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Molecular substrates for probing nonhomologous recombination in somatic
cells were constructed by inserting pBR322 sequences at selected sites on the
simian virus 40 (SV40) genome. The chimeric products are too large to be
packaged into an SV40 capsid. Therefore, production of viable progeny requires
that most of the pBR322 sequences be deleted without altering any SV40
sequences that are essential for lytic infection. As judged by plaque assay, these
recombination events occur at readily detectable frequencies after transfection
into CV1 monkey kidney cells. Depending on the site of pBR322 insertion, the
infectivities of the full-length circular or linear chimeras ranged from 0.02 to 2% of
the infectivity of linear wild-type SV40 DNA. Nucleotide sequence analysis of
several recombinant progeny revealed three distinct classes of recombination
junction and indicated that the causative recombination events were minimally
dependent on sequence homology. Potential mechanisms involving recombination
at internal sites or at ends were distinguished by measuring the infectivity of
chimeric molecules from which various lengths of pBR322 had been removed.
These data support end-to-end joining as the primary mechanism by which DNA
segments recombine nonhomologously in somatic cells. This end joining appears
to be very efficient, since SV40 genomes with complementary single-stranded tails
or with short non-complementary pBR322 tails were comparably infectious.
Overall, this study indicates that mammalian somatic cells are quite efficient at the

willy-nilly end-to-end joining of unrelated DNA segments.

Eucaryotic genomes are exceptionally plastic.
The rich variety of recombination events that
have been characterized can be grouped conve-
niently into homologous events, which depend
on extensive sequence homology, and nonho-
mologous events, which depend on limited se-
quence homology. Homologous recombination
during meiosis in eucaryotes and during sexual
exchanges in procaryotes shuffles the alleles
present in the population into new combinations
in individual members but does not alter the
order of genes present on the parental chromo-
somes. By contrast, nonhomologous recombina-
tion can create new sequence arrangements.
Recombination events in this class can be site
specific as are the integration of lambdoid
phages, the rearrangement of variable and con-
stant genes for both light and heavy chains in B-
cell development, and the class switching of
heavy chains (4, 8, 20, 26); they can occur
between sites with short and imperfect sequence
homology as is characteristic of many deletion
and duplication events in procaryotes (10, 11,

28); or they can be nearly independent of se-
quence homology as is characteristic of the
recombination events mediated by mobile genet-
ic elements such as transposons (6).

DNA that is transfected into somatic mamma-
lian cells is actively recombined, apparently by
homologous and nonhomologous mechanisms
(2, 14, 27, 30, 42). These results imply an assort-
ment of enzymatic activities and a variety of
potential recombination pathways. The genomes
of animal viruses such as simian virus 40 (SV40)
and adenovirus have proven quite useful for
characterizing cellular recombinational capabili-
ties (7, 9, 12, 13, 16, 35, 36, 39, 40, 43, 45). One
advantage of these viruses is that their biological
activity allows one to follow selectively the very
small fraction of DNA molecules that retain
function. For example, only about 1 in 10°
molecules of linear SV40 genomes transfected
by DEAE-dextran initiates a successful infec-
tion and produces progeny virus. Results from
studies with this small, but relatively well-de-
fined, population of molecules allow one to
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distinguish among potential cellular pathways of
recombination.

We are using the animal virus SV40 to probe
and characterize the recombination capabilities
of mammalian somatic cells. Qur previous ex-
periments using in vitro-constructed tandem
oligomers of SV40 have demonstrated that intra-
molecular homologous recombination occurs ef-
ficiently in transfected SV40 DNA and with
approximate uniformity in repeated regions of
the genome (39, 40). These results and others
argue strongly against either gene conversion or
site-specific recombination as the primary mech-
anism of recombination in SV40 DNA. Homolo-
gous recombination also occurs between differ-
ent molecules, but at a much lower frequency
(35, 36, 39; C. T. Wake, F. Vernaleone, and
J. H. Wilson, manuscript in preparation).
Among other things, these studies have demon-
strated that intramolecular recombination
events can be assayed selectively in transfected
DNA by using suitably low DNA concentra-
tions.

In this paper we report our genetic analysis of
the intramolecular somatic recombination
events that do not depend on extensive se-
quence homology. We have constructed chime-
ric molecules that are too large to be packaged
into an SV40 capsid by inserting pBR322 se-

quences at selected sites on the SV40 genome.’

Production of viable progeny from such chime-
ras requires that most of the pBR322 sequences
be deleted without altering any SV40 sequences
that are essential for lytic infection. The biologi-
cal constraints of packageability and genetic
integrity define a target in which recombination
events can be detected and analyzed. By locat-
ing these targets in nonessential regions of the
SV40 genome, we have been able to study
recombination between grossly nonhomologous
DNA segments. We have analyzed the popula-
tion of such events by plaque assay of viable
progeny and have examined individual progeny
by nucleotide sequencing. The results indicate
that somatic monkey cells join unrelated DNA
segments end-to-end with a high relative effi-
ciency.

MATERIALS AND METHODS

Cells and viruses. The origins and procedures for
growth of the established monkey kidney CV1 cell line
have been described previously (41). The titers of the
viruses were determined by plaque assay on CV1 cells
as previously described (41). Wild-type SV40 is strain
Rh911. The host range (hr) mutant hrBC1906 was
derived from the wild-type strain (41). The host range
mutation does not alter plaquing efficiency on CV1
cells, and its presence is immaterial to these experi-
ments.

DNA preparation. SV40 DNA was extracted accord-
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ing to Hirt (15) from CV1 cells which had been infected
at a multiplicity of about 0.005 SV40 PFU per cell,
when about 75% of the cells showed signs of infection.
Closed-circular SV40 DNA was purified directly from
the Hirt supernatant by adding CsCl to 1.56 g/cm® and
ethidium bromide to 200 pg/ml and centrifuging to
equilibrium. The closed-circular DNA band was col-
lected, and the ethidium bromide was removed by
extraction with CsCl-saturated isopropanol. DNAs
were phenol extracted, ethanol precipitated, and then
resuspended and stored in DNA buffer (10 mM Tris
[pH 7.6], 1 mM EDTA, 10 mM NaCl).

Plasmid DNA was prepared from RR1 transform-
ants essentially as described by Bolivar and Backman
(1). Cells in M9 medium were grown at 37°C to a cell
density of 10® cells per ml; chloramphenicol was added
to 200 ug/ml, and the culture was amplified overnight.
Plasmid DNA was extracted and then centrifuged to
equilibrium in CsCl gradients containing ethidium bro-
mide at 200 pug/ml. The closed-circular plasmid band
was collected, and the ethidium bromide was removed
by extraction with CsCl-saturated isopropanol. Plas-
mid DNAs were phenol extracted, ethanol precipitat-
ed, and then resuspended and stored in DNA buffer.

All SV40 and plasmid DNA preparations were la-
beled in vivo with [*H]thymidine (New England Nu-
clear Corp.). Specific activities ranged from 5 x 10° to
75 x 10° cpm/ug.

Miniwell preparation of DNA. Confluent CV1 cells in
96-well microtiter plates were infected with picked
plaque suspensions. DNA was labeled 24 h after
infection by the addition of 20 puCi of *?P (New
England Nuclear Corp.) in phosphate-free medium.
Cells were harvested 5 to 10 days after infection when
50 to 75% of the cells exhibited cytopathic changes.
Viral DNA was extracted as described by Hirt (15),
treated with RNase (20 pg/ml), phenol extracted,
ethanol precipitated, and resuspended in 0.1x SSC
(where SSC is 0.15 M NaCl plus 0.015 M sodium
citrate).

Isolation of DNA from agarose gels. Agarose gel
electrophoresis was performed as described previous-
ly (31) using 0.6 or 0.9% agarose in Tris-acetate buffer
(40 mM Tris [pH 7.9], 5 mM sodium acetate, 1 mM
EDTA). Bands of interest were cut out, dissolved in
saturated KI, and passed over a 1-ml hydroxyapatite
column equilibrated with saturated KI (44). The col-
umn was washed with saturated KI and then with 100
mM potassium phosphate buffer (pH 7.4), and the
DNA was cluted with 400 mM phosphate buffer.
Carrier RNA was added, and after dialysis against
DNA buffer, the DNA was concentrated by ethanol
precipitation.

DNA infections. DNA infections were essentially by
the method of McCutchen and Pagano (23) using
DEAE-dextran (molecular weight, 500,000, Pharmacia
Fine Chemicals, Inc.) at 500 pg/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 subconfluent, cell monolayers (1 x 10° to 2 x
10° cells per plate). Before infection, cell monolayers
were rinsed once with TD buffer (25 mM Tris [pH 7.4],
140 mM NaCl, 5 mM KCl, 0.7 mM K,HPO,). Infec-
tion was carried out in TD buffer containing DNA and
DEAE-dextran for 15 min with continual agitation.
After infection, cell monolayers were rinsed twice
with TS buffer (TD buffer plus 0.5 mM MgCl, and 1.0




1260 WILSON, BERGET, AND PIPAS MoL. CELL. BioL.

(A)
VP1 EcoRI EcoRl
VP2 ' BamHi coBl Clal gam i
VP3 p Amp 3
TetR
Hpall—- et
T
Taql/ Antigen

FIG. 1. Construction of the chimeric molecules. (A) SV40 and pBR322. The SV40 T antigen coding sequence
is indicated by the black boxes. The small t antigen coding sequence is not shown. The late coding biock for VP1,
VP2, and VP3 is indicated by the open box. VP2 and VP3 are nested genes whose common C terminus overlaps
slightly the N terminus of VP1 (29). The small circle represents the origin of SV40 DNA replication. On pBR322,
the genes encoding ampicillin resistance and tetracycline resistance are indicated by stippled and hatched boxes,
respectively. Insertion of SV40 at either the Clal or BamHI restriction site interrupts expression of the gene for
tetracycline resistance. Arrows indicate directions of transcription through these genes. (B) Chimeric molecules.
Chimeras pJJ1, pJJ2, and pJJ4 were constructed by mixing and ligating Hpall-cut or Tagl-cut wild-type SV40
with Clal-cut pBR322. These enzymes are isocaudamers, and their identical complementary ends can be ligated
directly. The pBL1 and pBLS chimeras were constructed by mixing and ligating BamHI-cut hrBC1906 SV40 with
BamHI-cut pBR322. The second orientation of pBR322 inserted at the SV40 Tagl site was not found. Several
restriction sites are indicated on the chimeras. XorIl, Clal, Sall, and Aval cleave the chimeras at single sites as
indicated. For the other restriction enzymes that cut pBR322, but not SV40, only the restriction sites closest to
the SV40 segment are shown. These restriction enzymes were used to trim various lengths of pBR322 sequences
from the chimeras (see Table 4). Note that the junctions between SV40 and pBR322 in pJJ1 and pJJ2, which were
formed by ligating Hpall-cut SV40 with Clal-cut pBR322, are not cleaved by either restriction enzyme. The
junctions in pJJ4, which were formed by ligating Tagl-cut SV40 with Clal-cut pBR322, both are cleaved by Tagl,
and one junction also is cleaved by Clal.
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mM CaCl,). Monolayers then were overlaid with agar
and incubated at 37°C as in a standard plaque assay.

Recombinant DNA techniques. Restriction enzymes,
T4 DNA ligase, and Escherichia coli DNA polymerase
I (Klenow fragment) were purchased from Bethesda
Research Laboratories, New England Biolabs, or
Boehringer Mannheim Corp. and used according to
the supplier’s recommendations. E. coli strain RR1, a
rect derivative of strain HB101, was obtained from
Kenneth Beattie. The plasmid vector, pBR322, was
the gift of Michael Mann. Transformation of RR1 was
essentially as described by Mandel and Higa (21) and
Bolivar and Backman (1). Selection and colony
screening were on L plates supplemented with 25 pg of
tetracycline or 100 ug of ampicillin per ml. Minipreps
of plasmid DNA were prepared by the phenol lysis and
extraction procedure of Klein et al. (17); restriction
enzyme digestion was used to identify appropriate
transformants.

DNA sequencing. DNA samples were sequenced by
the chemical method described by Maxam and Gilbert
(22). DNAs from recombinant viruses with a Clal site
or a unique Tagl site were cleaved and labeled at the 3’
ends using the Kienow fragment of DNA polymerase [
and [*?P]dCTP. Secondary cuts were made with Bgll
for Clal linears and with HindIII for Tagl linears.

RESULTS

Nonhomologous recombination can be probed
with specially constructed molecules. Several
molecules for testing nonhomologous recombi-
nation- were constructed in vitro by inserting
pBR322 into selected sites on the SV40 genome
as indicated in Fig. 1. Each site of insertion into
the SV40 genome interrupts a different function-
al region and, consequently, places different
constraints on the permissible sites at which
recombination can generate viable progeny. In-
sertion of pBR322 at the unique Hpall site of
SV40 (pJJ1 and plJ2) interrupts the normal
leader region for late SV40 mRNA but leaves
both the early and late coding blocks intact;
insertion at the unique SV40 Tagql site (pJJ4)
interrupts the gene for large T antigen in an
intron region that is processed from the primary
transcript (it also interrupts the coding region for
small t antigen, but small t antigen is nonessen-
tial for SV40 lytic growth); and insertion at the
unique SV40 BamHI site (pBL1 and pBLY5)
interrupts the late coding block near the C-
terminal end of the VP1 gene. These chimeric
molecules were cloned in E. coli, and their
structures were verified by restriction mapping
(data not shown).

The common feature of these chimeric mole-
cules is that they are too large to be packaged
into an SV40 capsid. An SV40 capsid can con-
tain at least 250 extra nucleotides, which is the
size of some viable constructed genomes (T.
Shenk, personal communication), but that size is
probably close to the packaging limit. As a
result, viable progeny can be produced after
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TABLE 1. Infectivity of circular and linear chimeric

molecules
Infectivity of chimeras (%)”
DNA form*
pJJ1 pli2 pll4 pBLS pBL1
1. Circles 0.5 0.6 1.0 0.03 0.2
2. Linears (Aval) 1.2 1.7 1.1 0.05 0.3

3. Linears (Sall) 0.7 09 1.4 0.06 0.5
4. Linears (Tagql) 101
5. Linears (BamHI) 97 102

4 Chimeric molecules were digested to completion
with the indicated enzymes. The unfractionated diges-
tion products in samples 4 and 5 were used for
transfection.

% Data points-are the average of two to five experi-
ments. In each experiment, 3 to 15 ng of samples 1 to 3
and 0.5 to 1 ng of samples 4 and 5 were plaque assayed
on five plates each. Infectivities are expressed as a
percentage of the average of samples 4 and 5. The
average specific infectivity of samples 4 and 5 was 170
PFU/ng.

infection with these chimeric molecules only if
most or all of the pBR322 sequences are deleted
in a manner which does not remove any essen-
tial viral sequences and which is compatible with
SV40 gene expression. By measuring viable
progeny by plaque assay, we detect selectively
those recombination events that leave essential
viral sequences intact, functional, and package-
able.

SV40-pBR322 chimeras produce viable proge-
ny virus in monkey cells. To investigate the
influence of DNA topology, we infected CV1
monkey kidney cells with circular and linear
forms of the various chimeric molecules and
followed production of viable progeny by plaque
assay. The linear forms were generated by utiliz-
ing enzymes that cut once within the pBR322
DNA and thus did not interrupt the integrity of
the SV40 genome. The infections yielded
plaques at readily measurable frequencies be-
tween 0.02 and 2% of the number produced by
linear SV40 DNA that was excised cleanly from
the chimeric molecules (Table 1). No significant
difference was noted between linear and circular
molecules from the same chimeras.

Plaques that arose from infections with differ-
ent chimeric molecules typically were delayed
relative to wild-type plaques by one to several
days for pJJ1, pJJ2, and pJJ4 and up to 2 weeks
for pBL1. The rare plaques formed after infec-
tion with pBL5 were not distinguishable from
the wild type in appearance or time of formation.
To determine whether the delayed plaquing ex-
hibited by some chimeras was a characteristic of
the viable viruses themselves or resulted from
interfering pBR322 sequences (19), we picked
several plaques from each infection for retest-
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TABLE 2. Infectivity of Sall-linearized chimeras
before and after gel purification

Infectivity (no. of plaques per
100 ng of DNA)

Chimeric DNA
Before gel After gel®
piJ2 45 52
plJ4 66 85
pBL5 2 3
pBL1 33 42
pBL1 plus SV40° >1,000 62

¢ Linear chimeric DNA was subjected to electro-
phoresis on 0.6% agarose gels. Bands were cut out,
and DNA was extracted as described in the text.

5 A 10:1 mixture of Sall-linearized chimeric DNA
and circular SV40 DNA (measured in nanograms) was
prepared and assayed before and after purification of
the chimeric DNA.

ing. These progeny viruses once again plaqued
with delayed kinetics, indicating that they are in
some way disadvantaged relative to wild-type
SV40.

To determine whether these recombinants
were produced in bacteria before plasmid purifi-
cation or in monkey cells after infection, we
subjected Sall-linearized chimeric molecules to
electrophoresis on agarose gels, extracted bands
of appropriate size, and compared their infecti-
vities to those molecules in the original mixture
(Table 2). As indicated by the results with a
mixture of linear chimeric molecules and circu-
lar SV40 DNA, isolation from agarose gels
achieved a greater than 20-fold purification from
SV40-size circular molecules. We would expect
a similar purification from putative bacteria-
formed recombinants, which should be similar in
size to SV40. Because the infectivities of the
chimeric molecules were unaffected by this puri-
fication, it appears unlikely that the recombi-
nants were already present as trace components
of the original mixture. Thus, we conclude that
the recombination events that we detect have
occurred in monkey cells.

The 10-fold difference in the infectivities of
the BamHI chimeras, pBL1 and pBLS, that is
evident in Tables 1 and 2 was unexpected.
Additional studies with these chimeras (to be
reported elsewhere) have shown consistent dif-
ferences of this magnitude. Because these
chimeras differ only in the orientation of
pBR322, we have examined the nucleotide se-
quences at the constructed junctions. Signifi-
cantly, in pBL1, which yields the higher fre-
quency of viable progeny, the pBR322
sequences fortuitously provide a 17-amino acid
C-terminal tail for VP1 which is similar in com-
position to the normal 18-amino acid tail that
was removed during construction. If this new
tail permitted VP1 to function in capsid assem-

MoL. CELL. BioL.

bly and viral infectivity, then recombination
events involving pBR322 sequences beyond this
tail could generate viable progeny (Fig. 2). Di-
rect analysis of this possibility has been ham-
pered by the poor growth characteristics of the
viable progeny produced by pBL1. In pBLS5,
which produces a low frequency of apparently
wild-type progeny, the pBR322 sequences at the
junction provide an uninterrupted string of 298
inphase codons. For this reason, we think that
recombination in pBLS probably must occur
more precisely to restore an acceptable, perhaps
wild-type, sequence (Fig. 2) The retatively high
infectivities of pJJ1, pJJ2, and pJJ4 are consis-
tent with the ready isolation of viable deletions
around both the Hpall and Tagl sites (24, 25, 32,
34, 38) and presumably reflect a somewhat larg-
er target for the recombination events.

Viable progeny exhibit three distinct classes of
recombination junctions. To characterize the re-
combination junctions in viable progeny, we
picked 12 independent’plaques that arose after
infection with the chimera pJJ4, which had been
digested with Aval and Sall. CV1 cells were
infected with virus from the picked plaques in
the presence of *?P;, and the resulting labeled
DNA was isolated, digested with HindlIll, sub-
jected to electrophoresis on polyacrylamide
gels, and autoradiographed (Fig. 3). Of the 10
plaques for which results were obtained, 1 (lane
4) was a mixture of two viruses, and the rest
were unique. (The plaques displayed in lanes 2
and 5 have not been analyzed further.) As antici-
pated, each virus contained all of the wild-type
HindlIII fragments except for HindIII-B, which

pBL5

pBL1

FIG. 2. Possible recombination targets in pBL1
and pBLS. For pBLS, the recombination is drawn so
as to restore the normal VP1 gene. For pBL1, the
recombination is drawn to eliminate excess DNA,
leaving intact the junctional pBR322 sequences
(hatched box) that supply the putative new C terminus
for VP1 (see text). Thin vertical lines indicate the
approximate target for recombination.
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FIG. 3. Restriction analysis of the genomes from
recombinant progeny. Twelve plaques were picked
from assay plates of CV1 cells infected with pJJ4 that
had been cleaved with Aval and Sall. These plaque
suspensions were used to prepare **P-labeled DNA by
the miniwell method (see the text). The labeled DNA
was digested with HindIII and analyzed on 8% poly-
acrylamide gels, which were then dried and autoradio-
graphed. The 12 plaques are numbered across the top.
The positions and sizes of wild-type HindIlI fragments
are indicated on the sides. The extra band (X) is of
unknown origin but shows up in all of our miniwell
preparations, even of wild-type SV40. The altered B
fragments in lanes 4, 6, and 10 have been cleaved into
two pieces because they contain the unique pBR322
HindIII site, which is adjacent to the Clal site in the
chimera.

includes the Tagql site at which pBR322 was
inserted. The different sizes of the new frag-
ments and the approximate positioning of the
recombination junctions by restriction mapping
indicate that several different sites were in-
volved in the observed recombination events
(Fig. 4). Thus there seem to be no strong prefer-
ences for recombination sites within this region.

The recombination junctions in five recombi-
nant viruses were analyzed in more detail by the
nucleotide sequencing strategy indicated in Fig.
4B. Recombinants W4A, W6, and W10 were
linearized and labeled at their unique Clal sites,
and recombinants W3 and W8 were linearized
and labeled at their unique Tagl sites. Nucleo-
tide sequence analysis of the recombination
junctions in these five recombinant viruses con-
firmed the restriction mapping and revealed no
pBR322 or SV40 sequence alterations other than
those at the junctions. In Fig. 5, the nucleotide
sequences around the recombination junctions
in the recombinants are shown in bold type, and
the parental sequences that were -¢liminated in
the recombination event are shown in regular
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type; the boxed nucleotides at some junctions
are present only once in the sequences of the
recombinant virus. These sequences suggest
three distinct classes of junction: flush junc-
tions, insertion junctions, and duplication junc-
tions (Fig. 5).

At flush junctions, the recombined segments
are joined to one another directly. There is some
ambiguity in the precise location of the cross-
overs in these junctions because of the junction-
al homology, indicated by the boxed nucleotides
in Fig. 5. At 12 additional flush junctions that we
have sequenced (Gudewicz and Wilson, unpub-
lished data), the junctional homologies ranged
from O to 4, yielding an overall mean of about 1.5

(A)

Taqi/
Ncil  Clal
1

)
Taql EcoRl Thal

Taql\EcoRl ’lrhal

+I:’

Ncil Clat/Taq!
]

W1,w4B,
W9, W11,W12

Clat/Taql
. e S~ ' -
—————————— —

Taql
Ll
+:/\.‘ w7
Taql EcoRl /™~~~

W6, W10

— W3, ws
Taql ?ooRl c:aI/Tan
-F:/\cq W4A
————————a

FIG. 4. Restriction mapping of the recombination
junctions in viable progeny. (A) pJJ4 chimera arranged
to accentuate the region in which a recombination
event must occur to be detected. A linear representa-
tion is shown below. The recognition sites for several
restriction enzymes that cleave in the target region are
indicated. (B) Approximate positions of recombination
junctions in the viable recombinants. **P-labeled DNA
and unlabeled DNA were prepared from cells infected
with the plaque suspensions, digested individually
with restriction enzymes, subjected to electrophoresis
through polyacrylamide gels, and then autoradio-
graphed or stained with ethidium bromide. The 11
analyzed junctions fell into five classes defined by
restriction analysis. The thin lines connecting the left
and right segments indicate the junctions, which have
been positioned arbitrarily in the interval defined by
restriction analysis. W4A and W4B are the two species
present in lane 4 of Fig. 3. Arrows below the junctions
in (B) indicate the strategy for nucleotide sequence
analysis.
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294

INSERTION JUNCTION

MoL. CELL. BioL.

4699 SV40 size

AACCTTACTTCTGTGGTGT °’l°2“§e

TAATGTCATGATAATAATG
n pBR322

+138
TCGTGATACGCCTATTTT

pBR322 4736
CCGCATTAAAGCTTATCbA@

SV40
GCTTTAGAATGTGGTTTGG vo3
GACGTCAGGTGGCACTTTT

59 pBR322
CGGTGCCTG ACTGCGTTAGCAA/T'fTAACTGTGATAAACTA
wIO /CAATG =13
GAGGA‘ST&OAAGCATGAAAATAGAAAATTATAC AGGAAAGAT

4795

DUPLICATION JUNCTION

102

pBR322
GTGACGGTGCCGAGGATGACGATGAGC_éCATTGTTAGATT

/
we /TAGATTTCATACA +14
ATATGCTTGCTGTGCTTACTGAGGATGAAGCATGAAAATA
SV40 e

4821

FIG. 5. Nucleotide sequences around recombination junctions. The upper and lower sequences in each
recombinant correspond to the upper and lower strands in the circular representation in Fig. 4A. The nucleotide
sequence of each recombinant is shown in boldface type. Diagonal lines connecting the strands indicate potential
crossover points at the junction. The homologous nucleotides at the flush junctions are boxed. Each strand is
written 5' to 3’ in the same sense as the early SV40 mRNA (mRNA identical strand) One nucleotide in each
strand is numbered for reference (5, 33). The wavy line in the upper W8 strand marks the constructed junction
between pBR322 and SV40 DNA at the Clal site. The net size change in nucleotides relative to wild-type SV40is

indicated at the right.

nucleotides (Table 3). At the insertion junction
in W10, the recombined segments are separated
by a few nucleotides whose origin is uncertain,
although they seem unlikely to have been de-
rived from the nearby parental strands. At the
duplication junction in W6 the 18 nucleotides
encompassing the recombination joint are re-
peated directly in the adjacent pBR322 se-
quences (underlined in Fig. 5). These different
junctional types could indicate that several
mechanisms can generate recombinants, or
alternatively, they could represent different fac-

TABLE 3. Junctional homology at 15 flush
junctions derived from pJJ4

No. of flush junctions with
homologies of the following
no. of nucleotides®:

1 2 3

DNA form

Circles

Linears (Aval)

Linears (Sall)

Linears (Sall and Aval)
Linears (Thal)

% Junctional homology was determined by sequenc-
ing across the recombination joints in individual proge-
ny derived from transfections with pJJ4 DNA cleaved
with the restriction enzymes indicated in parentheses.

cCOoOOoORNV|O
WNSO =
— = O =
OmRoOOO
R OO~ N
oo o|wm

ets of a common underlying mechanism. In any
case, flush junctions apparently are the most
common, outnumbering the other two categories
nearly eight to one in our collection.
Recombinants are produced primarily by end-

pJa

<N

| ] ]

End:End

Internal:internal  End:Internal

Viable Recombinant

FIG. 6. Categories of nonhomologous recombina-
tion mechanisms as illustrated for the pJJ4 chimera.
Internal and end are defined as broadly as necessary to
include all possible intramolecular mechanisms. Thin
vertical lines indicate hypothetical sites of recombina-
tion.
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to-end joining. Although the structure of the event. Thus, the structure of the input DNA and
input DNA was defined precisely, we do not the sequence of nucleotides at the recombina-
know what modifications, if any, were intro- tion junctions provide no information about
duced by the cell before the recombination whether the molecular recombination mecha-

TABLE 4. Infectivity of trimmed chimeric DNA

pBR322 tails (kb)* Total Relative .
Restriction digestion length infectivity? I}Ic;rmz_;h_zebd
Short Long (kb) (%) infectivity’
pill
Sall¢ 0.63 3.74 9.61 0.7+ 0.6 0.009
Aval® 1.40 2.96 9.61 1.2 +09 0.015
Sall and Aval 0.63 2.96 8.83 0903 0.011
Sall and Xorll¢ 0.63 0.65 6.52 1.6 1.4 0.020
Necil 0.15 0.49 5.87 11 0.14
Hpall°¢ 0.14 0.49 5.86 12+ 36 0.15
Thal 0.13 0.32 5.69 57 =22 0.71
Thal and Ncil 0.13 0.15 5.52 80 = 29 1.0)
Thal and Hpall 0.13 0.14 5.51 62+1 0.78
plJ2
Sall® 0.63 3.74 9.61 0905 0.011
Aval® 1.40 2.96 9.61 1.7x1.6 0.020
Sall and Aval 0.63 2.96 8.83 0.9+04 0.011
Sall and XorlI¢ 0.63 0.65 6.52 33+33 0.040
Ncil 0.15 0.49 5.87 33 0.40
Hpall°¢ 0.14 0.49 5.86 36 £ 12 0.43
Thal 0.13 0.32 5.69 3310 0.40
Thal and Ncil 0.13 0.15 5.52 83 + 26 1.0)
Thal and Hpall 0.13 0.14 5.51 56 £5 0.67
plJ4
Sall¢ 0.63 3.74 9.61 1.4 +0.2 0.011
Aval® 1.40 2.96 9.61 1.1 = 0.5 0.014
Sall and Aval 0.63 2.96 8.83 0.8 +04 0.008
Sall and Xorll¢ 0.63 0.65 6.52 70+59 0.070
Ncil 0.15 0.49 5.87 - 50x2 0.50
Thal 0.13 0.32 5.69 68 = 26 0.68
Thal and Ncil 0.13 0.15 5.52 100 = 17 1.0)
plJ4 (Clal cut)
Clal¢ 0 4.36 9.61 1.0+ 1.0 0.012
Clal and Sall 0 3.74 8.98 0.8 +0.5 0.010
Clal and Aval 0 2.96 8.20 09 = 0.3 0.011
Clal and Xorll¢ 0 0.65 5.89 14 £ 2.8 0.17
Clal and Ncil 0 0.49 5.73 59 + 14 0.71
Clal and Thal 0 0.13 5.37 83 + 13 (1.0)
Reference molecules
(p)J4) Taql® 0 0 5.24 105 = 12
(pBL1) BamHI¢ 0 0 5.24 93 + 16
(pBL5) BamHI°¢ 0 0 5.24 98 £ 5

a Tails refer to the pBR322 nucleotides that remain attached to the ends of the intact SV40 genome. See Fig. 1
for the restriction sites. kb, Kilobase.

% In individual experiments, each data point was the average of five plates. Each plate was infected with 0.5 to
15 ng of the unfractionated digestion products and plaque assayed at 37°C. Relative infectivities are expressed as
a percentage of the average of the reference molecules. Each value in the table represents the average of from
two to seven separate experiments. Normalized infectivities were obtained by dividing each relative infectivity
by the highest value (in parentheses) within each set. The average specific infectivity of the reference molecules
was 140 PFU/ng.

< Digestion with these restriction enzymes leaves complementary sticky ends on the fragment that contains
SV40.

< XorlI cleaved only 70 to 90% of the chimeric DNA, presumably because of methylation. The data have not
been manipulated to reflect this and thus they may be only 70 to 90% of their true values.
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nism involved an interaction between two inter-
nal DNA segments or an interaction requiring
one or both-ends. However, as described below,
these three categories of potential mechanism,
which are illustrated for pJJ4 in Fig. 6, can be
distinguished by measuring the infectivity of
chimeric molecules from which different lengths
of pBR322 sequences have been removed. This
genetic analysis rests on two assumptions. (i) A
large number of potential recombination sites
are distributed throughout the chimera. (ii) Only
the subset of recombination events that occur in
the target zone, which is defined at its extremes
by essential SV40 DNA and by the packaging
limit, can be detected. Both assumptions are
amply supported by the 17 recombination junc-
tions that we have sequenced; all are located
within the target, and no two are identical.

Restriction enzymes that cleave only pBR322
sequences were used to trim various lengths of
pBR322 from the intact SV40 genome in the
chimeras. The infectivities of the trimmed chi-
meras relative to a set of reference molecules
were determined by plaque assay, and the re-
sults are summarized in Table 4. For comparison
with theoretical expectations, these infectivities
were normalized to the trimmed chimera with
the maximum infectivity within each set (Table
4). If one or both ends were required for recom-
bination, the normalized infectivity curve should
rise to its maximum value only when one or both
ends are positioned within the target. By con-
trast, if recombination occurred at random be-
tween internal DNA segments, the infectivity
should be proportional to (T/L)?, where T is the
size of the target and L is the size of the trimmed
chimera. As illustrated in Fig. 7, the actual data
match most closely the curve expected for a
recombination mechanism involving one or both
ends. The normalized infectivity curves for the
chimeras pBL1 and pBLS5 also follow this same
curve (data not shown).

To determine whether one or both ends were
involved in the recombination event, we mea-
sured the infectivity of chimera pJJ4, which had
been cut with Clal in combination with other
restriction enzymes (Table 4). Because Clal cuts
exactly at one junction of pBR322 and SV40
sequences, one end of each trimmed chimera is
positioned within the target. If both ends were
required for recombination, the normalized in-
fectivity curve for Clal-cut pJJ4 should rise to its
maximum value only when the second end is
placed within the target. Alternatively, if recom-
bination occurred at random between an end and
an internal DNA segment, the infectivity curve
for the Clal-cut chimera should be proportional
to T/L. As shown in Fig. 8, the data most closely
match the curve expected for a recombination
mechanism involving both ends.
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FIG. 7. Infectivity of the trimmed pJJ1, pJJ2, and
pJJ4 chimeras. This figure is plotted from the data in
Table 4. The solid lines represent theoretical curves
for end-mediated (END) or internal (INT) recombina-
tion as indicated. These curves are calculated for a
chimera which initially was linearized at a point in
pBR322 equidistant from the ends of the SV40 seg-
ment and from which equal lengths of DNA' were
removed sequentially from both ends. For the theoret-
ical curves, a target size of 500 base pairs was chosen
arbitrarily; the general shapes of the theoretical curves
are relatively independent of target size. The dotted
line represents the experimental curve. The chimeras
are shown above as a loop to accentuate the target for
recombination (see Fig. 6). Thin vertical lines indicate
approximate targets for recombination. kb, Kilobase.

One potential complication in interpreting
these experiments is the presence on pBR322 of
a cis-acting poison sequence that interferes with
normal SV40 replication (19). In the experiments
described in Table 4 and graphed in Fig. 7 and 8,
the poison sequence remained attached only to
chimeras greater than 7 kilobases in length.
Because the shape of the infectivity curve is
established by genomes that do not contain the
poison sequence, we do not think the poison
sequence affects our interpretations.

DISCUSSION

Our genetic analysis of nonhomologous re-
combination in transfected DNA indicates that
unrelated DNA ends are joined together willy-
nilly with high efficiency. Although our mea-
surements have been made only in particular
target areas of specially constructed chimeras,
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FIG. 8. Infectivity of the pJJ4 chimera cut with
Clal. This figure is plotted from the data in Table 4.
The solid lines represent the theoretical curves for
recombination requiring one or both ends as indicated.
These curves are calculated for a chimera which had
one end positioned within the target and from which
DNA was removed sequentially from the other end.
For the theoretical curves, a target size of 500 base
pairs was chosen arbitrarily; the general shapes of the
theoretical curves are relatively independent of target
size. The dotted line represents the experimental
curve. The Clal-cut chimera is shown above as a loop
to accentuate the target for recombination (see Fig. 6).
Thin vertical lines indicate the approximate target for
recombination. kb, Kilobase.

they describe basic somatic cell capabilities and
suggest that DNA ends will behave generally in
the manner described. In this study of intramo-
lecular recombination events, we have demon-
strated that linear SV40 genomes with short,
nonhomologous pBR322 tails are about as infec-
tious as linear SV40 genomes with complemen-
tary single-stranded tails. (These results, it
should be emphasized, are based on endpoint
assays and thus show that the same fraction of
input molecules is infectious but give no infor-
mation on the relative rates of the two end-
joining processes.) The viable genomes that
were produced at low frequencies after infection
with full-length linear and circular molecules
may have arisen by a different mechanism en-
tirely or, perhaps more likely, by an end-joining
event subsequent to cell-mediated breakage of
the input DNA (Wake and Wilson, manuscript in
preparation).

A high-efficiency end-to-end joining provides
a natural explanation for the indiscriminate re-
combination of SV40 DNA with procaryotic,
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polyoma, or cloned mouse DNA observed by
Winocour and Keshet in DNA cotransfection
experiments using DEAE-dextran as a carrier
(42). Tt also supports the mechanism suggested
for formation of the extensive arrays of input
DNA commonly observed after transformation
with CaPO, coprecipitates of exogenous DNA
(27, 30). The particles in such precipitates con-
tain many molecules of DNA and thus may
provide an ideal substrate for end-to-end joining.
In addition, one proposed model for excision of
chromosomal DNA involves ‘‘onion skin’” repli-
cation to release free linear molecules, which
from our results, would be expected to circular-
ize with high efficiency (3, 37). In line with these
expectations, the low-frequency excision of sin-
gle-copy SV40 DNA from transformed cells
does lead to a heterogeneous set of circular
DNAs often containing both SV40 sequences
and adjacent cellular sequences (2, 14).

The recombination junctions sequenced in
this study and in others where nuclease-treated
linear SV40 DNA was transfected into cells (13)
are consistent with end joining as the primary
mechanism for linking unrelated DNA seg-
ments. In all of these studies, flush junctions
were the most common kind of novel joint. Such
junctions might be expected if DNA ends were
trimmed and compared continually until a suffi-
cient zero- to four-nucleotide joining homology
was encountered. The actual joining reaction
then might be no different than the better-char-
acterized joining of restriction fragments with
complementary termini. If there are any homol-
ogy requirements outside of the junction itself,
they must be quite subtle because the parental
sequences surrounding the flush junctions seem
unremarkable in base composition, and comput-
er analysis suggests that the occasional matched
nucleotides and similar sequence blocks are not
greater than random. The homology at the cross-
overs in flush junctions is somewhat less than in
similar procaryotic deletion and duplication
junctions, which typically occur at 5- to 15-
nucleotide homologies (10, 11, 28).

The rarer insertion junctions and duplication
junctions observed by us and by others (13) are
most curious. Inserted nucleotides could have
been generated in a number of ways, such as the
following: (i) from multiple deletions or rear-
rangements that have obscured their relation-
ship to the parental molecule, (ii) from the repair
of mismatched heteroduplexes between the pa-
rental strands, and (iii) from the random addition
of nucleotides or short DNA segments to free
ends. Although multiple events are a potential
explanation for our insertion junctions, they are
an unlikely explanation for the junctions ob-
served in the straightforward circularization ex-
periments of Gutai (13). Mismatch repair of
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FIG. 9. Alternative pathways for the removal of
short stretches of DNA from the input linear DNA.

heteroduplexes also seems improbable because
the sequences of inserted nucleotides generally
are an unlikely derivative of the surrounding
parental sequences. By elimination, random ad-
dition to free ends, e.g., by a terminal transfer-
ase-like activity, becomes an attractive possibili-
ty. It is notable in this regard that similar
inserted nucleotides have been observed at the
junctions between the D and J gene segments in
rearranged immunoglobulin heavy chain genes
(18).

Our analysis of the infectivity of linear chime-
ras with different lengths of attached pBR322
sequences indicates that end-to-end joining is a
primary mechanism for nonhomologous recom-
bination in somatic cells. However, the experi-
mental curves in Fig. 7 and 8 are displaced
slightly to the right of the theoretical curves for
end joining, suggesting that small amounts of
DNA are removed efficiently from the infecting
genomes. We have verified these expectations in
some cases. For example, the SV40 genomes cut
from pJJ4 with Thal carry 452 extra nucleotides
of pBR322 DNA at their ends and are 68% as
infectious as the linear reference genomes. The
sequenced junctions in five viable progeny that
arose from such infections (Table 3) indicate that
485 nucleotides on average had been removed
from the infecting genomes. In principle, the
efficient removal of these extra DNA sequences
could have occurred before or after the end-
joining event as illustrated in Fig. 9.

In an independent study, we have measured
the extent of exonucleolytic trimming of nucleo-
tides from the ends of transfected DNA by
examining individual progeny from an infection
with SV40 genomes that had been linearized
with Tagl. These linear molecules have about
150 nucleotides of nonessential DNA at each
end and thus are ideal substrates for analyzing
end trimming. Of the 22 viable progeny that had
lost the Tagl site (15% of the total), only 1
contained a deletion larger than 25 nucleotides

MoL. CELL. BioL.

(Gudewicz and Wilson, unpublished data).
These measurements would seem to indicate
that exonucleolytic trimming of ends before end
joining is much too limited to account for the
efficient removal of hundreds of nucleotides
suggested by the data in Fig. 7 and 8. Although
these measurements do not eliminate trimming
as a possibility, since trimming processes that
removed long segments of DNA in a single
operation would not have been detected, they
tend to favor the alternative possibility that
small amounts of DNA are eliminated subse-
quent to end joining. If such deletion events
occurred even rarely within a pool of replicating
genomes, they might be selected efficiently if the
resulting genomes were packageable. Further
studies will be required to distinguish these
possibilities.
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