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The molecular defect in DNA repair caused by ssb mutations (single-strand
binding protein) was studied by analyzing DNA synthesis and DNA double-strand
break production in UV-irradiated Escherichia coli AuvrB strains. The presence
of the ssb-113 mutation produced a large inhibition of DNA synthesis and led to
the formation of double-strand breaks, whereas the ssb-I mutation produced
much less inhibition of DNA synthesis and fewer double-strand breaks. We
suggest that the single-strand binding protein plays an important role in the
replication of damaged DNA, and that it functions by protecting single-stranded
parental DNA opposite daughter-strand gaps from nuclease attack.

The Escherichia coli DNA single-strand bind-
ing (SSB) protein is coded by the ssb gene and is
essential for DNA replication in vivo (6, 15) and
in vitro (20, 28, 30). Two mutations affecting the
SSB protein, ssb-l (15, 16) and ssb-113 (previous-
ly known as exrB [7, 8] and lexC113 [11]), have
been described. They map very close to each
other and are considered to be allelic (6). Strains
containing either of these ssb mutations are
temperature sensitive for DNA replication and
they are UV radiation sensitive (6, 8, 15, 26).
Therefore, in addition to its role in DNA replica-
tion, the SSB protein must also play a role in the
repair of UV radiation-damaged DNA.
Two major "dark repair" systems have been

described in E. coli for the repair of UV radia-
tion-damaged DNA: excision repair and
postreplication repair (9). Since the uvrA and
uvrB strains of E. coli are deficient in excision
repair (10, 21, 22), the major dark repair system
operating in these strains is postreplication re-
pair. Recent studies on the UV radiation surviv-
al of ssb mutants suggest that the SSB protein
plays a role in recombination repair (i.e., post-
replication repair), but not in excision repair (14,
29).

In this paper we examine the effect of ssb
mutations on DNA synthesis and DNA double-
strand break (DSB) formation in UV-irradiated
uvrB cells. Our results suggest that the major
role of the SSB protein in the repair of UV
radiation-damaged DNA is to protect single-
stranded parental DNA opposite daughter-
strand gaps from nuclease attack.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in this
work are listed in Table 1. The transduction technique
used was similar to that of Miller (17). The cotransfer
of the ssb mutation was identified by the failure of
Mal+ transductants to grow at 42°C.

Media. The media used for the growth of cells were
either LB medium (10 g of Difco tryptone, 5 g of Difco
yeast extract, and 10 g of NaCl per liter of water) or
glucose-salts minimal medium (MM) (5) supplemented
with 0.5 ,ug of thiamine-hydrochloride per ml and,
when necessary, thymine at 10 ,ug/ml and L-amino
acids at 1 mM. YENB agar (7.5 g of Difco yeast
extract and 23 g of Difco nutrient agar per liter of
water) and supplemented MM (SMM) agar (SMM
solidified with 1.6% Difco Noble agar) were used to
determine colony-forming units. DTM buffer, which is
MM without glucose, was used for washing and resus-
pending cells. Cells were grown at 30°C in a shaking
water bath.

Irradiation. UV irradiation (254 nm) and survival
determination were performed as previously described
(27). The stated UV radiation fluences have been
corrected for cell-masking effects (31).
DNA synthesis. DNA synthesis was measured by the

net incorporation of [3H]thymine into DNA (23, 24).
Cultures were grown at 30°C for at least four genera-
tions in SMM containing thymine at 2 ,ug/ml and
[methyl-3H]thymine (30 Ci/mmol; Amersham Corp.) at
2 ,uCi/ml. After a density of 108 cells per ml was
reached (optical density at 650 nm, 0.1; Zeiss PMQII
spectrophotometer), the cells were UV irradiated
while in the medium. After irradiation, the cells were
again incubated at 30°C, and duplicate 0.2-ml samples
were removed at intervals to test tubes containing 0.5
ml of ice-cold 10% trichloroacetic acid. The trichloro-
acetic acid precipitates were collected on membrane
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TABLE 1. E. coli strains used in this work
Stanford Source, derivation, orradiology Genotype' reference

no.

SR248 leuBI9 metE70 bioA2 thyA36 deo(C2?) lacZS3 malB4S rha-S R. B. Helling (KH21)
rpsLI5I Suu

SR839 A(uvrB-chlA) recAS6 leuB19 thyA36 deo(C2?) lacZS3 malB45 M.-s. Tang
rha-S rpsLISI srIA300::TnlO(Tcr)b

SR896 A(uvrB-chlA) leuBI9 thyA36 deo(C2?) lacZS3 malB45 rha-S (27)
rpsLISI

SR963 ssb-113 lon sulA B. F. Johnson (PAM29)
SR978 A(uvrB-chlA) 1euBI9 thyA36 deo(C2?) lacZS3 rha-S rpsLISI Pl::Tn9cts-SR963 x SR896

(select Mal+)c
SR979 A(uvrB-chlA) ssb-113 IeuBI9 thyA36 deo(C2?) lacZ53 rha-S Same as SR978

rpsLISI
SR995 ssb-l thy mel rha J. W. Chase (KLC436)
SR1006 A(uvrB-chlA) leuBI9 thyA36 deo(C2?) lacZS3 rha-S rpsLISI Pl::Tn9cts SR995 x SR896

(select Mal')
SR1007 A(uvrB-chlA) ssb-l IeuB19 thyA36 deo(C2?) lacZS3 rha-S Same as SR1006

rpsLISI
a Genotype symbols are those used by Bachmann and Low (1). Strain SR963 is a derivative of E. coli B/r; all

the remaining strains are derivatives of E. coli K-12 and are F- and A-.
b Tcr, Tetracycline resistance.
c Mal', cells can utilize maltose in place of glucose.

filters (Millipore Corp.) and prepared for the assay of
radioactivity as previously described (25). Cells irradi-
ated in SMM containing 2 ,ug ofthymine per ml had the
same survival curve as those irradiated in DTM buffer
(data not shown). Therefore, no additional correction
was made for the stated UV radiation fluence for the
presence of the growth medium.
DNA degradation. DNA degradation was measured

by the release of trichloroacetic acid-soluble radioac-
tivity from DNA labeled as above. After reaching a

density of about 1 x 108 to 2 x 108 cells per ml, the
cells were harvested on Millipore HA membrane fil-
ters (0.45-iLm pore size), washed with DTM, suspend-
ed at an optical density at 650 nm of 0.05 in SMM
containing 2 p,g of thymine per ml, and incubated at
30°C for 2 h before being irradiated and treated as
described above for DNA synthesis.
DNA DSB. The neutral sucrose gradient method for

determining DNA DSB was that of Tang and Smith
(25). After centrifugation, the bottom of each tube was
pierced, and about 30 fractions of equal volume were

pumped onto Whatman no. 17 paper strips, which
were then washed twice in cold 5% trichloroacetic acid
and once each in 95% ethanol and acetone. After
drying, the strips were cut into individual fractions,
placed in vials, and assayed for radioactivity (23).
For the analysis of DSB in parental DNA, cells were

grown for at least four generations at 30°C in SMM
containing thymine at 2 ,ug/ml and [methyl-3Hlthymine
at 5 ,uCi/ml. When the culture reached an optical
density at 650 nm of 0.1, the cells were harvested by
filtration, washed with DTM, and suspended at an

optical density at 650 nm of 0.075 in SMM containing 2
p.g of thymine per ml. The resuspended cells were
incubated at 30°C for 45 min before being UV irradiat-
ed in the medium. After different times of postirradia-
tion incubation at 30°C, 0.2-ml samples were treated
with lysozyme and layered onto 4.8-ml neutral sucrose

gradients (5 to 20%o, wt/vol) as previously described
(25).
For the analysis of DSB in DNA replicated after UV

irradiation, cells were first prelabeled as described
above, except that 2 iaCi of [2-14C]thymine (54.5 Ci/
mol; New England Nuclear Corp.) per ml was used.
After irradiation, [methyl-3H]thymidine (41 Ci/mmol;
Amersham) was added to 1-ml samples at 20 ,uCi/ml
either immediately after UV irradiation or after differ-
ent times of post-irradiation incubation at 30°C. After
15 min of incubation with [3H]thymidine, the cells
were harvested by filtration, washed three times with
DTM, and suspended in 0.7 ml of SMM containing
thymine at 2 ,ug/ml. A 0.2-ml sample of cell suspen-
sion, with or without further incubation, was treated
with lysozyme and layered on a neutral sucrose gradi-
ent as described above.

RESULTS
Effects of the ssb mutations on the UV radiation

sensitivity of uvrB cells. The uvrB strain was
further sensitized to UV radiation by the pres-
ence of ssb mutations (Fig. 1A). The uvrB ssb-
113 strain was substantially more UV radiation
sensitive than the uvrB ssb-l strain (Fig. 1A), in
agreement with the data of Whittier and Chase
(29) on similar strains. It should be noted that
the UV radiation sensitivity of the uvrB ssb-113
strain approached that of the uvrB recAS6 strain
(Fig. iB), which is believed to be deficient in all
known dark repair processes for UV radiation-
damaged DNA.

Effects of the ssb mutations on DNA synthesis
and degradation in uvrB cells. Figure 2 illustrates
the effect of UV radiation on the net thymine
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FIG. 1. Effect of the ssb-l and ssb-113 mutations on the UV radiation survival of AuvrB cells of E. coli K-12
on YENB agar (A, 0, O, O) and SMM agar (A, *, *, *). All points are the averages of at least two experiments.
A, Symbols: AuvrB (SR1006) (0, 0); AuvrB ssb-l (SR1007) (A, A); and AuvrB ssb-113 (SR979) (0, U). The
survival curve of strain SR978 (AuvrB), a cotransductant for strain SR979, is identical to strain SR1006 (data not
shown). B, Symbols: AuvrB ssb-113 (SR979) (0, U); AuvrB recA56 (SR839) (O, *).
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FIG. 2. Effect of UV radiation on net DNA synthesis in AuvrB, AuvrB ssb-1, and AuvrB ssb-113 cells.
Cultures were grown at 30°C and treated as described in the text. A, AuvrB (SR978); B, AuvrB ssb-I (SR1007); C,
AuvrB ssb-113 (SR979). The thymine incorporation data for strain SR978 are indistinguishable from those for
strain SR1006 (data not shown).
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TABLE 2. DNA degradation in UV-irradiated AuvrB cells of E. coli K-12

UV Relative amt of [3H]thymine in acid-insoluble fraction of DNA
radiation

Strain fluence Oh 1 h 2 h 4 h
(j/M2)

AuvrB (SR978) 0 1 _a 0.96 (0.98)b 0.95 (0.99)
4 1 0.92 (0.98) 0.98 (0.97) 0.96 (0.92)
8 1 0.99 (0.91) 1.12 (0.94) 1.07 (0.84)

AuvrB ssb-l (SR1007) 0 1 0.99 0.93 0.98
4 1 0.95 1.01 0.92
8 1 0.79 0.98 0.93

AuvrB ssb-113 (SR979) 0 1 0.97 0.98 0.95
0.2 1 1 0.98 0.92
0.4 1 0.93 0.89 0.83
2 1 - 0.94 0.87

a , Not determined.
b The data within parentheses are for AuvrB strain SR1006.

incorporation of cells incubated with radioactive
thymine for at least four generations before
irradiation as well as during and after irradiation.
Under these conditions, the content of acid-
insoluble radioactivity is a direct measure of the
DNA content of the cells (4, 23, 24). The uvrB
cells showed only a slight, transient effect in the
apparent rate of thymine incorporation after 2 or
4 J ofUV radiation per m2 (Fig. 2A). After 8 J of
UV radiation per m2 the uvrB cells showed a
somewhat reduced rate of thymine incorpo-
ration. In contrast, the uvrB ssb-113 cells
showed a marked and persistent decrease in the
apparent rate of thymine incorporation after 2 J
of UV radiation per m2 (Fig. 2C). Even after
fluences as low as 0.1 or 0.2 J of UV radiation
per m2, a noticeable reduction in the rate of
thymine incorporation was evident. The incor-
poration of thymine by uvrB ssb-l cells was
partially inhibited by all UV radiation fluences
employed (compare Fig. 2B with 2A).

Since the apparent rate of thymine incorpo-
ration reflected both DNA synthesis and degra-
dation, we examined the effects of the ssb muta-
tion on UV radiation-induced DNA degradation
in uvrB cells. Very little, if any, UV radiation-
induced DNA degradation was observed in
uvrB, uvrB ssb-1, and uvrB ssb-113 cells over a
4-h period of postirradiation incubation at 30°C
(Table 2). Therefore, the apparent rate of thy-
mine incorporation shown in Fig. 2 reflects
mostly DNA synthetic activity. It follows that
the ssb-113 mutation greatly inhibits the ability
of uvrB cells to synthesize DNA in the presence
of UV radiation damage, whereas the ssb-J
mutation has a much less inhibitory effect on
DNA synthesis after UV irradiation.
DNA DSB. We tested whether DSB were

produced in the DNA of UV-irradiated uvrB and
uvrB ssb-113 cells. After 0.5 J of UV radiation
per m2, there were no detectable DNA DSB

produced in uvrB cells that were lysed either
immediately after irradiation or after 4 h of post-
irradiation incubation at 30°C (Fig. 3A). On the
other hand, the production of DNA DSB was
evident from the DNA sedimentation profile for
UV-irradiated uvrB ssb-113 cells that had been
incubated for 4 h after irradiation (Fig. 3B). The
production of DNA DSB was also observed for
uvrB ssb-113 cells that had been incubated after
exposure to 0.2, 1, or 2 J ofUV radiation per m2
(data not shown).

If the production ofDNA DSB in UV-irradiat-
ed uvrB ssb-113 cells is the result of endonucleo-
lytic attack on the single-stranded parental DNA
opposite daughter-strand gaps, one should have
a much more sensitive assay for the production
of DSB by this mechanism if one looks only at
the DNA synthesized after UV irradiation (Fig.
4). For unirradiated cells, the sedimentation
profiles of pulse-labeled [3H]DNA were indis-
tinguishable from the profiles of parental
[14C]DNA in the uvrB, uvrB ssb-1, and uvrB ssb-
113 cultures (Fig. 4A, D, and G). However, in
cultures that were pulse-labeled immediately
after 2 J of UV radiation3per m2 (Fig. 4B, E, and
H), a larger fraction of [ H]DNA sedimented at
lower molecular weights than did the [14C]DNA,
with the uvrB ssb-113 cells showing the most
dramatic difference and the uvrB cells showing
the least difference. Similar results were also
obtained for cultures that were pulse-labeled
after 60 min of post-irradiation incubation (Fig.
4C, F, and I).

DISCUSSION
Since the ssb gene appears to play a signifi-

cant role in the survival of UV irradiated exci-
sion repair-deficient cells (Fig. 1), the SSB pro-
tein must function either directly or indirectly in
postreplication repair. The lesions on which
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FIG. 3. Neutral sucrose-gradient sedimentation profiles of [3H]thymine-prelabeled DNA from UV-irradiated
cells grown at 30°C. A, AuvrB (SR978); B, AuvrB ssb-113 (SR979). Symbols: *, unirradiated control; A, 0.5 J/m2,
0-h post-irradiation incubation; x, 0.5 JIm2, 4-h post-irradiation incubation. Centrifugation was at 3,570 rpm for
40 h. The arrow indicates the position of a bacteriophage T2 DNA marker.
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FIG. 4. Neutral sucrose-gradient sedimentation profiles of DNA from [14C]thymine-prelabeled cells that
were pulse-labeled with [3H]thymidine after UV irradiation. Cultures were prelabeled with [Cl4Cthymine for at
least 4 generations at 30°C. Uniffadiated cultures (A, D, and G) and cultures irradiated with 2 J/m2 were pulse-
labeled with [3H]thymidine for 1S min either immediately after UV inradiation (B, E, and H) or after 60 min of
postirradiation incubation (C, F, and I). Experimental details are described in the text. Panels from left to right
are cultures of AuvrB (SR978), &uvrB ssb-l (SR1007), and AuvrB ssb-113 (SR979), respectively. The precise
centrifupation speeds used were 3,300 rpm for SR978, 3,660 rpm for SR1007, and 3,570 rpm for SR979. Symbols:
*, 4C radioactivity; O, 3H radioactivity.

postreplication repair is presumed to act are
daughter-strand gaps that arise in newly synthe-
sized DNA after UV irradiation (18, 19). These
daughter-strand gaps are opposite single-strand-
ed parental DNA, which may be susceptible to
attack by DNA endonucleases. Our data on the
production of DNA DSB in UV-irradiated uvrB
ssb cells (Fig. 3 and 4) suggest that one function
of the SSB protein in DNA repair is to protect
this single-stranded DNA from nuclease attack
so that other repair enzymes can proceed to

complete the filling of gaps by recombinational
processes. Alternately, the SSB protein may
also participate in the repair of these gaps.
Our data on the effect of UV radiation on

DNA synthesis show that the ssb mutations
inhibit the ability of UV-irradiated uvrB cells to
synthesize DNA (Fig. 2), suggesting that the
SSB protein plays a role in the replication of
damaged DNA. However, it is not known
whether this inhibition of DNA synthesis is due
to a poorer efficiency of replicating damaged
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DNA in the presence of mutant SSB protein or is
due to an alteration in the structure of DNA by
the formation of double-strand breaks at unpro-
tected single-strand sites such that the overall
rate of DNA synthesis is reduced.
The DSB formed in uvrB ssb-113 cells in DNA

synthesized immediately after UV irradiation
were not repaired during further incubation
(data not shown), suggesting that either these
DSB are nonrepairable under our growth condi-
tions, or that wild-type SSB protein is required
directly or indirectly for the repair of these DSB.
Krasin and Hutchinson (12, 13) reported that,
under certain conditions, DSB produced by ion-
izing radiation could be repaired; it required the
presence of duplicate genomes, the function of
the recA gene, and the synthesis of proteins that
can be induced by UV irradiation. Several re-
cent studies have indicated that the SSB protein
is involved in the induction of DNA damage-
inducible functions (2, 14, 26, 29). Therefore, the
SSB protein may have both a regulatory and
mechanistic role in DNA repair.
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