
Long-range Recombination Gradient between HIV-1 Subtypes B
and C Variants Caused by Sequence Differences in the
Dimerization Initiation Signal Region

Mario P.S. Chin1,†, Sook-Kyung Lee1,†, Jianbo Chen1, Olga A. Nikolaitchik1, Douglas A.
Powell2, Mathew J. Fivash Jr2, and Wei-Shau Hu1,*
1 HIV Drug Resistance Program, National Cancer Institute, Frederick, MD 21702

2 Data Management Services Inc., National Cancer Institute, Frederick, MD 21702

Summary
HIV-1 intersubtype recombinants have an increasingly important role in shaping the AIDS pandemic.
We sought to understand the molecular mechanisms that generate intersubtype HIV-1 recombinants.
To approach this, we analyzed recombinants of HIV-1 subtypes B and C and identified their crossover
junctions in the viral genome from the 5′ LTR to the end of pol. We identified 56 recombination
events in 56 proviruses; the distribution of these events indicated an apparent recombination gradient:
there were significantly more crossover junctions in the 3′ half than in the 5′ half of the analyzed
region. HIV-1 subtypes B and C have different dimerization initiation signal (DIS). We hypothesized
that the inability of subtype B and C RNAs to form perfect base-pairing of the DIS affects the dimeric
RNA structure and causes a decrease in recombination events at the 5′ end of the viral genome. To
test this hypothesis, we examined recombinants generated from a subtype C virus and a modified
subtype B virus containing a subtype C DIS. In the 56 proviruses analyzed, we identified 96
recombination events, which are significantly more frequent than in the B/C recombinants.
Furthermore, these crossover junctions were distributed evenly throughout the region analyzed,
indicating that the recombination gradient was corrected by matching the DIS. Therefore, base-
pairing at the DIS has an important function during HIV-1 reverse transcription, most likely in
maintaining nucleic-acid structure in the complex. These findings not only reveal elements important
to retroviral recombination but also provide insights into the generation of HIV-1 intersubtype
recombinants that are important to AIDS epidemic.
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Introduction
The increasing prevalence of HIV-1 intersubtype recombinants establishes the importance of
these variants in the AIDS epidemic 1; 2. These intersubtype recombinants continue to emerge
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and infect the human population 3; 4; 5; 6; 7; 8; 9; 10. Currently, there are at least 34 circulating
recombinant forms that spread in various human populations and a large number of unique
recombinant forms, each infecting an epidemiologically related population 2; 11. These
intersubtype recombinants now contribute to almost 18% of new HIV-1 infections worldwide
1. The presence of such a high number of intersubtype recombinants in the current pandemic
is caused by frequent recombination during HIV-1 replication 12; 13; 14; 15; 16; 17; 18.

High-frequency recombination is a common feature during retroviral replication 19; 20; 21;
22; 23. Like all orthoretroviruses, one HIV-1 virion contains two copies of the viral RNA
genome that are in dimeric form, and each RNA molecule contains the complete genetic
information required for viral replication 24; 25; 26; 27; 28. After entering the target cells, viral
RNAs are reverse transcribed into DNA by the viral-encoded enzyme reverse transcriptase
(RT). During reverse transcription, recombination can occur to generate DNA containing
portions of genetic information from each copackaged RNA 19; 29; 30; 31. Although
recombination can occur during reverse transcription of all viral particles, genotypically
different recombinants (such as intersubtype recombinants) can only be generated from viruses
containing two RNA molecules encoding different sequences (heterozygous virions) 22. Thus,
the preference in selecting viral RNA for copackaging and the frequency of template switching
during reverse transcription can influence the observed recombination frequencies 31; 32; 33;
34.

The dimerization initiation signal (DIS) is a 6-nt palindromic sequence located at the loop of
the proposed stem-loop 1 (SL1) in the 5′ untranslated region of the HIV-1 genome. It was
hypothesized that the DIS regions of the two RNA molecules first form base-pairing to initiate
the dimerization process — hence, the term DIS 35; 36; 37; 38. Various strains of HIV-1 have
two different DIS sequences. The DIS of subtypes B and D and some intersubtype recombinants
contain a GCGCGC sequence, whereas the DIS of the other subtypes and recombinants contain
a GUGCAC sequence 11; 39. We have shown that base-pairing of the DIS of two RNA
molecules is a major determinant in HIV-1 copackaged RNA partner selection 34. Furthermore,
we have shown that the identity of the DIS plays an important role in the copackaging of RNAs
from different HIV-1 subtypes 32; 33. RNA genomes from variants with the same DIS regions
are pacakged together more frequently than those with different DIS; therefore, the identity of
the DIS can affect the potential of intersubtype HIV-1 recombination 32; 33.

Cis-acting elements that affect retroviral recombination have been a topic of interest for many
years. It was hypothesized that the RNA dimerization site is also a recombination hot spot
because the two RNA templates are close to each other, which facilitates RT template
switching. The RNA dimerization site as a recombination hot spot was first proposed in the
murine leukemia virus system 40. A similar hypothesis was also proposed in HIV-1 based on
studies using in vitro transcribed RNAs 41; however, in vivo studies did not support this
hypothesis 18. In addition to the DIS, other HIV-1 sequences have been proposed to have an
effect on recombination 16; 42; 43; many of these sequences have predicted RNA secondary
structures and are thought to stall reverse transcription, thereby increasing recombination. In
most, if not all, of these experiments, the effects of the DIS or secondary structures are limited
to a very short region. In this study, we describe an observed long-range recombination gradient
that affects the recombination frequencies over a 2-kb region. Furthermore, this gradient can
be corrected by changing only 3-nt sequence in the DIS region. These findings reveal that the
DIS not only is important in selecting the copackaged RNA partners, but also plays a critical
role in maintaining proper nucleic acid structures in the reverse transcription complex. These
findings also provide insights into the generation of HIV-1 intersubtype recombinants.
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Results
Strategy to Study Recombination Events within the Viral Sequences between a Subtype B
and a Subtype C Virus

We sought to characterize the recombination events in the viral genome between HIV-1
subtypes B and C. We previously demonstrated that the difference in DIS sequences between
two viruses reduces the formation of heterozygous viruses 32. Therefore, only a minority of
the virions generated from cells coinfected with HIV-1 subtypes B and C are heterozygous,
which can produce genotypically different recombinants. To avoid analyzing progeny viruses
generated from homozygous virions, we first identified cell clones containing known
recombinant proviruses by reconstitution of a functional green fluorescence protein gene
(gfp) at the 3′ end of the viral genome. We then analyzed the viral sequences of the recombinants
in the 5′ half of the genome. Recombination event in HIV-1 is not correlated 44; thus, we do
not expect the recombination event in gfp would affect the crossover event in the HIV-1
genome.

We previously generated virus producer cell lines to measure the intersubtype recombination
rates between HIV-1 subtypes B and C 32. These virus producer cells contain a subtype B-
based and a subtype C-based HIV-1 vector, BT6 and CH0, respectively, which have similar
genetic structures (Figure 1(a)). Both viruses have inactivating deletions in vif, vpr, vpu, and
env; therefore, these cells can generate infectious viruses only after Env is supplemented.
Additionally, each virus carries two marker genes: the subtype B virus carries a mouse thy-1.2
gene (thy) and a mutated gfp, whereas the subtype C virus carries a mouse heat-stable antigen
gene (hsa) and a mutated gfp. The inactivating mutations in the subtype B and C viruses are
located at the 3′ and 5′ ends of gfp, respectively. A recombination event between the mutations
can reconstitute a functional gfp gene, the expression of which was used to identify recombinant
proviruses.

The procedure we used to identify and isolate cell clones containing recombinant proviruses
is described in Figure 1. Virus producer cells were transfected with two helper constructs, one
expressing vesicular stomatitis virus G protein and the other expressing all the HIV-1 accessory
genes (Figure 1(b)). Supernatants were harvested from the transfected cells 18 h
posttransfection and were used to infect 293T target cells at a low multiplicity of infection
(moi) (generally less than 0.1). Infected single GFP+ cell clones were isolated by cell sorting
48 h postinfection. These cell clones were expanded, and then characterized further by
phenotypic and genotypic analyses. Although we infected the target cells at a low moi, double
infection could occur. To ensure that each cell clone contained only a single recombinant
provirus, we first performed flow cytometry on the cell clones and selected cell clones that
were HSA+/GFP+ or Thy+/GFP+ but not positive for all three markers because each virus
should only express hsa or thy, but not both. We then isolated genomic DNA from each cell
clone and amplified a DNA fragment including the gfp gene by PCR. The 5′ and 3′ inactivating
mutations in gfp also generated a HpaI and a SpeI site, respectively, whereas the wild-type
gfp does not contain either restriction enzyme site. We mapped the amplified DNA fragment
from each cell clone, and selected cell clones that only had a DNA fragment containing wild-
type gfp. Using this protocol, we isolated 56 cell clones having the phenotype of HSA+/
GFP+ or Thy+/GFP+ and containing a single GFP+ recombinant provirus.

Identification of Crossover Junctions in Recombinant Proviruses and Analyses of the
Distribution of these Junctions in the Viral Genome

We PCR-amplified a 5-kb region of the proviral genome, comprising most of the 5′ LTR, 5′
untranslated region, and gag-pol, from each of the 56 GFP+ cell clones (Figure 1(c)). These
PCR products were characterized by direct DNA sequencing, and all of the sequences were
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confirmed by two independent sequencing reactions. The sequences from each recombinant
were compared with the parental subtype B and subtype C sequences, and crossover junctions
were identified from the alignment (Figure 1(d)). Of the analyzed region in the 56 proviruses,
we identified a total of 56 recombination events; 23 proviruses do not have recombination in
the 5-kb region, 20 have one, and 13 have more than one recombination event. Among the
viruses with more than one event, 6, 5, 1 and 1 proviruses have 2, 3, 4, and 5 recombination
events, respectively (Figure 2(a)).

We have analyzed the distribution of the 56 crossover junctions in the viral genome. Of the 56
crossovers, 5 are located at the 5′ LTR whereas 51 are located between the primer binding site
(PBS) and the end of pol, which is a 4.4-kb region. The distribution of the 51 crossovers in this
4.4-kb region is uneven; only 13 are located at the 5′ 2.2-kb region (from the PBS to the 5′ end
of the RT-coding region), whereas 38 junctions are located at the 3′ half [from 5′ end of RT-
to the end of integrase (IN)-coding region] (Figure 3(a)). There are significantly fewer
recombination events at the 5′ half compared with the 3′ half of the 4.4-kb region (p = 0.002,
Wilcoxon Signed Ranks test). To eliminate the possibility that this uneven distribution was
caused by one hot spot or cold spot for recombination in the viral genome, we divided the 4.4
kb region into four portions of equal lengths, designated I, II, III, and IV (Figure 3(a)). These
portions have 6, 7, 19, and 19 crossover junctions respectively. Pairwise comparisons indicated
that the numbers of crossovers are not significantly different between regions I and II, and
between regions III and IV (for both comparisons, p = 1.000, Wilcoxon Signed Ranks test).
However, the number of crossovers in either region I or II differs significantly from that in
region III or IV (for comparison of I and III, p = 0.015; I and IV, p = 0.009; II and III, p =
0.034; II and IV, p = 0.034; Wilcoxon Signed Ranks test). Therefore, analyses of the location
of the crossover jucntions suggest that there is a recombination gradient in intersubtype B and
C HIV-1 recombination.

Elucidating the Cause of the Intersubtype Recombination Gradient
We envision two possible causes of the recombination gradient: uneven distribution of
sequence identity and alteration of RNA structures. It is possible that the two parental viruses
have variable levels of sequence identities among different regions of the genome, which affect
the template-switching frequencies and result in a recombination gradient. Alternatively, it is
possible that the two copackaged RNAs have different structures in various regions of the
genome; the RNA structures at the 3′ region may be more accessible to intermolecular template
switching than the ones at the 5′ region, causing the recombination gradient.

Analyses revealed that the nucleotide sequence identity of the two parental viruses in regions
I, II, III, and IV are 87%, 86%, 87%, and 87%, respectively (data not shown). Therefore, it is
unlikely that sequence identity among these regions caused the apparent recombination
gradient. In contrast, the DIS regions of subtype B and subtype C viruses cannot form perfect
base-pairing; furthermore, we have previously shown that the base-pairing of the DIS
significantly affects the efficiency of RNA copackaging. Hence, we hypothesized that when
subtype B and subtype C RNAs are copackaged, the imperfect base-pairing of the DIS between
the two RNA molecules affects the RNA structures, thereby causing the reduced crossover
events in the 5′ region of the viral genome compared with that in the 3′ region. To test our
hypothesis, we examined the recombination events between a subtype C virus, CT6, and a
subtype B virus with subtype C DIS, BH0.Cdis (Figure 1(a)) 32. These two viruses have the
same nucleotide sequences in the 5-kb region as the aforementioned subtype B and C virus
pair, except for a 3-nt sequence alteration in BH0.Cdis that makes the DIS sequences of CT6
and BH0.Cdis identical, thereby allowing the formation of perfect base-pairing of DIS
sequences between the two RNAs. The DIS is located 75 nt downstream of the PBS and is
between 0.6 and 0.7 in the x-axis of Figure 3.
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Using a method similar to that described above, we harvested viruses generated from cells
containing BH0.Cdis and CT6 proviruses, infected fresh target cells, and isolated and
characterized 56 GFP+ target cell clones that harbored a single recombinant provirus with a
reconstituted, functional gfp gene. The same 5-kb region in each provirus was characterized
by DNA sequencing. Of the 56 proviruses, 12 did not have crossovers in the 5-kb region,
whereas 15, 16, 8, 3, 1, and 1 provirus had 1, 2, 3, 4, 6, and 7 crossovers, respectively, in the
analyzed region (Figure 2(b)), which yielded a total of 96 crossovers in these 56 proviruses.
Therefore, when 3 nt of the 5-kb region was altered to allow base-pairing of the DIS regions
of the two RNA, significantly more crossovers were observed (56 versus 96; p = 0.003, Mann-
Whitney test).

Of the 96 recombination events, 8 occurred in the LTR region, whereas 88 occurred between
the PBS and the end of pol. The positions of these 88 crossover junctions are shown in Figure
3(b); there are 39 junctions in the 5′ half and 49 junctions in the 3′ half region. Therefore, the
numbers of crossover junctions in the two regions are not significantly different from each
other (p = 0.401, Wilcoxon Signed Ranks Test). In addition, comparing the 5′ end of the
analyzed region of the two groups of recombinants, there were significantly more junctions in
the recombinants from viruses with matching DIS regions than those from viruses with
different DIS regions (13 versus 39; p = 0.001, Mann-Whitney test). This difference is not seen
in the 3′ end of the analyzed region of the two groups of recombinants (38 versus 49; p = 0.215,
Mann-Whitney test). Additionally, we compared the recombination events in the four equal-
distance portions: regions I, II, III, and IV of the 4.4-kb genome have 22, 17, 26, and 23
crossover junctions, respectively. There are no significant differences among any of the regions
(p = 0.399, Friedman test). Hence, by changing 3-nt sequences and matching the DIS regions
in subtype B and subtype C viruses, recombinants now have more crossover junctions and the
junctions are more evenly distributed in the analyzed region of the genome.

Strand Transfer and Recombination in the LTR Region
We also analyzed DNA synthesis events that reconstituted the 5′ LTR region of the proviruses
during reverse transcription. Of the 112 proviruses (56 from each group), initiation of reverse
transcription occurred evenly between the subtype B and subtype C genomes (50 and 62,
respectively; Table 1). Minus-strand DNA transfer occurred intra- and intermolecularly at
similar frequencies (68 and 44, respectively). Furthermore, the minus-strand DNA initiation
and transfer events were not different, regardless of whether the DIS regions of the two viruses
were identical (p = 0.25 and p = 0.7, respectively, Chi-square test).

Among the 112 proviruses analyzed, only 3 had premature minus-strand DNA transfer,
indicating that such events are not frequent. The TAR element dominates the R region; of the
97 nt of R, TAR occupies 59 nt. These three premature transfer events occurred at different
locations: one occurred while copying the 5′ portion of the TAR region, one near the top of the
TAR element, and the third within the 3′ end of TAR (Figure 4).

In addition to the strand transfer events required for the regeneration of the LTR, we also
observed 13 recombination events: 3 occurred in U5 and 10 occurred in U3 (Figure 4).
Therefore, recombination in the LTR appears to occur at similar rates when compared with the
events observed between the PBS and the end of IN (for the LTR: 13 events in 58 kb analyzed;
for PBS to IN: 140 events in 498 Kb analyzed).

Effects of RNA Secondary Structures on Recombination
It was proposed that secondary structures in the RNA template promote recombination. In
addition to the TAR element, there are other well-documented RNA secondary structures: SL1
to SL4, and the gag-pol translational slippage site. Within the sequences that consritute SL1
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to SL4, the two virus strains used in this study contain sequence variation between SL2 and
SL3, but do not have variation between SL1 and SL2, or between SL3 and SL4. Therefore, we
can only identify recombination events occurred within the SL1-SL2 region or within the SL3-
SL4 region. We did not observe any recombination events in the SL1-SL2 region in the B/C
experimental group, but observed five events in the B.Cdis/C experimental group (Figure 3).
Based on the assumption of Poisson distribution, we calculated the probability of observing
five events in the DIS region and our results suggest that DIS is a recombination hotspot when
the two RNA molecules have the same sequence (p = 0.00001). In contrast, the SL3-SL4 region
did not appear to experience more recombination; there was one crossover in the B.Cdis/C
experimental group and none in the B/C group.

The translational slippage site sequence constitutes 44 nt (Figure 3, between 2.0 and 2.2 in the
x axis); we observed one recombination event in this sequence in the 112 proviruses analyzed.
Therefore, this secondary structure does not appear to experience more recombination events
than the rest of the genome.

Fidelity of Recombination and Strand Transfer Events
Of the more than 556 kb of the viral genome analyzed, we observed 76 mutations in the viral
genome, including 73 substitutions, one 1-nt deletion, and one 41-nt deletion. The overall
mutation frequency is 1.4 × 10−4 per nucleotide analyzed; several events contribute to this
frequency, including mutations accumulated from DNA transfection and two rounds of reverse
transcription that first generate the provirus in the producer cells, then in the target cells.

We also analyzed mutations in the crossover junctions; this measurement was limited to events
detected in one round of virus replication, because the two parental viruses were propagated
and infected into the virus producer cells separately. Of the 152 recombination events detected
in the viral genomes, 9 events contained mutations in the crossover junctions (Figure 5(a) to
(c)). Therefore, most of the recombination events are accurate (143 of 152); only 6% of the
events contained errors. Of the detected events that have mutations, five contained
substitutions, two contained insertions caused by template misalignment, and two contained
either a substitution or deletion that could be caused by misalignment. Considering that the
total length of these 152 junctions is 3125 nt, the mutation frequency is 2.9 × 10−3/nt. Therefore,
compared with the rest of the analyzed sequences, the crossover junctions have more errors
(p = 0.002, Chi-square test).

We also compared the accuracy between the obligatory minus-strand DNA transfer events and
the recombination events in the genome. In the 112 minus-strand transfer events, we observe
one error, which is a misalignment in a premature transfer event (Figure 5(d)). Therefore, the
minus-strand DNA transfer events appear to be marginally more accurate than the
recombination events (1 in 112 compared with 9 in 152; p = 0.05, Fisher’s Exact test). Although
it was hypothesized that similar mechanisms are used for minus-strand DNA transfer and
recombination, the accuracy of these events may be different, suggesting a mechanistic
difference(s) between these two events.

Discussion
In this report, we describe studies that reveal an apparent recombination gradient between
HIV-1 subtypes B and C that affects an approximately 2-kb region of the viral genome.
Furthermore, this gradient is caused by improper base-pairing of the DIS sequences of the two
RNAs, because this effect can be abolished by changing 3-nt sequences of the DIS region. To
our knowledge, this is the first description of such a recombination gradient in HIV-1 and in
the retroviral genome in general. This gradient reveals insights into viral RNA structures in
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the reverse transcription complex and also has important implications for the generation of
intersubtype recombinants of HIV-1.

Base-pairing of DIS Sequences and the Apparent Recombination Gradient
Previously, we have shown that the DIS is largely responsible for the selection of the
copackaged RNAs 32; 33; 34. In this study, we examined viruses that packaged two RNAs
containing different DIS sequences and observed that the lack of perfect base-pairing between
the two DIS regions caused an apparent recombination gradient with far fewer recombination
events immediately downstream from the DIS than those in the pol region. Because changing
the DIS can abolish the observed gradient, our data indicate that the long-range effect is caused
by the DIS rather than by other local sequences. These results suggest that the two RNA
molecules in the reverse transcription complex are organized in a particular structure(s) and
that the base-pairing of the DIS sequences plays an important role in forming this structure. It
is possible that the DIS serves as a nucleation point to allow proper arrangement of the dimeric
RNA structures immediately downstream from it. Without this nucleation point, the 2-kb
region immediately following the DIS is not in a suitable structure to allow recombination to
occur. The effect of the DIS base-pairing diminishes after approximately 2 kb. Most of the
pol regions experienced similar numbers of crossover events regardless of whether the DIS
can form perfect base-pairing (Figure 3), which suggests that the rest of the RNA sequences
are still in the proper dimer structure. This result is consistent with the conclusion generated
by us and others that despite the importance of the DIS, base-pairing of the DIS sequences is
not absolutely essential for the generation of virion RNA dimers 34; 36; 45; 46. Therefore, it
is likely that there are other elements in the viral genome that also facilitate the formation of
RNA dimers.

Fidelity of the Recombination and Strand Transfer Events
Whether HIV-1 recombination is an error-prone process has long been the subject of debate.
Results from some in vitro recombination studies suggested that a large number of
recombination events contain errors 47; 48, and it was proposed that misincorporation is the
driving force behind high-frequency recombination 49. Analyses of a limited number of
crossover junctions by in vivo assays suggested that recombination events may not be as error
prone as some in vitro studies proposed 50. In our study, we analyzed a very large number of
crossover junctions and found that most (94%) of the recombination events are accurate.
Therefore, it is unlikely that misincorporation is the driving force of high-frequency HIV-1
recombination events. However, recombination events do have a higher error rate than the rest
of the sequences that do not have apparent recombination; based on our analyses, the rate is
likely to be one to two log higher. Within these few events of observed mutation in the crossover
junctions, it is unclear whether misincorporation caused recombination or mistakes occurred
during crossover to generate mutations in the junctions. Therefore, the cause and effect of
mutations and recombination cannot be distinguished.

It has been widely accepted that the ability of the RT to switch template during minus-strand
DNA transfer also allows recombination to occur during minus-strand DNA synthesis 29; 30;
31. However, our analyses indicated that minus-strand DNA transfer events may be more
accurate than recombination events, suggesting that differences in the mechanistic details
between these two events could cause the higher fidelity of the strand transfer events. One
possible difference is the status of the template. Most of the minus-strand DNA transfer events
occur at the end of the RNA template (109 of the 112 viruses studied or >97%), whereas the
status of the template in recombination events is unclear. We compared the accuracy of the
strong-stop minus-strand DNA transfer event (in which RT reached the end of the template
before the transfer) with that of the recombination event; the accuracies of these two events
are significantly different (0 in 109 compared with 9 in 152; p = 0.011, Fisher’s Exact test).
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We hypothesize that during the synthesis of the minus-strand strong stop DNA, RT reaches
the end of the RNA template and pauses, allowing the degradation of the RNA template to
expose sufficient nascent DNA to mediate accurate minus-strand DNA transfer. In contrast,
the status of the templates and nascent DNA are unclear in recombination events. We propose
that whether a transfer event occurs at the end of the template may affect the accuracy of the
event.

The role of DIS in HIV-1 recombination
It has been suggested for many years that the retroviral RNA dimerization sites are
recombination hot spots 40; 41. Although our study indicates that the DIS may indeed be a
local hot spot, the most drastic effects of the DIS on HIV-1 recombination occurs when the
DIS of the two HIV-1 strains do not form perfect base-pairing. Our results demonstrated that
the DIS has two distinct roles in the generation of intersubtype HIV-1 recombinants. The
sequences of the DIS alter the efficiencies of RNA copackaging: heterozygous virions form
far less frequently than homozygous virions with RNAs from two HIV-1 subtypes containing
different DIS sequences 32; 34. In this study, we demonstrated a second role of the DIS in
HIV-1 intersubtype recombination. When the DIS sequences cannot form perfect base-pairing,
recombination is affected during the reverse transcription of the rare heterozygous virion
genome: there is a sharp decrease of recombination events that affect a 2-kb region immediately
downstream of the DIS. These results have strong implications for two aspects of HIV-1
biology: first, the DIS plays a critical role in maintaining proper nucleic acid structures in the
reverse transcription complex, and second, the sequence identities of the DIS affect the
generation of intersubtype recombinants, which plays an important role in the AIDS pandemic.

Materials and Methods
HIV-1 Vectors, Virus Producer Cells, and the Generation of Single Cell Clones Containing
Recombinant Proviruses

Subtype B-based BT6 and BH0.Cdis vectors, and subtype C-based CT6 and CH0 vectors have
been described previously 32; 44. The human embryonic kidney cell line 293T was maintained
in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal calf serum, penicillin
(50 U/ml), and streptomycin (50 μg/ml) at 37°C in 5% CO2. Virus producer cell lines containing
two parent proviruses were generated as previously described 44. Single cell clones were
isolated by cell sorting using a FACSVantage SE system with the FACSDiVi Digital option
(BD Biosciences, Franklin Lakes, NJ). Phenotypes of cell clones were identified by staining
cells with phycoerythrin-conjugated HSA antibody (BD Biosciences) and allophycocyanin-
conjugated Thy-1.2 antibody (eBioscience, San Diego, CA), and then analyzed by flow
cytometry. DNAs were isolated from the selected cell clones using QIAamp DNA Blood Mini
Kit (Qiagen, Valencia, CA) following protocols recommended by the manufacturer.

Genotypic Analyses of a 5-kb Region in the Recombinant Proviruses
Proviral genome comprising the 5′ LTR, 5′ untranslated region, gag, and pol was amplified by
PCR using the genomic DNA isolated from each GFP+ cell clone as a template. The PCR
products were sequenced with overlapping primers and the resulting sequence contigs were
assembled using the Gap4 program of the Staden Package 51. Every nucleotide was identified
by at least two sequence contigs to ensure the accuracy of the DNA sequence. The assembled
proviral sequences were aligned with the sequences of the two parental proviruses using
ClustalX version 1.8.3 52. The crossover junctions, defined as stretches of homologous
sequences flanked by mismatches between the two parental proviruses, were identified visually
in the sequence alignment.
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Abbreviations
HIV-1  

human immunodeficiency virus type 1

DIS  
dimerization initiation signal

SL  
stem loop

moi  
multiplicity of infection

PBS  
primer binding site

RT  
reverse transcriptase

IN  
integrase

gfp  
green fluorescence protein gene

thy  
mouse thy1.2 gene

hsa  
mouse heat stable antigen gene
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Figure 1.
System used to study the crossover junctions of HIV-1 recombinants. (a) Schematic structures
of the HIV-1 vectors used to study intersubtype HIV-1 recombination. Subtype B and C
proviruses are shown in white and black, respectively; reporter genes are shown in gray. h,
hsa; t, thy; I, IRES; *, inactivating mutation in gfp. The DIS sequences of each vector are
shown. Sequences between pol and the reporter genes are not shown (indicated by the double
slash lines). All of the HIV-1 vectors also contained functional tat and rev. (b) Experimental
approach for the generation of HIV-1 intersubtype recombinants. The restriction enzyme sites
of the two gfp mutations are shown. (c) PCR amplification of GFP+ recombinant provirus.
PCR primers that annealed to both HIV-1 subtype B and C proviruses were used to amplify a
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2.5-kb and a 2.8-kb PCR product (from nt 113 to 2593, and from nt 2329 to 5095, respectively;
NL4-3 nucleotide number designation). PCR products were sequenced directly. (d)
Identification of the crossover junctions. A representative crossover junction is shown; Rec,
recombinant. Nucleotides used as markers to identified crossover junctions are shown in
boldface. The 5′ region of the recombinant sequence was derived from subtype B, whereas the
3′ region was derived from subtype C. Recombination occurred in the 5-nt region in the middle
(crossover junction). All identified crossover junctions have two or more markers flanking
each end.
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Figure 2.
Number of crossover junctions in HIV-1 intersubtype recombinants. (a) Analysis of
recombinants from a subtype B (BT6) and a subtype C (CH0) parent (marked as B/C). The
DIS regions of these two parental viruses contain sequence differences. (b) Analysis of the
recombinants from a subtype B parent with subtype C DIS (BH0.Cdis) and a subtype C (CT6)
parent (marked as B.Cdis/C). The DIS sequences of these two parents are identical. The x axis
represents the number of junctions in a recombinant; the y axis represents the number of
recombinants observed.
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Figure 3.
Distribution of crossover junctions between the PBS to the end of pol in HIV-1 intersubtype
recombinants. (a) Analysis of the recombinants from a subtype B and a subtype C parental
virus that contains different DIS sequences. (b) Analysis of the recombinants from a modified
subtype B virus with subtype C DIS and a subtype C parental virus. The x axis is shown in 0.1-
kb increments and numbering is based on the NL4-3 viral DNA genome. The approximate
locations of the PBS and viral genes are shown at the bottom. The y axis represents the number
of crossover junctions observed in the 56 proviruses of each experimental group within the
0.1-kb regions. The total numbers of crossovers in the two halves and four quarters are shown
above the plot. MA, matrix; CA, capsid, NC, nucleocapsid, PR, protease.
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Figure 4.
Distribution of crossover junctions and premature minus-strand DNA transfer in the 5′ LTR.
The 5′ LTR from NL4-3 nt 75 – 635 is shown to scale. The nucleotide mismatches (markers)
between subtype B and subtype C sequences are shown as short vertical lines. Open and solid
triangles indicate the crossover junctions identified in the BT6/CH0 and BH0.Cdis/CT6
experimental groups, respectively. The structure of TAR is shown above the R region.
Premature minus-strand DNA transfer events are indicated by arrows; event “a” was identified
in the BT6/CH0 experimental group, whereas events “b” and “c” were identified in the
BH0.Cdis/CT6 experimental group.
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Figure 5.
Mutations detected in crossover junctions and strand transfer events. (a) Substitutions in
crossover junctions. Five of these events were observed. (b) Insertions caused by template
misalignment in crossover junctions. Two of these events were observed; one has a 3-nt
insertion and the other has a 1-nt insertion in the sequence. (c) Mutations that could be caused
by template misalignment in crossover junctions. Two such events were observed.
Recombinants in the alignments on the top and bottom have an insertion and a deletion,
respectively. (d) Mutation (misalignment) occurred in a minus-strand DNA transfer event. This
event corresponds to event “a” in Figure 4. Recombinant (Rec) sequences were aligned with
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subtype B and subtype C parental sequences. Markers used to identify crossover junctions are
shown in uppercase boldface. Mutations are shown in lowercase boldface.
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Table 1
Initiation and transfer of minus-strand DNA

Recombinant group
Minus-strand initiation Minus-strand transfer

B C Intraa Intera

BT6/CH0 22 34 33 23

BH0.Cdis/CT6 28 28 35 21

Total 50 62 68 44

a
intra and inter, intra- and intermolecular, respectively.
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