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Replicating poxviruses catalyze high-frequency recombination reactions by a process that is not well un-
derstood. Using transfected DNA substrates we show that these viruses probably use a single-strand annealing
recombination mechanism. Plasmids carrying overlapping portions of a luciferase gene expression cassette and
luciferase assays were first shown to provide an accurate method of assaying recombinant frequencies. We then
transfected pairs of DNAs into virus-infected cells and monitored the efficiencies of linear-by-linear, linear-
by-circle, and circle-by-circle recombination. These experiments showed that vaccinia virus recombination
systems preferentially catalyze linear-by-linear reactions much more efficiently than circle-by-circle reactions
and catalyze circle-by-circle reactions more efficiently than linear-by-circle reactions. Reactions involving
linear substrates required surprisingly little sequence identity, with only 16-bp overlaps still permitting ~4%
recombinant production. Masking the homologies by adding unrelated DNA sequences to the ends of linear
substrates inhibited recombination in a manner dependent upon the number of added sequences. Circular
molecules were also recombined by replicating viruses but at frequencies 15- to 50-fold lower than are linear
substrates. These results are consistent with mechanisms in which exonuclease or helicase processing of DNA
ends permits the forming of recombinants through annealing of complementary single strands. Our data are
not consistent with a model involving strand invasion reactions, because such reactions should favor mixtures
of linear and circular substrates. We also noted that many of the reaction features seen in vivo were reproduced
in a simple in vitro reaction requiring only purified vaccinia virus DNA polymerase, single-strand DNA binding
protein, and pairs of linear substrates. The 3'-to-5’ exonuclease activity of poxviral DNA polymerases poten-

tially catalyzes recombination in vivo.

Replicating poxviruses are subjected to extraordinarily high
frequencies of homologous recombination while replicating in
the cytoplasm of infected cells. When this fact is considered
within our growing understanding of the links between repair,
recombination, and replication (2, 5, 13), recombination reac-
tions presumably provide viruses with several advantages.
First, in the absence of any known poxvirus primase, recombi-
nation may play some role in priming DNA replication much
as it does during T4 replication (8). Second, recombinational
repair of double-stranded breaks is expected to enhance the
survival of replicating viruses. Finally, recombinational pro-
cesses provide a route whereby viruses might acquire new
genes either by recombination with coinfecting viruses or by a
strategy of gene capture from the host. This last process is
poorly understood, yet it is presumed to have happened re-
peatedly during viral evolution, as evidenced by the still exten-
sive similarities between many viral and host genes.

A number of studies have outlined the basic features of
poxvirus recombination reactions using both viruses and DNAs
transfected into virus-infected cells (1, 6, 19). Recombination
occurs at such high frequencies that linkage is lost at distances
exceeding ~500 bp and exhibits the genetic phenomenon of
high-negative interference due to the formation of large quan-
tities of heteroduplex DNA (7, 15). Experiments using inhibi-
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tory drugs and conditional (temperature-sensitive) mutants
have shown that virus recombination is absolutely dependent
upon a functional virus-encoded DNA polymerase (6, 12, 24).
These genetic studies have been more recently complemented
by biochemical data showing that the DNA polymerase 3'-5’
exonuclease can catalyze joint molecule formation in vitro us-
ing a single-strand annealing (SSA) mechanism (25). While
such a mechanism is fully consistent with all of the known
features of poxvirus recombination in vivo, it remains to be
proven that virus recombination depends partially or exclu-
sively on such an exonuclease-based SSA process.

The recombination reaction catalyzed by vaccinia virus
DNA polymerase in vitro assembles recombinants from linear
duplex molecules sharing as little as 12 bp of end sequence
identity (25). To test whether this reaction is of any relevance
to the process occurring in virus-infected cells, we have exam-
ined what effect such double-stranded breaks and homology
length have on the efficiency of poxvirus-mediated recombina-
tion reactions in vivo. Our results suggest that poxviral recom-
bination systems can most efficiently utilize linear molecules
capable of entering an SSA pathway of recombination while
still being able to recombine circular DNAs by a second, and
considerably less efficient, process. A striking difference be-
tween these two pathways is that recombination of linear mol-
ecules requires surprisingly little sequence homology. This ob-
servation may be of practical use when considering strategies
for constructing recombinant poxviruses. It also provides new
insights into the origins of spontaneous poxvirus mutations and
into how poxviruses might periodically acquire new genes.
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FIG. 1. Enzymatic detection of plasmid-by-plasmid recombination
in vaccinia virus-infected cells. Plasmids carrying overlapping portions
of a firefly luciferase gene under P11K promoter control were cotrans-
fected into vaccinia virus-infected cells, and the recombinant frequency
was calculated relative to the amount of luciferase detected in cells
transfected with an intact luciferase gene (see Materials and Methods).
Plasmids pXYT403A20 to pXYT403A200 share 0 to 200 bp of se-
quence identity with the promoter bearing the upstream portion of the
luciferase gene in pRP406A, while pRP403A shares 366 bp of sequence
identity with plasmid pRP406A. Less than 0.001% luciferase activity
was detected in cells transfected with pRP406A or pRP403A alone
relative to cells transfected with the intact gene. A B-galactosidase-
encoding control plasmid was used in all transfections to normalize for
dish-to-dish variations in transfection and infection efficiency. Error
bars indicate standard deviations measured in five independent exper-
iments.

MATERIALS AND METHODS

Cells and virus culture. Vaccinia virus (strain WR) was obtained from the
American Type Culture Collection and cultured on BSC40 cells (E. Niles, State
University of New York at Buffalo) in 60-mm-diameter dishes. Cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco-BRL) supplemented with
5% fetal calf serum (Cansera), 1% nonessential amino acids, and antibiotic/
antimycotic at 37°C in a 5% CO, atmosphere.

DNA substrates. The starting point for construction of the plasmids used in the
experiments depicted by Fig. 1 was plasmid pRP406, which carries an intact
firefly luciferase gene driven by a vaccinia virus P11K early/late promoter and
two derivatives, pRP406A and pRP403A, which encode upstream and down-
stream portions of the gene, respectively (16). pRP406A and pRP403A share 366
bp of overlapping sequence identity in the center of the luciferase open reading
frame which permits recombinational reconstruction of a functional gene. A
series of upstream PCR primers in conjunction with a common downstream
primer carrying the 3’ end of the luciferase gene, PCR, and a pRP406 template
were used to clone downstream portions of the gene in pCR2.1 TOPO (Invitro-
gen). The resulting plasmids were named pXYT403A20, pXYT403A50,
pXYT403A100, and pXYT403A200 to indicate they share 20 to 200 bp of identity
with the 3’ end of the luciferase gene fragment in pRP406A. All of the primer
sequences are listed in Table 1.

For observation of recombination both in vivo and in vitro (see Fig. 3, 4, and
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5) we constructed two additional sets of DNA substrates. A linear vector portion
(pRP406/BstEIl +Pacl) was prepared by cutting pRP406 with BstEII and Pacl to
excise the middle portion of the luciferase gene followed by gel purification of
the larger fragment. Linear inserts were prepared using PCR, a series of 12
primer pairs (Table 1), and a pRP406 template. These inserts spanned the
BstEII-Pacl gap in the luciferase gene, and primer placement ensured each end
carried between 0 and 333 bp of terminal sequences identical to sequences
located at the ends of the pRP406/BstEIl+Pacl substrate. Before use, all PCR
products were gel purified and quantitated by UV spectrometry.

Two of the PCR-amplified inserts, bearing 20 and 333 bp of terminal identity,
were subsequently cloned using pCR2.1 TOPO vectors to create plasmids
pXYTLucM20 and pXYTLucM333, respectively (see Fig. 5). These plasmids
were used in conjunction with a third type of substrate produced using the
cloning method that is the subject of this and previous investigations (25). Briefly,
bipartite PCR primers (Table 1) were synthesized that were capable of ampli-
fying 787- or 1,621-bp fragments of “stuffer” (Shope fibroma virus) DNA, but
which added 16-bp 5’ ends homologous to the termini of BstEII-PacI-cut
pRP406. The PCR-amplified inserts and cut vector were incubated with vaccinia
virus polymerase at 37°C for 10 min (see below), and one tenth of the reaction
mixture was transfected into Escherichia coli SURE cells (Invitrogen). The re-
sulting recombinants were named pRP406-S800 and pRP406-S1600 (see Fig. 5
and 6). These and other plasmids were purified using polyethylene glycol and
phenol (17) or commercial columns (Qiagen).

Sequence-tagged (mismatched) substrates. Plasmid pBluescriptII-\ was con-
structed by cloning a 499-bp fragment of Sall-cut N DNA into Sall-digested
pBluescriptll KS (Invitrogen). The insert was excised with Xhol and Hindlll, gel
purified, and incubated with T4 DNA ligase, ATP, and a 10-fold molar excess of
two mismatch-containing left and right adapter duplexes containing T- G and T -
C mismatches (in bold), respectively:

GCTTGGACKCCACAGCCCCT PAGCTGGGAACEGGGGTCATC
CGAACCTG&GTGTCGGGGAAGCTp CCCTTGCGGCCAGTAG

The resulting ligation products, or inserts, were gel purified and ethanol precip-
itated. Sequence-tagged vector molecules were prepared in a related manner.
Plasmid pBluescriptIl KS was digested with Xhol and Xbal, gel purified to
remove the linker fragment, and incubated with T4 DNA ligase, ATP, and a
10-fold molar excess of A + C and A - G mismatch-containing (in bold) adapter
duplex:

pTCGAAGCTTGGABCCACAGCCCCGGGAACRGEGGTCATCCT
TCGAACCTGIBGTGTCGGGGCCCTTGEmBTCAGTAGGAGATCp

The resulting circular ligation products were gel purified and cut with Smal
(underlined), and linear products were repurified by gel electrophoresis.

Vaccinia virus DNA polymerase and single-strand DNA binding protein. Vac-
cinia virus DNA polymerase was prepared from cells infected with vIF7.5 and
vIMPOL viruses (11, 24), and recombinant vaccinia virus gpI3L was prepared
from E. coli (23).

In vitro recombination assay. The reaction mixture for the in vitro recombi-
nation assay contained 30 mM Tris-HCI (pH 7.9), 5 mM MgCl,, 70 mM NaCl, 1.8
mM dithiothreitol, 80 pg of acetylated bovine serum albumin/ml, 250 ng (0.1
pmol) of vector DNA, 190 ng (0.4 pmol) of PCR-amplified insert DNA, 25 p.g of
vaccinia virus single-stranded DNA binding protein/ml, and 0.2 pg of vaccinia
virus DNA polymerase in 20 wl (25). The reaction mixture was incubated at 37°C
for 20 min and deproteinized by incubation in 0.1% sodium dodecyl sulfate, 0.2
mg of proteinase K/ml, and 50 mM EDTA at 37°C for 20 min. Joint molecules
were separated using 0.8% agarose gels.

Transfection-based recombination assay. The luciferase-based recombination
assay has been described in detail elsewhere (16, 24). Briefly, 50-ng quantities of
each DNA carrying different overlapping portions of the luciferase gene plus 50
ng of a plasmid encoding B-galactosidase (pRP7.5lacZ) were cotransfected with
calcium phosphate, 2 h postinfection, into cells infected with vaccinia virus at a
multiplicity of infection of 2. Protein extracts were prepared 5 h later. Luciferase
and B-galactosidase levels were measured with a luminometer using luciferase
(Promega) and luminescent B-galactosidase (Clontech) detection kits. Varia-
tions in infection and transfection efficiencies were corrected by normalizing
luciferase expression levels against 3-galactosidase levels, and the recombinant
frequency (Rf) was calculated relative to the amount of luciferase detected in
cells transfected in parallel with an intact luciferase gene (pRP406):

_ [(luciferase)pna a + p/(B-galactosidase)pa a + s] "
RE= [(luciferase),rpans/(B-galactosidase),rpas] * 100%
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TABLE 1. Primers, plasmids, and PCR products used in this study

Primer pair (5'-3")" PCR product” Plasmid
GACCGCTTGAAGTCTTTAAT 403A20 pXYT403A20
GGATCCGATTACAATAGCTAAG
TGGGACGAAGACGAACACTT 403A50 pXYT403A50
GGATCCGATTACAATAGCTAAG
ACGCCTTGATTGACAAGGAT 403A100 pXYT403A100
GGATCCGATTACAATAGCTAAG
CTGGATACCGGGAAACGCT 403A200 pXYT403A200
GGATCCGATTACAATAGCTAAG
CTAAGGGTGTGGCCCTTCCG LucMO
TAAAGACTTCAAGCGGTCAA
TGGGTTACCTAAGGGTGTGGCCTT LucM8
TATTTAATAAAGACTTCAAGCGGTC
ACTGGGTTACCTAAGGGTGTGGCCC LucM10
TGTATTTAATTAAAGACTTCAAGCGG
CTACTGGGTTACCTAAGGGTGTGGC LucM12
TTTGTATTTAATTAAAGACTTCAAGC
ATCTACTGGGTTACCTAAGGGTGTG LucM14
CCTTTGTATTTAATTAAAGACTTCAAGC
GGATCTACTGGGTTACCTAAGGGTG LucM16
ATCCTTTGTATTTAATTAAAGACTTCAAGC
CTGGATCTACTGGGTTACCTAAGGG LucM18
ATATCCTTTGTATTTAATTAAAGACTTCAAGC
CTCTGGATCTACTGGGTTACCTAAG LucM20 pXYTLucM20
TGATATCCTTTGTATTTAATTAAAGACTTCAAGC
TGACAAAACAATTGCACTGATAATG LucM50
AATATCGATTCCAATTCAGCGGGG
CTACCTCCCGGTTTTAATG LucM100
CGTCGGGAAGACCTGCCACG
CGTGCAAAAAAAATTACCAATAA LucM200
GTTGTTACTTGACTGGCGACG
GGCGCGTTATTTATCGGAGTTGCAG LucM333 pXYTLucM333
TTTTACAATTTGGACTTTCCGCCCTTC
GGATCTACTGGGTTACCAGAAACAGGCATCTTACGCGTG 826-bp SFV pRP406-S800
ATCCTTTGTATTTAATTAAACGGAAACGCCTTGGT
GGATCTACTGGGTTACCTCGTTGTCTGAGCTGCCG 1,621-bp SFV pRR406-S1600

ATCCTTTGTATTTAATTAAACGGAAACGCCTTGG

“ Underlined nucleotides overlap with the vector.
? SFV, Shope fibroma virus.

Each measurement was an average calculated from duplicate dishes, and the
experiments were performed three to five times with essentially identical results.

To determine the sequence of recombinant junctions we used a method de-
scribed in greater detail elsewhere (6, 25). Briefly, DNA was extracted from
vaccinia virus-infected cells 20 h after transfection with a mixture containing 100
ng of each sequence-tagged (mismatched) linear DNA substrate. The resulting
mixture of cellular, viral, and transfected DNA was cut with Sacl and Dpnl (to
degrade unreplicated input DNA), recircularized at low DNA concentrations
using ATP and T4 DNA ligase, and used to transform E. coli BMH71-18 mutS
cells (Clontech) to ampicillin resistance. Recombinant plasmids were identified

by restriction analysis, and both junction sequences were determined by auto-
mated sequencing.

Southern blotting. Sixty-millimeter-diameter dishes of BSC40 cells were in-
fected for 2 h at a multiplicity of infection of 5 and then were transfected with 200
ng of pRP406A plus 200 ng of pXYT403A20, pXYT403A50, pXYT403A100,
pXYT403A200, or pRP403A. The DNA was extracted 20 h posttransfection (26),
cleaved with Spel, Xhol, and Dpnl, sized on a 1.2% agarose gel, and transferred
to a nylon membrane (Bio-Rad). The DNA was hybridized to an [a-*P]dCTP-
labeled luciferase gene probe and exposed to film, and the band intensities were
determined by densitometry.
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RESULTS

Effect of homology length on vaccinia virus-mediated recom-
bination. Previous studies have shown that poxvirus-infected
cells recombine transfected plasmids (6) in a reaction that is
most easily monitored using a luciferase reporter gene (16).
However, little is known about the homology requirements in
these reactions beyond the fact that 366 bp of common se-
quence is sufficient to permit efficient recombination between
plasmids bearing overlapping portions of the luciferase gene
(16, 24). To better define the minimal length of sequence
identity required by poxviral recombination systems, we pre-
pared a series of additional plasmids encoding the C terminus
of the luciferase protein and sharing 20, 50, 100, or 200 bp of
sequence identity with a plasmid encoding the N terminus of
the gene product (pRP406A). Supercoiled plasmids were then
transfected into vaccinia virus-infected cells, and luciferase
expression levels were used to estimate the frequency of re-
combination. The results of these experiments are shown in
Fig. 1. These assays are very sensitive, making it possible to
detect as little as 0.1% recombination when plasmids shared
only 50 bp of homologous sequence in the overlapping portion
of the luciferase gene. But the production of substantial num-
bers of recombinants needed more extensive homologies, with
366-bp overlaps being required to generate ~8% recombinant
production (Fig. 1).

There is always some concern that enzyme-based assays
might not accurately reflect the frequencies of recombination
at the DNA level. Therefore, we also extracted DNA from
virus-infected cells and used Southern blots to search for the
presence of recombinant restriction fragments. These experi-
ments are not as sensitive as luciferase-based assays, but we
still detected recombinant products among the DNAs ex-
tracted from cells transfected with molecules sharing =100 bp
of sequence identity (Fig. 2, inset). We also detected compa-
rable yields of recombinant fragments (within a factor of about
two), showing that the enzyme-based assays provide a simpler
yet still reliable measure of recombination frequency at the
DNA level. Collectively these results showed that the fre-
quency of plasmid-by-plasmid recombination reactions de-
pends upon the length of homology between recombining mol-
ecules. Under these circumstances at least 50, and preferably
over 100, base pairs of sequence identity are required to permit
production of substantial amounts of recombinants.

Poxvirus recombination systems most efficiently recombine
linear molecules. To examine the effect of double-stranded
breaks on this recombination system we devised a second set of
luciferase-based recombination substrates. Plasmid pRP406
was digested with BstEIl and Pacl to excise 718 bp of DNA
from the middle of the luciferase open reading frame. Then a
series of PCR products were prepared which spanned the gap
and had ends extending variable distances into the DNA se-
quences flanking the BstEIl and Pacl cut sites. These DNAs
were all gel purified and then used as recombination substrates
both in vivo (Fig. 3) and in vitro (Fig. 4).

When these DNAs were separately transfected into virus-
infected cells, no significant luciferase activity was detected
(<0.05% of the luciferase measured in pRP406-transfected
cells). However, cotransfecting the promoter-encoding vector
plus different PCR-amplified inserts into infected cells pro-
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FIG. 2. Southern blot analysis of recombinant molecules recovered
from vaccinia virus-infected cells. DNA was recovered from cells trans-
fected with the luciferase-encoding plasmids indicated in the legend to
Fig. 1, digested with Spel, Xhol, and Dpnl (to degrade unreplicated
input DNA), and size fractionated. After transfer to a nylon mem-
brane, plasmid sequences were detected with a **P-labeled luciferase
probe and the yield of 1.7-kbp recombinant molecules (indicated by
the arrow) was determined by densitometry. Cells were also trans-
fected with a plasmid carrying an intact luciferase gene (lane 8), and
the recombinant frequencies were calculated relative to the intensity of
the 1.7-kbp full-length luciferase-encoding fragment seen in that lane.
No recombinant DNA was detected in cells transfected with pRP406A
or pRP403A alone (lanes 1 and 2, respectively). Note that different
vectors were used to construct pXYT403A20 to pXYT403A200 (lanes
3 through 6) versus those for pRP403A (lanes 2 and 7). Recombinant
frequencies can still be calculated because the luciferase-encoding
recombinant fragments are identical, but differences in flanking vector
sequences produce other changes in the restriction patterns.

~

duced substantial numbers of recombinants with an efficiency
dependent upon the extent of homology. Very little sequence
identity was needed to still permit recombinant formation un-
der these conditions. Even with substrates sharing no apparent
homologous end sequences, 0.5% recombinants were detected
(~10-fold over background), and this number increased to 2.5
or 4% when molecules overlapped by 14 or 16 bp, respectively
(Fig. 3). Substrates sharing over 100 bp of end sequence iden-
tity produced recombinants at frequencies ranging from 34 to
61% (Fig. 3). There was some evidence for at least one peak in
the frequency plot between 16 and 18 bp, followed by a sub-
stantial increase in yield when the overlap exceeded ~50 bp.

We also tested whether these molecules could be used as
substrates in an in vitro recombination reaction catalyzed by
vaccinia virus DNA polymerase and single-strand DNA bind-
ing protein (24). Gel electrophoresis was used to monitor the
yield of joint molecules (Fig. 4). We saw a good correlation
between the efficiency of joint molecule formation in vitro and
the yield of recombinants detected in vivo, particularly with
molecules sharing shorter overlaps (0 to 100 bp). Little or no
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FIG. 3. Recombination between linear molecules sharing different
lengths of overlapping end sequence identity in vaccinia virus-infected
cells. Each of 12 different PCR-amplified inserts (LucM0 to LucM333)
plus a cut vector (pRP406/BstEIl+Pacl) were cotransfected into vac-
cinia virus-infected cells and the recombinant frequencies were calcu-
lated in two separate experiments as described in Materials and Meth-
ods. The cross is shown inset, with gray boxes indicating the luciferase
open reading frame. Control experiments detected 0.055 and 0.035%
luciferase activity in cells transfected with just LucM333 or pRP406/
BstEIl+Pacl DNAs, respectively, relative to that of cells transfected
with the intact gene. Results from separate replicate experiments are
shown.

joint molecule formation was detected with molecules sharing
less than 10 bp of end sequence identity (Fig. 4, lanes 5 to 7).
Molecules sharing 12 or 14 bp of sequence identity produced
linear dimers, those sharing 16 bp homologies were fused into
a mixture of linear dimers and dimeric circles, and those shar-
ing 18 to 100 bp of sequence identity were converted primarily
into nicked circles (Fig. 4, lanes 8 to 14). The situation was
more complicated with substrates sharing 200- to 333-bp ho-
mologies. A mixture of what appeared to be linear and circular
dimers were formed in reactions containing the 200- and
333-bp overlap substrates (lanes 15 and 16), which seemed to
migrate slightly slower than what should be identical products
seen in other reactions (e.g., lanes 8 and 10). Generally the
results show that the minimal extent of homology required to
produce recombinants in vitro is about the same as that seen in
vivo (~12 bp). Moreover, the local yield optimum seen with
substrates sharing 16 to 18 bp of sequence identity in vivo (Fig.
3) correlates well with high-efficiency production of circular
molecules in vitro (Fig. 4, lane 11). The in vitro system did not
reproduce the in vivo situation well when molecules shared
long patches of sequence identity.

Other effects of DNA structure on recombination frequency.
The preceding experiments illustrate a profound difference in
the recombinogenicity of linear versus circular molecules in
vaccinia virus-infected cells. For example, even though the
events illustrated in Fig. 3 require two exchanges to produce a
recombinant molecule, they are up to 30 times more frequent
(with 200-bp sequence identity) than when circular molecules
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requiring only a single exchange are being recombined. How-
ever, these differences in the number of required exchanges
complicates the interpretation of such experiments. To address
this concern we created circular versions of the pRP406/
BstEIl+Pacl and PCR-amplified substrates (Fig. 5) and then
examined how plasmids requiring two exchanges would be
recombined in virus-infected cells. Because it was unclear what
effect sequence context and spatial geometry might have on
this reaction, the pRP406/BstEIl+Pacl substrate was con-
verted to circular molecules by inserting 787- or 1,621-bp non-
homologous stuffer fragments into the 718-bp interval once
occupied by luciferase gene sequences. These plasmids were
designated pRP406-S800 and pRP406-S1600, respectively.
PCR products sharing 20 or 333 bp of sequence identity with
portions of the luciferase gene remaining upstream of the
BstEII and downstream of the Pacl sites were circularized and
propagated by being cloned into a commercial vector (pCR2.1
Topo). The resulting plasmids were designated pXYTLucM20
and pXYTLucM333.

In the first of these new experiments we examined the fre-
quency of recombination between circular molecules (Fig. 5).
Molecules sharing only 20 bp of sequence identity on each side
of the stuffer sequence were essentially unreactive under these
conditions, generating no significant luciferase activity above a
background measured using separately transfected plasmids
(0.0 to 0.1% recombination). However, increasing the length of
sequence identity to 333 bp on each side of the insert substan-
tially increased the recombination frequency. We detected
1.0% = 0.1% recombination with homologies separated by a
1,621-bp stuffer insert and 3.1% = 0.8% recombination with a
787-bp insert. Estimating that just one 333-bp patch of homol-
ogy should permit about 6.6% recombination (from a polyno-
mial curve fit to the results shown in Fig. 1, 7% = 1.0), the value
of 3.1% = 0.8% is significantly higher than one would have
predicted on the assumption that recombinants are a product
of two independent events (6.6% X 6.6% = 0.4%). When the
distance between the two patches of sequence identity was
increased from 787 (pRP406-S800) to 1,621 bp (pRP406-
S$1600), the recombination frequency decreased to a value
much closer to that predicted assuming circle-by-circle recom-
binants are being produced by two independent recombination
reactions.

We repeated these experiments using one circular and one
linear substrate (Fig. 6). The recombining circular DNAs re-
mained the same as those used in the experiment illustrated by
Fig. 5 (pRP406-S800 and pRP406-S1600), while the linear
DNAs were purified PCR products unencumbered by flanking
vector sequences. When the linear substrates bore 333 nucle-
otides (nt) of luciferase homology at each end of the molecule
(Table 1, LucM333), we noted a sixfold reduction in the fre-
quency of recombination with pRP406-S800 versus that ob-
served using pXYTLucM333-by-pRP406-S800. The reduction
is even more substantial (~100-fold) when compared with the
49% recombination frequency observed using LucM333 and
pRP406/BstEIl+Pacl (Fig. 4). A smaller but still substantial
reduction of 2.5-fold was observed using the LucM333 linear
product and pRP406-S1600 relative to the frequency of
pXYTLucM333-by-pRP406-S1600 recombination. The very
low frequencies of recombination observed using 20-nt homol-
ogies prevents us from quantifying the effect of using one
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FIG. 4. DNA polymerase catalyzed joining of linear molecules sharing different lengths of overlapping end homology. In vitro reactions
contained PCR-amplified insert DNA (LucMO to LucM333, labeled A), cut vector (pRP406/BstEII+Pacl, labeled B), vaccinia virus single-strand
DNA binding protein, and vaccinia virus DNA polymerase. After a 20-min incubation at 37°C the deproteinized reaction mixture was fractionated
on a 0.8% agarose gel and the DNA was visualized by staining with ethidium bromide. Control reaction mixtures omitted the DNA polymerase
(lane 2), the vector (lane 3), or the insert (lane 4). Size markers included circular (Form I and II) and linear (Form IIT) pRP406 species (lanes
17 and 18, respectively) and a 1-kbp DNA ladder. Shown inset are the proposed identities of various molecules.

linear substrate on recombination frequencies. It was never-
theless clear that recombination is not stimulated under these
conditions. Poxviruses catalyze circle-by-circle, linear-by-lin-
ear, and circle-by-linear recombination, but the last type of
event is the least favored.

Effect of nonhomologous border sequences on linear-by-
linear recombination. Digesting the plasmids pRP406-S800
and pRP406-S1600 with Mlul generates linear substrates in
which the luciferase homology is embedded within various
amounts of unrelated border sequences. For example, cutting
pRP406-S800 with MIul leaves the upstream end of the lucif-
erase gene homology only 17 bp from the closest end of the
DNA, while the 3" end of the luciferase gene remains buried
780 bp from the Mlul cut site. Cutting pRP406-S1600 with
Mlul leaves the upstream and downstream portions of the

luciferase gene homology 811 and 780 bp from the cut site,
respectively. We transfected these Mlul-cut DNAs into virus-
infected cells along with the linear substrates LucM20 or
LucM333 and measured the recombinant frequency. The re-
sults are shown in Fig. 7. For comparison purposes we have
also replotted the recombinant frequencies that were seen
when the luciferase homologies were located immediately ad-
jacent to the two vector ends in pRP406 cut with BstEIl and
Pacl (Fig. 3). Under these circumstances, the only nonhomolo-
gous sequences would be some single 3’-terminal deoxyade-
nosines added by Tag DNA polymerase.

The results show that embedding homologous DNAs within
extensive regions of sequence nonhomology greatly inhibits
linear-by-linear recombination. When the luciferase homology
spanned 333 bp on each side of the break, a single 780-bp block
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FIG. 5. In vivo recombination between circular DNAs bearing two
different regions of luciferase homology. Vaccinia virus-infected cells
were cotransfected with the indicated plasmids and recombinant fre-
quencies were calculated as described in Materials and Methods. Plas-
mids pRP406-S800 and pRP406-S1600 differ in that the stuffer se-
quences separating the two N = 20-bp and two N = 333-bp homologies
are 787 and 1,621 bp long, respectively. Results obtained from three
separate experiments are plotted separately to illustrate the experi-
mental variation.

of DNA inhibited recombination 4.4-fold and inhibited two of
these blocks 16-fold relative to the frequency measured with no
interfering sequences. Similar inhibitory effects seem to be
seen when only 20-base homologies are available for recombi-
nation, being reduced from 3.7 to 0.25% recombination by a
single 780-bp block of DNA (~15-fold) and becoming unde-
tectable by our methods (<0.05%) when the 20-base homolo-
gies are masked by two such blocks of DNA. The high fre-
quency of recombination that is permitted when recombining
sequences are located at the ends of DNA would seem to be
inhibited by the presence of masking stretches of nonhomolo-
gous DNA.

Preferential loss of 3’ nucleotides accompanies linear-by-
linear recombination. The preceding observations are most
simply explained by schemes in which poxviruses use the DNA
polymerase-encoded 3’ to 5’ exonuclease to promote SSA re-
actions (see Discussion). This would predict that, whereas all
other SSA reactions described to date involve 5'-to-3" DNA
degradation, poxvirus reactions should exhibit the opposite
polarity. That is, sequences located on the 3’ ends of linear
substrates should be preferentially lost during recombination.
To test this novel prediction, we ligated mismatch-containing
20-mer oligonucleotide duplexes to the ends of linear DNAs
and purified the resulting products. Both of the inserts and
both of the vector ends were modified in this manner. This
process tags the four strands located at each duplex end with
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FIG. 6. In vivo recombination between circular and linear DNAs
bearing two different regions of luciferase homology. The experiments
were identical to those shown in Fig. 5, except that linear DNA
LucM20 or LucM333 was used instead of plasmid clones encoding
these same DNAs (inset). The data are plotted on the same scale as
that for Fig. 5 to facilitate direct comparison.

homologous sequences that can all be differentiated by a single
base substitution (Table 2). Plasmids were recovered from
bacteria transformed with in vitro- or in vivo-generated recom-
binant molecules and sequenced to determine which end(s)
survived these reactions. Control experiments showed that
100% (12 out of 12) of the recombinant junctions formed in
vitro retained sequences originally located on the 5'-ended
strands (3’ to 5’ degradation as first shown using *?P labels
[25]), confirming the validity of the approach. Such an extreme
bias was not detected in molecules recovered from transfected
cells, but a strong preference for 3’ to 5’ degradation was
nevertheless noted. Of 32 sequence-tagged junctions analyzed
in 16 recombinant plasmids (mismatches were located at both
recombining ends), 75% of junction sequences were those pre-
dicted to arise through reactions involving 3’ to 5" degradation
of duplex ends (Table 2). Chi-squared analysis showed that
these results reflect a statistically significant bias in favor of 3’
to 5’ events. (The probability that the observed ratio reflects an
underlying 1:1 ratio is less than 1%.) Further experiments are
required to investigate the possible impact of hypothetical cy-
toplasmic mismatch repair systems, but the peculiar polarity of
poxviral recombination reactions lends credence to the hypoth-
esis that at least some of the recombinants formed in vivo arise
through resection of 3’ ends.

DISCUSSION

Our data suggest that a poxviral recombination pathway
exists which can very efficiently recombine pairs of linear sub-
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FIG. 7. In vivo recombination between linear molecules bearing
nonhomologous termini. Vaccinia virus-infected cells were cotrans-
fected with the indicated DNAs and the recombinant frequencies were
calculated as described in Materials and Methods. Plasmids pRP406-
S800 and pRP406-S1600 were cut with Mlul. This leaves one or two
~800-bp patches of sequence at the DNA end(s) which is unrelated to
the luciferase gene (inset). The added DNA partially or completely
sequesters the 20 (closed circles)- and 333 (open circles)-bp sequences
which are homologous to the luciferase gene fragments carried by
LucM20 and LucM333, respectively. Error bars indicate standard de-
viations measured in three independent experiments.

strates but has great difficulty recombining pairs of circular
molecules and even more problems using one linear and one
circular partner.

The recombination of linear molecules bearing shared end
homologies is readily explained using an SSA recombination
model (Fig. 8). This is a well-documented process that has
been detected in many biological systems, including phage-
infected E. coli (20, 22), yeast (21), and human cells (9, 10). As
the name suggests, SSA reactions generate recombinants
through annealing of complementary single-stranded DNAs.
These single-stranded ends can hybridize spontaneously or in
protein-enhanced reactions and are most simply generated by
helicases or exonucleases acting upon DNA ends. That vac-
cinia virus recombination systems require duplex ends is sug-
gested by the observations that circles are poor substrates and
that adding ~800 bp of nonhomologous sequence to one or
two ends inhibited recombination 4- and 16-fold, respectively
(Fig. 7). Such terminal sequences would interfere with exo-
nucleases or helicases attempting to expose complementary
sequences on two interacting molecules. While SSA is not an
unusual reaction, it is remarkable how little sequence identity
is required by poxviral recombination systems in vivo. The SSA
pathway in Saccharomyces cerevisiae repairs a single double-
stranded break flanked by 29-bp homologies with ~0.2% effi-
ciency, and repair efficiency increases linearly up to 100% with
415-bp homologies (21). This is bettered by vaccinia virus-
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TABLE 2. Sequence of recombinant junctions in molecules
recovered from cells transfected with linear substrates encoding
sequence-tagged (mismatched) termini®

Predicted effect of
resection polarity on
junction sequence

Fraction of recovered
molecules with sequence
X¢ for nucleotide:

Sequence-tagged
mismatches at
homologous ends”

G A T C 3 to5 5" to 3
Left end
516 3/16  6/16 2/16 GorT AorC
Right end
........ T—3
NiLgl
516 816 1/16  2/16 GorA TorC
STaT

“ Duplex oligonucleotides were ligated to all four ends of two linear recom-
bination substrates, adding 20 nt of sequence identity to each end interrupted by
a single, central, mismatched base pair. These substrates were transfected into
virus-infected cells (Fig. 3), and recombinants were recovered in E. coli (6) and
sequenced (25).

’ Diagrams illustrate the base substitutions used to differentiate all eight 3'-
and 5'-ended strands. The left end of the linear insert is identical to the vector
end shown immediately below it, except that T -+ G and A - C mismatches
differentiate insert from vector ends. T - C and A + G mismatches similarly
differentiate the right end of the insert from its vector target. See Materials and
Methods for sequence details.

¢ Top-strand sequence (as drawn) at variant site.

infected cells, where repair of two such breaks can still be
detected with substrates sharing as little as 12 to 14 bp of
sequence identity on each end of the DNA (0.8 to 2.5%), and
only 18 bp of sequence identity permits up to 8% recombinant
production.

A characteristic property of yeast SSA reactions is that they
promote deletions of sequences flanked by direct repeats. That
this is a feature of poxvirus mutational processes has been
suggested by several earlier studies. In particular, Shchelkunov
and Totmenin (18) compared the DNA sequences of vaccinia
and variola viruses and noted that deletion mutations seem to
preferentially occur at sites encoding 3- to 21-bp direct repeats.
They further suggested that a virus-encoded enzyme might be
catalyzing these events. The reactions we have characterized in
this study are clearly compatible with their observations gar-
nered through a bioinformatics-based approach. Moreover,
their work suggests that the reactions which we have charac-
terized using transfected DNAs can probably also modify viral
genomes.

Whether these in vivo reactions are catalyzed by vaccinia
virus DNA polymerase cannot be established with certainty by
our experiments (Fig. 3 and 4 and Table 2). Genetic studies
have clearly established that recombination requires a func-
tional polymerase (24), and it is noteworthy that the minimal
amount of sequence identity required to produce joint mole-
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FIG. 8. Recombination reactions catalyzed by vaccinia virus in vivo
and in vitro. Pathway A efficiently joins linear molecules sharing ~12
bp of end sequence identity and can be detected both in vivo (Fig. 3)
and in vitro (Fig. 4). It probably involves a simple exonuclease-cata-
lyzed SSA reaction which may well be catalyzed in vivo as it is in vitro
by vaccinia virus DNA polymerase. Pathway B could catalyze circle-
by-circle recombination reactions if the substrates share >50-bp ho-
mologies (Fig. 1 and 5) and is based on the proposal that viruses use
a rolling-hairpin replication scheme (14). Pathway C illustrates a
strand invasion reaction. Strand invasion reactions efficiently catalyze
linear-by-circular recombination, but because this reaction is so inef-
ficient in transfected cells (Fig. 6) we suggest that pathway C is not
used by replicating poxviruses.

cules in vitro is almost the same as that seen in vivo (=12 bp).
There is also a local reaction optimum in vivo at ~18 bp (Fig.
3), which is again nearly the same as the in vitro optima of 16
(reported previously using different DNAs [25]) or 18 bp (Fig.
4). However, these features may have more to do with DNA
stability and annealing kinetics than reflecting commonalities
between the enzymes used both in vivo and in vitro. We also
noted that the in vitro reaction rather poorly joined substrates
bearing 333-bp homologies, while such molecules are effi-
ciently recombined in vivo (Fig. 3 and 4). This discrepancy
could be a simple in vitro artifact caused by the fact that a
20-min reaction might not provide enough time to expose
complementary sequences, or it may be evidence that another
enzyme(s) joins molecules in vivo. If another enzyme(s) does
catalyze viral recombination, the fact that 75% of the recom-
binants recovered from cells transfected with sequence-tagged
molecules showed evidence of 3’-end resection (Table 2) sug-
gests that such enzymes would, like the polymerase, exhibit 3’
to 5" exonuclease activities.

Recombination of circular molecules in virus-infected cells
cannot be explained by a simple exonuclease or helicase cata-
lyzed reaction. However, a variant of the SSA process could
still account for our observations if it is remembered that
circular molecules are also being replicated in frans in poxvi-
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rus-infected cells (3). It is not clear how poxviruses do this, but
the rolling-hairpin reactions that probably replicate viral ge-
nomes (14) would, using plasmid templates, create rolling cir-
cles. SSA reactions could hybridize the displaced complemen-
tary strands which might then be processed into mature
recombinants (Fig. 8). Note that linear molecules might not
effectively exploit such a recombinational pathway, because
only one single-stranded molecule would be produced per ini-
tiation event, whereas multiple DNA copies are produced by
rolling circle reactions. The fact that circle-by-circle recombi-
nation reactions are significantly less efficient and require
longer homologies than do linear-by-linear reactions may re-
flect difficulties associated with initiating replication on nonvi-
ral templates (4). There may also be difficulties caused by
competition between recombination reactions (which require
single-stranded substrates) and the replication reactions which
sequester single-stranded DNA in a double-stranded form.
Some support for the latter idea can be drawn from the be-
havior of homologous DNAs separated by stuffer sequences.
Sequences separated by 787-bp inserts recombined at frequen-
cies eightfold higher than those predicted if recombinants are
a product of two independent events, whereas 1,621 bp seems
to be approaching a distance that permits independent recom-
bination. One interpretation of this observation might be that
~800 nt of separation is short enough to allow formation of
hybrid duplexes spanning both homologies (thus initiating for-
mation of a recombinant in a single step), while greater dis-
tances provide sufficient time for replication to sequester one
of the homologies as duplex DNA.

In both situations we favor an SSA mechanism of recombi-
nation in preference to a strand invasion reaction of the type
catalyzed by RecA-like proteins. Certainly no such enzyme
seems to be encoded by any known poxvirus. Furthermore,
mixtures of linear and circular DNAs are the most poorly
recombined substrates of the three structural combinations
tested (Fig. 6), while this combination of DNAs provides good
substrates where invasive recombination reactions are active
(for example, see reference 20).

One last point seems worthy of note, and that is the remark-
able ability of poxviral enzymes to generate recombinants un-
der seemingly unfavorable circumstances. As little as 12 bp of
sequence identity on each side of a double-stranded break was
sufficient to permit 0.8% recombination between linear mole-
cules (Fig. 3), and even when one of two 20-bp patches of
sequence identity was obscured by an ~800-bp nonhomology,
we still detected 0.3% recombination (Fig. 7). This suggests a
simple scenario that might explain how replicating poxviruses
have acquired host gene homologs. Reverse-transcribed host
cDNAs would often bear a poly(dA)-poly(dT) end homolo-
gous to the sequences comprising poxviral promoters, and this
could provide one of the two homologies needed for recombi-
nation with an accidentally broken virus genome. Such events
would very likely disrupt existing genes, and this might also
explain why host- and virus-specific pathogenes seem to be
acquired and/or located within terminal-inverted (i.e., diploid)
repeats. We are presently examining the effects of nucleotide
substitutions on linear-by-linear recombination, because 16- to
20-bp patches of perfect sequence identity are still statistically
rare features and mismatches must be accommodated if this
scheme is to work. The experiments outlined in Table 2
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showed that vaccinia virus recombination systems tolerate sin-
gle base substitutions within 20-bp-long end homologies, and
other experiments show that two mismatches can also be ac-
commodated by these systems (X.-D. Yao, unpublished data).
This accumulating evidence suggests that even base mis-
matches may not suffice to inhibit poxvirus gene acquisition
strategies.
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