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Homology requirements for Moloney murine leukemia virus recombination were addressed in this study by
monitoring titer defects observed when acceptor/donor template identity lengths were systematically reduced.
Recombination acceptors with at least 16 contiguous bases of donor template identity were recognized as
efficiently as longer acceptors. In contrast, a sharp 1-log titer drop was observed for an acceptor of only 15
bases long, with an additional 1-log titer decline for an 8-base acceptor and further decreases for shorter
acceptors. Eighty-three independent nonhomologous recombination products were sequenced to examine
recombination template selection in the absence of significant sequence identity. These replication products
contained a total of 152 nonhomologous crossover junctions. Forced copy choice models predict that forced
nonhomologous recombination should result in DNA synthesis to the donor template’s 5’ end, followed by
microidentity-guided acceptor template selection. However, only a single product displayed this structure. The
majority of examined nonhomologous recombination products contained junction-associated sequence inser-
tions. Most insertions resulted from the use of one or more tertiary templates, recognizable as discontiguous
portions of viral or host RNA or minus-strand DNA. The donor/acceptor template microidentity evident at
most crossovers reconfirmed the remarkable capability of the reverse transcription machinery to recognize
short regions of sequence identity. These results demonstrate that recruitment of discontiguous host or viral
sequences is a common way for retroviruses to resolve nonhomologous recombination junctions and provide

experimental support for the role of splinting templates in the generation of retroviral insertions.

Retroviral genetic recombination does not involve nucleic
acid breakage and rejoining but instead results from template
switching by reverse transcriptase (RT) during viral DNA syn-
thesis (2). Early work demonstrated that the reassortment of
retroviral genes is so frequent that even markers approximately
1 kilobase apart behave essentially as if they are unlinked (29).
More-recent studies assessing crossover frequencies provide
the basis for these observations by demonstrating that recom-
binogenic template switching likely occurs several times during
the synthesis of nearly all retroviral DNAs (21, 37, 49, 72).

How elongating reverse transcription complexes recognize
and recruit secondary templates and how a growing DNA
strand is transferred to an acceptor template are areas of active
investigation. Models for recombination during both plus- and
minus-strand DNA synthesis have been proposed, with exper-
imental evidence supporting a dominant role for minus-strand
recombination (9, 22, 67). Forced copy choice models for mi-
nus-strand recombination suggest that RT/primer-template
complex dissociation at a broken template end precedes re-
combinogenic template switching (9). However, evidence that
factors other than template integrity can modulate recombina-
tion frequency demonstrates that template breakage is not a
prerequisite for recombinogenic template switching (42, 44).
An alternate model for minus-strand homologous recombina-
tion—the acceptor invasion model—suggests that minus-
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strand DNA sequences behind the growing point for DNA
synthesis, which are unmasked by the removal of RNA tem-
plate segments by RNase H, recruit acceptor templates by base
pairing with them and that template switching itself involves a
subsequent repositioning of the primer strand’s 3" end from
the donor to the acceptor template (5, 8, 50).

Most retroviral recombination occurs in regions of donor/
acceptor template identity, with nonhomologous recombina-
tion occurring roughly 100- to 1,000-fold less frequently than
homologous recombination (69, 70). The frequencies of retro-
viral recombination are roughly proportional to the lengths of
sequence identity (70). Recombination between similar, or
“homologous,” sequences occurs less frequently than recom-
bination between identical sequences, with recombination be-
coming less frequent the more dissimilar templates are to one
another (1). When nonhomologous recombination is moni-
tored, short regions of sequence microidentity are observed at
the crossover junctions in some instances, due to the retroviral
replication machinery’s remarkable capability of recognizing
short patches of sequence identity in the context of otherwise
nonhomologous sequence (19, 60, 65). However, many nonho-
mologous crossovers display no microidentity or even have
sequence insertions at the crossover junctions (41). Based on
the similarity between certain sequence insertions in human
immunodeficiency virus type 1 clinical isolates and segments of
the human genome, we have previously proposed that many
of the insertions observed in retroviral genomes may result
from the use of short sections of discontiguous nucleic acids as
tertiary templates to bridge nonhomologous crossover junc-
tions (3, 57).
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FIG. 1. Forced recombination assay. (A) Two-vector recombination assay as described in reference 43. Newly synthesized DNA undergoes a
recombinogenic strand transfer from the 5’ end of an RNA donor (D) template to the 3’ end of a distinct RNA acceptor (A) template. Pggy, Rous
sarcoma virus promoter; pbs, primer binding site; ppt, polypurine track. (B) RIO template. DNA is shown as a complete circle. The RIO template
contains a single, modified, central LTR (AU US5). An SV40 promoter-driven puromycin resistance gene containing an artificial intron is separated
into 5" (puro-, in-) and 3’ (-tron, -mycin) portions. Homologous D and A regions are designated within the intron. (C) Recombination during
reverse transcription using RIO vector. Upon reaching the 5’ end of the donor template, the newly synthesizing DNA is forced to undergo a
recombinogenic strand transfer to a region of sequence identity within the acceptor template. After completing plus-strand synthesis and transfer,
the final provirus resembles a retroviral provirus. The puromycin resistance gene and intron are reassembled, and two LTRs flank the provirus.
W is the packaging signal, and Pgy,, indicates the SV40 late promoter. Primers shown in the bottom row are those used to analyze products as

for Fig. 2D.

The current work employs a novel Moloney murine leuke-
mia virus (MMLV) forced template switching assay to examine
how systematic variation in lengths of donor/acceptor identity
affects recombinogenic template switching. Acceptor template
selection in the absence of appreciable donor/acceptor identity
and the mechanisms employed by the reverse transcription
machinery to resolve nonhomologous recombination junctions
were addressed by sequencing and analyzing a large number of
individual forced nonhomologous recombination products.

MATERIALS AND METHODS

Plasmids. The retroviral inside-out (RIO) vectors used in this report were
based on a previously described forced homologous recombination vector called
30TM (for 30-terminal match) (33). RIO vector structures are introduced in Fig.
1. For the experiments here, overlap extension PCR was used to modify the
30-base acceptor (5'-GCGCCAGTCCTCCGATTGACTGAGTCGCCC-3") of
the 30TM vector to create the 1-terminal mismatch (ITMM) and shortened
acceptor 27, 24, 21, 20, 19, 18, 17, 16, 15, 12, 10, 8, 5, and 0TM vectors (33).
pRSVpuro (pSF116-1), which contains an intronless puromycin resistance gene,
was used as a standard non-RIO (that is, not inside-out; possessing two long
terminal repeats [LTRs]) MMLV-based vector control (33).

The forced nonhomologous recombination assay vector used here, designated
“humanTM,” was derived from the STM vector by modifying the splice donor
region and inserting a fragment of human sequence to serve as a nonhomologous
recombination acceptor template. In previous studies with the STM vector, some
products appeared to result from the use of limited identity in the vicinity of the
splice donor (33). To reduce this unwanted alternate target product, the RIO

vector acceptor region was modified by PCR to ablate this microidentity in
humanTM. To introduce a human sequence acceptor, DNA isolated from 293T
cells by use of a DNeasy tissue kit (QIAGEN) was digested with EcoRI, shotgun
cloned into pBluescript SK+, and sequenced. A 590-base fragment from human
chromosome 14 (map position 21710256 to position 21710845 of GenBank ac-
cession no. NT_0264737) was selected for further use and engineered into
humanTM, thus replacing the limited acceptor template fragment of the parental
5TM vector.

Cells and virus. 293T cells (human embryonic kidney cells expressing simian
virus 40 [SV40] T antigen) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. RIO
vector plasmids were cotransfected with MMLYV gag-pol and MMLV ecotropic
env helper plasmids (pNGVL3 gag-pol and pAM 178-2, respectively [44, 64]) into
293T cells by calcium phosphate precipitation as previously described (44).
Medium containing virions was harvested beginning 24 h posttransfection and
filtered through 0.2-pm filters. D17/pJET cells (canine osteosarcoma cells ex-
pressing murine ecotropic receptor) were infected with serial dilutions of vector-
containing virions in the presence of 0.8 pg/ml Polybrene (hexadymethrine
bromide; Sigma) for 2 h and selected 48 h postinfection in Dulbecco’s modified
Eagle’s medium with 10% calf serum, 1% penicillin-streptomycin (GIBCO/
Invitrogen), and 1 wg/ml puromycin (25, 39). Titers were determined by the
number of CFU per ml of virion-containing medium after 12 days of puromycin
selection. Titers were averaged from four independent infections using virus
from at least two independent transfections for each vector. CFU/ml values were
then normalized to RT protein levels, as determined by RT activity (58), relative
to a reference sample. Error bars were calculated as standard deviation of the
mean.

Analysis of strand transfer products. For homologous recombination prod-
ucts, after 12 days of selection in puromycin, colonies were pooled, and provirus-
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containing genomic DNA was isolated using a quick lysis plus proteinase K
digestion protocol modified from the work of Woffendin et al. (63). The artificial
intron within the puromycin-coding sequence was PCR amplified using primers
SF304 (5'-GGCCTAGGCTTTTGCAAAAAGCTTAC-3") and MK204 (5'-TCG
GCGGTGACGGTGAA-3') for 35 cycles. For product mobility analyses, SF304
was 5" end labeled with [**P]ATP and T4 polynucleotide kinase, and radioactive
PCR products were digested with Ascl, separated on a 5% acrylamide gel, and
quantified by phosphorimager. Alternately, product bands were resolved on 1%
agarose gels and purified using a QIAquick gel extraction kit (QIAGEN) for
sequencing by the University of Michigan DNA Sequencing Core Facility.

For nonhomologous recombination product analysis, individual puromycin-
resistant colonies containing integrated humanTM vector products were ex-
panded for DNA extraction, and genomic DNA was isolated using a DNeasy
tissue kit (QIAGEN). Intron-containing puromycin sequences were PCR ampli-
fied and sequenced as described above.

Sequences were analyzed by aligning parental vector and product sequences
with DNAStar SeqBuilder (Lasergene). When a likely template could not be
identified in the vector, sequences were compared to GenBank using NCBI
BLASTNn. Sequences including and flanking the insertions were queried, with the
longest identified putative template segment designated the best candidate tem-
plate. Sequences were considered to be likely templates if sequence identities
shared by inserts and putative templates were 8 bases or greater in the case of
vector-derived sequences and 19 bases or greater in the case of host sequences.
Matches of these lengths would be predicted to arise roughly 10-fold less fre-
quently than by random chance.

RESULTS

A single-RNA forced recombination assay. We previously
examined the effects of limiting donor/acceptor identity on
forced copy choice recombination by use of a two-vector assay
(43). In that study, one vector was designed to mimic the 3’
portion of an MMLV genomic RNA, and the second was
designed to mimic a genomic RNA’s 5’ end (Fig. 1A). When
one copy of each of these two vectors was copackaged, tem-
plate switching between them led to the production of an intact
selectable provirus. Such two-vector assays yield low proviral
titers (43, 47), at least partly because coexpressed RNAs in
MMLYV preferentially self-associate for packaging (15, 23, 48).

Here, we revisited forced copy choice recombination by use
of a single-vector RIO approach, which circumvents the need
for the copackaging of two coexpressed vectors. RIO vectors
contain primary (donor) and secondary (acceptor) template
sequences like those used in two-vector forced recombination
assays, but these two recombination templates are contained
on single RNAs. RIO vectors have been called “prejumped”
because their first DNA intermediate resembles a reverse tran-
scription product that results after minus-strand strong-stop
strand transfer (33). The recombination donor was engineered
to reside at the RNA’s 5’ end, as in two-vector forced homol-
ogous recombination assays. However, the acceptor was engi-
neered into the 3’ portion of a single RIO vector RNA. Here,
the two halves of the RIO vector each contained a portion of
the puromycin resistance gene separated by an artificial intron
that served as the recombination target sequence (Fig. 1B).
Generation of an intact puromycin resistance gene, which re-
quires recombination between 5’ donor and 3’ acceptor se-
quences, proceeds readily, and thus RIO vectors provide a
highly tractable one-vector approach for studying retroviral
recombination (Fig. 1C).

Previous two-vector forced homologous recombination ex-
periments suggested that 30-nucleotide secondary templates
are recognized as well as longer acceptors, and it has been
determined that the reverse transcription machinery can ex-
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tend a single mismatched nucleotide fairly efficiently (43).
Thus, to address how frequently RT proceeded to the primary
(donor) template’s 5’ end before switching to a secondary
template, the extent of single-base mismatch extension was
determined using a forced homologous recombination assay.
Donor and acceptor sequences were designed so that recom-
bination occurring precisely from the donor template’s 5’
end—which would require mismatch extension—would yield a
diagnostic restriction site in the product DNA, while prema-
ture template switching would not generate the diagnostic
site. An overview of the experimental approach is presented in
Fig. 2A.

Virions containing RIO vectors with either 30TM (Fig. 2B)
between acceptor and donor templates or 29 bases of match
and a single terminal mismatch (1TMM; Fig. 2C) displayed
similar titers (0.8 X 10* = 0.2 X 10* CFU/ml when normalized
as described in Materials and Methods). Infected cells were
selected in puromycin, >100 puromycin-resistant colonies per
vector were pooled, and integrated proviral DNA was ampli-
fied by PCR. Radiolabeled amplification products, both
cleaved with the diagnostic restriction enzyme and uncleaved,
were separated on polyacrylamide gels, and products were
quantified by phosphorimager.

Figure 2D compares products of the terminally mismatched
and terminally matched RIO vectors. Digestion with the diag-
nostic restriction site for products of the matched template
vector was >95% complete. For the single-base mismatch vec-
tor, 80% of the products were digestible with the diagnostic
enzyme. This suggests that roughly 80% of the products of this
vector resulted from RT proceeding to the donor template’s 5
end, transferring to the mismatched acceptor template, and
extending the 1-base mismatch that would result upon tem-
plate switching. About one-half of the products that did not cut
with the diagnostic enzyme migrated slightly faster than the
correctly targeted product (Fig. 2D, rightmost lane). Low lev-
els of this alternate target product were detectable among
terminally matched vector products as well. Sequencing re-
vealed that this product resulted from the use of 5 bases of
fortuitous microidentity between the donor template 5" termi-
nus and an internal portion of the vector, which thereby served
as an alternate acceptor template. These findings suggest that
this vector system successfully generated forced recombination
products, as a large majority of puromycin-resistant proviruses
resulted from RT proceeding to the donor template’s 5" end.

Donor/acceptor identity required for homologous recombi-
nation. A series of RIO vectors with incremental differences in
donor/acceptor identity length was next used to assess acceptor
template recognition. As shown in Fig. 3A, vectors with step-
wise reductions in donor terminal identity were generated in
series, and their titers were compared to those of the parental
vector with 30 bases of acceptor/donor identity, as described in
Materials and Methods.

Titer data for these limiting identity vectors are presented in
Fig. 3B. The results show that all vectors with acceptors of
between 30 and 16 nucleotides in length displayed similarly
high titers. In contrast, the loss of a single additional nucleo-
tide of donor identity—a 15-nucleotide acceptor—resulted in a
10-fold decrease in the puromycin resistance titer. Titers for
acceptors with 15, 12, and 10 bases of donor identity were
similar to one another. A further sharp 1-log drop in titer was
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FIG. 2. One-base mismatch extension by RIO vector. (A) Experimental scheme. (B) 30TM acceptor. Newly synthesized DNA transfers from
a donor template to an acceptor template with 30 bases of identity. If the DNA transfers at any position within the 30 bases of identity on the donor
template, an Ascl site will be generated in the provirus. (C) 1TMM acceptor. The 1TMM acceptor contains 29 bases of identity and 1 mismatched
base. If DNA transfers from the 5" end of the donor and the mismatch extends, an Ascl site will be generated. If the DNA transfer occurs prior
to the template end and no mismatch extension occurs, the template base will be incorporated and no Ascl site will be formed. Acceptor region
abbreviations are given in the legend to Fig. 1. (D) PCR amplification of puromycin resistance gene from pooled proviral DNA by use of primers
indicated in Fig. 1C and analysis with Ascl digestion. pRSVpuro, a vector containing an intronless puromycin resistance gene amplified with
primers SF304 and MK204. RIO vectors, with their artificial introns, yield a longer amplification product. PCR products from 30TM and 1TMM,
undigested and digested with Ascl, are shown. Alternate targets that appear in the 1”TMM product pool are indicated. puro, puromycin.

observed for an acceptor with only 8 bases of donor identity,
and vectors with shorter regions of donor template identity
displayed further titer decreases.

Provirus-containing genomic DNA from pooled puromycin-
resistant colonies produced by each vector was PCR amplified
and analyzed on acrylamide gels as described above (Fig. 3C).
The results revealed that nearly all of the puromycin-resistant
products of acceptors of =10 bases in length were correctly
targeted to the engineered acceptor. In contrast, limited use of
the fortuitous 5-base alternate acceptor (Fig. 3C, bottom right
arrow) was observed for the 8-base acceptor. This and other
alternate acceptors predominated for the shorter acceptors in
this vector series.

Forced nonhomologous recombination. For the following
experiments, RIO vectors were modified to assess forced non-
homologous recombination. A RIO vector (humanTM) was
constructed in which the major and ectopic acceptor sites used
during reverse transcription of the above-described vectors
were mutationally ablated. In their place, a human genome
fragment that provided a relatively large number of candidate
alternate acceptors with very limited identity to the donor was
introduced. The nonhomologous acceptor template region se-
lected for use here was a 590-base shotgun-cloned nonrepeti-
tive noncoding fragment of human DNA (Fig. 4A). This hu-
man fragment acceptor included one region with 3 bases of
identity to the donor template’s 5’ end and many candidate
2-base acceptors but lacked identity of 4 bases or longer. The

puromycin resistance-conferring titer of humanTM, when pro-
duced by transient transfection with helper function plasmids,
was 500-fold lower than that of 30TM (1 X 10' CFU/ml versus
6 X 10° CFU/ml; Fig. 4B).

Cells containing individual integrated humanTM reverse
transcription products were cloned and expanded. Nonho-
mologous recombination junctions were PCR amplified and
sequenced (Fig. 4C). Cell clones that were not expandable or
that did not yield PCR products were not analyzed further. A
total of 83 independent clones were analyzed, as summarized
in Table 1. To verify that the detected nonhomologous recom-
bination junctions were generated during vector reverse tran-
scription and not by PCR, the PCR products from 22 of these
cell clones were reisolated from clonal cell samples and rese-
quenced, and in all cases products were found to be identical to
those isolated initially.

Analysis of forced nonhomologous recombination products.
The strategy for isolating crossover junctions used here placed
several constraints upon which nonhomologous recombination
products could be recovered. For example, because only prod-
ucts that conferred puromycin resistance were detected, all
proviruses needed to incorporate both 3" and 5’ portions of the
puromycin acetyltransferase gene, and only recombinants that
contained functional-length (=80-base) introns that lacked
strong cryptic splice acceptors or polyadenylation signals in the
intronic region would survive the imposed selection (62).
Nonetheless, the sequences of the 83 products revealed that
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FIG. 4. Forced nonhomologous recombination. (A) RIO template containing a human sequence nonhomologous acceptor. The acceptor
region included a 590-base fragment of human chromosome 14 that contains no region of identity greater than 3 bases with the 5" end of the donor.
Note that polyadenylation signal readthrough resulted in the appendage of RNA copies of plasmid backbone sequences to a subset of the vector
RNAs’ 3" ends. Acceptor region abbreviations are given in the legend to Fig. 1. (B) Vector titers determined as described in Materials and
Methods. 30 represents titers for the 30TM vector; human indicates humanTM values; 0 indicates the value for 0TM vector. (C) PCR amplification
of cell DNA from individual puromycin resistance cell clones. The amplification product of a correctly targeted clonal 5-base acceptor product is
shown, as are PCR products from representative individual humanTM product cell clones. The leftmost two lanes contain radiolabeled size
standards. puro, puromycin.

the reverse transcription machinery employed a remarkable quence, rather than a direct transfer to the engineered human
variety of strategies to resolve forced nonhomologous recom- chromosome 14 acceptor.

bination. These products can be divided into classes based on Additional simple nonhomologous recombinants. RT switched
the nature of the crossover junctions and on the number of  to the acceptor template prior to reaching the donor template’s
template segments employed. 5" end the during the synthesis of 26 of the remaining 77

Forced copy choice nonhomologous recombinants. Based on products (Fig. 5B; Table 1). These “premature” transfer prod-
the very low frequency of premature jumps olbse}’ved above ucts did not contain the entire 71 nucleotides of artificial intron
during RIO vector forced homologous recombination, as well from the donor template (Fig. 6A) but instead contained 5'
as on previous observations of donor/acceptor microidentity at -y, cations of this, fused to sequences in the acceptor template
many nonhomo.logous crossover junctions, we had anticipated region. Among these “simple” nonhomologous recombinants,
:hat m(.)s:. of ttlnst;/lector : p’rocélllcts zivoulg ﬁzlsult from frzverse so called because a single nonhomologous template switch was
Tanseription o the veetor s >° end an en use of donor involved in generating the provirus, 80% of the junctions in-
terminus microidentity in the acceptor as the site of transfer. cluded donor/acceptor microidentity of 1 to 6 bases. The re
Remarkably, only 1 of the 83 reverse transcription products . Lo R
analyzed hZ,re hgd that structure. Even thouglrl’ the Ecceptor maining 20% resulted from donor-to-acceptor transfer with no
region included 1 trinucleotide match to the vector’s 5" end ?giﬁlieelg;?;lilzgff allzZ?;Tifﬁ?u;ere;%rizzzni Fs;;esm(;f

and 34 matching dinucleotides, this single product of transfer
from the vector’s 5’ end to the acceptor template region (clone The broad spectrum of observed donor departure and acceptor

98 in Table 1; Fig. 5A) utilized only a single base of donor entry sites confirmed that the use of sequences throughout the
terminal/acceptor microidentity. An additional five products engineered acceptor and donor sequences generated puromy-
(clones 18, 31, 65, 123, and 129 in Table 1), described below in cin-selectable products. Although strong transfer hot spots for
the discussion of splinting tertiary template segments, resulted ~ simple recombinants were observed in neither the donor nor

from forced template switching at the donor 5’ end. However,  the acceptor template, some sites were used more than once.
all of these latter were complex products for which the initial For example, one junction with 6 bases of donor/acceptor
template switch was to a discontiguous tertiary template se- identity arose in three independent clones (Table 1, clones 17,

FIG. 3. Minimal sequence identity required for efficient and accurate recombinogenic strand transfer. (A) Acceptor sequences. The series of
stepwise shortened acceptors from 27 bases to 0 bases of identity at the engineered acceptor position. (B) Titer/RT for 30 to 0 bases of identity
vectors, determined as described in Materials and Methods. Note that the titer in the 5TM column, indicated with an open circle and connected
to dashed lines, is the titer for a 5STM vector variant in which the major alternate target sites were eliminated by mutation. This alternate 5TM
vector was generated to assess titers in the absence of the major alternate targets but is not used elsewhere in this report. (C) PCR products of
pooled proviral products of the limited identity vectors, with or without Ascl digestion. Product mobilities are indicated at left; some alternate
target products are indicated at right. puro, puromycin.



TABLE 1. Nonhomologous recombination products

3° Template 4° Template Micro- 3°
Recombinant type Clone no. dDonor Acceptor 5° Template  identity ~ Template
cparture  entry Entry Departure Entry Departure (bases)* length®
Simple nonhomologous 1 60 3073 1
recombinants 6 39 2407 1
8 63 2543 2
9 51 2368 0
12 24 2552 3
13 28 2712 1
16 55 2480 0
17, 30, 112 39 2761 6
20 62 2604 2
21 60 3032 0
23 15 2322 3
24 59 2368 0
32 62 2811 1
37 61 2781 1
54 63 2492 2
68, 93 42 2654 1
76 60 2494 1
77 55 2366 1
80 51 2819 0
88 69 2608 1
97 47 2573 1
98 1 2408 1
134 53 2566 0
137 65 2564 1
Complex nonhomologous
recombinants
Bridged by vector-internal 10 50 2754 948 884 3,7 65
sequences 19 42 2754 944 884 4,7 61
39 48 3074 2887 2880 0,2 8
50 21 2754 951 884 0,7 68
118 22 2754 950 884 1,7 67
Bridged by polyadenylation 2, 120, 133 48 2567 6263 6108 3,10 156
readthrough sequences 14, 38, 119 48 2765 6263 6180 3,7 83
29, 41 50 2535 4073 3972 2,8 101
36 50 2533 5081 5047 2,8 35
43 50 2787 4073 3928 2,5 145
45 48 2499 6263 6165 3,5 99
53, 67,121 52 2374 4007 4000 2,3 8
66 50 2351 4894 4830 2,6 65
71, 84 48 2506 6263 6201 3,6 63
79 50 2565 4894 4851 2,2 44
83 49 2535 4189 3972 3,8 218
90 50 2560 4894 4867 2,0 28
94 50 2883 4894 4867 2,0 28
99, 127 49 2535 4163 3972 3,8 192
122 48 3074 6263 6249 3,6 15
Bridged by minus-strand 5,81 41 2368 797 816 2,7 20
DNA sequences 7 45 2368 804 816 1,7 13
11 50 2368 797 816 10, 7 20
47,72 52 2368 796 816 7,7 21
49 46 2368 793 816 3,7 24
Bridged by host sequences 18, 65 1 2771  tRNALeu® tRNALeu® 4,1 24
130 25 2374 Ul4e Ulde 2,6 21
Bridged by undetermined 31 1 2509  GGGCGTTGG! =9
sequences 33 67 2368  TTCAT =5
46 49 2374 T =1
82 24 2378  TTGGGGACC =16
CAGATTG/
123 1 2482 GGC =3
Bridged by 2 tertiary 34 50 2516 4868 4686° 40718 39748 6,2,0 183,98
template segments 52 50 2535 48948 4686° 40718 39728 8,2,0 209, 100
57 50 2369 4894¢ 48778 1381¢ 1399 7,2,2 18, 19
58, 74 50 2506 4894¢ 4686° 41618 39748 6,2,1 209, 187
78 51 2360  Dog” Dog" GAAG ) 2 221, =4
89 16 2509 951 918 28S rRNA/  28S rRNA/ 8,0,9 34,61
100 50 2535 4894¢ 4686° 42468 39728 8,2,2 209,275
124 50 2506 4894¢ 4686° 41878 39748 6,2,1 209,214
129 1 2368  tRNALys* tRNALys"  794¢ 816 7,4,0 56,23
135 50 2535 4890¢ 4686° 41618 39728 821 205, 190
Bridged by 3 tertiary 51 48 2374 6263 6193¢ 1126 847 CGCCAAGT' 3,3,8,3 171,280, =8

template segments

“ For products with multiple crossover junctions, presented in sequential order.

> Where template lengths are presented as “=x,” x is the length of inserted sequences. Multiple values are in sequential order.
¢ From map position 72 to position 94 of GenBank accession no. X04117 (human tRNA leu).

4 From map position 95 to position 115 of GenBank accession no. K007851 (human U1A RNA).

¢ Minus-strand DNA.

/Sequence insertion of undetermined origins. Template entry and departure sites are unknown; the entire insert sequence is provided in the entry column.
& Polyadenylation site readthrough sequences.

" From map position 38820306 to position 38820526 of GenBank accession no. NC_006589 (Canis familiaris chromosome 7).
 Vector-internal sequences.

/ From map position 3809 to position 3869 of GenBank accession no. M11167 (human 28S rRNA).

K From map position 3998 to position 3943 of GenBank accession no. AL3555505.16 (human tRNA lys).
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FIG. 5. Categories of nonhomologous recombination products.
(A) Forced copy choice nonhomologous recombination product.
DNA synthesized to the 5’ end of the donor template transfers to an
acceptor template position with primer terminal microidentity.
(B) Premature jump. DNA synthesis transfers from the donor to the
acceptor template before reaching the 5’ end of the donor template.
(C) Incorporation of tertiary template sequences. Nascent DNA
transfers from the donor template to a tertiary template before
subsequent transfer to the acceptor template. Illustrated here, the
tertiary template used is a segment of polyadenylation signal
readthrough RNA. Acceptor region abbreviations are given in the
legend to Fig. 1.

30, and 112), and a second crossover was shared by two inde-
pendent isolates (clones 68 and 93).

Complex nonhomologous recombinants. Fully two-thirds of
all analyzed products included additional sequences between
the donor template departure and acceptor template entry
sites and were thus designated “complex” recombinants (Fig.
5C and 6; Table 1). Insertions in retroviral crossover junctions
have been described previously (13, 36, 40, 41, 46, 59, 68). RT
rarely adds more than a single nontemplated nucleotide during
DNA synthesis, and thus the majority of crossover-associated
sequence insertions are likely templated by tertiary nucleic
acids used after the primary (donor) template but prior to
association with the secondary (acceptor) template segment
(41, 45).

Identification of splinting tertiary template segments. Se-
quence analysis programs and database searches were used to
identify candidate noncontiguous segments of RNA or DNA
that served as tertiary templates for the insertions (see Mate-
rials and Methods). The sequence analyses suggested that a
total of 69 segments of nucleic acid contributed as tertiary
templates in the synthesis of the 56 insert-containing clones,
with likely templates identified for 90% of the insert segments.
Most inserts with unidentified templates were too short (me-
dian length of 5 bases) to implicate a specific template with
confidence (see Materials and Methods).
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Nonhomologous junctions bridged by single segments of
vector-internal or polyadenylation site readthrough RNA. In
the first and largest class of splinted recombinants, the gaps
between donor and acceptor regions were bridged by single
discontiguous portions of RIO vector RNA sequence or of
sequences that were appended to the vectors’ 3’ ends due to
vector polyadenylation signal readthrough. For five of these
(Table 1, clones 10, 19, 39, 50, and 118), the bridging template
was derived from discontiguous portions of vector-internal se-
quences (Fig. 6B). This resulted in a duplication of sequences
from one location between the products’ LTRs to a second
remote location also between the viral LTRs: rare instances of
such duplications of viral genome segments have been re-
ported previously (31, 36, 46, 56).

For most of the splinted recombinants analyzed here, inserts
were templated by sequences downstream of the vector poly-
adenylation site (Fig. 6B). The mechanism likely to have been
used to generate these insertions (a nonhomologous template
switch to a discontiguous template, limited reverse transcrip-
tion on that tertiary template, and then a subsequent nonho-
mologous template switch) was identical to that used for the
patching in of the vector-internal sequences described above.
However, the outcome here was to relocate vector-external
sequences into internal portions of the vector rather than to
duplicate vector-internal sequences at an ectopic site. The
polyadenylation cassette used in humanTM is subject to up to
20% readthrough (3), thus suggesting that as many as one-
third of all humanTM RIO vector-containing virions may have
contained readthrough sequences. Sequences housed on
readthrough RNAs are known to be packageable and to serve
readily as “patch repair” recombination templates (3, 20, 37,
53, 56, 69).

Insertions templated by nascent vector DNA, host se-
quences, or undetermined templates. The inserts observed in a
second class of splinted recombinants were derived from the
RIO vector but appeared in the product DNAs in reverse
orientation, suggesting that they were templated by nascent
minus-strand DNA rather than by vector RNA (clones 5, 81, 7,
11, 47, 72, and 49). “Backwards” insertions have previously
been described for nonhomologous recombination products
and can be explained by models for plus-strand recombination,
a key feature of which is template switching between nascent
DNA templates (22, 56, 66). Fairly extensive (7-base) fortu-
itous microidentity between the most commonly utilized mi-
nus-strand template and sequences in the acceptor template
region likely contributed to the high frequency of minus-strand
templated insertions observed here.

The third class of inserts was host-derived sequences.
Among these were human (producer cell) leucine and lysine
tRNAs (clones 18, 65, and 129), a human Ul spliceosomal
RNA cDNA (clone 130), a portion of human 28S rRNA (clone
89), and canine sequences derived from the recipient cell
(clone 78).

Likely templates were not identified by sequence analyses
for the final class of putative template segments (7 of the 69
total insert segments). These ranged in length from 1 to 16
bases. The possibility that these segments were encoded by
tertiary templates cannot be ruled out, and in each case, ter-
tiary templates too short to fulfill the significance criteria de-
scribed in Materials and Methods could be identified and may
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FIG. 6. Spectra of donor departure and acceptor entry sites observed in analyzed clonal products. (A) Schematic representation of humanTM
vector, including polyadenylation readthrough region. Numbers at top indicate map positions on the RNA and indicate that the schematic is not
to scale. Note that polyadenylation signal readthrough resulted in the appendage of RNA copies of plasmid backbone sequences to a subset of the
vector RNAs’ 3’ ends. (B) Compendium of donor departure and acceptor entry sites for all 83 nonhomologous recombination products.
Diagrammed as in Fig. 5C. Each open circle indicates a simple recombination donor departure or acceptor entry site; each black bar indicates a
corresponding site for a complex recombinant. Acceptor sites for 20-base intervals are binned; stacked circles and/or bars indicate multiple entries
into a single acceptor site within the interval. The RNA strand drawn in the center of Fig. 6B represents splinting templates. Crossover site
locations for those recombinants that used sequences on the same or copackaged vector RNA are shown. Horizontal lines above the splinting
template indicate the locations of splinting RNA template segments; lines below indicate splinting DNA templates. Each horizontal line represents
a separate tertiary template segment. Each encompasses the template segments used, but these are not precisely to scale. polyA site, polyade-

nylation site. Acceptor region abbreviations are given in the legend to Fig. 1.

have been the source of the inserts (not shown). On the other
hand, especially for the shortest of these, the insertion may
have resulted from nontemplated base addition prior to non-
homologous recombination. Single-base frameshifting is a
common class of reverse transcription error, and under some
circumstances RT can add and extend single nontemplated
bases (27, 41, 45). However, it is interesting that retrospective
analysis of previous insertion-in-deletion mutations suggests
that even single-base insertions may in some instances be ter-
tiary template directed (40) (Fig. 7).

Complex inserts derived from more than one template seg-
ment. A similar broad spectrum of templates was also observed
among the 12 proviral products that displayed evidence of use
of more than one tertiary template segment. Two separate
segments of viral RNA spanned the nonhomologous recombi-
nation junctions in some clones. Other clones’ two or three
bridging templates included various combinations of host and
vector RNA sequences, vector RNA and vector DNA se-
quences, host RNA and vector DNA, or vector RNA and
undetermined sequences. One clone, clone 78, contained re-
cipient cell sequences—as reported previously for nonhomolo-

gous recombination products (13)—that joined to a short seg-
ment of undetermined origin before rejoining the acceptor
template.

Crossover site distribution and hot spots for nonhomolo-
gous recombination. Figure 6B displays the donor departure
and acceptor entry sites for each of the 83 analyzed nonho-
mologous recombination products, whether or not tertiary
templates were used prior to acceptor template association. In
this figure, the donor RNA’s 5’ end was assigned position 1.

Analysis of crossover junctions indicated that whereas a
broad range of donor departure sites was used (28 different
departure sites were used among the 83 clones), two departure
sites (positions 48 and 50) were used significantly more fre-
quently than others (14% and 22% of the total clones, respec-
tively), and fully one-half of all products resulted from tem-
plate departure in the interval from donor template position 48
through position 52 (Fig. 6). Unlike the simple recombinant
junctions, which were fairly widely distributed, the initial tem-
plate switch for all but two of these donor departure hot spot
products was to a tertiary template segment (see Table 1).

Many of the observed hot spot donor sites directed template
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FIG. 7. Retrospective alternate model for generation of single-base
insertion plus flanking hypermutations. Based on nonhomologous re-
combination product 72.P8 in reference 40. (A) Model proposed in
reference 40. A single-base insertion occurs during nonhomologous
template switching, followed by junction-associated hypermutation by
RT as it copies the acceptor template. (B) Splinted recombination
model for single-base insertion. RT uses 2 bases of microidentity to
switch to the tertiary template and then 6 bases of microidentity to
switch back to the acceptor template. This model calls for one base
substitution between the candidate splinting template, identified by
BLASTn as GenBank accession no. V01204.1, which mapped to the
U3 region of a spleen necrosis virus. Note that TK gene expression in
the vector used (40) was driven by a spleen necrosis virus promoter,
and thus it seems likely that the apparent 1-base insertion in a non-
homologous crossover junction here arose via splinting recombination
with a distal portion of the vector RNA.

switching to acceptor positions that were themselves hot spots.
For example, 10 out of 18 template switches from position 50
used 2 bases of microidentity to arrive at splinting template hot
spot acceptor position 4894. Similarly, 10 of 12 jumps from hot
spot position 48 were directed to the hot spot acceptor at
position 6263, using 3 bases of identity. Note however that
although donor departure sites and splinting template entry
sites displayed hot spots, there was significant variation in the
length of splinting tertiary template that was reverse tran-
scribed after hot spot transfer and before subsequent template
switching to the engineered human acceptor. For example,
clones 2 and 71 share a donor/tertiary template crossover junc-
tion, but 156 bases of tertiary template were copied in clone 2
and only 63 bases of the tertiary template were reverse tran-
scribed in clone 71.

In other cases, a single donor hot spot was joined to many
different acceptors (for example, donor position 60 was joined
alternately to acceptors 2494, 3032, and 3073), and in some
cases, a single acceptor hot spot was joined to many different
donors (e.g., a minus DNA splint, donor sites 51 and 59, and an
undetermined splinting template were all observed joined to
acceptor position 2358 in different clones).

Among hot spot products, some pairs and triples possessed
identical sequences. Confirming that these were not sibling
integrants but instead independent reverse transcription prod-
ucts, the colonies containing the independent identical se-
quences were isolated in each instance from separate plates of
infected cells; in most cases, they were products of virions
produced by separate transfections.
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FIG. 8. Properties of crossover junctions and splinting templates.
(A) Distribution of junctional microidentity lengths. Black bars repre-
sent identities observed at simple recombinants’ crossover junctions;
hatched bars are complex recombinants’ junctional microidentities;
und represents junctions for which identity lengths were not deter-
mined because a template segment was not identified. (B) Splinting
(3°) templates’ lengths. Hatched bars indicate minimal template
lengths for inserts with unidentified templates (e.g., the length of the
insert, whereas for identified templates most included flanking mi-
croidentity residues); black bars represent assigned template segments.
(Bottom) An expanded view of template length distribution for shorter
insert segments shown at top.

General properties of crossover junctions and template seg-
ments. Of the 83 nonhomologous recombination products an-
alyzed here, about one-third were simple recombinants and
two-thirds were complex splinted recombinants. In addition to
the initial tertiary template, at least one additional template
contributed to the synthesis of 20% of the splinted complex
nonhomologous recombinants. One product (clone 51 in Table
1) appears to have been synthesized using a total of five tem-
plate segments. The distribution of crossover-associated do-
nor/acceptor microidentity lengths is presented in Fig. 8A. As
shown in Fig. 8B, splinting template segments varied in length
from 1 to 280 bases (median length, 63 bases).
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DISCUSSION

In this report, we examined the effects of varying acceptor
template identity lengths on MMLYV forced genetic recombi-
nation. Here, with recombination forced to occur principally
from a single-template position, 16 bases of identity were suf-
ficient to target accurate and efficient recombinogenic switch-
ing. Similar trends in acceptor recognition have previously
been reported using different sequences and more-limited sets
of length variation, suggesting that whereas some interactions
between RT and nucleic acids differ by sequence, the obser-
vations here are not specific to the target sequences used (10,
43, 52).

An interesting finding here was the sharp cutoff in acceptor
recognition observed with incremental changes in identity
lengths. Specifically, while 16 bases served as efficiently as 30
bases, a 15-base acceptor template displayed a sharp 1-log
decrease in titer. Titers for acceptors of 10 to 15 bases in length
were similar to one another, but a further sharp 1-log drop was
observed for an 8-base acceptor. These template lengths are
suggestive of the way RT is known to interact with its primer/
templates. When RT reaches the end of a template, template
degradation by its RNase H activity produces a residual 15- to
19-base oligoribonucleotide, and subsequent slower secondary
cleavages can produce 8- to 10-base RNA products (4, 11, 17).

These findings regarding acceptor length can be interpreted
in the context of the acceptor invasion model for minus-strand
recombination, in which RNase H cleavage of the template
strand is a required step (5, 8). Template degradation unmasks
nascent minus-strand DNA to serve as a docking site for the
invading acceptor template, with the region between 10 and 19
bases behind the RT growing point being especially critical to
acceptor template engagement in reconstituted reactions in
vitro (7, 50). Thus, speculatively, the results here may suggest
that acceptor template engagement and physical interactions
within RT’s footprint are critical intermediates in template
switching. As postulated by the model presented in Fig. 9,
these interactions are most effective at engaging a productive
acceptor template when RT’s polymerase active site is still
engaged at the primer terminus (Fig. 9A), but interactions
retained after the enzyme’s repositioning to generate RNase H
secondary cleavages also can serve, to a lesser degree, in ac-
ceptor template recruitment (Fig. 9B).

Both titer defects and the use of alternate transfer sites
confirmed the very low accuracy and efficiency of homologous
recombination when acceptors were 8 bases long or shorter.
With a 29-base-matched, single-terminal-mismatched tem-
plate, most products resulted from template switching after RT
reached the donor template’s 5” end (Fig. 2). However, below
a threshold of roughly 8 bases, this major pathway of homol-
ogous acceptor template recognition was apparently no longer
operational and most transfer was nonhomologous. With very
limited identity acceptors (<8 bases), titers decreased dramat-
ically and the product pool was heavily populated by prema-
ture jump and other alternate target products.

Several previous studies have addressed nonhomologous re-
combination (12, 19, 40, 56, 60, 69). This one differs both in
attempting to force recombination at a discrete position and in
the extensive collection of products analyzed. It was surprising
that only a single product herein resulted from synthesis to the
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FIG. 9. Model for RT interactions during acceptor invasion-medi-
ated recombination. (A) RT (represented as a peanut-shaped object)
after reaching the 5’ end of the donor template. The figure represents
the distance between RNase H and DNA polymerase active sites as 15
bases; donor template cleavage is represented with a dashed line; the
invading acceptor is shown as a gray line. (B) RT translocated after
secondary RNase H cleavages. The acceptor template is shown base
pairing with nucleotides 9 to 13 from the 3’ end of the nascent pre-
transfer DNA. Models for acceptor invasion call for subsequent branch
migration to subsequently realign the primer strand 3’ end onto the
acceptor template (5).

end of the donor template followed by microidentity-guided
switch to the human sequence acceptor. The copy choice
model for genetic recombination suggests that when RT
reaches a broken template end, the enzyme:primer-template
complex dissociates and acceptor templates are located by
primer terminal complementarity (8). However, the decreased
titers and the low levels of transfer observed using limiting
identity templates suggest that predominantly dead-end prod-
ucts form if RT reaches a donor template’s 5’ end in the
absence of an acceptor template with subterminal identity.

The use of tRNAs as bridging templates that span non-
homologous recombination junctions has been reported
previously (6, 19, 26). tRNAs and sequences from other host
RNAs known to be packaged by retroviruses were observed
for some insertions here (18, 38, 61). Low levels of host
messenger RNAs are also packaged by retroviruses (30, 51),
but the absence of producer cell mRNA sequences from any
of the 83 clones is suggestive of the possibility that within
individual virions, copackaging of genomic and host mRNAs
is a rare occurrence. In contrast, patching in of sequences
encoded downstream of the vector’s polyadenylation sig-
nal—a process analogous to prevailing models for oncogene
transduction—was observed for over one-third of all prod-
ucts analyzed (54).

One product’s insertion was derived from intronic sequences
from the recipient cell. Although using a recipient cell intronic
sequence as a recombination substrate does not readily recon-
cile with our understanding of how and where reverse tran-
scription takes place, recombination with infected recipient
cell sequences has previously been described (36, 60), and
recombination with integration-site unlinked noncoding se-
quences also has been reported (55). Thus, there is precedence
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for the low-frequency incorporation of recipient cell and
noncoding host genomic sequences into defective retroviruses.

Previous work has identified hot spots for retroviral recom-
bination in homologous and homologous recombination tem-
plates (14, 71). This study’s nonhomologous crossovers oc-
curred at many positions, but some template departure and
entry sites were used more than others, with hot spots in both
donor and acceptor sequences. Microidentity was involved in
~90% of this study’s nonhomologous crossovers, which is a
greater fraction than previously implicated (68), and some
frequently used crossover sites displayed junctional microiden-
tity. However, other crossover sites that were used multiple
times were identity independent. Some “warm spots” appeared
half site autonomous, in that a single donor departure site was
used with any of several entry sites, or one acceptor was joined
to any of several donor departure sites. RNA structures have
been implicated for some but not all hot spots for template
departure, presumably due to pausing during DNA synthesis,
and other work has addressed homopolymeric regions and
other features as promoting homologous template switching
(28).

Parameters governing nonhomologous transfer hot spots
here were not rigorously explored. However, observations such
as the strong use of the alternative 5-base acceptor in the
presence of acceptors of less than 10 bases in length provided
clear evidence of positional advantages. The nature of these is
unclear. Previous studies have reported RNA secondary struc-
tures as biased positions for nonhomologous recombination
(12), and RNA structures have also been implicated as con-
tributing to acceptor template hot spots (35). Here, there were
some instances where such factors appeared operational but
others where they were not. This suggests that many different
parameters can lead to recombination hot spots and/or that
some other unifying property of these positions—for example,
their induction of sequence context-dependent biases in the
RT translocation state (32)—led to the observed recombina-
tion hot spots.

Interestingly, whereas the average distance that RT copies a
viral genomic RNA segment before switching to the copackaged
RNA is roughly 1 to 3 kilobases (21, 37, 49), the median splinting
template length in the current report was only 63 bases. Pathak
and Temin postulated that oligoribonucleotide remnants of
genomic RNA generated the short insertions they observed in
nonhomologous crossover junctions (41). Here, however, most
implicated template segments were in readthrough RNA regions
unlikely to be subject to RNase H digestion, suggesting that some
factor(s) other than template length contributed to the apparent
low processivity of DNA synthesis on these tertiary template
segments.

We previously proposed that short sequence insertion may
be the typical signature of transductive recombination and that
this process may generate many of the insertions observed in
retroviral genomes (3, 57). In the present study, this hypothesis
was addressed by examining products generated during forced
nonhomologous recombination. Some instances of incorpora-
tion of distal genome segments at nonhomologous crossover
junctions have been reported previously, and “patch repair” is
often observed under selective conditions (31, 34, 36, 56). The
assay used here revealed that using short portions of tertiary
templates is a common way for the reverse transcription ma-

RETROVIRAL CROSSOVER-ASSOCIATED INSERTIONS

12167

chinery to resolve forced nonhomologous recombination. The
frequent use of tertiary template segments that was observed
here provides experimental support for the possibility that
some of the length variation observed for human immunode-
ficiency virus type 1 clinical isolates may reflect the patching in
of short segments from discontiguous templates (16, 24, 57).
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