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An Overview of Dps: Dual Acting oo
Nanovehicles in Prokaryotes with DNA

Binding and Ferroxidation Properties

Sunanda Margrett Williams and Dipankar Chatter;ji

Abstract DNA binding proteins under starvation (Dps) are proteins belonging to
the ferritin family with the capacity for DNA binding, in addition to iron storage
and ferroxidation. Present only in the prokaryotes, these multifaceted proteins have
been assigned with a number of roles, from pathogenesis to nucleoid condensation
and protection. They have a significant role in protecting the cells from free radical
assaults, indirectly by sequestration of iron and by directly binding to the DNA. Due
to their symmetry, stability and biomineralization capacity, these proteins have ever
increasing potential applications in biotechnology and drug delivery. This chapter
tries to bring together all these aspects of Dps in the view of current understanding
and older perspectives by studies of our group as well as other experts in the field.

Keywords DNA binding proteins * Ferritin family - Iron oxidation + Atomic force
microscopy * Nanovehicles

Introduction

Dps (DNA-binding protein from starved cells) are homo-dodecamers belonging to
the ferritin family which can bind DNA, carry out ferroxidation and store iron.
These proteins are present only in members of eubacteria and archaea. In nature,
iron starvation and oxidative stress are two hurdles that bacteria must circumvent
to establish growth. To overcome the paradox of iron and oxidative stress, as free
iron contributes to further oxidative stress by its participation in the Fenton reaction
(Fenton 1894), iron is stored in a non-toxic form by Dps proteins.
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Dps also binds DNA in a sequence independent manner and brings about its
condensation. Thus, it is classed as a nucleoid associated protein (NAP) similar to
HU, IHF, H-NS etc. Dps seems to play a multi-faceted role in bacterial cells, as it
performs a number of diverse roles in various organisms. This section attempts to
give a general introduction from the discovery of Dps to a description of its role in
protecting cells under various stresses and its rapid degradation in the cells during
logarithmic growth phase through the N-end rule degradation pathway.

Discovery of DNA Binding Proteins Under Starvation (Dps)

The Kolter group (Almiron et al. 1992) while studying gene expression of starved
Escherichia coli cells discovered the over expression of a certain DNA binding
protein whose expression depended on a stationary phase specific transcription factor
oS. In negative staining electron microscopy, it had a double layered hexameric ring
like appearance and formed two dimensional arrays with DNA (Fig. 3.1a, b). Later a
homolog discovered in nitrogen starved Synechococcus sp. PCC7942 named DpsA
showed the presence of a carboxyl domain homologous to the C termini of bacte-
rioferritins (Pena and Bullerjahn 1995), giving first indications of its iron binding
property. Subsequently, a dodecameric ferritin-like protein isolated from the gram-
positive Listeria innocua able to sequester around 500 iron atoms and oxidise iron,
was shown to be a Dps-like protein (Bozzi et al. 1997).

More comprehensive information about the Dps structure which gave an experi-
mental basis for its functions, was obtained after the crystal structure of Dps from E.
coli was solved by Hogle, Kolter and colleagues. The X-ray crystal structure showed

Fig. 3.1 Negative stain electron microscopic analysis of a Dps protein, inset represents a higher
magnification showing ring-like structures and b Dps-DNA two dimensional crystalline arrays.
Images reproduced with permission from Genes & Dev. 1992, 6: 2646-2654
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Fig. 3.2 X-ray structure of E. coli Dps (PDB ID: 1dps) a Alpha helical monomer showing A, B,
C, D and BC helices; the right panel shows assembly as a dodecamer b Surface representation of a
dodecamer with the outer view (left) and a section showing the hollow interior (right)

Dps monomers to have a ferritin-like fold assembling into 12-mers with tetrahedral
(23) symmetry, enclosing a hollow core with pores at the three-folds (Grant et al.
1998) (Fig. 3.2a, b). The structure of another Dps homolog from L. innocua gave
the first direct evidence of a ferroxidase center indicating a structural basis of ferrox-
idase activity (Ilari et al. 2000). X-ray structures of more Dps homologs revealed
these features to be consistent within the family.

Iron Oxidation and Storage

Iron, one of the most abundant metals on earth, plays a vital role in the biology
of living organisms. It is a cofactor in many redox reactions and can be found in
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the active sites of a number of enzymes. Iron can act as an electron source and a
sink, and has a central role in various cellular processes like metabolism, respiration,
nucleotide synthesis, gene regulation etc. Iron starvation or a lack of this valuable
metal in the environment poses an adverse threat to existence.

Free iron can exist in two states, ferrous (Fe**) and ferric (Fe**) in organisms. The
ferrous state is soluble and readily assimilated in cells, but the ferric state is highly
insoluble and unavailable for physiological functions. But the more bioavailable
ferrous form has a tendency to oxidise to ferric thereby limiting its bioavailability
and also generating hydroxyl radicals in this process. H,O,, a product of oxidative
respiration reacts with ferrous iron to generate hydroxyl free radicals which are toxic
to cells, by a process called the Fenton reaction (Eq. 3.1) (Martinez and Kolter 1997).

Fe** + H,0, — Fe*t + OH®* + OH™ (3.1)

Thus, it is essential that iron is stored in a readily accessible but non-toxic form in
cells. Ferritin, a family of iron storage proteins are the primary iron storage compart-
ments in vertebrates, invertebrates, plants and microorganisms. They are structurally
adept at storing iron in their hollow protein shells in a state that is available and non-
deleterious. The ferritin family of proteins includes ferritins and other ferritin-like
proteins such as the haem containing bacterioferritins and Dps which can also bind
DNA (Andrews 2010).

Ferritins and other ferritin-like proteins have a hollow central cavity where iron
is oxidised and stored as ferric oxide. Based on their capacity to store iron, the
ferritin-like proteins can be also be widely categorised as the 24-meric maxiferritins
which include ferritins and bacterioferritins and 12-meric miniferritins which are the
Dps. The miniferritins or Dps have been recognised only in eubacteria and archaea,
unlike the maxiferritins which are present in bacteria, archaea and the eukaryotes. The
maxiferritins due to their bigger protein shells which consequently enclose a larger
cavity, can store >4000 iron atoms per protein. Miniferritins on the other hand can
store only around 500 iron atoms per dodecamer. Hydrogen peroxide is the preferred
reagent for iron oxidation in miniferritins, unlike maxi ferritins where dioxygen is
the major electron acceptor (Zhao et al. 2002).

In Dps, iron incorporation is a multi-step process of Fe (II) binding, Fe(IT) oxida-
tion, nucleation and growth of the mineral core, in a reaction pathway similar to
classical ferritins (Zhao et al. 2002).

Fe(II) Binding (Phase 1)

24 Fe(Il) binds at the 12 di-iron binding ferroxidation sites in the protein

Z+2

2Fe** pz — [Fe(ll), — P|

+ 2H" (3.2)
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where [Fe(I),—P]%*?gs represents a di-Fe(II)-protein complex at each of the 12 puta-
tive ferroxidase sites. For more information about the ferroxidase centre and di-iron
binding sites see section Conserved ferroxidase active site, below.

Fe(Il) Oxidation (Phase 2)

Two di-nuclear ferroxidase sites bring about the rapid pairwise oxidisation of two
Fe (II) by one molecule of H,O,. Thus, two Fe (II) are oxidised per H,O, reduced,
preventing the generation of hydroxyl radicals through Fenton chemistry (Eq. 3.1).

[FE(D), — P]%7 + Hy0, + Hy0 — [Fe(Il),0,(0H) — P[5 +3H"  (3.3)

Nucleation and Growth of Mineral Core (Phase 3)

A ferric core of approximately 500 Fe(Ill) is formed inside the Dps protein shell,
according to the mineralisation equation with a 2 Fe(I[)/H,O, stoichiometry:

2Fe?t + H,0, + 2H,0 — 2Fe(IIN)OOH (core) + 4HT (3.4)

A visual schematic of the ferroxidation pathway is represented in Fig. 3.14. In
Dps, ferroxidation can also take place with O, as an oxidant, but the reaction happens
at a much slower rate.

DNA Protection by Direct and Indirect Modes

DNA is often called the blueprint of life. It is in the interest of cell survival to devise
highly efficient DNA protection mechanisms to offset the lethal effects caused by
DNA lesions. But during conditions of nutrient depletion the cell cannot afford
to repair DNA through energy extravagant DNA defence pathways. In starved E.
coli cells for example, Dps accumulates to very large amounts and forms the major
component of chromatin in late stationary phase bacteria (Martinez and Kolter 1997).
Dps binds DNA and compacts it during stress, thereby exposing fewer unprotected
regions to reactive agents. Oxidation of Fe(Il) to Fe(IIl) prevents the ferrous form
from participating in Fenton reaction (Eq. 3.1) quenching further production of free
radicals deleterious to DNA. The ferroxidation activity also results in the reduction
of toxic peroxides by utilization of H,O, as an oxidant. Dps also has a role in the
regulation of the expression of certain proteins under conditions of stress.
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A bimodal protection of DNA by Dps was seen in homolog from Mycobacterium
smegmatis, MsDps1 (Gupta and Chatterji 2003). This homolog has two oligomeric
forms, dimer and dodecamer. The dimeric form has properties of ferroxidation only,
whereas the dodecamer could store iron, carry out ferroxidation and bind DNA.
The dimer could still protect DNA against the assault of free radicals, as it has intact
ferroxidase sites and thus can carry out ferroxidation. In the earlier publication (Gupta
and Chatterji 2003) the lower oligomer was identified as a trimer, whereas recently
through mass spectrometry it has been correctly assigned as a dimer (Williams et al.
2017).

The DNA binding property and protection can be assessed by simple biochemical
assays, which monitor DNA retardation or degradation in the presence and absence
of Dps proteins. DNA retardation of pUC19 plasmid by Dpsl from M. smegmatis
can be visualised on an agarose gel (Fig. 3.3a). Protection of DNA can be observed
by treating DNA with H,O,, where the DNA with bound Dps is shielded (Fig. 3.3b).
DNA protection from DNasel digestion is also accorded by Dps (Fig. 3.3c), which
prevents access to DNA by these degrading enzymes (Gupta and Chatterji 2003).

Thus, Dps renders protection by directly binding to DNA and also indirectly by
preventing the generation of toxic free radicals through its ferroxidation property. A
more detailed description of the mechanisms involved in DNA binding and protection
are discussed below.

a b c

Fig. 3.3 Gel based assays for DNA protection by M.smegmatis Dps a Gel retardation of DNA by
Dps. Free pUC19 DNA (lane 1) and Dps-DNA complex shows retardation of DNA in the well (lane
2). b DNA protection from peroxide damage. pUC19 DNA (lane 1) pUC19 DNA treated initially
with 50 wM FeSO4 followed by 5 mM H;0O; for 5 min degrades the DNA completely (lane 2)
and Dps-DNA complex treated with 50 pM FeSOy4 followed by 5 mM H;O; for 5 min where the
DNA is protected (lane3). ¢ DNA protection from DNasel digestion. pUC19 DNA (lane 1) DNasel
treated pUC19 DNA (lane 2) Dps-DNA complex protected from DNasel digestion (lane3). Images
reproduced from J. Biol. Chem. 2003, 278: 5235-5241
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Dps Across the Prokaryota

The role of Dps in bacterial cells can differ widely, while retaining some of its classic
properties, like DNA binding and iron storage. E. coli Dps is one of the best studied
Dps homolog and exhibits most of the typical properties of Dps family proteins. E.
coli Dps is additionally known to protect the cells from UV and gamma radiations,
iron/copper toxicity, thermal stress, acid and base shock in addition to oxidative
stress (Nair and Finkel 2004). To better appreciate the numerous homologs of Dps in
bacteria and their varied roles, we have summarised some of the better studied Dps
proteins in prokaryotes.

Dps homologs like the L. innocua Dps do not bind DNA but can protect it against
the deleterious combination of Fe?* and H,O, as evidenced by DNA cleavage assays
(Su et al. 2005). The plant pathogen, Agrobacterium tumifaciens has a Dps with
a truncated N-terminus which is fixed on the protein surface and not available for
DNA binding, unlike the long and flexible N-terminus of E. coli Dps which has DNA
binding property. In A. tumifaciens, Dps acts in concert with catalase A to counteract
toxic peroxides that are major components of plant defense systems against invading
bacteria (Ceci et al. 2003).

The Streptococcus mutans Dps homolog named Dpr (Dps-like peroxide resis-
tance) confers peroxide resistance, helping the bacteria to survive in aerobic condi-
tions. This organism is a principal causative agent of dental caries and lacks a respi-
ratory chain and the enzyme catalase responsible for H,O, elimination (Yamamoto
et al. 2002). Similarly, S. pyogenes does not produce catalase, but can grow in
aerobic conditions due to the presence of Dpr. Both these streptococcal Dpr proteins
do not bind DNA, but provide protection from H,0O, stress through nullifying the
Fenton reaction and sequestration and oxidation of iron (Tsou et al. 2008). The swine
pathogen S. suis Dpr also protects DNA from hydrogen peroxide stress by removing
free Fe?* from the cytosol, without any apparent DNA binding ability (Kauko et al.
2006). Bacillus anthracis BaDps1 and BaDps2 acts as a pair to carry out iron seques-
tration and H,O, depletion respectively, without binding to DNA (Schwartz et al.
2010). B. cereus has three Dps homologs Dpsl, Dps2 and Dps3 of which only the
latter shows DNA binding property (Shu et al. 2013).

The Dps-1 from Deinococcus radiodurans an organism best known for its unusual
resistance to ionising radiations, fails to protect DNA from hydroxyl radical mediated
cleavage, due to continuous release of stored iron from the protein, although it can
bind DNA. This release of iron from the protein core was attributed to the presence
of a distinct iron-exit channel. The other Dps homolog in the same organism, Dps-2,
has a signal peptide which directs it to the perimeter of D. radiodurans cells. Dps-2
shows weak affinity to DNA but displays robust iron storage and ferroxidation. These
distinct functional properties and localisation suggests that Dps-1 may participate as
a NAP, whereas Dps-2 protects against exogenous reactive oxygen species (ROS)
due to its location in the perimeter (Reon et al. 2012).

Lactococcus lactis DpsA and DpsB form Dps:DNA complexes which appear as
non-crystalline aggregates in electron micrographs, instead of the ordered crystalline
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arrays seen in Dps: DNA complexes of E. coli and other homologs. The disordered
N-terminus in E. coli and M. smegmatis is required for formation of crystalline array
with Dps. The N-terminal region of L. lactis on the other hand has an ordered helical
conformation. Also, L. lactis Dps was unable to sequester iron due to a preponderance
of positively charged residues near the iron entry pores, which occludes iron due to
charge repulsion (Stillman et al. 2005). The non-pathogenic mycobacterial species
M. smegmatis has two Dps homologs, MsDps1 and MsDps2. These are differently
regulated in the cells, where MsDps1 is expressed in the stationary phase and is
controlled by the extra cellular sigma factors sigF and sigH, whereas MsDps?2 is
constitutively expressed by RNA polymerase under the control of sigma factors
sigA and sigB (Chowdhury et al. 2007). Streptomyces coelicolor, a soil dwelling
gram positive bacterium, has three Dps homologs, DpsA, DpsB and DpsC out of
which DpsA is over-expressed during osmotics shock and DpsC is a tailless protein
that does not oligomerise (Facey et al. 2009).

The Dps from Helicobacter pylori is a neutrophil activating protein HP-NAP,
and drives inflammation in allergic bronchial asthma in humans and mice (Kottakis
et al. 2008). HP-NAP of H. pylori does not bind DNA, but addition of Fe>* was
shown to promote DNA binding. Borrelia burgdorferi Dps NapA, is also a neutrophil
activating protein and elicits host immune response (Li et al. 2007). Microbac-
terium arborescens Dps termed AAH (acyl amino acid hydrolase) displays addi-
tional catalytic activities such as amide hydrolysis and synthesis (Pesek et al. 2011).
Porphyromonas gingivalis Dps, PgDps binds heme through its conserved cysteine
residue and confers resistance to heme toxicity (Gao et al. 2012). Campylobacter
Jjejuni Dps has a role in biofilm formation and cecal colonization in poultry, in addi-
tion to protecting DNA in the acidic conditions of the host digestive tract and inside
phagolysosomes (Theoret et al. 2012).

The role of Dps in extremophiles like D. radiodurans, which survive high
ionising radiation has been mentioned above. In thermophiles like Streptococcus
thermophilus, Dps functions as a cold shock protein (Nicodeme et al. 2004). An
archaeal Dps protein DpsA from the halophilic marine archaea Halobacterium
salinarum, renders protection for aerobic survival (Zeth et al. 2004). The Dps
from Sulfolobus solfataricus a thermophilic archaeon, has an active site similar to
manganese catalases, which can bind Mn?2* in addition to Fe2* (Hayden and Hendrich
2010).

In pathogenic bacteria, Dps helps the cells to evade host defense pathways. In
Candidatus Legionella jeonii, DpsX protects the cells from oxidative stress generated
by the phagocytic activities of the host (Park et al. 2006). In Legionella pneumophilia,
DpsL is upregulated during iron starvation and helps the pathogen to circumvent iron
limiting conditions (Yu et al. 2009). Bacteriodes fragilis, an opportunistic pathogen of
the Gl tract causes infection when the organism escapes the anaerobic colon to aerobic
sites like the peritoneum with high O, concentrations. Here, resistance to oxidative
stress is important and is involved in the initiation and persistence of infection. One
of the proteins involved in detoxification of oxygen radicals is Dps and signifies its
role in oxidative stress response of aerobic and facultative organisms (Rocha et al.
2003). Dps in Helicobacter hepaticus, a bacterium associated with chronic hepatitis
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and hepatocellular carcinoma in mice, plays an important role in protecting DNA
from oxidative damage (Hong et al. 20006). In Salmonella enterica, Dps helps to resist
iron dependent killing by hydrogen peroxide and promotes virulence and survival
of the organism in macrophages (Pacello et al. 2008). MrgA, a Dps homolog in
Staphylococcus aureus, also resists phagocytic killing by macrophages (Gaupp et al.
2012).

The cyanobacterium Nostoc punctiforme features five Dps proteins, NpDps 1-5,
each having distinct physiological differences and cell-specific expression (Howe
etal. 2018). In photosynthetic cyanobacteria like Synechococcus sp strain 7942, Dps
localizes preferentially to the cytosolic side of thylakoids to provide iron to iron-rich
photosystem I (Durham and Bullerjahn 2002). Anabena sp. PCC 7120 has two Dps
homologs, which plays a role in alleviating oxidative stress due to environmental
changes like temperature and light in addition to its usual function of iron storage
and oxidation (Narayan et al. 2010). Thermosynechococcus elongatus Dps homologs,
Dps-Te and DpsA-Te, inhibits Fenton mediated damage and this is of special signif-
icance in the protection of DNA and photosystems I and II from hydrogen peroxide
mediated oxidative damage, as it lacks the catalase gene (Franceschini et al. 2006). In
the N> fixing cyanobacterium Trichodesmium erythraeum, Dps.ery protects the cells
from oxidative damage (Castruita et al. 2000).

N-end Rule Degradation

We have seen that Dps is an important multifunctional protein in bacteria which accu-
mulates to a variety of stresses in the cells, such as nutrient and oxidative stress. Dps is
typically over expressed during the stationary phase of the cells and rapidly degraded
during logarithmic phase by ClpX/ClpP (Stephani et al. 2003) and ClpS/ClpA/ClpP
proteases (Schmidt et al. 2009). The N-terminus of Dps has ClpX and ClpS recogni-
tion motifs which promotes degradation by ClpP and ClpA/CIpP proteases, respec-
tively. In E. coli Dps, ClpX recognition motif is the N terminus without the first
methionine residue i.e. Dps2-167, is degraded by ClpXP proteolysis. ClpS targets
the N-terminally truncated Dps variant with the first five residues missing, Dps6-167
harbouring the destabilizing Leu6 at the N-terminus.

The N-terminus of Dps in E.coli not only serves as a protease recognition motif,
but is also important for DNA binding (Ceci et al. 2004). It is proposed that the N-
terminal tail of Dps is sequestered during stationary phase when it binds to DNA and
this could protect it from degradation. Generation of Dps2-167 or Dps6-167 through
degradation of unprotected N- termini could initiate the disassembly of Dps-DNA
complexes and proteolysis of Dps when the cells enter exponential phase (Schmidt
et al. 2009). Thus, Dps is a substrate for the N-end rule degradation pathway, where
the half-life of a protein is determined by the nature of its N-terminal residue.
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Non-specific DNA Binding Property

DNA binding proteins found in cells have various interacting modes with DNA and
can be broadly classified as sequence specific and non-sequence specific interactions.
Sequence specific DNA protein interactions involve special structural motifs on a
protein which is recognised by a consensus sequence on the DNA, e.g. restriction
endonucleases recognising palindromic sequences on DNA. On the other hand, non-
specific DNA protein interactions predominantly involve ionic interactions with the
sugar phosphate backbone of DNA. Some of these non-specific DNA binding proteins
gives rise to large supramolecular structures with their association with DNA, e.g.
as seen in the case of genome organization by histones in eukaryotes. Also, binding
of multiple proteins to long DNA strands allows condensation and makes DNA
inaccessible to other environmental factors, giving physical protection (Ganguly
etal. 2012).

Studies have shown that when Dps interacts with DNA, highly stable crystals
are formed within which DNA is sequestered and protected against various condi-
tions of stress. This has been shown under in vitro and in vivo conditions (Wolf
etal. 1999). DNA-Dps co-crystallization presents a binding mode that provides wide
range protection by non-specific DNA sequestration. Although the crystalline state is
incompatible with life, sequestration of important biological macromolecules in crys-
talline assemblies may provide adequate protection under conditions of stress. Such
ordered Dps-DNA co-crystals have a condensed organisation, which also dramati-
cally enhances the stability of DNA and can endure prolonged starvation and other
adverse conditions (Frenkiel-Krispin et al. 2001).

This section explores the mechanism of non-sequence specific DNA binding
property of Dps, which has been studied by Atomic force microscopy, X-ray
crystallography and more recently Cryo electron microscopy.

Studies on Dps Deletion Mutants

Dps does not have any known DNA binding motifs. In this scenario, initial studies
on Dps-DNA binding were carried out by looking at how deletions affect binding to
DNA. In E. coli, to establish the effect of the electrostatic interactions between the
positively charged residues on the surface of the N-terminus and negatively charged
DNA, systematic deletions of the lysines at the N-terminus were carried out. Dps with
a deletion of two lysines at the N-terminus was able to bind DNA but could not carry
out DNA condensation, whereas a deletion of all the three lysines rendered it not able
to bind DNA. The property of Dps to self-aggregate was implicated in its ability to
condense DNA by protein—protein aggregation (Ceci et al. 2004) (Fig. 3.4). A long
flexible N-terminus (Fig. 3.5a) with charged residues like lysines and arginines are
seen in a number of Dps homologs, pointing to similar mechanisms of DNA binding.
This was demonstrated by Dps homologs in D. radiodurans, where deletion of the
N-terminus abrogated DNA binding (Bhattacharyya and Grove 2007).
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Fig. 3.5 DNA binding regions of Dps homologs from different species. a E. coli Dps dodecamer
(PDB ID: 1DPS) with DNA binding flexible N-terminal residues 9-21 represented in green, residues
1-8 are missing in the crystal structure due to flexibility. b M. smegmatis Dpsl dodecamer (PDB
ID: 1VEI) with the interlocking N-termini (magenta) and C-termini (blue). ¢ L. lactis Dps (PDB
ID: 1ZUJ) dodecamer has a helical ordered N-terminus (cyan). d A. tumifaciens Dps dodecamer
(PDB ID: 109R) N-terminal region in red is immobilized on the protein surface and unable to bind
DNA

A variation is the M. smegmatis Dps protein MsDps1 which seemed to bind DNA
through a mobile and positively charged C-terminus with 3 lysines and 2 arginines,
and a deletion of the 16 C-terminal residues resulted in a loss of DNA binding
activity (Roy et al. 2007). Deletion of the entire C-terminal tail resulted in an open
decamer assembly, indicating that the C-terminal tail has a role in DNA binding and
oligomerisation (Fig. 3.5b). An ordered alpha helical N-teminus in L. lactis Dps can
condense only long stretches of DNA > 4000 bp. The exact mechanism for this is
unclear, but the authors proposed that the decreased flexibility of the N-terminus due
to its helical conformation could have a role in the size limitation of DNA binding
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(Stillman et al. 2005) (Fig. 3.5¢). The H. plylori Dps, HP-NAP has a positively
charged protein surface at neutral pH and binds DNA through the protonated amino
acids on the protein surface (Chiancone and Ceci 2010; Ceci et al. 2007). Dps from
T. erythraeum lacking a positively charged N-terminus and a truncated C-terminus,
could use a mechanism similar to HP-NAP to bind DNA (Castruita et al. 2006).

Some homologs of Dps like the L. innocua Dps, B. anthracis Dlp-1 and Dlp-2,
C. jejuni etc are characterised by a short N-terminus and are unable to interact with
DNA (Bozzi et al. 1997; Papinutto et al. 2002; Ishikawa et al. 2003). A. tumifaciens
Dps N-terminal region is immobilized on the protein surface and is not accessible for
DNA binding (Fig. 3.5d) (Ceci et al. 2003). Also, pH and salt compositions are shown
to have an influence in the ability of Dps to bind and/or condense DNA in vitro, so
these factors have to be taken into consideration for comparison of studies across
different Dps homologs.

Higher Order Dps-DNA Assemblies Visualised Through
Atomic Force Microscopy

Dps condenses DNA by self-association giving rise to large Dps-DNA aggregates
which do not enter agarose gels. This was first demonstrated in E. coli, where Dps
binds DNA through its charged lysine residues. Further through self-aggregation it
brings about the looping and condensation of DNA (Fig. 3.4). The interaction to
DNA is directed towards condensation only at pH values where the lysine residues
are fully protonated. But H. pylori Dps HP-NAP uses a different mechanism, as it
is not able to self-aggregate, but can bind and condense DNA at slightly acidic pH
values where the histidines which mediates DNA binding are protonated (Ceci et al.
2007).

The Dps from M. smegmatis MsDps1 when overexpressed in cells, promoted a
toroidal structure of Dps-DNA. Whereas, with the overexpression of the second M.
smegmatis Dps MsDps2 a coral reef structure was formed (Fig. 3.6a) (Ghatak et al.
2011). D. radiodurans Dps2-DNA interaction was shown to form toroidal structures
with DNA, similar to the arrangement in MsDps1 (Fig. 3.6b) (Santos et al. 2015). The
higher-order assemblies of Dps-DNA shown by AFM and EM are a result of DNA
condensation or co-crystallization. Thus, looping and condensation of DNA is seen
when Dps is added to linear or circular stretches of DNA. Toroids, coral reef structures
and co-crystals are formed within bacterial nucleoids under very late stationary phase
or when the protein is overexpressed in cells. Additionally, co-crystals with DNA
have been shown to form under in vitro conditions.

It was shown that the effect of Dps on the nucleoid state can vary depending on
different stages of growth or on the species of bacteria. The overexpression of Dps
in E. coli in the log phase induces neither nucleoid condensation nor DNA-Dps co-
crystallisation, whereas in the stationary phase it results in nucleoid condensation.
On the other hand, the S. aureus Dps homolog mrgA (Morikawa et al. 2006) causes
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Fig. 3.6 Higher order Dps-DNA assemblies visualised by Atomic Force Microscopy. a The lysate
of M. smegmatis mc?155 overexpressing Dps1 at late stationary phase, shows toroidal assemblies of
Dps-nucleoid with a diameter of 70—100 nm (left panel). Late stationary phase cell lysate of mc?155
overexpressing Dps2 shows coral reef structures with nucleoid (right panel). (Images reproduced
from PLOS ONE. 2011. 6(1): €16019) b D. radiodurans Dps1-DNA complex at pH 6.5 shows DNA
condensation (left panel) and DrDps2-DNA toroidal assemblies at pH 6.5 (right panel). Color scale
represents the height of D. radiodurans Dps-DNA complex. Images reproduced with permission
from FEBS J, 282: 4307-4327

nucleoid condensation in both log and stationary phases on over-expression in cells.
This was due to the action of Fis, a bacterial nucleoid associated protein abundant
in the log phase which inhibits nucleoid condensation by Dps during this stage of
growth. Also, Fis is present in gamma Proteobacteria which includes E. coli but not
S. aureus, which explains why there is no regulation of DNA condensation in the
log phase when Dps is overexpressed in the latter organism. Thus, the organisation
of Dps into higher order assemblies with DNA is species-specific and also is an
interplay of Dps and other nucleoid binding proteins in cells during different stages
of growth.
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DNA-Dps Biocrystals

Living systems when exposed to severe environmental stresses, may sequester vital
macromolecules in intracellular crystalline assemblies for efficient protection. Under
these conditions often defense strategies based on enzyme catalysis can no longer
work efficiently due to energy restrictions, so DNA protection is often achieved
through physical transactions like phase separation and phase transitions (Wolf et al.
1999). A defense strategy involving co-crystallization of DNA and Dps was observed
under in vitro and in vivo conditions in E. coli by Wolf and colleagues. They showed
that purified Dps and DNA interact and almost instantaneously form stable crystals
(Fig. 3.7a) within which DNA is sequestered and protected from possible environ-
mental assaults. Similar crystalline structures are also formed in vivo in cells where
Dps is overexpressed or in wild-type bacteria under starvation conditions (Fig. 3.7b).

Recently, two different types of Dps-DNA co-crystals were observed by cryo-
electron tomography (Kamyshinsky et al. 2019). Subtomogram averaging of first
type of co-crystals revealed a triclinic crystal lattice (Fig. 3.8a). The second type of
co-crystals adopted a cubic crystal lattice (Fig. 3.8b), where each Dps is surrounded
by six DNA strands, unlike in triclinic co-crystals where each Dps is surrounded
by four DNA molecules. But the exact nature of Dps-DNA interactions could not
be revealed in the low-resolution reconstructions and future single particle cryo-EM
studies on individual DNA-Dps complexes or 2D crystals may achieve this.

Modes of DNA Protection and Regulation

The multifarious protection of DNA by Dps is by virtue of three intrinsic properties
of the protein: DNA binding, iron sequestration and ferroxidation. Moreover, Dps is
proposed to have roles in gene regulation during starvation, by controlling expression
at the transcriptional level. This section explores these claims in the light of recent
findings, as well as summarising already existing knowledge of DNA protection
mechanisms.

Protecting DNA From Damage

Dps prevents DNA damage by direct physical sequestration and indirectly through
its ferroxidation activity. These biochemically separate activities function jointly to
preserve DNA integrity (Fig. 3.9) (Calhoun and Kwon 2011). Through its DNA
binding ability, Dps was shown to confer protection from UV and gamma radia-
tion damage, which induces potentially harmful mutations in DNA (Nair and Finkel
2004). Another instance of Dps endowing resistance to cells enduring acidic condi-
tions is through acid tolerance in E. coli which helps the bacterial passage through
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Fig. 3.7 Electron microscopy images of Dps-DNA co-crystals a Dps incubated for 15 s with closed
circular DNA in vitro (left panel), scale bar 100 nm and its higher magnification, scale bar 40 nm
(right panel). b Crystalline assemblies of Dps-DNA in a starved WT E. coli cell indicated by black
arrows (left panel) and dps knockout cell (right panel), scale bars are 100 nm. Images reproduced
with permission from Nature 1999. 400: 83-85

gastric barrier of humans. It was shown that acid stress led to damage of chromo-
somal DNA, accentuated in dps mutants (Jeong et al. 2008), showing a role for Dps
in shielding DNA against acid stress. One of the earliest mechanisms which explains
Dps protection of DNA against H,O, mediated oxidative stress was found to be by
direct binding of Dps to DNA, reproduced in in vitro systems (Martinez and Kolter
1997). Dps null mutants were also more sensitive to some types of metal toxicity,
such as toxicity from copper and iron during stationary phase. Temperature depen-
dent adaptation was also seen to a less extent in these mutants as compared to WT
cells, during thermal stress (Nair and Finkel 2004). Dps expression is also upregu-
lated by the OxyR transcriptional regulator, in response to oxidative stress (Altuvia
et al. 1994).
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Fig. 3.8 Dps-DNA co-crystals a CryoTEM images of Dps-DNA co-crystals, red arrows indicate
ones with a triclinic crystal lattice and the red inset is a high magnification of the same. Blue arrows
indicate co-crystals with a cubic crystal lattice, a higher magnification is shown in the inset with
blue outline. Scale bars are 200 nm and inset 20 nm. b 3-D reconstructions based on subtomogram
averaging of cubic Dps-DNA co-crystals, in two different views. DNA is in orange and Dps are
blue spheres with unit cell shown in green (left). Corresponding models of Dps and DNA fitted in
the EM densities are shown in the right panel. Images reproduced from Biomolecules. 2020.10: 39



194 S. M. Williams and D. Chatterji

Iron oxidation via the Fenton reaction

Fe’* + H,0, — Fe*" + OH HOH

\__} Cell damage

Iron oxidation inside Dps at the ferroxidase sites

2Fe*" + H,0,+ 2H,0 —> 2FeOOH + 4H"
Cell damage

Dps

Fig. 3.9 Oxidation of Fe(Il) occurs via Fenton reaction releasing hydroxyl free radicals, which
causes cell damage (top panel). Oxidation of Fe(II) happening inside the Dps shell at ferroxidation
sites proceeds without production of free radicals thereby protecting cells from oxidative damage
(bottom panel). Figure adapted with permission from Journal of Applied Microbiology. 2010. 110:
375-386

Dps can also protect the genome from a distance using DNA charge transport
through the DNA base pair wt-stack. This was demonstrated in E. coli Dps, where an
intercalating ruthenium photooxidant was used to generate localised DNA damage
to guanine repeats, which are the sites of lowest oxidation potential in DNA. When
iron loaded Dps was titrated against this modified DNA as opposed to apo-Dps, it
significantly reduced oxidative damage of DNA. The authors propose that the iron
loaded Dps is oxidised by DNA mediated oxidation through charge transport, as
there was no direct contact between the ruthenium photooxidant and Dps (Fig. 3.10)
(Arnold and Barton 2013). Thus through DNA charge transport, Dps could respond
to an oxidative affront happening around a 100 base-pairs away.

Conserved aromatic residues like tyrosine and tryptophan near the ferroxidase site,
can act as electron transfer intermediaries, allowing for rapid transfer of electrons
between the ferroxidase centre and outside of the protein shell. In L. innocua Dps,
a double mutant lacking both the aromatic residues near the ferroxidase site showed
attenuation of DNA protection and the DNA was degraded by hydroxyl radicals
generated through ferrous oxidation by H,O,. DNA protection assays indicated that
the presence of aromatic residues limited the release of hydroxyl radicals into the
solution and subsequent oxidative damage of DNA. Thus the aromatic amino acids
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Fig. 3.10 Schematic of DNA protection through charge transport. Steps: 1. A DNA intercalated
ruthenium(II) photooxidant is excited by visible light. 2. Ru(Il) is oxidatively quenched to Ru(III)
by a diffusing quencher (Q). 3. Ru(IIl) abstracts an electron from DNA and the electron hole
equilibrates along the m-stack and localizes to the most easily oxidised base like guanine (Ge).
4. DNA charge transport from Dps to guanine radical to fill the electron hole is a possible long
distance protection mechanism. Lower panel shows the structure of Ru(Il) covalently tethered
to DNA via diaminononane linkage. Figure reproduced with permission from J Am Chem Soc.
2013.135(42):15,726-15,729

near the ferroxidase centre could act as a trap for electron holes generated by oxidation
of ferrous iron by H,O, (Bellapadrona et al. 2010). Also, these residues could play
arole in DNA mediated oxidation of Dps through charge transport. These findings
further highlight the interplay of ferroxidation and DNA binding property for DNA
protection.

Nucleoid Condensation in Response to Stress

The genome in bacteria is folded into a compact structure called the nucleoid. In order
to reduce the volume to fit inside a cell, nucleoid associated proteins or NAPs bind
and condense DNA by bridging, bending or wrapping (Fig. 3.11a—f). In addition,
other factors like molecular crowding and DNA supercoiling contribute to further
compaction of DNA. DNA bending NAPs like IHF, HU and Fis act together with
DNA bridging proteins like H-NS or Lrp, with expression varying according to the
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DNA bridging by H-NS DNA wrapping by Lrp

DNA coating by HU

d
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Fig. 3.11 Architectural roles of common nucleoid associated proteins. Images on the left show
microscopy images of DNA with the respective NAP, and the cartoon representation is shown on
the right. Images reproduced with permission from J. Struct. Biol. 2006. 156: 262-272 and Genes
& Dev. 1992. 6: 2646-2654

growth phases of the cells. Fis has optimal expression during exponential phase (1
Fis/460 bp), after which HU is expressed (1 HU/550 bp). In early stationary phase
IHF reaches its expression peak (1 IHF/335 bp). Dps is the most abundant protein in
late stationary phase (1 Dps dodecamer/300 bp) (Luijsterburg et al. 2006).

During fast exponential phase of growth with high transcriptional activity, the
nucleoid is associated with clustered transcriptional foci. In stringent response where
inhibition of transcription happens, the nucleoid decondenses to form an elongated
structure. In early and stationary phase ring-shaped toroids containing DNA and Dps
and eventually the Dps-DNA crystalline lattice appears (Fig. 3.12), where the DNA
is transcriptionally inactive (Travers and Muskhelishvili 2005). To summarise the
changes in the expression of NAPs, in the exponential growth phase Fis is the most
abundant protein with the following order of abundance: Fis > Hfq > HU > StpA
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Fig. 3.12 Alterations in the nucleoid organisation as a function of growth phase in a bacterial
cell. Figure reproduced with permission from Current Opinion in Genetics & Development. 2005.
15:507-514

> H-NS > CbpB > Dps. In early stationary phase, Fis disappears and the order of
abundance changes to: Dps > IHF > Hfq > HU > CbpA > StpA (Ali Azam et al.
1999).

Role in Transcription Regulation

The above sections have described the mechanisms by which multifaceted Dps
proteins protect cells against stresses through DNA binding, iron binding and seques-
tration and ferroxidation. Another possible mode of protection is by the regulation
of gene expression by modulating the structure of DNA thereby controlling access
to the transcription machinery. Two dimensional gel electrophoresis of cell lysates
from WT and dps null mutant shows differential expression of proteins (Almiron
et al. 1992). The compacted Dps-DNA structures, along with differences in protein
expression patterns suggested a role for Dps as a pleiotropic regulator of transcription
when cells enter the stationary phase.

But, a recent study has shown that dps deletion causes no significant change in
the gobal transcriptional patterns and only mild alterations in the proteome, in vivo
during the stationary phase. Dps had no effect on RNA polymerase (RNAP) initiation
at physiologically relevant concentrations. Single molecule transcription assays used
in vitro to probe effects of Dps-mediated DNA compaction revealed that Dps binding
did not induce RNAP pausing or arrest transcriptional elongation of DNA (Janissen
etal. 2018). These findings suggest that Dps is a DNA binding protein that completely
decouples DNA condensation from transcriptional regulation, in contrast to histones
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Fig. 3.13 Model of DNA Protection by Dps a Under normal conditions in cells, E. coli Dps binds
DNA but is unable to condense the nucleoid. b Under conditions of stress, Dps condenses most
sections of the nucleoid, creating phase-separated organelles, which is accessible to RNA poly-
merase but inaccessible to other nucleoid binding proteins. Figure reproduced with permission
from Cell. 2018. 174(5):1188-1199

and other bacterial NAPs like HU and H-NS. This could provide bacteria greater
freedom to tailor transcriptional responses to different stresses at the same time as
protecting the genome from damage.

Dps shows co-operativity in binding to DNA (Ganguly et al. 2012) and this
requires multiple nearest neighbour interactions between Dps dodecamers to stabi-
lize the relatively weak interactions with DNA. Thus, Dps has a cumulative affinity
for DNA, despite having low affinity for individual contacts on DNA (Vtyurina et al.
2016). Therefore, proteins such as RNAP which establishes stable interactions with
DNA could displace Dps. But it does not explain how some others like the restriction
enzymes with high affinity for DNA could be excluded from acting on Dps-DNA
complexes. The dynamic behaviour of Dps-DNA binding could indicate that it forms
aphase-separated organelle with DNA, permeable to RNAP. These evidences suggest
that the ability of Dps to protect cells during stress is a direct effect of DNA binding
rather than activation or repression of specific genes. This dynamic nature of Dps
assembly on DNA also ensures that transcription can continue even under extreme
conditions of stress (Fig. 3.13) (Janissen et al. 2018).

Ferroxidation Properties

Iron plays a vital role in the processes of living organisms and the acquisition and
storage of metal in a non-toxic and bioavailable form is a primary requirement for
cells. Iron starvation is one of the major obstacles for successfully establishing
growth. Proteins of the ferritin family, like ferritins, bacterioferritins and Dps are
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the major iron storage entities in cells, with Dps found only in prokaryotes. Dps are
dodecameric nano-compartments having roughly spherical structures with a hollow
core for storing iron. Twelve identical monomers assemble through a 23 symmetry to
form 12-mers, and are frequently referred to as miniferritins, smaller in size than the
24-meric ferritins. They can store ~500 iron atoms per dodecamer and can oxidise
iron to its inert ferric form (Bozzi et al. 1997). Studies that examine the mechanism
of iron uptake, ferroxidation and release in response to the needs of cells, has been
carried out through mutational and structural analyses. This section summarises the
molecular mechanisms of how Dps processes iron. Being iron storehouses in cells,
Dps proteins share considerable structural similarity to ferritins. An evolutionary
link to ferritins in the light of recent studies showing a structural basis of a switch
between Dps and ferritins is also discussed.

Iron Uptake and Release

To better understand how Dps sequesters iron, it is necessary to examine the structure
of these dodecamers. Each monomer is an alpha helical bundle, with four helices
named A-D, and a short BC helix in between B and C helices (Fig. 3.2a). These
monomers have a tendency to form dimers, which are thought to be the first interme-
diate of oligomerisation. The ferroxidase center is placed in the dimeric interface in
between two subunits. Due to its symmetrical arrangement, Dps exhibits two type of
three-fold interfaces, namely the ferritin-like three-fold and the dps-like three-fold
interfaces. The ferritin-like three-fold interface is important in the channelling of
iron into the protein, whereas the dps-like interface is responsible for the protein
folding into a dodecamer. A model for iron incorporation can be described in three
steps: (1) Fe(I) atoms enter the protein cavity through the four ferritin-like three
fold interfaces of the dodecamer. (2) Fe(Il) atoms are oxidised at the ferroxidase
centre. (3) Oxidised Fe(III) atoms move towards nucleation sites in the interior of
the cavity. (4) Fe(IlI) mineral core is formed, with the possibility of further incoming
Fe(II) atoms getting oxidised on the surface of this growing mineral core (Fig. 3.14)
(Pulliainen et al. 2005).

Like ferritins, Dps has a roughly spherical structure with a hollow core and pores
at the ferritin-like interface, making them highly suited for iron sequestration and
storage. The ferritin-like interface in Dps forms a funnel-shaped channel with a
wide mouth facing the solvent side and which narrows towards the interior of the
protein cavity (Fig. 3.15a, b). This channel is lined by hydrophilic residues, mainly
negatively charged aspartate and glutamate residues, which trap and internalize iron
into the cavity (Williams et al. 2014). A number of studies in ferritins point to the
ferritin-like pore as the channel of entry and exit. Mutational analyses in S. suis and
L. innocua Dps indicated the importance of the conserved aspartate residues in this
channel, whereby any substitutions at these loci led to changes in the rate of iron
uptake and release (Pulliainen et al. 2005; Bellapadrona et al. 2009).
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Fig. 3.14 Schematic of iron oxidation and storage by Dps proteins, with S. suis Dpr as a represen-
tative example. Steps: (i) Fe(II) enters the protein cavity through the four hydrophilic pores each
within the ferritin-like three-fold interfaces, possibly attracted by negatively charged residues like
aspartates which lines the pore. (ii) Fe(II) gets oxidised at the twelve inter-subunit ferroxidation
sites, each located between two subunits related by a two-fold interface (iii) and (iv) Fe(IIl) ions
move to nucleation sites where Fe(III) mineral formation is initiated, and the mineral deposition
continues to grow with more Fe(Il) getting oxidised. “?” represents a path for Fe(Il) ions to be
oxidised directly on the growing mineral core, which could happen at a faster rate and explains
the sigmoidal nature of the ferroxidation curve in Dps proteins. Figure reproduced with permission
from Mol Microbiol. 2005. 57(4): 1086—1100

A mechanism of iron uptake and release was demonstrated on the basis struc-
tural evidence in M. smegmatis Dps, MsDps2. An assembly of oppositely charged
histidine-aspartate cluster at the ferritin-like interface was identified, which guards
the narrowest point of the channel. Site specific variants which disrupted this ionic
knot, showed a defective mechanism of iron uptake and release, highlighting a gating
mechanism that happens by alterations in the side chains of the residues lining the
channel and does not change the over-all stability of the protein. Iron release from
iron loaded Dps can be carried out by a combination of reductants and chelators.
Reducing agents like sodium dithionite converts Fe(IIl) to Fe(Il) which is chelated
by agents such as 2,2’-bipyridyl to form Fe(2,2’-bipyridyl);** complex and forms the
basis of iron release assays in vitro. The kinetics of iron release exhibits an early fast
rate which corresponds to the release of iron bound near the pores and easily acces-
sible to chelators, followed by a slower rate which coincides with the dissolution of
iron oxide in the protein core. Replacing the aspartates at the narrow opening with
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Dps protein
cavity

Fig. 3.15 Funnel shaped channel for iron entry in Dps a Side view and b Surface view with a
continuous blue circle revealing the diameter of the mouth of the funnel-shaped channel and dashed

circle shows the narrowest part of the channel. Residues important for iron channelling are shown
as sticks (PDB ID: 2Z90)
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bulkier histidine residues reduce the rate of iron release by several fold (Williams
et al. 2014).

However, the molecular mechanisms of iron release in vivo to meet iron require-
ment in cells during conditions of iron demand, is less understood. In vivo iron release
studies in ferritins have demonstrated the cytosolic release of iron by ferritin degrada-
tion within lysosomes (Linder 2013). It is thought that once the ferritins are degraded
in the lysosomes, the exposed ferrihydrite core maybe reduced/chelated and trans-
ported to the cytosol. This mechanism may not translate to Dps, as Dps is present
only in prokaryotes. The N-end rule degradation pathway of Dps via ClpX/CIpP
could release the iron deposited within, making it accessible to chelators and other
iron transporters in cells.

Conserved Ferroxidase Active Site

The first structural evidence of a ferroxidase site was revealed in the X-ray crystal
structure of L. innocua Dps (Ilari et al. 2000). This first ferroxidase centre identified
contained only one iron atom, contrary to the conventional di-iron centres found in
ferritins. Since then di-iron FOCs have been identified in other Dps homologs, where
the second iron displayed a partial occupancy. Unlike the FOCs in ferritins which
are contained within the four-helix subunit, the FOC in Dps is between two subunits
related by a two-fold. The iron in LiDps FOC is coordinated by carboxylate residues
and one or two histidine residues that play a role in the redox process. The two FOCs
in a two-fold interface are separated by a distance of 21.5 A.

A di-iron FOC was indicated in the crystal structure of B. brevis Dps, where two
neighbouring di-nuclear ferroxidase centers responsible for the oxidation of Fe(II)
ions was identified. The iron at site 1 is tightly coordinated to NE2 of His 31 in
subunit A, carboxylate group of Asp58 and OE2 of Glu62 from subunit B, where A
and B are related by a two-fold symmetry. Iron at site 2 is loosely bound to NE2 of
His43 (subunit A), OE1 of Glu62 (subunit B) and OE1 of Glu47 in subunit A via
a water molecule (Fig. 3.16). A p-oxo bridge links the iron atoms of site 1 and 2,
representing a reaction intermediate Fe(III)-O-Fe(III) during the oxidation of Fe(II)
(Ren et al. 2003). Like most active site residues, the ferroxidation site residues are
well conserved among Dps homologs from various species.

Iron Gating Mechanisms

Dps achieves iron channelling by very little changes to its overall conformation, being
very stable protein cages. A recent study by our group through co-crystallisation
of Dps with iron, showed that flexible aspartates could propel iron from the entry
site to the ferroxidation centre. A conserved arginine residue forms a network of
interactions which stabilizes the interface between the ferroxidation and iron entry
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Fig. 3.16 Dinuclear ferroxidase centre in B. brevis Dps. Two FOCs are in black discontinuous
circles, related by a two-fold interface (PDB ID: IN1Q). One of the FOCs is magnified on the right
panel, showing cordinating residues from subunits A and B. Fe ions at site 1 and site 2 are labelled
Fel and F2, respectively. Figure adapted with permission from J. Mol. Biol. 2003. 329: 467-477

sites (Fig. 3.17) (Williams and Chatterji 2017). The iron can bind to three sites at the
entry channel as shown in Fig. 3.18a. In M. smegmatis MsDps2, Asp138 which lines
the narrowest region of the pore, shows flexibility which could help in propelling
iron to the interior and any substitutions at this site caused a marked reduction in
the rate of iron entry. Another, Asp68 at the ferroxidation site was shown to exhibit
alternate conformations. Asp68 in its “outward-facing” conformation where the side
chain faces away from the iron binding centre, is a possible state when no iron is
bound at the site. In an “inward-facing” conformation, the ferroxidation site satisfies
the coordination chemistry for iron binding (Fig. 3.18b). A three-tier arrangement of
flexible asparates, each tier having three aspartates related by a three-fold interface,
lines the path of iron from its entry to the ferroxidation site (Fig. 3.19) (Williams
and Chatterji 2017). Further biophysical studies looking at how the movement of
aspartate side chains are linked to the passage of iron might throw valuable insights
on iron channelling in Dps.

Structural analysis of Dps loaded with iron to saturation levels did not show
any appreciable changes in X-ray crystallographic structure. Possibly because an
amorphous core of iron cannot be detected by X-rays, no density accounting for iron
could be found in any of the co-crystal structures. Co-crystals of varying ratios of
iron: dps did not show any appreciable structural variations from low iron-bound
forms to higher iron loaded forms. This indicates the extraordinary stability of the
Dps cages which can take iron to saturation levels without major conformational
adjustments. These proteins could allow iron entry by fluctuations in side chains of
the hydrophilic residues lining the pore gates (Williams and Chatterji 2017).
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Fig.3.17 View from the inside of a Dps dodecamer showing conserved arginine stabilizing interac-
tions between the ferroxidation centre (FOC) shown by a red circle and iron entry channel indicated
by a blue dashed circle. Each monomer and its residues forming the interface is colored differently.
Arg73 is the conserved arginine in the dps homolog MsDps2 (PDB ID: 2290)

a b

Iron entry channel Ferroxidase site

Fig. 3.18 Alternate conformations of aspartates at a Iron entry channel and b Ferroxidase site.
Asp68 and Asp138 are the residues in the FOC and iron entry pore, respectively in MsDps2 (PDB
ID: 5SWW5)
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Fig. 3.19 Three tiers of flexible aspartates help to propel iron to the ferroxidase site (FOC). Iron
entry site residues are in magenta sticks, FOC residues are in green. The aspartate residues in blue
are in a site between the active site and entry site, could help the movement of iron between these
sites. Fe ions are shown as orange spheres. The three aspartates of each tier are related by a trimeric
interface (PBB ID: SWW5)

Interestingly, small iron oxide clusters have been reported in H. salinarum DpsA
iron loaded protein crystals (Zeth et al. 2004). A greater mobilization of iron could be
required in a hypersaline environment faced by this organism, where iron reduction
and release could occur faster in small clusters having higher surface to volume
ratios, compared to large iron deposits. As such clusters have not been observed in
other Dps homologs, this could be an adaptation strategy unique to this organism in
surviving extreme conditions.

Binding to Other Metals

Metal ions like terbium and zinc were shown to inhibit iron incorporation into
mammalian ferritins. Listeria innocua Dps has also been found to be weakly inhib-
ited by Zn(Il) and strongly be Tb(III) (Stefanini et al. 1999). S. mutans Dpr could
incorporate 11.2 zinc atoms per dodecamer in addition to its capacity to incorporate
up to 480 iron atoms (Yamamoto et al. 2002). This led researchers to propose that
other metal ions could compete with iron binding at the ferroxidation sites. The struc-
tural basis of Zn and Tb mediated inhibition of ferroxidation was shown in S. suis
where crystal structures with Zn and Tb incorporated Dpr showed the presence of Zn
and Tb at the ferroxidase centre and in the same location where iron normally binds
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(Havukainen et al. 2008). In vitro studies also confirmed that both ions abolish iron
oxidation in Dps at concentrations >0.2 mM. A di-zinc binding in the ferroxidase
site was also reported in S. pyogenes Dpr (Haikarainen et al. 2010). Divalent metal
cations Cu*, Ni**, Co?*, Mn?*, Zn?* and Mg?* bound to ferroxidase sites of S. suis
Dpr was characterised by isothermal titration calorimetry and X-ray crystallography.
These ions were found coordinated to the ferroxidase site. The exact physiological
function of the ferroxidase centre binding other metal ions is not known, but it could
have certain indications on how Dps confers resistance against metal stresses of zinc
or copper (Haikarainen et al. 2011).

In S. solfataricus, a cellular environment where availability of Mn is higher than
Fe, SsDps (S. solfataricus Dps) could load Mn and inhibit mineralisation of Fe
(Hayden and Hendrich 2010). In competition experiments where Mn?* was already
bound to the metal sites, Fe?* was unable to displace the bound manganese, thereby
inhibiting ferroxidation. Kineococcus radiotolerans, a radiation resistant bacterium
having a high ratio of Mn:Fe in the cytosol, can survive ionizing radiations. It was
discovered that the ferroxidation centre of this organism can have an Mn-Fe compo-
sition as opposed to the usual Fe—Fe dinuclear iron bound at the ferroxidase centre.
The authors propose that the hetero-binuclear ferroxidase centre with Mn-Fe could
have a role in redox cycling and help in combating oxidative stress (Ardini et al.
2013).

The Dps from the cyanobacterium 7. elongatus was shown to bind two Zn at the
ferroxidase site. The FOC in this dps homolog is unique in having two histidines
and only one of the bound zinc can be displaced by incoming Fe ions, giving rise
to Zn(II)-Fe(III) complexes as indicated by atomic emission spectra (Alaleona et al.
2010). Another cyanobacterial Dps from N. punctiforme, NpDps4 has an atypical
ferroxidase site similar to TeDpsA with two additional histidines, which also can
bind Zinc. This led the authors to classify a new type of FOC called the His-type
FOC (Howe et al. 2018). Zinc bound at the ferritin-like three-fold interfaces seen
in the case of H. pylori HP-NAP, which are iron entry channels in Dps, indicates
that other metals could also enter the dodecamer through the usual iron entry sites
(Yokoyama and Fujii 2014).

Evolutionary Link with Ferritins

Ferritins are 24-meric proteins with an internal cavity which can store and oxidise
iron, like their smaller 12-meric counterparts, Dps. They have a 432 octahedral
symmetry with subunits forming four-fold, ferritin-like three-fold and two-fold
symmetries. Dps has a 23 tetrahedral symmetry, with subunits related by a ferritin-like
three-fold, Dps-like three-fold unique to Dps and two-fold symmetries (Fig. 3.20).
The ferritin-like three-fold interface is important for iron channelling, whereas the
Dps-like three-fold of Dps and the four-fold interface in ferritins are important for
protein folding into higher oligomers. In Dps, the AB loop between helices A and B
forms stable interactions at the dps-like trimeric interface, and a mutation of a highly
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MsDps1 F47E-MsDpsl1 Frog M ferritin

Monomer

Dimeric
interface

Ferritin-like
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Dps-like
trimeric/
tetrameric
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Fig.3.20 Symmetry related interfaces in MsDps1 (PDB ID: 1VEI), F47E-MsDps1 (PDBID: 5SH46)
and frog M ferritin (PDB ID: 3RBC). FATE-MsDpsl1 has an arrangement similar to ferritins. Dps
proteins have a dps-like trimeric interface, distinct from ferritins and F47E-MsDps1which has a
tetrameric interface. In Ferritins, E helix is at the centre of the tetrameric interface. F4A7E-MsDps1
has a large gap in the assembly of the tetramer having no E helices

conserved phenyl alanine to a glutamate (F47E) in the AB loop of M. smegmatis
Dpsl was shown to alter its assembly from the canonical 12-mer to a ferritin-like
24-mer. The assembly of mutated Dps monomers to ferritin-like cages seems to be
stabilised only under crystallization conditions, as in solution these subunits exist as
dimers (Williams et al. 2017).
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The crystal structure of F47E-MsDps|1 exhibited a 24-meric ferritin-like assembly,
with an outer diameter of 120 A and an inner diameter of 80 A similar to ferritins. WT
Dps has an outer diameter of 90 A and a central cavity of 45 A. The F47E-MsDpsl
had a 432 octahedral symmetry, with four-fold, ferritin-like three-fold and two-fold
symmetries (Fig. 3.20). The point mutation F47E caused the AB loop to lose its rigid
conformation due to disruption of the hydrophobic interactions at the dps-like three-
fold, pushing its conversion to a four-fold interface similar to ferritins (Fig. 3.21). In
ferritins, a C-terminal E helix is poised at the centre of the four-fold and stabilises the
tetrameric interface. It is interesting to note that some ferritin homologs have a short
AB loop and others have an AB loop which faces away from the four-fold interface,
so as to avoid clashes with the E-helix.

Ferritin family proteins are thought to have originated from rubyerythrin-like
ancestors which evolved into 12-meric bacterioferritins (Bfr) that later diverged into
12-meric Dps and 24-meric ferritins/Bfrs (Andrews 2010). Thus, early ferritin-like
proteins could have had a dodecameric assembly, and as indicated by the mutational
switch FA7E, minor changes in secondary structure could have led to the evolution
of 24-mers.

“righ
Al locp trimeric
association

C terminal
il

“flexible’

Al loop
tetrameric

C terminal

il

Fig. 3.21 Model for assembly of ferritin family proteins. Top panel shows the proposed assembly
of a Dps 12-mer, where a four-helix monomer with a “rigid” AB loop associates via the dps-like
trimeric interface. Bottom panel shows the monomers associating through a tetrameric interface with
the C-terminal E helix at the centre, forming 24-meric ferritins. Figure reproduced with permission
from Structure. 2017. 25: 1449-1454
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Applications in Biotechnology and Nanomedicine

Biomolecules like Dps proteins with cage-like assemblies can be engineered via its
inner shell, external surface or subunit interfaces. The hollow interior can be manip-
ulated to load therapeutic drugs and other diagnostic molecules. External surface
modifications can help to enhance biocompatibility and cell-specific targeting. Self-
assembly can be modulated through altering the subunit interfaces. The iron release
pores can be altered to fine tune release of molecular cargos (He and Marles-Wright
2015). This section further explores the applications of Dps in biotechnology, drug
delivery and nonomedicine.

Engineering of Nanoscale Devices

Multiprotein complexes like Dps with their well-defined interior cavities are attrac-
tive templates for bionanotechnology. They can be produced in large quantities, are
amenable to chemical modifications, are structurally and functionally well charac-
terised (He and Marles-Wright 2015). The synthetic flexibility of these miniferritins
have been demonstrated by computational design introducing wide-scale mutations
for altering polarity of the interior from a hydrophilic to hydrophobic cavity. These
mutated Dps could assemble similar to WT proteins and form dodecamers, paving
way for engineering proteins with novel functions (Swift et al. 2006). Dps can bind
other metal ions in addition to iron and this property has been utilized to generate
mineral cores of cobalt and oxygen in L. innocua Dps (Allen et al. 2003).

Ferritin-like proteins are used to mineralise non-physiological metals through
self-assembly around a solution of metal ions, chemically mediated redox reactions
or photochemistry (Yoshimura 2006). Ferritins can also mineralise iron sulphide,
Mn(IIT) and magnetite (Fe;O4) cores. Ferritin-like proteins with magnetite core called
magnetoferritins have uses in cell imaging, providing magnetic contrast and magnetic
separation of cells and particles (Deans et al. 2006).

Dps has been used to fabricate inorganic nanodevices like quantum dots and
nanowires. Here, Dps cores loaded with a mineral core are deposited on silicon
substrates which are silanized and made functional with small peptides or molecules.
The protein cage can be removed with heat to leave the core in place, and such
semiconductor cores deposited on silicon wafers can be used as memory gates (Okuda
et al. 2005). Metals cores isolated from Dps can be used to seed the growth of carbon
non-tubes and nanowires (Kim et al. 2011). Dps loaded with mineral nanoparticles
can crystallise in 2-dimensional arrays to give a regular array of uniformly sized
nanoparticles on solid surfaces.

Due to the capacity for mineralisation of heavy atoms in the core, Dps can be
used as contrast agents in electron microscopy. The stability of Dps and its ordered
symmetric structure makes it an ideal sample for cryoEM imaging techniques.
Apoferritins are routinely used as a standard for estimation of the magnification
of micrographs in cryoEM (Wasilewski et al. 2012).
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Nanoparticles in Biomedicine

Ferritin family proteins are stable and biocompatible entities that can be manipulated
with respect to their assembly, surface modifications and reconstitution. Thus, they
have the potential to be developed as drug delivery vehicles. Due to their hydrophilic
cavities, incorporation of non-metal containing drugs poses challenges. Addition of
charged molecules or drugs complexed with metals such as copper, could overcome
this limitation (Maham et al. 2009, 2011). Surface modifications with epitopes and
labels to target these loaded nanovehicles to specific cell types or tumours, could be
a powerful tool for drug delivery.

Ferritins have been used to develop self-assembling nanoparticles that elicit
broader and more potent immunity in comparison to traditional vaccines. In this
instance, haemagglutinin from the influenza virus was fused to ferritins, which
assembled via the trimeric ferritin-like interfaces to give eight trimeric viral spikes
on the ferritin surface. Immunization with the HA-ferritin fusion protein generated
an increased HA inhibition antibody titre compared to the traditional inactivated
vaccines (Kanekiyo et al. 2013). Also, there was no autoimmune reaction here, due
to the use of H. pylori ferritin with high sequence variation from the human ferritin.
Similar fusion proteins have been engineered with Dps, with a roles in diagnosis,
treatment and prevention of diseases. Dps fusion proteins are soluble, in spite of the
poor solubility of the attached peptide/epitope. They also have enhanced thermosta-
bility and enhanced immune response due to multimeric assembly, similar to ferritins
(Verma et al. 2018).

Biomoleules can often rival synthetic molecules due to their flexibility, biocom-
patibility, diversity and lower toxicity. Naturally occurring nanocompartments like
Dps can thus be exploited to encapsulate nanoparticles, and surface modifications
can help to target tissue systems and make them suitable as drug carriers. Under-
standing the loading and unloading mechanisms, as exemplified in the study of gating
mechanisms in Dps can help us understand how to fine tune the release of drugs in
a tissue-specific manner (Williams et al. 2014). Also, having a better knowledge of
multi-subunit assembly of the ferritin family proteins can help in building higher
order assemblies (Williams et al. 2017).
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