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Abstract 

To measure cisplatin-induced recombination, we have used a qualitative intrachromosomal assay 

utilizing duplicate inactive lac operons containing non-overlapping deletions and selection for 

Lac+ recombinants. The two operons are separated by one Mb and conversion of one of them 

yields the Lac+ phenotype. Lac+ formation for both spontaneous and cisplatin-induced 

recombination requires the products of the recA, recBC, ruvA, ruvB, ruvC, priA and polA genes.  

Inactivation of the recF, recO, recR and recJ genes decreased cisplatin-induced, but not 

spontaneous, recombination. The dependence on PriA and RecBC suggests that recombination is 

induced following stalling or collapse of replication forks at DNA lesions to form double strand 

breaks. The lack of recombination induction by trans-DDP suggests that the recombinogenic 

lesions for cisplatin are purine-purine intrastrand crosslinks.  
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1. Introduction 

 

Cisplatin (cis-diaminodichloroplatinum (II)) was discovered through its ability to inhibit cell 

division in Escherichia coli after its production during electrolysis from platinum electrodes [1]. 

The drug also effectively inhibits growth of mammalian cells in culture [2] and it is currently 

used for the treatment of a variety of cancers particularly those occurring in the testicles where 

the rate of cure is greater than 90% [3]. In spite of intensive efforts, the molecular mechanism 

leading to cell death after cisplatin treatment is not known.  

 

Cisplatin reacts with DNA to produce mostly intrastrand crosslinks between adjacent guanines 

(65% of the total), adjacent guanine and adenines (25%), and guanines separated by a base (1,3-

GNG, 5-10%) [4, 5]. Interstrand crosslinks comprise about 2% of the total adducts. In contrast, 

the biologically inactive trans isomer (trans-diaminodichloroplatinum (II), trans-DDP) produces 

mainly adducts between guanines separated by a base (40%) and interstrand crosslinks (20%) [6, 

7]. Both cisplatin and trans-DDP produce small amounts of monoadducts. These determinations 

suggest that intrastrand crosslinks between adjacent purines are the biologically important 

adducts since they efficiently block progression of DNA polymerases in vitro and in vivo [8]. 

Nucleotide excision repair (NER) removes intrastrand crosslinks but the 1,3-GNG lesions are 

removed at a rate 50-fold faster than those between adjacent purines [9]. The importance of NER 

is manifested by the increased sensitivity of NER-deficient mutants of E. coli [10] and 

mammalian cells to cisplatin but not trans-DDP [11, 12]. Transcription-coupled repair is more 

efficient than global repair since removal of adducts from actively transcribed DNA is faster than 
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from non-transcribed DNA [13]. In addition, however, recombinational repair mechanisms are as 

important as NER in allowing cells to survive cisplatin damage [14, 15]. 

 

The major pathway for recombination in E. coli in conjugational crosses is dependent on 

RecBCD [16-18]. This enzyme binds to blunt-end DNA molecules and moves along the DNA 

using its helicase and 3'-exonuclease activities. When the enzyme encounters an eight base Chi 

sequence, the enzyme continues to unwind DNA but its exonuclease specificity alters to favor 5'-

end degradation. The encounter with a Chi site leads to modification of the RecD subunit thereby 

allowing polymerization of RecA on the 3'-strand and subsequent strand invasion of a 

homologous DNA duplex to initiate recombination. In the absence of RecBCD, recombination 

can occur by the RecF or RecE pathways. The RecE pathway proteins are encoded by genes on a 

prophage [16, 17] but since it is not present in the strains used here, this pathway will not be 

discussed further. The RecF pathway uses the RecFOR proteins to load RecA onto DNA, 

particularly at gaps. The RecFOR complex can substitute for RecBCD functions but only if SbcB 

and SbcDC nucleases are inactivated. The RecF pathway genes, in addition to recFOR, comprise 

recJ, recN and recQ. RecJ is a 5' to 3' nuclease and RecQ has helicase activity. The biochemical 

activity associated with RecN is not known. Although the RecBC and RecF pathways have 

different substrates, they both require RecA and downstream proteins such as the RecG and 

RuvAB Holliday junction helicases and the RuvC resolvase. 

 

It has been shown previously that recombination-deficient strains belonging to the RecBC and 

RecF epistasis groups show decreased survival to cisplatin, but not trans-DDP, compared to 

wildtype [14, 15]. These included recBCD, recFOR, ruvABC and recG but not recN or recQ. It 
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was concluded that cisplatin DNA damage included the formation of both double-strand breaks 

(DSBs) and gaps that required recombinational mechanisms for their repair. Furthermore, we 

showed that recBC cells are as sensitive to cisplatin as NER-deficient (uvrA) bacteria and that 

the double mutants (uvrA recBCD or uvrA recF) are much more sensitive than either alone [14]. 

This indicates that recombinational mechanisms are as important as NER for survival against 

cisplatin challenge. Although the survival data for recombination-deficient bacteria are indicative 

of double-strand break and gap recombinational repair, the detailed mechanism(s) by which 

recombination enhances survival has yet to be defined. 

 

The relationship between DNA replication and recombination has been clarified in recent years 

[18-21]. Replication forks can stall at natural or damaged DNA sequences which may result in 

the formation of regressed replication forks that become substrates for RuvAB or RecBCD. 

Several outcomes are possible, including cleavage of the regressed fork by RuvC, followed by 

recombination or initiation of RecBCD-dependent recombination if a Chi sequence is 

encountered while unwinding the regressed fork. Replication fork collapse can occur if the fork 

encounters a nick or gap in DNA leading to formation of a DSB that requires RecBCD-

dependent recombination for its repair. A consequence of fork stalling or collapse is dissociation 

of the replicative DNA polymerase holoenzyme complex from the fork. During or after 

restoration of the fork, it is necessary to re-assemble the holoenzyme and this requires enzymes 

in the PriA-dependent initiation of chromosome replication pathway [22]. PriA can bind to D-

loops that are formed as recombination intermediates and is able to block DNA polymerase 

extension and to recruit DnaC protein to begin holoenzyme assembly [23]. Induction of DNA 

damage by ultra-violet light leads to the formation of replication-blocking lesions that can result 
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in fork regression [24]. The reversed fork is thought to be stabilized by RecA and RecF to 

prevent degradation by RecQ helicase and RecJ nuclease [25]. These proteins, therefore, are not 

participating in a traditional recombination event even though RecA is probably mediating fork 

reversal. 

 

Antitumor agents such as cisplatin frequently induce genomic instability and rearrangements in 

populations of cells exposed to them [26-29]. Indeed, the ability of radiation to promote mitotic 

recombination has been known since early last century and small doses of ultraviolet light are 

frequently used in phage and bacterial genetics to stimulate recombination. The molecular basis 

for this phenomenon is still not entirely clear but the formation of DSBs is suspected to be the 

initiating event [30]. We showed previously that cisplatin, but not trans-DDP, was highly 

recombinogenic in E. coli using an assay system developed by Konrad [31]. We have extended 

this observation by determining the genetic requirements for cisplatin-induced recombination. 

We show that the RecBC and RecF pathway gene products are required. 
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2.  Materials and methods 

 

2.1 Bacterial strains, plasmids and media 

 

The E. coli K-12 strains used in this study are listed in Table 1. The genotype of strain GM7330 

has recently been modified by the E. coli Genetic Stock Center. The lacMS286 deletion is now 

designated as (lacY-lacZ)286 and the phi80dIIlacBK1 deletion as lacZ9. Strains were constructed 

by P1vir transduction. Plasmid precA430, which expresses the wildtype RecA protein under 

control of the tac promoter in a pBR322 backbone [32], was supplied by Dr. Kendall Knight 

(UMass Medical School, MA, USA). Plasmid pCDK3, with the cloned argA, recB, recC and 

thyA genes [33] was obtained from Dr. S.R. Kushner (University of Georgia, GA, USA). Plasmid 

pGB2-ruvAB [20] was a gift from Dr. Benedicte Michel (INRA, Jouey-en Josas, France). 

MacConkey Agar (Difco) medium was supplemented with additional 10 gm/l lactose before 

plate preparation.  Strain GM7330 and its derivatives were grown overnight in L medium and 

diluted ten- or one hundred-fold in minimal salts. Three ml of diluted cells were placed on the 

surface of a MacConkey agar plate, allowed to settle for 10 min and then the excess medium 

removed by aspiration. This procedure ensured a uniform lawn of cells on the plate. Sterile 6.35 

mm disks were placed on each dry plate and aliquots of cisplatin (1, 2 and 4 µl of a 1.2 mg/ml 

solution) added to the disks and allowed to dry. The plates were incubated for 48 hr at 37° C. 

Plates were scanned with an Epson Perfection 1250 scanner and the images managed with Adobe 

Photoshop software. 
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L broth consists of 20 gm tryptone, 10 gm yeast extract, 1 gm NaCl and 4 ml 1 M NaOH/l, 

solidified when required with 16 gm agar (Difco). Minimal salts solution was that described by 

Davis and Mingioli [34]. Chloramphenicol, kanamycin, ampicillin, spectinomycin and 

tetracycline were added to media at 10, 20, 100, 50 and 10 µg/ml respectively. 

 

2.2 Cytotoxicity assay 

 

Overnight cultures were diluted 100-fold into fresh L medium and grown to a density of about 

108 cells per ml. The cells were centrifuged and resuspended in an equal volume of minimal salts 

and treated with cisplatin for 60 min. The cisplatin (Sigma) was dissolved in water for 2 hrs at 

37° C before use. The treated cells were diluted and plated on L medium to measure survival. 

 

3. Results 

 

3.1 Lac+ recombinants arise by conversion of lacZ9 

 

In the assay system developed by Konrad [31], one defective lac operon ((lacY-lacZ)286) is at its 

normal chromosomal location and the other (lacZ9) is part of a defective phi80 prophage (Fig. 

1). To determine which of these is converted to the Lac+ phenotype, ten spontaneous and ten 

cisplatin-induced Lac+ recombinants were isolated from strain Hfr KS391. These were then 

mated for either a short or long period with a recipient that was Lac, due to the presence of a 

lac-pro deletion, and Trp due to insertion of a Tn10 element. Recombinants arising from the 

short mating and Pro+ [Trp] selection were all Lac. On the other hand, Lac+ recombinants 
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arising from the longer mating and Trp+ [Pro] selection were all Lac+. This result indicates that 

conversion occurred in the lac region carried by the phi80 prophage in both spontaneous and 

cisplatin-induced Lac+ recombinants.  

 

3.2 recA and recBCD mutants are recombination-deficient 

 

A typical result with the wildtype strain, GM7330, is shown in Fig. 2a. Four filter paper discs are 

placed on a lawn of bacteria on MacConkey medium and various amounts of cisplatin are added 

to the discs. After 2 days incubation, the plates show a uniform distribution of spontaneously-

arising Lac+ colonies on a background of Lac colonies. Around the disks containing cisplatin, a 

dose-dependent increase in Lac+ recombinants is observed indicating drug-induced 

recombinants. Given the limitations of the assay and the large number of mutants to screen, we 

have not attempted to quantitate the result for each strain but rather to obtain a qualitative 

positive or negative score. The data for every individual strain are not shown as the wildtype or 

recombination-deficient responses are almost identical in the different mutants. 

 

The RecA protein promotes homologous pairing and strand exchange [16-18] and so it was not 

unexpected that no spontaneous or cisplatin-induced Lac+ recombinants were found with strains 

mutant for recA56 and a recA deletion (Fig. 2c).  Relative to wildtype, there was a pronounced 

dose-dependent clear zone surrounding each disk containing cisplatin indicating increased killing 

with this compound. The recA mutant strains harboring a recA+ plasmid had a wildtype level of 

recombination (Fig. 2d).  
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The RecBCD complex has several enzymatic activities including helicase and exonuclease 

activities and is responsible for loading RecA onto DNA at Chi sites. Only a few Lac+ 

recombinants were detected in a recBCD deletion strain and increased cytotoxicity to cisplatin 

was evident (Fig. 2e) as previously reported [10, 14]. In contrast, Lac+ recombinant formation in 

a recD mutant strain, which lacks 5'-exonuclease activity, was indistinguishable from wildtype 

(data not shown). The recombination-deficiency of the recBCD mutant was restored to the 

wildtype level by complementation with plasmid pCDK3 which carries the recBCD wildtype 

genes (data not shown). 

 

3.3 ruvABC strains are recombination-deficient 

 

RuvAB helicase binds specifically to Holliday junctions and promotes translocation of such 

junctions. The RuvC protein binds specifically to a Holliday junction and cleaves it in one of the 

two possible orientations [16-18]. No spontaneous or cisplatin-induced Lac+ recombinants were 

formed with ruvA::Tn10 (polar effect on ruvB, data not shown), ruvC (data not shown) or 

ruvABC deletion mutants (Fig. 2f). Increased sensitivity to cisplatin was evident from zones of 

clearing around the disks confirming previous data. The suppression of recombination is in 

contrast to results obtained in conjugal and transductional crosses in which ruvABC mutant 

alleles show little effect on recombination proficiency [35]. The combination of a recG mutant 

allele with any ruv mutation, however, causes recombination deficiency in such crosses although 

recG mutations alone have no effect [35]. In the lac assay, the recG mutant behaved as wildtype 

(data not shown) and ruv recG double mutants were as deficient for Lac+ formation as the ruv 

single mutants or the ruvABC deletion (data not shown). Introduction of plasmid pGB2-ruvAB 
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into the ruvA::Tn10 strain resulted in wildtype level of Lac recombinants (data not shown). 

These results indicate that in the lac assay, RuvABC is required for junction translocation and 

cleavage. 

 

3.4 polA strains are recombination deficient  

 

Mutant strains deleted for the polA gene grow on minimal but not on rich medium indicating a 

requirement for polymerase I at high growth rates [36]. On rich medium, however, suppressor 

mutations occur at high frequency that allow growth of polA deletion mutants [36]. We 

transduced the polA deletion mutation into the wildtype GM7330 to produce GM7647 and then 

isolated a derivative that was able to grow on rich medium (GM7649). Both GM7647 and 

GM7649 were very sensitive to methyl methane sulfonate [31], a characteristic trait of polA 

mutants. Only GM7649 was able to grow well on MacConkey medium but it did not produce 

Lac+ recombinants and it showed increased sensitivity to cisplatin (Fig. 2g). The survival of the 

polA mutant in liquid medium after challenge with cisplatin is on the same order of magnitude as 

a recA deletion mutant (Fig. 3) which is greater than that for the polA1 allele [10]. We introduced 

an F plasmid bearing the polA+ gene into GM7649 and it was resistant to methyl methane 

sulfonate and formed Lac+ recombinants at the wildtype frequency (Fig. 2h). This 

complementation indicates that it is the polA mutation and not the suppressor mutation that 

causes recombination-deficiency and cisplatin sensitivity. These results indicate that spontaneous 

and cisplatin-induced Lac+ recombination requires the participation of DNA polymerase I.  
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3.5 priA mutants are recombination deficient 

 

PriA protein is required for the in vitro initiation of DNA replication of phage phiX174 where it 

functions with other primosomal proteins to facilitate the loading of DnaB, the replicative 

helicase [37]. Subsequently it was shown that although E. coli priA mutants are viable, they were 

sensitive to ultraviolet light, recombination-deficient and are induced for the SOS response [22]. 

Based on the finding that PriA can initiate primosome assembly on recombination intermediates, 

it is currently thought that PriA acts in replication restart at stalled or collapsed replication forks 

[23]. Like the polA deletion mutants, priA strains grow best on minimal rather than rich medium 

[22, 23].  We found that a priA deletion mutant was able to grow on MacConkey medium but 

failed to produce spontaneous or cisplatin induced Lac+ recombinants (data not shown). 

Increased sensitivity to cisplatin was evident from zones of clearing around the disks and this 

was confirmed by measuring survival in liquid medium (Fig. 3). The priA2 mutants are much 

more stable in an sfiA genetic background due to SOS induction [22, 23] and such a double 

mutant was used to measure survival as shown in Fig. 3. The sfiA mutation, however, imparts 

resistance to cisplatin (see below) and the survival of a strain with only priA2, therefore, would 

probably be much less than that for the double mutant shown in Fig. 3. 

 

3.6 recFOR and recJ mutants show decreased cisplatin-induced recombination 

 

In the absence of RecBCD, recombination in conjugal crosses relies on the RecF ensemble of 

proteins which include the products of the recF, recO, recR, recJ and recQ genes[16-18]. 

RecFOR proteins load RecA at gaps in DNA and RecJ is a 5' to 3' exonuclease. RecQ is a 
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helicase and the founding member of a family of helicases, some of which have been implicated 

in human disorders such as Bloom's and Werner's syndromes [38]. In the lac assay, the recF, 

recO, recR, and recJ mutants behaved identically including three different recF alleles: the 

insertion allele recF322::Tn3 and two deletions, recF::Tet and recF::Kan. In the standard assay, 

these mutant strains showed the normal level of spontaneous Lac+ recombinant formation but 

there was severely decreased cisplatin-induced recombination (Fig. 2i, j). Unlike the recFOR 

mutants, the recJ strain was resistant to the cytotoxic action of cisplatin (Fig. 2i, j). The 

magnitude of the reduction in drug-induced recombination varied from experiment to experiment 

in these RecF pathway mutants and in some cases very few drug-induced Lac+ colonies were 

observed. At present, we do not know the origin of this variability.  

 

3.7 Other mutant alleles 

 

We have tested mutant alleles of the following genes in the lac recombination assay: dam, fpg, 

lexA (Ind-), mutH, mutL, mutS, mutY, recD, recN, recQ, sbcDC, sfiA, ung, uvrA and uvrD. All 

were recombination proficient for spontaneous and induced Lac+ recombination at the wildtype 

level except for the dam strain where spontaneous Lac+ recombination was increased (data not 

shown). This result was expected as the lac assay was originally developed to select for mutants 

with a hyper-recombination phenotype among which were dam mutants [39]. The result for the 

uvrA6 mutant, as an example of this group, is shown in Fig. 2k. 

 

 

 

 13



3.8 The effect of trans-DDP 

 

We have tested the ability of trans-DDP to promote recombination on all the mutant strains 

described above at the same molar concentrations as cisplatin. In none of the strains was there a 

significant response and the results for two representative strains, the wildtype and uvrA6 mutant 

respectively, are shown in Figs. 2b,l. 

 

3.9 sfiA mutations increase resistance to cisplatin 

 

During the course of this work, we noticed that strains carrying mutations in sfiA were more 

resistant to the cytotoxic effect of cisplatin than the isogenic parent. The sfiA gene is transcribed 

as a member of the inducible SOS response and the gene product inhibits cell division leading to 

formation of long filaments [40]. To quantitate the cytotoxic effect we measured survival of the 

sfiA mutant and its otherwise isogenic wildtype strain in liquid medium (Fig. 3). The data 

confirm the results in the plate assay that sfiA confers resistance to cisplatin. We assume that the 

basis for this phenomenon in Sfi+ strains is "lethal filamentation" arising as a consequence of 

SOS induction provoked by cisplatin. Lethal filamentation was first described as a response to 

ultraviolet-irradiation in E. coli B [41]. 

 

3.10 recN and recQ mutations increase cisplatin sensitivity in a recBCD background 

 

The recQ gene encodes a helicase that functions with the RecF epistasis group gene products   

[16-18]. The function of the recN gene product is unknown but this gene is part of the SOS 
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regulon and highly expressed after DNA damage [16-18]. During the lac recombination studies 

with MacConkey plates we noticed that recBCD recN and recBCD recQ strains appeared to be 

more sensitive to cisplatin than recBCD bacteria. The data in Fig. 4 confirm that the same holds 

true in liquid media. We interpret these data as previously suggested for ultra-violet light induced 

damage; that is, in the absence of RecBCD, some of its functions are substituted for by RecQ and 

RecN [16]. RecQ might substitute for the helicase activity leaving exonuclease action or the 

prevention of RecA loading as possible functions for RecN. 

 

4. Discussion 

 

Classical studies of E. coli recombination have utilized conjugation and transduction in which 

fragments of double-stranded DNA are introduced into recipient cells [16-18]. In contrast, 

recombination in the lac system occurs in a covalently-closed circular molecule and double-

stranded ends need to be generated in order to initiate recombination. Additional or alternative 

genetic requirements in the lac assay are, therefore, expected compared to those for conjugation 

and transduction where the donor DNA is linear. The lac recombination assay was designed by 

Konrad [31] to isolate hyper-recombination mutants and he showed that mutations affecting 

DNA ligase, DNA polymerase I, UvrD helicase and deoxyuridine-triphosphatase stimulated 

recombination. Although the assay as used here is qualitative in its nature, it is sensitive enough 

to detect these hyper-recombination mutants and those with a recombination-deficiency. The 

inverse orientation of the lac operons on the chromosome predicts that inversions should be 

major recombination product. These have never been detected, suggesting that inversion of the 

chromosomal region between the lac operons is a lethal event.  
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We have shown that the following enzymes are needed for spontaneous gene conversion to 

occur: RecA, RecBC, RuvABC, PolA, and PriA (Table 2). The dependence on RecA was 

expected as both RecBC and RecF recombination pathways in E. coli require this protein. 

RecBCD acts on double-stranded ends suggesting that these are formed in the covalently-closed 

circular chromosome to initiate the recombination process. The involvement of PriA suggests 

that replication fork stalling or collapse may occur, and if so, fork regression could form the 

double-stranded ends required for RecBCD action (Fig. 5). Our results extend those of Zieg et al 

[42, 43] who found a dependence on RecA, RecBC, DNA ligase, the Rep helicase and LexA in 

the lac assay. The conflicting results with the lexA mutant may be due to different culture 

conditions or genetic backgrounds. 

 

The dependence of lac gene conversion on RuvABC and PolA contrasts with that for conjugal 

recombination. In the latter system, the polA deletion mutation has no measurable effect (data not 

shown) and ruvABC mutations have only a minor effect on conjugal recombination unless recG 

is also inactivated [35]. Clearly only RuvABC is required for lac gene conversion and RecG is 

not. The requirement for PolA probably indicates that DNA synthesis in the gene conversion 

event occurs over a short region(s) that is not a substrate for other polymerases. The latter 

conclusion is also based on the recombination proficiency phenotype of the lexA (Ind) mutant in 

which the genes for the translesion polymerases are repressed [40]. Furthermore, the polA cells 

surrounding the cisplatin-impregnated disks should be fully induced for the SOS response and 

expressing the SOS-dependent translesion polymerase genes including polB. The lack of a 

recombinational response under these conditions indicate that PolII cannot be involved although 
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polB mutants are sensitive to cisplatin [44]. Generally, polymerase action in recombination 

models is to extend the 3'-end of the invading strand at a D-loop and in DSB repair to extend the 

complementary strand as well [16-18]. Given that the processivity of PolI is about 25 nucleotides 

and that the minimal gap size for polymerase III holoenzyme action is about 500 nucleotides 

[45], it is reasonable to assume that the amount of DNA synthesis is less than 500 nucleotides per 

strand.  

 

The origin of spontaneous Lac+ recombinants is unknown. The genetic requirements described 

above suggest the occurrence of DSB repair associated with chromosome replication. About 

20% of replication forks in E. coli fail to reach their destination [46] and the stalling or collapse 

of these forks may lead to DSBs. Fork stalling or collapse could occur at various types of 

spontaneous DNA damage that, when processed, could initiate recombination. The wildtype 

level of Lac+ recombination in ung, fpg (mutM), and mutY mutant strains suggests that lesions 

recognized by the glycosylases encoded by these genes are not responsible, although we have not 

yet tested combinations of these mutations. The data in the Results section exclude contributions 

by NER, mismatch repair or SOS induction to the initiation of spontaneous recombination. 

 

In contrast to spontaneous Lac+ formation, cisplatin-induced recombination has a partial 

requirement for the RecF pathway of recombination in addition to RecBCD (Table 2). The 

contrasting results with cisplatin and trans-DDP indicate that dipurine intrastrand crosslinks are 

the most probable offending lesions stimulating recombination. That these adducts efficiently 

block progression of DNA polymerases and that Lac+ gene conversion requires PriA protein 

suggests that recombination initiation is dependent on DNA replication. This could occur either 
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by replication fork stalling at a cisplatin lesion in the leading strand followed by fork regression 

[20](Fig. 5) or daughter-strand gap repair [47] at a cisplatin lesion on the lagging strand (Fig. 6) 

or both. The requirement for both the RecBCD and RecF recombination pathways in cisplatin-

induced recombination is consistent with these possibilities and in each case, an increase in 

recombination is expected. The RecBCD pathway is used to overcome replication fork problems 

on the leading strand (Fig. 5) while the RecF pathway is used to repair gaps in the lagging strand 

(Fig. 6). Our previous results [14] showing a greater sensitivity to cisplatin of recBCD mutants 

than recFOR mutants is also consistent with this hypothesis.  However, the substantial reduction 

in recombination observed in the recFOR and recJ strains may indicate a role for these gene 

products in processing of blocked replication forks in addition to their role in gap repair. Indeed, 

Courcelle et al [25] have presented such evidence in the case of ultra-violet light-induced 

damage. An additional alternative is that certain cisplatin lesions in DNA require the 

simultaneous action of both recombination pathways as described for the repair of palindromes 

[48] and recombination of phage P22 transducing fragments [49]. 

 

The demonstration that regressed fork structures can be cleaved by RuvABC to produce double-

strand breaks [20] raises the question of how such breaks arise after cisplatin damage. At present 

we do not know if RuvABC cleavage of cisplatin-induced regressed forks occurs. Mutation in 

the ruv genes imparts a high degree of sensitivity to cisplatin [14] which reflects an essential role 

in recombinational repair but this does not exclude an additional role in cleavage of regressed 

forks. Alternatively, double-strand breaks could arise by collapse of replication forks 

encountering discontinuities in the DNA due to cisplatin adduct removal by NER [14]. We are 
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presently testing if, indeed, DSB formation occurs after cisplatin exposure and, if so, is it 

dependent on RuvABC and ongoing DNA replication. 

 

We have divided the mutant strains we have tested into six groups on the basis of sensitivity to 

cisplatin and recombination response (Table 2). There are three groups of specific interest of 

which the recFOR mutants were discussed above. The second group comprises the recJ mutant 

which, although in the RecF pathway, is distinguished by its relative resistance to cisplatin 

compared to recFOR mutants. This may be the result of multiple exonucleases in the cell that 

can substitute for each other. The third group includes uvrA, recG and lexA(Ind) which although 

sensitive to cisplatin show wildtype levels of  recombination. This suggests that their role is in 

repair and unrelated to recombination and is clearly the explanation for the uvrA and lexA(Ind) 

strains. The role of RecG may be in resolving stalled forks without breakage as proposed by 

McGlynn and Lloyd [50]. 

 

We have suggested previously [14] that cisplatin exposure leads to formation of both single-

strand gaps and double-strand breaks in DNA and that RecF and RecBCD recombination 

pathways respectively are required for tolerance of cisplatin adducts. It is possible that although 

the RecBC pathway is primarily responsible for repairing DSBs and eliciting recombination at 

specific adducts, occasionally the RecF pathway takes over this function in stressed cells at the 

same or different adducts which have not yet been acted upon by RecBCD. In this model, the 

amount of drug-induced recombination would reflect the combination from both pathways. That 

RecN (a member of the SMC family of proteins [51]) and RecQ are required for viability after 
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cisplatin challenge in recBC mutants (Fig. 4) supports this idea. The variability we found with 

the RecF pathway mutants can also be explained by this model.  
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Table 1 
 
E. coli K-12 strains used in this study 
 
Number     Description         Source of mutation/strain 
 
GM7330  F- ∆(lacY-lacZ)286 (φ80dII∆ lacZ9) ara thi (?)     E.B. Konrad 

GM7332  GM7330 ∆recG263::Kan Met¯         R.G. Lloyd 

GM7334  GM7330 recA56 srl300::Tn10 Met¯        A.J. Clark 

GM7340  GM7330 ruvC53 eda51::Tn10 Met¯        R.G. Lloyd 

GM7342  GM7330 ruvA60::Tn10           R.G. Lloyd 

GM7346  GM7330 ∆recBCD::Kan           K.C. Murphy 

GM7366  GM7330 recF322::Tn3 tna::Tn10        M.R. Volkert 

GM7368  GM7330 uvrA6 malE::Tn10          CGSCa 

GM7370  GM7330 mutS215::Tn10           Lab stock 

GM7372  GM7330 mutL218::Tn10           Lab stock 

GM7374  GM7330 dam-13::Tn9           Lab stock 

GM7378  GM7330 recR252::Tn10mKan         R.G. Lloyd 

GM7380  GM7330 recO1504::Tn5           R.G. Lloyd 

GM7382  GM7330 recJ284::Tn10           R.G. Lloyd 

GM7388  GM7330 recD1901::Tn10          D.P. Biek 

GM7390  GM7330 ∆ruvABC::Cam           R.G. Lloyd 

GM7394  GM7330 lexA3 mal::Tn9           D. Mount 

GM7517  GM7330 sfiA211             R. Woodgate 

GM7552  GM7330 ∆ mutH461::Cam          K.C. Murphy 

GM7555  GM7330 sfiA211 priA2::Kan          S. Sandler 
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GM7617  GM7330 ung-152::Tn10           B. Duncan 

GM7619  GM7330 mutM::Tn10           M. Volkert 

GM7645  GM7330 uvrD291::Tet           K. Murphy 

GM7647  GM7330 ∆polA::Kan            C. Joyce 

GM7649  GM7330 ∆polA::Kanb           Lab stock   

GM4286 GM7649 ∆polA::Kan /F-polA+ Cam        C. Joyce 

GM7653  GM7330 ∆recQ::Tet            A. Poteete 

GM7661  GM7330 ∆ (recA-srlR)306::Tn10        A.J. Clark 

GM7663  GM7330 ∆recN::Tet            A. Poteete 

GM7693  GM7330 ∆recBCD::Kan ∆recN::Tet        Lab stock 

GM7695  GM7330 ∆recBCD::Kan ∆recQ::Tet       Lab stock 

GM7721  GM7330 ∆mutY::Cam           M.R. Volkert 

GM7769  GM7330 ∆recF::Tet             K.C. Murphy 

GM7773  GM7330 ∆recF::Kan            A.R. Poteete 

GM7775  GM7330 dam-16::Kan           Lab stock 

GM8013  GM7330 ∆sbcDC::Tet           D.R.F. Leach 

GM8015  GM7330 ∆sbcDC::Kan           K.C. Murphy 

GM7590 F- thr-1 araC14 tsx-33 ∆ ( lac-pro)13 supE44(AS)     Lab stock 

   galK2(Oc) trpC83::Tn10 hisG4(Oc) rfbD1 mgl-51 

   rpsL31(StrR) kdgK51 xylA5 mtl-1 argE3(Oc) thi-1 

KS391  Hfr ∆(lacY-lacZ)286 (φ80dII∆ lacZ9) relA1 spoT1 thi-1   E.B. Konrad 
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---------------------------------------------------------------------------------------------------------------------

aCGSC, E. coli Genetic Stock Center, Biology Department, Yale University, New Haven CT 

06520-8103, USA 

bplus unidentified suppressor mutation allowing growth on rich medium 
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Table 2 
 
Summary of mutant responses to cisplatin exposure 
 

Recombination 
 Mutant strain 

Spontaneous Cisplatin-induced 

Sensitivity to 
cisplatin 
treatment 

recA 
recBC 
ruvABC 
recG ruvABC 
polA 
priA 
recN recBCD 
recQ recBCD 

 

 

– 

 

 

– 

 

 

+ 

recF 
recO  
recR 

 

 

 

+/– 

 

+ 

recJ + +/– – 

uvrA 
recG 
lexA (Ind–) 

+ + + 

dam + + +/– 

recD 
recN 
recQ 
mutH 
mutL 
mutS 
mutY 
sbcCD 
sfiA 
ung 
uvrD 

 

 

 

+ 

 

 

 

+ 

 

 

 

– 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A "+" sign under recombination  indicates a wildtype response and a "–" sign recombination-

deficiency. A "+/–" indicates a variable reduced response. In the last column a "+" sign indicates 

sensitivity to cisplatin and "–" resistance. The sensitivity of the dam mutant was not always 

obvious under the lac assay condition on plates although the strain is sensitive in liquid medium. 
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Figure legends 

 

Fig. 1. Recombination assay. Strain GM7330 contains two copies of the lac operon, each of 

which is inactive due to a deletion mutation. Cross-overs, as shown, can generate an active lac 

operon.  

 

Fig. 2. Lac+ recombination in wildtype and mutant derivatives of GM7330.  (a) Sporadic red 

spontaneous Lac+ recombinants uniformly cover the surface of the plate on a background of Lac 

colonies of the wildtype strain, GM7330. Four circular filter paper disks are present on the 

surface of the plates that contain increasing amounts of cisplatin in a counterclockwise direction. 

The disc at the top of the plate did not contain cisplatin. (b) The wildtype strain response to 

trans-DDP. (c) Recombination-deficiency of the ∆recA-srl strain, GM7661. (d) 

Complementation of recombination-deficiency in GM7661 by plasmid precA430. (e), (f), (g)  

Recombination-deficiency of strains GM7346 (∆recBCD), GM7390 (∆ruvABC) and GM7649 

(∆polA). (h) Complementation of GM7649 recombination-deficiency by F'-polA+ (i) Response of 

GM7769 (∆recF) (j) Response of GM7382 (recJ) (k) Response of GM7368 (uvrA6) (l) Response 

of GM7368 (uvrA6) to trans-DDP. 

 

Fig. 3. Survival of wildtype and mutant strains after exposure to cisplatin.  

 

Fig. 4. Survival of recN and recQ cells after cisplatin exposure. 
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Fig. 5.  Model for replication fork stalling and reversal at a cisplatin DNA adduct on the leading 

strand. The replication complex stalls at a cisplatin adduct leading to fork reversal. After adduct 

removal the double-stranded ends of the newly-synthesized strands become substrates for 

RecBCD. The regressed fork can isomerize as shown in the middle of the figure. If RecBCD 

encounters a Chi site during digestion, the pathway on the left of the figure is followed. If 

RecBCD does not encounter a Chi site, the sequence on the right side of the figure ensues. The 

replication complex is reloaded onto the restored fork by the PriA pathway enzymes. 

 

Fig. 6.  Model for recombinational repair of daughter-strand gaps. Daughter-strand gaps are 

formed after the replication complex encounters a cisplatin lesion on the lagging strand [47] and 

are repaired by the RecF pathway.  
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