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Daughter strand gaps formed upon interruption of replication at DNA
lesions in Escherichia coli can be repaired by either translesion DNA synthesis
or homologous recombination (HR) repair. Using a plasmid-based assay
system that enables discrimination between strand transfer and template
switching (information copying) modes of HR gap repair, we found that
approximately 80% of strand gaps were repaired by physical strand transfer
from the donor, whereas approximately 20% appear to be repaired by
template switching. HR gap repair operated on both small and bulky lesions
and largely depended on RecA and RecF but not on the RecBCD nuclease. In
addition, we found that HRwasmildly reduced in cells lacking the RuvABC
and RecG proteins involved in resolution of Holliday junctions. These
results, obtained for the first time under conditions that detect the two HR
gap repair mechanisms, provide in vivo high-resolution molecular evidence
for the predominance of the strand transfer mechanism in HR gap repair. A
small but significant portion ofHRgap repair appears to occur via a template
switching mechanism.

© 2008 Elsevier Ltd. All rights reserved.
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DNA lesions that have escaped repair may inhibit
DNA replication, leading to arrested replication
forks and/or the formation of daughter strand
gaps (DSGs) in DNA.1–4 While there has been consi-
derable research effort in recent years to analyze the
resolution of arrested replication forks,5–12 the repair
of DSGs has received little attention. However, two
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recent studies had highlighted the significance of
DSGs. An analysis of DNA replication in UV-irra-
diated Saccharomyces cerevisiae cells had revealed un-
coupling of leading and lagging strand replication at
UV lesions and the formation of gaps on both leading
and lagging strands.13 Another study reported,
using an in vitro system, that priming occurs on the
leading strand, thus providing a possiblemechanism
for DSG formation not only at lagging strand lesions
but also at leading strand lesions.14 The study of
mechanisms of DSG repair in Escherichia coli dates
back to nearly four decades, when Howard-Flanders
proposed that gap repair occurs by homologous
recombination (HR) involving strand transfer from
the sister chromatid. His studies and those of others
had defined gap repair as a process that depends on
RecA and RecF but not on the RecBCD nuclease.15–18
d.
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Although the results of those pioneering studies
were consistentwith the strand transfermodel of gap
repair, they did not provide proof for the model due
to several reasons: (1) experiments were usually
performed on populations of UV-irradiated cells,
most of which were dead, and the strand exchanges
they detected could have been the result of DNA
scrambling in dead cells;19 (2) the available techni-
ques were unable to provide proof that exchanged
DNA segments were indeed utilized to fill in the
gaps (DNA exchanges could have occurred else-
where); and (3) gap filling by the alternative mecha-
nism of gap filling via template switching could not
be identified by those techniques. Using a two-plas-
mid assay system in which strand transfer and tem-
plate switching mechanisms could be discriminated
for the first time, we analyzed the mechanism of HR
gap repair.
Experimental design

The two-plasmid HR gap repair assay system20 is
based on a gap-lesion plasmid (kanR) carrying a site-
specific lesion in a single-stranded DNA region and
on a homologous donor plasmid (ampR) (Fig. 1a).
The experimental scheme involves one of two proto-
cols: In the first sequential transformation protocol,
cells are initially transformed with the donor plas-
mid and then used for a secondary transformation
with the gapped plasmid. In the second protocol,
cells are co-transfected with the gapped and donor
Fig. 1. Outline of the gap filling recombination repair assay
the text for details. (b) Scheme of an assay that discriminates be
of HR gap repair. If a T/G mismatch in the donor DNA is loc
filling by strand transfer will place a T opposite the lesion, wh
plasmids simultaneously. In both cases, selection is
made on LB plates containing kanamycin, which is
encoded by the gapped plasmid. Only plasmids
whose gaps were repaired give rise to kanR colonies.
Gap repair can occur either by translesion DNA syn-
thesis (TLS) or by HR, which can be distinguished by
the specificity of the nucleotide present in the
repaired plasmid at the site corresponding to the
lesion. In the case of an abasic site lesion, gap repair
via TLS leads to incorporation of primarily an A
opposite the lesion.21–23 However, because the donor
plasmid was engineered to carry a T at the corres-
ponding location, HR gap repair yields a T at the
same site.
The adaptation of the two-plasmid system for the

discrimination of the two alternative HR gap filling
mechanisms, namely, strand transfer and template
switching, is outlined in Fig. 1b. The key component
is a donor plasmid that contains a mismatch at the
site corresponding to the abasic site in the gapped
plasmid. When a donor containing a T/G mismatch
is used, HR by strand transfer will place a T across
the abasic site, whereas HR via template switching
will copy the G and therefore place a C across the
abasic site (Fig. 1b; the scheme is meant to illustrate
the discrimination principle between strand transfer
and template switching, not to provide a detailed
mechanism; see Fig. 3 and its discussion below). In
the absence of SOS induction, TLS is very low across
the abasic site and expected to lead to the formation
of primarily −1 frameshifts in this system.20,21 The
preservation of the mismatch is critical to the success
. (a) Scheme of the sequential transformation protocol. See
tween strand transfer and template switching mechanisms
ated at the position corresponding to the lesion, then gap
ereas template switching will place a C at that position.



Table 1. Sequence analysis of the nucleotide opposite the
lesion in gap repair experiments performed with donors
carrying mismatches as markers for strand transfer versus
template switching HR mechanisms

No. of isolates

Type of
mismatch in

donor plasmid

T/Ga C/Ab

T 32 10
C 4 32
A 0 0
G 0 0
−1 22 25
Total no. of isolates 58 67
Total HR gap repair eventsc 36 42
Strand transfer HR gap repair events (%) 89 76

The assay was performed essentially as previously described.20

DNA mixtures containing the gap plasmid GP21 (with a site-
specific abasic site; 100 ng) and the homologous origin-less
plasmid pOFGP20T/G or pOFGP20C/A (300 ng) were used to
co-transform E. coli mutS cells, defective in mismatch repair.
Plasmids were isolated from kanR colonies and subjected to DNA
sequence analysis. The table shows the identity of the base located
opposite the lesion in individual clones.
The constructions of gap-lesion plasmids GP21 (with a synthetic
abasic site) and GP20 (without a lesion) were previously des-
cribed.20,21,24 The origin-less plasmids were constructed in three
steps as follows: (a) Plasmid pSKSL was digested with restriction
nucleases BspE1 and BsaH1, and the resulting 3340-bp fragment
was ligated to a BspE1- and BsaH1-cleaved 772-bp PCR fragment,
which carried BspE1 and BsaH1 restriction sites, and the origin of
replication from plasmid pSKSL. This yielded plasmid pOri2,
which contained two origins of replication. (b) Plasmid pOri2 was
restrictedwith BanI, deleting a 1021-bp fragment with the original
replication origin of the plasmid. The 3092-bp fragment was then
self-ligated to form plasmid pOri1. (c) Finally, the origin-less
plasmid carrying the mismatch was prepared by a method similar
to the preparation of the gapped plasmid, except that a duplex
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of this approach, meaning that both mismatch repair
and replication of the donor plasmid must be
disabled. We therefore used a mutS strain, which
lacks mismatch repair but in which HR gap repair
was unaffected (data not shown). To disable replica-
tion of the donor plasmid, we constructed a synthetic
plasmid that had no origin of replication. Such donor
plasmid cannot be maintained in E. coli, but upon co-
transformation with the gap-lesion plasmid, it sur-
vives long enough to allow HR gap repair. Under
these conditions, there is practically one copy of the
donor plasmid per cell, which differs from the
conditions used in the past, in which a high-copy-
number plasmidwas used.20 To examine the effect of
the copy number of the donor plasmid on the effi-
ciency ofHR,we assayed gap repair of the gap-lesion
plasmid in the presence of homologous and hetero-
logous donor plasmids, which were maintained at
high (50–100), low (10–15) or single copy. The back-
ground gap repair, observed with the heterologous
donor plasmids or without any donor, was very low
and, similar in all cases, with an average of 1.7%±
0.4%. Upon addition of the homologous donor, gap
repair increased by 37-, 5- and 3-fold for plasmids
maintained at high, low and single copies, respec-
tively (Supplemental Table 1s). The homologous
origin-less synthetic plasmid caused a 2.6-fold
increase in gap repair, similar to that of the single-
copy plasmid (Supplemental Table 1s). DNA se-
quence analysis verified that whereas the back-
ground repair involved −1 frameshifts opposite the
abasic site (primarily due to background TLS), the
increase in gap repair in the presence of the homo-
logous donors led to insertion of sequences from the
donor plasmids (Supplemental Table 1s), consistent
with previous results.20
oligonucleotide carrying the T/G or C/A mismatch was used
instead of the gapped duplex. Plasmid pOri1 was cleaved with
BstXI and BsaI, and the resultant large fragment, which did not
contain any origin of replication, was gel purified and ligated to
the duplex oligonucleotide carrying the mismatch. The ligation
product was gel purified again. The presence of mismatches was
verified by DNA sequence analysis of the two strands, and the
inability to replicate was verified by demonstrating the inability
of the plasmid to transform E. coli cells to kanamycin resistance.

a In this origin-less donor plasmid, the T is located opposite the
site corresponding to the lesion.

b In this origin-less donor plasmid, the C is located opposite the
site corresponding to the lesion.

c The total HR gap repair events do not include the −1
deletions, which are independent of the presence of a homologous
plasmid ( Supplemental Table 1s).
Most gaps are repaired via the strand transfer
mode of HR, but repair via template switching
occurs too

The results of HR gap repair experiments, such as
those described in Fig. 1b, are shown in Table 1. Of
the 58mutants isolated, 36 (62%) contained a Tor a C
and could therefore be attributed to HR gap repair.
Of these, 89% (32/36) of the isolates contained a T
opposite the site corresponding to the abasic site. In
order to rule out the possibility of a mismatch bias
during HR, we performed similar experiments with
a donor carrying a C/A mismatch at the same
location. In this case, strand transfer is expected to
place a C opposite the abasic site, whereas template
switching would put a T at the same location, thus
deriving sequencing results that are exactly the
opposite of the former donor plasmid. The DNA
sequence analysis of 67 isolates, presented in Table 1,
shows that 42 carried a C or a T at the relevant site,
suggesting that 63% of the gap-lesion plasmids were
repaired byHR gap repair, similar to the previous set
of experiments. Consistent with the previous donor,
a majority of isolates with this donor (32/42 or 76%)
carried a C opposite the site corresponding to the
abasic site. Only 10/42 isolates (24%) had a T at that
location. In both cases, all other isolates contained a
−1 deletion at the location of the abasic site, con-
sistent with background TLS across the abasic site by
polymerase III holoenzyme.21,25 Their relative sub-
stantial fraction in this type of experiments is due to a
lower efficiency of HR caused by the need to use a
single-copy and origin-less synthetic donor plasmid,
as discussed above. Taken together, these results
indicate that the majority of HR gap repair events
(64/78 or 82%) occur via physical transfer of a
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homologous DNA segment from the donor. How-
ever, a substantial fraction of 18% of the gaps
appear to be repaired by a template switching
mechanism. The clear preference for strand transfer
in our system is consistent with the early experi-
ments demonstrating transfer of UV lesions from
parental to daughter strands, which was explained
by a mechanism of HR repair,26,27 and with studies
performed on E. coli28 with a plasmid carrying a
defined site-specific lesion. To our knowledge, there
is no previous indication for in vivo HR gap repair
via template switching.
Fig. 2. Gap-lesion plasmid repair in recombination-
deficientmutants. E. coli cells were transformedwith either
the heterologous partner plasmid pUC18 (ampR) or the
homologous partner plasmid pFGP20/T-amp (ampR). The
ampR-resistant colonies were used for a second round of
transformation with the gap-lesion plasmid GP21 (kanR).
The same colony was used in parallel for transformation
with GP20 (gap plasmid without lesion). All strains were
assayed for their survival relative to GP20 transformants.
The results presented here are the average of at least three
independent experiments, each with at least two repeti-
tions. The strains used are identified by genotype and are
AB1157 (wt), WBN10 (ΔrecA∷ tn10), WBY166 (recB21),
WBY220 (ΔrecF349), WBL16 (RecG265∷cat), WBL19
(RuvC67∷cat), AM821 (ΔrusA∷kan), AM547 (ΔruvAC65),
TNM1219 (ΔruvAC65, ΔrecG263∷kan) and AM888 (Δru-
vAC65, ΔrusA∷kan). All strains are isogenic derivatives of
E. coli AB1157 (argE3 hisG4 leuB6 proA2 ter1 ara14 galK2
lacY1 mtl1 xyl5 thi1 tsx33 rpsL31 supE44). E. coli strains
WBL16 (recG265∷cat), WBL19 (ruvC67∷cat) and WBL13
(mutS∷Tn10) are derivatives of AB1157 constructed by
generalized P1 transduction using as donors the strains
N4452 (recG265∷cat), N4453 (ruvC67∷cat) and MM294
(mutS∷Tn10), respectively. Sources of other strains were
the lab collection of R.G.L. for AM547 [Δruv(A–C)65],
AM821 (ΔrusA∷kan), AM888 [Δruv(A–C)65, ΔrusA∷kan]
and TNM1219 [Δruv(A–C)65, ΔrecG263∷kan]; the E. coli
Genetic Stock Center for N4453 (RuvC67∷cat); and the lab
collection of Z.L. for MM294mutS [glnV44(AS) λ-rfbC1 0
endA1 spoT1 0 thi-1 hsdR17 creC510 mutS∷Tn10], WBN2
(ΔrecA∷Tn10), WBY100 [Δ(umuDC)595:cat], WBY166
(recB21 ArgA:Tn10) and WBY220 (ΔrecF349 TnaA:Tn10).
HR gap repair is recA and recF dependent but
recB independent

The genetic requirement for the HR gap repair
reaction was examined by conducting the experi-
ments in a series of mutants and their isogenic
parents, using the sequential transformation proto-
col, a gap-lesion plasmid carrying an abasic site and
a high-copy donor. HR was very effective in
repairing the gap-lesion plasmid, leading to a
survival of 83%, and was completely recA depen-
dent (Fig. 2), consistent with our previous results.20

Interestingly, in the absence of RecF, plasmid
survival was only 12.7%±3.5%, suggesting that the
majority of gap repair events are RecF dependent.
The residual gap repair was still via HR, as indicated
by DNA sequence analysis that showed a majority
of T nucleotides present opposite the site of the
lesion (Supplemental Table 2s). In contrast, in a
recB21 mutant, gap repair was as effective as in the
wild-type strain (84%±29%), and descendants con-
tained the marker of HR (Supplemental Table 2s).
The results of experiments utilizing this mutant
suffered from a relatively large standard deviation
due to the difficulties of maintaining plasmids in
strains defective in the RecBCD nuclease.29,30 In any
case, the fact that gap repair did not require RecB
suggests that the process does not require a double-
strand break (DSB) as an intermediate, since the
RecBCD nuclease is needed for processing of DSBs
in HR.31,32 Our plasmid does not contain a χ site,
which is required for the recombination activity of
RecBCD.33,34 This is consistent with the notion that
gap repair did not proceed via a DSB intermediate,
because double-stranded DNA is degraded by
RecBCD in the absence of χ and therefore expected
to have a big effect on plasmid survival. RecBCD-
independent HR was reported previously.35,36
HR gap repair is partially dependent on proteins
involved in the resolution of Holliday junction
intermediates

Analysis of HR gap repair was examined also in
ruvA–C, recG and rusA mutants, which are involved
in the resolution of Holliday junction (HJ) interme-
diates.7,9,37 As can be seen in Fig. 2, deleting the rusA
resolvase gene had no effect on HR gap repair. Inac-
tivation of the recG helicase gene, the ruvC resolvase
gene or the entire ruv operon had each a small effect,
of up to 1.8-fold decrease, on HR gap repair. In the
absence of both the ruv genes and recG, HR gap
repair decreased by 2.4-fold, down to 34%±4%.
Thus, HR gap repair involves the proteins of HJ-
resolution RuvABC and RecG, but in their absence,
there seem to be alternative pathways that enable the
recombination reaction. Indeed, DNA sequence ana-
lysis of plasmids isolated from these mutant cells
showed that the majority contained the marker of
HR (T nucleotide opposite the site of the abasic site),
indicating an HR reaction (Supplemental Table 2s).
The involvement of RuvABC in HR repair is indi-
cative of the nucleolytic resolution of HJ, as expected
for a strand exchange mechanism, whereas RecG is



Table 2. Gaps opposite the bulky BP-G adduct are effi-
ciently repaired by HR

Donor plasmid Gap repair (%)

None 0.8±0.3
pFGPBP-cm 68.5±7.1
pFGP20/T-amp 27.2±3.3

E. coli WBY100 cells were transformed with either pFGPBP-cm or
pFGP20/T-amp and selected on LB-cm plates for the former
donor plasmid or LB-amp plates for the latter donor plasmid.
Cells carrying the donor plasmid were then retransformed with
the gap-lesion plasmid GP-BPG1 carrying a BP-G adduct. BPG1
transformants were assayed for their ability to survive on
kanamycin plates relative to GP20 transformants. The efficiency
of gap repair was calculated by dividing the number of colonies
obtained with the gap-lesion plasmid by the number of colonies
obtained with GP20. Typically, plates with 50–200 colonies were
counted, except for the background plates, where colony counts
were lower. The results are the average of three independent
experiments.
Plasmid pFGPBP-cm is a descendant of the gap-lesion plasmid
GP-BPG1-cm obtained by introducing the latter plasmid into E.
coli and selecting for cmR colonies. It has a G at the position
corresponding to the lesion in GP-BPG1-cm. pFGP20/T-amp was
previously described.20 It contains a short stretch of 12 nucleotides
that is heterologous to the cognate sequence surrounding the
lesion in the gap-lesion plasmid GP-BPG1 and contains a T at the
position corresponding to the lesion in plasmid GP-BPG1-cm.
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usually associated with an alternative pathway, not
involving endonucleolytic resolution. The mild phe-
notypes in the absence of RuvCmay be explained by
the action of an alternative resolvase, with a con-
Fig. 3. Hypothetical HR gap repair mechanisms involving
homologous donor containing a T/G mismatch at the site cor
Resolution of the two HJs in the vertical direction leads to gap f
opposite the site of the abasic site. (2) Branch migration of the
with the help of a topoisomerase), leading to a template sw
opposite the site of the abasic site. (3) Resolution of the two HJs
strand transfer of the lesion-containing strand to the donor plas
selection is made for the plasmid that originally carried the gap
with a gap opposite a lesion; the asterisk marks a DNA lesion
tribution fromRecG, acting perhaps as an alternative
to RuvAB. In this context, it should be mentioned
that topoisomerase III was recently shown to act in a
recombination pathway alternative to RuvABC.38

Alternatively, new proteins, such as YqgF, which has
a predicted similarity to RuvC, might be involved in
the process.39 The purified YqgF protein, however,
shows no resolvase activity on synthetic HJ struc-
tures in vitro (R.G. Lloyd, G.J. Sharples & A.A.
Mahdi, unpublishedwork). In addition, backupmay
be provided also by hitherto undiscovered resolvase
activities of other known helicases, nucleases or
topoisomerases.40,41
HR efficiently repairs a gap opposite a
benzo[a]pyrene–guanine adduct

In order to examine the generality of the HR gap
repair reaction with regard to the type of DNA le-
sion, we used a gapped plasmid carrying a site-
specific benzo[a]pyrene–guanine (BP-G) adduct. As
can be seen in Table 2, the presence of a homologous
donor plasmid increased the survival of the BP-G-
containing gapped plasmid from a background level
of 0.8%±0.3% up to 69%±7%, comparable with the
effect of HR on the repair of a gapped abasic site
DNA lesion20 (Fig. 2). When a donor plasmid with a
short heterology of 12 nucleotides at the site of the
lesion was used for the repair of a BP-G gapped
plasmid, the survival of the acceptor decreased to
two HJs. HR is shown between a gap-lesion plasmid and a
responding to the abasic site in the gap-lesion plasmid. (1)
illing via a strand transfer mechanism (product b), with a T
two HJs towards each other leads to dissolution (perhaps
itch gap recombination mechanism, which contains a C
in the horizontal direction leads to template switching and
mid. This is also scored as template switching, because the
lesion. Full lines, donor DNA; striped lines, acceptor DNA
. See the text for further discussion.
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27%±3%, indicating the importance of sequence
homology for HR on one hand and the ability of
RecA to overcome both DNA damages and hetero-
logies duringHR on the other, consistent with in vitro
studies.7 It should be noted that the HR gap repair
reaction is effective also for the very bulky DNA
lesion BP-G. This is a significant finding since this
lesion was bypassed very poorly by TLS in the same
assay system (∼1.5%), even when the SOS response
was induced.24 It suggests that HR gap repair ope-
rates on a wide range of DNA lesions, including
those that are poorly bypassed by TLS.
Mechanisms of HR gap repair

The results presented in this study indicate that
strand transfer predominates over template switch-
ing; however, the detailed mechanisms of these two
alternative pathways are not fully understood yet.
For example, an alternative to the HR scheme des-
cribed in Fig. 1b is a mechanism involving two HJs
(Fig. 3). In this scheme, like in Fig. 1b, the donor
plasmid contains a G/T mismatch at the site corres-
ponding to the lesion in the gap-lesion plasmid, such
that strand transfer and strand switching can be
discriminated. Vertical resolution of the two HJs
(Fig. 3, pathway 1 structure a) results in a strand
transfer from the donor, leading to a T opposite the
site of the lesion (Fig. 3, structure b). The twoHJs can
resolve also by dissolution, with the help of a
topoisomerase,39 as shown in pathway 2 (Fig. 3).
This pathway involves template switch and DNA
synthesis, which after migration of the two HJs
towards each other (dissolution; structure d in Fig.
3) will lead to the formation of a strand switch repair
product, with a C opposite the site of the lesion
(structure e in Fig. 3). Pathway 3 shows the products
expected from horizontal resolution of the two HJs
(structures g–i in Fig. 3). In this case, which also
involves strand switching (structure g in Fig. 3), the
lesion region is transferred to the donor plasmid.
However, since the selection is made to the plasmid
that originally contained the gap lesion, the result
will be an isolate with the marker of strand switch-
ing, namely, a C opposite the site of the lesion
(structure h in Fig. 3). Vertical resolution of one HJ
and horizontal resolution of the other were expected
to lead to the fusion of the donor and acceptor
plasmids. However, such fused plasmids were not
observed in experiments conducted with the gap-
lesion plasmid and donor plasmid containing a
mismatch. Further studies are needed to elucidate
the details of such putative mechanisms during HR
gap repair.
Conclusions

Multiple mechanisms were proposed for the tole-
rance of DNA damages depending in part on whe-
ther the encounter of replication complexes with
lesions leads to arrested replication forks or to the
formation of DSGs.5–12 The two new studies men-
tioned in the introductory part of this article13,14

highlight again the importance of DNA gap forma-
tion followingDNAdamage and the need to address
the mechanisms of their formation and repair. Our
model assay system clearly shows that HR gap
repair does effectively occur in E. coli, even across
bulky lesions such as BP-G, and that it is RecA and
RecF dependent as was previously proposed by
indirect evidence for chromosomal recombination
repair of DSGs. It also suggests the existence of an
alternative resolution pathway that does not involve
RuvABC and RecG. To our knowledge, this is the
first quantitative assessment and direct evidence in
vivo for both the strand transfer and the template
switching mechanisms of HR gap repair. The
challenge now is to develop new strategies, with
similar resolution, that could be used to study these
mechanisms in the chromosome.
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