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Translesion DNA synthesis (TLS) by DNA polymerase V
(polV) in Escherichia coli involves accessory proteins, including
RecA and single-stranded DNA-binding protein (SSB). To elu-
cidate the role of SSB in TLS we used an in vitro exonuclease
protection assay and found that SSB increases the accessibility
of 3� primer termini located at abasic sites in RecA-coated
gappedDNA.Themutant SSB-113 protein, which is defective in
protein-protein interactions, but not in DNA binding, was as
effective as wild-type SSB in increasing primer termini accessi-
bility, but deficient in supporting polV-catalyzed TLS. Consis-
tently, the heterologous SSB proteins gp32, encoded by phage
T4, and ICP8, encoded by herpes simplex virus 1, could replace
E. coli SSB in the TLS reaction, albeit with lower efficiency.
Immunoprecipitation experiments indicated that polV directly
interacts with SSB and that this interaction is disrupted by the
SSB-113 mutation. Taken together our results suggest that SSB
functions to recruit polV to primer termini on RecA-coated
DNA, operating by two mechanisms: 1) increasing the accessi-
bility of 3� primer termini caused by binding of SSB to DNA and
2) a direct SSB-polV interaction mediated by the C terminus of
SSB.

Translesion DNA synthesis is a DNA damage tolerance
mechanism in which replication blocks caused by DNA lesions
are relieved by specialized DNA polymerases proficient in syn-
thesizing DNA across lesions (1). In Escherichia coli this reac-
tion is catalyzed primarily by the Y family DNA polymerases
encoded by the umuDC operon (DNA polymerase V (polV)2)
and the dinB gene (DNA polymerase IV (polIV)) (2–5). The in
vitro reconstitution of TLSwith purified proteins indicated that
both RecA and single-strandedDNA-binding protein (SSB) are
required for polV-catalyzed TLS (6–9). RecA, themain recom-
binase in E. coli, is also the main activator of the SOS stress
response via its ability to promote the autocleavage of the LexA

repressor, which is the negative regulator of all SOS genes.
RecA has two additional roles in TLS: (a) It activates UmuD by
promoting its autocleavage to UmuD�, which then binds to
UmuC to form the UmuD�2C complex polV (1). (b) A direct
role in TLS which involves the recruitment of UmuD� to DNA
(10). RecA promotes these activities in its DNA-bound form,
which consists of a nucleoprotein filament formed by its coop-
erative binding to ssDNA (11).
SSB is an essential protein in E. coli, involved in replication,

recombination and repair. Functional homologs of SSB are
present in all organisms, and their importance is well illustrated
by the occurrence of viral SSBs (12–15). E. coli SSB is a 75kDa
tetramer composed of four identical subunits. It binds ssDNA
strongly via a ssDNA-binding domain located at its N terminus,
and interacts with a variety of proteins via its C terminus (15–
20). A detailed kinetic analysis showed that SSB had a dramatic
effect on TLS by polV across an abasic site (21), however, under
some conditions SSB was found to be stimulatory rather than
essential for in vitroTLS (22).We used an in vitro reconstituted
TLS assay system to study the mechanism by which SSB exerts
its effect on TLS. We report here that SSB has a dual role in
polV-catalyzedTLS: 1) it increases the accessibility of the prim-
er-template near a template lesion on RecA-coated DNA, and
2) it directly interacts with UmuC. This suggests that SSB func-
tions in the recruitment of polV to the primer-template-lesion
site on RecA-coated DNA, an early stage in the initiation of
TLS.

EXPERIMENTAL PROCEDURES

Proteins—Proteins used in this study were purified as
described in the respective references: RecA (23); E. coli SSB
mutant proteins H55Y (SSB-1), H55K, and P176S (SSB-113)
(24); polV (MBP-UmuC and UmuD� purified separately) (7, 8);
E. coli SSB (25, 26), with an additional purification step of a
Mono P column; the � subunit of polIII (27). Human simplex
virus type 1 (HSV) ICP8was a gift from I. Robert Lehman (Stan-
ford University School of Medicine), and the � complex and
human RPA were gifts from Michael O’Donnell (The Rock-
efeller University, New York). T4 gene 32 protein, E. coli DNA
pol I Klenow fragment, and E. coli exonuclease III were from
Amersham Biosciences. Bovine serum albumin, proteinase K,
calf intestine alkaline phosphatase, creatine kinase, andAsp700
were from Roche Applied Science; Restriction endonucleases,
T4 DNA ligase, T4 polynucleotide kinase, were fromNew Eng-
land Biolabs, T7 gp6 exonuclease was from Amersham Bio-
sciences, and S1 nucleasewas fromPromega. T4 gp32 and ICP8
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were free of contaminating E. coli SSB, as determined byWest-
ern blot analysis.
Construction of Gapped Plasmids—The gapped plasmids

were constructed as previously described (28, 29). Briefly, a
phosphorylated primer was annealed together with phospho-
rylated downstream oligonucleotide to the template, and fol-
lowing ligation of this gapped duplex to the recipient vector, the
reaction products were fractionated by agarose gel electro-
phoresis. The gapped circular plasmid was extracted from the
gel using an electroelutor (Elutrap, Schleicher and Schuell). The
gap was extended to a size of �350 nucleotides using phage T7
gp6 5�3 3� exonuclease as described previously (28).
TLS Assay—The TLS reaction was performed as previously

described (7, 28), with minor changes. The standard reaction

mixture (12.5 �l) contained 20 mM
Tris-HCl, pH 7.5, 8 �g/ml bovine
serumalbumin, 5mMdithiothreitol,
0.1 mM EDTA, 4% glycerol, 1 mM
ATP, 10 mM MgCl2, and 0.1 mM of
each dATP, dGTP, dTTP, and
dCTP, 2 nM radiolabeled gapped
plasmid (GP21E), 25–1000 nM SSB
tetramers, 2 �M RecA, 200 nM polV
(as 200 nM MBP-UmuC and 400 nM
UmuD�). When present, the � sub-
unit was at 40 nM (as dimers), and
the � complex was at 20 nM. SSB
H55K, SSB-1, or SSB-113 were each
at 25–400 nM tetramers. T4 gp32
was at 1 �M, and HSV ICP8 at 180
nM. Reactions were carried out at
37 °C as follows: RecA, and the �
complex and� clampwhen present,
were preincubated with the DNA
substrate in the assay buffer for 2
min. Next the desired SSB was
added, and reactions were incu-
bated for 4 additional min. Then
polV was added, and the reaction
was further incubated for 4–20min.
Reactions were terminated, and the
DNA products were obtained, as
described before (30). The extent of
bypass was calculated by dividing
the amount of bypass products by
the amount of the extended primers
(“lesion bypass”). TLS was also cal-
culated, by dividing the amount of
bypass products by the total amount
of DNA. Initiation of synthesis was
calculated by dividing the amount of
extended primers by the total
amount of DNA.
Primer Accessibility Assay—The

primer accessibility assay consisted
of monitoring the excision of the 3�
terminal nucleotides by E. coli exo-
nuclease III using as a substrate

RecA-coated gap-lesion plasmid. Reactions were carried out
under conditions similar to the TLS assay, but without dNTPs
and polV, and in the presence of E. coli exonuclease III at 0.01–
0.025 unit/�l. Other proteins, when present, were at the follow-
ing concentrations: RecA, 2–30 �M; E. coli wild-type SSB and
SSB-113, 100 nM (tetramers); T4 gp32, 1 �M. When the RecA
protein was present at a concentration �2 �M, the assay was
conducted in the presence of an ATP-regenerating system,
consisting of 0.2 mg/ml creatine kinase and 10 mM creatine
phosphate. Reactions were carried out at 37 °C as follows: RecA
and the DNA substrate were preincubated in the assay buffer
for 2 min. Next SSB, SSB-113, or T4 gp32 were added, and the
reactions were further incubated for 4 min. Then exonuclease
III was added, and the reaction was incubated at 37 °C for 6–8

FIGURE 1. PolV-catalyzed TLS in the presence of SSB-1 and SSB H55K mutant proteins. A, outline of the
TLS assay. The gap-lesion region of the plasmid substrate with the relevant restriction sites is shown at the top.
Products of the lesion bypass assay following cleavage by restriction nucleases are shown below, with the
19-nucleotides long product representing the primer, the 30-nucleotides long product representing synthesis
blocked at the lesion, and the 47-nucleotides long product representing the full TLS product. The abasic site is
marked X, and the radiolabel is denoted by an asterisk. B, effect on TLS of mutant SSB proteins defective in
tetramerization. The TLS reaction contained the gap-lesion plasmid GP21E, 200 nM polV, 2 �M RecA, and either
wt SSB, SSB-1 or SSB H55K at 25, 50, 100, 200, or 400 nM each. Reactions were carried out at 37 °C for 10 min and
analyzed as described under “Experimental Procedures.” Lane 16 contains a 19-mer marker for non-replicated
DNA.
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min. Reaction products were treated with proteinase K,
restricted, and fractionated by urea-PAGE as described for the
TLS assay.
Restriction Nuclease Protection Assay—The restriction

nuclease protection assay measured the modulation of the
restriction of the gap-lesion plasmid by RecA and SSB. The
relevant restriction sites are shown in Fig. 3A. The reactions
were performed as described for the TLS assay with the follow-
ing changes. The DNA substrates used were not radiolabeled,
and reactions were carried out with neither dNTPs nor polV,
and with either RsaI (0.04–0.06 unit/�l) orMspA 1I (1.6 units/
�l), RecA (2–25�M),E. coli SSB (0.2–1�Mas tetramers), and an
ATP-regenerating system, as described above. As a control, in
addition to the gap-lesion substrate, plasmid pFGP21was used.
This is a control covalently closed plasmid, which is similar to
GP21E, except that it is fully double-stranded and contains no
lesion (31). Reactions were carried out at 37 °C as following:
RecA and the DNA substrate (GP21E or pFGP21, each at 4 nM)
were preincubated in the assay buffer for 2 min.When present,
SSB was added at this stage. The reactions were further incu-
bated for 4min, after which the restriction nuclease was added,
and the reaction was incubated at for up to 6 min 37 °C. Reac-
tions were terminated by the addition of 1% SDS loading buffer,
heat-inactivated for 5 min at 70 °C, and fractionated by agarose
gel electrophoresis in the presence of ethidium bromide. Reac-
tion products were visualized under UV light.
Immunoprecipitation Assay—Immunoprecipitation reac-

tions were performed by incubating the indicated proteins
(UmuC-MBP, 9.5�g;MBP, 9.5�g; SSB, 13�g; and SSB-113, 13
�g) at 4 °C for 30 min, in a buffer containing 25 mM Tris-HCl,
pH 7.5, 100 mM NaCl, 0.1% Nonidet P-40, and 0.1% bovine
serum albumin, in a final volume of 100 �l. A monoclonal anti-
body against MBP (1 �g, New England Biolabs) diluted in 200
�l of binding buffer was then added to each reaction mixture,
for an additional incubation of 1 h at 4 °C. Finally, 50 �l (50%
v/v) protein A resin (Amersham Biosciences) was added to the
reaction mixtures, for an additional incubation of 1 h. The pro-
tein A resins were subsequently washed 6 times with 1 ml of
binding buffer. Resin-bound proteins were eluted by boiling in
25 �l of a solution containing 100 mM Tris-HCl, pH 6.8, 4%
SDS, 20% glycerol, and 0.2% bromphenol blue and fractionated
by 10% SDS-PAGE. The presence of SSB in the gel was assayed
by immunoblotting with rabbit polyclonal anti-SSB antibodies
(32), followed by goat-anti-rabbit antibodies linked to horse-
radish peroxidase (1:20,000, Jackson ImmunoResearch Lab-
oratories, Inc). SuperSignal West Pico Chemiluminescent
Substrate (Pierce) was used for detecting horseradish perox-
idase on immunoblots.

RESULTS

The SSB-1 and SSB H55K Mutants Are Defective in polV-
catalyzed TLS—The in vitroTLS assay used in this study, which
was previously developed in our laboratory (7, 8, 29), is based on
a gapped plasmid carrying a site-specific synthetic abasic site in
the ssDNA region, and an internal 32P label near the primer
terminus. Upon addition of polV, RecA, and SSB, DNA synthe-
sis initiates from the 3� primer terminus, and continues up to
and across the abasic site. To facilitate the analysis of TLS prod-

ucts, the DNA is extracted from the reaction mixture and
restricted to produce a set of short radiolabeled oligonucleo-
tides, representing uninitiated primers, replication arrest at the
lesion, and TLS products. Analysis of the products obtained in
this manner allows the quantification of three variables as fol-
lows: (a) synthesis, defined as all extended products out of all
available primers; (b) bypass, defined as all synthesis products
longer than 30 nucleotides, out of all primers that were extended
(the lesion is at position 30 with respect to the MspA1I cleavage
site; Fig. 1A); and (c) TLS, defined as all products longer than 30
nucleotides, out of all available primers.
First we examined whether the SSB-1 mutant can support in

vitro polV-catalyzed TLS. The SSB-1 mutant causes a temper-
ature-sensitive phenotype in vivo, as well as UV sensitivity (33,
34). In vitro analysis revealed that the SSB-1 mutation causes a
defect in tetramerization of the protein, which is likely to be
responsible for its phenotype (35). Analysis of TLS with polV,
RecA, and the SSB-1 protein revealed strong reductions in both
synthesis and bypass by polV (Fig. 1B). Consistently, analysis of
the SSBH55Kmutant protein, known to bemore defective than
SSB-1 in tetramerization in vitro (24), showed even lower
extents of initiation and bypass by polV (Fig. 1B). These results

FIGURE 2. Effect of RecA and SSB on primer accessibility measured by an
exonuclease-protection assay. A, primer excision reactions with exonucle-
ase III were carried out at 37 °C, for 6 min, in the presence of a creatine-based
ATP-regenerating system, as described under “Experimental Procedures.”
The indicated RecA concentrations were used, and when present, SSB was at
100 nM tetramers. At the end of the reaction, the products were processed
and analyzed as in a standard TLS reaction. Lane 13 contains a 19-mer as a
marker for the non-degraded primer. B, an exonuclease protection assay was
performed as described in A, with 2 �M of RecA, and 1 �M of T4 gp32 instead
of E. coli SSB, where indicated.
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suggest that SSB is required in its tetrameric form during polV-
catalyzed TLS.
SSB Increases the Accessibility of the 3� Primer Terminus in

RecA-coated Gap-lesion Plasmids—The RecA nucleoprotein
filament was proposed to target polV to the damaged DNA,
most likely through its interaction with UmuD�. However, as
the RecA filament extends to the double-stranded DNA region
at the 3� primer terminus, it might interfere with the binding of
polV to the primer terminus. Indeed, high concentrations of
RecA were found to inhibit TLS in our system (36). To directly
examine the effects of RecA and SSB on primer accessibility, we
utilizedanexonucleaseprotectionassay, basedon the ability of the
E. coli exonuclease III to excise the primer terminus in the 3�35�

direction. As can be seen in Fig. 2A,
exonuclease III excised the primer
strand, as indicated by the appear-
ance of radiolabeled oligonucleotides
shorter than 19 nucleotides (Fig. 2A,
lane 1). Pre-formation of a RecA
nucleoprotein filament with increas-
ing concentrations of RecA caused
increasingly stronger inhibitionof the
3�35� excision of the primer termi-
nus by exonuclease III (Fig. 2A, lanes
2, 4, 6, 8, and 10). Taking the fraction
of the degraded primers as a measure
of exonuclease activity, excision
decreased from 88% in the absence of
RecAdown to10–14% in its presence
(Fig. 2A, lanes 2, 4, 6, 8, and 10). The
addition of SSB partially relieved this
inhibition, causing up to a 3- to 4-fold
increase in primer excision at 15–30
�M RecA (Fig. 2A). SSB alone had a
minor effect on the excision by exo-
nuclease III (Fig. 2A, lane 12).
AHeterologous SSBAlso Increases

the Accessibility of the Primer Ter-
minus in RecA-coated DNA—To
examine whether SSB exerts its
effect via its ability to bind ssDNA,
we examined the ability of a heterol-
ogous SSB, the phage T4 gp32, to
increase the accessibility of the
primer terminus in RecA-coated
DNA.To that endwe performed the
exonuclease protection assay with
RecA-coated gapped plasmid as
before, but with T4 gp32 instead of
SSB. As can be seen in Fig. 2B the
addition of RecA to GP21E caused a
decrease in primer excision by exo-
nuclease III, as shown above, from
94% to 27% (Fig. 2B, lanes 6 and 7,
respectively). Addition of T4 gp32
partially relieved this inhibition,
leading to 58% primer degradation
(Fig. 2B, lane 8). T4 gp32 itself had a

marginal effect on the activity of exonuclease III and did not
contain contaminating exonuclease activity (lanes 9 and 10,
respectively). The ability of T4 gp32 to relieve the RecA inhi-
bition of exonuclease III activity is generally similar to that of
E. coli SSB (Fig. 2, A and B (lanes 1–5)), suggesting that their
effect is at the DNA level, mediated primarily by their ssDNA
binding activity. The observed mild activity difference
between the two SSBs may stem from their different ssDNA
binding modes. We also examined the effect of RPA, the
human SSB, on primer accessibility in the presence of RecA,
using the same assay. In contrast to the E. coli SSB and phage
T4 gp32, human RPA was essentially unable to relieve the
RecA inhibition of exonuclease activity (supplemental Table

FIGURE 3. Effect of RecA on restriction nuclease cleavage of a gap-lesion plasmid. A, the predicted prod-
ucts of GP21E restriction with RsaI and MspA1I. RsaI sites on GP21E (left panel) are located 78 (1) and 1141 (2) bp
upstream to the primer terminus. Cleavage of GP21E by RsaI yields two fragments, at the indicated lengths.
MspA1I sites on GP21E (right panel) are located 19 (1), 2341 (2), and 2586 (3) bp upstream to the primer
terminus. Cleavage of GP21E by MspA1I yields three fragments at the indicated lengths. B, cleavage of the
gapped DNA by RsaI in the presence of RecA. The gapped plasmid GP21E and plasmid pFGP21 were each
preincubated at 37 °C for 6 min in the presence of RecA, at the indicated concentrations. RsaI was then added
for a further incubation of 5 min at 37 °C. Reaction mixtures were fractionated on a 0.8% agarose gel, as
described under “Experimental Procedures.” C, cleavage of the gapped DNA by RsaI in the presence of RecA
and SSB. The gap-lesion plasmid GP21E was preincubated at 37 °C for 2 min in the presence of RecA and further
preincubated for 4 min upon the addition of SSB. RsaI was then added as described in B. When present, RecA
was at 5 �M. Reaction products were obtained as described in B. D, cleavage of the gapped plasmid by MspA1I
in the presence of RecA and SSB. Gapped plasmid GP21E and plasmid pFGP21 were each preincubated at 37 °C
in the presence of RecA and SSB as described in C. MspA1I was then added for a further incubation of 5 min at
37 °C. When present, RecA was at 25 �M. Reaction products were obtained as described in B.
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S1). Thus not every SSB can relief RecA inhibition of 3�
primer accessibility.
SSB Does Not Cause Total Disassembly of the RecA Nucleo-

protein Filament—Toexaminewhether SSB causes amajor dis-
assembly of the RecA nucleofilament, or rather a more local
change at the primer-template-lesion region, we used a restric-
tion nuclease-protection assay. As shown in Fig. 3A, the restric-
tion nuclease RsaI has two cleavage sites, located 78 and 1141
bp upstream to the primer terminus. Incubation of RsaI with
pFGP21, an intact control plasmid, which mimics filled and
ligated GP21E, yielded the two predicted DNA fragments of
1929 and 1063 bp (Fig. 3B, lane 6). Addition of RecA at concen-
trations of 2–10 �M had no effect on RsaI cleavage (Fig. 3B,
lanes 7–9), as expected. This demonstrates that RecA,whennot
bound to DNA, did not inhibit RsaI. When the assay was con-
ducted with the gap-lesion plasmid GP21E, the digestion pat-
tern changed. In the absence of RecA, the gapped plasmid was
fully cleaved by RsaI, yielding twoDNA fragments (Fig. 3B, lane
1; themigration of the larger fragment is slightly faster than the
control, because it is partially single-stranded). However, upon
the addition of RecA, cleavage of GP21E by RsaI was inhibited,
such that at 5 and 10 �M RecA the large majority of cleavage
products consisted of singly cut GP21E (Fig. 3B, lanes 3 and 4).
Additionally, uncleaved GP21E was also observed (Fig. 3B,
lanes 3 and 4), suggesting that both restriction sites were
blocked for RsaI digestion. As the only difference betweenGP21E
andpFGP21 is the single-strandedDNAregion, these results indi-
cate that a nucleoprotein RecA-ssDNA filament formed at the
gapped region enabled RecA to continuously cover the double-
stranded DNA region adjacent to the gap in the 5�33� direction,
covering both RsaI sites. Addition of increasing amounts of SSB
had essentially no effect on the digestion of GP21E by RsaI, as
demonstrated inFig.3C (lanes2–5).Theseresults suggest thatSSB
did not cause an overall disassembly of the RecA nucleoprotein
filament. It is noteworthy that SSB itself did not affect the activity
of RsaI (Fig. 3C, lanes 6–8).
The RsaI site closest to the 3� primer terminus is located 78

bases upstream from it. To study the effect of SSB on the RecA
filament closer to the 3� primer terminus, another restriction
endonuclease,MspA1I, was employed. As schematically shown
in Fig. 3A, MspA1I has three restriction sites onGP21E, located
19, 2341 and 2586 bp upstream to the primer terminus (Fig. 3A,
right scheme, 1–3, respectively). The predicted products of
MspA1I digestion are shown in Fig. 3A, as well. Full digestion of
GP21E in the presence of MspA1I is demonstrated in Fig. 3D,
lane 2, where only the largest fragment obtained is shown. In
the presence of RecA, in addition to the fully digested DNA
product, which was 2322 bp long, several longer products were
obtained, including the closed circular plasmid (Fig. 3D, lane 3).
These fragments resulted from inhibition of MspA1I cleavage,
leading to partial digestion. A similar digestion pattern was
obtained upon the addition of SSB to RecA-containing reactions
(Fig. 3D, lanes 4 and 5). SSB itself did not affect digestion by
MspA1I (Fig. 3D, lane 6). Digestion of the control fully double-
stranded pFGP21 by MspA1I was unaffected by the presence of
RecA (Fig. 3D, lanes 8 and 9), or RecA and SSB (Fig. 3D, lanes 10
and 11). However, SSB itself caused an electrophoretic shift (Fig.
3D, lane 12), consistent with the previously reported binding of

SSB to supercoiled DNA (37). The finding that SSB is unable to
relieve the RecA inhibition at sites flanking the primer terminus
and beyond indicate that SSB acts in a significantly local manner,
presumably by exposing the primer terminus to enzymatic
activity.
Heterologous SSBs Support TLS by polV—If the function of

SSB in TLS involves increasing the accessibility of the 3� primer

FIGURE 4. PolV-catalyzed TLS in the presence of heterologous SSBs. A, TLS
in the presence of T4 gp32. The reactions were performed as described under
“Experimental Procedures,” in the presence of polV and RecA and 1 �M T4
gp32 (lanes 4 –5 and 9 –10), or 100 nM SSB tetramers (lanes 2–3 and 7– 8). When
present, the � subunit was at 40 nM (as dimers) and the � complex was at 20
nM. Lanes 11–13 are control reactions, to determine the purity of E. coli SSB, T4
gp32, and HSV ICP8, respectively, from contaminating DNA synthesis activi-
ties. Analysis of reaction products was performed as described in the legend
to Fig. 1. Lane 14 contains a 19-mer primer as a marker for non-replicated
DNA. B, TLS in the presence of HSV ICP8. Reactions were performed as
described under “Experimental Procedures,” in the presence of polV and
RecA and 180 nM HSV ICP8 (lanes 5– 6 and 11–12) or 100 nM SSB (lanes 3– 4 and
9 –10). When present, the � subunit was at 40 nM (as dimers) and the � com-
plex was at 20 nM. Reaction products were obtained as described in the leg-
end to Fig. 1. Lane 13 contains a 19-mer primer as a marker for non-replicated
DNA (19-mer).
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terminus, heterologous SSBs, which exhibit a similar property,
might be able to substitute for E. coli SSB in the in vitro TLS
reaction. Fig. 4A shows the results of a TLS experiment per-
formed with polV, RecA, and T4 gp32. As expected, in the
absence of any SSB, polV and RecA did not show any DNA
synthesis activity (Fig. 4A, lane 6). Upon addition of T4 gp32,
primer extension by polVwas observed up to the abasic site, but
not beyond it (Fig. 4A, lanes 4 and 9). T4 gp32 alone did not
show any significant primer extension activity (Fig. 4A, lane
12). Because the � subunit sliding clamp and the � complex
clamp loaderwere previously shown to stimulate theTLS activ-
ity of polV (22, 38, 39), we examined their effect on TLS in the
presence of T4 gp32. Remarkably, upon the addition of these

processivity proteins polV, in the
presence of T4 gp32, was able to sig-
nificantly bypass the abasic site, as
evident from the extension of the
primer to a length of 47 nucleotides
(Fig. 4A, lanes 5 and 10). Thus, T4
gp32 can support polV-catalyzed
TLS in the absence of SSB, although
it is less effective than E. coli SSB
(Fig. 4A, compare lanes 5 to 3, and
lanes 10 to 8).
A similar experiment was per-

formed with ICP8, the HSV single-
stranded DNA-binding protein,
yielding remarkably similar results
(Fig. 4B). DNA synthesis up to the
abasic site, but not beyond it, was
observed when ICP8 was present in
the reaction mixture instead of SSB
(Fig. 4B, lanes 5 and 11).When the�
subunit sliding clamp and the �
complex clamp loader were added,
significant bypass across the abasic
site by polV was observed in the
presence of ICP8 (Fig. 4B, lanes 6
and 12). Similar to the reaction in
the presence of T4 gp32 protein,
TLS was less effective when E. coli
SSB was replaced by ICP8. We also
examined the effect of human RPA
on polV-catalyzed TLS. In contrast
to the experiments with T4 gp32
and HSV ICP8, only marginal TLS
was observed by polV in the pres-
ence of RPA (supplemental Table
S2), consistent with its inability to
increase accessibility of the 3�
primer terminus (supplemental
Table S1).
SSB Acts in TLS via a Second

Mechanism, Additional to ssDNA
Binding—The findings that heterol-
ogous SSBs stimulated bypass to a
lesser extent than E. coli SSB raised
the possibility that the latter acts by

amechanism additional to ssDNAbinding. To address the pos-
sibility that this mechanism involves specific protein-protein
interactions, we utilized the SSB-113 mutant protein, which
was previously shown to be defective in interactions with other
proteins (16, 19), while maintaining normal ssDNA binding
activity (40). A gel mobility shift assay confirmed that our SSB-
113 protein maintained wild-type-like ssDNA binding activity
(supplemental Table S3). The effects of SSB-113 on both TLS
and primer accessibility were examined. Fig. 5A shows the
results of a TLS assay, in which wt SSB was replaced with the
SSB-113 protein. TLS activity by polV was greatly reduced
when the SSB-113 replaced wild-type SSB (Fig. 5A, compare
lanes 6–10 to lanes 1–5).

FIGURE 5. Analysis of the effect of SSB-113 on TLS. A, polV-catalyzed TLS in the presence of SSB-113. Reac-
tions were performed in the presence of polV, RecA, and 25, 50, 100, 200, or 400 nM wt SSB or SSB-113, at 37 °C
for 5 min, as described under “Experimental Procedures.” Reaction products were analyzed as described in the
legend to Fig. 1. Lane 11 contains a 19-mer primer as a marker for unreplicated DNA. B, effect of SSB-113 on
primer accessibility to exonuclease III. Reactions were performed as described under “Experimental Proce-
dures,” with 2 �M RecA, and 100 nM wt SSB or SSB-113. Degradation products were obtained as described in the
legend to Fig. 2. Lane 11 contains a 19-mer as a marker for the non-degraded primer.
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Next we examined the ability of SSB-113 to relieve the inhi-
bition exerted by RecA on the degradation activity of exonucle-
ase III. Remarkably, the SSB-113 protein was as effective as
wild-type SSB in relieving the inhibition exerted by RecA (Fig.
5B, compare lanes 1–3 to lanes 6–8). Thus, although the SSB-
113 protein had wild-type activity in increasing accessibility of
the primer, it was still deficient in supporting TLS by polV.
SSB Interacts with polV—It was previously shown in our lab-

oratory that the plasmid-encoded polV homolog, pol RI
(MucA�2B), interacts with SSB (41). Based on the homology
between the two polymerases, we hypothesized that SSB also
interacts with polV. To examine this possibility, we took an
immunoprecipitation approach.UmuC, the catalytic subunit of
polV, fused to MBP (MBP-UmuC) was incubated with SSB,
after which a monoclonal anti-MBP antibody was added. The
antibodywas then immobilized onproteinA-conjugated beads,
and unbound proteins were washed off. The immobilized pro-
teins were solubilized, fractionated by SDS-PAGE, and the gel
was blotted with anti-SSB antibodies. As can be seen in Fig. 6A,
SSB was found bound to the beads when it was incubated with
MBP-UmuC (Fig. 6A, lane 3). No binding was observed when
either of the two proteins was incubated alone (Fig. 6A, lanes 1
and 2), or when the MBP tag was incubated with SSB (Fig. 6A,
lane 6). Noteworthy, when the mutant SSB-113 protein was
incubated with MBP-UmuC no binding was observed (Fig. A,
lane 5), implying that thismutation reduces the binding affinity
of SSB to polV. The control experiment with SSB-113 alone
showed no binding, as anticipated (Fig. 6A, lane 4). Similar
amounts of SSB and SSB-113 proteins were loaded, as demon-
strated by the loading control experiment (Fig. 6B).

DISCUSSION

E. coli polV requires several accessory proteins for its bypass
activity (1, 3, 42). A key accessory protein is the RecA protein,
which was shown to be required for in vitro TLS, in addition to

its other known functions in the SOS response (1). RecA forms
a nucleoprotein filament on DNA and was originally proposed
to help recruit polV to DNA via its interaction with the UmuD�
subunit of polV (10). Interestingly, increased concentrations of
RecA were found to inhibit polV-catalyzed TLS in our in vitro
system (36),most likely by covering the primer-template-lesion
region, and hindering the access of polV to the primer terminus
(30). This does not appear to be merely a matter of modulating
in vitro assay conditions, because RecA is present at a very high
cellular concentration of �50 �M under SOS conditions (43).
The data presented above suggest that SSB relieves this inhibi-
tion and functions to target polV to the primer terminus. SSB
was reported to be required for TLS across an abasic site by
polV (8, 9). Subsequent studies have shown that polV and RecA
can promote TLS in the absence of SSB when oligonucleotide
substrates were used (44), or when low RecA concentrations,
well below the concentration measured in SOS-induced cells,
were employed (22). However, under conditions that are more
consistent with the cellular ones with respect to DNA size and
RecA concentration, SSB is essential for efficient TLS by polV
(21, 30, 45).
Two characteristics of SSB are important in its function in

TLS: (a) It is able to increase the accessibility of the primer
terminus to other proteins, as indicated by the exonuclease
protection assay. This is mediated most likely via the ability of
SSB to bind the template DNA at the site of the primer-lesion
junction and locally remodel the RecA filament or promote its
local dissociation. This mechanism is supported by the known
ability of SSB to strongly bind ssDNA (15) and by the fact that
the heterologous ssDNA-binding protein T4 gp32 had similar
effects on primer accessibility, as presented in this study. This
binding seems to be highly localized, because it did not cause a
global collapse of the RecA nucleoprotein filament. (b) It inter-
acts with other protein participants in the TLS reaction. This
mechanism is supported by the decreased TLS activity
observed for SSB-113 and by the observed direct interaction
between SSB and polV, as revealed by the immunoprecipitation
assay.
The study of the SSB-113 mutant was most revealing,

because this mutation separated between two functions of SSB
inTLS. The binding of SSB-113 to ssDNA is similar to that ofwt
SSB, as previously reported (40), and confirmed here. Still,
despite the fact that it maintains wild-type ssDNA binding, it is
deficient in supporting polV-catalyzed TLS in vitro. The SSB-
113 mutation, located in the C terminus of SSB, was shown to
affect the binding of SSB to other proteins (16, 19, 20, 46, 47). Its
reported inherently disordered state may contribute to the
plasticity in binding to its partners (48, 49). The observed direct
interaction of SSB with polV, via its UmuC subunit, may assist
in the recruitment of polV to the primer-template at the site of
a lesion. This interaction may be further enhanced by the Rec-
FOR proteins, which are needed for efficient polV-promoted
TLS (45, 50–52).
The data presented here propose that SSB andRecA are trad-

ing roles during the cellular response to DNA damage that
blocks replication. When the replication fork encounters an
unrepaired UV lesion, it stops. At this stage the ssDNA in the
fork region is bound to SSB, which fulfils an essential role in

FIGURE 6. Immunoprecipitation analysis of polV-SSB interaction. A, lanes
1– 6 contain immunoprecipitation reactions performed by the incubation of
the indicated proteins at 4 °C for 30 min, as described in “Experimental Pro-
cedures.” A monoclonal anti-MBP antibody was then added to each reaction
mixture, and incubated for 1 h at 4 °C. Finally, a protein A-coated resin was
added to the reaction mixtures, followed by an additional incubation of 1 h.
Resin-bound proteins were eluted, fractionated by SDS-PAGE, and analyzed
by Western blot analysis using anti-SSB antibodies. B, lanes 1 and 2 contain
purified SSB (30 ng) and purified SSB-113 (30 ng), respectively, as loading
markers (19 kDa).
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melting out secondary structures in DNA, and preparing it for
replication. However, once replication stops, the exposed state
of the ssDNA wrapped around SSB, poses a threat to its integ-
rity, making it vulnerable to breakage. This situation is amelio-
rated by the RecA protein, which is induced to large amounts in

the cell, and displaces SSB, covering the ssDNAwith a shielding
sleeve. This stable RecA nucleoprotein filament acts to induce
the SOS response and, under the appropriate conditions, pro-
motes homologous recombination. Remarkably, forTLS to occur,
SSB returns and, via its ability to bind ssDNA, interacts with polV
thus enabling the initiation of TLS.
It was recently proposed that the RecA filament acts in trans,

namely from another DNA region (or another molecule) to
promote TLS (53). That study was performed in the absence of
SSB, despite earlier observations from the same laboratory
showing the importance of SSB in TLS (21). Our results do not
contradict the results reported by Goodman and coworkers,
but they do support a simplermodel that does not invoke action
in trans. According to our proposed model (Fig. 7), the RecA
filament is formed when replication arrests at a lesion, as
described above, and provides a protective and regulatory plat-
form for subsequent events. It promotes the autocleavage of
LexA leading to induction of the SOS regulon, and it promotes
homologous recombination repair, whenever possible as an
inherently error-free tolerance mechanism. After UmuC and
UmuD are induced, UmuD is processed to UmuD� and polV is
formed. SSB binds to the primer-template-lesion junction,
recruits polV via its interaction with UmuC, and is perhaps
aided by the interaction between UmuD� and RecA (Fig. 7).
This reaction may be stimulated by the RecFOR proteins (45).
The ssb gene is essential, and therefore only conditional

mutants exist. These ssb-1 and ssb-113 mutants exhibited UV
sensitivity defective UV mutagenesis and defects in induction
of the SOS response (34, 54, 55). It was originally suggested that
the primary defect in these mutants is in the induction of the
SOS response (56). However, this does not preclude also a
direct role in TLS, as presented here.
In conclusion, SSB stimulates polV-catalyzed TLS by two

independent mechanisms, which are genetically separated by
the ssb-113 mutation: (a) Its ssDNA binding activity increases
the accessibility of 3� primer terminus, enabling binding of
polV. This may involve either local remodeling or local disso-
ciation of the RecA filament (2). (b) Its direct interaction with
UmuC, mediated by its C terminus, helps recruit polV to the
DNA.

Acknowledgments—We thank I. Robert Lehman (Stanford University
School of Medicine, Palo Alto, CA) for the generous gift of the HSV
ICP8 protein and Michael O’Donnell (Rockefeller University, NY) for
the generous gift of the � complex clamp loader and RPA.

REFERENCES
1. Friedberg, E. C., Walker, G. C., Siede, W., Wood, R. D., Schultz, R. A., and

Ellenberger, T. (2006) DNA Repair and Mutagenesis, pp. 463–661, 2nd
Ed., ASM Press, Washington DC

2. Goodman, M. F. (2000) Trends Biochem. Sci. 25, 189–195
3. Livneh, Z. (2001) J. Biol. Chem. 276, 25639–25642
4. Wagner, J., Etienne,H., Janel-Bintz, R., and Fuchs, R. P. (2002)DNARepair

2, 159–167
5. Jarosz, D. F., Beuning, P. J., Cohen, S. E., and Walker, G. C. (2007) Trends

Microbiol. 15, 70–77
6. Tang, M., Bruck, I., Eritja, R., Turner, J., Frank, E. G., Woodgate, R.,

O’Donnell, M., and Goodman, M. F. (1998) Proc. Natl. Acad. Sci. U. S. A.
95, 9755–9760

FIGURE 7. A model describing the role of SSB in polV-catalyzed TLS. Bind-
ing of SSB to the primer-template-lesion junction on RecA-coated DNA
exposes the 3� primer terminus. The interactions between SSB and UmuC, the
catalytic subunit of polV, targets it to the primer, possibly aided by the
UmuD�2-RecA interactions. Final positioning of polV is guided by its interac-
tion with the primer-template and binding of the � subunit DNA-sliding
clamp. The red rectangle represents the lesion. The dashed arrows represent
interaction between the UmuD� subunits of polV and RecA, between UmuC
and SSB, and between polV and the primer-template. See text for details.

SSB Recruits polV to RecA-coated Primers

MARCH 28, 2008 • VOLUME 283 • NUMBER 13 JOURNAL OF BIOLOGICAL CHEMISTRY 8281

 at W
eizm

ann Institute of S
cience on A

ugust 14, 2009 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


7. Reuven, N. B., Tomer, G., and Livneh, Z. (1998)Mol. Cell 2, 191–199
8. Reuven, N. B., Arad, G., Maor-Shoshani, A., and Livneh, Z. (1999) J. Biol.

Chem. 274, 31763–31766
9. Tang, M., Shen, X., Frank, E. G., O’Donnell, M., Woodgate, R., and Good-

man, M. F. (1999) Proc. Natl. Acad. Sci. U. S. A. 96, 8919–8924
10. Frank, E. G., Hauser, J., Levine, A. S., andWoodgate, R. (1993) Proc. Natl.

Acad. Sci. U. S. A. 90, 8169–8173
11. Roca, A. I., and Cox, M. M. (1990) CRC Crit. Rev. Biochem. Mol. Biol. 25,

415–456
12. Lohman, T. M., Bujalowski, W., and Overman, L. B. (1988) Trends Bio-

chem. Sci. 13, 250–255
13. Meyer, R. R., and Laine, P. S. (1990)Microbiol. Rev. 54, 342–380
14. Kornberg, A., and Baker, T. (1991) DNA Replication, Second Ed., W. H.

Freeman and Company, New York
15. Lohman, T.M., and Ferrari,M. E. (1994)Annu. Rev. Biochem. 63, 527–570
16. Genschel, J., Curth, U., and Urbanke, C. (2000) Biol. Chem. 381, 183–192
17. Sandigursky, M., Mendez, F., Bases, R. E., Matsumoto, T., and Franklin,

W. A. (1996) Radiat. Res. 145, 619–623
18. Cadman, C. J., and McGlynn, P. (2004)Nucleic Acids Res. 32, 6378–6387
19. Kelman, Z., Yuzhakov, A., Andjelkovic, J., and O’Donnell, M. (1998)

EMBO J. 17, 2436–2449
20. Witte, G., Urbanke, C., and Curth, U. (2004) Nucleic Acids Res. 31,

4434–4440
21. Pham, P., Bertram, J. G., O’Donnell, M., Woodgate, R., and Goodman,

M. F. (2001) Nature 409, 366–370
22. Fujii, S., Gasser, V., and Fuchs, R. P. (2004) J. Mol. Biol. 341, 405–417
23. Cox, M. M., McEntee, K., and Lehman, I. R. (1981) J. Biol. Chem. 256,

4676–4678
24. Curth, U., Bayer, I., Greipel, J., Mayer, F., Urbanke, C., and Maass, G.

(1991) Eur. J. Biochem. 196, 87–93
25. Lohman, T. M., and Overman, L. B. (1985) J. Biol. Chem. 260, 3594–3603
26. Lohman, T. M., Green, J. M., and Beyer, R. S. (1986) Biochemistry 25,

21–25
27. Johanson, K. O., Haynes, T. E., and McHenry, C. S. (1986) J. Biol. Chem.

261, 11460–11465
28. Tomer, G., Reuven, N. B., and Livneh, Z. (1998) Proc. Natl. Acad. Sci.

U. S. A. 95, 14106–14111
29. Tomer, G., and Livneh, Z. (1999) Biochemistry 38, 5948–5958
30. Reuven, N. B., Arad, G., Stasiak, A. Z., Stasiak, A., and Livneh, Z. (2001)

J. Biol. Chem. 276, 5511–5517

31. Avkin, S., Adar, S., Blander, G., and Livneh, Z. (2002) Proc. Natl. Acad. Sci.
U. S. A. 99, 3764–3769

32. Witte, G., Urbanke, C., and Curth, U. (2005) Nucleic Acids Res. 33,
1662–1670

33. Glassberg, J.,Meyer, R. R., andKornberg, A. (1979) J. Bacteriol.140, 14–19
34. Lieberman,H. B., andWitkin, E.M. (1981)Mol. Gen. Genet. 183, 348–355
35. Williams, K. R., Murphy, J. B., and Chase, J. W. (1984) J. Biol. Chem. 259,

11804–11811
36. Berdichevsky, A., Izhar, L., and Livneh, Z. (2002)Mol. Cell 10, 917–924
37. Clendenning, J. B., and Schurr, J. M. (1994) Biophys. Chem. 52, 227–249
38. Tang, M., Pham, P., Shen, X., Taylor, J. S., O’Donnell, M., Woodgate, R.,

and Goodman, M. F. (2000) Nature 404, 1014–1018
39. Maor-Shoshani, A., and Livneh, Z. (2002) Biochemistry 41, 14438–14446
40. Chase, J. W., L’Italien, J. J., Murphy, J. B., Spicer, E. K., andWilliams, K. R.

(1984) J. Biol. Chem. 259, 805–814
41. Sarov-Blat, L., and Livneh, Z. (1998) J. Biol. Chem. 273, 5520–5527
42. Prakash, S., Johnson, R. E., and Prakash, L. (2005)Annu. Rev. Biochem. 74,

317–353
43. Salles, B., and Paoletti, C. (1983) Proc. Natl. Acad. Sci. U. S. A. 80, 65–69
44. Schlacher, K., Leslie, K.,Wyman,C.,Woodgate, R., Cox,M.M., andGood-

man, M. F. (2005)Mol. Cell 17, 561–572
45. Fujii, S., Isogawa, A., and Fuchs, R. P. (2006) EMBO J. 25, 5754–5763
46. Umezu, K., and Kolodner, R. D. (1994) J. Biol. Chem. 269, 30005–30013
47. Handa, P., Acharya, N., and Varshney, U. (2001) J. Biol. Chem. 276,

16992–16997
48. Savvides, S. N., Raghunathan, S., Futterer, K., Kozlov, A. G., Lohman,

T. M., and Waksman, G. (2004) Protein Sci. 13, 1942–1947
49. Fedorov, R., Witte, G., Urbanke, C., Manstein, D. J., and Curth, U. (2006)

Nucleic Acids Res. 34, 6708–6717
50. Wood, R. D., and Stein, J. (1986)Mol. Gen. Genet. 204, 82–84
51. Liu, Y. H., Cheng, A. J., and Wang, T. C. V. (1998) J. Bacteriol. 180,

1766–1770
52. Schaaper, R. M., Glickman, B. W., and Loeb, L. A. (1982) Mutation Res.

106, 1–9
53. Schlacher, K., Cox, M. M., Woodgate, R., and Goodman, M. F. (2006)

Nature 442, 883–887
54. Whittier, R. F., and Chase, J. W. (1981)Mol. Gen. Genet. 183, 341–347
55. Wang, T.-C. V., and Smith, K. C. (1982) J. Bacteriol. 151, 186–192
56. Lieberman, H. B., andWitkin, E. M. (1983)Mol. Gen. Genet. 190, 92–100

SSB Recruits polV to RecA-coated Primers

8282 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 13 • MARCH 28, 2008

 at W
eizm

ann Institute of S
cience on A

ugust 14, 2009 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org

