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Single-stranded DNA (ssDNA)-binding (SSB) proteins are uniformly
required to bind and protect single-stranded intermediates in DNA
metabolic pathways. All bacterial and eukaryotic SSB proteins
studied to date oligomerize to assemble four copies of a conserved
domain, called an oligonucleotide�oligosaccharide-binding (OB)
fold, that cooperate in nonspecific ssDNA binding. The vast ma-
jority of bacterial SSB family members function as homotetramers,
with each monomer contributing a single OB fold. However, SSB
proteins from the Deinococcus-Thermus genera are exceptions to
this rule, because they contain two OB folds per monomer. To
investigate the structural consequences of this unusual arrange-
ment, we have determined a 1.8-Å-resolution x-ray structure of
Deinococcus radiodurans SSB. The structure shows that D. radio-
durans SSB comprises two OB domains linked by a �-hairpin motif.
The protein assembles a four-OB-fold arrangement by means of
symmetric dimerization. In contrast to homotetrameric SSB pro-
teins, asymmetry exists between the two OB folds of D. radio-
durans SSB because of sequence differences between the domains.
These differences appear to reflect specialized roles that have
evolved for each domain. Extensive crystallographic contacts link
D. radiodurans SSB dimers in an arrangement that has important
implications for higher-order structures of the protein bound to
ssDNA. This assembly utilizes the N-terminal OB domain and the
�-hairpin structure that is unique to Deinococcus and Thermus
species SSB proteins. We hypothesize that differences between D.
radiodurans SSB and homotetrameric bacterial SSB proteins may
confer a selective advantage to D. radiodurans cells that aids
viability in environments that challenge genomic stability.

In all organisms, single-stranded DNA (ssDNA)-binding (SSB)
proteins sequester and protect ssDNA intermediates that arise

during DNA replication, recombination, and repair (1). Their
prominent roles in genome maintenance reactions make SSB
proteins a requirement for cellular life (2). Although the se-
quences of SSB family members are highly variable, two common
functional themes have emerged that link this class of proteins
across evolution. The first is that SSB proteins use a conserved
domain called an oligonucleotide�oligosaccharide-binding (OB)
fold to bind ssDNA (3, 4). OB domains bind ssDNA in a cleft
formed primarily by �-strands, by using aromatic residues that
stack against nucleotide bases and positively charged residues
that form ionic interactions with the DNA backbone (5–8). The
second common feature of cellular SSB proteins is obligate
oligomerization that brings together four DNA-binding OB
folds. For example, Escherichia coli SSB contains a single OB
fold per monomer, but the active form of the protein is a
homotetramer with four OB folds (1). This general arrangement
appears to define a structural paradigm for bacterial SSB family
proteins because all but three of the �250 currently identifiable
bacterial ssb genes encode proteins with a single OB fold.

Different strategies are used to assemble four DNA-binding OB
folds in nonbacterial cells (reviewed in ref. 9). In eukaryotes,
replication protein A (RPA) acts as the SSB protein. RPA family
members are heterotrimeric and contain six OB folds, four of which

bind DNA. In terms of domain organization, archaeal SSB proteins
are divided into two groups: those that resemble bacterial SSB
(found in crenarchaea) and those that resemble RPA (found in
euryarchaea). Interestingly, despite the bacterial-like domain orga-
nization of the crenarchaeal Sulfolobus solfataricus SSB, its struc-
ture more closely resembles that of RPA than bacterial SSB
proteins (10). Exceptions to the general four-OB-fold rule exist
outside of cellular SSB family members, including bacteriophage
and viral SSB proteins (reviewed in ref. 4).

Although virtually all bacterial SSB family members act as
homotetramers, recent discoveries have shown that SSB proteins
from the Deinococcus-Thermus genera of bacteria adopt a
different structural architecture. Bacteria from this group thrive
in extreme environments that would kill most cells (desiccation,
massive DNA-damaging, and�or high-temperature conditions)
by using mechanisms that are presently unclear (11, 12). One
distinguishing DNA metabolic feature of Deinococcus-Thermus
bacteria is that their SSB proteins are homodimeric, with each
SSB monomer encoding two OB folds linked by a conserved
spacer sequence (Fig. 1 A and B) (13–15). The impact of this
arrangement on SSB function is not yet understood.

SSB proteins may have an expanded role in DNA metabolism
in extremeophiles. E. coli maintain an estimated 300–2,000 SSB
tetramers per cell and do not increase SSB levels significantly in
response to DNA damaging conditions (16). In contrast, Deino-
coccus radiodurans has an estimated 19,500 SSB dimers per cell
and increases that level to �56,000 in response to treatment with
ionizing radiation (S. Saveliev and M.M.C., unpublished data).
The D. radiodurans SSB protein has recently been purified and
shown to stimulate strand-exchange activity of the D. radio-
durans RecA protein (15).

To better understand the structural and functional conse-
quences of the unusual domain arrangement of Deinococcus-
Thermus SSB proteins, we have determined a high-resolution
x-ray crystal structure of D. radiodurans SSB. The structure
shows that D. radiodurans SSB contains two OB folds that are
connected by a �-hairpin linker. Sequence differences between
the two OB folds impose an asymmetry that is likely to affect the
DNA binding properties and other functions of each domain. D.
radiodurans SSB assembles a four-OB-fold arrangement through
symmetric dimerization. A major crystal contact buries 1,288 Å2

of surface area between adjacent dimers, revealing a potentially
important site for higher-order assembly of multiple D. radio-
durans SSB dimers on long ssDNA molecules. This surface is
formed by the N-terminal OB domain and the conserved
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�-hairpin that links OB folds in the Deinococcus-Thermus bac-
terial group and, thus, could provide a unique mechanism for
cooperative ssDNA binding by these proteins to facilitate sur-
vival in extreme conditions.

Materials and Methods
Crystallization of D. radiodurans SSB. Full-length D. radiodurans
SSB protein was purified as described (15). Crystals of D.
radiodurans SSB were grown by hanging drop vapor diffusion by
mixing 1 �l of protein (10 mg�ml in 10 mM Tris�HCl, pH 8.0)
with 1 �l of well solution [25% polyethylene glycol (PEG)
200�3–10% PEG 4000�0.1 M sodium acetate, pH 5.5�0.3 M
potassium chloride] and equilibrating at room temperature.
Crystals diffracted with C2 symmetry and the unit cell dimen-
sions a � 91.3 Å, b � 63.4 Å, c � 54.9 Å, and � � 106.3°,
consistent with one molecule of D. radiodurans SSB per asym-
metric unit (17). Crystals with C2 symmetry and similar unit cell
parameters were also grown with 2.0 M sodium formate�0.1 M
sodium acetate (pH 4.6) (form II; a � 90.9 Å, b � 63.3 Å, c �
54.9 Å, � � 106.0°) and 5% dioxane�0.1 M Mes (pH 6.5)�1.4 M
ammonium sulfate (form III; a � 91.3 Å, b � 62.2 Å, c � 51.5
Å, � � 110.6°) well solutions. Selenomethionine-incorporated D.
radiodurans SSB was overexpressed as described in ref. 18 and
purified as per native protein, except that 0.8 mM tri(2-
carboxyethyl) phosphine hydrochloride (TCEP) was included as
the reducing agent in place of 1 mM 2-mercaptoethanol. Crystals

of selenomethionine-incorporated D. radiodurans SSB were
grown by using the same method as the native crystals, but the
well solution was modified to 10% PEG 200�0.5% PEG 4000�0.1
M sodium acetate (pH 5.5)�0.5 M potassium chloride�1 mM
TCEP. Selenomethionine-incorporated SSB crystals were sta-
bilized by transfer to a cryoprotectant solution (25% PEG
200�0–1% PEG 4000�0.1 M sodium acetate, pH 5.5�0.5 M
potassium chloride�1 mM TCEP) and then frozen in liquid
nitrogen for data collection.

Multiwavelength Anomalous Dispersion Phasing and Model Refine-
ment. The structure of selenomethionine-incorporated D. radio-
durans SSB was solved to a 1.8-Å resolution by using multiwave-
length anomalous dispersion phasing (Table 1). Data were
indexed and scaled with MOSFLM (19) and SCALA (20). Selenium
sites were identified by using SOLVE (21) and further refined by
using MLPHARE (22). Solvent flattening with DM (23) resulted in
interpretable experimental electron density maps for model
building. Ninety percent of the model was built automatically by
using ARP�WARP (24), and the remainder was built manually with
the program O (25). The model was improved by rounds of
refinement with REFMAC5�ARP (24, 26) and manual rebuilding.
The arrangement of D. radiodurans SSB proteins in crystal forms
II and III was determined by molecular replacement, with the
refined selenomethionine-substituted structure as a search
model.

Fig. 1. Structure of D. radiodurans SSB. (A) Schematic diagram of D. radiodurans SSB primary structure. Two OB folds are present in each D. radiodurans SSB
monomer: one is N-terminal (blue, residues 1–108), and one is C-terminal (red, residues 129–233). These folds are linked by a connector peptide (yellow, residues
109–128). The C-terminal OB fold is followed by a flexible tail sequence (gray, residues 234–301). (B) Secondary structure of D. radiodurans SSB. The D.
radiodurans SSB protein sequence is colored to indicate residues that are highly similar (teal) or identical (green) to E. coli SSB (28). Underlined residues are
conserved with SSB proteins from T. aquaticus and T. thermophilus (13). Helices (boxes) and �-strands (arrows) are shown above the sequence (colored as in A)
and labeled as for E. coli SSB (28) but with identifiers that indicate whether the element comprises part of the N-terminal (N) or the C-terminal (C) OB fold.
�-strands in the connector region are labeled �1 or �2 to distinguish them from elements in either OB fold. Dotted lines indicate regions for which electron density
was not observed. Electron density was also absent for the C-terminal tail. (C) Orthogonal views of a ribbon diagram of the crystal structure of D. radiodurans
SSB. The structure is colored as in A. Dotted lines indicate regions that could not be modeled because of a lack of electron density. The L45 loop region is indicated.
Ribbon diagrams were rendered by using RIBBONS (33).
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Results
Structure of the D. radiodurans SSB Protein. We have solved the
crystal structure of D. radiodurans SSB to 1.8-Å resolution by
multiwavelength anomalous dispersion phasing with a selenome-
thionine-substituted variant of the full-length protein. Our structure
contains amino acids 3–233, excluding residues 41–47, 89–94, and
212–216, for which electron density was not observed. The C-
terminal tail, residues 234–301, is also absent from our model
because of a lack of interpretable electron density. The lack of
electron density in these regions likely reflects a high degree of
flexibility. The structure was refined with good bond geometry and
crystallographic quality statistics (Table 1). No bond angles in the
final model fall into disallowed regions of Ramachandran space.

The structure of D. radiodurans SSB showed that the protein
consists of a major �-barrel domain from which several �-hairpin
loops extend (Fig. 1C). As predicted from the protein sequence
(15), the secondary structural elements of D. radiodurans SSB
fold together to form two OB folds. The two OB folds are linked
by a rigid �-hairpin connector that packs against the N-terminal
OB domain of the protein. It is likely that a similar �-hairpin
connector is also present in the Thermus species proteins because
this sequence is conserved in Thermus aquaticus and Thermus
thermophilus SSB proteins (Fig. 1B).

The arrangement of OB folds within the D. radiodurans SSB
monomer is quite similar to that seen in the dimeric arrange-
ments of other bacterial SSB proteins that contain a single OB
fold per polypeptide (27–29). In both types of proteins, the first
�-strands in each OB fold lie adjacent to one another, forming
an extended antiparallel �-sheet (Fig. 1C). This configuration
creates a large hydrogen bond network within the D. radiodurans
SSB monomer and positions the two OB folds in a similar
relative orientation to that seen in E. coli SSB (28) (rms
deviation � 1.7 Å for 154 C� atoms in the two proteins). A
second interaction between the L45 loops that extend orthogo-
nally from the �-barrel platform is also formed in both D.
radiodurans and single-OB-fold bacterial SSB proteins (Fig. 1C).
Thus, despite its unusual number of OB domains, the arrange-
ment of the N- and C-terminal OB folds in D. radiodurans SSB
strongly resembles that seen in E. coli SSB, the prototypical
bacterial SSB.

Dimeric Structure of D. radiodurans SSB. With the exception of SSB
proteins from Deinococcus-Thermus genera bacteria, all previ-
ously studied bacterial SSB family members form homotetram-
ers to bring together four OB domains in their active state. D.
radiodurans SSB also forms a four-OB-fold-containing species,
but does so by means of dimerization (15). Although the crystal
form reported here contains only a single protein per asymmetric
unit, a two-fold symmetry axis exists in the crystals that relates
two monomers of D. radiodurans SSB through an interface that
buries 2,191 Å2 of surface area (Fig. 2A). The orientation of the
two monomers in D. radiodurans SSB places its OB folds into
different positions from that seen in E. coli SSB (Fig. 2B). To fit
the E. coli SSB arrangement, one of the D. radiodurans SSB
monomers would need to be rotated �40° relative to the other.
This rotational difference from E. coli SSB is quite similar to one
that has been observed recently in the Mycobacterium tubercu-
losis SSB structure (29).

Unlike other bacterial SSB proteins, D. radiodurans SSB
possesses an inherent structural asymmetry that arises from
sequence differences between its N- and C-terminal OB do-
mains. Although the C-terminal OB domain in the protein
contains homologous residues to the four aromatic base-stacking
residues used for DNA binding in E. coli SSB (7), only two of
these residues are conserved in the N-terminal OB domain of the
protein (Fig. 2C). The E. coli SSB base-stacking residues are
Trp-40, Trp-54, Phe-60, and Trp-88; the structurally related
residues in D. radiodurans SSB are Val-40, Tyr-53, Leu-59, and
Trp-88 in the N-terminal OB domain and Tyr-164, Tyr-177,
Trp-183, and Trp-210 in the C-terminal OB domain. Additional
sequence asymmetries lead to differences between charged
residues in the two D. radiodurans OB domains that are related
to ssDNA-binding residues in E. coli SSB (7) (Fig. 2D). A
structural equivalent to the ssDNA-binding E. coli SSB Lys-73
residue is present in the D. radiodurans C-terminal OB domain
(Lys-195) but is replaced by a Gly residue in its N-terminal OB
domain (Gly-73). A second key ssDNA-binding residue in E. coli
SSB (Lys-62) is conserved in the D. radiodurans N-terminal OB
domain (Lys-61) but is replaced with an Asp residue (Asp-185)
in its C-terminal OB domain. These differences could lead to
differential ssDNA binding by the individual OB folds in D.
radiodurans SSB.

Table 1. Data collection, phasing, and refinement

Anomalous peak Remote Form II Form III
Phasing�model

statistics

Data collection
Wavelength, Å 0.9795 0.9568 1.5418 1.5418
Resolution (last shell), Å 34 to 1.8 (1.89 to 1.8) 32 to 1.8 (1.89 to 1.8) 50 to 2.56 (2.6 to 2.56) 50 to 2.8 (2.85 to 2.8)
Reflections measured�unique 212,761�27,979 115,292�27,686 35,699�9,674 25,562�6,747
Multiplicity 7.6 (7.5) 4.1 (3.6) 3.65 (1.72) 3.78 (3.78)
Completeness (last shell), % 99.9 (99.9) 99.7 (99.7) 99.0 (79.4) 99.8 (100)
Rsym (last shell), %* 6.1 (41.8) 7.0 (44.3) 8.0 (37.8) 5.4 (36.8)
I�� (last shell) 15.1 (5.1) 10.9 (2.5) 12.4 (3.6) 16.6 (3.1)

Phasing statistics
Resolution, Å 20.0 to 1.8
Figure of merit 0.439
After density modification 0.788

Refinement
Resolution, Å 20.0 to 1.8
Rwork�Rfree

† 21.7�23.2
rms deviation bond lengths, Å 0.012
rms deviation bond angles, Å 0.98
PDB code 1SE8

*Rsym � ��j�Ij � �I����Ij, where Ij is the intensity measurement for reflection j, and �I� is the mean intensity for multiply recorded reflections.
†Rwork�Rfree � ��Fobs� � �Fcalc��Fobs�, where the working and free R factors are calculated by using the working and free reflections sets. The free relections (5%
of the total) were held aside throughout refinement.
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Higher-Order Assembly of D. radiodurans SSB. Inspection of pro-
tein–protein interfaces in the crystal structure revealed a large
interaction surface that linked neighboring D. radiodurans SSB
dimers (Fig. 3). This interface buries 1,288 Å2 of surface area in
an extensive interlocking grip that is formed by the �-hairpin
connectors and N-terminal OB domains of adjacent molecules.
As will be described in Discussion, this interaction is distinct from
the interface that mediates contacts between E. coli SSB tet-
ramers (7, 28) (Fig. 3B). Numerous molecular interactions
contribute to the D. radiodurans SSB dimer–dimer interface
(Fig. 3C). First, extensive van der Waal’s contacts link the
molecules. The Tyr-22 side chain from each of the molecules
packs against a loop (residues 23–26) that connects two �-strands
in the adjacent protomer. These loops also pack against each
other in the interface. In addition, the �-hairpin connectors of
each molecule pack against Tyr-53 of the opposing molecule and
against each other. Second, ionic and hydrogen bonding contacts
contribute to the interface. The ionic interactions are formed
between Arg-21 and Glu-31 side chains from opposing SSB
molecules, and intermolecular �-sheet hydrogen bonds are
formed between Tyr-22 main-chain atoms. Potentially repulsive
residue side chains are also present in the interface, including an
acidic residue (Glu-19) and two basic residues (Arg-16 and
Arg-55) that are not in ion pairs.

To determine whether this interface could be an artifact of the
particular crystallization conditions used, we have collected
diffraction data from two other D. radiodurans SSB crystal forms
(forms II and III; Table 1). These two crystal forms and the form
previously described were produced under conditions that dif-
fered substantially in pH, precipitant, and salt identity and
concentration (see Materials and Methods). Despite these dif-
ferences, all of the crystals diffracted with C2 symmetry and with
similar unit cell parameters. Not surprisingly, the dimer–dimer
interfaces in forms II and III were found to be essentially the
same as that observed in the first form (data not shown),
indicating that the interface is preserved in a wide variety of
chemical conditions. Sequence conservation implies that this
interface is likely to be present in Thermus species SSB proteins
as well (Fig. 1B).

Discussion
In this article, we describe a high-resolution structure of the D.
radiodurans SSB protein, a central factor in the unusually
vigorous genome maintenance pathways of the bacterium. With
two OB folds per monomer, this is the first structure of any
bacterial SSB that differs from the canonical single-OB-fold
arrangement. The protein forms a symmetric dimer to bring a
total of four OB domains together in its active state. Key

Fig. 2. Dimeric structure of D. radiodurans SSB. (A) Ribbon diagram of the D. radiodurans SSB dimer. Coloring is as in Fig. 1A for Upper and is shown in paler
colors for Lower to aid in distinguishing between the two protomers. (B) Ribbon diagram of the E. coli SSB tetramer (28). Each protomer is colored differently
(red, blue, orange, and teal). (C) Orthogonal views of the surface conservation of D. radiodurans SSB. The dimeric protein surface is colored as in Fig. 1B by its
conservation with E. coli SSB. Structurally similar residues present at the positions of four key aromatic residues in E. coli SSB are indicated by their single-letter
code with the equivalent E. coli residues indicated in parentheses. Upper is the same orientation as in A. (D) Orthogonal views of the surface potential of D.
radiodurans SSB. The dimeric protein surface is colored by its electrostatic surface potential at �6 kBT�e for positive (blue) or negative (red) charge potential by
using the program GRASP (34). Positions of several residues in D. radiodurans SSB are indicated in single-letter code, and electropositive DNA-binding residues in
structurally conserved locations in E. coli SSB are indicated in parentheses. Upper is the same orientation as in A.
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sequence differences between the N- and C-terminal OB folds
of the protein lead to structural asymmetry that likely reflects
specialized roles for each of the two domains. The structure
shows that adjacent D. radiodurans SSB dimers bind each other
by using an extensive surface area that is formed by their
N-terminal OB domains and �-hairpin connectors. This inter-
face appears to be unique to SSB proteins from Deinococcus-
Thermus genera bacteria and is hypothesized to be important for
the robust survival mechanisms that are common among these
organisms.

Effects of the Two-OB-Domain Arrangement in D. radiodurans SSB.
The consequences of linking two OB folds together in a single
SSB protomer are dramatic. One major advantage of this
arrangement is that the two OB domains can evolve separately,
allowing the development of specialized functions for each fold.
This arrangement is not possible in bacteria, such as E. coli, that
use homotetrameric single-OB-fold SSB proteins, because any
mutation would be present in all four of the SSB OB domains.
The differences between the two OB folds in D. radiodurans SSB
indicate that there are distinct roles for each. As described in
Results, the C-terminal domain retains nearly all of the residues
that would be predicted to bind ssDNA based on the E. coli
SSB�ssDNA complex (7), whereas the N-terminal OB domain
lacks a number of potentially important ssDNA-binding residues
(Fig. 2). These differences are likely to lead to a lower affinity
for ssDNA in the N-terminal OB domain relative to the C-
terminal OB fold.

Interestingly, asymmetric DNA binding to OB domains has
previously been observed for E. coli SSB despite its homotet-
rameric nature. E. coli SSB can bind ssDNA in two different
modes: a (SSB)65 mode in which all four protomers bind DNA

and a (SSB)35 mode in which only two of the protomers are
DNA-bound (1). Both modes display cooperative DNA-binding
features that are likely to be linked to interactions between
tetramers. Structural analysis has led to models of the two E. coli
SSB binding modes and predicts that, in the (SSB)35 mode, the
two DNA-bound monomers are diagonally related within a
tetramer (7). This analysis places the DNA-binding protomers
into positions that are essentially equivalent to the D. radio-
durans SSB dimer C-terminal OB domains. It is therefore
possible that an asymmetric ssDNA binding mode similar to the
(SSB)35 binding mode of E. coli SSB is conserved in the D.
radiodurans protein but that it is directed by sequence differ-
ences between the N- and C-terminal OB domains. Such a model
is consistent with the proposed specialized roles of the two OB
domains in the D. radiodurans SSB structure, in which the
C-terminal domain binds DNA and the N-terminal domain
mediates the association of neighboring dimers (described be-
low). Given that biochemical experiments that measure DNA
binding properties of D. radiodurans SSB have not yet been
performed, further data are needed to determine its precise
modes of DNA binding.

Another potentially important difference between tetrameric
and dimeric SSB proteins is that dimeric proteins contain only
two C-terminal tails in their active forms. C-terminal tails in SSB
proteins have been implicated as binding sites for other proteins
involved in genome maintenance through acidic patches at their
extreme C-termini (30, 31). Reducing the number of C-terminal
tails by half could dramatically affect the function of two-OB-
fold-containing SSB proteins in vivo. There are several ways in
which D. radiodurans could overcome this difference. Other
acidic areas of the D. radiodurans protein could act in place of
the tails to make these interactions (e.g., the dimer interface; see

Fig. 3. Higher-order assembly of D. radiodurans SSB. (A) Ribbon diagram of two crystallographically related D. radiodurans SSB dimers. One monomer is colored
as in Fig. 1A, with the other three shown in paler colors to aid in visualization. The N-terminal OB domains and �-hairpin connectors of the two central monomers
interlock to form an extensive interaction surface. (B) Ribbon diagram of two crystallographically related E. coli SSB tetramers (28). Monomers are colored as
in Fig. 2B. Interaction between tetramers is mediated by the L45 loops of two monomers. (C) Close-up view of the interaction surface between D. radiodurans
SSB dimers. (Upper) The surface of one D. radiodurans SSB dimer is enveloped by its crystallographically related contact partner. Surfaces and ribbons are colored
as in Fig. 1C, indicating that the interaction is mediated exclusively by the N-terminal OB domains and �-hairpin connectors of the adjacent protomers. (Lower)
Residues that mediate the protein–protein contact (R21, Y22, E31, and Y53) and unpaired charged residues (R16, E19, and R55) are indicated. Residues labeled
with a prime symbol are from the upper molecule.
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Fig. 2D), or the protein could form the necessary complexes by
using only two acidic tails as mediators. It is also possible that
proteins recruited by interactions with SSB C-terminal tails in
other bacteria are unneeded or are recruited by using other
factors in D. radiodurans.

Finally, physical linkage of multiple, nonidentical OB domains in
D. radiodurans SSB may represent an evolutionary convergence
between homotetrameric bacterial�cenarchaeal SSB and eukary-
otic�euryarchaeal RPA family members. Because of their homotet-
rameic nature, most bacterial SSB proteins are evolutionarily
restricted relative to their RPA counterparts, given that their OB
folds cannot evolve independently. In contrast, RPA family mem-
bers have evolved as complex assemblies of OB folds in which some
of the domains are key DNA-binding elements and others mediate
non-DNA-binding functions. The structure of the D. radiodurans
SSB suggests that, although the protein is bacterial in origin, it has
distinct functions for its tandem OB domains analogous to those of
RPA. A plausible evolutionary explanation of this arrangement is
that the D. radiodurans protein arrived at an RPA-like arrangement
of multiple OB domains within a single SSB polypeptide through
gene duplication.

Assembly of Multiple D. radiodurans SSB Dimers. A surprising
feature of the D. radiodurans SSB structure is the presence of an
interaction surface that links neighboring dimers (Fig. 3). Sev-
eral aspects of this interface suggest that it has biological
relevance. The interface is large (1,288 Å2), uses a complex
mixture of interactions (van der Waal’s, hydrogen, and ionic
bonds), and is preserved in diverse chemical conditions, consis-
tent with bona fide protein–protein interaction surfaces. This
interaction is distinct from the L45-loop-mediated interface that
links E. coli SSB tetramers (7, 28) (Fig. 3, compare A with B). The
L45-type association places E. coli SSB tetramers into a relative
orientation that differs by �90° from D. radiodurans SSB dimers,
which leaves all of its OB domains available for ssDNA binding.
In contrast, extensive portions of the N-terminal D. radiodurans
SSB OB domain are buried in its dimer–dimer interface. This
interface occupies much of the predicted ssDNA-interaction
surface from the N-terminal OB domain and even co-opts a
residue that would be predicted to directly bind to ssDNA
(Tyr-53). Thus, it appears that the major role of the N-terminal
OB domain is to mediate homotypic SSB protein interaction.

Given that the �-hairpin peptide that connects the two OB
domains in D. radiodurans SSB also forms an important element
in the interaction surface, this interface is likely to represent a
specialized structure that is present in all Deinococcus-Thermus
bacterial SSB proteins.

What possible function could this interaction surface provide
for D. radiodurans SSB? The only known ssb genes with the
features described in this structure are from bacteria that have
evolved to live in extreme environments. Because a number of
thermophilic bacterial species use single-OB-fold SSB proteins,
it is unlikely that the two-OB-fold arrangement arose as a
requirement for thermophilicity. It is possible, however, that the
unusual arrangement of OB folds in the D. radiodurans SSB
structure evolved to aid in desiccation or radiation-damage
survival and that the structure has been retained by species in the
Deinococcus-Thermus group of bacteria. Deinococcus species are
commonly found in arid environments in which nutrients are
scarce, and they can survive long periods of time in these
conditions (11). In a long-term static state, it could be advan-
tageous to have an SSB protein that forms stable protective
fibers over exposed ssDNA until nutrients become available to
drive genome metabolic processes. The extensive interaction
surface observed between D. radiodurans SSB dimers in this
study is a good candidate for helping build such a superstructure.
The unusually high concentrations of SSB dimers present in D.
radiodurans cells could aid SSB fiber assembly through mass
action. Because genes that aid in desiccation resistance are also
important for radioresistance in Deinococcus bacteria (32), this
feature of D. radiodurans SSB could also be critical for protecting
ssDNA that is exposed by the DNA repair processes after
treatment with DNA damaging agents. In summary, the struc-
ture presented here provides a new model for SSB protein
function in Deinococcus-Thermus group bacteria that could help
explain their well noted vigorous survival mechanisms.
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