DrDps2M) 

has a higher molecular mass, and could correspond to the full length protein (with N-

terminal tail) while the form present in the soluble fraction (DrDps2C) has a lower 

molecular mass and was suggested to correspond to the DrDps2 without N-terminal 

tail (Chapter VI and VII). Thus, DrDps2 in D. radiodurans cells is detected in two 

forms, associated with the membrane in which the signal peptide would be involved 

and a soluble form present in the cytosol. 

 

8.5 Protection mechanism in D. radiodurans  

 

8.5.1 Regulation by post-translational modification 

 
The protection mechanisms of D. radiodurans which are associated with 

manganese are regulated by post-translational modifications (Chapter VII). Addition of 

external compounds to the cell growth that induce an oxidative stress condition, 

namely methyl viologen, leads to a physiological distribution of elements such as 

phosphate, calcium or manganese, which are released from the granules to the 

cytosol and membrane region. The cellular distribution of calcium could promote a 

signaling pathway cascade, activating other proteins such as kinases, which are then 

associated with the phosphorylation of different targets (42). One of those is DrDps1 

which is phosphorylated as a trimer (Chapter VII).  

The knowledge about kinases is not very extensive in D. radiodurans. The most 

studied kinase is the restricted to radiation pyrroloquinoline quinone (PQQ) inducible 

protein kinase (RqkA) (dr2518). This is a membrane protein, which has a kinase 

domain similar to eukaryotic type serine/threonine protein kinases (eSTPK) at the N-

terminus and at the C-terminus contains a putative PQQ interacting domain. This 

protein responds to oxidative stress and DNA damage, and it has been shown to 

phosphorylate two proteins involved in DNA repair: PprA and RecA (392-393). Since 

RqkA has both functional and structural domains similar to eSTPK, it is suggested that 
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the phosphorylation site motif of recognition is similar to eSTPKs. Besides the proteins 

mentioned above (PprA, RecA), other proteins from D. radiodurans have putative 

phosphomotifs for RqkA (392, 394). One of these identified proteins was DrDps1, and 

the putative phosphomotif is D145ARTQVADLV (392), in which Thr148 is localized in 

helix C, accessible from the external surface. 

Furthermore DrDps1 has a long N-terminal tail that is rich in serine and threonine 

amino acids residues (Fig. 8.4, green amino acids). These residues are close in the 

sequence to the positively charged residues that are proposed to be involved with the 

negatively charged phosphate backbone of the DNA (Fig. 8.4, blue amino acids): 

Thr2, Lys3, Lys4, Ser5, Thr6, Lys7, Ser8, X9-11, Ser12, Lys13, Thr14, Lys15, Lys16, Ser17, 

X18-21, Thr22, X23-27, Arg28 (270-271, 351). 

An analysis of the predicted phosphorylation sites in DrDps1 protein using 

computational prediction of kinase-specific phosphorylation sites (GPS 2.0 software or 

Net-Phos 3.1) showed that these serines and threonines are the amino acids residues 

with a high score for phosphorylation. However a few serines, threonines and one 

tyrosine residues also showed higher scores, namely Thr60, Ser108, Ser122, Tyr133, 

Ser134, Thr142, and Ser168 (Fig. 8.4, green colour). Four of these amino acids residues, 

Ser122, Tyr133, Ser134, Thr142, are located in loop BC close to Arg132 which is also 

proposed to be involved in DNA binding (Fig. 8.4, yellow colour) (270-271). This 

suggests a link between the interaction with DNA and the phosphorylation. Under 

certain conditions the chemical modification by phosphorylation would occur, and the 

interaction between DrDps1 and DNA is decreased. Consequently, this induces a 

conformational change at structural level of DrDps1, from dimer to trimer, altering then 

its localization and function which will be discussed below. 

 

 

Figure 8.4 - DrDps1 primary and secondary protein sequence. Amino acids with high score to 
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phosphorylation are shown in green colour. Most of these residues are present in the positively 

charged region from the N-terminal tail (pink colour), and from loop BC region (yellow colour).  

 

8.5.2 DrDps1 as a Mn2+-dependent metal sensor protein 

 

DrDps1 contains at the N-terminal tail a metal site with the binding motif 

Asp36X2His39X10His50X4Glu55. This metal site has been proposed to be essential for 

dodecamer oligomerization and DNA interaction [11, 24]. In fact, it has been described 

that the metal site assists the interaction between DrDps1 and DNA, through the 

positively charged residues present at the N-terminal by inducing a proper orientation 

of the N-terminal (203, 395). Different metals, such as zinc and cobalt have been 

observed to bind to this site [11-12], but the nature of this metal site needs to be further 

investigated. 

 This N-terminal metal site is structurally homologous to metal sites present in 

other proteins, namely the metalloregulatory transcriptional repressors belonging to the 

SmtB family, where the zinc site is a metal sensor (396-397). Also, it is interesting to 

note that solute-binding proteins, SitA, PsaA, and MntC present structurally similar 

metal sites. These proteins are components of ABC membrane transporters that play 

a crucial role in metal ion uptake, selecting the metal required by the cell. Both zinc 

and manganese metals were observed to bind the metal site in the SitA protein (PDB 

codes: 3ZTT and 1PSZ, His64X73His137X66Glu203X75Asp278) (398). However, zinc 

binding is irreversible, while manganese binding is reversible, suggesting that in in 

vivo this protein regulates manganese levels instead of zinc (399). Two other 

examples containing similar metal sites but with manganese, are proteins involved on 

the regulation of manganese, namely PsaA (PDB code: 4OXQ and 4OXR, 

His66X73His139X66Glu205X75Asp280) and MntC (PDB code: 4K3V, 

His50X73His123X66Glu189X75Asp264) (400-402). 

Taking in consideration the structural homology between these metal centres, we 

propose that in in vivo the metal site at the N-terminal tail of DrDps1 may function as a 

Mn
2+

-dependent metal sensor protein regulating the intracellular manganese level in 

cytosol and granules, responding to stress conditions. 
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8.5.3 The role of DrDps in metals homeostasis  

 

It has been observed that Mn
2+

 complexed with orthophosphate or 

pyrophosphate has the ability to scavenge superoxide anion, O2
●–

 (Chapter II, 

reactions 2.13-2.16) (71, 75-76). 

In D. radiodurans cells it has been demonstrated that intracellular Mn
2+ 

in the 

exponential phase, under control and gamma radiation conditions binds to phosphate 

groups (90-95 %), including 52 % of fructose-1,6-biphosphate, 24 % of nucleic acids 

and 20 % of other phosphates such as orthophosphate, pyrophosphate and 

polyphosphate (374). Furthermore, these complexes with manganese and small 

molecules have been proposed to be the main protection mechanism occurring in D. 

radiodurans. However one of the questions that remains to be answered is how does 

regulation of this protection mechanism occurs.  

The work presented here correlates both DrDps with metal homeostasis in D. 

radiodurans and the protection mechanism against ROS, associated with intracellular 

manganese and phosphate. The evidence that both DrDps are essential for 

manganese homeostasis is demonstrated by X-ray fluorescence imaging results. In 

the knockouts mutants (Δdps1, Δdps2 and Δdps1Δdps2), the manganese and 

phosphate storage into phosphate granules are strongly compromised, and most of 

the elements are dispersed in the cell instead of being stored in granules as occurs in 

the wild-type strain (Fig. 8.5). 

Furthermore, our results showed that manganese homeostasis is regulated by a 

process that involves DrDps1 as dimer and trimer, regulating the DrDps2 levels in the 

cytosolic (DrDps2C) and membrane (DrDps2M) regions. DrDps1 dimeric form is 

associated with DNA, and is regulated by post-translation phosphorylation 

modification leading to the trimeric form which was observed to be distributed in the 

cytosol and co-localized with the phosphate granules. Although the function of the 

dimeric form is not yet understood, the trimeric form affects the concentration of Mn
2+

-

Pi complexes present in the granules, regulating a process that leads to an increase of 

DrDps2C form (Fig. 8.5, A).  

DrDps2C is suggested to incorporate Mn
2+

-Pi complexes, since the molecular 

mass of this form is slightly higher when extra manganese was added. Then this 

protein would deliver the complexes to the granules, contributing for the storage of the 

complexes. Under oxidative stress conditions the Mn
2+

-Pi complexes would be 
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incorporated into DrDps2C and its trafficking occurs from the granules to the cytosol, 

and membrane region (Fig. 8.5, A). 
 

 

Figure 8.5 - Schematic representation of the possible role for both DrDps from D. radiodurans in 

manganese-phosphate (Mn
2+

-Pi) complexes homeostasis and in cell division. (A) Wild-type cell 

strain, in control (Ctr), manganese (Mn) and methyl viologen (Mv) conditions. Under control 

conditions, DrDps1 dimer is bound to DNA while under manganese or methyl viologen conditions 

it changes to trimer. DrDps2 appears as a cytosolic form (DrDps2C), without N-terminals tails, but 

most of DrDps2 is present in the membrane, attached through N-terminal tails (DrDps2M). 

DrDps2C form is involved in Mn
2+

-Pi complexes trafficking from membrane to granules, under 

control and manganese conditions, or from granules to cytosol, and membrane region under 

methyl viologen conditions, where the granules appear with less amount of Mn
2+

-Pi complexes or 
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empty. DrDps2M form affects the cell division. (B) Δdps2 cell strain, the granules are Mn
2+

-Pi 

complexes empty and the septum region is damaged. (C) Δdps1 cell strain, DrDps2C form 

depends on DrDps1 and the granules are empty while DrDps2M form is involved in the increase of 

the cell division. 

 

DrDps2M is a predominant form when DrDps1 is a dimer and becomes even the 

only form present in the absence of DrDps1. The results on the knockouts mutants 

showed that DrDps2M form affects cell division, protecting the septum formation in 

stress conditions. Under control conditions, the initial growth rate diminished 2-fold for 

the Δdps2 and Δdps1Δdps2 and under stress conditions the septum region appears 

damaged in these knockouts mutants (Fig. 8.5, B).  

On the other hand in the dps1 knockouts mutants the initial rate growth is 2-times 

faster and addition of methyl viologen does not affect the growth, suggesting that 

DrDps2 present only in the membrane efficiently protects it (Fig. 8.5, C). In addition in 

this knockout mutant strain the Mn
2+

-Pi complexes are homogenously distributed in 

the cell and available for protein protection against the degradation promoted by ROS. 

The dodecamer form of DrDps1 detected in cell extracts after addition of iron to 

the cell growth, suggests that this protein may also function as a typical iron storage 

protein (Fig. 8.6, A). Moreover it was observed that the dodecamer formation is 

dependent on DrDps2, since in the dps2 knockout mutant the formation of DrDps1 

dodecamer does not occur (Fig. 8.6, B). These results suggest that DrDps2C form is 

involved in metal trafficking from the membrane to the cytosolic region, where iron can 

then be delivered to and stored by DrDps1 (Fig. 8.6, A). 

 

Figure 8.6 – Role of both DrDps from D. radiodurans in iron homeostasis. (A) Wild-type cell 

strain, under control conditions DrDps1 is bound to DNA as a dimer while under iron conditions 

it changes to dodecamer. The dodecamer formation is dependent on DrDps2 cytosolic form that 

can assist the trafficking of iron from the membrane region to the cytosol and then iron is 
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delivered and incorporated by DrDps1 as dodecamer. (B) Δdps2 cell strain, DrDps1 dodecamer 

formation is dependent on DrDps2C. 

 

8.5.4 The function of DrDps in the oxidative stress protection 

mechanism of D. radiodurans 

 
Based on all the studies presented in this thesis we propose a model for the 

protection response mechanism of D. radiodurans submitted to a burst of oxidative 

stress, involving both DrDps and the small Mn
2+

-Pi complexes.  

Under control conditions, elements, such as calcium, manganese and phosphate 

are stored in the granules (Fig. 8.7, A). X-ray fluorescence imaging of D. radiodurans 

cells shows that manganese and phosphate are co-localized, suggesting that this two 

elements form Mn
2+

-Pi complexes. DrDps1 is mostly detected in the form of a dimer 

and is associated with DNA while DrDps2 is predominately associated with the 

membrane in the septum region assisting the cell division but there is a small part of 

DrDps2 observed in the cytosol (Fig. 8.7, A). 

Under an external stimulus that generates a condition of oxidative stress to the 

cells that in our studies was induced by methyl viologen, the response mechanism 

involves the delocalization of metals from the granules, namely the distribution of 

calcium and Mn
2+

-Pi complexes (Fig. 8.7, B). 

Calcium release can be associated with the activation of signaling pathways 

involving kinases, which could be important for the activation of post-translational-

modifications, such as the phosphorylation of DrDps1, changing its oligomeric state 

from dimer to trimer. Its localization is altered from the nucleoid region to the cytosol 

and phosphate granules region. Under these conditions, Mn
2+

-Pi complexes are 

released from the granules (Fig. 8.7, B, Step 1). 

As mentioned above, as part of the dual function of DrDps2, DrDps2M is cleaved 

in the N-terminal tails by a mechanism which involves indirectly DrDps1, them 

DrDps2C incorporate Mn
2+

-Pi complexes and distribute these complexes through the 

cytosol, septum and membrane regions (Fig. 8.7, B, Steps 2.1, 2.2, and 2.3). The 

release to the membrane and septum regions can be assisted via Mn-transporters 

such as MntE pump (dr1236), responsible for manganese efflux (213) or by DrDps2M 

(Fig. 8.7, B, Steps 2.4 and 2.5). The Mn
2+

-Pi complexes released and distributed in the 

cell are involved in the detoxification of ROS produced during the oxidative stress, 
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leading to the protection proteins, such as DrDps2M. In this case DrDps2M that 

remains in the membrane can contribute to the cell division by protecting the septum 

during cell division. 

 

 

Figure 8.7 – Proposed model for the protection mechanism of D. radiodurans, under oxidative 

stress conditions, linking DrDps1 and DrDps2 cellular function with manganese homeostasis. 

(A) Under control conditions, mostly DrDps2 is attached to the membrane through the N-

terminal tail, but also in the cytosol, without N-terminal tails. DrDps1 is bound to DNA. 

Phosphate (Pi), manganese (Mn2+), potassium (K) and calcium (Ca) are store in a granule 
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which is highly rich in these elements. (B) Under oxidative stress conditions, DrDps1 is 

phosphorylated and changes its oligomeric state from dimer to trimer and the translocation 

occurs to the granules and cytosol. DrDps1 as a trimer regulates manganese and phosphate 

release as Mn2+-Pi complexes (Step1) and DrDps2 would incorporate Mn2+-Pi complexes 

which are delivered to the cytosol (Step 2.1), septum (Step 2.2) and membrane regions (step 

2.3). The release of the Mn2+-Pi complexes to the membrane and septum regions can be 

assisted via Mn-transporters (Step 2.4) or DrDps2 (Step 2.5), to be used as a first protection 

barrier against ROS. 

 

8.6  Conclusion 

 

The current thesis aimed to understand the mechanisms of protection against 

oxidative stress of the radiation resistant bacterium Deinococcus radiodurans. The 

focus of our work was to study the two DNA binding proteins from starved conditions: 

DrDps1 (dr2263) and DrDps2 (drb0092).  

These two proteins are structurally conserved with other Dps, being composed of 

twelve monomers in the crystal form, and each monomer presents a four-helix bundle 

structure. Besides this structural conservation, a comparison of all the Dps crystal 

structures shows that DrDps1 is unique among the known Dps structures, while 

DrDps2 presents some 25 % structural identity with Dps from M. smegmatis and K. 

radiotolerans. However a survey for Dps-like sequences in Deinococcus sp. known so 

far reveals that DrDps1 is mostly conserved (93 %) while DrDps2 is only present in 

14% among Deinococcus sp. analysed. This suggests that most Deinococcus sp. 

have a similar mechanism protection against radiation, which involves DrDps1.  

With the work developed during this thesis, we proposed a model for the role of 

both DrDps and its association with the homeostasis of Mn
2+

-Pi complexes 

contributing to the intracellular protection against oxidative stress.  

Under control conditions DrDps1 is in its dimeric form associated with DNA, while 

DrDps2 is mostly associated with the membrane and manganese is stored in the 

phosphate granules together with other ions namely, phosphate and calcium. After 

stress addition it is initiated a cascade of signals in which the different elements are 

released from the granules. Under these conditions, the function of DrDps1 is 

regulated by post-translational modification, namely phosphorylation, inducing a 

change in the oligomeric form from dimer to trimer coupled with a change in its cellular 

localization. DrDps1 in trimeric form regulates the intracellular distribution of the Mn
2+

-
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Pi complexes, so that they will be used for the detoxification of reactive oxygen 

species protecting the cell against the degradation promoted by these species. 

DrDps2 has a dual function: when present in the cytosol, lacks the N-terminal 

tails, functioning as a typical metal storage protein. In fact; it can assist the 

incorporation of Mn
2+

-Pi complexes and subsequently distribute these complexes, 

from the granules to the cytosol and membrane region. The protein associated with 

the membrane through its N-terminal tail helps cell division, but is also suggested to 

be essential to confer more protection being involved in the Mn
2+

-phosphate 

complexes transport to the membrane, forming the first protection barrier against 

oxidative stress with ability to scavenge ROS, protecting then the cell.  

Nevertheless it is important to note that other protection mechanisms from D. 

radiodurans should not be ignored, since they also contribute for the cell protection 

preserving the proteins from the effects of oxidation. For instance, enzymatic ROS 

scavenging systems such as catalase and MnSOD. These proteins are involved in cell 

protection mainly in the stationary phase, where the catalase activity levels increase 

and a new isoform of MnSOD appears depending on the availability of manganese. 

Therefore, all these factors work synergistically contributing for a common protection 

mechanism against oxidative stress. 

Although we have addressed the effect of methyl viologen to promote a condition 

of oxidative stress, the DrDps dependent cellular mechanisms involved in the 

protection of D. radiodurans against these oxidative stress conditions can be 

ultimately extrapolated to the resistance mechanisms against radiation.  

In conclusion, the current work contributes for unrevealing the cellular molecular 

mechanisms involved in the protection of D. radiodurans after exposure to radiation.  
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