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Cultured animal cells rearrange foreign DNA very efficiently by homologous recombination. The individual
steps that constitute the mechanism(s) of homologous recombination in transfected DNA are as yet undefined.
In this study, we examined the topological requirements by using the genome of simian virus 40 (SV40) as a
probe. By assaying homologous recombination between defective SV40 genomes after transfection into CV1
monkey cells, we showed that (i) linear molecules are preferred substrates for homologous exchanges, (ii)
exchanges are distributed around the SV40 genome, and (iii) the frequency of exchange is not diminished
significantly by the presence of short stretches of non-SV40 DNA at the ends. These observations are considered
in relation to current models of homologous recombination in mammalian cells, and a new model is proposed.
The function of somatic cell recombination is discussed.

Homology-dependent recombination events are com-
monly observed between DNA molecules introduced into
animal cells in culture. These events have been detected in
primate (8, 13, 24a, 25, 27, 30, 33-37), rodent (3a, 4a, 5, 8, 11,
14, 24, 28, 28), and avian cells (3, 17) by assaying the
cell-mediated reconstruction of selectable genes or viral
genomes from defective input molecules. Both methods
apparently detect the same events, since transfections of
viral genomes and selectable genes have yielded similar
results. Furthermore, the general characteristics of the re-
combination events appear to be the same regardless of the
way the foreign DNA is introduced, be it by microinjection
(4a, 5), protoplast fusion (24, 27), or transfection mediated
by DEAE-dextran (24a, 25, 30, 33, 34, 36, 37) or calcium
phosphate (3, 3a, 8, 11, 13, 14, 17, 28, 29, 35). Taken
together, these observations suggest that the enzymes re-
sponsible for homologous recombination are normal compo-
nents of animal cells.
The mechanism(s) by which cellular enzymes accomplish

homologous exchange is not yet clear. However, homolo-
gous recombination in animal cells is stimulated when de-
fined double-strand breaks are introduced into the
transfected DNA in vitro (3a, 4a, 8, 11). Similar double-
strand breaks are introduced naturally into transfected DNA
in vivo. In genetic studies designed to assess physical (38)
and mutagenic (2, 5, 10, 22, 23, 26) damage to transfected
DNA molecules that reach the nucleus, apparent double-
strand breaks and their presumed consequence, deletion
mutations, were detected at high frequencies. The cellular
location at which transfected DNA is broken is not yet
defined; however, several observations indicate that breaks
can occur in the nucleus (2, 7, 10; X. B. Chang and J. H.
Wilson, manuscript in preparation). The possibility that
double-strand breaks are a required step in the mechanism
led us to examine the topological requirements for homolo-
gous recombination in transfected DNA. Here, we demon-
strate that linear molecules are preferred substrates for
homologous recombination between transfected simian virus
40 (SV40) genomes.
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MATERIALS AND METHODS

Cells and viruses. Procedures for growth of the established
monkey kidney CV1 cell line have been described previously
(39, 42). The temperature-sensitive mutants of SV40 were
obtained from P. Tegtmeyer and R. Martin. The map
positions of the ts mutations and the restriction sites used in
this study are shown in Fig. 1.
DNA preparation. SV40 DNA and plasmid DNA were

prepared as described previously (6, 38). All SV40 and
plasmid DNA preparations were labeled in vivo with
[3H]thymidine (New England Nuclear Corp.). Specific activ-
ities were determined and used to adjust DNA concentra-
tions as appropriate for each experiment.
DNA transfections. DNA transfections were performed

essentially by the method of McCutchen and Pagano (16)
with DEAE-dextran (molecular weight, 500,000; Pharmacia
Fine Chemicals, Inc.) at 500 ,ug/ml in a volume of 0.3 ml. All
DNA plaque assays were carried out on 60-mm plastic petri
plates that contained freshly confluent or slightly subconflu-
ent cell monolayers as described previously (40). After
transfection, the monolayers were overlaid with agar and
incubated at the appropriate temperature as in a standard
plaque assay.

Recombination assays. Wild-type recombinants were de-
tected by transfecting mixtures of ts mutants into CV1 cells
and assaying directly at the nonpermissive temperature
(41°C). In previous studies, we have demonstrated that this
procedure is equivalent to the more standard method of
scoring wild-type recombinants among the progeny virus
generated at the permissive temperature (46, 47). The agree-
ment between these two methods supports the argument that
recombinants are generated before replication begins; the
results in this paper offer further support.

Molecular cloning. Restriction enzymes, T4 DNA ligase,
and DNase I were purchased from Bethesda Research
Laboratories, New England Biolabs, or Boehringer Mann-
heim Biochemicals and used as recommended by the sup-
plier. Nicked circular DNAs were prepared by digestion of
closed circular DNA with DNase I in the presence of
ethidium bromide (20). The ethidium was then removed by
extraction with isoamyl alcohol. All molecular clonings were
performed by standard procedures (12). SV40 mutant tsA7
was cloned in both orientations through its BamHI site into
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FIG. 1. Locations of mutations and restriction sites. The loca-

tions of restriction sites BamHI (B), TaqI ( T), KpnI (K), and HpaII
(H) are given as their fractional genome length as measured from the
EcoRI site at 0/1 (32). The location of each mutation is given as the
midpoint of the restriction fragment to which it has been mapped (9);
for tsA7, the midpoint of the segment defined by the PstI site at
nucleotide position 3204 and the C terminus of the T antigen was
used (J. H. Wilson, unpublished data).

the BamHI site of pBR322 to create the chimeric plasmids
pFV17 and pFV22. SV40 mutant tsA30 was cloned in one
orientation through its TaqI site into the ClaI site of pBR322
to create the chimeric plasmid pFV4.

RESULTS
Transfection with linear genomes. Recombination between

transfected linear SV40 genomes could occur before or after
circularization, since transfected linear molecules are circu-
larized efficiently in monkey cells (38). To identify the
topological form of DNA active in recombination, we com-
pared the number of wild-type recombinants produced in
crosses between aligned linear genomes (Fig. 2) and offset
linear genomes (Fig. 3). In both types of cross, the parental
genomes were marked with temperature-sensitive mutations
so that wild-type recombinants could be selectively assayed
at the nonpermissive temperature. If circularization pre-
ceded recombination, the position at which the genomes
were linearized should not affect production of wild-type
recombinants because any initial differences would be elim-
inated by circularization. On the other hand, if recombina-
tion preceded circularization, the production of wild-type
recombinants should depend in a predictable fashion on the
way the input genomes were linearized.
The predicted outcomes for recombination between

aligned linear genomes, which were cleaved with the same
restriction enzyme, are illustrated schematically in Fig. 2.
Because the SV40 genome is circular, the size of the target
(7) in which a crossover could produce a wild-type recom-
binant depends on whether the genomes are linearized
outside or between the markers. If recombination occurred
between linear molecules, the difference in target size should
be reflected in the number of wild-type recombinants. The
results from these transfections are shown in Table 1.
Although the numbers of recombinants were small, they
correlated with the size of the target on the linear genomes,
suggesting that recombination occurred preferentially be-
tween linear molecules.

To extend this observation, we compared the number of
wild-type recombinants produced by recombination between
offset genomes, which had been linearized with different
restriction enzymes. If offset genomes recombined as linear
genomes, there should be substantially more wild-type re-
combinants produced in one cross (designated a type I cross)
than in the other (designated a type II cross) (Fig. 3). The
results from these transfections are shown in Table 2.
Crosses 1 and 2 involved aligned linear genomes like those
shown in Table 1 and yielded similarly low numbers of
wild-type recombinants. Crosses 3 and 4 involved offset
linear genomes and, as expected, when recombination oc-
curred between linear genomes, the type I cross (cross 3)
produced many more wild-type recombinants than did the
type II cross (cross 4). These results, like those in Table 1,
indicate that input linear genomes recombine as linear
genomes, not as circular ones.

Transfections with circular and linear genomes. Another
way to assess the topological requirements for recombina-
tion is to compare the numbers of wild-type recombinants
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FIG. 2. Recombination between aligned linear genomes. This
figure illustrates the predicted outcomes of homologous recombina-
tion between tsB228 and tsBll linear genomes. Cleavage of both
genomes outside the markers, for example, at the TaqI site, leaves
a small target (7) in which an exchange could link the wild-type
markers, whereas cleavage between the markers at the EcoRI site
leaves a large target. Since recombination events are distributed
throughout the genome (28. 37) (Fig. 4), the cross witn the larger
target should produce the greater number of wild-type recombi-
nants. For clarity, only the wild-type products of recombination are
shown; some experiments indicate that homologous recombination
in transfected DNA is nonconservative, as described in the text.
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FIG. 3. Recombination between offset linear genomes. This
figure illustrates the predicted outcomes of homologous recombina-
tion between tsA7 and tsA30 linear genomes. Cleavage of tsA7 with
BamHI and of tsA30 with TaqI, as shown on the left, generates a
type I offset cross. An intermolecular recombination within T to link
the wild-type markers would produce a partially dimeric genome
containing terminal repeats of 1 - S. A subsequent intramolecular
recombination in 1 - S would generate a circular wild-type recom-
binant. The efficiency of the intramolecular recombination step is
expected to be independent of the length of 1 - S, since partially
dimeric molecules with repeats from 500 to 5,000 base pairs, the
range of repeat lengths generated in these experiments, have been
shown to circularize by homologous recombination with approxi-
mately the same efficiency (see Fig. 5 in reference 38). The order of
the recombination events in S and 1 - S should make no difference
to the outcome. If the intermolecular recombination were in 1 - S,
a partial dimer with terminal repeats of S would be generated; a

subsequent intramolecular recombination within T would generate
the wild-type recombinant. For clarity, only the wild-type products
of recombination are shown. Cleavage of tsA7 with TaqI and of
tsA30 with BamHI, as shown on the right, generates a type II offset
cross. An intermolecular recombination within T to link the wild-
type markers, as illustrated, would produce a genomic fragment of
length S. Such a fragment could not produce a wild-type genome by
any intramolecular process. Once again, the order of events in S and
1 - S should make no difference to the outcome. If the
intermolecular recombination event occurred in 1 - S, a partial
dimer with terminal repeats of S would be generated; a subsequent
intramolecular recombination within T would have the potential to
generate a circular double mutant and the same wild-type fragment
shown. For clarity, only the wild-type products are shown.

TABLE 1. Crosses between aligned linear genomes

No. of wild-type recombinantsa

Cross Cleavage B228 x Bli with B228 x B4 withenzyme a T value of: a T value of:

0.15 0.85 0.11 0.89

1 BamHI 8 0
2 HaeII 8 2
3 HpaII 10 0
4 TaqI 8 3
5 EcoRI 27 8
a Wild-type recombinants were selected by plaque assay of the transfection

mixtures under nonpermissive conditions. The plaque counts were summed
from several experiments. For mixtures of tsB228 and tsBll, 173-ng portions
of each genome were mixed and plaque assayed on a total of 17 plates in four
experiments. For mixtures of tsB228 and tsB4, 30-ng portions of each genome
were mixed and plaque assayed on a total offour plates in two experiments. T
is expressed in fractional genome units.

b All linear genomes were generated by cleavage of circular genomes with
the indicated restriction enzymes.

produced in crosses between the various topological forms.
This analysis is complicated by two factors: input linear
molecules can be circularized by ligation of ends, and input
circular molecules can be linearized by breakage during
transfection (38). Despite these distorting factors, the great-
est number of wild-type recombinants would still be ex-
pected in transfections involving the preferred topological
forms. The largest number of wild-type recombinants was
produced in a cross involving two linear substrates (Table 2,
cross 3). That cross yielded about eightfold more recombi-
nants than did crosses between circular substrates (crosses 9
and 10) and about twofold more recombinants than did the
best crosses involving a mixture of linear and circular
substrates (crosses 5 and 7). These results suggest that

TABLE 2. Crosses with linear and circular genomes
DNA form (cleavage enzyme)a Cross No. of wild-type

Cross tsA7 tsA30 typeb recombinantsc

1 L (BamHI) L (BamHI) 4
2 L (TaqI) L (TaqI) 4
3 L (BamHI) L (TaqI) I 159
4 L (TaqI) L (BamHI) II 4
5 L (BamHI) C (I) 64
6 C L (BamHI) (II) 4
7 C L (TaqI) (I) 82
8 L (TaqI) C (II) 3
9 C C 14
10 C C 25
a Equimolar mixtures of genomes from the mutants tsA7 and tsA30 were

transfected into CV1 cells (15 ng of each genome per plate) and plaque
assayed at the nonpermissive temperature to select for wild-type recombi-
nants. Three DNA forms were used in these experiments. Linear genomes (L)
were linearized at the BamHI site or the TaqI site, as indicated. Open circular
genomes (C) were prepared by DNase nicking of closed circular genomes in
the presence of ethidium bromide. Greater than 95% of the genomes were
present in the indicated form. Nicked circular genomes were used in prefer-
ence to supercoiled genomes because their specific infectivity (PFU per
nanogram) is about the same as that for linear genomes (38). Less extensive
but qualitatively similar results have been obtained with supercoiled genomes
(C. T. Wake, Ph.D. thesis, Baylor College of Medicine, Houston, Tex., 1980).

b Crosses are designated type I or type II as defined in the legend to Fig. 3.
The designations in parentheses were assigned as described in the text.

C For each mixture, the wild-type recombinants, which formed plaques
under nonpermissive conditions, were summed from 30 plates assayed in
three experiments.
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FIG. 4. Distribution of crossovers in S. The number of wild-type recombinants, expressed as a percentage of the total (%PT), is plotted
as a function of the length of S. The expected number of wild-type recombinants, expressed as a percentage of the total recombinants (%RT)
based on the relationship R = k(TIS) as developed in the text, is also plotted as a function of the length of S. These data are the normalized
values shown in Table 3. (A) Crosses with tsA7 and tsA30. (B) Crosses with tsB228 and tsBll and with tsB228 and tsB4.

homologous recombination in transfected DNA preferen-
tially involves two linear substrates.
That conclusion is supported by additional correlations

within the data. For example, if circular molecules were the
preferred substrates for recombination, then crosses 5 and 6
should produce equal numbers of recombinants, since they
both would require circularization of a BamHI-cut linear
molecule. However, crosses 5 and 6 yielded quite different
numbers of recombinants. The same reasoning suggests that
crosses 7 and 8 should be equal, but they were not. These
unfulfilled expectations constitute an independent argument
that circular molecules are not the preferred substrates for
homologous recombination.
A similar argument suggests that a linear molecule and a

circular molecule are not the preferred substrates for homol-
ogous recombination. If they were the preferred topological
forms, the high level of recombinants produced in cross 3
would support the argument that some of the input linear
molecules circularized, thereby generating recombination
events as shown in crosses 5 and 7. Even at high efficiency,
such a conversion of cross 3 into cross 5 or 7 would, at best,
be expected to yield a number of recombinants intermediate
between crosses 5 and 7. The observed value is twofold
higher than expected, implying that linear x linear crosses
are converted into linear x circular crosses at greater than
100% efficiency. A high-efficiency conversion of linear x
linear crosses into linear x circular crosses leads to addi-
tional expectations. If conversion were 100% efficient, then
cross 1 should be intermediate between crosses 5 and 6, and
cross 2 should be intermediate between crosses 7 and 8.
These expectations were not met.

In contrast, similar reasoning supports the notion that
linear molecules are the preferred substrates for recombina-
tion. If linear molecules were the preferred topological form,
recombination in crosses involving circles would be ac-
counted for most naturally by broken input molecules. Since
transfected DNA that reaches the nuclei of monkey cells is
broken roughly once per 10 kilobases (38), approximately
half of the input circular genomes should be present in the
nucleus as linear molecules. (A similar fraction of input
linear molecules would be reduced to fragments, so that in
linear x circular crosses, the concentration of input linear

and broken circular molecules would be roughly equivalent.)
Random breakage of input circles would generate a per-
muted set of linear molecules, which would recombine with
the input linear molecules in crosses 5 and 7 primarily in a
type I arrangement, such as in cross 3; they would recom-
bine with the input linears in crosses 6 and 8 primarily in a
type II arrangement, such as in cross 4. These expectations
match the asymmetrical results obtained in those crosses. In
addition, the results are quantitatively as expected. If the
circular molecules in crosses 5 and 7 were randomly per-
muted, the number of recombinants should be near the mean
of the distribution shown in Fig. 4A, as they were. These
quantitative aspects extend to circular x circular crosses as
well, which would be expected to yield a number of recom-
binants equal to about one-fourth of the mean of the same
distribution (Fig. 4A), which they did.
Taken together, these arguments indicate strongly that

linear molecules are the preferred topological form for
homologous recombination in monkey cells.
Recombination as a function of replicative potential.

Genomes in the above offset crosses carried temperature-
sensitive mutations in the gene for T antigen and, therefore,
were defective for replication under the restrictive condi-
tions used in those experiments. The inability to replicate
limits the concentration of circular genomes to the fraction
of input genomes that circularize. Therefore, the lack of
recombinants could have resulted from a low concentration
of circles and not from any inherent inability to recombine.
One way to assess this possibility is to compare recombina-
tion in the absence of functional T antigen with recombina-
tion in its presence, under which conditions the concentra-
tion of circles increases by 105 in 48 h. If circular genomes
could recombine, then the disparity between type I and type
II crosses might be expected to disappear as replication
increased the concentration of circular genomes.
To measure disparity in the two types of cross as a

function of replicative potential, we used genomes with
temperature-sensitive lesions either in the A gene, which
encodes T antigen, or in the B gene, which encodes a capsid
protein. At the nonpermissive temperature, tsA7 and tsA30
were impaired for replication, whereas tsB228, tsBll, and
tsB4 could replicate normally. The results of offset crosses
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with pairs of these genomes are shown in Table 3. A
consistent disparity between type I and type II crosses was

detected regardless of whether replication was blocked,
reinforcing the above-stated conclusion that linear molecules
are the preferred substrates for recombination and suggest-
ing, as well, that replicated circular molecules are poor

recombination substrates.
Distribution of crossovers. For the three sets of type I

offset crosses in Table 3, the number of wild-type recombi-
nants tended to decrease with increasing length of the offset
segment (S), reflecting in some way the distribution of
crossovers within S. In previous experiments in which we

examined intramolecular homologous recombination in par-

tially dimeric genomes of SV40, we determined that cross-

overs were rather evenly distributed throughout the repeated
regions (37). Are crossovers in intermolecular homologous
recombination also evenly distributed? The generation of a

circular genome by recombination between offset linear
molecules requires a minimum of two crossovers: one in S
and one in 1 - S (Fig. 3). The crossover in S must occur

within T, the target defined by the mutations, to generate a

wild-type recombinant. If crossovers were evenly distrib-
uted within S, the number of wild-type recombinants should
be proportional to the fraction of S that is occupied by T,
which is TIS.
The experimental results were compared with expecta-

tions for evenly distributed crossovers by normalizing the
number of wild-type recombinants for each type I cross to
the total number of recombinants observed in all type I
crosses with each pair of mutations (Table 3). In a similar
way, a recombination value, R, was calculated for each
cross (R = kTIS) and then normalized to the total R summed
for all type I crosses for each set of mutations (Table 3). This
normalization allows the experimental data to be compared
directly with the theoretical expectations for randomly dis-
tributed crossovers. This comparison is illustrated graphi-
cally in Fig. 4. The data seem consistent with randomly
distributed crossovers at intermediate values of S; however,
there is an excess of recombinants at low S values and a
paucity of recombinants at high S values.

Deviation at both ends of the curve might be expected for
several reasons. One possibility is that crossovers are not
evenly distributed. For example, they might be clustered
near the ends; however, a consistent gradient of recombina-
tion away from the ends has proven difficult to fit to the data
(A. White and J. H. Wilson, unpublished data). Another
possibility is that the recombining linear molecules were

shorter than the input linear molecules. Elimination of
sequences from the ends would decrease both S and 1 - S.
If the true S were less than the input 5, the fraction of
wild-type recombinants (TIS) would be higher than ex-

pected, leading to an apparent excess of recombinants that
would be most notable at low values of input S. A second
recombination event in 1 - S is required to complete the
circle. At low values of 1 - S (high values of S), removal of
sequences from the ends could eliminate the homology
required for a recombination event, leading to an apparent
paucity of recombinants at high values of S. This decrease in
recombinants at high S values would also extend to aligned
linear molecules (S = 1), which, if undamaged at their ends,
would be expected to circularize efficiently by ligation after
recombination, thereby producing a greater number of wild-
type recombinants than was observed.

Efficiency of intermolecular recombination. Intramolecular
end joining and intramolecular recombination occur with the
same overall efficiency in monkey cells (38). To assess the

TABLE 3. Recombination as a function of replicative potential

Cross Cleavage enzy- Sb Cross No. of %PTe %RTfmes' type" plaqueSd%T
tsA7 x tsA30

la BamHI, TaqI 0.42 I 151 45 25.8
lb TaqI, BamHI II 5
2a BamHI, HaeII 0.58 I 56 17 18.7
2b KpnI, BamHI II 0
3a BamHI, HaeII 0.68 1 64 19 15.9
3b HaeII, BamHI II 4
4a HaeII, TaqI 0.74 I 29 8.7 14.6
4b TaqI, HaeII II 2
Sa TaqI, HpaII 0.84 1 20 6.0 12.9
Sb KpnI, TaqI II S
6a HaeII, HpaII 0.90 I 12 3.6 12.0
6b KpnI, HpaII II 1

tsB228 x tsBll
la BamHI, HaeII 0.32 I 82 31 28.8
lb HaeII, BamHI II 4
2a BamHI, HpaII 0.42 I 44 17 21.9
2b HpaII, BamHI II 4
3a BamHI, TaqI 0.58 I 40 15 15.8
3b TaqI, BamHI II 9
4a TaqI, HaeIl 0.74 I 49 19 12.4
4b HaeII, TaqI Il 6
Sa TaqI, HpaII 0.84 I 36 14 10.9
Sb HpaII, TaqI II 11
6a HaeII, HpaII 0.90 I 10 3.8 10.2
6b HpaII, HaeII II 6

tsB228 x tsB4
la BamHI, HaeII 0.32 1 144 45 28.8
lb HaeII, BamHI II 8
2a BamHI, HpaII 0.42 I 61 19 21.9
2b HpaII, BamHI II 13
3a BamHI, TaqI 0.58 I 59 18 15.8
3b Taql, BamHI II 10
4a TaqI, HaeII 0.74 I 25 7.8 12.4
4b HaelI, Taql II 10
5a TaqI, HpaIl 0.84 I 30 9.3 10.9
5b HpaII, TaqI II 4
6a HaeII, HpaIl 0.90 I 2 0.6 10.2
6b HpaII, TaqI II 6

aAll linear genomes were generated by cleaving circular genomes with the
indicated restriction enzymes. The enzyme listed first in each pair was used to
cleave the genome listed first in each cross. KpnI was used instead of HpaII to
cleave tsA7 because this mutant contains a second HpaIl site near the BamHI
site (Wilson, unpublished data).

b S is the fraction of the genome between the restriction sites that define the
offset segment (Fig. 3).

Crosses are designated type I or type II as defined in the legend to Fig. 3.
d Wild-type recombinants were selected by plaque assay of the transfection

mixtures under nonpermissive conditions. The plaque counts were summed
from several experiments. For mixtures of tsA7 and tsA30, 75-ng portions of
each genome were mixed and plaque assayed on a total of 10 plates in two
experiments. For mixtures of tsB228 and tsB4, 30-ng portions of each genome
were mixed and plaque assayed on a total of four plates in two experiments.
For mixtures of tsB228 and tsB11. 173-ng portions of each genome were
mixed and plaque assayed on a total of 17 plates in four experiments.

Plaque counts for the type I crosses for each pair of mutants were divided
by the total number of plaques and expressed as percentage of total plaques
(%PT).

f A recombination value (R) for each type I cross was calculated as R = k(TI
S), where k is an unknown efficiency constant and T is the target size in
fractional genome units (T = 0.18 for tsA7 x tsA30, T = 0.15 for tsB228 x
tsB1l, and T = 0.11 for tsB228 x tsB4). Individual recombination values were
divided by the total recombination value for each pair of mutants and
expressed as percentage of the total recombination value (%RT). In this
normalization, k and T cancel out so that %RT is related to 1/S.
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TABLE 4. Recombination in crosses with linear viral and plasmid
DNAs

Cleavage enzyme for the following DNA form":
Cross tsA7 tsA30 Plaques

Viral Plasmid Viral Plasmid

1 BamHI TaqI 100
2 BamHI TaqI 106
3 BamHI TaqI 69
4 BamHI TaqI 110

5 BamHI ThaI 44
6 ThaI TaqI 99
7 ThaI ThaI 86

a Linear viral and plasmid DNAs were prepared by cleavage with the
indicated restriction enzyme. Cleavage with TaqI cleanly excises the tsA30
genome from the plasmid DNA. Cleavage with BamHI cleanly excises the
tsA7 genome from the plasmid DNA. Cleavage with ThaI leaves short pBR322
tails of 130 and 322 base pairs attached to the tsA30 genome and tails of 30 and
325 base pairs attached to the tsA7 genome. The results from the two
orientations of tsA7 were not significantly different and have been averaged.

b Equimolar mixtures of the indicated DNA forms were transfected into
CV1 cells and assayed under nonpermissive conditions to select for wild-type
recombinants. For viral DNAs, 7.5 ng was assayed per plate; for plasmid
DNAs, 13.8 ng was assayed per plate. The plaque counts in each of two
experiments were normalized to that for cross 1, and their average is
expressed as a percentage. The data for crosses 1, 2, and 5 were derived from
10 plates. The data for crosses 3, 4, 5, and 7, which include results from both
tsA7 plasmids, were derived from 20 plates.

efficiency of intermolecular recombination, we compared
recombination between offset linear genomes to the joining
of pairs of restriction fragments. Intermolecular recombina-
tion (Fig. 5, filled triangles) and intermolecular end joining
(open symbols) occupied the same part of the concentration
curve, suggesting that they occur with similar efficiencies.

In addition, both kinds of intermolecular event were
shifted along the concentration curve by more than two
orders of magnitude from the corresponding intramolecular
recombination and end-joining events, whose positions are

100
INTF

MOLEC

PLAQU ES
(per plate)

0.1
0.01

indicated by the one-hit dilution curve (37-39). These results
are consistent with independent measurements, by which it
has been estimated that at 1 ng per plate, the fraction of
mixedly infected cells is less than 5% of the fraction of singly
infected cells (M. Seidman, personal communication). Thus,
mixedly infected cells are relatively rare under our condi-
tions of DEAE-dextran-mediated transfection. These results
contrast with calcium phosphate-mediated transfections
which show less of a difference between intramolecular and
intermolecular events (11).

Effects of non-SV40 terminal extensions. To test whether
homology at the ends of linear genomes is required for
recombination, we assayed recombination between SV40
genomes that had non-SV40 sequences added to their ter-
mini. Non-SV40 sequences were added to the BamHI ends
of tsA7 and to the TaqI ends of tsA30 by cloning into pBR322
through those restriction sites and then excising the SV40
genomes with the restriction enzyme ThaI, which does not
cleave SV40 DNA. This procedure generates non-SV40 tails
of 130 and 322 base pairs for tsA7 and 30 and 325 base pairs
for tsA30. The pBR322 tails on tsA7 and tsA30 are not
homologous to one another.
The results of transfections with several mixtures of linear

genomes with and without terminal extensions are summa-
rized in Table 4. Crosses involving SV40 genomes with
non-SV40 tails on one or both genomes (crosses 5, 6, and 7)
yielded the same percentage of wild-type recombinants as
did crosses involving genomes with no attached pBR322
sequences (crosses 1, 2, 3, and 4). We have obtained similar
results with linear SV40 genomes that lack terminal phos-
phates, have blunt ends, or have dideoxynucleotides at their
3' ends (data not shown). These results indicate that homol-
ogous recombination between linear molecules is relatively
insensitive to the exact nature of the molecular termini on
the input genomes.

DISCUSSION
The topological requirements for homologous recombina-

tion between DNA molecules transfected into monkey cells

0.1 1.0 10 100

SV40 DNA
(ng/plate)

FIG. 5. Dilution curves for intermolecular events. In these experiments, the numbers of plaques per 60-mm plate are plotted as a function
of the total nanograms of SV40 DNA added per plate. Open symbols show results of experiments in which complementary restriction
fragments needed to join to create a wild-type genome. Open triangles show the results obtained with a mixture of PstI-cleaved tsA7 and tsA30
DNAs; the data are averaged from five plates. Open circles show the results obtained with a mixture of BamHI- and EcoRI-cleaved tsB228
and tsB4 DNAs; the data are averaged from five plates. Filled triangles show the results obtained with a mixture of TaqI-cleaved tsA30 and
BamHI-cleaved tsA7 DNAs, which have to recombine to generate a wild-type genome; the data are averaged from eight plates.
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were defined in this study by assaying recombination be-
tween genomes of the animal virus SV40. Crosses between
various topological forms (Table 2) as well as crosses be-
tween aligned linear genomes (Table 1) and offset linear
genomes (Tables 2 and 3) all indicate that homologous
recombination occurs preferentially between linear DNA
molecules. Because SV40 genomes that were nonfunctional
until activated by recombination were used in these experi-
ments, they presumably detected normal cellular processes.
An apparent preference for linear molecules could arise as

a result of a low intracellular concentration of circular
genomes rather than an inherent inability to recombine.
However, that possibility seems unlikely because crosses
between replication-competent genomes gave the same re-
sults as crosses between replication-incompetent genomes
(Table 3). Those crosses differ enormously in the concentra-
tion of circular molecules, due to their replicative potential,
but show the same diagnostic disparity between type I and
type II crosses, thereby suggesting that recombination is
relatively rare among replicated circular molecules.
A relatively constant level of wild-type plaques was ob-

served in type II crosses of offset linear genomes (Table 3).
Thus far, our experiments give little information about the
nature or timing of these background events, which are
above the level of reversion, independent of the position of
the breaks, and independent of replicative potential. One
possibility consistent with recombination as linear molecules
is that the background events represent repair of
heteroduplex intermediates in the recombination process,
that is, by conversion-like events. Although heteroduplexes
introduced into monkey cells by transfection are repaired
very efficiently (1, 9, 18, 37, 39), nothing is known about the
fate of mismatches in the presumptive heteroduplex inter-
mediates in homologous recombination.
A requirement for linear recombination substrates is con-

sistent with other studies in animal cells, which show that
double-strand breaks stimulate homologous recombination
between transfected DNA molecules (3a, 4a, 8, 11). In those
studies, the level of stimulation relative to background
ranged from 5- to 100-fold, which is quite similar to the range
observed in our experiments (Tables 2 and 3). Stimulation
presumably occurs as a consequence of providing proper
substrates to the cellular recombination machinery. In addi-
tion, since viral genomes, which recombine
extrachromosomally, were stimulated to the same extent as
selectable genes, which were assayed after chromosomal
integration, both kinds of experiment probably are detecting
the same extrachromosomal process.
The finding that linear substrates are required for recom-

bination focuses attention on the ends of the molecules as
playing a critical role in the mechanism. One possibility is
that cellular enzymes, such as exonucleases or helicases, act
at DNA ends to expose single-stranded regions, which can
initiate homologous pairing to begin the recombination proc-
ess. Whatever process exposes single strands must be able
to uncover sequences that are a few hundred nucleotides in
from the ends, since short terminal nonhomologies do not
decrease the efficiency of recombination (Table 4). Further-
more, regardless of how pairing is initiated, crossovers must
be distributed around the genome (28, 36, 37) (Fig. 5).
Finally, the mechanism may need to allow for removal of
terminal sequences, as suggested by the data in Fig. 5.
An example of a potential mechanism to account for these

data is illustrated in Fig. 6 for an offset linear cross involving
genomes with terminal nonhomology. The steps in this
model are as follows: (i) single strands are exposed at ends

+

-~~!-,

+ UNWIND

+ PAIR

N- P

+PAIR

WILD TYPE
RECOMBINANT

FIG. 6. An unwinding model for homologous recombination in
transfected DNA. The steps in the proposed model are illustrated
for recombination between offset linear genomes with terminal
nonhomology. Individual steps include (i) unwinding from the ends,
(ii) pairing between complementary single strands, (iii) branch
migration of the junction (not illustrated), and (iv) repair of protrud-
ing single-strand tails. The mechanism is nonconservative; it pro-
duces only one of the two potential products expected from a
conservative exchange. Here we use the terms conservative and
nonconservative, because the more common terms, reciprocal and
nonreciprocal, are used with two distinct meanings in the literature.
Reciprocal and nonreciprocal are used in a global sense, in the same
way as conservative and nonlconservative, to describe the number of
products. However, they are also used in a local sense to describe
the exchange of information in the region of the crossover: an
unequal representation of parental information in the region of the
crossover signifies a nonreciprocal event or, more commonly, a
gene conversion event. The potential for confusion can be illustrated
by reference to the double-strand-break repair model (31). This
model is reciprocal in the global sense, since two products are
produced, but nonreciprocal in the local sense, since the parental
contributions are unequal in the region of the crossover.
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Transfection

---9-

'A1
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HOMOLOGOUS
RECOMBINANTS

NONHOMOLOGOUS
RECOMBINANTS

Degradation
FIG. 7. Possible relationship between substrates for homologous and nonhomologous recombination. Transfected DNA in the nucleus

may be unwound, as shown here, or stripped, perhaps as a first step to degradation (vertical arrows). Intact ends are the preferred substrates
for nonhomologous recombination, whereas unwound ends are the preferred substrates for homologous recombination (thick arrows).
Molecules with intact ends may give rise to some homologous recombinants, but not by any of the mechanisms discussed here (dashed arrow).
Molecules with unwound ends may serve as the source of some nonhomologous recombinants as suggested by the existence of duplication
junctions (thin arrow).

by unwinding, (ii) pairing is initiated by heteroduplex forma-
tion between complementary single strands, (iii) branch
migration allows junctions to distribute, and (iv) repair of the
single-strand tails fixes the crossover points. Terminal se-
quences could be removed as a consequence of nicks intro-
duced before or after unwinding. This model does not
represent a unique solution to the data; indeed, two other
models have been proposed (11, 31).
The double-strand-break repair model (31) was formulated

in response to observations on break-stimulated recombina-
tion in yeast cells and constitutes a productive way of
thinking about meiotic recombination. In accord with obser-
vations made in those experiments, it is proposed in this
model that the two potential products of an exchange are
preserved; that is, this is a conservative mechanism (see the
legend to Fig. 6). This feature is not compatible with the
apparently nonconservative nature of intramolecular homol-
ogous recombination in transfected DNA, in which only one
of the potential products seems to be preserved in any
individual exchange. For example, homologous recombina-
tion within transfected circular dimers of SV40 apparently
produces only one monomer genome (38). More extensive
studies with a shuttle-vector system have failed to detect
conservative recombination in transfected DNA:
intramolecular inversion through inverted repeats, which
can only occur by a conservative mechanism, was not
detected; intramolecular recombination in a circular plasmid
containing direct repeats produced only one product (M.
Seidman, personal communication). If intermolecular ho-
mologous recombination in transfected DNA is also
nonconservative, then the double-strand-break repair model
as originally formulated is unlikely to describe it, although
nonconservative versions of the model might apply (29a).
The polar stripping model of Lin et al. (11), on the other

hand, is nonconservative, as is the mechanism in Fig. 6. In
this model, nucleotides in one strand are stripped from the
ends of molecules by the polar action of a 5'-to-3' exonucle-
ase. In other respects, this mechanism is much like the one
depicted in Fig. 6 and accounts well for the existing data on
homologous recombination in transfected DNA. However,

one class of nonhomologous junctions, duplication junctions
(21, 41; D. B. Roth, T. N. Porter, and J. H. Wilson, Mol.
Cell. Biol., in press), is more readily explained by unwinding
at termini than by degradation. These relatively rare junc-
tions (about 5% of the total) carry inserted nucleotides at the
junction that repeat an immediately adjacent sequence; a
possible mechanism for their formation will be presented
elsewhere (Roth et al., in press). In any case, further
experiments will be required to determine whether exposed
single strands at the ends of transfected DNA are critical to
the mechanism of homologous recombination and, if so,
whether an exonuclease or a helicase, if either, is responsi-
ble for it.

In studies of nonhomologous end joining (38; Roth et al.,
in press), very little degradation was detected at the ends of
transfected DNA molecules. However, removal of terminal
sequences before homologous recombination was suggested
as an explanation for the discrepancy between the theoreti-
cal and experimental curves in Fig. 4. Are these two views
compatible? One possibility is that transfected molecules in
the nucleus exist in two forms which constitute separate
sources of recombination substrates. Molecules with duplex
ends might preferentially recombine nonhomologously by
end ligation, whereas molecules with unwound ends, for
example, might preferentially recombine homologously
through the exposed single strands (Fig. 7). Although the
sizes of the two putative populations are undefined by
existing data, they may be similar, since homologous and
nonhomologous recombination events occur in transfected
DNA with similar efficiencies, whether measured
intramolecularly (38) or intermolecularly (Fig. 5), and with
similar rates as measured in a kinetic competition assay.
Although animal cells efficiently rearrange foreign DNA

by homology-dependent and homology-independent mecha-
nisms, the functions of these recombination processes re-
main an enigma. Almost certainly, the normal object is not
the shuffling of genetic information usually associated with
meiotic recombination, and yet the widespread occurrence
of homologous and nonhomologous recombination in eu-
caryotic cells suggests an underlying importance. At the
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least, these recombination processes represent obstacles
that must be understood and overcome for the controlled
targeting of exogenous DNA sequences into homologous
chromosomal loci. What we know at present is that mole-
cules with ends are the preferred substrates in both kinds of
recombination process. Broken ends presumably stimulate
nonhomologous recombination by providing termini for ef-
ficient end joining (15, 41); they presumably stimulate ho-
mologous recombination by providing sites for exposure of
single strands. The final result in both cases is a reduction in
the number of ends. Perhaps, as has been suggested for yeast
cells (19), the enzymes responsible for homologous and
nonhomologous recombination exist in animal cells primar-
ily for the repair of double-strand breaks. If so, recombina-
tion in transfected DNA may prove an important analytical
tool for characterizing cellular repair processes.
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