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Abstract We report the identification and characteriza-
tion of the single-stranded DNA-binding protein (SSB)
from the mesophile and highly radiation-resistant Dei-
nococcus radiopugnans (DrpSSB). PCR-derived DNA
fragment containing the complete structural gene for
DrpSSB protein was cloned and expressed in Escherichia
coli. The gene consisting of an open reading frame of 900
nucleotides encodes a protein of 300 amino acids with a
calculated molecular weight of 32.45 kDa and p/ 5.34.
The amino acids sequence exhibits 43, 44, 79 and 18%
identity with Thermus aquaticus, Thermus thermophilus,
Deinococcus radiodurans and E. coli SSBs, respectively.
The DrpSSB includes two OB folds per monomer and
functions as a homodimer. In fluorescence titrations
with poly(dT), DrpSSB bound 24-31 nt depending on
the salt concentration, and fluorescence was quenched
by about 80%. In a complementation assay in E. coli,
DrpSSB took over the in vivo function of EcoSSB. The
half-lives of DrpSSB were 120 min at 90°C, 60 min at
95°C and 30 min at 100°C. These results were surprising
in the context of half-life of SSB from thermophilic
T. aquaticus, which has only 30 s of half-life at 95°C.
DrpSSB is the most thermostable SSB-like protein
identified to date, offering an attractive alternative for
TagSSB and TthSSB in their applications for molecular
biology methods and analytical purposes.

Keywords DNA replication - Expression -
Purification - Thermophilic bacteria -
Thermostability

Communicated by G. Antranikian

P. Filipkowski - M. Koziatek - J. Kur (I)
Department of Microbiology,

Gdansk University of Technology,

ul. Narutowicza 11/12, 80-952 Gdansk, Poland
E-mail: kur@chem.pg.gda.pl

Tel.: +48-58-3472302

Fax: +48-58-3472694

Abbreviations

dsDNA Double-stranded DNA

OB fold Oligonucleotide/oligosaccharide-binding
fold

RPA Replication protein A

SSB Single-stranded DNA binding

Introduction

The single-stranded DNA-binding proteins (SSB) play an
important role in DNA replication, repair and recombi-
nation. They are present in all three Domains of Life and
in viruses and share sequences as well as biochemical and
structural characteristics. In their soluble form, SSBs are
found in different oligomeric states. They are found in
different organisms as homodimers (SSBs from bacte-
riophages, Thermus thermophilus, Thermus aquaticus and
Deinococcus radiodurans), heterotrimers (euryarchaeal
and eukaryotic SSBs, alias RPAs) and homotetramers
(mitochondrial, crenarchaeal and most prokaryotic
SSBs) (Williams and Konigsberg 1978; Shamoo et al.
1995; Stassen et al. 1995; Genschel et al. 1996; Webster
etal. 1997, Wadsworth and White 2001; Dabrowski et al.
2002b; Eggington et al. 2004; Kur et al. 2005). Although
the sequences 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 oligonucleo-
tide/oligosaccharide-binding (OB) fold to bind ssDNA
(Murzin 1993). The second common feature of SSB
proteins is obligate oligomerization that brings together
four DNA-binding OB folds. Although virtually all
bacterial SSB family members act as homotetramers, re-
cent discoveries have shown that SSB proteins from the
phylum Deinococcus—Thermus of bacteria adopt a dif-
ferent architecture. They are functional as homodimeric,
with each SSB monomer encoding two OB folds linked by
a conserved spacer sequence (Dabrowski et al. 2002a;
Bernstein et al. 2004; Eggington et al. 2004; Kur et al.
2005). These homodimers thus mimic the homotetra-
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meric SSBs. The proteins from 7. thermophilus (TthSSB)
and T. aquaticus (TagSSB) and their counterpart from
D. radiodurans (DraSSB) are the largest bacterial SSBs
and consist of 263, 264 and 301 amino acid residues,
respectively (Dabrowski et al. 2002a, b; Eggington et al.
2004; Witte et al. 2005). Homodimeric SSBs, contrary to
tetrameric SSB proteins, possess only two C-terminal tails
in each active form. Reducing the number of C-terminal
tails by half can dramatically affect the function of the
two OB-fold containing SSB proteins in vivo (Curth et al.
1996). These SSBs may represent an evolutionary con-
vergence between homotetrameric bacterial/crenarchaeal
SSB and eukaryotic/euryarchaeal RPA family members
(Bernstein et al. 2004).

At present there are 20 validly described Deinococcus
species (Hirsch et al. 2004; de Groot et al. 2005; Ome-
Ichenko et al. 2005). With the exception of D. murrayi
and D. geothermalis, which have optimum growth tem-
peratures of 45-50°C, all other species have optimum
growth temperatures between about 25 and 35°C. The
most striking characteristic of the species of this genus is
their extreme resistance to UV and gamma radiation.
Until now, only D. radiodurans SSB protein has been
described in detail (Bernstein et al. 2004; Eggington et al.
2004; Witte et al. 2005).

We report here the identification, purification and
characterization of D. radiopugnans SSB and its rela-
tionship with other members of this important class of
proteins.

Materials and methods
Bacterial strains, plasmids, enzymes and reagents

Deinococcus  radiopugnans DSMZ 12027 strain was
purchased from DSMZ (Deutsche Sammlung von Mi-
kroorganismen und Zellkulturen GmbH, Germany).
E. coli TOP10F’ strain and pPBADMycHisA plasmid were
purchased from Invitrogen (USA) and used for protein
expression. The reagents for PCR and various oligode-
oxynucleotides were obtained from DNA-Gdansk 11
(Poland). The oligonucleotides 5-end-labelled with fluo-
rescein were purchased from Metabion (Germany).
Restriction enzymes were from Fermentas (Lithuania).
The reagents for protein purification and electrophoresis
were purchased from USB and Sigma (USA).

Cloning of the ssb-like gene from D. radiopugnans

DNA from D. radiopugnans was isolated using Genomic
DNA Prep Kit (A&A Biotechnology, Poland). Based on
the known localization of the ssb gene in D. radiodurans
(GenBank Accession no. AY293617) and D. geother-
malis (GenBank Accession No. AAHE01000002) ge-
nomes, where the ssb gene is flanked by the conservative
rpsF and rpsR genes encoding the ribosomal proteins
S6 and S18, the primers complementary to those genes

for PCR amplification were designed and synthesized.
The forward primer was 5-GACAACGTCCGCCGC
GTCCTGGTGGT (26 nt) and the reverse primer was
5-GTGCGGCGGCGGGGAAGAATCTT (23 nt).
The reaction solution consisted of 0.2 ug D. radiopugn-
ans DNA, 2 ul (10 uM) of each primer, 5 ul (10 mM)
dNTPs, 5 pl of 10 x PCR buffer (200 mM Tris—HCIL, pH
8.8, 100 mM KCI, 100 mM (NH4),SO4, 1% Triton
X-100), 5 ul (2 mM) MgSO,4 and 2 U Pwo DNA poly-
merase (DNA-Gdansk II) and 35 cycles were performed
with a temperature profile of 80 s at 94°C, 80 s at 67.4°C
and 120 s at 72°C. Specific, about 1,300 bp, PCR
product was obtained and then sequenced to confirm the
presence of ssb-like gene.

The obtained ssb gene sequence of the D. radiopugnans
was used to design gene-specific primers for PCR and for
cloning into pBADMycHisA vector. First, PCR was
carried out using forward primer, 5-ATTACCATGG
CCCGAGGCATGAACCA (26 nt, containing Ncol rec-
ognition site underlined and ATG start codon italicized),
and reverse primer, 5-ATAGAAGCTTTAGGACGGC
AGGTCTTCTTCTTCCG (35 nt, containing HindIII
recognition site underlined and UAA stop codon
italicized). The boldface parts of primer sequences are
complementary to the nucleotide sequences of the ssb
gene of D. radiopugnans, whereas 5" overhanging ends of
primers contain recognition sites for restriction endo-
nucleases and are designed to facilitate cloning. The PCR
conditions were the same as stated above.

The amplified product (918 bp), digested with
Ncol + Hindlll, was isolated from an agarose gel band
using Gel-Out Kit (A&A Biotechnology). The purified
fragment was ligated into pBADMycHisA between Ncol
and HindIIl sites. E. coli TOP1OF cells were trans-
formed with the ligation mixture and the obtained col-
onies were examined for the presence of ssb gene of
D. radiopugnans by PCR amplification and restriction
analysis. Two independent clones were selected and
sequenced to confirm the presence of ssb gene of
D. radiopugnans. The constructed plasmid, named
pBAD-DrpSSB, was used to transform the E. coli
TOPI0F’ cells and the recombinant strain obtained was
applied for expression and purification procedure.

Protein sequence analysis of DrpSSB

The amino acid sequence of DrpSSB was analysed using
standard protein—protein BLAST and RPS-BLAST.
Multiple sequence alignment was generated using the
program ClustalX. The results were prepared using the
editor program Gendoc (© Karl Nicholas).

Expression and purification of the recombinant DrpSSB

Escherichia coli TOPIOF’ strain transformed with
pBAD-DrpSSB was grown at 37°C in 500 ml LB con-
taining 100 pg/ml ampicillin to an Agyy of 0.5. Arabinose
was then added to a final concentration of 0.2%. After



4 h, the cells were harvested by centrifugation (about 4 g
E. coli TOP10F’ pBAD-DrpSSB wet cell mass) and the
pellet was resuspended in 30 ml buffer A (10 mM Tris—
HCI, pH 9, 10 mM EDTA, 10 mM CaCl,, 0.5 mg/ml
lysozyme). The purification procedure was analogous to
the previously published purification scheme for the SSB
from calf thymus (Atrazhev et al. 1992) and that for
thermostable SSB-like proteins (Dabrowski et al.
2002a), with some modifications. The cells were dis-
rupted by sonication and the insoluble debris was re-
moved by centrifugation. The supernatant (about 25 ml)
was heat-treated at 65°C for 10 min and denatured host
proteins were removed by centrifugation. The clarified
supernatant was applied further directly onto QAE-
cellulose column (70 ml bed volume, Sigma), pre-
equilibrated with 3 vol. buffer B (20 mM Tris—HCI, pH
9, 50 mM NaCl and 10 mM EDTA). The column was
washed with 240 ml buffer B and the SSB protein was
eluted with linear gradient (140 ml) of 0.05-2 M NaCl in
buffer B. Proteins eluted at about 0.34 M NaCl (Fig. 2,
lane 3) were combined, five times diluted with buffer B
and loaded onto a ssDNA-cellulose column (3 ml; USB)
equilibrated with buffer B. The column was washed with
150 ml of buffer C (50 mM Tris—HCI, pH 9, 0.3 M
NaCl, 10 mM EDTA, 10% glycerol), then with 150 ml
of buffer D (50 mM Tris—HCI, pH 9, 0.8 M NaCl,
10 mM EDTA, 10% glycerol) and finally eluted with
50 ml of buffer E (50 mM Tris—HCI, pH 9, 2 mM NaC(l,
10 mM EDTA, 10% glycerol). Protein-containing frac-
tions were combined, desalted, concentrated using Am-
icon Ultra-15 centrifugal filter device (Millipore) and
stored at — 20°C in a buffer containing: 20 mM Tris—
HCl, pH 8.3, 50 mM NaCl, 50% glycerol, 10 mM
EDTA, 0.05% Igepal, 1 mM DTT, 1 mM f-mercapto-
ethanol, until use. The purity of protein was examined
by SDS-PAGE. The amounts of purified DrpSSB pro-
tein were estimated spectrophotometrically using the
appropriate absorption coefficient factor and by the
optical densitometry on SDS-PAGE gel.

The cloning, expression and purification procedure
for the SSB from D. radiodurans (DraSSB) were analo-
gous to the previously published scheme by Eggington
et al. (2004).

Estimation of the native molecular mass

The molecular mass of DrpSSB protein was determined
by HPLC gel filtration on a Superdex HR 75 column
(Amersham Bioscience AB, Sweden). The elution pat-
tern of DrpSSB protein was then compared with those of
standard proteins: bovine albumin (66 kDa), ovalbumin
(43 kDa), carbon anhydrase (29 kDa) and cytochrome
C (12.4 kDa).

Gel mobility shift assays: binding to ss oligonucleotides

A fixed quantity (10 pM) of 5’-end fluorescein-labelled
oligonucleotides (dT)3s, (dT)eg, (dT)79 or (dT);¢ was

609

incubated with 0, 10 and 100 pM of DrpSSB in 10 ul of
buffer B for 20 min at 25°C. The reaction products were
resolved by electrophoresis in 2% agarose gels without
ethidium bromide.

Fluorescence titration

Fluorescence titrations were carried out in a Perkin-
Elmer LS-5B luminescence spectrometer as described
earlier (Dabrowski and Kur 1999). The binding reaction
was assembled in 2 ml buffer (20 mM Tris—HCI, pH 7.5,
10 mM EDTA) containing 2 or 100 mM NaCl and was
incubated at 25°C. A constant amount of DrpSSB pro-
tein (1 nM) was incubated with varying quantities of
(dT)g oligonucleotide (from 0 to 0.8 nM) (Metabion).
The excitation and emission wavelengths were 295 and
348 nm, respectively. Binding curve analysis was carried
out using the model of Schwarz and Watanabe (1983).

Thermostability

A fixed quantity (10 pM) of 5’-end fluorescein-labelled
oligonucleotide (dT);s was added to 10 pM of DrpSSB
or TagqSSB preincubated for 0, 5, 10, 30, 60, 120 and
180 min at 70, 75, 80, 85, 90, 95 and 100°C in 10 pl
reaction mixtures in standard buffer B (100 mM NaCl).
The assay conditions for DraSSB were the same as sta-
ted above with the exception of different temperatures
used for protein preincubation: 50, 50, 60 and 65°C.
Protein—-DNA complexes after 20 min incubation at
25°C were separated from free DNA by 2% agarose gel
electrophoresis, and 50% quantities of protein—(dT);;s
complex were evaluated by densitometric analysis using
VersaDoc imaging system and QuantityOne software
(BioRad).

Complementation analysis

Escherichia coli RDP268 strain, in which the chromo-
somal ssb gene is replaced by a kanamycin resistance
(Assb::Kan™) and harbouring pRPZ146 (ColEl ori, Tc®)
plasmid coding wild-type SSB protein (Porter and Black
1991), was lysogenized with ADE3 using ADE3 Lysoge-
nization Kit (Novagen). The resulting strain can be used
to express target genes cloned in the pET vectors under
the control of the T7 promoter. pRPZ146 is essential for
the survival of the cells and can be replaced by another
plasmid, only if it contains a gene whose product can
take over EcoSSB function in vivo. We used the modi-
fied RDP268(DE3) strain to transform the plasmids
pET23D(+)DrpSSB or pET23D(+)EcoSSB, which
carries the DrpSSB or EcoSSB gene under the control of
the T7 promoter and confers ampicillin resistance.
Strains were grown in the presence of ampicillin (100 pg/
ml) and kanamycin (25 pg/ml). After four consecutive
overnight subculturings in 3 ml of 2YT (1.6% tryptone,
1% yeast extract and 0.5% NaCl with or without 1 mM
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IPTG) containing the same antibiotics, the colonies were
patched on 2YT agar plates containing ampicillin alone
(100 pg/ml) and on plates containing both tetracycline
(25 pg/ml) and ampicillin (100 pg/ml). An Amp~ and
TcS phenotype shows that the incoming plasmid har-
bours a gene that complements EcoSSB. On the other
hand, maintenance of Tc®, Amp® phenotype indicates
that the tester plasmid is unable to complement EcoSSB.

Nucleotide sequence accession number

The nucleotide sequence of the ssb gene of D. radio-
pugnans is available in the GenBank database under
accession number DQ379516.

Results

Deinococcus radiopugnans SSB protein is closely related
to the D. radiodurans, T. thermophilus and T. aquaticus
SSB proteins

The protein sequence for DrpSSB protein shares 79%
identity with the D. radiodurans R1 SSB, 44% identity

Fig. 1 Multiple amino acid

with the T. thermophilus HB-8 SSB, 43% identity with
the 7. thermophilus VK-1 SSB and 43% identity with the
T. aquaticus YT-1 SSB (Fig. 1). The N-terminal segment
of the DrpSSB protein (from amino acids 1 to 124)
shares 88% identity with the D. radiodurans R1 and 3%
identity with the E. coli SSB protein. The C-terminal
segment of the DrpSSB protein (from amino acids 125 to
300) shares 54% identity with the D. radiodurans R1 and
6% identity with the E. coli SSB protein. The DrpSSB
protein gene structure is quite similar to that of the
T. thermophilus, T. aquaticus and D. radiodurans ssb
gene structures and is predicted to contain two OB folds.
High similarity of DrpSSB protein sequence to Thermus
and D. radiodurans SSB proteins (Fig. 1) suggested that
D. radiopugnans SSB protein would also form a ho-
modimer. This prediction was confirmed (see below).

Expression and purification of the recombinant DrpSSB
protein
The nucleotide sequence of the PCR product obtained

by amplification of the region between rpsF and rpsR
genes revealed a contiguous ORF that encodes a
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Fig. 2 SDS-electrophoresis in 12% polyacrylamide gel of the
fractions obtained by expression and purification of the
recombinant DrpSSB from E. coli TOP10F" + pBAD-DrpSSB.
Lane M, LMW markers (Fermentas), the molecular weights of
proteins are marked; /ane I, soluble protein cell extracts after
arabinose induction of protein expression; lane 2 DrpSSB, after
heat treatment at 65°C for 10 min; lane 3, DrpSSB after chro-
matography on QAE-cellulose column; /lane 4, DrpSSB after
chromatography on ssDNA-cellulose column; lane 5, concentrated
DrpSSB protein

complete SSB protein. Based on this sequence ssb gene
was amplified and cloned into an E. coli pP BADMycHisA
expression vector. Excellent inducible expression of a
protein of the predicted size was obtained from the re-
combinant pBAD-DrpSSB plasmid (Fig. 2, lane 1).
DrpSSB protein was expressed in a soluble form in the
cytosol. The main advantage of the purification of
thermostable SSB-like proteins is the reduction of con-
tamination by the host proteins after heat treatment
(Fig. 2, lane 2). The applied overexpression system was
efficient, giving about 170 mg of purified DrpSSB pro-
tein (from 11 of induced culture). This protein was
purified with about 99% purity (Fig. 2, lane 4). Addi-
tionally, the purified DrpSSB protein was free of
detectable DNA endo- and exonucleases.

DrpSSB protein forms a homodimer

Analysis of the purified proteins by SDS-PAGE revealed
single major bands with a molecular mass of 32 kDa
(calculated from the amino acid sequences, the molecu-
lar mass of DrpSSB is 32.45 kDa). Analysis of purified
proteins by gel filtration chromatography revealed single
peaks with a molecular mass of about 57.43 kDa. This
value is 1.8 times the molecular weight of a DrpSSB
monomer. This confirmed our prediction that DrpSSB
protein exists as a homodimer.

DNA-binding properties
Whenever two macromolecules interact, the resulting

complex will have a larger mass than any of the single
components and, thus, it will sediment faster than the

611

Complex 2
Complex 1

Free

60-mer 70-mer 76-mer

35-mer

Fig. 3 Binding of DrpSSB to single-stranded oligonucleotides—gel
mobility shift assays

single species. Binding SSB proteins to polymeric
ssDNA results in a dramatic increase in sedimentation
rate. All homotetrameric and homodimeric SSB proteins
studied so far show a dramatic decrease of tryptophan
fluorescence when binding to ssDNA (Urbanke and
Schaper 1990).

To determine the ability of DrpSSB protein to bind to
ssDNA, we carried out agarose gel mobility assays with
5" fluorescein-labelled ss dT-oligonucleotides 35, 60, 70,
76 nucleotides in length (Fig. 3). A single band of re-
duced mobility was observed, when 10 pM of (dT);s or
(dT)go were incubated with increasing concentrations of
SSB-like proteins. Most of (dT)ss and (dT)gg were shif-
ted after addition of one molar equivalent (10 pM) of
DrpSSB (calculated as 60 kDa homodimer), and the
mobility of the shifted band remained constant at 10
times higher protein concentrations (100 pM). A band
of identical mobility was observed for (dT);q and (dT)+
at low protein concentrations (10 pM), but a second
band with a lower mobility was observed at high protein
concentrations (100 pM). These results suggest that
DrpSSB protein binds to (dT)s;s and (dT)g as a single
protein molecule whereas two SSB molecules bind to
(dT)79 and (dT)ss. Thus, the ssDNA-binding site for
DrpSSB protein is between 30 and 35 nucleotides long.

To further explore the binding properties of the
DrpSSB protein, we made use of fluorescence spectros-
copy. With an excitation wavelength of 295 nm, the
emission spectrum of SSB-like proteins at 25°C had a
maximum at 348 nm, consistent with tryptophan fluo-
rescence. On addition of a saturating quantity of
ssDNA, the intrinsic fluorescence at 348 nm was quen-
ched by 77% at 2 mM NaCl and 80% at 100 mM NaCl.
Thus, at least five of the seven Trp residues of DrpSSB
monomer are directly engaged in ssDNA binding. The
estimated size of the ssDNA binding site in the presence
of 2 mM NaCl for DrpSSB protein is 24 + 2 nt (Fig. 4).
A slight binding-mode transition has been observed
when changing the ionic environment from low salt
(2 mM Nacl) to high salt (100 mM NaCl); binding-site
size increases from 24 + 2 nt to 31 £ 2 nt per ho-
modimer (Fig. 4a, b).

Thermostability

DrpSSB maintained 100% activity after 180 min incu-
bation at 85°C, with half-lives of 120 min at 90°C,
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Fig. 4 Inverse fluorescence 100
titration of DrpSSB with (dT)g. 90 |
A 1 nM sample of SSB protein
(homodimer) was titrated with 80 |
(dT)gp at 2 mM (filled square) 70 1
and 100 mM NacCl (filled circle) =
in standard buffer B S 60 -
on
£ 50-
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Fig. 5 Half-lives of ssDNA-binding activity of DraSSB (filled
triangle), DgeSSB (filled square) and TagSSB (filled circle)

60 min at 95°C, 30 min at 100°C and 10 min at 105°C
(Fig. 5). TagSSB has a half-life of 10 min at 85°C, 4 min
at 90°C and 30-60 s at 95°C (Fig. 5). DraSSB is rather
thermally labile protein with half-lives of 30, 20, 10 and
1 min for ssDNA-binding activity at 50, 55, 60 and
65°C, respectively.

DrpSSB can replace EcoSSB in vivo

In the complementation experiments, we attempted to
replace the resident plasmid (pRPZ146, ori ColEl, TcR,
harbouring a wild-type ssb gene) from E. coli
RDP268(DE3) (Assb.:Kan) with the plasmids harbour-
ing test ssb genes (pET23D(+)DrpSSB or pET23-
D(+)EcoSSB, ori ColEl, Amp®). As SSB is an essential
protein, success in replacement of the original TcR
plasmid by the incoming Amp® plasmid, resulting in a
TcS, Amp® phenotype, shows that the test SSB com-
plements the Assh strain of E. coli. The pET23D(+)
EcoSSB was used as a control to assess the efficacy of the
complementation assay. After transformation of modi-
fied E. coli cells using pET23D(+)DrpSSB or pET23-

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
[dT]/DrpSSB]

D(+)EcoSSB, which encodes resistance against
ampicillin, and subsequent inoculations, we could isolate
clones that showed resistance to ampicillin and kana-
mycin but not to tetracycline. These clones must have
lost the pRPZ146 plasmid encoding for EcoSSB. Addi-
tionally, an analysis of plasmid DNA was carried out
after plasmid isolation from tested strains. The results
confirmed the presence of appropriate plasmids. Inter-
estingly, under the same assay conditions, we obtained
better growth of cultures containing
pET23D(+)DrpSSB, then with pET23D(+)EcoSSB
and the results were independent of IPTG induction of
SSB expression.

Discussion

We have reported here the identification, purification
and characterization of the SSB-like protein of the
mesophile bacteria D. radiopugnans. From sequence
analysis, it is obvious that two ssDNA-binding domains
in one monomer of DrpSSB possess canonical oligonu-
cleotide binding fold, very similar to the homology ob-
served in the structure of the D. radiodurans SSB. This
analysis indicates that we may divide DrpSSB monomer
protein into two putative domains; a smaller N-terminal
domain with a fragment responsible only for binding to
ssDNA and a larger C-terminal domain with a second
ssDNA-binding sequence, followed by about 50 amino
acid long fragment with highly acidic C terminus. So, the
functional dimer of DrpSSB protein possesses four
ssDNA-binding domains as in other prokaryotes and
only two C-terminal regions with a putative role in
interactions with other cellular proteins.

Sequence alignment shows a different similarity pat-
tern in the N- and C-terminal ssDNA-binding domains
of the DrpSSB monomer relative to critical residues in-
volved in interaction with ssDNA in EcoSSB (Raghu-
nathan et al. 2000). The E. coli SSB base-stacking
residues are Trp-40, Trp-54, Phe-60 and Trp-88. Only
Trp-40 of EcoSSB is homologous to the Trp-40 (Trp-164
in monomer) residue in the C-terminal domain of
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Table 1 Percentages of amino acid content of EcoSSB, DraSSB and DrpSSB proteins

SSB protein Ala  Arg Asn Asp Cys Gln Glu Gly His Ile Leu Lys Met Phe Pro Ser Thr Trp Tyr Val
EcoSSB 73 56 45 45 0 10.1 56 163 06 28 45 34 34 22 67 56 51 22 22 173
DraSSB 11.3 90 56 63 0 43 7.6 113 10 30 73 30 30 10 50 47 50 17 30 70
DrpSSB 103 80 63 67 0 37 77 123 1.0 23 73 43 27 10 53 43 50 23 20 73

DrpSSB and Trp-88 of EcoSSB is homologous to the
Trp-88 residue in the N-terminal domain of DrpSSB and
DraSSB (Fig. 1). His-55, critical for the formation of the
tetrameric form of SSB in E. coli and other prokaryotes
(Williams et al. 1983), is homologous to the corre-
sponding His-54 residue present only in the N-terminal
domains of the DrpSSB, DraSSB, TagSSB and TthSSB
proteins. These differences could lead to differential
ssDNA binding by the individual OB folds in DrpSSB.

The C-terminal, 50 amino acids domain of DrpSSB
protein possesses the lowest sequence similarity to
EcoSSB. This region in the crystal structure of EcoSSB
protrudes from the surface of each subunit as an
unstructured fragment due to the high content of Gly
and Pro residues (Matsumoto et al. 2000). The function
of this region, in its interaction with other proteins, is
dependent on its acidic character, as shown by the
construction of chimeric proteins (Curth et al. 1996;
Handa et al. 2001). In DrpSSB protein, as for TagSSB,
TthSSB and DraSSB, this region possesses conserved
acidic character and a high content of Gly and Pro.
Besides, the C terminus of DrpSSB and DraSSB pos-
sesses additional Glu and Asp residues, respectively,
which are absent in EcoSSB, TagSSB and TthSSB
(Fig. 1).

DrpSSB is the most thermostable SSB-like protein
identified to date, which has a half-life of 60 min at
95°C, offering an attractive alternative for TagSSB and
TthSSB in their applications for molecular biology
methods and analytical purposes (Kur et al. 2005).
These results were surprising in the context of the mes-
ophile D. radiopugnans and in comparison with the SSB
from thermophilic 7. aquaticus, which has a half-life of
3060 s at 95°C and with the SSB from mesophilic
D. radiodurans, which has a half-life of 60 s at 65°C.
DrpSSB does not possess any special features relative to
the SSB of E. coli and D. radiodurans mesophiles. There
is a high amino acid sequence identity between DrpSSB
and DraSSB (79%). Sequence comparisons and per-
centages of the amino acid content of DrpSSB and
DraSSB do not explain fully the cause of a high DrpSSB
thermostability (Table 1). Only the analysis of the
structure of the examined protein may explain the cause
of the stability. Sequence comparisons of the thermo-
philic and the mesophilic proteins have shown some
significant substitutions in thermophilic proteins such as
Lys to Arg, Ser to Ala, Gly to Ala, Ser to Thr and Val to
Ile (Ladenstein and Antranikian 1998; Scandurra et al.
1998). DrpSSB protein has a content of charged (Asp,
Glu, Lys and Arg; 26.7%) residues higher than that of
EcoSSB (19.1%) (Table 1). These residues in the ther-

mophilic proteins may be involved in the stabilization of
the interdomain surface by ionic networks (Karshikoff
and Ladenstein 2001). The higher content of positively
charged residues may also suggest that the thermophilic
SSB proteins interact much more strongly with the
backbone atoms of ssDNA than does EcoSSB. There is
a significant increase of Arg residues relative to EcoSSB
(Table 1). In many cases Arg residues stabilize proteins
by hydrophobic interaction at the surface (Van den Burg
et al. 1994). As an ionic positively charged residue, Arg
is better adapted to high temperatures than Lys. Ther-
mostable DrpSSB possesses a higher content of aliphatic
hydrophobic residues than EcoSSB; there is a significant
increase in the level of Ala (Table 1). There is a prefer-
ence for a decrease in the Gly content in positions of low
structural importance for fold conservation in many
thermostable proteins (Matthews et al. 1987; Korolev
et al. 1995). DrpSSB has a lower content of Gly residues
than EcoSSB (Table 1).

The homodimer SSB-like proteins possess only two
acidic C-terminal fragments, as compared to four
C-terminal fragments in EcoSSB. In the homodimeric
SSBs, one monomer protein possesses two ssDNA-
binding domains which are reminiscent of the two
monomers of EcoSSB. This conjunction in the homod-
imeric SSB may permit a reduction in the surface to
volume ratio and more compactness in the hydrophobic
core and in the interface between domains relative to the
dimer in EcoSSB (Ladenstein and Antranikian 1998).
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