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Previously, we reported that human immunodeficiency virus type 1 (HIV-1) recombines approximately two
to three times per genome per replication cycle, an extremely high rate of recombination given the relatively
small genome size of HIV-1. However, a recombination hot spot involving sequence of nonretroviral origin was
identified in the vector system utilized, raising the possibility that this hot spot skewed the rate of recombi-
nation, and the rate of recombination observed was an overestimation. To address this issue, an HIV-1-derived
vector system was used to examine the rate of recombination between autologous HIV-1 sequences after
restricting replication to a single cycle in the absence of this hot spot. Viral DNA and RNA were analyzed by
a combination of the heteroduplex tracking assay, restriction enzyme analysis, DNA sequencing, and reverse
transcription-PCR. The results indicate that HIV-1 undergoes recombination at a minimum rate of 2.8
crossovers per genome per cycle. Again, this is a very high rate given the small size of the HIV-1 genome. The
results also suggested that there might be local hot spots of recombination at different locations throughout the
genome since 13 of the 33 strand transfers identified by DNA sequencing shared the same site of recombination
with one or two other clones. Furthermore, identification of crossover segments also allowed examination of
mutations at the point of recombination, since it has been predicted from some studies of cell-free systems that
mutations may occur with a frequency of 30 to 50% at crossover junctions. However, DNA sequence analysis
of crossover junctions indicated that homologous recombination during viral replication was not particularly
mutagenic, indicating that there are other factors or conditions not yet reproduced in cell-free systems which
contribute to fidelity during retroviral recombination.

The human immunodeficiency virus type 1 (HIV-1) genome
in nature is characterized by its rapid evolution, which permits
the virus to escape immune surveillance and to develop drug-
resistant variants as well as making it difficult to produce an
effective vaccine. HIV-1 can diversify in at least two ways. First,
mutations, including point mutations, deletions, and insertions,
can be introduced into the genome during viral DNA synthesis
by the viral reverse transcriptase (RT) (12, 22, 36, 50) owing in
part to its lack of DNA proofreading activity (4). Second,
sequence diversity can also be obtained via recombination.
HIV-1, like all other retroviruses, is diploid, containing two
genomic RNA molecules per virion. Therefore, cells infected
with two different strains of HIV-1 might produce heterozy-
gous virions, providing an opportunity for recombination to
occur during reverse transcription. Previous studies have
shown that such a process does occur in tissue culture systems
(18, 55, 57), and the occurrence of HIV-1 recombination in
nature is borne out by the identification of genomes that are
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recombinants between different HIV-1 subtypes (25, 28, 38, 45,
46). Some of these recombinant viruses have become fixed in
the human population and are referred to as circulating re-
combinant forms (21, 25, 49), and in at least a few cases
circulating recombinant forms have become the predominant
strain in specific geographic areas of infection (6, 13, 23-25, 29,
30, 32). Thus, it appears that recombination has an important
influence upon HIV-1 population dynamics throughout the
world.

Retroviral recombination was initially identified in avian
retroviruses (20, 51) and appears to be a common feature of
retroviral replication in general (7, 54, 56). To examine the
rates and mechanism of retroviral recombination, a system
based upon spleen necrosis virus (SNV), isolated from birds,
was established (2, 16, 17). This was a cell culture based system
in which replication of vector virus was restricted to a single
cycle, thereby yielding insight into the process of recombina-
tion (2, 16, 17). One of the interesting findings from this work
was that homologous recombination seemed to occur in a
distinct subpopulation exhibiting “high negative interference”
(10, 16). To explain this phenomenon, the hypothesis was
posed that either the subpopulation is predisposed to recom-
bination or once recombination occurs it becomes more prone
to recombination (2, 16).

A link between mutation and recombination has been es-
tablished in cell-free systems. Several groups using cell-free
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FIG. 1. HIV-1 vectors and segments of provirus DNA amplified to study HIV-1 recombination rate. HIV-c-puroyy 4.5 is based upon HIV-1
strain NL4-3. HIV-gptxg, is based upon HIV-1 strain HXB2. CMVpuro represents the puro gene expressed from the cytomegalovirus
immediate-early promoter. SVgpt represents the gpt gene under control of the simian virus 40 early gene promoter. The 12 different overlapping
segments amplified are depicted by the bars with numbers or LTR designations above them. The coordinates of the amplified segments are as
follows: 5'LTR, 53 to 799; 1, 611 to 1283; 2, 1261 to 2049; 3, 2028 to 2826; 4, 2807 to 3663; 5, 3547 to 4398; 6, 4271 to 5066; 7, 4932 to 5797; 8,

5778 to 6390; 9, 7643 to 8454; 10, 8336 to 9156; 3'LTR, 8966 to 9716 (s

systems have reported an increased mutation rate due to re-
combination (37, 39, 40, 55). In one case, mutations occurred
approximately 30 to 50% of the time at the point of strand
transfer using purified HIV-1 RT (37, 55). Furthermore, base
misincorporations by RT have been shown to enhance strand
transfer in vitro (11, 35). However, it remains to be tested
whether recombination is mutagenic during HIV-1 replication
in intact cells.

Previously, we reported that an HIV-1 vector recombines at
a rate of two to three times per genome per replication cycle
over 7,300 bases of HIV-1 autologous sequence (18). These
results were obtained using two defective vectors based upon
HIV-1 strains HXB2 and BCSG3 (14, 34). Recombination
events were examined across the entire HIV-1 vector genome
employing a heteroduplex tracking assay (HTA). The recom-
bination rate obtained was similar to the rate found at the end
of the viral genome during minus-strand DNA synthesis, indi-
cating that most recombination events occurred during minus-
strand DNA synthesis. A nonviral recombination hot spot was
found, suggesting that sequence context can play a role in
HIV-1 recombination. It is possible that the presence of a
nonviral hot spot affected the overall recombination rate in the
previous report. To address this contingency, recombination
was examined in the absence of this nonviral hot spot using
vectors based upon HIV-1 strains HXB2 and NL4-3 (1, 34).
These vectors were used in conjunction with an inducible en-
velope-producing cell line to study HIV-1 recombination in a
single cycle of retroviral replication between autologous HIV-1
sequences (58). Recombination events occurred at a minimum
rate of 2.4 crossovers per vector genome per cycle. When
extrapolated to the full-length HIV-1 genome, this would yield

equence coordinates are according to the HXB2 provirus sequence).

a minimum rate of 2.8 crossovers per genome per cycle. Fur-
thermore, the proviral DNA sequence was examined at cross-
over points, and it was found that mutations do not occur at the
high frequencies observed in cell-free systems, indicating that
additional factors and/or conditions, which have not yet been
reproduced in cell-free systems, affect fidelity during HIV-1
recombination. Finally, there appear to be local hot spots of
recombination.

MATERIALS AND METHODS

Plasmids. HIV-gpty;xp, (Fig. 1) and pNL4-3 were obtained from the AIDS
Research and Reference Reagent Program (1, 34). To construct pHIV-c-
puroy; 4.3 (Fig. 1), a 1.2-kbp deletion was made in the envelope gene of pNL4-3
from the Ndel site at nucleotide 6400 to the Bg/II site at nucleotide 7611. The
deletion was replaced with a 1.4-kbp NruI-to-Xbal fragment from pcPuro, which
contains the cytomegalovirus immediate-early promoter and puromycin resis-
tance gene coding sequence.

pcPuroAAS and pcGPTAAE were used to make internal control (IC) RNA for
RT-PCR (see Fig. 6). pcPuroAAS was constructed by deleting a 105-bp Accl-
to-Sacll fragment from pcPuro, followed by cloning the BamHI and NotI frag-
ment, with the deletion, into pcDNA3.1(+) (Invitrogen). pcGPTAAE was con-
structed from pSV2gpt by deleting a 107-bp Agel-to-EcoRV fragment, followed
by cloning the Bg/II and NotI fragment, with the deletion, into pcDNA3.1(+). All
maps are available upon request.

Cell culture. 293T cells were grown in Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) supplemented with 10% fetal bovine serum.
HeLaT4 cells were grown in DMEM supplemented with 10% fetal bovine serum
and hygromycin (0.1 mg/ml). The tetracycline-inducible cell line 69TIRevEnv
was grown in DMEM supplemented with 10% fetal bovine serum, G418 (0.2
mg/ml), hygromycin (0.1 mg/ml), and tetracycline (2 pg/ml) (58).

To create inducible producer cell clones (58), HIV-gptyxp, and HIV-c-
puroy; 4.3 Were separately cotransfected with an amphotropic murine leukemia
virus env expression vector, pEnvAm (27), into 293T cells. Pseudotyped HIV-
gPtuxss vector virus produced from 293T cells was then used to inoculate
69TIRevEnv cells, which express HIV-1 Env under tetracycline regulation (58);
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TABLE 1. Primers used in amplification of proviruses

Segment Primer sequence Position”  Orientation
5S'LTR 5'-CTACCACACACAAGCCTACT-3' 53-72 5
5'LTR 5'-CTCGCACCCATCTCTCTCCTT-3' 779-799 3
1 5'-AGTCAGTGTGGAAAATCTCT-3' 611-632 5
1 5'-GCTGAAAGCCTTCTCTTCTACTA-3" 1261-1283 3
2 5'-TAGTAGAAGAGAAGGCTTTCAGC-3" 1261-1283 5
2 5'-GTCCTTCCTTTCCACATTTCC-3’ 2028-2049 3
3 5'-TGGAAATGTGGAAAGGAAGGAC-3"  2028-2049 5!
3 5'-CCTAATTGAACTTCCCAGAA-3’ 2807-2826 3
4 5'-TTCTGGGAAGT TCAATTAGG3’ 2807-2826 5
4 5'-ACTGCCTCTGTTAATTGTTT-3' 3644-3663 3
5 5'-GCAAGGCCAATGGACATATCAA-3"  3547-3568 5
5 5'-CTACAGTCTACTTGTCCATGCA-3"  4377-4398 3
6 5'-GATGGAATAGATAAGGCCCAAGA-3" 4271-4290 5!
6 5'-CATCCTGTCTACTTGCCACACA-3"  5047-5066 3
7 5'-GGAAAGGACCAGCAAACGCT-3' 4932-4940 5!
7 5'-CTGCTATGT CGACACCCAAT-3’ 5778-5797 3
8 5'-ATTGGGTGTCGACATAGCAG3’ 5778-5797 5
8 5'-GATGCACAAAATAGAGTGGTGGT-3" 6368-6390 3
9 5'-GATATGAGGGACAATTGGAGAA-3  7643-7664 5
9 5'-CTGTCTCTGTCTCTCTCTCCA-3’ 8434-8454 3
10 5'-GTGAATAGAGT TAGGCAGGGAT-3"  8336-8357 5
10 5'-AGTAGCCTTGTGTGTGGTAG-3’ 9137-9156 3
3'LTR 5'-GCTAGAAGCACAAGAGGAGGA-3' 8966-8986 5
3'LTR 5'-CTAGAGATTTTCCACACTGACT-3"  9695-9716 3

“ Primer position according to the HXB2 provirus sequence numbering.

this was followed by selection with GPT (xanthine [250 wg/ml], hypoxanthine [15
pg/ml], mycophenolic acid [7 pg/ml]), which was in turn followed by isolation of
cell clones. The cell clones were subsequently inoculated with pseudotyped
HIV-c-purong 4.3 vector virus produced from 293T cells; this was followed by
selection with puromycin (1 pg/ml), again followed by isolation of cell clones.

Transfection and infection. Transfections were performed by using a modified
calcium phosphate precipitation method (15). To perform infections, 2 X 10°
HeLaT4 target cells were treated with Polybrene (50 wg/ml) for 30 min. Treated
cells were subsequently inoculated with 10-fold serial dilutions of filtered (pore
size, 0.45 pm) virus stocks in 0.3 ml of medium and incubated for 2 h, with
occasional rocking. Alternatively, infection was carried out by premixing virus
dilutions with Polybrene (8 pg/ml). One milliliter of the virus-Polybrene mixture
was used to inoculate 2.5 X 10° target cells, which were incubated for approxi-
mately 6 h at 37°C in 5% CO,. Twenty-four hours after infection, the cells were
selected for resistance to either GPT or puromycin (1 pg/ml).

PCR and RT-PCR. Genomic DNA was isolated from infected cell clones using
the DNeasy tissue kit (QIAGEN Inc.). Proviral DNA was amplified from this
genomic DNA by either conventional or touchdown PCR using Tag DNA poly-
merase (Promega). The sequences of the 12 pairs of primers used to amplify
different segments of proviral DNA are listed in Table 1. Viral RNA was isolated
from the cell supernatant using the NucleoSpin virus kit (Clontech) following the
manufacturer’s protocol. IC RNA was transcribed in vitro by T7 RNA polymer-
ase (Life Technologies) from pcPuroAAS and pcGPTAAE, respectively. The
concentrations of both the viral and IC RNAs were determined by spectropho-
tometry. The cDNA was amplified using the SuperScript first-strand synthesis
system kit for RT-PCR (Invitrogen Life Technology) following the manufactur-
er’s protocol. More specifically, 625 ng of viral RNA was mixed with different
dilutions of IC RNA as indicated (see Fig. 6) ranging from 10° to 10® molecules.
Two picomoles of the antisense gene specific primers (puro948 and gpt3n for
puro and gpt, respectively) was added along with deoxynucleoside triphosphates
at a concentration of 1 mM in a total volume of 25 pl. The samples were
incubated at 65°C for 5 min and immediately transferred to 50°C. As prescribed
by the manufacturer, 25 pl of an RT reaction mixture, prewarmed at 50°C, was
then added, and this was followed by the addition of 1 pl of SuperScript II RT
(50 U) and incubation at 50°C for 50 min. The RT reaction was terminated by
heating at 70°C for 15 min. One microliter of RNase H (2 U) was then added to
the reaction mixture, and the mixture was incubated at 37°C for 20 min. Two
microliters of the first-strand reaction was used as a template to perform touch-
down PCR using Platinum Tag DNA polymerase (Life Technologies). Gene-
specific primer pair puro505 and puro948 and primer pair gpt 221 and gpt3n
were used in the touchdown PCR to amplify puro and gpt segments, respectively.
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The sequences of these primers were, respectively, 5'-CCGCGTTCGCCGACT
ACC-3', 5'-GCTCGTAGAAGGGAGGTTG3', 5'-GACATGTTGCAGATCC
ATGC-3', and 5'-ACGAATACGACGCCCATATC-3'. The touchdown PCR
protocol entailed incubating the DNA mixture at 95°C for 5 min, followed by 20
cycles at 95°C for 30 s, 63°C for 30 s with a decrease of 0.5°C per cycle, and 72°C
for 40 s. Then, 20 cycles of 95°C for 30 s, 53°C for 30 s, and 72°C for 40 s were
carried out, ending with a 10-min extension at 72°C.

HTA. HTA is described elsewhere (18, 59). Briefly, a 3?P-labeled, single-
stranded probe was prepared from HIV-c-puroyy 4.3 plasmid DNA by asymmet-
rical PCR utilizing the primer pairs listed in Table 1. The ratio of primer
concentrations used to amplify the single-stranded probe was either 1:100 (final
concentration ratio, 2 nM:200 nM) or 1:200 (final concentration ratio, 1 nM:200
nM). The reaction was carried out in a mixture of deoxynucleoside triphosphates
(each at 0.1 mM), 2 mM MgCl,, 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 0.02%
Nonidet P-40, 2 U of Taq polymerase (Promega), and 10 pCi of [**P]dCTP. A
2-pl aliquot of 3*P-labeled single-stranded probe was mixed with 8 to 10 pl of
symmetric PCR product amplified with the same primers from the genomic DNA
of target cell clones and 1.5 pl of 10X annealing buffer (1 M NaCl, 100 mM
Tris-HCI [pH 7.8], 20 mM EDTA). The DNA mixtures were then denatured at
98°C for 2 min and annealed by decreasing the temperature 1°C every 10 s, and
this was followed by incubation at 22°C for 10 min and storage on ice. Homo-
duplex and heteroduplex DNAs were differentiated by electrophoresis in a 6%
nondenaturing polyacrylamide gel, dried onto 3MM Whatman paper, and visu-
alized by autoradiography.

DNA sequencing. QIAGEN-purified PCR products were sequenced directly
using the corresponding primer pairs (Table 1). Alternatively, purified PCR
products were cloned by using the pPGEM-T Easy Vector system (Promega) and
sequenced using T7 and SP6 primers.

Calculation of the composition of virion RNA. Because recombination cannot
be scored from homozygous virions, the number of proviruses assayed should be
corrected to exclude the proviruses from homozygous virions. According to the
Hardy-Weinberg equation (47), G> + 2GP + P?> = 1, where G = titer of
GPT-resistant virus/(titer of GPT-resistant virus + titer of puromycin-resistant
virus) and P = titer of puro-resistant virus/(titer of GPT-resistant virus + titer of
puromycin-resistant virus), G> represents the fraction of homozygous HIV-
gptyxp virions, 2GP represents the fraction of heterozygous virions, and P*
represents the fraction of homozygous HIV-c-puroyy 4.3 virions. In this experi-
mental system, the titer of puromycin-resistant virus (1.5 X 10> CFU/ml [average
of two experiments]) was 20-fold lower than the titer of GPT-resistant virus (3.0
% 10® CFU/ml [average of two experiments]), while virion RNA levels of HIV-
c-purong 4.3 were approximately 15-fold less than that of HIV-gptyxp, (see
Results). That is, G is 20 (15 for RNA level) and P is 1 (1 for RNA level), so the
percentage of heterozygous virions among all virions conferring puromycin re-
sistance is represented by the following equation: GP/(P* + GP) = 95%. There-
fore, of the 16 puro progeny clones examined, it is anticipated that proviruses
from 15 clones should have resulted from heterozygous virions, assuming ran-
dom copackaging.

RESULTS

Generation of heterozygous virions. Two HIV-1 env-defec-
tive vectors were used, in combination with an HIV-1 env
producer cell line (58), to study recombination in a single cycle
of viral replication. These two vectors, HIV-gpt x5, and HIV-
C-purony 43, are based upon HIV-1 strains HXB2 and NL4-3,
respectively (Fig. 1) (1, 34). Strains HXB2 and NL4-3 are
approximately 97% homologous, providing sufficient heteroge-
neity for the study of recombination. Note that strain NL4-3
was substituted for BCSG3 to examine if the rate remains high
even with a different strain and to utilize a strain that a larger
number of laboratories employ on a more regular basis.

The protocol used for studying recombination is shown in
Fig. 2. A producer cell clone containing a single copy of each
HIV-gpt;xp, and HIV-c-puroy, 4.5 was established (see Ma-
terials and Methods). These producer cells contain HIV-1 env
under the control of an inducible tetracycline promoter (58).
To induce virus production, tetracycline was withdrawn and
the supernatant containing infectious vector virus was used to
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infect CD4-positive HeLaT4 target cells, which was followed
by selection for puromycin resistance. In this system, viral
replication is restricted to a single cycle because the producer
cells are CD4 negative, so that they cannot be reinfected, and
the target cells lack HIV-1 Env, such that new virus cannot be
produced. Since the titer of puromycin-resistant virus was ap-
proximately 20-fold lower than the titer of GPT-resistant virus,
puromycin-resistant target cell clones were most likely infected
by heterozygous virions and were therefore analyzed for re-
combination (see above, “Calculation of the composition of
virion RNA”). To rule out the possibility of double infection,
these cell clones were tested for their sensitivity to GPT. Only
those clones that were GPT sensitive and puromycin resistant
were utilized for further analysis.

HIV-1 recombination occurs at a high rate. Genomic DNA
was extracted from 16 selected target clones, and 12 different
segments across the proviral genomes were amplified by PCR
using primer pairs common to both HXB2 and NL4-3 strains
(Fig. 1; Table 1). These proviral segments were first analyzed
for recombination using the HTA (18, 59). HTA can differen-
tiate sequence heterogeneity based upon the electrophoretic
mobility differences between homoduplex and heteroduplex
DNAs. A typical HTA gel is shown in Fig. 3 for segment 8 (Fig.
1) in which there is approximately a 1% sequence difference
between the strains HXB2 and NL4-3. In this assay, a >*P-
labeled single-stranded DNA probe, corresponding to NL4-3
nucleotides 5778 to 6390, was prepared from HIV-c-puroy; 4.3
plasmid DNA by asymmetric PCR (Fig. 3, lane ss). The same
primer pair was also utilized in a conventional PCR to amplify
proviral DNA from different progeny cell clones and from
HIV-gpt;;xp, and HIV-c-puroy, 4.5 plasmids as controls. After
the probe was annealed to the amplified DNA, homoduplex
and heteroduplex DNAs were distinguished via electrophore-
sis on a nondenaturing polyacrylamide gel. A heteroduplex was
formed when the NL4-3-templated probe was annealed to a
PCR product derived from HIV-gpt, x5, plasmid DNA (Fig.
3, lane H), whereas a homoduplex was formed when the probe
was annealed to a PCR product derived from HIV-c-puroy 4.3
(Fig. 3, lane N). DNA fragments from progeny cell clones 738
and 748 formed heteroduplexes when annealed to the HIV-c-
puroy; 4.5 probe, indicating they are recombinant. On the
other hand, DNA fragments from clones 736, 737, 740, 743 to
746, and 749 to 751 formed homoduplexes when annealed to
the probe, suggesting that no sequence change or a mismatch
of less than 1% had occurred.

Although the sequence heterogeneity between the HXB2
and NL4-3 strains of HIV-1 is approximately 3% throughout
the viral genome, the differences within each separate segment
vary between 0.8 and 4.8%. The size of the fragments ranged
from 612 to 868 bp. The successful detection of recombinants
by HTA was dependent on both the sequence divergence and
the size of the segments. Under our conditions, crossover
events within some segments could not be detected. Because of
this limitation, enzyme digestion and DNA sequencing were
also used to screen for recombination events. Figure 4 shows a
representative restriction enzyme digestion for segment 1 (Fig.
1). DNA fragments corresponding to HIV-1 strains HXB2 and
NLA4-3 nucleotides 611 to 1283 were amplified from the provi-
ral DNA. Samples derived from HIV-gpt; x5, and HIV-c-
puroy; 43 plasmid DNA were also prepared as controls.

J. VIROL.

CD4" HIV-1 Env producer cell

Remove tetracycline
Single cycle @
of virus
Y,
replication {%%

v

Infection

Recombinant provirus

CD4" HeLaT4 target cell

v

Characterization of the provirus
in the target cell by PCR, HTA,
Restriction enzyme digestion and
DNA sequencing

FIG. 2. Protocol for study of HIV-1 recombination. Individual cell
clones containing a single copy of both HIV-gpt;xg, and HIV-c-
puroyy 4.3 were established. Upon induction by removal of tetracycline,
vector virus was harvested and used to inoculate CD4-positive HeLaT4
target cells, which was followed by selection and isolation of target cell
clones. Going from a provirus in a producer cell to a provirus in a
target cell comprised a single cycle of virus replication. Proviruses in
each target cell clone were further analyzed by PCR, the HTA, restric-
tion enzyme digestion, and DNA sequencing in order to identify re-
combinants and crossover points.

HindIII was used to digest the purified fragments. Bands of 474
and 199 bp indicate that the fragment originates from HIV-
gptixns, While a 673-bp band indicates that the fragment orig-
inates from HIV-c-puroy; 4.5 PCR-amplified DNA from
clones 742, 743, and 751 produced the 474- and 199-bp bands,
indicating that they are of HIV-gpt;;x5, origin. PCR products
from clones 744 to749 inclusive produced a 673-bp band, in-
dicating that they are of HIV-c-puroy, 45 origin. In addition,
out of a total of 192 segments (12 segments X 16 clones), 121
segments were sequenced. Combining HTA, restriction en-
zyme digestion, and sequencing results, it was determined that
10 out of 16 proviral clones had undergone a total of 39
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FIG. 3. Representative example of an HTA. Radioactively labeled single-stranded probe was prepared from HIV-c-puroy; 4.5 plasmid DNA by
asymmetric PCR using the segment 8 primer pair (lane ss). Radioactively labeled double-stranded segment was amplified at the same time as a
control (lane ds). Segment 8 is 612 bp in length. The sequence difference between the two strains within this segment is approximately 1%. The
probe was annealed with PCR products amplified from NL-c-puroy; 4.5 (lane N, homoduplex control), HIV-gpt; x5, (lane H, heteroduplex
control), or genomic DNA from different target cell clones (clones 736 to 738, 740, 743 to 746, and 748 to 751). Clones 738 and 748 are shifted
compared to the band for HIV-c-puroy; 4.3 DNA and were therefore scored as recombinants. Symbols: +, band shifted due to heteroduplex

formation; —, nonshift homoduplex band.

recombination events (Fig. 5). The number of crossovers per
clone ranged from 0 to 10. The overall recombination rate was
2.4 crossovers per vector genome per replication cycle (39
crossovers/16 clones per cycle). Given that the target size ex-
amined in the vector sequence was 7,964 bases (using RNA
coordinates) and the size of the full-length genome is 9,181
bases, extrapolating to the full-length genome, the rate is 2.8
crossovers per genome per cycle (9,181/7,964 X 2.4 = 2.8).
HIV-gpty g, and HIV-c-puroy, ,; RNA levels in virion
preparations. The results just described suggest that there
were two populations of virions, one that averaged around four
crossovers per replication cycle (10 of 16 proviruses) and one
that had not undergone any recombination (6 of 16 proviruses)
(Fig. 5). These results are reminiscent of high negative inter-
ference, which was previously described for the avian retrovi-
rus SNV (2, 16). This assumes that the puromycin-resistant
proviruses were progeny of heterozygous virions (see Materials
and Methods), which is presumed because the titer of GPT-
resistant virus is 20-fold higher than the titer of puromycin-
resistant virus, indicating that the HIV-gpt;x, virion RNA is
in approximately 20-fold excess compared to the HIV-c-
puroynr 4.3 virion RNA. However, it is possible that the pen-
etrances of the GPT- and puromycin-resistant phenotypes are
not linearly proportional to the respective virion RNA levels.
To address this issue, RT-PCR was performed to measure
directly the relative levels of HIV-gpt;xp, and HIV-c-

puroy; 4.3 RNA in the virus preparations. Virion RNA was
isolated from producer cell supernatant using the NucleoSpin
virus kit according to the manufacturer’s protocol. To differ-
entiate between the two viral RNAs, primers were prepared
specific for gpt and puro, respectively (Fig. 6) As ICs, puro- and
gpt-specific RNAs with internal deletions permitting them to
be distinguished from the virion RNAs were prepared in vitro
with T7 RNA polymerase and were added to each sample in
various quantities (Fig. 6). The level of each specific virion
RNA could then be quantified when the signal was equivalent
to that from a known amount of IC RNA. As can be ascer-
tained from Fig. 6, 625 ng of virion RNA contained approxi-
mately 7.5 X 107 molecules of HIV-gptyxs, RNA and 5 X 10°
molecules of HIV-c-puroy; 45 RNA. Thus, the amount of
HIV-gpt, ;x> RNA is approximately 15-fold greater than that
of HIV-c-puroy; 4.5 RNA, which correlates well with the dif-
ferences in titer. However, these results do not rule out the
possibilities that copackaging of virions was not random and
that the six proviruses not scoring as recombinants are progeny
of homozygous virions. This point is addressed in more detail
in the Discussion.

Compilation of crossover data and identification of putative
hot spots. The HTA, restriction digestion, and sequencing
results were compiled for each proviral clone. The distribution
of recombination events across the HIV-1 genome is illus-
trated in Fig. 5. Note that of the 39 crossovers identified, the
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FIG. 4. Representative example of a restriction enzyme digestion to identify crossover points. At the top of the figure, the diagram depicts the
anticipated sizes of amplified segment 1 from HIV-gpty;y 3, and HIV-c-puroy, 4 5, respectively as well as the predicted HindIII digestion patterns.
Purified proviral and plasmid DNA segments were digested with HindIIl. Bands of 474 and 199 indicate this segment of the clone is from
HIV-gptyxg> (lane H) while a 673-bp band indicates it is from HIV-c-puroyy 4.3 (lane N). The bottom of the figure illustrates the digestion pattern
of amplified segment 1 from nine progeny target cell clones, 742 to 749 and 751. H indicates control DNA amplified from HIV-gpty;xg, plasmid,
and N indicates control DNA amplified from HIV-c-puroy; 45 plasmid. Clones 742, 743, and 751 display 474- and 199-bp bands, indicating they

are of HIV-gpty;xg, origin. Clones 745 to 749 display a 673-bp band,

DNA sequences of 33 have been determined. Of these, 13
share crossover points with other proviral progeny (Fig. 5). For
example, at coordinates 629 to 667, three proviruses share the
same transfer point (Fig. 5). At coordinates 333 to 421, 831 to
870, 2683 to 2839, 4201 to 4312, and 5521 to 5539, two provi-
ruses have crossed over at the same small segment (Fig. 5).
This suggests that there might be local hot spots spread
throughout the genome.

HIV-1 recombination is not highly mutagenic. The crossover
junctions of the recombinant proviral clones were screened for
mutations using DNA sequencing. A crossover junction is de-
fined as the sequence between two sites of strain heterogeneity,
one of NL4-3 origin and the other of HXB2 origin, within a
proviral segment. The length of the junctions examined ranged
from 4 to 173 nucleotides. Sequence information obtained for
several proviral clones described in previous reports was also
included in this analysis (18, 57). These aforementioned clones
had been the result of recombination between HIV-1 strains
HXB2 and BCSG3 (14, 34). A total of 4,010 nucleotides span-
ning 69 crossover events within 36 different progeny clones
were analyzed for mutations. Recombination junctions in sev-
eral different regions of the genome were examined. Two point
mutations were found in the recombination junctions analyzed

indicating they are of HIV-c-puroyy 4.5 origin.

(Table 2). This indicates that HIV-1 recombination is not very
mutagenic.

DISCUSSION

Previously, we reported that HIV-1 undergoes a high rate of
recombination (18). The vectors used in this earlier report
contained nonretroviral sequence from the early region of sim-
ian virus 40, which introduced an 89-base palindrome that
acted as a recombination hot spot, presumably by forming a
stable hairpin structure and promoting significant additional
pausing. The specific vector crossover rate was 3.0, which was
corrected by excluding the crossovers at the exogenous hot
spot to 2.1. It should be noted that in the previous study the
HIV-1 target sequence was 7,300 bases, so extrapolating to the
full-length genome of 9,181 bases, the recombination rates
were 3.8 (including the exogenous hot spot) and 2.6 (factoring
out the hot spot). There still remained the possibility that even
the corrected crossover rate of 2.6 might be artificially high
since it had been previously suggested that once recombination
occurs it predisposes the virus to further recombination (see
below). The present study was undertaken to rule out the
possibility that the earlier recombination rate was artificially
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# of cross-
overs
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Putative Hotspotsl *| I‘] ] [ *1] |

FIG. 5. Recombination distribution throughout the full-length proviral genomic DNA. Ten out of 16 clones had undergone a total of 39
recombination events. Thirty-three out of the 39 recombinant sites were sequenced. Six putative hot spots are indicated by inverted triangles and
summarized with stars. The coordinates of the putative hot spots are as follows: 333 to 421, 629 to 667, 831 to 870, 2683 to 2839, 4201 to 4312,
and 5512 to 5539 (sequence coordinates are according to the HXB2 provirus sequence). White is of HIV-c-puroy, 4.5 origin and grey is of

HIV-gpty;xp, origin. The marker gene cassette is depicted in black.

high because of the exogenous hot spot. The results from the
experiments described here demonstrate that in the absence of
the nonretroviral recombination hot spot, the rate of HIV-1
recombination between autologous, homologous sequences re-
mained very high. The minimum rate extrapolated to the entire
genome was 2.8 crossovers per cycle of replication. Thus, the
corrected rate (2.6) obtained in the previous study did not
seem to have been biased by the exogenous hot spot. The rate
obtained here confirms that given the small size of the HIV-1
viral genome, HIV-1 replication represents the most actively
recombinogenic system related to mammals described to date.

In the proviruses analyzed, there appeared to be two popu-
lations, one that underwent recombination and one that did
not. This was also observed previously for the simple retrovi-
rus, SNV, and the hypothesis was posed that this phenomenon

is an example of high negative interference, which maintains
that the recombinant population is either predisposed to re-
combination or becomes more prone to recombination after
the first initiating crossover (2, 16). An alternate explanation is
that the HIV-1 nonrecombinants were progeny of ho-
modimeric virions. Evidence in support of high negative inter-
ference in the case described here is twofold. First, the titer of
GPT-resistant virus was 20-fold higher than the titer of puro-
mycin-resistant virus, so it was anticipated that the majority of
the puromycin-resistant proviruses should be progeny of het-
erodimeric virions, assuming random copackaging and equiv-
alent phenotypic penetrance of the GPT- and puromycin-re-
sistant phenotypes. RT-PCR was employed to examine the
relative amounts of each packaged viral RNA. The results
support the contention that the viral titers accurately reflected
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FIG. 6. RT-PCR to determine relative levels of HIV-c-puroy, 4.3 and HIV-gpty vz, RNAs_ (A) Quantitation of HIV-c-puroy 4.3 virion RNA.
The primers used to amplify the puro-specific sequence are indicated in Materials and Methods. The primers are also specific for the puro control
RNA, which has an internal deletion of 105 bases to distinguish it from the signal obtained from the viral RNA. Viral RNA (625 ng) was mixed
with different dilutions of the puro control RNA ranging from 107 to 10° molecules (1.0 X 107, 7.5 X 10°,5 X 10° 2.5 X 10° and 1.0 X 10° in lanes
1 to 5, respectively). As can be seen, the signal from the viral RNA is about the same as the signal obtained with 5 X 10° molecules of control RNA.
(B) RT-PCR for quantitation of HIV-gpt;;x3, RNA. The gpt-specific segment to be amplified and the control RNA with an internal deletion are
indicated. Again, 625 ng of virion RNA was added to each sample with the amount of control RNA ranging from 10® to 107 molecules (1.0 X 105,
7.5 X 107,5 % 107, 2.5 X 107, and 1.0 X 10° in lanes 6 to 10, respectively). As is evident, equivalent signals are obtained when 7.5 X 107 molecules

of control RNA are added.

the overall viral RNA levels since it was found that the amount
of HIV-gpt x> RNA was approximately 15-fold greater than
the amount of HIV-c-puroy; 4.5 RNA, correlating well with the
20-fold differences in titers and suggesting that there is equiv-
alent penetrance of the GPT- and puromycin-resistant pheno-
types (Fig. 6). Second, one of the clones, 748 (Fig. 5), under-

TABLE 2. Analysis of recombination junctions

G No. of progeny  No. of No. of
. enome
Strains analyzed locati cell clones cross-over  bases
ocation
analyzed events analyzed
HXB2 + NL4-3  Varied 9 33 2,160
HXB2 + BCSG3 LTR 11 12 238¢
HXB2 + BCSG3 5" end pol 18¢ 24 1,612
Total 36 69 4,010

“Two clones analyzed in the LTR were also analyzed at the 5’ end of pol.
? One point mutation observed (C—A).
¢ One point mutation observed (G—A).

went 10 crossovers, which, given that the average crossover
rate in the identified recombinant population is 4, seems to be
quite high and be consistent with the concept that recombina-
tion predisposes the reverse transcription complex to further
recombination. However, at this juncture, we cannot formally
rule out the possibility that RNA copackaging was not random.
First, we could not directly measure it. Second, there are se-
quence differences between the two strains, and these differ-
ences might affect copackaging. However, sequences known to
be important for packaging and dimer formation such as the
six-base palindrome (GCGCGC) in the SL1 loop (8, 9), as well
as the rest of the SL1 loop and the SL3 and SL4 stem-loops,
are identical between the strains through database searches
(GenBank accession number K03455 and M19921 for HXB2
and NLA4-3, respectively) and our sequencing results. Thus,
further investigation about dimerization and copackaging is
needed to clarify this issue. Lastly, it was surprising that of the
six putative nonrecombinants, none had undergone an inter-
molecular strand transfer during minus-strand strong-stop
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DNA transfer. This can be ascertained by examining the viral
long terminal repeats (LTRs). If U3, R, and U5 are of the
same viral origin, the primer strand transfers were intramolec-
ular, whereas if U3 differs in strain origin from R and U5, the
transfers were intermolecular. Given our previous results (57)
and those of others (53) in which it was found that intermo-
lecular strand transfers occurred 50% of the time during
HIV-1 strong-stop DNA transfer, we would have anticipated to
see approximately three intermolecular strand transfers, yet
none were observed (Fig. 5). Although it should be noted that
for the simpler retrovirus SNV, most nonrecombinants only
underwent intramolecular minus-strand primer transfers. Nev-
ertheless, in light of the possibility that the putative nonrecom-
binant population might be progeny of homozygous virions, it
can be concluded that the 2.8 crossovers per genome per rep-
lication cycle is a minimum rate of recombination.

Thirteen of the 33 sequenced crossover segments shared the
same crossover region with at least one other proviral clone. In
the case of the segment 629 to 667, three clones had undergone
recombination within this portion of the genome (Fig. 5). The
segment is 38 bp, so assuming random strand transfer, the
expected frequency of a single crossover occurring, given that
the target sequence analyzed was 7,964 bp, is 18.6% (39 cross-
overs X38 bp/7,964 bp), and the expected frequency of three
crossovers is 0.64% ([39 X 38 bp/7,964 bp]?). Therefore, at this
locus alone, it appears likely that there is a hot spot for re-
combination. Another way to look at this is by comparing the
crossover frequency over the six segments, where more than
one crossover occurred, to the frequency over all of the target
sequences. More than one recombination transpired over a
total of 459 bp, whereas the entire target sequence was 7,964
bp. Thirteen crossovers occurred within the segments compris-
ing the 553 bp regions, yielding a frequency of 28.3 X 1073
crossovers/bp (13 crossovers/459 bp), which is 5.8-fold greater
than the average frequency of 4.9 X 1073 crossovers/bp (39
crossovers/7,964 bp) over all of the target sequence. This is
suggestive of relative hot spots within the six segments com-
prising the 459bp. The existence of recombinational hot spots
is not surprising given that they have been described in cell-
free systems (31), and it has been previously reported that a
hot spot exists in the dimer initiation sequence of the HIV-1
5’-untranslated region (3). Moreover, in our own case, an
exogenous sequence proved to be a very effective hot spot,
presumably owing to its palindromic nature and concomitant
secondary structure (3, 18). The influence of primary sequence
and RNA secondary structure can be studied as more local hot
spots are catalogued.

Identification and characterization of recombination junc-
tions also enabled us to address the prediction that HIV-1
recombination is mutagenic. It was previously reported using
cell-free systems that HIV-1 incorporates additional nucleo-
tides about 50% of the time beyond the 5’ end of both RNA
and DNA template ends (37, 39). It has also been shown using
another cell-free system that mutations occur frequently at
strand transfer junctions (40). A separate study demonstrated
that mutations occurred 30% of the time at one frequently
utilized strand transfer point in vitro (55). In this study, 69
crossover junctions were examined by direct DNA sequencing,
which encompassed a total of 4,010 bp. Two point mutations
were observed, one C-to-A substitution in segment 10 (Fig. 1;
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Table 2) and one G-to-A substitution in the U3 region of the
LTR (Table 2). From these data it is not possible to determine
whether the mutations occurred as a result of recombination or
due to unrelated mutations by RT. HIV-1 mutation rates have
been measured and found to be approximately 3 X 107> to 8
X 10~>/bp/replication cycle (26, 33). Two mutations were
found for 4,010 bp sequenced, which represents a rate of 5.0 X
10~*/bp/replication cycle. Although this suggests that the mu-
tation rate might be approximately sixfold higher during re-
combination, with such a small sample of mutations one can-
not be certain. However, even if one assumes that the mutation
rate is sixfold higher during recombination, it is certainly much
lower than that predicted in previous cell-free studies (5, 19,
41-44, 52), since in this study only two mutations occurred at
69 crossover junctions.

In summary, the results presented here support the idea that
HIV-1 recombines at an extremely high rate of at least 2.8
crossovers during each cycle of replication, making this the
most recombinogenic process observed in any mammalian re-
lated system described so far. Moreover, recombination hot
spots might exist in a number of segments throughout the
HIV-1 genome. Furthermore, HIV-1 RT seems to switch tem-
plate in a relatively precise manner, suggesting that factors or
conditions that contribute to fidelity during recombination are
missing in at least some cell-free systems. These findings pro-
vide further evidence that the reason retroviruses are diploid is
to provide a recombination partner (48), and that recombina-
tion is both an integral aspect of the HIV-1 replication process
and a possible target for chemotherapeutic intervention.
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