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The Crystal Structure of the Dps2 from Deinococcus
radiodurans Reveals an Unusual Pore Profile
with a Non-specific Metal Binding Site
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The crystal structure of recombinant Dps2 (DRB0092, DNA protecting
protein under starved conditions) from the Gram-positive, radiation-
resistant bacterium Deinococcus radiodurans has been determined in its apo
and iron loaded states. Like other members of the Dps family, the bacterial
DrDps2 assembles as a spherical dodecamer with an outer shell diameter of
90 A and an interior diameter of 40 A. A total of five iron sites were located
in the iron loaded structure, representing the first stages of iron
biomineralisation. Each subunit contains a mononuclear iron ferroxidase
centre coordinated by residues highly conserved amongst the Dps family of
proteins. In the structures presented, a distinct iron site is observed 6.1 A
from the ferroxidase centre with a unique ligand configuration of mono
coordination by the protein and no bridging ligand to the ferroxidase centre.
A non-specific metallic binding site, suspected to play a regulative role in
iron uptake/release from the cage, was found in a pocket located near to the
external edge of the C-terminal 3-fold channel.
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Introduction

The Dps (DNA protecting protein under starved
conditions) family of microbial proteins is widely
spread in bacteria and archaea.!~'® Dps proteins are
considered to be functionally close to ferritins but
differ structurally with a dodecamer assembly
compared to ferritins, which form 24-meric struc-
tures.!4-16 Members of the Dps family possess many
different, but related, functions including oxidative
stress protection, DNA protection by physical
shielding and iron uptake and storage.'’ '®
The characteristic spherical structure of Dps is
composed of 12 identical four helix bundle mono-
mers with 23 symmetry.”>'” The hollow shell formed
has a typical external diameter of between 80 to 90 A
and an internal diameter of 40 to 50 A.>'7**2 Dps
proteins have an iron binding capacity of around
400 to 500 iron atoms per protein spherical
assembly”>** compared to a maximum of 4500 for
typical ferritins."*
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The Dps family members show ferroxidase ac-
tivity via a mononuclear active site which is shared
by two subunits related bél a 2-fold rotational
symmetry axis.””/'%171922242 The ferroxidase site is
the key that confers fast iron oxidation capability to
Dps, in turn preventing the formation of highly
cytotoxic reactive oxygen species (ROS) from the
reaction of iron (II) with hydrogen peroxide or
dioxygen.®/1819.21.26 Tron is then stored and main-
tained in a safe, non-toxic form unavailable for
Fenton chemistry.”” The exposure of Deinococcus
radiodurans to a dose of 10 kGy of ionising radiation
results in about 100 double strand breaks per
chromosome, which are repaired without lethality,
mutagenesis or rearrangement, whereas other organ-
isms cannot survive such a dose.”®* The DNA
damage resistance of D. radiodurans may be due to
highly efficient DNA repair.*> It is likely that ad-
ditional cellular measures play an important role in
cell survival. It has been proposed that the genome of
D. radiodurans harbours two Dps encoding genes:
DrDpsl is the product of DR2263 and DrDps2 the
product of DRB0092.*”*"** The protein sequences
have only 14 % identity. Two distinct Dps genes
encoded in the same organism are observed in D.
radiodurans®®*"** and Bacillus anthracis'® but also in
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other species of Baccillus.®** The difference in the
cellular role of the two Dps in the bacteria remains
unknown.” In the case of D. radiodurans, an analysis
of the transcriptome dynamics® and the temporal
profile for expression levels of both proteins did not
clarify the roles of either protein.

The ubiquitous starvation-induced DNA-binding
protein Dps is thought to play a protective role
towards DNA. Dps may associate with DNA into a
non-specific Dps-DNA complex to minimise DNA
cleavage caused by reactive oxygen species, as well
as sequestering iron ions and making DNA in-
accessible to degradation enzymes.®'5/19/21:26
Helices of variable length and rich in positively
charged lysine or arginine residues, which protrude
from the external surface of the Dps spherical
assembly, are thought to stabilise the complex
with DNA.'#2%323 Guch extensions are observed
on the C-terminal of Mycobacterium smegmatis
Dps”** and on the N-terminal of Escherichia coli
Dps,'? Lactococcus lactis®® Dps and Bacillus subtilis
MrgA."? The absence of these extensions correlates
with the lack of DNA binding observed in Listeria
innocua Dps,**** the related B. anthracis'® Dlp-1
and Dlp-2 and Helicobacter pylori neutrophil-activat-
ing protein (HP-NAP).3® It has also been reported
that for Agrobacterium tumefaciens Dps'® the lack of
freedom and flexibility of the lysine-rich N-terminal
extension could be the reason for absence of DNA
binding. In general for the Dps proteins, in vitro DNA
protection against oxidative stress is not only
dependent on the formation of a protein-DNA com-
plex but also on the conservation of a functional
ferroxidase centre.'”

The extremely high resistance of the bacterium D.
radiodurans to damage by ionising radiation and the
presence of two Dps proteins, able to help minimise
free radical production and possibly protect DNA,
in its genome led us to determine the crystal
structure of DrDps2 (gene DRB0092) in its apo
state and in states indicative of the first stages of iron
loading. These structures are compared to the
known structures of Dps from other organisms.

Results

The detailed structure of a truncated form of
DrDps2 without the first 30 N-terminal residues is
presented here.

Model quality and completeness

The crystal structure contains one subunit per
asymmetric unit, which is a property shared so far
by Mycobacterium smegmatis Dps® and D. radiodurans
DrDps1.’* The Matthews coefficient for the model
is 2.84 A®/Da, suggesting a solvent content for the
refined apo and iron soaked models of 56 %.
Ramachandran plots* of both structures show
that 93.9% and 93.2%, respectively, of residues are
located in the most favoured regions and, in both
cases, with no residues in the disallowed region.

The electron density maps of the 2.05 A resolution
apo and the 2.10 A resolution iron soaked forms
show weak or absence of electron density for the 41
N-terminal and five C-terminal residues out of 211
residues for the cloned protein (see Materials and
Methods). Mass spectrometry analysis confirmed
the presence of 211 residues in the fresh pure
sample. However, mass spectrometry analysis of a
sample of solubilised crystals showed a mixture of
lower molecular masses than expected, suggesting
protein degradation in the crystals (corresponding
to a maximum of 32 residues missing). The N-
terminal peptide residues missing in the model are
likely to be located (by extrapolation from the first
detected residue on the N-terminal side) on the
external face of the protein dodecamer and in the
bulk solvent surrounding the protein. The absence
of electron density for the extremities of the protein
chain is not unique amongst the Dps family.'”
Commencing at residue 42, the electron density of
both apo and iron soaked models can be traced
throughout the main chain without interruption.
However, regions of weaker electron density occur
from residue Thr42 to Lys47 and Alal20 to Glul25
corresponding to disordered areas with higher
mobility and higher atomic B-factors. The super-
position of the C-alpha atoms of the apo and iron
soaked models yields a RMS deviation of 0.343 A
showing that both structures are globally very
similar. The statistics for data collection, phasing
and refinement are presented in Table 1.

Overall structure of DrDps2

The monomer of DrDps2 is composed of a four
helix bundle (helices A, B, C and D) with a fifth helix
(helix BC) of seven residues oriented almost
perpendicular to the bundle and an additional
single turn helix (E) at the C terminal formed by
residues 197 to 201 (Figure 1(a) and (b)). Short loops
connect the helices except for helix BC, which is
roughly centred on a long strap-like loop connected
to either side to helices B and C. Helices A, B, BC, C
and D are composed of residues 42-72, 77-106, 113—
120, 133-159 and 162-188, respectively (identically
equal to 72-102, 107-136, 143-150, 163-189 and 192—
218 from the genomic sequence).

Symmetry-related subunits of DrDps2, positioned
according to the P23 crystallographic symmetry
operators, yield a globular dodecamer with an
average external diameter of ca 90 A and an internal
average diameter of ca 37 A. The dodecameric
assembly forms a cavity with a global volume cal-
culated by VOIDOO*" of 44,580(+1350) A’. The
internal surface of the shell is lined by residues from
helices B and D only. The external surface is made of
the helices A, C and BC. The crystallographic
symmetry generates two types of 3-fold related
channels, the C-terminal and N-terminal pores,
which lead into the central cavity of the protein
assembly and are described further below. The
spherical assembly of DrDps2 as viewed from the
C-terminal 3-fold symmetry axis is represented in
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Table 1. Data collection, phasing and refinement statistics

Apo Iron soak (20 min 0.1 M (NHy),Fe(SO,),)
Crystal A B C C C
ESRF Beamline 1D14-2 1D23-1 1D23-1 1D23-1 1D23-1
Data Space group P23 P23 P23 P23 P23
Wavelength (A) 0.933 1.7399 1.1070 1.7377 1.7451
Unit cell dimension (A) 88.5 88.6 89.0 89.0 89.0
Resolution (A) 44.2-2.05 62.4-2.8 29.7-2.1 36.3-2.3 36.3-2.3
Rinerge 0.067 (0.501) 0.128 (0.643)  0.089 (0.489) 0.108 (0.518) 0.101 (0.428)
Rrim. (OF Rineas) 0.070 (0.526) 0.139 (0.659)  0.103 (0.571) 0.128 (0.601) 0.116 (0.497)
Rpim. 0.015 (0.121) 0.022 (0.102)  0.038 (0.207)  0.048 (0.224) 0.043 (0.186)
Mean I/o(I) 40.4 (5.6) 36.2 (6.5) 16.9 (3.0) 13.9 (2.7) 14.8 (3.3)
Wilson B-factor (A?) 29.8 53.2 35.2 422 39.3
Completeness (%) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0)  100.0 (100.0) 100.0 (100.0)
Multiplicity 21.8 (18.6) 40.8 (40.8) 7.3 (7.4) 7.1(7.1) 7.1 (7.0)
Number observations 312,296 (20,355) 239,321 (17,269) 102,174 (7485) 76,686 (5576) 76,320 (5494)
Number unique reflections 14,773 (1092) 5870 (423) 13,986 (1015) 10,750 (789) 10,737 (783)
Phasing Reunis (acen.) - 0.608 - - -
Phasing power (acen.) - 1.93 - - -
Figure of merit (before solvent flattening) - 0.467 - - -
Refinement Riactor 0.178 - 0.188 - -
Reree i 0.219 - 0.235 - -
RMS deviation: bonds (A) 0.018 - 0.016 - -
RMS deviation: angles (°) 1.383 - 1.422 - -
Overall G-factor 0.17 - 0.13 - -
PDB ID 2C2J - 2C6R - -
Model residues 165 - 166 - -
Waters 128 - 135 - -
Occupied iron sites 1 - 5 - -
Other Mg - Ccr - -

Values in parentheses are for the highest resolution shell.

Rierge=2. | I-<I>|/ Y.(I), where I is the intensity measured for a given reflection, <I> is the average intensity for multiple measurements

of this reflection.

Reim= (Y [N/(N-D)]"/? ¥ | I-<I>|) / ¥.(I), where N is the redundancy.”®

Rpim=(X [1/(N-D]'VZ Y | <I>]) / YD)

Reatis=X ||| Fpu | £ | Fe ||=| Fua || /2 || Fera| = | Fp ||, where Fpy, Fp and Fyg are the derivative, native and calculated heavy-atom structure

factor amplitudes, respectively, for acentric reflections.

Phasing power=r.m.s. of (|Fy | / E), where E is the residual lack of closure error; for acentric reflections.
Reactor=Y || Fobs | —| Featc || / 2 | Fobs |, where Fops and F,c are the observed and calculated structure factor amplitudes, respectively, for

95% of the reflection data used in refinement.

Riree=Y. || Fobs | =| Feate || / 2 | Fobs |, for 5% of the reflection data excluded during the refinement. The value quoted is for the penultimate

refinement cycle (all reflections being used for the final round).

Figure 1(c). The abundance of negatively charged
residues on the inner surface of the Dps shell makes
the protein compatible with iron bio-mineral entrap-
ment. Preliminary aerobic ferroxidase assays fol-
lowed by UV-visible spectroscopy (data not shown)
support the role of active redox chemistry performed
by the protein.

The intensities observed in phased anomalous
difference maps (Materials and Methods) at the
locations of the irons found in the iron loaded
structure and labelled sites 1 to 5 are described in
Table 2 for data collected just above and below the
iron K absorption edge. Iron sites Fel, Fe2 and Fe3
have the highest peaks in the phased anomalous
difference maps. In the data from the iron soaked
crystal, site Fe3 retains a significant peak in the
phased anomalous difference map calculated using
data collected from below the iron edge, though still
showing a change in peak height from above and
below the edge, suggesting that this site may be
shared between (low occupancy) iron and other
unidentified element(s) as discussed later. The
anomalous difference peaks from the iron loaded

data are weaker for Fe4 and Fe5. The phased
anomalous difference maps calculated using the
apo data reveal the presence of an iron ion in
position Fe4 and a non-iron metal bound in the same
site as Fe3, the other metallic sites being unoccupied
in the apo crystal structure. The relative intensity of
the sulphur peaks of Met183, from both above and
below the iron edge, in the phased anomalous
difference maps of the apo and the iron loaded
structures are similar (data not shown), thereby
giving a base line for anomalous peaks between the
paired data sets and suggesting that radiation
damage effects are not responsible for the changes
observed. The iron binding sites located in the
structures of the apo and iron loaded Dps and their
distances from the site ligands are reported in Table
2 and shown in Figure 1(a). The iron sites themselves
are described in detail below.

The ferroxidase centre

The proposed ferroxidase centre, Fel, is located
between two antiparallel Dps subunits and is near to
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(b)

Figure 1. Representation of DrDps2. (a) Stereo view of the dimeric assembly as seen from the 2-fold axis and inside the
sphere. Irons are spheres shown in different colours and labelled: Fel, red; Fe2, pink; Fe3, cyan; Fe4, green; and Fe5,
yellow. The main chain is coloured from blue at the N-terminal to red at the C-terminal. (b) DrDps2 monomer topology
showing helices organisation. (c) The spherical dodecameric assembly viewed from the 3-fold C-terminal channel (black
isomesh). Each monomer is in a different colour. Figures prepared with PyMOL [www.pymol.org].

the 2-fold rotation axis resulting in a distance be-
tween the two symmetry-related ferroxidase sites
of 21 A. This is a recurrent 1nter-ferrox1dase site
distance amongst the Dps family.'” The ferroxidase
site of the apo crystal structure was observed to be
metal free. The direct ligands of Fel are provided
from two different subunits: His70 from one
subunit and Asp97 and Glul01 from the other. A
water molecule in the octahedral coordination
sphere of Fel is stabilised through a hydrogen
bond with His82 and the water is also ligated with
a chloride ion at 3.35 A distance (Figure 2). A
strong peak in the electron density map at 5.21 A
and 4.88 A from Fel and Fe2, respectively, was
assigned to the chloride ion, which was possibly
introduced during the purification process or, move
likely, from the crystallisation solution rather than
having a role in vivo. This chloride is stabilised by
Lys178 at 2.85 A (Figure 2).

The comparison of the apo-form with the iron
soaked structures, by superposition of the C-alphas
from only helix B, which contains the relevant
residues for the ferroxidase centre, shows a shift in
the positions of key residues Asp97 and Glul01
involved in the chelation of Fel. Their carbonyl side-
chains are shifted by ca 1.7 A and ca 3.7 A, respec-
tively between both compared structures. Also
depending on the presence of iron in the ferroxidase
centre, residue Trp71 switches ca 180-degrees
between two rotamer conformations. The position
of the carboxylic group of Glul01 and Fel in the iron
soaked model in fact superimposes with the position
of the aromatic side-chain of Trp71 in the apo-form
model. Once the hydrophobic side-chain of residue
Trp71 has flipped out of the ferroxidase site, the
acidic chains from Asp97 and Glul0l can chelate
iron. In the apo-form structure, the orientation of
residue Asp97 is stabilised by a salt-bridge with
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Table 2. Observed metal sites and their ligands in the iron soaked and apo DrDps2 protein

Metal no.  Occupancy  Biactor (Az) o max® Location Ligand d Fer (A)
Fel (n/a) 1 32 22.7/4.0 (n/a) Inside, close to Fe2 (6.12 A) Asp97 [O°'; O] 2.38;2.37
Glu101 [0%; O3 2.09; 3.36
His 70 [N*'] 2.22
2x O [H,0] 2.25;2.29
Fe2 (n/a) 1 52 14.7/2.5 (n/a) Inside, close to Fel (6.12 A) Asp98 [O™; O™ 2.38; 3.62
5% O [H,0] 2.14; 2.28; 2.29;
) - 2.54; 2.44
Fe3 (Mg) 1 57 (20) 11.2/4.5 (4.5/6.0)  Outer shell, 8.8 A to 3-fold Asp132 [O°}; O] 2.51;2.59
C-terminal axis
Asp133 [O°!; O%] 2.33; 3.56
Asp 193 [O™; O™ 2.53; 4.25
Asn195 [0°1] 2.97
11200 [O (carbonyl)] 2.19
O [H,0] 233
Fe4 (Fe) 1/3 69 (52) 5.5/3.7 (3.8/noise) Internal, on the 3-fold Glul71 [O%}; 0% 2.49; 457
N-terminal axis
H,0 3.32
Fe5 (n/a) 1 136 5.0/2.3 (n/a) Internal, near to the 3-fold Asp87 [0°; 0% 2.51;2.51

C-terminal axis

The values from the apo structure are between brackets. The numbering of the irons in the deposited pdb file 2C6R is from A1207-A1211.

Note the assignment is classified following anomalous peak intensity.

# Peak height from anomalous maps above / below iron K absorption edge. The chelation mode or group from each residue is

indicated in square brackets.

Lys67 at 2.74 A distance and the position of residue
Glul01 is stabilised by His174 at 3.47 Aand Lys178 at
3.76 A. The displacements of residues observed
between the apo-form and iron soaked models
disrupts the salt-bridges between Lys67 and Asp97,
Lys178 and Glu101 to the benefit of iron chelation. It
is noteworthy that the amino acid residue Trp71
located in the neighbourhood of the ferroxidase
centre, is well conserved amongst the members of the
Dps family of proteins (Figure 3) although the func-
tion of this residue remains unclear. Residues His70,
His82 and Trp78, situated close to Fel, do not appear
shifted significantly in the two structures.

A second iron site, Fe2, is located in the iron
loaded structure at a distance of 6.1 A from the
ferroxidase iron site. The site is unusual in that most
of the ligands of this ion are water molecules with
only one direct (monodentate) ligand, Asp98, provi-
ded by the protein (Figure 2). Four water molecules
(or hydroxyls) are distributed as a square in
equatorial positions around Fe2 and another at 180
degrees from the Asp98 carbonyl moiety in the
opposite apical position, resulting in an octahedral
coordination of the iron. Two of these water
molecules surrounding Fe2 are stabilised by hydro-
gen bonds to Lys94 and Lys178. Residues Asp98 and
Lys94 form a salt-bridge in the apo-form structure
with a separation of 2.69 A. This salt-bridge appears
weakened in the iron loaded structure with a shift of
Lys94 away from Asp98 to a distance of 3.38 A.
Further structural displacements around site Fe2
were not observed comparing both the apo and iron
loaded structure.

The channel created at the C-terminal 3-fold axis

The spherical assembly of the protein results in the
formation of a total of eight 3-fold related channels

out of which two distinct types of pores related by
3-fold symmetry are distinguished at each extremity
of the four helix bundle. The four C-terminal pores
per protein dodecamer are around 27 A long and
formed principally by residues Asp87, Glu83, Tyr79,
Thr80, Leu77, Thr76, Asp199 and Phe198 (traversing
the 3-fold axis from inside to the outside of the
protein shell). Some of the residues with a polar
side-chain such as Glu83, Tyr79 and Thr80 are found
to be hydrated. The hydrophobic residues (i.e.
Tyr79, Thr80, Leu77, Thr76) are located at the central
region of this pore and protrude towards the 3-fold
symmetry axis. The residues Asp199 and Phe198 are
located in the external part of the 3-fold axis. The
transit of cations along the channel appears to be
blocked by residue Phel98 because of its hydro-
phobicity and the narrowing aperture (to 3.8 A)
formed between symmetry equivalents (Figure
4(a)). A transversal pathway formed by residues
Thr76, Asp133, Asp199 and I1e200 is an alternative
route for cations to the 3-fold axis for their exchange
between the exterior and interior. This pathway
leads to the exterior of the protein passing by a small
cavity of roughly 5 to 6 A diameter (being large
enough to hold one or two cations) located at 8.8 A
from the 3-fold axis. Residues Aspl32, Aspl33,
Asp193, Asnl195 and Ile200 form principally the
cavity (Ile200 chelating through its carbonyl group)
with site Fe3 in the iron soaked crystal (Table 2) as
shown by the phased anomalous difference maps.
Although the peak level for this site on the
|2F—F.| map of the apo-form diffraction data is
consistent with the presence of a water molecule, a
peak was observed on the phased anomalous
difference map from the same apo-form crystal,
suggesting that a moeity other than water isbound in
this position. However, considering the phased
anomalous difference maps calculated from data
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Figure 2. (a) Stereo representation of the electron densities at the ferroxidase centre at the dimer interface. The |2F,-
F.| map is coloured in blue and contoured at 2 0. The ions are represented as spheres with iron coloured in red, chloride in
green and the water molecules in light blue. Figure prepared with PyMOL [www.pymol.org]. (b) Schematic
representation of the primary and secondary coordination sphere of the irons on the ferroxidase centre. Coordinating
atoms are indicated by dotted lines and the distances are given in A. Fel and Fe2 are separated by 6.1 A. Figure prepared

with ACD/ChemSketch 8.00 [www.acdlabs.com].

sets collected above and below iron edge (data not
shown), the metal bound is not iron in the apo
structure. It is likely that this site may be occupied
by a magnesium ion as it is present in the crystal-
lisation condition. The cavity site Fe3 is located at ca
10.6 A from the exterior of the protein shell and the
Fe3 sites related by 3-fold symmetry are separated
by 15.2 A. The iron site Fe5, only weakly chelated by
residue Asp87, is found on the internal side of the 3-
fold C-terminal pore. It exhibits the lowest anom-
alous signal amongst the iron sites and an extremely
high B-factor of 136 A? (ca four times the overall
Wilson B-factor) at an occupancy of 1.0 in the
refined structure. The anomalous signal for this site
changes from above to below the iron K edge,
confirming that it is most probably iron. Site Fe5 is

close to the ferroxidase centre at distances of 9.8 A
and 12.3 A to Fel and Fe2, respectively (Figure 1(a)
and Table 2). Although site Fe5 may have been
detected due to the high metal concentration used
during the crystal soak, the proximity to the
ferroxidase centre is suggestive of a role in iron
transit between the C-terminal channel and the
ferroxidase centre.

The channel created at the N-terminal 3-fold axis

The four 3-fold N-terminal interfaces, of approxi-
mately 17 A length, are formed by the hydrophilic
residues Glul71, Asnl67, GIn170, Glul59 and
Lys160 listed in order as the diameter of the
funnel-shaped interface enlarges from 3.1 A on its
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Figure 3. Sequence alignment of DrDps2 with key representatives of the Dps family. The bacterial Dps 1 and 2 from the radio-resistant Dr (D. radiodurans),”" the Dps from Bb
(B. brevis)'” which harbours a labile di-nuclear ferroxidase centre and DNA -binding capability, Li (L. innocua)* Dps (or Flp) which does not bind DNA, Ms (M. smegnmtls)l8 Dps
Dps which binds DNA with the N-terminal peptidic extension and the archaeal Hs (H. salinarun)® Dps
sharing the similar iron nucleation site to DrDps2. Numbering is for the cloned DrDps2. The secondary structure and the accessibility of the amino acid residues for DrDps2 given
by PROCHECK® are shown above the alignment. The ligands for the ferroxidase centre are highlighted in black and the other iron sites are shown in red. Grey boxes represent

which binds DNA with its C-terminal peptidic extension, Ec (E. coli)”
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Figure 4. (a) Representation of the C-terminal channel seen along the 3-fold axis from outside the protein assembly.
The symmetry-related Phel98 is closing the central 3-fold axis channel. (b) Profile view of the C-terminal channel
complexity. The pathway available for cation transit is represented as a black isomesh calculated with the plug-in CAVER
for PyMOL [www.pymol.org]. The residues present at the edge of the channel are contoured. The irons are represented as
red spheres. Residues that belong to each distinct subunit are shown with a different colour. The local accessible diameters
along the 3-fold C-terminal axis at the level of each residue are listed as follows: (from the cavity to the outer residue)
Asp87 (12.2 A), Glu83 (8.7 A), Tyr79 (9.0 A), Tr80 (3.2 A), Leu77 (4.3 A) and Thr76 (4.1 A); (residues outside channel
splitting) Asp199 (2.7 A) and Phel98 (3.8 A). The symmetry equivalent residues are not labelled on the Figures for better
visibility.
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internal side to 9.2 A at the outer edge of the protein
sphere. The three symmetry-related Glul71 form
the ligands of the Fe4 binding site centred on the 3-
fold axis (see Table 2). This iron site is located at a
distance of 12.7 A from Fe2 and 18.3 A from Fel (the
ferroxidase centre). Both the apo and iron soaked
phased anomalous difference maps show a signal
for iron in position Fe4 of similar magnitude.
Lys160 from the external edge of the pore and
Glul59 on the interior of the pore generate an
electrostatic field potentially directing cations inside
the protein shell.

Discussion

A high sequence homology of the 30 N-terminal
residues with a signal anchor peptide was detected
following problems in obtaining soluble full-length
protein. The reason for a signal peptide on the
DrDps2 protein remains unclear. This led us to ex-
press the truncated recombinant protein as des-
cribed (Materials and Methods).

The toxicity of iron is mainly due to the reactivity
of Fe(ll) with oxygen leading to the formation of
reactive oxygen species (superoxide, hydrogen
peroxide, hydroxyl radicals). The occurrence of fast
catalytic iron oxidation at the Dps ferroxidase centre
and iron bio-entrapment is therefore of biological
importance with respect to the inhibition of the
formation of hydroxyl radicals,*> which attack DNA
sugars and bases, leading to degradation and strand
breaks. The ferroxidase site organisation differs
slightly between the known members of the Dps
family of proteins although sequence alignment
(Figure 3) shows that the residues involved in the
binding of the mononuclear iron ferroxidase centres
are conserved. Notably the sequence motifs of
Asp97, Alal100, Glul01 and Argl02 (DrDps2 num-
bering) are conserved within Dps proteins harbour-
ing ferroxidase activity.

The ferroxidase site Fel of DrDps2 and the
ferroxidase centre of DrDpsl®' are octahedrally
coordlnated In other Dps stuctures, tetrahedral (B.
anthmczs % and pentahedral (B. brevis,"” A. tume-
faciens,"” M. smegmatis**) coordination of the iron in
the ferroxidase centre have been reported. The iron
ferroxidase centre of H. salinarum DpsA in the
reduced state was observed in a distorted hexagonal
ligand coordination. The coordination geometries
observed probably reflect different stages in iron
biomineralisation. The ferroxidase centre of DrDps2
appears to present a di-nuclear-like iron binding site
(Fel and Fe2) close to the dimer interface that differs
structurally from the previously observed di-nuclear
ferroxidase centres of ferritins with a typical inter-
iron distance of 3.2 to 4.0 A.3***** The primary and
secondary coordination spheres of the ferroxidase
centre observed in the iron soaked structure are
shown in Figure 2.

The absence of a bridging ligand in the iron loaded
structure of DrDps2 is observed at the ferroxidase
centre iron sites Fel and Fe2. This is in contrast with

the 51m11ar structure of the orthologue B. brevis
Dps'” observed with a di-nuclear ferroxidase centre.
Indeed, B. brevis Dps'” harbours a bridging carbox-
ylate residue with a longer iron-carboxylate distance
on site two than found in ferritin-like ferroxidase
centres. The loosely coordinated site Fe2 of DrDps2
is chelated directly to the protein only through
Asp98 with additional water-mediated contacts to
His43 and Glu47, making this site more labile
(reflected by hlgher B-factor obtained compared to
Fel: B-factor of 32 A2 for site Fel and 52 A” for Fe2).
Site Fe2 would be a metal transit site of the oxidation
process taking place in the ferroxidase centre since it
is compatible to bind either Fe(Il) or Fe(Ill) accord-
ing to the flexible, limited coordination and the
respective change of the ionic radius with the charge
of the iron.

Iron is present at site Fe3 in the iron soaked crystal,
near to the 3-fold channel of the C-terminal.
However, the situation is different for the apo-form
crystal that has similar anomalous peak heights both
above and below the iron K absorption edge for site
Fe3 on both anomalous maps, suggesting the
chelation of a metal other than iron is also possible
on this site. Possible candidates for in vivo binding at
this site would include calcium, which has strong
involvement in biological regulation and has been
thought to play a role in the uptake and release of
iron as well as in iron biomineralisation from the
Dps.?'*? The interaction of calcium with DrDpsl has
been reported to modify the kinetics of ferroxidation
and favour the release of iron from a protein with
mineralised iron core.’” Grove ef al. have suggested
that the regulation for DrDpsl is induced by
conformational changes generated by the binding
of calcium to specific protein sites such as the
ferroxidase centre and another unidentified site.’
In the structure presented here, a metal site located in
the channel away from, but close to, the C-terminal
pore could act as a switch to this ion pathway.

The C-terminal channel can be thought of as an
ion path with a valve system to control the flow of
cations. The valve closure mechanism is formed by
the 3-fold symmetry equivalent residues Phe198 and
Asp199 at the outer edge of the C-terminal channel
(Figure 4). In both the apo-form and iron soaked
crystal structures the valve is closed, inhibiting
cation transit. A second cation pathway is available
nearby between residues Thr76, Aspl33, Asp199
and I1e200 and directed away from the centre of the
3-fold axis but passing through the metallic site Fe3
(Figure 4(a) and (b)). Symmetry-related curved
channels link the 3-fold C-terminal channel from
below the 3-fold C-terminal axis valve residues
(shown in Figures 4(a) and (b) and 5) to site Fe3 and
to the surface of the protein. The charged residues
surrounding Fe3 at the surface of the channel
(Asp132, Asp 133, Asp193, Asn202, Lys204) facilitate
cation entrance by creating an electrostatic potential
directed towards site Fe3. Under iron uptake
conditions, iron can be captured at site Fe3, migrate
to the 3-fold axis and enter the protein central cage,
bypassing the closed valve (see Figure 5). Nothing is
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Figure 5. Schematic overview of the iron binding sites
in DrDps2 showing their locations based on the iron
soaked model. The dotted lines with top triangles show
the 3-fold axis (C-terminal on the left and N-terminal on
the right). The relative distances are respected between the
irons. The protein is symbolised by the cross-hatched
surface.

yet known concerning the structural layout of the
residues 190-211 in the absence of a metal bound on
site Fe3. However, it is not unreasonable to assume
that these residues may be able to change conforma-
tion and reorganise due to their higher flexibility in
the structure, making the C-terminal channel com-
patible with both iron entrance and release from the
protein. DrDps1?'** and L. lactis Dps™® harbour a
metallic coordination site at the outer surface of the
protein shell at the N-terminal side of the protein
whereas the equivalent metal binding site is found
at the C-terminal part in DrDps2.

The crystal of DrDps2 soaked in iron solution
presents a similar nucleation site to that previously
observed near to Glul54 of the orthologue H.
salinarum (Hs) DpsA® (equivalent to Glul71 in the
D. radiodurans Dps2; shown in Figure 3) with a
single iron position, Fe4, held between the three
symmetry-related Glul71 residues. An inorganic
assembly of the intermediate iron biomineralisation
stage, forming a [4Fe-30] half prism shaped cluster,
has been observed in HsDpsA°®. In the structure
presented here, the neighbourhood of the site Fe4
exhibits a low electron density in the phased ano-
malous difference maps, possibly representing an
earlier disordered nucleation stage of biomineralisa-
tion compared to the HsDpsA® stucture.

A structure-based sequence alignment indicated
the equivalence of the iron site chelated by Glul71
(ligand for site Fe4) from DrDps2 with the nuclea-
tion site bound by Glu154 in HsDpsA (not shown).
The structure of HsDpsA® has an N-terminal inter-
face aperture smaller by around 1 A than the
corresponding interface of DrDps2. In HsDps, the
structurally equivalent channel has been reported to
be closed and to have an iron nucleation centre
bound to Glu154°. The positively charged residue
Lys160 is present on the edge of the N-terminal
channel with the acidic residue Glul59 inside the
pore creating an electrostatic field directed towards

inside the cage and suggesting that cations would be
attracted through the channel, as has been suggested
for the 3-fold symmetry axis present in the sphere-
forming ferritin families,”*® making this a possible
Fe(Il) entrance pathway.'”** However, the site
formed by the Glul71 residues should be free of a
growing oxidised nucleus in order that fresh Fe(Il)
may enter through the channel.

Iron incorporation in Dps could occur in distinct
steps involving the capture and migration of Fe(Il)
to the ferroxidase centre, Fe(Il) oxidation, Fe(III)
migration for the nucleation and growth of a
mineral core as already reported for ferritins.'*
Iron transit through the C-terminal channel is
suggested by the presence, in the iron soaked
crystal, of site Fe3 at the external side of the cohannel
and Feb at the interior end of the channel 9.8 A away
from the ferroxidase centre. Fast catalytic iron
oxidation with the appropriate oxidant would
occur after iron binding to the high affinity ferro-
xidase centre. Oxidised iron would then bind to
residue Asp98 (the site Fe2 ligand) to be displaced to
the 12.8 A distant nucleation site Fe4 mediated by
the polar residue His174 present in a pocket along
the Fe2 to Fe4 path.

Although it is more likely that the efficient DNA
repair system in D. radiodurans represents an
adaptation to prolonged desiccation, it has devel-
oped mechanisms to minimise the consequences of
DNA double-strand breaks generated by ionising
radiation.”” This can be achieved by passively
preventing break formation, by repairing the
breaks and preventing the loss of information and
by having as many as ten genome copies per
cell.*®** The anti-oxidative protective role of
DrDps2 may extend to non-specific DNA binding
and enhance DNA sheltering making it less
sensitive to degradation. It has been demonstrated
before that DNA binding cannot be predicted
reliably on the basis of the sequence of the peptidic
extremities.!” Indeed, the disordered 41 residue N-
terminal extension of DrDps2 is poor in arginine
residues (only one) and does not possess any lysine
residues, both of which usually play a role in DNA
binding by electrostatic interactions with nega-
tively charged DNA. However, the short C-
terminus of the protein contains one lysine and
two arginine residues. Protection could also be
mediated by hooking of the DNA double strand by
the mobile N-terminal extension protruding from
the Dps sphere.

The combination of non-specific DNA binding
properties with iron entrapment and detoxification
is a strong beneficial combination of properties
that Dps gathers for the protection of cells and the
determination of the DrDps2 structure is a first
step in the understanding of its probable involve-
ment in the radiation resistance of D. radiodurans.
Further work will be required to confirm the
implications of metal binding on specific sites like
Fe3 close to the C-terminal channel, as well as
establishing the mechanistic details of iron uptake
by DrDps2.
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Materials and Methods

Protein production and purification

Attempts to obtain a soluble construct of the full-length
DRB0092 (DrDps2) protein failed. DRB0092 was cloned
using the Gateway system pDestl4 (Invitrogen) with a
construct that suppressed the codons for the 30 first amino
acid residues. The protein referred to here is the cloned
protein from residues 31 to 241, but the residue numbering
as annotated in the TIGR databasef is shifted by 30
removed residues in the deposited structures described.
The truncated DrDps2 was expressed in E. coli DE3 cells
with 100 pg/ml ampicillin in LB media. Induction with
1 mM IPTG was done at an Agg nm Of 0.6 and the E. coli
cells were grown overnight at 20 °C. The E. coli cells were
collected by centrifugation at 7000g for 10 min and
resuspended in 10 ml of 50 mM Tris-HCl (pH 7.2). The
E. coli cells were broken using a French press (9000 psi) in
the presence of DNase I and protease inhibitors. The
supernatant was collected after centrifugation at 20,000g
for 40 min. The soluble extract was heated twice at 70 °C
for 30 min (to denature and separate other less stable
proteins present in the mixture) and centrifuged for 10 min
at 7000g after each step. The supernatant was then loaded
on an anionic exchange chromatography column (HP-Q,
5 ml) previously equilibrated with 50 mM Tris-HCI (pH
7.2) at room temperature. The main DrDps2 fraction was
eluted at 300 mM NaCl. These fractions were concentrated
and loaded on to a gel filtration chromatography column
(Superdex 200-XK 16/60). Pure DrDps2 was eluted in the
fractions between 65 to 80 ml of retention volumes using
50 mM Tris-HCl (pH 7.2), 150 mM NaCl buffer, and
sample purity checked with SDS-PAGE analysis.

Crystallisation

Crystallisation conditions were screened using concen-
trated protein solution (11 mg/ml) and the Hampton
Natrix crystal screeni with the hanging-drop vapour
diffusion technique at 20 °C in multi well plates. Each well
was filled with 100 ul of reservoir solution. Cubic crystals
were obtained after a period of equilibration of four
weeks. Crystals suitable for X-ray diffraction experiments
were obtained from 2 pl drops consisting of a 1:1 mixture
of DrDps2 protein (50 mM Tris-HCl (pH 7.2), 150 mM
NaCl) and 10 mM magnesium chloride, 50 mM Tris-HCl
(pH 7.5), 5% (v/v) isopropanol (Hampton Natrix crystal
screen number 42) placed on cover slips and left for
equilibration against the reservoir solution. The typical
cubic crystal size obtained was of 25 pmx25 pmx25 pm.

X-ray data collection processing and refinement

X-ray data were collected either at ESRF beamline ID14-
2% or TD23-1°" on a total of three cryo-cooled crystals.
Cryo-protection was obtained by passing crystals rapidly
through a solution of 25% (v/v) glycerol in the mother
liquor. A dataset to 2.05 A resolution was collected from a
cryo-cooled apo-form crystal (crystal A) using X-rays of
wavelength of 0.933 A on beamline ID14-2. A crystal
(crystal B) soaked in 0.1 M (NHy),Fe(SO,), solution for

twww.tigr.org
I www.hamptonresearch.com

20 min was exposed to attenuated beam to obtain
redundant anomalous differences to 2.8 A resolution
on beamline ID23-1 for phasing purpose. Data images
were integrated with MOSFLM,”” scaled using the
CCP4 software SCALA?® and converted to structure
factors with TRUNCATE.” The data were used as input to
autoSHARP** for single wavelength anomalous diffrac-
tion (SAD) phasing, which detected five irons and one
sulphur per asymmetric unit. The statistics for phasing are
shown in Table 1.

To locate the iron binding sites still missing in the apo
structure of DrDps2, another cryo-cooled iron soaked
crystal (crystal C, using the same conditions as above) was
used to obtain three data sets to higher resolution (at a
wavelength of 1.1070 A) and just above (1.7377 A) and just
below (1.7451 A) the iron K absorption edge to resolutions
of 2.1 A, 2.3 A and 2.3 A, respectively. The data treatment
was as detailed above. Phases calculated from both final
models were applied to the various data sets in order to
generate phased anomalous difference maps and therefore
confirm the locations and identity of iron atoms in the
structure. The datasets collected above and below the iron
edge on crystal C have negligible B-factor differences sug-
gesting that radiation damage was not a significant issue.

For both the apo (crystal A) and the iron soaked
crystal (crystal C, high energy 1.1070 A data), phase
information obtained from the highly redundant iron
soaked crystal was merged with the structure factor data
(CAD). Automatic construction using arp/WARP>*>°
resulted in models of 156 and 149 residues, respectively,
for the apo and iron soaked models. Cycles of manual
reconstruction using COOT® and refinement with
automatic water placement using REFMAC and arp/
WARP>** were used to complete the model. For the
final step of the refinements, all available reflections were
included (Table 1).

Protein Data Bank accession codes

The refined structures have been deposited with the
RCSB Protein Data Bank and are available under accession
codes 2C2] for the apo and 2C6R for the iron soaked
crystal structures.
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