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ABSTRACT: Single-stranded DNA binding (SSB) proteins are essential proteins of DNA metabolism. We
characterized the binding of the bacteriophage T4 SSB, Escherichia coli SSB, human replication protein A
(hRPA), and human hSSB1 proteins onto model miniforks and double-stranded-single-stranded (ds-ss)
junctions exposing 30 or 50 ssDNA overhangs. T4 SSB proteins, E. coli SSB proteins, and hRPA have a
different binding preference for the ss tail exposed on model miniforks and ds-ss junctions. The T4 SSB
protein preferentially binds substrates with 50 ss tails, whereas the E. coli SSB protein and hRPA show a
preference for substrates with 30 ss overhangs.When interacting with ds-ss junctions orminiforks, the T4 SSB
protein, E. coli SSB protein, and hRPA can destabilize not only the ds part of a ds-ss junction but also the
daughter ds arm of a minifork. The T4 SSB protein displays these unwinding activities in a polar manner.
Taken together, our results position the SSB protein as a potential key player in the reversal of a stalled
replication fork and in gap repair-mediated repetitive sequence expansion.

Single-stranded DNA binding (SSB)1 proteins are ubiquitous
and essential proteins involved in multiple aspects of DNA
metabolism (for reviews, see refs (1-6)). The primary function
of SSB proteins is to cover naked single-stranded (ss) DNA
exposed by helicases or nucleases to prevent secondary structure
formation or nuclease digestion.During replication or nucleotide
excision repair, the ssDNA covered by SSB proteins becomes the
substrate for DNA polymerases. During homologous recombi-
nation-dependent DNA double-stranded (ds) break repair, SSB
proteins bind first the 30 ss overhang generated after ds break
resection before being replaced by the recombinaseRecA/Rad51.
Recently, two new human SSB proteins, hSSB1 and hSSB2, with
specific functions inDNAdamage responsewerediscovered (7,8).
In addition to their protective role against nuclease attack and
secondary structure formation, SSB proteins bind multiple pro-
tein partners and facilitate the assembly of genome maintenance
complexes by coordinating their activities.

SSB proteins were initially called DNA “melting” or “helix
destabilizing” proteins because they were able to perturb the
melting transition of sequence specific polynucleotides, especially
poly{d(A-T)}, but not a number of different natural DNAs (9).

However, unwinding of random sequence duplexes of various
lengths has been described for a number of SSB proteins, and this
activity is ATP-independent, influenced by the monovalent and
divalent salt concentrations, and requires a saturating amount of
proteins (10-15). Local breathing of the ds DNA helix may
create a nucleation site for the SSB proteins (16, 17). As indicated
by its acronym, the SSB protein binds ss DNA in a sequence-
independent manner and covers ss DNA very efficiently. High
affinity for ss DNA can be achieved in different ways. For
example, the major human SSB protein, replication protein A or
hRPA, binds ss DNA with an intrinsic binding constant of
0.01-1 nM and a cooperativity parameter ω of 10-20 (see ref 2
and references cited therein). On the other hand, a low intrinsic
binding constant (in themicromolar range) combinedwith a high
cooperativity (ω of 500-1000) allows bacteriophage T4 SSB
protein to bind ss DNA very efficiently (ref 18 and references
cited therein). In contrast, the bacteriophage T7 SSB protein
binds ss DNA with an apparent binding constant in the micro-
molar range without any apparent cooperativity (19, 20). Recent
data suggest that T7 SSB protein efficiently finds its ssDNA target
by prebinding and sliding along ds DNA (21). Sliding along ds
DNA might also be a property of T4 SSB protein (22). Like T7
SSB protein, the recently discovered hSSB1 binds ss DNA with a
low apparent binding constant (micromolar range) (7).

Structural studies suggest that the T4 SSB protein binds ss
DNA as amonomeric protein of 33.5 kDa (23, 24). The 18.8 kDa
Escherichia coli SSBprotein can assemble into a homotetramer or
homo-octamer and wind the ss DNA around itself, organizing ss
DNA in nucleosome-like units (25). The eukaryotic SSB protein,
RPA, is a heterotrimeric protein that consists of three proteins
of approximately 70, 32, and 14 kDa (p70, p32, and p14,
respectively). Such a hetero-oligomeric structure can facilitate
interactions with multiple binding partners, especially repair
enzymes. Multi-RPA systems are universal in eukaryotes (5).
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Humans carry two homologues of p32,RPA2 andRPA4, each of
which can assemble with the p70 and p14 subunits to constitute
two different RPA complexes (26). Recent studies on the alter-
native RPA, aRPA, composed of p70, RPA4, and p14 suggest a
role for aRPA inDNA repair (27-30). As a consequence of these
differences in quaternary structure organization, the length of the
ssDNAoccluded by SSBproteins can range from 7 nt for T4 SSB
protein to 65 nt for the E. coli SSB protein octamer. However,
SSB proteins can bind shorter ss DNAs [e.g., 3-4 nt for T4 SSB
protein (31), 8 nt for E. coli SSB protein (32), and 8-10 nt for
hRPA (33)].

If the thermodynamics and kinetics of the binding of SSB
proteins to nonspecific ss DNA have been extensively studied
using long ss or ds lattices, little is known about the functions of
specific binding sites, such as ss DNA ends or ds-ss junctions,
that can be carried within the DNA substrate of the SSB protein
and that can potentially modify the binding properties of the
enzyme. For example, a ss gap within a duplex DNA exposes on
each side of the gap specific 50 and 30 extremities. It has been
reported that hRPA assembles in a polar manner on such ss gaps
and that p70 mainly interacts with the 50 end of the downstream
primer (34, 35). Recognition of the 30 end of the upstream primer
by the p70 or p32 subunit of hRPA depends on the size of the
gap (35, 36). Similarly, a helicase moving across ds DNA exposes
two ss DNA strands of opposite polarity. Jose et al. recently
described the structural specificities of miniforks and ds-ss
junctions and speculated about their functional role (37).

In 2008, we proposed a new model for replication-mediated
deletions of trinucleotide repeats (TNR) in which SSB protein
activity at the replication fork is critical (38). In this model, the
TNR sequence that the replisomemust replicate induces a greater
impediment for the leading than for the laggingDNApolymerase
and creates transient uncoupling between the replicative helicase
and the leading DNA polymerase. To save time for DNA
synthesis and restore its coupling with the moving helicase, the
leading DNA polymerase passes over a small track of naked
leading ss template. By this mechanism, polymerase-helicase
coupling is maintained but at the expense of a hairpin that is
formed on the template strand after protein coupling has been re-
established. Inherent in this model is the requirement for the SSB
protein not to bind the short gap of ss DNA between the helicase
and leading DNA polymerase during the protein uncoupling
phase. This can be accomplished in two ways: either protein
coupling is restored before an SSB protein binding site is exposed
on the leading template, or SSB protein binds weakly to the
leading ss template.

As a first step in dissecting this new model, we have investi-
gated whether leading and lagging ss templates were covered by
SSB proteins with equal efficiency. The binding of a variety of
SSB proteins to model miniforks exposing a 30 leading or a 50

lagging ss DNA arm was characterized. This study was extended
to ds-ss junctions with 50 or 30 ss tails because such junctions are
intermediate structures during gap or ds break repair. Our results
show that T4 SSB protein, E. coli SSB protein, and hRPA have
different binding preferences for ss tails exposed on model mini-
forks and ds-ss junctions. T4 SSB protein preferentially binds
substrates with 50 ss tails, whereas E. coli SSB protein and hRPA
prefer substrates with 30 ss DNA overhangs. Binding preference
does not require cooperative binding. hSSB1 exhibits no prefer-
ential binding. The nature of the molecular species assembled on
miniforks was identified. Surprisingly, we discovered that all the
SSB proteins tested not only bind the daughter ss arm of the

minifork but also invade and destabilize its daughter ds arm. T4
SSB protein displays this unwinding activity in a polar manner.
Unwinding of the ds part of the ds-ss junction is also observed
for all SSB proteins studied. These results are discussed in terms
of a potential role of the SSB protein in the reversal of a stalled
replication fork and in the gap repair-mediated expansion of
repetitive sequences.

EXPERIMENTAL PROCEDURES

Enzymes. T4 polynucleotide kinase (PNK) was from New
England Biolabs; E. coli SSB protein was from USB. Wild-type
(WT) and mutant gp32leu106 T4 SSB proteins were overex-
pressed and purified as described previously (39), and their
concentrations were measured by UV spectroscopy using extinc-
tion coefficients of 39420 and 38000 M-1 cm-1 for WT and
mutant T4 SSB protein, respectively. hRPA was a gift from U.
H€ubscher (University of Zurich, Zurich, Switzerland) and M.
Wold (University of Iowa, Iowa City, IA). His-tagged tobacco
etch virus (TEV) protease was prepared as recommended pre-
viously (40). The plasmid overexpressingHis-tagged hSSB1was a
gift from M. F. White (University of St Andrews, St Andrews,
U.K.) and was used to subclone the hSSB1 gene into the pSKB3
vector [a gift from S. K. Burley (Lilly Biotechnology Center, San
Diego, CA)] to allow the purification of an untagged hSSB1
protein after cleavage of its His tag by the His-tagged TEV pro-
tease. BL21-DE3 was used to overexpress hSSB1, and trans-
formed cells were grown in LB with kanamycin (30 μg/mL) at
37 �C while being shaken (180 rpm). To induce protein over-
expression, isopropyl β-D-thiogalactoside (IPTG) was added to a
final concentration of 0.4 mM when the cell culture had reached
an OD600 of 0.5. Cells were harvested 4 h after induction of
protein expression. To purify hSSB1, 3.6 g of cell paste was first
lysed in 50 mL of buffer A [50 mM sodium phosphate (pH 8),
300mMNaCl, 10mM imidazole, and 2mM β-mercaptoethanol]
supplemented with 0.75 mg/mL phenylmethanesulfonyl fluoride
(PMSF) and 1 mg/mL lysozyme for 40 min on ice under gentle
stirring. The cell suspension was then sonicated to reach an
OD660 of 0.7 and clarified by centrifugation (1.5 h at 4 �C and
117524g). The clear crude extract was applied to a 1 mLNi-NTA
(Qiagen) column pre-equilibrated with buffer A at a flow rate of
0.5 mL/min. The column was washed with 10 mL of buffer A,
and the protein was eluted by steps of increasing imidazole
concentration (10 mL of buffer A with 20 mM imidazole, 10 mL
of buffer A with 50 mM imidazole, 10 mL of buffer A with
110 mM imidazole, and 20 mL of buffer A with 230 mM imida-
zole). Fractions (1 mL) were collected and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The hSSB1-
containing fractionswere dialyzed against 2 L of buffer B [50mM
sodium phosphate (pH 8), 100 mM NaCl, and 2 mM β-mer-
captoethanol] for 12 h. After dialysis, hSSB1 was digested with
the His-tagged TEV protease (protease added in a 1:20 mass
ratio) for 24 h at 4 �Cunder gentle shaking.After digestion,NaCl
was added to the digestion mix to a final concentration of
300 mM, and the mix was loaded onto a 1 mL Ni-NTA column
pre-equilibrated in buffer A. The columnwas washedwith 10mL
of buffer A. Untagged hSSB1 was found in the column flow-
through and in the first few fractions of the column wash. The
protein was dialyzed againt 2 L of buffer C [20 mM Tris-HCl
(pH 8), 30 mM imidazole, and 1 mM dithiothreitol (DTT)] for
12 h and applied to a 1.5 mL heparin (IBF Biotechnics) column
pre-equilibrated with buffer C at a flow rate of 0.7 mL/min. The
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column was next washed with 15 mL of buffer C, and the protein
was eluted with a 40 mL salt gradient (from 0 to 1 M NaCl).
Fractions (3 mL) were collected and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. hSSB1-
containing fractions were dialyzed against 1 L of prestorage
buffer [20 mM sodium phosphate (pH 7.5), 50 mM NaCl,
1 mM DTT, and 25% glycerol] for 12 h and against 1 L of
storage buffer [20 mM sodium phosphate (pH 7.5), 50 mM
NaCl, 1 mMDTT, and 50% glycerol] for 8 h. The protein was
estimated to be at least 90% pure by Coomassie Blue staining.
Its concentration was measured by UV spectroscopy using an
extinction coefficient of 11500 M-1 cm-1.
Oligonucleotide Sequences. The sequences of the oligonu-

cleotides (Eurogentec) used here are listed in Table 1. All oligo-
nucleotides were gel purified before use. DNA concentrations
were determined by UV spectroscopy using the extinction coeffi-
cients provided by the manufacturer.
Radiolabeling of Oligonucleotides. Radiolabeling of oligo-

nucleotides at their 50 extremity was performed by incubating
1 μM oligonucleotide with 1 μM [γ-32P]ATP, 1 μM ATP, and
PNK (0.2 unit/mL) in PNK 1� buffer for 45 min at 37 �C.
Nonincorporated [γ-32P]ATP and ATP were removed using a
Biospin 6 column (Bio-Rad) equilibrated in TE buffer.
Preparation of ds-ss Junctions and Miniforks. ds-ss

junctions and miniforks contain a single 50 32P-labeled oligonu-
cleotide, which is indicated in each figure by an asterisk. ds-ss
junctions were prepared by mixing the radiolabeled oligonucleo-
tide with its partially complementary strand in a 1:4 molar ratio.
Miniforks were prepared by mixing three oligonucleotides. The
two nonradiolabeled strands were added in a 4-fold molar excess
relative to the radiolabeled strand. A 4-fold excess of comple-
mentary unlabeled strands was used to keep the two strands of
the ds-ss junctions or the three strands of the miniforks well
annealed. Strand hybridization was performed by heating (5 min
at 95 �C) and slow cooling. Hybridization was checked by
electrophoresis on a native polyacrylamide gel (10% acrylamide

and 7% acrylamide for ds-ss junctions and miniforks, respec-
tively). The mass ratio of acrylamide and bisacrylamide
was 29:1, and native gels were made in TBE 1�. A major
conformation representing at least 75% of the total material
was observed for most DNA substrates. DNA substrates
used for T4 SSB protein and E. coli SSB protein interactions
were prepared in a buffer consisting of 40 mM Tris-HCl (pH
7.5), 50 mMNaCl, and 20 mM MgCl2. DNA substrates used
for hRPA interaction were prepared in a buffer consisting of
30 mM HEPES (pH 7.8), 50 mM NaCl, and 7 mM MgCl2.
DNA substrates used for interactions with hSSB1 were
prepared in a buffer consisting of 20 mM HEPES (pH 7.8),
75 mM NaCl, and 20 mM EDTA.
Band-Shift Assays. Interactions between SSB proteins and

DNA were performed in the buffer used to prepare the DNA
substrates supplemented with 2 mM DTT. The proteins at
increasing concentrations (indicated in each figure) were incu-
bated with 25 nM radiolabeled DNA (with 75 nM unlabeled
DNA) for 10 min at 22 �C, except for the 30-70 junctions for
which incubation took place at 4 �C. Samples were then loaded
on a native polyacrylamide gel to resolve the different molecular
species. The level of acrylamide ranged from 10% (for the 30-9
junctions) to 6% (for miniforks), and the mass ratio of acryla-
mide to bisacrylamide was 29:1. Native gels were prepared in
TBE 1�. Electrophoresis was performed at 4 �C and 30 mA for
2.5 h. After electrophoresis, the gel was dried and exposed on a
phosphorimager screen. After being exposed for at least 10 h, the
screen was scanned with a Storm 820. The samples in the gel were
quantified using ImageQuant version 5.1 or NT. Each experi-
ment was reproduced at least twice. When indicated, error bars
correspond to the standard deviation calculated from at least two
independent experiments. To estimate the difference in binding
betweenminiforks with a 50 or 30 daughter ss tail, DNA substrates
were tested in parallel with the same freshly diluted enzymes.
Similarly, ds-ss DNA junctions with opposite ss tail polarity were
tested in parallel with the same freshly diluted protein stocks.

Table 1: Names and Sequences of Oligonucleotides

name sequence

H30 50-TGGCGGCCGCTCGAGCATGCATCTAGAGAGGG-30

H30c 50-CCCTCTAGATGCATGCTCGAGCGGCCGCCA-30

Ta30c 50-CAACTCACCTGTTTAGCTATATTTTCATTT-30

Tb30c 50-TATGTTTCGTAATTCCTTTTGAGGTAATTC-30

H30(T)9 50-TGGCGGCCGCTCGAGCATGCATCTAGAGGGTTTTTTTTT-30

(T)9H30c 50-TTTTTTTTTCCCTCTAGATGCATGCTCGAGCGGCCGCCA-3
0

H30Tal8 50-TGGCGGCCGCTCGAGCATGCATCTAGAGGCTCGAAGCACAGGTGAGTTG-3
0

Tb18H30c 50-GAACCGAAGGAACGAAACCCCTCTAGATGCATGCTCGAGCGGCCGCCA-30

H30(AAC)6 50-TGGCGGCCGCTCGAGCATGCATCTAGAGGGAACAACAACAACAACAAC-30

(AAC)6H30c 50-AACAACAACAACAACAACCCCTCTAGATGCATGCTCGAGCGGCCGCCA-30

H30(CTG)6 50-TGGCGGCCGCTCGAGCATGCATCTAGAGGGAACAACAACAACAACAAC-30

(CAG)6H30c 50-CAGCAGCAGCAGCAGCAGCCCTCTAGATGCATGCTCGAGCGGCCGCCA-30

H30(CTG)6 50-TGGCGGCCGCTCGAGCATGCATCTAGAGGGCTGCTGCTGCTGCTGCTG-3
0

(CTG)6H30c 50-CTGCTGCTGCTGCTGCTGCCCTCTAGATGCATGCTCGAGCGGCCGCCA-3
0

H30Ta30 50-TGGCGGCCGCTCGAGCATGCATCTAGAGGGAAATGAAAATATAGCTAAACAGGTGAGTTG-30

Tb30H30c 50-GAATTACCTCAAAAGGAATTACGAAACATACCCTCTAGATGCATGCTCGAGCGGCCGCCA-30

H70 50-ATAGGGAGACCCAAGCTAATTCTGCAGATATCCATCACACTGGCGGCCGCTC

GAGCATGCATCTAGAGGG-30

H70c 50-CCCTCTAGATGCATGCTCGAGCGGCCGCCAGTGTGATGGATATCTGCAGAATTA

GCTTGGGTCTCCCTAT-30

H70Ta30 50-ATAGGGAGACCCAAGCTAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGCATGCATC

TAGAGGGAAATGAAAATATAGCTAAACAGGTGAGTTG-30

Tb30H70c 50-GAATTACCTCAAAAGGAATTACGAAACATACCCTCTAGATGCATGCTCGAGCGGCCG

CCAGTGTGATGGATATCTGCAGAATTAGCTTGGGTCTCCCTAT-30
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RESULTS

Nomenclature. The sequences of the oligonucleotides used in
this study are listed in Table 1. ds-ss junctions (Table 2) are
designated by two numbers: the first and second numbers that are
separated by a dash specify the length of the ds and ss parts of
the junction, respectively. The lengths of the ds and ss parts of the
junction are given in base pairs and nucleotides. For example, the
30-18 junctions (Table 2) consist of a 30 bp duplex carrying an
18 nt ss tail and are made by annealing a 48-mer with a 30-mer.
The different 30-18 junctions represented in Table 2 differ by the
orientation (30 or 50) and the sequence (random sequence, AAC,
CAG, or CTG repeats) of the ss tail. Model miniforks (Table 2)
consist of a parental duplex and two daughter arms (leading and
lagging), which can be ss or ds. The designation “leading” or
“lagging” for minifork daughter arms originates from the termi-
nology used in DNA replication. A daughter arm is named lead-
ing if the template strand exposed by the helicase has a 30 extre-
mity. Similarly, a daughter arm is named lagging if the template
strand exposed by the helicase has a 50 extremity. Miniforks are
designated by three numbers that are separated by dashes and
that refer to the length of the parental duplex (first number) and
the length of both daughter arms (second and third numbers).
Adjacent to the length of the arm, the type of daughter arm (lead
vs lagg) and its nature (ss vs ds) are indicated in superscript and
subscript, respectively. For example, the minifork designated

70-30leadss-30laggds (Table 2) consists of a 70 bp parental duplex
with a 30 nt leading ss arm and a 30 bp lagging ds arm.
T4 SSB Protein, E. coli SSB Protein, and hRPA Have

Different Preferential Binding Polarities on Model Mini-
forks, whereas hSSB1 Does Not Exhibit Any Preferential
Binding.Once loaded at the replication fork, the helicase unwinds
the parental ds DNA and exposes daughter ss templates of
opposite polarity. T4 SSB protein has been reported to bind with
higher affinity to DNA miniforks with a 50 ss arm than to DNA
miniforks with a 30 ss arm (41), suggesting that the lagging ss
template is more efficiently covered by T4 SSB proteins than the
leading ss template. To investigate whether this property is shared
by other SSB proteins and is conserved among species, we
constructedminiforkswith either a 50 or 30 ss tail and characterized
the binding properties of E. coli SSB protein, hRPA, and hSSB1.

To first test our DNA substrates, we investigated the bind-
ing of T4 SSB protein with 70-30leadss-30laggds and 70-
30leadds-30laggss miniforks by titrating the protein with 50 radio-
labeled DNA substrates and resolving the species by electro-
phoresis on a native gel (Figure 1A).As the protein concentration
increases, DNA is trapped into nucleoprotein complexes with
lowermobilities than nakedDNA.The smeary appearance of the
bands is possibly due to the low intrinsic affinity of T4 SSB
proteins for ss DNA and the small number (four) of binding sites
of T4 SSB protein on the ss tail of the miniforks. Protein-DNA
complexes can dissociate during electrophoresis. Qualitative
inspection of the retardation gel indicates that binding is more
cooperative on the 70-30leadds-30laggss substrate than on the
70-30leadss-30laggds minifork because a stable protein-DNA
complex with its ss tail fully covered by T4 SSB protein [species
indicated by two asterisks (Figure 1A)] forms and accumulates at
lower protein concentrations with the 70-30leadds-30laggss sub-
strate than with the 70-30leadss-30laggds substrate (in Figure 1A,
compare lanes 15-17 and lanes 23-25). Retardation gels were
quantified by measuring the proportion of protein-DNA com-
plexes as a function of protein concentration. The affinity dif-
ference between the two forks is best observed at midtitration
(0.675 μMT4 SSB protein, lanes 15 and 23, Figure 1A) where the
proportion of protein-DNA complexes equals 70 and 56% for
70-30leadds-30laggss and 70-30leadss-30laggds miniforks, respec-
tively. The mean ratio (R) between the percentage of protein-
DNA complexes formed with 70-30leadds-30laggss and that
formed with 70-30leadss-30laggds equals 1.65 ( 0.5 (right panel,
Figure 1B). The binding property of T4 SSB protein was also
investigated on miniforks carrying a 30 bp parental duplex
and daughter arms of 30 nt and 30 bp [30-30-30 miniforks
(Figure 1B)]. A similar value of R [1.62 ( 0.4 (right panel,
Figure 1B)] was measured with these miniforks, confirming the
preference of the T4 SSB protein for miniforks carrying a lagging
ss tail. On the whole, our quantitative analysis of the retardation
gels confirms the results of Jones et al. (41) and validates the use of
our miniforks under the experimental conditions used here.

As opposed to those with T4 SSB protein, band-shift experi-
ments performed with E. coli SSB protein and hRPA show a
binding preference for miniforks carrying a leading ss strand
(Figure 1C,D). Experiments performed with hSSB1 indicate that
this protein does not exhibit any preference for a minifork ss tail
(data not shown).
T4 SSB Protein, E. coli SSB Protein, and hRPA Can

Unwind the Newly Synthesized ds Arm of a Minifork.
Several protein-DNA complexes with different electrophoretic
mobilities on retardation gels are formed when miniforks are

Table 2: Substrates
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titrated with proteins. To identifymore precisely the nature of the
nucleoprotein complex present in each retarded band, miniforks

radiolabeled at the 50 end of the 100-mer were prepared. Pro-
tein titrations were performed with 70-30leadss-30laggds and

FIGURE 1: T4 SSB protein, E. coli SSB protein, and hRPA bind the ss tails of miniforks with polarity. Interactions between proteins and DNA
were assessed and native gel electrophoresis performed as described in Experimental Procedures. Protein concentrations are given in monomeric
units forT4SSBprotein, homotetrameric units forE. coliSSBprotein, andheterotrimeric units (p70-p32-p14) for hRPA.Error bars correspond
to the standard deviation calculated from at least two independent experiments. (A) The radiolabeled strand of each substrate is denoted with an
asterisk. Except for H70Ta30 for which interactionwith T4 SSB protein is assessed at 5.4 μM(lane 2), the T4 SSB protein concentration (given in
micromolar) increases as follows: 0 (lanes 1, 3, 11, and 19), 0.0835 (lanes 4, 12, and 20), 0.17 (lanes 5, 13, and 21), 0.34 (lanes 6, 14, and 22), 0.675
(lanes 7, 15, and 23), 1.35 (lanes 8, 16, and 24), 2.7 (lanes 9, 17, and 25), and 5.4 (lanes 10, 18, and 26). The protein-DNA complex specific for
70-30leadss-30laggss with both daughter ss tails fully covered by T4 SSB protein is denoted with a backward arrow. The protein-DNA complex
specific for 70-30leadss-30laggds and 70-30leadds-30laggss with its daughter ss tail fully covered by T4 SSB protein is denoted with two asterisks.
Nucleoprotein complexes with their daughter ss tails coated with various amounts of protein are denoted with a double-headed arrow. (B)
Interaction of T4 SSB protein with 30-30leadss-30laggds (3

0 orientation of the ss tail) and 30-30leadds-30laggss (5
0 orientation of the ss tail) at

0.675 μMprotein (left). The ratioR between the percentage of protein-DNA complexes formed at 0.675 μMprotein withminiforks containing a
50 daughter ss tail and that formed with miniforks containing a 30 daughter ss tail has been calculated for 70-30-30 and 30-30-30 miniforks
(right). (C) Percentage of E. coli SSB protein in a complex with 70-30-30 miniforks as a function of protein concentration. (D) Percentage of
hRPA in a complex with 70-30-30 miniforks as a function of protein concentration.
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70-30leadds-30laggss miniforks, the 70-30leadss-30laggss substrate,
and the ss radiolabeled 100-mer that is used to prepare the
miniforks. Electrophoreticmigrationprofiles were then compared.
Surprisingly, one of the nucleoprotein complexes that accumulates
at the end of the titration with the T4 SSB andE. coli SSB proteins
has the samemobility as the 70-30leadss-30laggss substrate covered
by the SSB protein (species denoted with backward arrows in
Figures 1A and 2A; in Figure 1A, compare lanes 10, 18, and 26; in
Figure 2A, compare lanes 10 and 18). The same applies to hRPA
(species denoted with a backward arrow in Figure 2B; compare
lanes 7 and 14). The electrophoretic migration of this species is
different from that of the 100-mer when tested at the same protein
concentration (in Figure 1A, compare lanes 2, 10, 18, and 26; in
Figure 2A, compare lanes 2, 10, and 18; in Figure 2B, compare

lanes 7, 14, and 16). This result suggests that after binding the
daughter ss arm of the minifork, T4 SSB protein, E. coli SSB
protein, and hRPA can invade and unwind the opposite daughter
ds arm of the minifork. To confirm these results, we constructed
70-30leadss-30laggds and 70-30leadds-30laggss miniforks radiola-
beled on the 50 end of the 30-mer. If the SSB proteins were able to
destabilize the daughter ds arm after binding the daughter ss arm
of the minifork, then a species corresponding to a 30-mer covered
by SSB protein should form and accumulate during protein
titration. Band-shift experiments performed with these miniforks,
the 50 radiolabeled 30-mer, and all three SSB proteins show the
accumulation of a species that has the same mobility as a 30-mer
covered by SSBprotein (species denotedwith a backward arrow in
Figure 3A-C). This result confirms that T4 SSB protein, E. coli
SSB protein, and hRPA can unwind the daughter ds arm of the
minifork. Destabilization of the newly synthesized daughter arm
of the miniforks starts to take place once the daughter ss tail of the
miniforks is covered and when the protein is in a 2-5-fold molar
excess [1.35 μM T4 SSB protein (lanes 16 and 24, Figure 1A),
1.3 μM E. coli SSB protein (lane 17, Figure 2A), and 0.65 μM
hRPA (lane 7, Figure 2B)]. For T4 SSB protein, the efficiency of
this duplex destabilization reaction is substrate specific. Indeed,
the percentage of T4 SSB protein in a complex with the labeled
30-mer at the end of protein titration (% 30-SSB in Figure 3A)
indicates that T4 SSBprotein unwinds the ds daughter lagging arm
of the 70-30leadss-30laggds minifork more efficiently than the ds
daughter leading arm of the 70-30leadds-30laggss minifork. The
mean ratio of the percentage of T4 SSB protein in a complex with
the labeled 30-mer of the 70-30leadss-30laggds minifork to that of
the 70-30leadds-30laggss minifork equals 2.5( 0.5. Because the 30
bp duplexes of each minifork have the same melting temperature,
this result suggests polar duplex destabilization, with a preference
for miniforks containing a 30 ss leading tail. On the other
hand, E. coli SSB protein unwinds both miniforks with compar-
able efficiency (% 30-SSB in Figure 3B). The mean ratio of the
percentage of E. coli SSB protein in a complex with the labeled
30-mer of the 70-30leadss-30laggds minifork to that of the 70-
30leadds-30laggss minifork equals 1.4 ( 0.2.
hRPA, T4 SSB Protein, and E. coli SSB Protein Have

Different Preferential Binding Polarities on ds-ss Junc-
tions, whereas hSSB1 Exhibits No Preferential Binding.
The model miniforks used here are asymmetric in the sense that
exposed ss DNAs have opposite polarities. DNA forms with ss
overhangs are also asymmetric structures depending on the
polarity of the ss overhang. Two independent studies investigated
the binding polarity of hRPA on ss DNA using asymmetric
structures consisting of ds DNA with 50 or 30 ss overhangs
but reached opposite conclusions (34, 42). To further examine
these conflicting data and investigate whether other SSB proteins
have a binding preference for a ss tail with a defined polarity, a
variety of ds-ss junctions with either a 50 or 30 ss tail were
prepared and the binding properties of T4 SSB protein, hRPA,
E. coli SSB protein, and hSSB1 were characterized by band-shift
assays.

Figure 4A shows the quantitative analysis of titration of WT
T4 SSB protein with 30-9 ds-ss junctions carrying either a 50 or
a 30 9 nt ss tail. The sequence of the ss tail consists of a repetition
of nine T residues. With the knowledge that the T4 SSB protein
binding site is 6-7 nt in length (9), the 30-9 junction allows the
binding of only one T4 SSB protein per substrate, making it
possible to investigate whether cooperativity is required for
preferential binding. The results indicate that the WT T4 SSB

FIGURE 2: Nucleoprotein complex with both daughter ss tails cov-
ered by SSB protein that accumulates as the E. coli SSB protein or
hRPA concentration increases. The miniforks consist of a 70 bp
parental DNA and daughter arms of 30 bp and 30 nt. The radio-
labeled strand of each substrate is denoted with an asterisk. The
protein-DNAcomplex specific for the 70-30leadss-30laggss minifork
with both daughter ss tails covered by E. coli SSB protein (A) or
hRPA (B) is denoted with a backward arrow. (A) Except for
H70Ta30 for which interaction with E. coli SSB protein is assessed
at 2.6 μM (lane 2), the E. coli SSB protein concentration (given in
micromolar) increases as follows: 0 (lanes 1, 3, and 11), 0.04 (lanes 4
and 12), 0.08 (lanes 5 and 13), 0.16 (lanes 6 and 14), 0.325 (lanes 7 and
15), 0.65 (lanes 8 and 16), 1.3 (lanes 9 and 17), and 2.6 (lanes 10 and
18). The protein-DNA complex specific for the 70-30leadss-30laggss
minifork with one of its daughter ss tails covered by E. coli SSB
protein is denoted by<. The protein-DNA complex specific for the
70-30leadss-30laggds minifork and for the 70-30leadds-30laggss mini-
forkwith its daughter ss tail covered byE. coli SSB protein is denoted
with two asterisks. (B) The hRPA concentration (given in micro-
molar) increases as follows: 0 (lanes 1, 8, and 15), 0.02 (lanes 2 and 9),
0.04 (lanes 3 and 10), 0.08 (lanes 4 and 11), 0.16 (lanes 5 and 12), 0.325
(lanes 6 and 13), and 0.65 (lanes 7, 14, and 16).



938 Biochemistry, Vol. 50, No. 6, 2011 Delagoutte et al.

protein prefers binding to a ds-ss junction with a 50 ss tail. The
preference for ds-ss junctions with a 50 ss tail is consistent with
the T4 SSB protein preference for miniforks containing a 50

lagging ss arm (Figure 1A,B). Furthermore, our result indicates
that the preferential binding of T4 SSB protein on ds-ss junc-
tions with a 50 ss tail does not rely on cooperativity. To further
validate this result for cooperativity, the binding property of a T4
SSB protein mutant, gp32leu106, was also characterized. This

mutant binds ss DNA with a lower affinity than WT T4 SSB
protein because of a lower intrinsic affinity for ss DNA and a
lower cooperativity factor (intrinsic affinity of 1.8 � 105 M-1,
cooperativity factor ω of 130) (43). Band-shift experiments
performed on 30-9 junctions confirm that the gp32leu106
protein has a weaker affinity for ss DNA than the WT T4 SSB
protein and show that this mutant protein still prefers binding
to a ds-ss junction with a 50 ss tail (Figure 4A). Therefore,

FIGURE 3: T4 SSB protein, E. coli SSB protein, and hRPA can unwind the newly synthesized daughter ds DNA of miniforks. Miniforks are
labeled on theTa30c orTb30c 30-mers as indicated. The protein-DNAcomplex formedwith the radiolabeled 30-mer is denotedwith a backward
arrow. (A) The three T4 SSB protein concentrations (given inmicromolar) tested were 0 (lanes 1, 4, 7, and 10), 4.5 (lanes 2, 5, 8, and 11), and 13.5
(lanes 3, 6, 9, and 12). The percentage of 30-mer in a complex with T4 SSB protein (% 30-SSB) at each protein concentration tested (4.5 and 13.5
μM) is given for the 70-30leadss-30laggds (lanes 2 and 3) and 70-30leadds-30laggss (lanes 8 and 9) miniforks. (B) The three E. coli SSB protein
concentrations (given inmicromolar) testedwere 0 (lanes 1, 4, 7, and12), 2 (lanes 2, 5, 8, and 11), and 6.5 (lanes 3, 6, 9, and 10). (C)The three hRPA
concentrations (given in micromolar) tested were 0 (lanes 3, 6, and 9), 0.3 (lanes 2, 5, and 8), and 1 (lanes 1, 4, and 7).
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cooperativity is not required for the preferential binding of T4
SSB protein to ds-ss junctions with a 50 ss tail.

To confirm the ss tail polarity preference of T4 SSB protein on
ds-ss junctions, we investigated the binding of T4 SSB protein to
two additional ds-ss junctions, 70-30 and 30-18 junctions,
whose ss tail consists of a random sequence (Figure 4B; quanti-
fied in Figure 4C). The results confirm the preference of T4 SSB
protein for ds-ss junctions with a 50 ss tail because the mean
ratio (R) between the percentage of protein-DNA complexes
formed at a specific protein concentration with ds-ss junctions

containing a 50 ss tail and that formed with ds-ss junctions
containing a 30 ss tail is greater than one (Figure 4C).On the other
hand, E. coli SSB protein prefers ds-ss junctions with a 30 ss tail
(Figure 4B; quantified in Figure 4C), consistent with its pre-
ference for miniforks containing a 30 leading ss arm (Figure 1C).
The binding preference of hRPA was examined on 30-18 ds-ss
junctions. The sequence of the ss tail consists of six AAC repeats.
Quantitative analysis of the retardation gels reveals that hRPA
preferentially binds to a junction with a 30 ss tail (Figure 4D),
confirming the results of de Laat et al. (34). The same result was

FIGURE 4: T4 SSB, hRPA, andE. coliSSB proteins bind the ss tail of ds-ss junctions with polarity.Where indicated, error bars correspond to the
standard deviation calculated from at least two independent experiments. (A) The graph shows the percentage of protein-DNA complexes
formed as a function of protein concentration forWT and gp32leu106mutant T4 SSB proteins and 30-9 ds-ss junctions. The ss tail of the 30-9
ds-ss junctions used in this titration carries nineT residues. (B) The binding of theT4 andE. coliSSBproteins to 70-30 ds-ss junctions (top) and
of the T4 SSB protein to 30-18 ds-ss junctions (bottom) with a 30 or 50 ss tail has been investigated as described in Experimental Procedures.
When they interact with 70-30 junctions, the concentrations of T4 and E. coli SSB protein are 0.675 and 0.325 μM, respectively; 0.9 μMT4 SSB
protein is used to investigate the interaction with the 30-18 junctions. (C) Ratios (R) of the percentage of protein-DNA complexes formed with
ds-ss junctions containinga 50 ss tail to that formedwithds-ss junctions containinga 30 ss tail calculated for 70-30, 30-18, and30-70miniforks.
(D) Percentage of hRPA in a complexwith 30-18 ds-ss junctions as a function of protein concentration. The ss tail of the 30-18 ds-ss junctions
used in this titration carries a repeat of sixAAC repeats. (E) Binding of T4 SSB protein to 30-70 junctions investigated at 0.675 μMand 4 �C.The
naked 30-70 junctions display several distinct radiolabeled bands possibly reflecting several conformations.
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obtained with 30-18 junctions carrying structure-forming ss tails
madeof sixCAGorCTGrepeats (data not shown). The preference
for ds-ss junctions with a 30 ss tail is consistent with the hRPA
preference forminiforks containing a 30 leading ss arm (Figure 1D).
Band-shift experiments performed with hSSB1 on ds-ss junctions
indicate that as opposed to hRPA,E. coli SSB protein, and T4 SSB
protein, hSSB1 does not exhibit any preferential binding to ds-ss
junctions with opposite ss tail polarities (data not shown).
The Preferential Binding of T4 SSB Protein to ds-ss

Junctions with a 50 ss Tail Persists on ds-ss Junctions with
a 70 nt ss Tail. ds-ss junctions carry several types of binding
sites: nonspecific ds DNA, nonspecific ss DNA, specific ds or ss
DNA ends, and the specific ds-ss junction itself. Preferential
binding of T4 SSB protein to ds-ss junctions with a 50 ss tail may
stem from a higher affinity of the protein for a specific site than
for nonspecific sites present on the substrate. When the length of

the ss tail of the ds-ss junction increases, the number of non-
specific binding sites increases but the number of specific sites
does not. Therefore, apparent binding differences between non-
specific and specific binding sites might diminish as the tail length
of the ds-ss junction increases, and one expects preferential
binding of SSB protein to a ds-ss junction with a specific ss tail
polarity to exist up to a definite ss tail length. To investigate this
aspect, we characterized the binding of T4 SSB protein to 30-70
junctions. Assuming a binding site of 7 nt for T4 SSB protein (9),
the 30-70 junction carries the unique specific site constituted by
the ds-ss junction and 64 nonspecific overlapping binding sites
on the ss tail. The result indicates that even with a 70 nt ss tail, T4
SSB protein still prefers binding to the ds-ss junctionswith a 50 ss
tail (Figure 4E; quantified in Figure 4C).
T4 SSB Protein and hRPA Destabilize the Duplex Part of

ds-ss Junctions in a Polar Manner. Band-shift experiments

FIGURE 5: T4 SSB protein,E. coli SSB protein, and hRPAunwind the ds part of the ds-ss junctions. The radiolabeled strand of each substrate is
denoted with an asterisk. The nucleoprotein complex corresponding to the radiolabeled strand fully covered by the SSB protein is denoted with a
backward arrow. The nucleoprotein complex corresponding to the ds-ss junction with its ss tail fully covered by the SSB protein is denoted with
an asterisk. (A) Interaction between T4 SSB protein and 70-30 (left), 30-30 (middle), and 30-70 (right) junctions investigated at 5.4 μMprotein
and 22 �C for 70-30 and 30-30 junctions or 4 �C for 30-70 junctions. (B) Interaction between E. coli SSB protein and 30-30 junctions
investigated at 2.5 μMprotein and 22 �C. (C) Interaction between hRPA and 30-18 junctions investigated at 0.65 μMprotein and 22 �C. The ss
tail of the 30-18 ds-ss junctions carries six AAC repeats. The nucleoprotein complex corresponding to the ds-ss junction with its ss tail fully
covered by the SSB protein (denoted with an asterisk) migrates as a doublet possibly reflecting complexes with different stoichiometries as
reported in ref 64.
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performed onmodel miniforks with T4 SSB protein revealed that
T4 SSB protein can unwind the newly synthesized ds arm of a
minifork with a preference for miniforks containing a 30 leading
ss tail and a 50 lagging ds arm. E. coli SSB protein unwinds the
newly synthesized ds arm ofminiforks without any preference for
the specific ss tail orientation. To investigate whether unwinding
also occurred on ds-ss junctions, we incubated T4 SSB protein,
E. coli SSB protein, and hRPA with ds-ss junctions carrying
either a 50 ss tail or a 30 ss tail, or with the ss 50 radiolabeled strand
that was used to prepare the ds-ss junctions (100-mer for 70-30
and 30-70 junctions, 60-mer for 30-30 junctions, and 48-mer for
30-18 junctions). The species were then resolved on a native
polyacrylamide gel, and the electrophoretic migration profiles
were compared. A retarded band (denoted with a backward
arrow in Figure 5) migrating with the samemobility as a 100-mer
covered by T4 SSB protein is clearly visible in the case of the
70-30 and 30-70 junctions (left and right panels, Figure 5A),
suggesting that T4 SSB proteins can unwind these ds-ss junc-
tions. The same is true of the 30-30 junctions for which one of
the nucleoprotein complexes that forms has the same mobility as
a 60-mer covered by T4 SSB protein (middle panel, Figure 5A).
Similarly, E. coli SSB protein and hRPA display a helix desta-
bilizing activity on the ds-ss junctions tested (Figure 5B,C). To
establish whether duplex destabilization occurred in a polar
manner, we compared the proportions of unwound ds-ss
junctions. The results indicate that T4 SSB protein preferentially
destabilizes ds-ss junctions with a 30 ss tail (Table 3). This is
consistent with the polar duplex destabilization observed for this
protein on miniforks (Figure 3A). Although tested on a single
type of ds-ss junctions (30-18), hRPA exhibits a preference for
the unwinding of ds-ss junctions with a 50 ss tail (Table 3). No
clear preference for unwinding of a 30-30 ds-ss junction with a
specific ss tail orientation can be established for E. coli SSB
protein (Table 3). This result is consistent with the conclusion
drawn from analyzing the unwinding of the daughter ds arm of
miniforks (Figure 3A).

DISCUSSION

Wehave investigated the binding properties of a variety of SSB
proteins onmodel miniforks and ds-ss junctions as a first step in
dissecting the triplet repeat instability model described pre-
viously (38). Our results show that T4 SSB protein, E. coli SSB
protein, and hRPA share the following properties: (i) binding
preferentially one orientation of the ss tail of a minifork and (ii)
destabilizing the opposite daughter DNA duplex (Figures 1-3).

Using ds-ss junctions, several SSB proteins have been reported
to destabilize DNA duplexes of various lengths (10-15), and our
studies of the interaction of T4 SSB proteins with ds-ss junctions
(Figure 5A) confirm the helix destabilizing property of this
protein initially observed on poly{d(A-T)} sequences (9). The
SSB protein filament assembled around the ss DNA of a ds-ss
junction may grow when a new SSB protein monomer binds to
the last SSB protein monomer at one end of the filament after
exposure of a few ss nucleotides by thermal fluctuations. The
duplex destabilizing activity reported here on miniforks is dif-
ferent from that previously described because it requires the SSB
protein to melt the opposite daughter ds DNA and to nucleate a
new SSB protein filament on at least one end of the duplex
strands. Natural ds DNA breathing at the fork (37, 44, 45)
possibly increased by the proximity of bound SSB proteins may
help expose a minimal stretch of ssDNA (e.g., 3-4 nt for T4 SSB
protein and 8-10 nt for hRPA) to permit the invasion of ssDNA
by the protein. As coating of the ss tail of the minifork requires
concentrations of SSB protein lower than that for duplex destabi-
lization, we propose that covering the newly synthesized DNA
precedes daughter ds arm melting. Daughter duplex destabiliza-
tion leads to the formation of a minifork intermediate on which
both leading and lagging templates and one of the newly syn-
thesized DNAs are coated with SSB proteins (Figure 6A). Yeast
Rad52 (46-48), human Rad52 (49), E. coli RecO (50), and bac-
teriophage T4UvsY (50), the functional homologues of Rad52 in
E. coli and T4, have been reported to be able to anneal com-
plementary ss DNAs coated by their cognate SSB proteins, and
this activity is proposed to allow second-end DNA capture
during homologous recombination-mediated ds break repair.
The substrate created after SSB protein binding and duplex
unwinding of the daughter arm of the minifork is suitable for
Rad52/RecO-mediated ss reannealing, which ultimately will
promote fork reversal (Figure 6A). Therefore, our data strongly
suggest that the SSB protein, together with RecO/Rad52, can be
an active player in the reversal of a stalled replication fork. As
fork reversal represents a potential damage avoidance pathway
that allows the cells to cope with DNA blocking structures in an
error-free manner (51), the SSB protein may contribute to
genome stability.

Like the bacterial Deinococcus radiodurans SSB protein (15),
T4 SSB protein more efficiently destabilizes duplexes from a
structure that carries a 30 ss tail (Figure 3A and Table 3). hRPA
displays an opposite ss tail polarity preference for duplex destabi-
lization (Table 3). In agreementwith the findings ofMikhailov (14)
but in contrast to those of Eggington et al. (15), our experiments
show that E. coli SSB protein destabilizes with comparable
efficiency duplexes from ds-ss junctions that carry a 50 or 30 ss
tail. This discrepancy may stem from the length of the ss tail that
is used in each study. It has been proposed that triplet repeat
expansion in germ cells arises by gap repair, andmore specifically
after gap-fillingDNA synthesis when the DNA loops comprising
the trinucleotide repeats are sealed into the DNA strand by the
DNA ligase (52). If gap repair takes place in a repetitive sequence
context, duplex unwinding mediated by SSB protein can stimu-
late hairpin formation at the 30 and/or 50 side of a ss gap. SSB
protein may therefore favor repetitive sequence expansions
during a gap repair event and contribute to triplet repeat diseases
(Figure 6B).

In agreement with the work of Jones et al. (41), our data show
that T4 SSB protein preferentially binds model miniforks with a
50 ss tail (Figure 1A). The same polarity tail preference is observed

Table 3: Percentages of ds-ss Junctions Unwound by Different SSB

Proteins

ds-ss junction

protein name

ss tail

orientation

% unwound ds-ss

junction

T4 SSB protein 70-30 30 3.3( 2

50 2.9( 1.5

30-30 30 63( 5

50 39( 3

30-70 30 55( 20

50 34( 6

E. coli SSB protein 30-30 30 50( 7

50 41.5 ( 10.5

hRPA 30-18 30 14.5( 8.5

50 56( 18
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with ds-ss junctions, and experiments performed with short ss
tails indicate that cooperativity is not required for preferential
binding (Figure 4). The crystal structure of the DNA binding
domain of T4 SSB protein bound to a short oligonucleotide
indicates that the bases are in an unstacked and extended con-
formation (24). Recent low-energy circular dichroism and fluor-
escence experiments showed that the ss bases directly adjacent to
a ds-ss junction with a 50 ss tail are significantly more unstacked
than those in more distant ss DNA positions (37). The same
structural characteristic applies to the 50 ss tail of a model mini-
forkwith two ss tails (37). This local structural featuremight be at
the origin of the preference of ss tail polarity exhibited by T4 SSB
protein.E. coli SSB protein and hRPA exhibit binding preference
for the 30 ss tail of ds-ss junctions or miniforks (Figures 1C,D
and 4B-D). Performed with a ss tail length allowing the binding
of a single E. coli SSB protein or hRPAmolecule per minifork or
ds-ss junction, our experiments confirm that preference for
binding a ss tail of defined polarity does not rely on cooperativity.
The ss DNA in the crystal structure of the ss DNA binding
domain of the p70 subunit bound to ssDNA is not reported to be

unstacked or in a specific conformation (53). The ss bases directly
adjacent to a ds-ss junction with a 30 ss tail might be in a regular
conformation that is preferentially recognized by these two
proteins. Taken together, our data suggest that the 50 ss tail of
miniforks and ds-ss junctions carries a specific binding site (e.g.,
the few unstacked bases directly adjacent to the ds-ss junction),
which is in competition with the nonspecific overlapping binding
sites carried by the ss tail. Experiments performed with 30-70
junctions and T4 SSB protein (Figure 4D,E) suggest a significant
difference in affinity between the specific and nonspecific binding
sites, because on such substrates the nonspecific binding sites are
in an ∼60-fold excess relative to the specific site created by the
unstacked ss bases at ds-ss junctions or miniforks.

Our data indicate that the orientation of the ss tail of a fork or
a ds-ss junction that is preferentially recognized by the SSB
protein is not conserved among species. ds-ss junctions with
50 or 30 ss overhangs can be created by ionizing radiation or
by resection of blunt-ended ds breaks by 30 f 50 or 50 f 30 ds
exonucleases. Rejoining of such DNA ends involves enzymes of
the nonhomologous end joining pathway or of the homologous
recombination pathway (for reviews, see refs (54-56)). SSB
proteins are essential for the production of the recombino-
genic 30 or 50 ss tails, and both tails can be engaged in repair
after D-loop formation (57-59). Additionally, Daley andWilson
reported that ds-ss junctions with 50 ss overhangs could be
rejoined directly in a Rad52-dependent manner without conver-
sion of the 50 ss overhang into a 30 ss overhang (60). In this repair
pathway, SSB protein may assist the Rad52/RecO protein in
reannealing complementary 50 ss overhangs. In the context of a
replication fork, the binding preference of T4 SSB protein for 50 ss
tails suggests preferential binding on the lagging ss template.E. coli
SSBprotein andhRPAexhibit an opposite tail polarity preference,
suggesting a binding preference for a leading strand template.
During unperturbed DNA replication, a role for the SSB protein
on the leading ss template has still not been assigned, though in
vivo data suggest that both leading and lagging strand DNA
syntheses are discontinuous (61-63). The function of preferen-
tially binding a ss tail of defined polarity is therefore not clear.

In conclusion, our data support the active participation of the
SSB protein in the reversal of a stalled replication fork and in
repetitive sequence instability. Whereas the potential contribu-
tion of SSB protein in fork reversal may promote genome
stability, its implication during gap repair may generate genome
instability. The in vivo characterization of the SSB proteins
affected in their unwinding ability will certainly help confirm
or refute these suggested functions.
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