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ABSTRACT

DNA polymerase IV (Pol IV) is one of three
translesion polymerases in Escherichia coli. A
mass spectrometry study revealed that single-
stranded DNA-binding protein (SSB) in lysates
prepared from exponentially-growing cells has a
strong affinity for column-immobilized Pol IV. We
found that purified SSB binds directly to Pol IV in a
pull-down assay, whereas SSB"C8, a mutant
protein lacking the C-terminal tail, failed to interact
with Pol IV. These results show that the interaction
between Pol IV and SSB is mediated by the
C-terminal tail of SSB. When polymerase activity
was tested on an SSB"C8-coated template, we
observed a strong inhibition of Pol IV activity.
Competition experiments using a synthetic peptide
containing the amino acid sequence of SSB tail
revealed that the chain-elongating capacity of Pol
IV was greatly impaired when the interaction
between Pol IV and SSB tail was inhibited. These
results demonstrate that Pol IV requires the
interaction with the C-terminal tail of SSB to repli-
cate DNA efficiently when the template ssDNA is
covered with SSB. We speculate that at the
primer/template junction, Pol IV interacts with the
tail of the nearest SSB tetramer on the template,
and that this interaction allows the polymerase to
travel along the template while disassembling SSB.

INTRODUCTION

During processes of genome maintenance such as DNA
replication, repair and recombination, double-stranded

DNA transiently becomes single-stranded. Single-
stranded DNA-(ssDNA) binding protein (SSB) is essential
for cell survival in all organisms. It coats ssDNA to
prevent the formation of secondary structure on ssDNA,
thereby allowing DNA processing enzymes to access their
substrate (1–3). In addition to its intrinsic ability to bind
ssDNA, SSB has an important role in recruiting genome
maintenance proteins to their target ssDNA through
physical interaction. To date, 14 such proteins have been
reported to interact with SSB in Escherichia coli (3).
Five DNA polymerases have been identified in E. coli

(4,5). DNA polymerase III (Pol III) replicates chromo-
somal DNA with high fidelity (6–8). Pol I functions in
processing Okazaki fragments during lagging strand syn-
thesis and also in the nuclear excision repair pathway. The
other three polymerases, Pol II, Pol IV and Pol V, have
been identified as specialized DNA polymerases and are
upregulated by the SOS response. These low-fidelity
enzymes are thought to act as lesion-bypass polymerases.
Among these five DNA polymerases, three have been

reported to be associated with SSB (3). Pol II can bind to
SSB and their interaction stimulates Pol II processivity (9).
In the presence of SSB on a template ssDNA, Pol II can
replicate an abasic lesion together with the b clamp (10).
It is also reported that Pol III holoenzyme (Pol III HE), a
multi-subunit complex composed of 17 proteins, binds
directly to SSB (11,12). The main interaction between
Pol III and SSB is mediated by the � subunit in the
clamp-loading complex of Pol III HE. This interaction
has been proposed to be important for Pol III to load
the b clamp onto SSB-coated ssDNA and for synthesis
of Okazaki fragments on the lagging strand during
DNA replication (11,12). A recent report suggested a
discrete role for the interaction between Pol III and the
� subunit in the replisome establishment and maintenance
(13). In addition, the interaction between Pol III and SSB
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is necessary for the strand displacement reaction and to
stimulate initiation complex formation by Pol III on an
SSB-coated template (14,15). Finally, Pol V, the main
polymerase for the DNA damage tolerance mechanism,
interacts physically with SSB, which stimulates the
translesion synthesis reaction of Pol V by recruiting
Pol V to the 30-primer terminus on ssDNA coated with
RecA (16).
Here, we identified a new interaction between SSB and

Pol IV. Pol IV, encoded by dinB, is conserved among
diverse organisms including human (17), and can both
replicate undamaged DNA and bypass various lesions
in vitro (18,19). We found that Pol IV binds to the
C-terminus of SSB and, when it does so, elongates a
primer 30-terminus more rapidly and stably on SSB-
coated ssDNA. Our results suggest that this interaction
enables Pol IV to dislodge or translocate SSB protein to
facilitate the replication of SSB-coated ssDNA.

MATERIALS AND METHODS

Nucleic acids and peptides

M13mp18 ssDNA primed with the 32P-labeled or
unlabeled 25-mer primer uni25 was prepared as described
previously (20). A 35-mer DNA, hook10 (50-tttgttcttttg
gcaccaactatatgttggtgcca-30), was synthesized to produce a
hook-like structure with a single-stranded 50 tail of 10 nt.
The peptide SSB-Ct (Trp–Met–Asp–Phe–Asp–Asp–Asp–
Ile–Pro–Phe) was synthesized and dissolved in 100%
dimethyl sulfoxide (DMSO), and quantified spectrophoto-
metrically (21,22).

Proteins

His-tagged, wild-type Pol IV and mutant Pol IV proteins
were purified as described (20). Wild-type SSB
and the b clamp were purified as described (23). The g
complex was a generous gift of Dr Tsutomu Katayama
(Kyushu University). An overexpression plasmid
encoding SSB�C8 was a generous gift from Dr Michael
M. Cox (University of Wisconsin, Madison). SSB�C8
protein was expressed as described previously (24)
and purified from lysed cells by HiTrap heparin
and Sephacryl HR S-200 (GE Healthcare) column
chromatography.

Pol IV-affinity column chromatography

Purified His-Pol IV was dialyzed against 100mMHEPES–
NaOH pH 7.4 and 200mM NaCl at 4�C. The coupling
reaction was performed by addition of 4.7mg of His-Pol
IV to 0.5ml AffiGel 10 (Bio-Rad) and mixing for 4 h,
followed by a blocking reaction in 20mM ethanolamine-
HCl for 1 h. Pol IV-crosslinked beads were packed into a
column (0.5ml) and were equilibrated in Buffer A (50mM
HEPES–NaOH pH 7.4, 100mM KCl, 5% glycerol and
1mM dithiothreitol) as described (25). Escherichia coli
DdinB strain MK7003 (MG1655 rpsL(Smr) DdinB, labora-
tory stock) cells were grown at 37�C in LB medium until
the OD600 reached �0.8 and were then harvested, and 3 g
of the cells were lysed by sonication in 90ml Buffer

A supplemented with 15mM MgCl2 in the presence
of 0.2mM phenylmethylsulfonyl fluoride, 0.5mg/ml
lysozyme and 2.3 U/ml benzonase (Novagen). The lysate
was centrifuged at 17 000 g for 40min and the supernatant
was applied to the Pol IV-affinity column. The column
was washed with 25ml of Buffer A and 5ml of 0.1M
glycine–HCl pH 2.5. Eluted proteins in the wash fractions
were quantified and separated on a NuPAGE 4–12% Bis–
Tris gel (Invitrogen), and were identified by silver staining
and mass spectrometry. Proteins retained in the column
were eluted by the addition of NuPAGE LDS-loading buf-
fer (Invitrogen) and heated at 70�C for 10min. Eluted
proteins were then separated by NuPAGE 4–12%
Bis–Tris gel, stained by silver staining and identified by
mass spectrometry. For control Lysozyme column,
4.7mg of Lysozyme (Sigma) was coupled with 0.5ml
AffiGel 10, and the recovery of Lysozyme-interacting
factors were performed identically to Pol IV column chro-
matography using the same lysate. All operations for
protein coupling and chromatography were performed
at 4�C.

Pull-down assay

Pull-down assays with Ni–NTA magnetic beads
(QIAGEN) were performed using purified His-Pol IV,
SSB and SSB�C8. Proteins were mixed at the indicated
concentrations (His-Pol IV 0.42 mM; SSB or SSB�C8 0,
0.25, 0.5 and 1 mM as a tetramer) and incubated at 4�C for
2 h in 25 ml of Buffer B (50mM HEPES–NaOH pH 7.4,
100mM KCl, 20mM imidazole, 5% glycerol, 1mM
dithiothreitol and 0.005% Tween-20). Magnetic beads
were added to each reaction and mixed at 4�C for 1 h.
The beads were separated and washed three times with
0.5ml of Buffer B, and bound proteins were eluted in
25 ml of Buffer B supplemented with 100mM EDTA.
Eluted proteins were analyzed by NuPAGE 4–12%
Bis–Tris gel followed by silver staining. In Figure 4A,
the indicated concentrations of SSB-Ct peptide and
His-Pol IV were pre-incubated at 4�C for 5min before
mixing with SSB.

Assay for Pol IV DNA polymerase activity

Polymerase activity of Pol IV was measured as the amount
of nucleotide incorporated into DNA. Template DNA
hook10 (200 pmol) and His-Pol IV (22 nM) were
incubated at 30�C for 3, 6 and 9min in 20 ml of EDBG
(20mM Tris–HCl pH 7.5, 4% glycerol, 8mM dit-
hiothreitol, 80 mg/ml bovine serum albumin, 1mM ATP,
8mM MgCl2) containing 100 mM each of dCTP, dGTP
and [a-32P]dATP, in the presence or absence of SSB-Ct
peptide (110 mM). After incubation, reactions were
stopped by addition of an equal volume of 50mM
EDTA pH 8.0, and aliquots were spotted onto DE81
paper (Whatman), which was dried, washed by 0.5M
Na2HPO4, exposed to an imaging plate and analyzed by
BAS 2500 (Fuji Film). Protein and peptide concentrations
are indicated as their final concentrations in the reaction.
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Assay for Pol IV DNA synthesis on SSB-coated ssDNA

In Figure 3B and C, primed M13mp18 (32P-labeled, 1 nM
as a template molecule and 7.25 mM as nucleotide
residues), the g complex (5 nM), the b clamp (0.12 mg)
and SSB or SSB�C8 (230 nM as a tetramer) were pre-
incubated at 30�C for 3min in Buffer 1 (7.5 ml, EDBG
containing 100 mM each of dATP, dCTP and dGTP) to
load the b clamp onto DNA. DNA chain elongation was
started by adding Pol IV (44 nM) with pre-warmed Buffer
2 (22.5 ml, EDBG containing 100 mM each of dATP,
dCTP and dGTP and 133 mM dTTP) to the template.
After a 1- or 3-min incubation at 30�C, the reaction was
stopped by adding an equal volume of stop buffer (50mM
EDTA, 0.15% SDS, pH 8.0), and the replication products
were then analyzed by alkaline agarose gel electrophoresis
as described (20) or by 8M urea-denaturing 8% polyacryl-
amide-sequencing gel electrophoresis. In Figure 6, after a
3-min pre-incubation of labeled DNA, SSB, the g complex
and the b clamp, Pol IV was added to Buffer 1 to a final
concentration of 0.3 nM and the reaction mixture was
further pre-incubated for 1min, prior to the addition of
Buffer 2 containing SSB-Ct peptide (0 or 110 mM). The
reaction was incubated for the indicated time at 30�C
after addition of Buffer 2, and the products were then
analyzed as described above. In Figure 4C, primed
M13mp18 (unlabeled, 1 nM), the g complex (5 nM), the
b clamp (0.12 mg) and SSB (0.23 mM as a tetramer) were
pre-incubated at 30�C for 3min in Buffer 1 (7.5 ml, EDBG
containing 100 mM each of dATP, dCTP and dGTP).
DNA chain elongation was started at 30�C by adding
Pol IV (22 nM) in pre-warmed Buffer 2 (22.5 ml, EDBG
containing 100 mM each of [a-32P]dATP, dCTP and dGTP
and 133 mM dTTP) with or without SSB-Ct peptide
(110 mM). The reaction was stopped at each time point
and analyzed as describe above. In Figure 5, after a
3-min pre-incubation of primed M13mp18 (unlabeled),
SSB, the g complex and the b clamp, Pol IV (22 nM)
was added to Buffer 1. The reaction mixture was further
pre-incubated for 1min prior to the addition of Buffer 2
containing the indicated amount of SSB-Ct peptide (0, 37,
110, 220 or 330 mM). The reaction was incubated for 3min
at 30�C after addition of Buffer 2, and the products were
then analyzed as describe above. In control 0 mM SSB-Ct
peptide reactions, the same volume of DMSO as that of
SSB-Ct peptide was added to the reaction in each
experiment.

RESULTS

The b clamp and SSB bind to a Pol IV affinity column

Pol IV is the most abundant DNA polymerase in E. coli
(250 molecules in a normal cell and 2500 molecules in an
SOS-induced cell) (26). To elucidate the regulatory mech-
anism of Pol IV, Godoy et al. (25) identified Pol
IV-interacting proteins from lysates of constitutively
SOS-induced E. coli. They reported that UmuD, UmuD0

and RecA physically bind to Pol IV and regulate its
activity both in vivo and in vitro. However, since the
cellular levels of all these proteins increase at least

10-fold in the SOS response, we hypothesized that there
might be a different binding partner(s) and regulatory
mechanism at the lower protein concentrations that
pertain in a normally growing cell. To test this idea, we
took the same approach as Godoy et al. (25). We re-
covered Pol IV-interacting proteins in lysates prepared
from SOS-uninduced, exponentially growing cells, using
column-immobilized recombinant His-tagged Pol IV.
The DdinB strain was used in an effort to isolate any
low-abundance factors that might not be available to
column-bound His-Pol IV if they interact with endogen-
ous Pol IV in wild-type cells.
When we loaded the cell lysate onto the Pol IV column

and tried to elute binding proteins with a low-pH buffer,
>90% of the protein remained bound in the column (data
not shown). We then retrieved the resin from the column
and heated it with SDS–PAGE sample buffer to recover
all proteins in the column. Pol IV column-interacting
proteins were then compared by SDS–PAGE with
proteins recovered similarly from the lysozyme-imm-
obilized control column (Figure 1, compare lane 1 with
lane 2). In the Pol IV column eluate, specific bands of 45,
42 and 22 kDa were detected and were identified by mass
spectrometry as the b clamp, Pol IV and SSB, respectively.

Figure 1. Proteins bound to Pol IV and lysozyme affinity column.
Fractions eluted by heating in NuPAGE-loading buffer from the
lysozyme control column (L) and the Pol IV column (IV) were
separated on NuPAGE Bis–Tris gel and visualized by silver staining.
Asterisks indicate protein bands specific to the Pol IV column that were
analyzed by mass spectrometry.
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The Pol IV must come from the column, because there can
be no endogenous Pol IV in the lysate of the DdinB strain
used. Other proteins observed here should be Pol IV
column-interacting proteins, but they were different
from those observed in Godoy et al.’s (25) report. In
that study, GroEL, RecA and UmuD0 were detected as
the major Pol IV-interacting proteins, whereas the b clamp
and SSB were not recovered. It is possible that the former
proteins were washed out by the low-pH buffer in our
experiments, although we could not detect any of them
in low-pH fractions by mass spectrometry (data not
shown). Their interactions with Pol IV may be weak,
and/or the proteins may bind to Pol IV only when the
SOS is induced.
Instead of RecA and UmuD0, we found that the b

clamp binds to the Pol IV column. The b clamp, a
ring-shaped processivity factor for DNA replication, has
been reported previously to interact with Pol IV and
stimulate its polymerase activity (27,28). Unexpectedly,
we found that SSB was one of the major protein recovered
from Pol IV-column. This suggests that SSB interacts
strongly with Pol IV in the normal E. coli cell, but no
evidence of any physical interaction between SSB and
Pol IV has previously been reported. We therefore
investigated whether SSB indeed binds to Pol IV and
how such an interaction might affect the activity of Pol
IV in vitro.

SSB directly interacts with Pol IV in vitro

Pull-down assays using recombinant His-tagged Pol IV
and SSB demonstrated that SSB binds directly to Pol
IV (Figure 2A). We used Pol IV at its concentration in
the normal cell (0.42 mM) and varied the concentration of
SSB as a tetramer from 0.25 to 1 mM. Increasing the con-
centration of SSB resulted in an increased amount of SSB
co-precipitating with Pol IV. Since the concentration of
SSB tetramer in vivo is �1.7– 3.4mM (29), we conclude
that SSB is able to interact with Pol IV at concentrations
that approximate to those found in normal cells.
Pol IV binds to the b clamp via conserved motifs in the

little finger domain located in the C-terminal region of Pol
IV (30). Next, we investigated whether the interaction
domain between Pol IV and SSB also resides in the
C-terminal region of Pol IV, by a pull-down assay using
His-tagged mutant Pol IVs. The results showed that
neither Pol IV1–230 (the N-terminal two-thirds of
Pol IV) nor Pol IV231–351 (the C-terminal one-third of
Pol IV including little finger domain) could co-precipitate
an amount of SSB comparable to that observed using
full-length Pol IV, although small amounts of SSB
did co-precipitate with these truncated polypeptides
(Figure 2B, compare lane 12 with lanes 13 and 14).
These findings indicate that both the N- and C-terminal
regions of Pol IV are required for tight binding with SSB.
Pol IV may have a binding site for SSB that is composed
of residues from both the N- and C-terminal regions, or
there may be multiple weak interaction sites for SSB
within full-length Pol IV.

The eight C-terminal amino acids of SSB are essential for
the interaction with Pol IV

Previous studies have shown that SSB is composed of two
characteristic structures: an N-terminal, tightly folded
region containing the oligonucleotide/oligosaccharide-
binding (OB) domain for ssDNA binding and a
C-terminal, dynamic tail (2,31). SSB interacts with
various partner proteins through this tail (3). The eight
amino acid sequence at the end of the tail is highly
conserved among eubacteria, and mutant SSB lacking
this sequence fails to interact with many partner proteins
(3,11,14,32). To test whether this C-terminal conserved
region is also essential for the interaction between SSB
and Pol IV, we used SSB�C8, a mutant SSB which
lacks the C-terminal eight amino acids, in a pull-down
assay. The amount of SSB�C8 precipitated with Pol IV
was almost undetectable (Figure 3A), showing that Pol IV
cannot bind to SSB�C8. This result demonstrates that the
C-terminal tail of SSB is required for the interaction
between Pol IV and SSB, suggesting that Pol IV binds

Figure 2. Pol IV and SSB interact directly in vitro. (A) Pull-down assay
using Pol IV (final concentration of 0.42mM) and SSB (final concen-
trations as a tetramer of 1 mM in lanes 3 and 6, and 0.25, 0.5, 0.75 and
1 mM in lanes 7–10, respectively) as described under ‘Materials and
Methods’ section. Precipitated proteins were separated on a
NuPAGE Bis–Tris gel and detected by silver staining. Proteins and
magnetic beads added to reactions are indicated at the top of the
figure. Purified Pol IV and SSB (100 ng each) were loaded in lanes 1
and 2, respectively as markers. (B) Pull-down assay using Pol IV,
mutant Pol IV (final concentrations of 0.42 mM) and SSB (final concen-
tration as a tetramer of 1 mM), as in (A). Proteins and magnetic beads
added to reactions are indicated at the top of the figure. Purified Pol IV
(labeled IV; 100 ng), Pol IV1–230 (IV1–230; 63 ng), Pol IV231–351
(IV231–351; 35 ng) and SSB (S; 53 ng) (2.5 pmol each) were loaded in
lanes 1–4 as markers.
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to the conserved motif in the SSB C-terminal tail, as
other proteins do.

SSB"C8 inhibits processive elongation by Pol IV on
SSB-coated ssDNA

We next tested whether the physical interaction between
Pol IV and SSB affects the DNA-synthesizing ability of
Pol IV on SSB-coated ssDNA, using an assay for
synchronized DNA synthesis by Pol IV on a singly
primed M13mp18 circular ssDNA. Template DNA was
pre-incubated with SSB or SSB�C8, the g complex and
the b clamp for 3min in the presence of ATP. During
pre-incubation, SSB binds to ssDNA and recruits the g
complex to the primer/template junction through a
physical interaction, and the g complex loads the b
clamp onto the primer. Pol IV was then added to the
reaction together with dNTP to start DNA synthesis,
and the reaction was incubated for another 3min. The
replication products were then analyzed by alkaline
agarose gel electrophoresis (Figure 3B).
The b clamp, loaded on the primer, tethers Pol IV to the

template DNA for processive DNA synthesis (27). As
expected, when the b clamp was omitted from the
reaction, Pol IV extended the 50-32P-labeled primer very
slowly (Figure 3B, lanes 1–3). Even after a 3-min incuba-
tion, replication products were shorter than �100 bases on
an alkaline agarose gel. However, we observed small dif-
ferences in the mobility of these products in the presence
or absence of SSB or SSB�C8 (Figure 3B, compare lane 1
with lanes 2 and 3). To confirm this, we analyzed the rep-
lication products at 1 and 3min in the absence of the b
clamp using a denaturing sequencing gel (Figure 3C). In
the absence of SSB, Pol IV extended the 25-mer primer by
<10 bases within 1min and <20 bases within 3min
(Figure 3C, compare lane 1 with lanes 2 and 5).
Addition of SSB and SSB�C8 enhanced the primer exten-
sion by Pol IV (Figure 3C, compare lane 5 with lanes 6
and 7). Since SSB binding eliminates the secondary struc-
ture on ssDNA (1–3), both SSB and SSB�C8 may stimu-
late Pol IV activity by preventing the formation of a
blocking structure at the primer end. However, the
longest products with SSB were �60 bases after a 3-min
incubation, but were �45 bases in the presence of
SSB�C8, showing that the stimulation by SSB�C8 is
weaker than that by wild-type SSB (Figure 3C, compare
lanes 5, 6 and 7). In these reactions without the b clamp,
Pol IV extended the primer distributively. Therefore, it is
likely that the enhancement of Pol IV extension is caused
by the frequent action of Pol IV at the primer end. This
suggests that the C-terminal tail of SSB has some role in

Figure 3. SSB�C8 fails to interact with Pol IV and abolishes DNA
synthesis by Pol IV on ssDNA. (A) Pull-down assay using Pol IV
(final concentration of 0.42mM) and SSB or SSB�C8 (final concentra-
tion of 1 mM as a tetramer), as in Figure 2A. (B) Assays for Pol IV
DNA synthesis on SSB-coated ssDNA were carried out as described
under ‘Materials and Methods’ section. Briefly, a 7.25-kb M13mp18
circular ssDNA (final concentration of 1 nM) annealed with a
50-32P-labeled 25-mer primer was pre-incubated for 3min in a
reaction containing the g complex, without SSB (lanes 1 and 4) or
with either SSB (lanes 2 and 5) or SSB�C8 (lanes 3 and 6), in the
presence or absence of the b clamp (as indicated at the top of the

Figure 3. Continued
figure). After the clamp–template DNA complex had formed, Pol IV
(final concentration of 44 nM) was added at the start of DNA synthesis,
and replication products formed after a 3-min incubation were analyzed
by alkaline agarose gel electrophoresis. Size markers (M; 50-32P-labeled
�/EcoT14I) are indicated on the left of the figure. (C) Replication
products at 1 and 3min without SSB (lanes 2 and 5) or with either
SSB (lanes 3 and 6) or SSB�C8 (lanes 4 and 7) in the absence of the b
clamp were analyzed on an 8% polyacrylamide sequencing gel.
A 50-32P-labeled template DNA was included as a size marker (lane 1).
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the recruitment or stabilization of Pol IV on the primer
end in the absence of the b clamp.

Together with the b clamp, Pol IV could extend the
primer to products >0.4 kb in the absence of SSB
(Figure 3B, lane 4). However, the length of the elongated
products was <1 kb and paused products were visible.
The number of primers elongated was also low,
showing that the g complex cannot properly load the b
clamp on the primer without SSB. The addition of SSB
allowed Pol IV to elongate most of the primer to
products of 1 kb within 3min, at a rate of �6 nt/s, as
reported previously (27) (Figure 3B, lane 5). This shows
that SSB can effectively assist Pol IV in elongating a
primer with the b clamp on a long ssDNA template.

On the other hand, the long elongation products were
not observed when SSB�C8 was added instead of SSB
(Figure 3B, lane 6). Pol IV thus cannot processively syn-
thesize DNA together with the b clamp in the presence of
SSB�C8, whereas it can do so without SSB if the b clamp
is loaded on the primer (Figure 3B, compare lane 4 with
lane 6). This is surprising because we observed some
stimulation of Pol IV’s primer extension activity by
SSB�C8, which probably prevented the formation of sec-
ondary structure, in Figure 3C. These data suggest that
the C-terminal tail of SSB is essential for processive
elongation by Pol IV, not only for removing the second-
ary structure or recruiting Pol IV on the primer end but
also for facilitating the action of Pol IV itself on
SSB-coated ssDNA. Pol IV may thus need to interact
with the SSB tail for rapid and processive elongation
when the template ssDNA is coated by SSB.

SSB-Ct peptide inhibits the interaction between Pol
IV and SSB

In the above experiments, we could not rule out the pos-
sibility that the intrinsic ssDNA-binding ability of SSB is
changed by removal of the C-terminal tail in such a way
that SSB�C8 might gain an extra inhibitory activity that
prevents the movement of Pol IV. Another possibility is
that the g complex failed to load the b clamp onto DNA
covered with SSB�C8, because the g complex itself also
binds to the C-terminal tail of SSB (11,12). To exclude
these possibilities, we next inhibited the interaction
between Pol IV and SSB by the addition of a synthetic
peptide, SSB-Ct (Trp–Met–Asp–Phe–Asp–Asp–Asp–Ile–
Pro–Phe), containing the conserved C-terminal eight
amino acids of the SSB tail. Lu et al. (21) have
reported that this peptide effectively and competitively
inhibited the interaction between SSB and Exo I.
Addition of the peptide after the b clamp-loading step
should enable us to eliminate the effect of inhibition on
the g complex.

Figure 4. Effects of SSB-Ct peptide on Pol IV DNA synthesis on
SSB-coated ssDNA. (A) Pull-down assay using Pol IV (final concentra-
tion of 0.42 mM) and SSB (final concentration of 1mM as a tetramer) in
the presence of SSB-Ct peptide (final concentration of 0, 37 and
110mM), as in Figure 2A. SSB-Ct peptide was pre-incubated with Pol
IV for 5min before the addition of SSB. (B) Polymerase activity of Pol
IV on hook DNA in the absence or presence of SSB-Ct peptide. Pol IV
was incubated with a 35-mer hook DNA in the presence (110 mM, filled
circles) or absence (0mM, open circles) of SSB-Ct peptide. In the latter
reaction, the same volume of DMSO as the volume of SSB-Ct peptide
used was added to the reaction. After 3 -, 6 - and 9-min incubations, the
amount of incorporated nucleotides in the reactions was quantified. See
‘Materials and Methods’ section for details. (C) The effect of SSB-Ct
peptide on Pol IV DNA synthesis on primed M13mp18 circular ssDNA
coated with SSB. M13mp18 ssDNA (final concentration of 1 nM)
annealed with a non-labeled primer was pre-incubated for 3min in a
reaction containing the g complex and the b clamp, without SSB (lanes
1–4) or with SSB (lanes 5–8). After the clamp–template DNA complex
had formed, Pol IV (final concentration of 22 nM) together with
SSB-Ct peptide (final concentration of 0 mM in lanes 1, 2, 5 and 6 or

Figure 4. Continued
110mM in lanes 3, 4, 7 and 8) was added to the reaction at the start of
DNA synthesis. After 3 - or 6-min incubations, replication products
labeled by 32P-dATP were analyzed by alkaline agarose gel electrophor-
esis. Size markers are as in Figure 3B. See ‘Materials and Methods’
section for details.
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We first used a pull-down assay to test whether the
SSB-Ct peptide competes with SSB for binding to Pol
IV. SSB-Ct (at the final concentration of 37 or 110 mM)
was incubated with Pol IV for 5min prior to the addition
of SSB, and the pull-down assay was carried out. Pol IV
failed to co-precipitate SSB when SSB-Ct peptide was

added to the reaction (Figure 4A, lanes 2 and 3),
showing that SSB-Ct peptide can inhibit the interaction
between Pol IV and SSB. This result also indicates that the
binding site of Pol IV is the conserved motif in the SSB
C-terminal tail, as suggested by earlier experiments
(Figure 3A).

SSB-Ct peptide inhibits DNA synthesis by Pol IV on
SSB-coated ssDNA

The effects of SSB-Ct peptide on Pol IV DNA synthesis
were then tested. First, we confirmed that 110 mM SSB-Ct
peptide had no inhibitory effect on Pol IV’s polymerase
activity itself, using a 35-nt hook DNA as a substrate
(Figure 4B). In this reaction, hook DNA and Pol IV
were incubated with 32P-dATP, in the absence of SSB.
The amount of the dATP incorporated into hook DNA
in the presence of SSB-Ct peptide increased at almost the
same rate as it did in the absence of SSB-Ct peptide.
Next, we tested the effect of the peptide on Pol

IV activity on a long, SSB-coated ssDNA. Primed
M13mp18 circular ssDNA template was pre-incubated
with SSB, the g complex and the b clamp for 3min to
load the b clamp. Pol IV was then added to the
reaction, together with SSB-Ct peptide at a final concen-
tration of 110 mM, and the DNA synthesis reaction was
started. After 3- or 6-min incubations with dNTPs and
32P-dATP, labeled, newly synthesized products were
analyzed.
In the absence of SSB, the lengths of the observed

products were indistinguishable with or without SSB-Ct
peptide (Figure 4C, compare lanes 1 and 2 with 3 and 4);
this demonstrates that SSB-Ct peptide has no effect on Pol
IV activity, consistent with the observations in Figure 4B.
On the other hand, when SSB-Ct peptide was added to the
reaction in the presence of SSB, the product lengths at
each time point were shorter than those in reactions
lacking the peptide (Figure 4C, compare lanes 5 and 6
with lanes 7 and 8). The amount of primer elongated by
Pol IV appeared to be similar in both reactions, indicating
that the amount of b clamp loaded on the primer was
unaffected by the addition of the SSB-Ct peptide. The
elongation rate was reduced to �75% of the normal rate
by the addition of SSB-Ct peptide: in the absence of
SSB-Ct peptide, the elongation rate was �6 nt/s, but the
rate was �4.5 nt/s at 3 and 6min in its presence
(Figure 4C, compare lanes 5 and 6 with lanes 7 and 8).
These data clearly indicate that SSB-Ct peptide has an
inhibitory effect on DNA synthesis by Pol IV, but only
when the template is covered with SSB.
When different amounts of SSB-Ct peptide were added

to the reaction, an increasing concentration of SSB-Ct
peptide resulted in progressively shorter products
(Figure 5), the elongation rate at 330 mM peptide being
approximately one-third of the normal rate (Figure 5,
compare lane 2 with lane 6). Higher concentrations of
peptide cause stronger inhibition of the interaction
between SSB and Pol IV, as the peptide competes with
the SSB C-terminal tail for binding to Pol IV. Therefore,
we conclude that the elongation rate of Pol IV decreased

Figure 5. Effect of SSB-Ct peptide on Pol IV DNA synthesis is peptide
concentration-dependent. After the clamp–template DNA (M13
annealed with non-labeled primer) complex had formed, Pol IV was
added 1min before the start of DNA synthesis to a final concentration
of 22 nM. Increasing amounts of SSB-Ct peptide were then added to
the Pol IV DNA synthesis reaction (final concentrations of 0, 37, 110,
220 or 330 mM; lanes 2–6, respectively) at the start time of DNA syn-
thesis, and, after a 3-min incubation, replication products labeled with
32P-dATP were analyzed by alkaline agarose gel electrophoresis. A
reaction with neither DMSO nor SSB-Ct peptide was carried out as
a control (lane 1). Size markers are as in Figure 3B. See ‘Materials and
Methods’ section for details.

Figure 6. Interaction with SSB C-terminal tail is required by Pol IV for
rapid and stable elongation on SSB-coated ssDNA. Assays for Pol IV
DNA synthesis on SSB-coated ssDNA were carried out at a final con-
centration of 0.3 nM Pol IV, as in Figure 5. M13 annealed with
50-32P-labeled primer (final concentration of 1 nM) was used as a
template DNA, and Pol IV was added to the reaction 1min before
the start of DNA synthesis. Replication products in the presence of
SSB-Ct peptide (0 or 110mM) after the indicated times are shown. A
control reaction with 22 nM Pol IV was carried out (lane 9). Size
markers are as in Figure 3B. See ‘Materials and Methods’ section for
details.
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as a result of the inhibition of Pol IV binding to the
C-terminal tail of SSB on the ssDNA template.

SSB-Ct peptide suppresses both the processivity and the
elongation rate of Pol IV

These results demonstrate that Pol IV needs to interact
with the SSB tail to elongate a primer on SSB-coated
ssDNA, but it is not clear how the interaction contributes
to Pol IV function. As the data in Figure 3C suggested, the
interaction between Pol IV and SSB tail might recruit Pol
IV to the primer/template junction and accelerate the for-
mation of the elongation complex with the b clamp.
Another possible explanation is that the interaction stabil-
izes the elongation complex of Pol IV and promotes
processive DNA synthesis; addition of the peptide might
cause Pol IV to dissociate from the primer end, resulting in
a decrease in the apparent elongation rate. However, it
seemed improbable that these explanations would
account for such a large decline in the elongation rate of
Pol IV. We therefore hypothesized that the actual speed
of Pol IV movement might be reduced by the addition of
SSB-Ct peptide. This would mean that Pol IV requires the
physical interaction with SSB tail while it replicates
SSB-coated ssDNA processively.
To test this idea, we analyzed the effect of SSB-Ct

peptide on the elongation rate of Pol IV during processive
DNA synthesis. In Figure 5, the number of Pol IV mol-
ecules was �20-fold higher than that of the template
DNA, under which conditions Pol IV can easily return
to a 30-primer end from which it has dissociated. On the
other hand, in Figure 6, the number of Pol IV molecules is
reduced to less than one-third that of the template DNA
(0.3 nM Pol IV and 1 nM template DNA); Pol IV is now
more likely to bind to an unused primer when it dissoci-
ates from a primer end, so that the elongation rate and
processivity can be measured accurately.
M13 ssDNA annealed with a 50-32P-labeled primer was

used as a template, and Pol IV was added to the reaction
1min before the start of DNA synthesis. We confirmed
that the b clamp was loaded on all primer/template DNA
by adding Pol IV to 22 nM in the control reaction
(Figure 6, lane 9). One minute after the start of DNA
synthesis, a portion of the primer had been homoge-
neously extended by �300 nt, although most of the
primer remained unused (Figure 6, lane 2). After a
3-min incubation, a smearing pattern of replication
products was observed, showing that Pol IV had started
to dissociate from the primer end (Figure 6, lane 4). The
elongation rate was �5 nt/s, and the processivity was
between 300 and 900 nt, consistent with previous observa-
tions of Pol IV with the b clamp (27).
SSB-Ct peptide was next added to the reaction at the

same time as the start of DNA synthesis (Figure 6, lanes
5–8). The amount of elongated primer was quite similar to
that without SSB-Ct peptide (Figure 6, compare lanes 2
and 6), showing that the amount of Pol IV that binds to
the b clamp and the 30 primer end is the same in the
presence or absence of SSB-Ct peptide. At 1min, Pol IV
was synthesizing DNA processively and the length of rep-
lication products was homogeneous, but the product

length was markedly shorter than the normal product
length (Figure 6, compare lanes 2 and 6). This clearly
shows that the elongation rate is suppressed by the
addition of SSB-Ct peptide, while Pol IV still replicates
processively. Pol IV therefore cannot travel smoothly on
SSB-coated ssDNA unless it interacts with the SSB tail.

In addition, after a 2-min incubation, the pattern of
replication products becomes smeared slightly earlier in
the presence than in the absence of peptide (Figure 6,
compare lanes 3 and 7), showing that the processivity of
Pol IV is also reduced by the addition of the peptide. This
indicates that binding to the SSB C-terminal tail contrib-
utes to the stability of Pol IV to some extent, not only for
the distributive extension by Pol IV without the b clamp
(Figure 3C) but also even if the b clamp tethers Pol IV
tightly to the primer.

Taken together, these data show that a physical inter-
action with the SSB C-terminal tail is an important step in
DNA synthesis by Pol IV. When Pol IV binds to the b
clamp and the 30-primer end, it probably interacts with the
C-terminal tail of the SSB molecule nearest to the primer
on the ssDNA template. While this interaction augments
the stability of the Pol IV elongation complex, at the same
time it is required to enable Pol IV to migrate forward
while disassembling the SSB–ssDNA complex. How the
interaction mediates the movement of Pol IV on
SSB-coated ssDNA is an interesting question. We
propose that Pol IV actively dislodges or translocates
SSB, which is potentially an obstacle to processive elong-
ation of the polymerase, by interacting with its C-terminal
tail.

DISCUSSION

We have found a previously unrecognized factor that may
be involved in the function of Pol IV in the cell. SSB was
one of the major proteins that bound to a Pol IV affinity
column (Figure 1), and a direct interaction was detected
between Pol IV and the C-terminal tail of SSB (Figures 2,
3A and 4A). The data suggest that the SSB tail functions
in the recruitment or stabilization of Pol IV on the primer
end in the absence of the b clamp (Figure 3C).
Surprisingly, we found that the C-terminal tail of SSB is
essential for processive elongation by Pol IV on
SSB-coated ssDNA (Figure 3), and that Pol IV activity
on SSB-coated ssDNA was greatly impaired when the
interaction between Pol IV and the SSB C-terminal tail
was inhibited (Figures 4C, 5 and 6). This clearly indicates
that Pol IV needs the physical interaction with the SSB
C-terminal tail to replicate SSB-coated ssDNA.

On the other hand, our results showed that the inter-
action between SSB and Pol IV is not required for the
recruitment of Pol IV to the 30-primer end when the b
clamp is loaded on the primer (Figure 4C). Moreover,
even when the concentration of Pol IV in the reaction
was low, the amount of elongated primer was similar
with or without SSB-Ct peptide (Figure 6, compare
lanes 2 and 6). This shows that Pol IV does not bind in-
discriminately to SSB, which coated the entire ssDNA of
the circular M13 template used in our assay. The b clamp
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on the primer probably provides a sufficiently strong inter-
action to recruit Pol IV to the primer end, so that Pol IV
interacts with the neighboring SSB at the primer junction
only when it is bound stably to the b clamp. This specu-
lation is consistent with a report that the presence or
absence of SSB has little effect on the formation of a
stable initiation complex on 30/90-mer linear DNA,
whereas the b clamp greatly stabilizes Pol IV at primer/
template junction (27).

However, the processivity of Pol IV decreased slightly
when the interaction between Pol IV and SSB C-terminal
tail was inhibited (Figure 6). This suggests that the
physical interaction contributes, to some extent, to the
stability of the Pol IV elongation complex on
SSB-coated ssDNA even with the tight anchoring of the
b clamp to the template/primer junction.

Unexpectedly, the elongation rate of Pol IV was dra-
matically reduced in the presence of inhibitor peptide
(Figure 5 and 6). We infer that the inhibition of Pol IV
DNA synthesis observed in Figures 4C and 5 was attrib-
utable mainly to a decrease in the elongation rate, as the
effect of SSB-Ct peptide on Pol IV processivity was only
modest. It is surprising that in the presence of the inhibitor
peptide, Pol IV moves more slowly than its normal elong-
ation rate on SSB-coated ssDNA while it is bound stably
to the primer end with the b clamp (Figure 6, compare
lanes 2 and 6). Moreover, Pol IV cannot processively syn-
thesize DNA together with the b clamp in the presence
of SSB�C8 (Figure 3B). These results strongly suggest
that Pol IV needs to interact physically with the SSB
C-terminal tail to ensure a rapid elongation process
across bound SSB on ssDNA.

There are two possible explanations for the requirement
of an interaction between Pol IV and the SSB tail. One is
that binding to the C-terminal tail of SSB enhances the
activity of Pol IV strongly enough to dislodge SSB from
the template, allowing Pol IV to rapidly elongate the
primer. Although we did not observe a strong stimulation
of Pol IV activity by the addition of SSB-Ct peptide in the
absence of SSB (Figure 4B and C), such stimulation may
be detectable only when the template is coated with SSB.

The other possibility is that Pol IV actively promotes
SSB’s dissociation from, or translocation along, ssDNA
by interacting with the SSB C-terminal tail. It has been
reported that the C-terminal tail of SSB inhibits the
ssDNA-binding activity of SSB tetramer (33,34), and
that removal of the tail stimulates the transition between
two major ssDNA-binding modes (35). Although it is still
unclear how SSB regulates its binding mode by means of
the C-terminal tail during DNA replication, the inter-
action of Pol IV with the tail may stimulate the switch
of SSB binding mode to that which is more conducive to
elongation by Pol IV.

As well as Pol IV, three of the five DNA polymerases in
E. coli are already known to bind to SSB (3). Does the
requirement for an interaction with the SSB tail also apply
to other polymerases? Similar to the result observed in
Figure 3B, SSB�C8 greatly inhibits DNA synthesis and
strand displacement by Pol III (14,15). In addition, Pol III
HE requires the �/c subunit, which is necessary for SSB
binding, to overcome an inhibition of DNA synthesis by

SSB on an SSB-coated linear ssDNA template (12).
We have also observed some inhibition of burst DNA
synthesis by Pol III on an SSB-covered M13 template
when the SSB-Ct peptide is present in the reaction (data
not shown). These results imply that Pol III, too, needs to
interact with the SSB tail to replicate SSB-coated ssDNA
efficiently. In vivo, exposed ssDNA is rapidly covered with
SSB, so that any polymerase must overcome SSB to rep-
licate ssDNA. We suggest that all polymerases may
possess a common mechanism to replicate SSB-coated
ssDNA that is mediated by an interaction between the
polymerase and the SSB C-terminal tail. It will be inter-
esting to ascertain whether the requirement for the SSB
tail that we describe here for E. coli Pol IV is a fundamen-
tal characteristic of polymerases in other organisms.
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