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Abstract The crystal structure of a DNA-binding
protein from starved cells (Dps) (DR2263) from Dei-
nococcus radiodurans was determined in two states: a
native form, to 1.1-A resolution, and one soaked in an
iron solution, to 1.6-A resolution. In comparison with
other Dps proteins, DR2263 has an extended N-ter-
minal extension, in both structures presented here, a
novel metal binding site was identified in this N-ter-
minal extension and was assigned to bound zinc. The
zinc is tetrahedrally coordinated and the ligands, that
belong to the N-terminal extension, are two histidines,
one glutamate and one aspartate residue, which are
unique to this protein within the Dps family. In the
iron-soaked crystal structure, a total of three iron sites
per monomer were found: one site corresponds to the
ferroxidase centre with structural similarities to those
found in other Dps family members; the two other sites
are located on the two different threefold axes corre-
sponding to small pores in the Dps sphere, which may
possibly form the entrance and exit channels for iron
storage.

Keywords Crystallization - DNA-binding protein
from starved cells - Iron - Deinococcus radiodurans
Introduction

Deinococcus radiodurans is an aerobic bacterium
extremely resistant to a wide range of agents and
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conditions that damage DNA, including desiccation
and ionising and ultraviolet radiation [1, 2]. Despite
much recent research that has been carried out on this
bacterium and all the hypotheses proposed, the
mechanisms underlying the radiation resistance are not
fully understood. A relationship between the differ-
ences in resistance to y-radiation and desiccation for
different bacteria has been proposed to be correlated
with their intracellular Mn/Fe concentration [3, 4].
D. radiodurans is known to accumulate high intracel-
lular manganese and to maintain low iron levels [3, 4].
In the D. radiodurans genome [1] there is no gene
coding for a ferritin-type iron-storage protein, indi-
cating therefore that iron may not have an essential
role in this organism. However, there are two genes
encoding for putative DNA-binding proteins, DNA-
binding protein from starved cells (Dps), homologous
to the Escherichia coli protein [5, 6]. One of the Dps
genes is encoded on chromosome 1, corresponding to
DR2263, whilst the other, DRB0092, is encoded on
megaplasmid MP1 [1]. These two proteins may func-
tion as iron-storage proteins and at the same time
protect the DNA from oxidative stress conditions.

Dps are a family of prokaryotic proteins associated
with oxidative stress response, being able to protect
DNA under those conditions presumably by suppres-
sion of Fenton chemistry. Crystallographic studies on
these proteins have revealed a structural similarity to
the iron-storage ferritin family. Dps and ferritins share
a hollow spherical structure, but with only 12 subunits
instead of 24 subunits. The Dps dodecamers have an
external and internal diameter of approximately 90 and
45 A, respectively. Each subunit is a four-helix bundle
with a short helix in the middle of the BC loop and the
12 subunits assemble with 23 symmetry [6-15].
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Although all the members of the Dps family share
the same dodecameric structure they have different
proposed functions. They can act as iron-storage pro-
teins with two intersubunit ferroxidase centres for iron
oxidation, having the capacity to incorporate up to 500
iron atoms [16-18]. The amino acid residues forming
the ferroxidase iron binding site are contributed by
both of the symmetry-related monomers and are quite
conserved amongst members of the Dps family known
to date. In some of the published crystal structures, it
was possible to observe iron bound at this site [7, 9—
15]. Mutations of residues involved in this intersubunit
site for the Dps-like peroxide resistance protein
(Dpr) in Streptococcus suis resulted in a considerable
decrease in iron incorporation in vivo [19]. However,
there are examples of Dps family members that do
not have these residues, such as DpsA and DpsB
from Lactococcus lactis, which both lack the conven-
tional ferroxidase centre [8] and for the Dps-like
protein from archaeon Sulfolobus solfataricus, which
is able to catalyse iron oxidation, for which the
sequence alignment within the monophyletic cluster
suggested a different metal binding motif potentially
involved in iron coordination: His/GIn(X);3Glu(X)o
Glu/GIn(X),Glu [20].

Some members of the Dps family bind DNA with-
out any apparent sequence specificity, and they protect
the DNA from damage as a result of oxidative stress.
The E. coli Dps is upregulated under stress and induces
the formation of toroidal assemblies of chromosomal
DNA in such a way that the DNA molecules are
physically sequestered and structurally protected [21,
22]. The DNA interaction mechanism is not yet com-
pletely established. For E. coli Dps it has been pro-
posed to be associated with the presence of a lysine-
containing N-terminal extension; the motif contains
three lysines residues and is Lys5(X),Lys8(X)Lys10,
presumably by extending away from the compact
sphere into the solvent, thereby interacting with the
DNA strands [6, 23]. In the case of Mycobacterium
smegmatis Dps, DNA interaction is proposed to be
related to the presence of positive residues (mainly
lysines and arginines) located on the C-terminal which
may be able to facilitate interactions with DNA [15].
Recently it was shown that for Lac. lactis DpsA the
N-terminal region is required for DNA binding,
although the positively charged lysine residues within
this region are not essential for mediating DNA
interactions [8]. In fact, crystal structures of both DpsA
and DpsB from Lac. lactis show an N-terminal exten-
sion forming a helix extending perpendicularly away
from the protein, exposed on the dodecamer surface
and being available to interact with DNA [8].
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There are examples of Dps having a dual function:
they can interact with DNA and sequester iron by
protecting DNA from oxidative damage, by acting as a
physical shield and by inhibiting Fenton chemistry
[4, 5, 15, 24].

The two only organisms which contain two different
genes encoding for Dps-like proteins are the bacterium
Bacillus anthracis [12], with DIp-1 and Dlp-2, and the
radiation-resistant bacterium D. radiodurans, with
DR2263 and DRB0092. In both bacteria the cellular
functions of the two different Dps are unknown. In the
case of D. radiodurans, from an analysis of a tran-
scriptome dynamics study, the profile for expression
levels of both proteins could not clarify the roles of
either protein [25]. Recently, it was shown that Dps
DR2263 binds DNA, both in dimeric and dodecameric
forms of the protein, and it was proposed that each of
the Dps DR2263 forms has different functions: both
forms exhibit ferroxidase activity, but only the dimeric
form protects DNA from hydroxyl radicals [26]. Thus,
the cellular function and the roles associated with
radiation recovery remain to be elucidated for both
Dps from D. radiodurans. The crystal structures of Dps
DR2263 presented in this paper suggest a possible role
in iron oxidation and also in DNA binding for this
protein.

Materials and methods

Cloning, expression and purification
of Dps DR2263 from D. radiodurans

The gene encoding Dps DR2263 was amplified from D.
radiodurans R1 genomic DNA using the Gateway
System (Invitrogen) with the donor vector pPDNOR221
and the destination vector pDest14. Both forward and
reverse primers were designed in accordance with the
system. The resulting plasmid was transform into E.
coli BL-21 (DE3). Overexpression was obtained by
growing cells at 37 °C in Luria—Bertani medium con-
taining ampicilin (100 pg/ml) to an optical density at
600 nm of 0.7-0.8 which were then induced with 1 mM
of isopropyl p-p-thiogalactopyranoside and grown
overnight at 20 °C. The cells were harvested and
resuspended into 10 mM tris(hydroxymethyl)amino-
methane (Tris)-HCI, pH 7.5 and broken in a French
Press pressure cell (Stansted) at 9,000 psi. The over-
expressed protein was found in inclusion bodies, which
were collected along with other cell debris by low-
speed centrifugation at 5,000g for 10 min. The sus-
pension was dissolved in solubilisation buffer, 8 ml/g,
20 mM Tris—-HCI pH 7.5, 8 M urea, 0.5 M NaCl, 5 mM
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DTT, and stirred at room temperature for 30 min.
Insoluble material was eliminated by centrifugation at
17,000g, for 15 min. The supernatant was then dialy-
sed, firstly with 1 1 urea (8 M) for 2 h, then eight times
250 ml 25 mM Tris-HCI pH 7.5, 150 mM NaCl was
added in time intervals of 2 h. The sample was then
dialysed against 21 of 25 mM Tris—=HCl (pH 7.5,
150 mM NaCl) and finally against 25 mM Tris—HCI pH
7.5. The solution was centrifuged (15,000g, 20 min) and
the supernatant loaded on an ionic exchange 5-ml Hi-
Trap HP column (2 ml/min 20 mM Tris-HCI pH 7.5,
1 M NaCl). The Dps DR2263 sample was eluted at
300 mM NaCl, concentrated using an Amicon-Ultra
centrifugal filter and finally applied on to a Superdex S-
200 XK16/60 (0.8 ml/min, 20 mM Tris-HCl pH 7.5,
150 mM NaCl). The protein obtained was pure as
judged by sodium dodecyl sulphate polyacrylamide gel
electrophoresis analysis. The N-terminal sequence was
confirmed by Edman degradation performed by the
sequence service of the Institut de Biologie Structurale,
Grenoble, France.

Protein crystallisation and soaking

Crystallisation conditions were screened using the
nanodrop crystallisation robot of the Partnership for
Structural Biology—High Throughput Crystallisation
Platform (EMBL, Grenoble). Crystals were obtained
at 20 °C in 200 mM lithium sulphate monohydrate,
100 mM Tris—HCI pH 8.5, 15% poly(ethylene glycol)
4000. Crystal A was crystallised by the hanging-drop
method by mixing 2.0 pl of native protein as purified
(8 mg/ml) with 2.0 pl of reservoir solution. Crystal B
corresponds to native protein crystallised with a pro-
tein concentration of 13 mg/ml and the resulting crys-
tals were soaked in 10 mM ferrous ammonium
sulphate solution for 15 min.

X-ray data collection and processing

Crystal A was cryo-protected with a solution of 25%
glycerol in the mother liquor and crystal B was cryo-
protected with a solution of 30% glycerol in the mother
liquor. Both crystals belong to the cubic space group
P23 with unit cell dimensions of a = 90.39 A for crystal
A and 90.2 A for crystal B, and a Matthews coefficient
Vi of 2.7 A%Da, corresponding to an estimated 53%
solvent content and one monomer in the asymmetric
unit.

Diffraction data were collected using X-rays of
wavelength of 0.933 A at the European Synchroton
Radiation Facility on beamline ID14-1 using an ADSC
Q4 CCD detector to 1.1- and 1.6-A resolution for

crystals A and B, respectively. Highly redundant data
were collected from crystal B in order to allow struc-
ture determination by using the remote single-wave-
length anomalous diffraction (SAD) technique. Both
datasets were integrated using MOSFLM [27] and
scaled, merged and converted to structure factors with
SCALA and TRUNCATE [28, 29]. The statistics of
each dataset are presented in Table 1.

Phasing and refinement of the structures

The structures were determined using the data from
crystal B. The anomalous Patterson maps generated
from the highly redundant data suggested the presence
of three metal sites; autoSHARP [30] was therefore
directed to search for three sites per monomer. The
phases from autoSHARP were transferred to the data
collected from crystal A. Both structures were con-
structed independently using arpWARP [31], resulting
in initial models of 163 residues and 175 residues, out
of a total of 207 possible, for structures A and B,
respectively. Refinement for both structures was car-
ried out using cycles of REFMAC [32] and manual
reconstruction with O [33]. For structure A, aniso-
tropic B factors were refined on all the atoms; for
structure B significant deviation was observed from
spherical electron density for the metals and so aniso-
tropic B factors were applied to the metal sites. Water

Table 1 X-ray data-processing statistics for DNA-binding
protein from starved cells (Dps) DR2263

Structure A, Structure B,

native iron-soaked
Beamline . ID14-1 (ESRF) ID14-1 (ESRF)
Wavelength (A) 0.933 0.933
Temperature (K) 100 100
Space group P23 P23
Unit cell (A) 90.39 90.2
Resolution (A) 21.31-1.10 31.91-1.60
(1.13-1.10) (1.64-1.60)

Rmerge (%) 6.3 (47.7) 9.4 (56.9)
Ila(I) 13.7 (2.5) 56.5 (11.1)
Wilson B factor (A?) 6.3 13.6
Completeness (%) 99.6 (98.1) 100.0 (100.0)
Redundancy 5.4 (3.9) 84.0 (84.7)
Number of 537,021 (27,689) 2,736,421

observations (202,055)
Number of unique 99,021 (7,138) 32,579 (2,386)

reflections
Phasing power - 0.91
Rcullis - 0.849
Figure of merit before - 0.31

solvent flattening

Numbers in parentheses refer to the highest-resolution shell

ESRF European Synchroton Radiation Facility
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molecules were placed automatically with REFMAC
and arpWARP. On both structures presented here,
native form and iron-soaked, the first 29 amino acid
residues could not be located in the electron density
and therefore were not modelled.

For both structures A and B, the electron density
maps revealed the presence of an unsuspected strongly
bound metal ion located in the N-terminal extension.
The identity of the ion as Zn was verified with dif-
fraction data collected (statistics not shown) above and
below the Zn K-absorption edge on ESRF beamline
ID23 with crystals of type A (native). Phased anoma-
lous maps using calculated phases from the final native
model show a peak of 43.0¢ above the edge and a peak
of 4.00 below the edge at the Zn position.

For both structures A and B phased anomalous
maps were calculated using the data collected at 0.933-
A wavelength. Besides the zinc site in the N-terminal
extension found in both structures, only one other peak
(7.60) was observed for structure A; whilst for struc-
ture B three peaks (49.70, 34.40 and 19.10) were ob-
served. In order to assess the relative occupancy of the
metal sites, these sites were refined with various
occupancies in an attempt to match the site B factor
with those of the surrounding ligands. For structure A,
the zinc site was finally refined at 75% occupancy and
the 7.60 peak (threefold C-terminal pore) was refined

at 45% occupancy. For structure B, the zinc site was
refined at 100% occupancy and the other peaks were
refined: 49.7¢ peak (intersubunit ferroxidase centre) at
100% occupancy, the 34.4¢ peak (threefold N-terminal
pore) at 84% occupancy and the 19.1¢ peak (threefold
C-terminal pore) at 84% occupancy.

The refinement statistics of each structure are pre-
sented in Table 2. The Ramachandran plot shows no
residues in the disallowed regions for both structures.
All the stereochemical criteria as calculated by PRO-
CHECK [34] satisfy or are better than the average
values structures determined at a similar resolution.
The overall G factor is 0.2 for both structures A and B.

Sequence alignment

Multiple amino acid sequence alignment was made
with Dps or Dps-like sequences where crystal struc-
tures had been published, using Clustal W [35], and
were readjusted using Genedoc [36] based on struc-
tural alignments made using the SwissPDB [37].

Figures
Figures 1a and b, 3b, 4 and 5a and b were prepared

with MolScript [38] and Raster3D [39]. Figure 3a was
prepared with BobScript [40] and Raster 3D [39].

Table 2 Refinement statistics
for Dps DR2263

Structure A, native 1.1 A Structure B,

iron-soaked 1.6 A

R (%) (no. of reflections)
Riree (%) (no. of reflections)
Average B factors

12.6 (94,077) 13.1 (30,939)

Root-mean-square deviations from standard geometry (A)

Bond lengths
Bond angles
Bond torsions

Number of non-hydrogen atoms

All
Protein
Water
Fe

Zn
Sulphate
Glycerol

Residues with two conformations

Residues with three conformations Glul04, Argl59

14.8 (4,931) 15.3 (1,638)
11.3 14.8
0.019 0.020
1.702 1.637
4.821 4.844
1,856 1,774
1,505 1,463
344 278

1 3

1 1

5 5

0 24

Glu54, Glul100, Glul10, Glul14,
Glul41, Arg92, Arg205, Leu96,
Asp99, Aspl72, Aspl8l,
Thr135, Pro139, Lys192

Leu66, Leu96, Leul24,
Arg92, Alal25, Thrl35,
GIn137, Aspl72

B factor (B factor average for the ligands)

Zn (N-terminal extension)
Fe (ferroxidase centre)

Fe (threefold N-terminal pore)
Fe (threefold C-terminal pore)

Argl59
7.25 (9.42) 14.5 (14.4)
- 7.7 (7.4)
- 7.7 (17.2)
8.6 (17.6) 19.4 (20.5)
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Fig. 1 a Overall view of a
DNA-binding protein from
starved cells (Dps) DR2263
dodecamer structure along
the twofold axis in structure
B. The helices are
represented as ribbons and
each dimer is represented
with a different colour. b
Ribbon representation of the
dimer in structure B: both
monomers are represented
with a rainbow scale colour.
In both a and b the different
metal sites are represented as
spheres with different colours:
black iron site corresponding
to the ferroxidase iron centre;
blue iron sites located in the
threefold axis N-terminal
pore; green iron sites located
in the threefold axis C-
terminal pore; yellow zinc site
in the N-terminal extension. ¢
Stereo view of the
superposition of the Dps
monomers from the proteins
for which the crystallographic
structure is published; red
Dps DR2263, blue 1ZUJ,
brown 1ZS3, orange 1TJO,
black 1DPS, cyan 1TUMN,
light green 1VEQ, violet
109R, yellow IN1Q, dark
green 1QGH, pink 1J15, grey
UIG, dark blue 1J14

Figure 1c was prepared with Swiss-PdbViewer [37],
MolScript [38] and Raster3D [39].

Coordinates

Structure factors for the three data sets and associated
structure coordinates were deposited in the Protein
Data Bank [accession codes 2C2U (structure A) and
2C2F (structure B)].

Results and discussion

Overall structure

The Dps DR2263 crystal structure was determined in

two forms: structure A to 1.1-A resolution corre-
sponding to the native protein form and structure B to

1.6-A resolution from a native crystal soaked in an iron
solution. Both crystals belong to space group P23, with
unit cell parameter a = 90.39 A (structure A) and
90.2 A (structure B), containing one subunit per
asymmetric unit. The quaternary Dps DR2263 struc-
ture is a dodecamer with 23 symmetry (Fig. 1a), com-
posed of identical subunits and is similar to other
members of the Dps family, for example those from E.
coli, Listeria innocua and Agrobacterium tumefaciens
[6, 7, 13]. The dodecamer displays a hollow, almost
spherical, structure, and each subunit has a molecular
mass of 23 kDa with 207 amino acid residues, consist-
ing of a four-helix bundle and a short helix in the
middle of the loop between helices B and C similar to
other members of the Dps family (Fig. 1). Helix B in
the four-helix bundle is kinked, owing to two consec-
utive amino acid residues: a phenylalanine and a pro-
line (Phel06 and Prol07) in the middle of the helix.
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These two residues are only present in this Dps
DR2263 compared with the other Dps sequences
(Fig. 2). The residue Phel06 from the twofold related
subunits are close by: the distance between the CZ
atoms from the two Phel06 residues in a Dps dimer is
approximately 3.8 A, and this hydrophobic environ-
ment is located in-between the two mononuclear iron
ferroxidase centres.

A comparison of Dps monomer structures with Dps
DR2263 reveals that the four-helix bundle is highly
conserved and the main difference is located in the N-
terminal extension (Figs. 1c, 2). Although in both
structures presented here, the native form and the iron-
soaked form, the first 29 amino acid residues were not

Lactobacillus lactis-12UJ
Lactobacillus lactis- 1283
Halobacterium salinarum-1TJO
Escherichia coli-1DPS
Streptococcus suis- 1UMN
Mycobacterium smegmatis- 1VEQ
Agrobacterium tumefaciens- 109R
Bacillus brevis- IN1Q

Listeria innocua -1QGH

Bacillus anthracis Dip1-1JI5
Bacillus anthracis DIp2-1JIG
Helicobacter pylori -NAP-1J14

modelled owing to disorder, the remaining 25 N-ter-
minal residues before helix A define a loop that har-
bours a metal Zn centre (see later).

The N-terminal extension and the zinc site

A comparison of the Dps DR2263 sequence with other
Dps sequences shows that both D. radiodurans Dps
have a longer N-terminal, an extension of 53 amino
acid residues before the start of the first helix of the
four-helix bundle in the case of DR2263 (Fig. 2),
compared with other known Dps. Both D. radiodurans
proteins share only 17% of sequence identity (Fig. 2),
though the tertiary and quaternary structures are

2 g cg ¢ | lg ls 1 8
Deinococcus radiodurans DR2263 TTIS YLKFKKY DIR RFERD LAYD F 1A IFPS I Q g4 L VA S LAAPADLARYSTVQVPQETVR...DARTQVAD
Deinococcus radiodurans DRB0092 TELQA QL QTK Am SETLWVT E LLQDHVEGISKFAEDVQ SVEASSDGRAITIVAASRLP IPGGFL...DDAQVIQF
Lactobacillus lactis- 1ZUJ SNIFYEKIS M AGLYAKS...ANYRIKFR IALKEDEWFYL I SEgQL DENELVPT .LDEFVSNHKFIENDPKAKYWTDEALIEN
Lactobacillus lactis- 1283 SNLFIENIR T AGIYAKS...PVKC YLR IAQREVEYFFKISDLL DENEIVPS .TEEFLKYHKFITEDPKAKYWTDEDLLES
Halobacterium salinarum-1TJO NVY YHQ KKH E[CAE RD LFLG AAETAEEVAJ [RA ERVANY V HASPETLQAEASVDVEDEDVY .. .DIRTSLAN
Escherichia coli-1DPS IQFID SLITK: A MR[SAN AV MLDGFRTALIDHLUTM JFiiAVQ VALG TQVINSKTPLKSYPLDIH.. . .NVQDHLKE
Streptococcus suis- 1UMN DLS AHSI H Vi YMRESRG;MIW PKMD YME IDGYLY -MSEFIAL I T A Fs LKEFSENSQLK VLGDYNV. . .TIEEQLAR
Mycobacterium smegmatis-TVEQ § TYND HLT ' KHV VI PN IV MIDPQVELVRGYA[U  V EFHIAT KS KG  PGAIIKDRTWDDYSVERD...TVQAHLAA
Agrobacterium tumefaciens- 109R SVID ALVTK A L K[ P Q AV LLDTFRTQLDNHG T I IV Vva TALGSLQAVSSTTKLKAYPTDIY.. . .KIHDHLDA
Bacillus brevis- IN1Q NWV YVK HNF NESP NAFT KFE LYT ASGHIUTLLEZAV S| S IA LAASLEEASIK ATGGE....SAAEMVSS
Listeria innocua -1QGH NLN FTVKIH I YMRSHN FT KMDDLYS FGEQM - VI.RIdL A S Fs LKEFLENASVE APYTKPK..TMDQLMED
Bacillus anthracis DIp1-1J15 DWS FTK HNF Y KEgPQFFT KFE LYT SATHI[J [I'A E REEY-WI K VA MKEYLEISSIQ AAYGE....TAEGMVEA
Bacillus anthracis DIp2-1JIG NWN YVK HNY Y T PH FT KFE FYN:-AGTY I [RAl ERE A E K LA MKEYLATSSVN GTSKE....SAEEMVAQT
Helicobacter pylori -NAP-1J14 DAI FMKVHNF KISTD AFNVLIKATE I'YE -FADMFUD L i1 Va EHH LV I LSEAIKLTRVK ETKTSF...HSKDIFKE

g g nn gn g g ¢

Deinococcus radiodurans DR2263 L VQ 'L SRVGKGYRDDSQACDEANDIPV MYNGYAATID IR Q IMDDERLD. ... ... ... ... .. ......
Deinococcus radiodurans DRB0092 F T Y Q ETVGQRIHQRVG.DVEKVEPT ANL QEVEHII VQEQMR F QNTPTDPNTGFDINNGKPVPLRGR

Lactobacillus lactis-1ZUJ FIN FQNQNLFIGRAIKL QKEEKFSLELAIRKLYGYNLSIIPYFAGE GKTIGEFIEEEDED. ... .........
Lactobacillus lactis- 1283 FIV FQAQNMFITRAIKL NKEEKFAL AGVVELYGYNLQVIRN AGD GKSVADFHDEDEDNDN. ... .......
Halobacterium salinarum-1TJO DMAI GDIIEATREHTEL ENLGUHA HM REGLIE DDAHHIEHY " EDDTLVTQGALE. . .............
Escherichia coli-1DPS LADR AIVANDVRKAIGE K. . . DD I TAASRD 'D FLUFITESNIE. ... .. . . vt
Streptococcus suis- TUMN VVEVFRYLAALFQKGFDVSDEEGUSYV N IFNVAKASI H I Q E GQAPKL...... .. ... .. .. ...
Mycobacterium smegmatis-TVEQ L DLV 'NGVIEDTRKSIEKLEDL . uLVSQ L IAHAGE FQUFVR H ESAGGQLTHEGQSTEKGAADKARRKSA
Agrobacterium tumefaciens-109R L | ER. ' GEVANMIRKAIDDSDEAGIPT IFTAASRD D SLUJF E HVQEKS. . .....................
Bacillus brevis- IN1Q VVN FVDLVGELKVARDV DEADUEA M DAIEAG HV E F L E . . . . o e
Listeria innocua -1QGH LVGTLELLRDEYKQGIELTDKEGZDV N M IAFKASID HI FK F GKAPLE. ....................
Bacillus anthracis Dip1-1J15 I MK EMMLVELKKGME ! QNSDUEM S L LGIYTE HA ROF NQ. . .. .. oo
Bacillus anthracis Dip2-1JIG LVN SALIQELKEGMEV GEAGJATS M LAIHTT QHYV S F K. o e
Helicobacter pylori -NAP-1J14 I'LE KYLEKEFKELSNT EKEGUKV  VTYADDQLAK Q S Q H A . .

Fig. 2 Multiple amino acid sequence alignment of Dps proteins
using ClustalX. The Dps DR2263 secondary structure is
represented above the alignment. The amino acid residues
involved in the iron ferroxidase centre are represented by an
arrow; amino acid residue ligands of the zinc site are represented
by an asterisk; amino acid residues involved in the threefold axis

N-terminal pore are marked as »; amino acid residues involved in
the threefold C-terminal pore are marked as c. The black boxes
represent the strictly conserved residues, dark grey boxes
represent most conserved residues and light grey boxes represent
less-conserved residues among the selected sequences in Fig. 1c
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highly conserved between these two proteins (M.
Cuypers, personal communication) as well as in the
Dps family members known so far. The sequence
alignment also shows N-terminal extensions to occur in
other Dps family members: Halobacterium salinarum,
E. coli, Streptococcus suis and Lac. lactis, have shorter
extension of 22-23 amino acids [6, 8, 10, 11], and A.
tumefaciens and M. smegmatis have an even shorter N-
terminal extension of only 10-11 residues before helix
A [13, 15].

Dps DR2263 has a total of seven positively charged
residues in the N-terminal extension (before residue
30) composed of six lysine residues and one argi-
nine residue, with the following motif Lys3Lys4(X),.
Lys7(X)sLys13(X)Lys15Lys16(X);; Arg28. It was shown
that Dps DR2263 in both the dimeric and dodecameric
forms interact with DNA [26]. This DNA interaction
could be through the N-terminal extension, in which
the positively charged residues may have an impor-
tant role. Indeed, in both of the crystallographic
structures presented here, the electron density for the
first 29 N-terminal residues was too poor to allow
them to be modelled, indicating that this part of the
N-terminal is flexible and may be involved in the DNA
interaction.

Fig. 3 a Stereo view of Dps
DR2263 zinc site. View of the
electron density in a 2IF, — F,|
map contoured at 1.5¢ in the
vicinity of the zinc centre in
structure A. Ligands, starting
from the top and in clockwise
direction are Glu55, His50,
Asp36 and His39. The
distances from the zinc to the
ligands are 2.01 A (Asp36,
0%),2.01 A (Glu55, 0?),
2.02 A (His39, N2 ) and

2.02 A (His50, N?). b View
down the threefold axis of the
dodecamer Dps DR2263; the
N-terminal extensions are
coloured in red and the four-
helix bundles are coloured in
grey. The different metal
centres are represented as
spheres and are coloured the
same as for Fig. 1

Between residue 30 and before the start of helix A
in Dps DR2263, there are still 23 amino acid residues
and this region contains a zinc metal centre, tetrahe-
drally coordinated by two nitrogen bases from histidine
residues (His39 and His50) and two carboxylate groups
from one aspartate residue (Asp36) and one glutamate
residue (Glu55) (Figs. 2, 3a). The binding motif for this
zinc centre is Asp36(X),His39(X),oHis50(X)4Glu55
and this is the first time that this type of metal centre
has been observed in either the Dps or ferritin families.
In fact, the amino acid sequence forming the ligands
for this metal centre is unique to this Dps DR2263
when compared with the other Dps proteins presented
in Fig. 2. In the dodecamer assembly, this zinc centre is
located on the external surface of the sphere, accessible
to the solvent (Fig. 3b), suggesting that the first 29
residues of the N-terminal extension are highly likely
to be located on the external surface, both accessible to
the solvent and available for DNA interactions.

In zinc-containing proteins, the role of the zinc ion
may be catalytic, co-catalytic or structural. The metal
can be coordinated by a variety of amino acid combi-
nations, including nitrogen from histidine, oxygen from
either aspartate or glutamate or even sulphur from
cysteine [41]. The zinc coordination observed in Dps
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DR2263, by two histidines, one glutamate and one
aspartate residue, is present in the family members of
prokaryotic metalloregulatory transcriptional repres-
sors, the SmtB family, where the intersubunit zinc site
as functions as a metal sensor [42, 43]. Although the
role of the Dps DR2263 zinc centre remains to be
clarified, a possible function may be to stabilise the N-
terminal extension in such a way that allows a proper
orientation for DNA interaction. Another possibility is
that it may function as a metal sensor, responding to
stress conditions, or it may even be a zinc finger in-
volved in interactions with DNA.

The intersubunit iron centres

As in the case of other Dps family members, Dps
DR2263 has two identical monoiron ferroxidase cen-
tres, created by twofold rotational symmetry, with li-
gands from two different monomers (Fig. 1b) [7, 9, 13,
15, 19]. From both structures presented here, only
structure B revealed a phased anomalous peak (49.70)
corresponding to a ferroxidase iron centre in a position
equivalent to that present in other members of the Dps
family. This indicates that this protein is able to bind
iron and possibly able to catalyse the oxidation of
ferrous to ferric ion. In fact, it was shown that this
protein has ferroxidase activity in vitro [26]. The dis-
tance between the two iron atoms related by the two-
fold intersubunit symmetry is around 24 A (Fig. 1b).
Each iron atom is octahedrally coordinated by three
residues: a nitrogen from His83 from one subunit and
carboxylate groups, Aspl10 (bidentate) and Glull4
(monodentate), from the symmetry-related subunit
(Fig. 4). Besides the protein ligands, the iron atom is
also coordinated by two non-protein ligands, a water
molecule and a hydroxy moiety of a glycerol molecule,
which also forms hydrogen bonds with the amino acids
Asp99 (O .water, 2.62 A) and His95 (N --O2,
2.62 A), respectively (Fig. 4). In the case of the Dps
DR2263 structure A, there is no density that may be
assigned to an iron atom at the position corresponding
to the iron in structure B. However, it is quite inter-
esting that in structure A both amino acid residues
Asp110 and Glul14 were modelled with two alternate
conformations, with 70 and 30% occupancies. In
structure B, the conformation of both amino acid res-
idues corresponds to the lower occupancy conforma-
tion of structure A, suggesting that in the native form
some structural rearrangement of these residues is
necessary in order to coordinate the iron.

The amino acids involved in the intersubunit iron
ferroxidase centre of Dps DR2263 have the binding
motif:  His83(X);;His95(X)3Asp99(X)10Aspl10(X);.
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Fig. 4 Intersubunit ferroxidase iron centre of Dps DR2263
structure B. The iron is represented as a black sphere. The amino
acid residues involved in the iron coordination are represented
with the two subunits with different colours. Bond lengths
from the iron and its ligands are as follows: from subunit A,
215 A (H1583 N); from subunit B, 2.37 and 2.30 A (Asp110,
0°! and O”, respectively), 2.00 A (Glul14, O"), 2.11 A to a
water molecule and 222 A to a glycerol molecule O2. The
bridging ligands, water and glycerol, are hydrogen-bonded to
other neighbouring residues: His95 (N) forms a bifurcated
hydrogen bond to two glycerol hydroxyl groups, O1 (2.61 A) and
02 (2.81 A) and Asp99 (0%?) forms a hydrogen bond to the
water molecule (2.62 A)

Glul14, with His95 and Asp99 bridged to the iron
through a glycerol and water molecules, respectively
(Fig. 4). The Dps DR2263 iron ferroxidase centre is
octahedrally coordinated, which differs from the tet-
rahedral coordination present in other Dps proteins,
for example M. smegmatis and B. anthracis [12, 15].
However, for H. salinarum DpsA, the crystals of which
were soaked anaerobically in a ferrous solution, a
hexagonally distorted iron coordination was observed
with three protein residues, His52, Asp79 and GluS83,
and two waters [11]. Dps DR2263 structure B and H.
salinarum DpsA were obtained from a crystal soaked
in a ferrous solution, suggesting that the change in the
iron coordination from tetrahedral to octahedral is
probably a result of the iron soaking process, in which
an iron oxidation mechanism occurs.

Amongst the sequences presented in Fig. 2, this in-
tersubunit iron motif is well conserved, apart from
Asp99, where a glutamate is occasionally substituted.
The two Dps from Lac. lactis, are a special exception to
this motif conservation since they have only one iron
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ligand present (Fig. 2) [8]. In the case of H. salinarum
Dps, the only residue not conserved is Asp99, which is
replaced by a glycine residue (Fig. 2) [11].

However, other Dps binding motifs for iron may
exist. For example, the Dps-like protein from Sulfolo-
bus solfataricus has ferroxidase activity, although it
lacks the conventional iron binding motif, and an
alternative possibility has been suggested [20].

The threefold-symmetry intersubunit sites

The 23 symmetry of the Dps dodecamer leads to two
non-equivalent environments around the threefold
axes and these are organised as pores, designated as
the N-terminal and C-terminal pores. In the Dps
DR2263 structure B, two peaks in the phased anoma-
lous difference map could be identified at the internal
end (i.e. towards the centre of the dodecamer) of both
pores, while only one phased anomalous difference
peak was identified for the native structure at the
internal end of the C-terminal pore.

The N-terminal pore is highly hydrophilic, providing
a strong negative electrostatic surface potential that
might allow and encourage iron entry into the protein.
This pore corresponds to the iron entry channel of
mammalian and prokaryotic ferritins [44, 45]. In Dps
DR2263 this channel can be described as having three
layers of negatively charged residues, Glul73-Asp172-
Aspl81 (Fig. 5a). This pore is funnel-shaped, starting
from the top (external edge of the sphere) with three
symmetrically related glutamates (Glul73). The pore
has a diameter (as inscribed by a circle between the
oxygens O! and O from the different residues) of
around 10.0 A. The layer below is defined by three
aspartate residues, Asp172, with a diameter of 5.4 A.
In the third layer, closest to the internal sphere space,
the pore narrows even further and is defined by three
aspartate residues, Aspl81, with a diameter of 3.0 A.
At this point in the pore, an anomalous peak of 34.4¢
was identified for structure B. This peak was assigned
to an iron atom resulting from the iron solution used to
soak the crystal and therefore was refined as iron. This
metal is coordinated octahedrally: by three oxygens
(0°") from the three symmetrically related aspartate
residues with a distance of 2.1 A and by three sym-
metrically related water molecules with a distance of
2.4 A. The distance between the oxygen O°' of the
aspartate residue (Aspl81) at the bottom end of the
pore and the oxygen O from the glutamate residue
(Glul73) at the top of the entrance is around 15.9 A.
This pore, composed of these three layers of clusters of
threefold symmetrically related acidic residues, may
act as an entry point for ferrous ions in vivo. There are

A_AsplS1

G_Asp?3

_F

Fig. 5 The two types of threefold axis for Dps DR2263 for
structure B. The subunits are drawn with different colours. a
Threefold axis at the N-terminal pore; the iron is represented as
a blue sphere. This pore is composed of three layers of three
symmetry-related negatively charged residues from three sym-
metrically related amino residues: from the top Glul73, on the
second layer Aspl72 and then Aspl81, which coordinates the
iron. b Threefold axis at the C-terminal pore; the iron is
represented as a green sphere. For this pore only the second layer
corresponding to the positively charged residues Arg89 and then
the negatively charged residues Asp93 that coordinate the iron
atom are represented

A

additionally two positively charged residues (Lys56
and Lys162) at the surface of the protein, around 15 A
distant from Glul73 at the top of the pore, which may
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function as an electrostatic guide for ferrous ion to the
pore.

In structure A, the native form, no phased anoma-
lous peak could be identified in an equivalent position,
and residue Aspl81 was modelled in two conforma-
tions, thereby showing some flexibility prior to iron
binding. In the Aspl81 conformer observed for the
iron-soaked conformation, a water molecule is located
2.43 A from O of this residue in the equivalent po-
sition to the metal site found in structure B. The fact
that this metal site is coordinated by only three protein
ligands, the three symmetrically related aspartates,
Asp 181, all monodentates, may indicate that this po-
sition is transiently occupied during the iron incorpo-
ration process.

The C-terminal pore is not present in the ferritin
family of proteins and is unique to the Dps family
members. In both the Dps DR2263 structures pre-
sented here a phased anomalous peak was observed
inside the pore. For structure A the peak is 7.6¢ and for
structure B is 19.10. In both cases, an iron was refined
on this position. In the case of the iron-soaked crystal
the metal could come from the solution, although for
structure A the nature and origin of this metal are not
known; however, in both cases it is octahedrally coor-
dinated by three symmetry-related aspartates, Asp93.
In Dps DR2263 this channel can be described by the
following sequence of amino residues from the outside
to the inside of the dodecamer: Arg205-Arg89-Phe90-
Asp93 (Fig. 5b). Starting from the entrance, this
channel is defined by two layers of positively charged
symmetry-related arginine residues (Arg205 and
Arg89) (Fig. 5b) with a pore diameter of 4.4 A for the
Arg205 layer, and 6.4 A for Arg89. In structure B, a
sulphate ion is located between these two layers, and
nitrogen atoms (N"?) from both arginine residues form
hydrogen bonds with the sulphate oxygens. The layer
below is hydrophobic, as it is formed by three sym-
metry-related phenylalanine residues (Phe90). The fi-
nal layer is defined by three negatively charged
aspartate residues (Asp93) which coordinate the metal
as bidendate ligands. The metal is octahedrally coor-
dinated with a distance of around 2.5 A from both
carboxylate groups from Asp93 in structure B and
2.6 A in structure A. One glycerol molecule is located
below this metal (at a distance of approximately 5 A).

The C-terminal pore in Dps DR2263 in which there
is a positively charge entrance may function as an iron
exit channel, as opposed to the N-terminal pore en-
trance. Near the C-terminal pore Arg205 there are
three symmetry-related carboxylate residues, Glu204,
which may assist with iron exit. The fact that in both
structures presented here, the native and the iron-
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soaked, a metal site was found to be coordinated by
Asp93 may indicate that this site is always present.

The internal negative charge of the sphere is
contributed to by various carboxylate residues: Asp99,
Glul00, Glul04 and Glulll from helix B. This cluster
of negatively charged residues is present on some of
the Dps proteins presented in Fig. 2, for example
L. innocua. These residues are probably involved in
the iron core nucleation, as was also proposed for the
ferritin family as well as for the Dps from L. innocua
[16, 44, 45]. Two of these residues are in close contact
with two positive residues: Glul00---Arg92 and
Glul04- - -Lys192. The interaction of these two positive
Dps DR2263 residues, Arg92 and Lys192, forming
salt bridges with the negative residues Glul00 and
Glul04, is stronger in the native form than in the
iron-soaked form, and probably indicates that in the
iron incorporation mechanism both these negative res-
idues could be more available for involvement in the
iron core formation, whilst in the native structure these
negative charges inside the cavity can be stabilised by
these positive residues. It is interesting to note that in
bacterioferritins from, for example, E. coli and Des-
ulfovibrio desulfuricans the aspartate residue corre-
sponding to the Glul04 in Dps DR2263 is also close to
a positive residue: a lysine and an arginine residue for
E. coli and Desulfovibrio desulfuricans, respectively
[46-48].

Conclusions

D. radiodurans is a bacterium extremely resistant to
DNA damaging conditions. This bacterium has two
Dps-type genes in the genome and in this paper the
crystal structure of one of this proteins, Dps DR2263,
was presented. The quaternary overall structure
formed by this type of protein is highly conserved: a
dodecamer composed of four-helix bundle monomers.
The principal structural difference among Dps proteins
lies in the N-terminal or C-terminal tails, which may
have an important role for the different cellular func-
tions of each protein.

An important feature of this particular protein is the
presence of a unique zinc metal centre at the N-ter-
minal extension. From a structural point of view, the 12
zinc centres of Dps DR2263 are directed towards the
external surface of the protein dodecamer. The func-
tion of this metal centre is not yet established, but
could have a structural function, in such a way that the
positively charged lysine and arginine residues on the
N-terminal extension will interact with DNA. Another
hypothesis is that it may function as a metal sensor.
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Nevertheless, the actual biological function of this
metal centre is currently under investigation.

The results presented here from structure B (the
iron-soaked form) indicate that the iron entry into the
protein sphere may be facilitated by the threefold N-
terminal pore which has a negative electrostatic po-
tential, and the negatively charged cluster of residues
may help attract iron into the protein, allowing iron to
be trapped by the three symmetrically positioned
aspartate residues (Aspl81). The presence of a
mononuclear iron ferroxidase centre between the su-
bunits, similar to other Dps members, shows that this
protein has the potential for ferrous oxidation. The
structure of the threefold C-terminal pore has positive
residues at the top of the pore (on the outside of the
sphere) and on the inside of the sphere ends on three
symmetrical aspartate residues (Asp93), which were
found to coordinate a metal ion in both forms, native
(structure A) and iron-soaked (structure B). This sug-
gests that this site could be permanently occupied and
either may have only a structural function or may act as
an iron exit, owing to its electrostatic potential, which
could push positive charges to the outside of the
sphere.

The results presented here for the structure of Dps
DR2263 from D. radiodurans suggest a role in oxida-
tive stress protection by being able to store iron and
therefore protect the bacterium from the effects of free
iron in the cell, and also provide a protective role
through interaction with DNA in which the N-terminal
could be involved. Further work is necessary in order
to establish the actual cellular function of this Dps in
normal bacterial growth and in the recovery mecha-
nism after irradiation.
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