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ABSTRACT 

The effect of nonhomologous DNA sequences at one or both sides of short 
genetic intervals on recombination within that interval was investigated, using 
an interplasmidic recombination system in Escherichia coli K-12. The recombin- 
ing plasmids were derivatives of pBR322 and pACYC184, which share a 1330- 
nucleotide sequence that includes the tet gene. The genetic interval was defined 
by the Hind111 and BamHI or BamHI and the SalI restriction endonuclease 
sites of this gene. The substantial differences between recombination frequen- 
cies measured within intervals bracketed or bounded on one side by major 
nonhomologies suggests that, in this system, strand exchange is polar and is 
blocked by major nonhomologies. This conclusion is substantiated by results 
of three-factor crosses and by structural analysis of recombination products. 
Results of two-factor crosses in recA genetic background and structural analysis 
of recombination products suggest that strand exchange occurs in the absence 
of a functional recA gene. “Opening” a bracketed BamHI-SalI genetic interval 
of the tet gene, at the SalI site, by substituting a major insertion with a short 
deletion, results in an increase in recombination frequency, within this genetic 
interval, which is greater than expected on the basis of the ratio of the length 
of homology on the two sides of the SalI site. This observation suggests that 
a genetic element that may affect rate of recombination initiation, polarity of 
strand exchange, template specificity in mismatch repair or more than one of 
these events may be present on the outer side of the SalI site of the tet gene. 

WO classes of genetic exchange occur during recombination of the break T and join type: A double-strand exchange, which contributes to recombi- 
nant formation between distal markers, and a single-strand exchange, which 
contributes to recombinant formation, mainly between close markers (AMATI 
and MESELSON 1965; MESELSON 1967; Fox 1978). A molecular mechanism 
that can lead to both classes of exchange would involve a reciprocal strand 
transfer between the recombining molecules and the subsequent migration of 
the branch point by a process of strand exchange (HOLLIDAY 1964). Hetero- 
duplex regions that are formed by the progress of strand exchange may be 
reduced to homoduplexes by mismatch repair activity or may give rise to two 
genetically distinct homoduplexes following DNA replication. (For review see 
RADDING 1978, 1982; DRESSLER and POTTER 1982.) 
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40 A. LABAN, Z. SILBERSTEIN AND A. COHEN 

We have investigated the effect of nonhomologous DNA sequences on re- 
combination in an interplasmidic recombination system. In this system, recom- 
bination takes place between two plasmids, each carrying a tet gene mutated 
at a different site, generating Tet' recombinants. Early experiments indicated 
that, when the mutations are major insertions or major deletions, all recom- 
bination products that confer tetracycline resistance are plasmid dimers, with 
one functional tet gene and one gene carrying both mutations (LABAN and 
COHEN 1981). On the other hand, when the mutations are short insertions, 
the distribution of recombination products suggests that most recombination 
events could have involved gene conversion (DOHERTY, MORRISON and KOLOD- 
NER 1983). In this study, we have extended these findings by constructing 
plasmids in which the region between the mutations is bounded on one side, 
or bracketed, by regions of nonhomology. The contribution of polar strand 
exchange to recombinant formation was estimated by determining the effect 
of the position and length of the nonhomologous region on recombination 
proficiency, as well as on the structure of recombination products. 

Although most general recombination systems absolutely depend on the recA 
activity (CLARK 1973), recombination between plasmids is observed in a recA 
background (LABAN and COHEN 1981; FISHEL, JAMES and KOLODNER 1981). 
Since recA activity catalyzes polar strand exchange in vitro (RADDING 1982), it 
was of interest to determine whether heteroduplex formation by strand ex- 
change contributes to recombinant formation in recA mutants. 

Our results suggest that, during recombination between plasmids, hetero- 
duplex formation by single-strand exchange contributes to recombinant for- 
mation in rec' and recA genetic background. Strand exchange is blocked in 
this system by major nonhomologies, and as a result, major nonhomologies are 
not included in heteroduplex regions. 

MATERIALS AND METHODS 

Bacteria and growth conditions: Recombination proficiencies were determined in Escherichia coli 
K-12-AB1157 (BACHMAN 1972) and in its recAl3 derivative JC2926 (BACHMAN 1972). DRlOO 
(LABAN and COHEN 1981) was used for analysis of recombination products as described. Bacteria 
were grown in LB medium (LENNOX 1955). Unless stated otherwise, bacteria harboring plasmids 
were grown in the presence of the appropriate antibiotics (20 rg/ml of tetracycline, 10 & n l  of 
chloramphenicol, 100 pg/ml of ampicillin). Dilution of bacteria for viable counts was in T M  buffer 
(10 mM Tris HCI, pH 7.4, 10 mM MgC12). 

Plasmids. Plasmids used as substrates of interplasmidic recombination are presented in Table 1. 
Short deletions at the HindIII, BamHI and Sal1 restriction endonuclease sites of the tet gene were 
introduced by S 1 nuclease digestion of the cohesive single-strand ends and subsequent ligation 
(LABAN and COHEN 198 1). Mutagenized plasmids were subjected to HaeIIl restriction endonuclease 
analysis to ensure that S1-induced deletions at restriction sites are short (do not exceed ten nu- 
cleotides). A short insertion at the Sal1 site (pAL248) was introduced by DNA polymerase 1- 
induced synthesis of the strand, complementing the cohesive single-strand end (FISHEL, JAMES and 
KOLODNER 1981). Longer insertions were introduced by ligating DNA fragments of X phage or 
of Streptomyces griseus plasmid pSGl to the appropriate restriction endonuclease sites. A 650- 
nucleotide BglII fragment of the X phage cII region (DANIELS and BLATTNER 1982) was inserted 
into the BamHI site of pBR322 to yield pAL234. The plasmid pAL237 was produced by insertion 
of 180-nucleotide Sau3A digestion products of this BglII fragment to the same site. The Sau3A 
insertion in pAL237 has an Hinfl restriction endonuclease site, 24 nucleotides downstream from 
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PLASMID RECOMBINATION 41 

TABLE 1 

Plasmids used 

Source of 
Plasmid Origin Resistance Mutation in tet gene insert" 

pALl10 pBR325 Amp 4 base pair (bp) deletions at HindIII and 

pAL231 pBR322 Amp 4 bp deletion at BamHI site 
pAL234 pBR322 Amp 650 bp insert at BamHI site X phage DNA 
pAL237 pBR322 Amp 180 bp insert at BamHI site X phage DNA 
pAL239 pBR322 Amp 24 bp insert at BamHI site X phage DNA 
pAL240 pACYC184 Cm 4 bp deletion at HindIII site 
pAL241 pACYC184 Cm 4 bp deletion at BamHI site 
pAL242 pACYC184 Cm 4 bp deletion at Sal1 site 
pAL246 pACYC184 Cm 1300 bp insert at Sal1 site pSGl plasmid 

pAL248 pACYC184 Cm 4 bp insert at Sal1 site 
pAL290 pACYC184 Cm 24 bp insert at BamHI site X phage DNA 
pAL291 pACYC184 Cm 650 bp insert at BamHI X phage DNA 

SalI sites 

DNA 

* For reference to specific fragment see MATERIALS AND METHODS. 

the Sau3A site on the tet gene. To construct a pBR322 derivative with a 24-nucleotide insertion 
in the BamHI site, pAL237 was digested with Hinff. The fragment containing the 24-nucleotide 
SauJA-HinfI sequence was isolated, and its single-strand ends were converted to blunt ends with 
DNA polymerase 1 .  pBR322 was cleaved with BamHI and was subsequently treated with SI 
nuclease to produce blunt ends. The cleaved plasmid and the Hinff fragment were then digested 
with EcoRI. The appropriate fragments were isolated and ligated to yield pAL239. A 1300- 
nucleotide fragment of pSGl was inserted into the SalI site of pACYC184 to yield pAL246. 
Plasmid purification, analysis by agarose gel electrophoresis and transformation have been de- 
scribed previously (COHEN et al. 1978). Crude plasmid preparations were obtained by the method 
of HOLMES and QUIGLEY (1981). 

Znterplasmidic recombination frequency: Recombinant frequencies were determined by scoring 
tetracycline-resistant cells in cultures harboring plasmidic recombination substrates, as described 
before (LABAN and COHEN 1981). Cells were transformed by a mixture of plasmid derivatives of 
pACYCl84, conferring chloramphenicol resistance, and of pBR322, conferring ampicillin resist- 
ance. Transformants, harboring both plasmids, were selected on LB plates supplemented with both 
ampicillin and chloramphenicol. Overnight cultures of isolated transformants were grown in the 
presence of chloramphenicol and ampicillin and then diluted to less than 100 cells/ml (less than 
one tetracycline-resistant cell/lO ml culture). These cultures were grown in the absence of anti- 
biotics, and samples were then diluted and plated on LB agar supplemented with appropriate 
antibiotic at cell concentrations of IO', 10' and IO9 cells/ml. Under such conditions the proportion 
of tetracycline-resistant cells in the culture does not change appreciably and is reproducible for a 
given strain (LABAN and COHEN 1981). Recombinant frequency is defined as the ratio of tetracy- 
cline-resistant cells to the number of cells in the culture. The relationship between recombinant 
frequency and recombination rate will be presented elsewhere (H. MARGALITH, unpublished result). 

Restriction endonuclease analysis of recombination products: Following recombination, tetracycline- 
resistant clones were selected on tetracycline LB agar plates. Plasmids with functional tet genes 
were then cloned by transforming recA DRlOO cells with crude plasmid preparations of the tet- 
racycline-resistant clones and selecting tetracycline-resistant DR 100 transformants (LABAN and 
COHEN 198 1). To minimize transformation with multiple plasmids, transformations were conducted 
under conditions of limiting DNA concentration. Crude plasmid preparations of DRlOO transform- 
ants were subjected to restriction endonuclease analysis with BamHI, SalI and PvuI endonucleases. 
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42 A. LABAN, Z. SILBERSTEIN AND A. COHEN 

a b c d e f g h i j k  

-dimer 

- pAL234 
- pAL242 

FIGURE 1 .-Restriction endonuclease analysis of recombination products of pAL234 X pAL242 
cross in AB1 157 cells. Plasmid preparations of tetracycline-resistant AB1 157 clones were used to 
transform DR 100 cells. Plasmid preparations of tetracycline-resistant DR 100 transformants were 
then subjected to restriction endonuclease digestion and agarose gel electrophoresis. Lanes a, d 
and g are h I  digestion products; lanes b, e and h are BamHI digestion products; lanes c, f and 
e are Sal1 digestion products. Digestion products presented in lanes a, b and c are of a dimer with 
one functional tet gene and one gene carrying both mutations. Lanes d, e and f, a dimer with one 
BumHl site and two Sal1 sites; lanes g, h and i, a pACYC184 monomer. pAL234 and pAL242 
plasmids, linearized by EcoRI digestion, are presented as size standards in lanes j and k. pACYC184 
DNA is resistant to h I  digestion; therefore, the band visible in lane g represents supercoiled 
pACYC184 monomer. 

Since pBR322 (BOLIVAR et al. 1977) but not pACYC184 (CHANC and &HEN 1978) has a h I  
site, digestion with this enzyme allows discrimination between monomers and dimers. A repre- 
sentative example of restriction endonuclease analysis of three different recombination products is 
presented in Figure 1. 

RESULTS 

Two-factor crosses: If the average length of the path of migration of a branch 
point is much longer than an interval defined by genetic markers, most recom- 
bination events within that interval would have initiated outside of it. In such 
a case, blocking branch migration at the border of the interval should lead to 
a decrease in the number of recombination events within that interval. There- 
fore, if major nonhomologies block strand exchange, one would predict that 
bracketing a short region with nonhomologous sequences should reduce the 
frequency of recombinants. To test this prediction, interplasmidic recombina- 
tion frequencies between plasmids carrying mutations at  the HindIII, BamHI 
and Sal1 sites of the tet gene were determined and the effect of bracketing the 
genetic interval by nonhomologous DNA inserts upon recombination fre- 
quency within the interval was measured (Table 2). 
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TABLE 2 

Results of two factor crosses 

Recombinant frequency 
(Tet‘ cells/Ap’ Cm’ cells) Recombinant plasmids 

Transformed 
units 

Arithmetic Log 
Hind111 EamHI Sal1 n mean mean kg Range 

23 1.9 X -3.88 0.41 5.0 X 10-5-3.4 X 
p A L 2 3 4 u -  

p A L 2 4 0  A 

pA L 2 3 7- - 
p A L 2 4 0 ~  A - 
p A L 2  39- - 
p A L 2 4 0  A 

\ 
1 

12 2.2 X -3.60 0.08 2.1 X 10-4-3.0 X IOw4 \ 

22 1.7 X lo-’ -2.82 0.24 8.8 X 10-4-2.6 X IO-’ \ 

p A L 2 3 l  ’ 
p A L 2 4 0  A 

pA L 2 314- - 
p A L 2 4 2  ‘ c 

p A L 2 3 7 --A - 
p A L 2 4 2  ’ 

pA L 2 39-- 

p A L 2 4 2  ’ 

.L 6 

\ 14 2.0 X lo-’ -2.81 0.48 5.1 X 10-4-4.6 X lo-’ 
I 

23 3.8 X lo-’ -2.50 0.3 1.6 X 10-’-6.3 X lo-’ 1 

1 7 2.4 X IO-’ -2.71 0.31 1.0 X 10-’-3.9 X IO-’ 

24 1.8 X lo-’ -2.42 0.43 1.4 X lO-’-l.O X IO-‘ 1 

A I p A L 2 3 I  ’ - 
9 1.0 X IO-’ -3.04 0.47 3.0 X 10-4-2.7 X IO-’ 

1 A -  

/ 
p A L 2 4 2  

PAL 2 34- - 
pA L 2 468- - 7 4.0 X -4.52 0.29 1.6 X 10-6-5.9 X / 

* 1 p A L 2 3 1  ’ - 
/ 5 9.0 X -4.05 0.05 7.8 X 10-5-9.9 X 

PAL 2 461- - 
Crosses were performed in rec+ (AB1 157) cells between plasmids carrying SI nuclease-induced 

deletions (*) or insertions w) of various lengths at the indicated restriction endonuclease sites. 
Heavy lines represent region of nonhomologies. Because of the marked positive skew in the 
distribution of the original measurements, the data were transformed to a logarithmic scale before 
means and standard deviation (SD) were calculated. The last column on the right contains the 
range in original units between 1 SD below this mean and 1 SD above. 
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The recombining plasmids are derivatives of pBR322 and pACYC184. 
These two plasmids share a sequence of about 1.3 kb, which is bounded at 
one side by the EcoRI site of pBR322. The three markers (the HindIII, BamHI 
and SalI restriction sites) are located 29, 375 and 650 nucleotides away from 
this end of the homology (SUTCLIFFE 1978). When recombination takes place 
between two plasmids, one having a short deletion at the HindIII site and the 
other a short deletion at the BamHI site (pAL240 X pAL231), the frequency 
of Tet' recombinants is 2 X If the short deletion at the BamHI site is 
substituted by an insertion of 650 nucleotides (pAL240 X pAL234), recombi- 
nant frequency within the BamHI-Hind111 interval decreases tenfold, to give 
levels comparable with the ones obtained between a major insertion at the 
HindIII site and a major deletion at the BamHI site (LABAN and COHEN 1981). 
These results suggest that the large nonhomologous insert may block strand 
exchange into the genetic interval. Although reduction of the size of the 
nonhomologous sequence at the BamHI site to 180 nucleotides (pAL240 X 
pAL237) has no effect on recombinant frequency, its reduction to a length of 
24 nucleotides (pAL240 X pAL239) brings recombinant frequency to a level 
close to that observed when a short deletion mutates the BamHI site. 

Results of recombination in the BamHI-Sal1 interval are consistent with the 
results at the HindIII-BamHI interval. When both sites are mutated by major 
insertions (pAL234 X pAL246), the recombinant frequency of 4 X is 
determined. When a short deletion substitutes for the insertion at the BamHI 
site (pAL231 X pAL246), little or no increase in recombinant frequency is 
observed. On the other hand, substitution of the insertion at the SalI site with 
a short deletion (pAL234 X pAL242) increases recombinant frequency 90- 
fold. All of these results suggest that, under these conditions, the majority of 
the recombination events within the BamHI-Sal1 interval, which result in a 
functional tet gene, were initiated on the outer side of the SalI site and that 
major insertions block strand exchange. 

Three-fuctor crosses: In a three-factor cross, the inclusion of the central 
marker in a heteroduplex leads to a high negative interference (AMATI and 
MESELSON 1965). Therefore, such crosses can be used to determine whether 
an insert of a given length at the central marker blocks branch migration 
(LICHTEN and FOX 1983; MAKIN, SZYBALSKI and BLATTNER 1982). 

Derivatives of pBR325 (BOLIVAR 1978), carrying an S1 nuclease-induced 
deletion at both the Hind111 and SalI sites, were cotransformed with derivatives 
of pACYC 184, carrying either S 1 nuclease-induced deletions or insertions of 
various lengths at the BamHI site, into AB1 157 cells. Recombinant frequencies 
were determined for the three-factor crosses as well as for the independent 
two-factor crosses, and the high negative interference (HNI) value was calcu- 
lated (Table 3). When the mutation at the central marker is a short deletion 
(PAL1 10 X pAL241) or a 24-nucleotide insertion (PAL1 10 X pAL290), HNI 
values are obtained, suggesting that the central marker is included in the 
heteroduplex region. On the other hand, when an insertion of 650 nucleotides 
is present at the central marker (PAL110 X pAL291), HNI values are low, 
suggesting that the central marker is not included in the heteroduplex region. 
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TABLE 3 

Results of three-factor crosses 

Hindlll BamHI Sal1 
1 

n n 

7- 
a bL 

Two-factor crosses Three-factor HNI value: crosses Recombining plasmids 
f(Wf(4 x 

Hind111 BamHI SalI f(4 f(b) fbb) f(b) 

p a t  IO- I 
> 

J- '7- 6.0 x 2.0 x 10-3 4.0 x 10-4 33.3 

pAL241 - A. I 

pALl 10- * 
pAL290 - ' 

I .1- 

J 1 3.4 x 10-3  3.6 x 10-3 2.2 x 10-4 18.5 
I a 

d 

pALl I O  - 5 

pAL291- ' 

* - 1 1 6.0 x 10-4 2.0 x 10-3  2.6 x 10-6 2.2 
I 1 

Two- and three-factor crosses were performed in rec+ (AB1 157) cells. Recombinant frequencies 
(Tet' cells/Ap'Cm' cells) and HNI values were determined. f(x) is twice the recombinant frequency 
in cross x; mutation designations are as in Table 2. 

These results are in agreement with the conclusion of the two-factor crosses, 
which indicates that in the interplasmidic recombination system, major non- 
homologies block strand exchange and, therefore, are not included in heter- 
oduplex regions. 

The structure of recombination products: When a genetic interval within the tet 
gene is bracketed by a major deletion and a major insertion, interplasmidic 
recombination products that confer tetracycline resistance are dimers, with one 
functional tet gene and one gene carrying both mutations. This observation 
suggests that recombination took place by a reciprocal double-strand exchange 
between the mutations (LABAN and COHEN 1981). If one or both mutations 
are part of the heteroduplex region, one may expect that mismatch repair and 
resolution of the Holliday recombination intermediate would lead to the for- 
mation of additional products conferring tetracycline resistance, including 
monomers, dimers with two functional tet genes, as well as dimers with one 
functional gene and one gene carrying one of the two mutations (see Figure 
2a). 

Following crosses of plasmids carrying mutations at the BamHI and SalI 
restriction sites, plasmids that confer tetracycline resistance were subjected to 
restriction endonuclease analysis by the appropriate enzymes. Results of these 
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A 8 C 

FIGURE 2.-The production of recombinants with a functional tet gene following recombination 
of plasmids carrying mutations at the BamHI and Sal1 restriction endonuclease sites. a, A strand 
transfer on the outer side of the SalI site and branch migration across the BamHI-Sal1 genetic 
interval. Resolution of recombination intermediate junction between the two markers, or beyond 
the BamHl site, leads to the formation of heteroduplex regions at either or both sides, respectively. 
Mismatch repair or replication at these sites may yield functional tetracycline resistance genes. 
Heavy lines represent regions of nonhomology; B and S represent BamHI and Sal1 sites, respec- 
tively. Possible planes of endonucleolitic resolution that lead to formation of functional tet genes 
are indicated. b, Linear representation of crosses within the BamHI-Sal1 interval when this interval 
is bracketed with major nonhomologies at both sites (A), bounded by major nonhomology at the 
BamHI site (B) or having mutations that do not interfere with strand exchange, at both sites (C). 

analyses facilitate classification of the plasmids to dimers and monomers and 
further classification of the dimers with respect to the repaired restriction sites 
on the nonselected tet gene. Thus, dimers may contain only one functional 
gene and one tet gene with both mutations (BamHI- SaZI-), two functional 
genes ( B a m H P  S a W )  or one functional gene and one gene with either restric- 
tion endonuclease site repaired (BamHI- SalI+ or BamHI+ SaZI-) (Table 4). 

Following recombination within an interval, bracketed by major nonho- 
mologous insertions (pAL234 X pAL246), all products are dimers with one 
functional tet gene and one gene carrying both mutations. This observation is 
consistent with the proposal that in this case recombinants conferring tetracy- 
cline resistance are a result of a reciprocal double-strand crossover between 
the mutated sites. When both mutations are short deletions (pAL231 X 
pAL242), all expected classes of recombination products are presented. The 
distribution of the dimeric products between the four classes indicates major 
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TABLE 4 

Recombination products of two factor crosses 

Dimers Monomers 
Recombining plasmids Repaired sites on the nonselected tet gene resistance 

BamHI Sal1 BamHl SalI BamHI Sal1 BamHl Sal1 
Hind111 BamHI Sal1 + + + - - + - - Cam Amp la 

pAL23 I _I- 

PA L242 - - / 0.04 0.03 0.38 0.17 0.37 0.01 568 

m 
pA L2 31,- - 
pAL242-- 

/ 0 0 0.48 0.21 0.31 0 168 

- 
pAL234 ' I 

1 0 0 0 1.00 0 0 67 
PA L2 46- - 

n 

Recombinations were in rec' (AB1 157) cells. Recombination products conferring tetracycline 
resistance were isolated as described, and the structure of the nonselected tet gene in dimers was 
determined by restriction endonuclease analysis. Phenotypic expression of monomers was deter- 
mined by plating tetracycline-resistant DRI 00 transformants on LB agar, supplemented with chlor- 
amphenicol or ampicillin. Cited values represent fractions of total number of analyzed plasmids. 

differences between conversion frequencies at the BamHI and at the SalI sites, 
on the nonselected tet gene. Sixty-eight percent of the dimers have two SalI 
sites, as compared with only 11% that have two BamHI sites. An even stronger 
preference for the wild-type allele is observed when the mutation at the Sal1 
site is a four-nucleotide insertion and the mutation at the BamHI site is a major 
insertion (pAL248 X pAL234). In this case 94% of the dimers have two SalI 
sites (data not shown). A high incidence of conversion of the SalI mutation on 
the nonselected tet gene is also observed when a plasmid having a short deletion 
at this site is crossed with a plasmid with a major insertion at the BamHI site 
(pAL234 X pAL242). In this cross no conversion of the BamHI site of the 
nonselected tet gene is observed. The absence of repair at the BamHI site, in 
the pAL234 X pAL242 cross, is consistent with the proposal that strand ex- 
change is blocked by major nonhomologies and, therefore, major insertions 
are not included in the heteroduplex region. 

Each of the recombining plasmids has a mutated tet gene and an additional 
antibiotic resistance marker (Cam in pACYC184 and Amp in pBR322). There- 
fore, it was possible to determine the origin of the monomeric recombination 
products by assaying for their Camr or Amp' phenotype. 

All monomers in the pAL234 X pAL242 cross and most monomers in the 
pAL231 X pAL242 cross carried the same antibiotic resistance marker as the 
recombining plasmid with the mutation at the Sal1 site (pAL242). 

Recombination in recA genetic background: In vitro, recA protein promotes the 
formation of a heteroduplex DNA region by catalyzing polar strand exchange. 
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TABLE 5 

Recombinant frequency in recA mutants 

Recombining plasmids Recombinant frequency (Tet' cells/Ap'Cm' cells) 

Transformed 
units 

Arithmetic Log Log 
Hind111 BamHI Sal1 n mean mean SD Range 

23 2.0 x 10-6 -5.67 0.57 7.3 x 10-7-1.0 x 10-5 
PAL 2 3 4- - 
pAL242 ' 

PAL 2 3 4 1  - 
PAL 2 46,- - 

1 .I. 

J- 

6 4.0 X lo-' -6.31 0.17 3.3 X 10-7-7.3 X / 

Recombinant frequencies were determined for the indicated crosses in recA (JC2926) cells. 
Mutation and statistical analysis designations are as described in legend to Table 2. 

T o  determine whether in vivo strand exchange is recA dependent, recombina- 
tion proficiencies in recA mutants were calculated for genetic intervals, 
bounded at one side or bracketed by major nonhomologies (Table 5). In 
addition, recombination products, conferring tetracycline resistance, were sub- 
jected to restriction endonuclease analysis, to determine whether the corre- 
sponding restriction endonuclease sites were included in the heteroduplex re- 
gion (Table 6). 

When recombination takes place within the BamHI-Sal1 interval in the tet 
gene bracketed by two major insertions (pAL234 X pAL246), in a recA genetic 
background, recombinant frequency of 4 X lo-' was obtained. When the 
nonhomologous insert at the SalI site is substituted by a short deletion 
(pAL234 X pAL242), a small but significant (P = 0.01-0.05) increase in re- 
combinant frequency was observed, thus suggesting that the removal of a 
major nonhomology allows migration of the branch point into the SalI-BamHI 
genetic interval through the SalI site. The difference in recombinant frequency 
between the two crosses in recA cells (fivefold) is much smaller than that ob- 
served in a rec+ genetic background (90-fold). 

The suggestion that branch migration does take place in a recA genetic 
background is further substantiated by the results of restriction endonuclease 
analysis of the recombination products (Table 6). Although all dimers confer- 
ring tetracycline resistance of the pAL234 X pAL242 cross have only one 
BamHI site, most plasmids have two SalI sites, suggesting that the SalI site was 
included in a heteroduplex region. 

Unexpectedly, in recA cells, all recombination products conferring tetracy- 
cline resistance were dimers. This observation was confirmed by analyzing 
phenotypic expression of recombination products: following recombination of 
pAL234 and pAL242 in recA host bacteria (JC2926), a pooled plasmid prep- 
aration of more than 1000 independent tetracycline-resistant clones was used 
to transform DR 100 cells. Four hundred tetracycline-resistant DR 100 trans- 
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TABLE 6 

Recombination products in recA mutants 
~~~~ ~ 

Dimers Monomers n 

Recombining plasmids Repaired sites on the nonselected tet gene 

BamHI SalI BamHI SalI BamHI SalI BamHI SalI 
Hind111 BamHI SalI i i i - -  i - -  

p A L 2 3 L ; a -  
0.57 0.43 0 67 /- 0 0 

Recombination products of interplasmidic cross in recA (JC2926) cells were isolated, and the 
structure of the nonselected tet gene was determined by restriction endonuclease analysis as de- 
scribed in legend to Table 4. 

formants were selected and analyzed for ampicillin and chloramphenicol re- 
sistance. All transformants were resistant to all three antibiotics. This result 
suggests that all recombination products conferring tetracycline resistance are 
dimers of pBR322 and pACYC184 derivatives. 

DISCUSSION 

Results of two-factor and three-factor crosses, as well as structural analysis 
of recombination products, indicate that, in this system, major nonhomologies 
are not included in the heteroduplex region. An alternative interpretation of 
some of the results would be that heteroduplexes that include major nonhom- 
ologies are formed in this system but are not converted to homoduplexes 
carrying the wild-type allele of the mutations. The observation that major 
nonhomologies reduce recombinant frequency in an interval, only when in- 
serted between the interval and an extended region of homology, is in agree- 
ment with the first alternative. In crosses between different plasmids a major 
insertion at the SalI site of the tet gene markedly reduces recombination fre- 
quencies between mutations at the BamHI and SalI sites, respectively, but a 
major insertion at the BamHI site does not. Likewise, major insertions of the 
BamHI site decrease recombination frequencies in the HindIII-BamHI genetic 
interval (Table 2). These results are consistent with the proposal that most 
recombination events at the BamHI-Sal1 or HindIII-BamHI interval result from 
a migration of a branch point from outside of the defined genetic interval in 
the direction SalI + HindIII and that this migration is blocked by major 
nonhomologies. 

The observation that monomers with functional tet genes are not formed 
when recombination occurs in an interval bracketed by major nonhomologies 
(LABAN and COHEN 1981 and this paper) further substantiates this proposal. 
Migration of a branch point across one of the two mutated sites, which define 
a gentic interval, results in the formation of an intermediate having a hetero- 
duplex encompassing one of the mutated sites (Figure 2a). Such an interme- 
diate may be processed by mismatch repair or by replication to form a dimer 
or a monomer carrying the wild-type allele of both mutations. The absence of 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/108/1/39/6097480 by guest on 25 M

ay 2023



50 A. LABAN, 2. SILBERSTEIN AND A. COHEN 

monomeric products with a functional tet' gene from crosses in which the test 
intervals are bracketed by major nonhomologies suggests that, in this system, 
nonhomologies larger than several hundred nucleotides are not included in a 
heteroduplex region. 

The size of the BamHI-Sal1 interval is 275 nucleotides (SUTCLIFFE 1978). In 
the pBR322 and pACYC184 recombination system, the length of the interval 
between the SalI site and the end of the homology is about 700 nucleotides. 
If recombination events are initiated randomly along the homologous se- 
quences and branch points migrate at equal probability to both sides, one 
would expect that, in this system, substituting a short deletion for a major 
insertion at the SalI site would lead to a minor increase in recombinant fre- 
quency. The unexpectedly large difference (90-fold) in recombination profi- 
ciency between the pAL234 X pAL242 cross and the pAL234 X pAL246 cross 
suggests that recombination events are not initiated randomly along this ho- 
mologous sequence and a genetic element that affects recombination initiation, 
polarity of strand exchange, template specificity in mismatch repair or more 
than one of these processes may be present on the outer side of the SalI pole 
of the interval. The presence of a recombinogenic element in the tet gene has 
been suggested by JAMES, MORRISON and KOLODNER (1983). 
In vitro, recA protein activity promotes polar strand exchange (Cox and 

LEHMAN 198 1 ; WEST, CASSUTO and HOWARD-FLANDERS 198 1 ; DASGUPTA and 
RADDING 1982). Structural analysis of recombination products formed in a 
recA genetic background (Table 6) indicates that in this system strand exchange 
takes place in the absence of recA functional products. The small difference 
between recombination proficiency in pAL234 X pAL242 and pAL234 X 
pAL246 crosses in recA genetic background (Table 5) as compared with the 
differences between recombination proficiencies of the same crosses in a recA+ 
genetic background (Table 2) suggests that polarity of strand exchange may 
depend on recA activity. An alternative explanation for this difference would 
be that the activity of the putative recombinogenic element mentioned earlier 
is recA dependent. 

Figure 2 represents proposed recombination reactions between plasmids, mu- 
tated at the BamHI and SalI restriction endonuclease sites, which result in 
reconstruction of a functional tet gene. Bracketing the BamHI-Sal1 interval by 
major nonhomologies limits the reaction that promotes the formation of a 
functional tet gene to double-strand exchange between the two sites (A). The 
only products of this reaction are dimers with one BamHI and one SalI re- 
striction site. Substituting the insertion at the SalI site with a short deletion 
(B) allows migration of branch points into the interval. Since branch migration 
is polar, these branch points resolve within the interval, leading to the for- 
mation of two tet genes with heteroduplex regions at the SalI site, one of 
which has an insert and the other a wild-type allele at the BamHI site. Mismatch 
repair at the SalI site or replication may result in the formation of functional 
tet gene. Short nonhomologies at both sites (C) permit branch migration across 
the interval, resulting in the formation of heteroduplex regions at both restric- 
tion sites. Independent mismatch repair of both sites on the same gene may 
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result in a functional tet gene. However, corepair at both sites or replication 
would not lead to the formation of a functional tet gene. Thus, if independent 
repair occurs at low frequency due to the relatively long mismatch repair tracts 
(WAGNER and MESELSON 1976), in most instances, recombination products with 
functional tet gene will be formed according to scheme B rather than C. This 
proposal is consistent with the observation that, in the pAL231 X pAL242 
cross, most monomeric products with a functional tet gene are derivatives of 
the plasmid with the mutation at the SalI site and that, in dimer recombination 
products, the incidence of conversion at the SalI site of the nonselected tet 
gene is exceedingly higher than that at the BamHI site (Table 4). The high 
incidence of conversion at the SalI site may also suggest the possibility of 
asymmetric strand transfer across this mutation site (MESELSON and RADDING 
1975). Some events of independent repair appear to take place, as suggested 
by the presence of heterodimers with two functional tet genes (Table 4). Short 
patch repair which leads to independent repair of very close markers has been 
recently reported in bacteriophage-X crosses (LIEB 1983). 

We thank EDWARD B. GOLDBERG, YEHESKEL S. HALPERN and JOSEPH SHLOMAI for their critical 
review of this manuscript, NORMAN B. GROVER for help in statistical analysis and ALVIN J. CLARK 
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