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Recombinant forms of human immunodeficiency virus type 1 (HIV-1) have been shown to be of major
importance in the global AIDS pandemic. Viral RNA dimer formation mediated by the dimerization initiation
sequence (DIS) is believed to be essential for viral genomic RNA packaging and therefore for RNA recombi-
nation. Here, we demonstrate that HIV-1 recombination and replication are not restricted by variant DIS loop
sequences. Three DIS loop forms found among HIV-1 isolates, DIS (CG), DIS (TA), and DIS (TG), when
introduced into deletion mutants of HIV-1 recombined efficiently, and the progeny virions replicated with
comparable kinetics. A fourth DIS loop form, containing an artificial AAAAAA sequence disrupting the
putative DIS loop-loop interactions [DIS (A6)], supported efficient recombination with DIS loop variants;
however, DIS (A6) progeny virions exhibited a modest replication disadvantage in mixed cultures. Our studies
indicate that the nonhomologous DIS sequences found in different HIV-1 subtypes are not a primary obstacle

to intersubtype recombination.

Homologous recombination is an important process in the
retrovirus life cycle (15, 23-25, 27, 32, 56). Retrovirus genomes
are packaged into virus particles as RNA dimers (3, 4, 8, 14,
41). During replication, the viral reverse transcriptase (RT)
can switch templates, creating a recombinant genome from the
two RNA molecules (13, 55, 56). Recombination may function
in the rapid generation of viral diversity and in the recovery
from genomic damage caused by an error-prone RT (24).

Evidence for the direct involvement of recombination in the
generation of diversity has emerged from analysis of human
immunodeficiency virus type 1 (HIV-1) isolates from multiple
geographic locales (48). At least eight genetic subtypes of
HIV-1 have been identified to date (42). Some HIV-1 strains
of major importance in the AIDS pandemic apparently arose
by recombination between two of the subtypes, including the
subtype E virus that initiated a major new focus of infection in
Southeast Asia (10, 19). However, only some pairs of HIV-1
subtypes have been observed to recombine (39). Factors that
influence the frequency of recombination between subtypes
are important to define, as they may influence which variants
arise and spread in a future pandemic.

Formation of RNA dimers within the virion is essential for
the high level of recombination exhibited by retroviruses (24—
26, 53, 60, 62). Electron microscopy studies first identified an
RNA dimerization linkage structure (DLS) near the 5" end of
the genome (4, 41). The DLS is a complex structure contain-
ing elements required for the efficient packaging of viral ge-
nomic RNA into virions and dimerization of the RNA genome.
While sequences responsible for encapsidation have been
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identified and characterized for many retroviruses (31, 36, 51,
59), attempts to identify sequence requirements for RNA
dimerization were unsuccessful until the development of in
vitro dimerization systems (2, 18, 37, 54). Dimerization of
purified subgenomic RNA encompassing the 5" untranslated
region and gag gene can be induced in vitro (2, 5, 7, 11, 16, 17,
30, 37, 44, 49, 52, 54, 61). The viral nucleocapsid protein can
greatly facilitate RNA dimer formation, probably by activating
base pair rearrangements (16, 17, 57). However, under appro-
priate conditions, spontaneous RNA dimerization can occur in
the absence of viral and cellular proteins (2, 37, 40, 54, 61).

Sequences responsible for in vitro HIV-1 RNA dimerization
were identified outside of the previously defined DLS (38, 52).
The newly identified dimerization initiation site (DIS), located
upstream of the major splice donor site in the gag leader re-
gion, adopts a stem-loop structure (21). Dimerization is thought
to proceed through the interaction of self-complementary DIS
loop palindromic sequences. Hybridization of the DIS loops
does not propagate to the DIS stem to form an extended du-
plex (45) as previously proposed (30, 40, 52). Instead, a “loop-
loop kissing” complex is maintained, and the dimer is stabilized
by other, more distant interactions (38, 44). Some of the main
evidence supporting the DIS palindrome interaction in dimer-
ization comes from mutagenesis studies, which show that dis-
ruption of base pairing in the loop abolishes RNA dimerization
in vitro (44). Several different DIS loop sequences were shown
to be functional in the formation of homodimers, while RNA
molecules with several combinations of heterologous DIS were
unable to dimerize.

Here we report that at least three different DIS loop palin-
dromic sequences occur in HIV-1. An examination of 75 viral
isolates showed that the DIS sequence of subtypes B and D was
different from that of subtypes A, C, E, F, and G and group O.
By construction of deletion mutants of an infectious molecular
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clone and mutagenesis of the DIS, we evaluated the effect of
DIS variants on virus replication and determined whether vi-
ruses bearing the nonhomologous DIS found in the different
HIV subtypes can recombine. Alterations in the DIS loop
palindrome had little effect on replication, and DIS incompat-
ibility did not restrict recombination. We conclude that the
different DIS sequences found in HIV-1 subtypes are not a
major impediment to intersubtype recombination.

MATERIALS AND METHODS

Restriction analysis of DIS loop sequences in multiple HIV-1 subtypes. HIV-1
isolates represented a broad geographic distribution and were selected based on
their previously sequenced gag and/or envelope (env) genes. They were from
subtypes A, B, C, D, F, G, and H, as follows: subtype A, VI32, VI57, VI59, VI310,
VI415, K7, K29, K88, K89, K98, K112, CI4, CI20, CI51, CIS9, LBV23-10, and
DJ258; subtype B, BK132, BZ167, BZ190, PH136, and PH153; subtype C,
ZAM18, ZAM20, SM145, VI313, and UG268; subtype D, VI203, K31, G109,
SE365, UG270, and UG274; subtype F, BZ126, BZ162, BZ163, V169, and VI174;
and subtype G, LBV2-7 (33, 34). DNA from primary or low-passage-number
virus cultures on donor peripheral blood mononuclear cells was used as the
template for PCR amplification of a 163-bp segment in the gag leader region.
Primers 5'-CTCTCCTTCTAGCCTCCGCTAGTC and 5'-AAATCTCTAGCA
GTGGCGCCC (complementary to nucleotides [nt] 784 to 761 and 622 to 642 of
HIVyy, respectively) were used with Tag polymerase under standard reaction
conditions; the thermocycle routine was 30 cycles of 95°C denaturation for 30 s,
55°C annealing for 30 s, and 72°C extension for 30 s. Products were digested with
restriction endonuclease ApaLl, BssHII, or Fspl (New England Biolabs, Beverly,
Mass.) as directed by the vendor and evaluated on 3% NuSieve-1% agarose gels
(FMC BioProducts, Rockland, Maine) after staining with ethidium bromide.

Construction of HIV-1 mutants. The infectious molecular clone NL4-3 (1) was
used to construct DIS, polymerase gene (pol), and env mutants employed in this
study. To generate DIS mutants, a 958-bp Sacl/Sphl fragment was subcloned into
pUC31. The unique BssHII site, corresponding to the GCGCGC palindromic
loop sequence of the DIS hairpin (nt 257 to 262), was converted to GTGCAC,
GTGCGC, or AAAAAA by double-stranded site-directed mutagenesis using a
Chameleon kit (Stratagene, Inc., La Jolla, Calif.) and the following complemen-
tary primers containing substitution mutations (underlined): 5’CGGCTTGCTG
AAGTGCACACGGCAAGAGGC, 5'GCCTCTTGCCGTGTGCACTTCAGC
AAGCCC, 5'CGGCTTGCTGAAGTGCGCACGGCAAGAGGC, 5'GCCTCT
TGCCGTGCGCACTTCAGCAAGCCG, 5'CGGCTTGCTGAAAAAAAAAC
GGCAAGAGGC, and 5'GCCTCTTGCCGTTTTTTTTTCAGCAAGCCG.

DIS mutants were initially screened by restriction enzyme digestion with
BssHII (cleaves GCGCGC), ApaLl (cleaves GTGCAC), and Fspl (cleavage site
overlaps by 5 nt with the sequence GTGCGC). The sequence of the entire insert
was verified by DNA sequence analysis prior to subcloning into wild-type NL4-3
or pol or env deletion mutants of NL4-3. pol deletion mutants were generated by
TthIIl and Agel cleavage of a 4.3-kb Sphl/Sall fragment of NL4-3 subcloned in
pUC31. The cut plasmid DNA was treated with Klenow polymerase in the
presence of deoxynucleoside triphosphates, and the DNA was transformed into
Escherichia coli after ligation of the blunt ends. env deletion mutants were con-
structed by Bg/lII cleavage and religation of the 3.1-kb EcoRI/Xhol fragment of
NLA4-3 subcloned into pUC31. The 404-bp pol and 580-bp env deletions were
verified by restriction enzyme digestion and DNA sequence analysis prior to
subcloning into plasmid NL4-3 DIS variants. In all, 12 constructions were gen-
erated, with the four DIS variants in NL4-3 Apol, NL4-3 Aenv, and the wild type.

Cell culture conditions. SupT1 cells were cultured at 37°C with 5% CO, in
RPMI 1640 medium containing 10% fetal calf serum, 2 mM glutamine, 100 mM
pyruvate, penicillin (50 U/ml), and streptomycin (50 mg/ml). Human 293 cells
were grown at 37°C and 5% CO, in Dulbecco modified Eagle medium containing
10% fetal calf serum, 2 mM glutamine, 100 mM pyruvate, penicillin (50 U/ml),
and streptomycin (50 mg/ml). MAGI cells were obtained from the NIH AIDS
Research and Reference Reagent Program and cultured as described previously
(29).

Preparation of viral stocks and infection procedure. Infectious virus stocks of
NL4-3 DIS variants were generated by transient transfection of 293 cells with
proviral DNA by the Ca,(PO,), DNA precipitation method (47). Heterozygous
virions containing combinations of NL4-3 Apol and NL4-3 Aenv and the corre-
sponding DIS mutants were generated by cotransfection of the parental provi-
ruses. Virus stocks were treated with DNase I (Boehringer Mannheim) for 4 h
prior to harvesting to eliminate plasmid DNA clones of proviral genome con-
taminating the preparation. Virus preparations were analyzed for p245“¢ content
by enzyme-linked immunosorbent assay (Coulter), and titers were determined by
a single-cycle infection assay (29). SupT1 cells were exposed to 100 or 1,000
infectious doses of virus at a multiplicity of infection (MOI) ranging from 0.0001
to 0.001. After 4 h at 37°C, the cells were washed three times with phosphate-
buffered saline and maintained in RPMI complete medium at a concentration of
0.3 X 10° to 0.5 X 10%ml. Cells were fed every 3 days and split if necessary. At
designated time points, cleared supernatant was analyzed for p245“¢ content and
cells were harvested for proviral DNA analysis. In some experiments, proviral
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FIG. 1. Predicted DIS RNA stem-loop structures of NL4-3 and NL4-3 DIS
variants. The DIS mutants were generated by site-directed mutagenesis; for
details, see Materials and Methods. The MFold program predicts the hairpin
structures of all of the DIS variants; thus, alteration of the loop sequence min-
imally impacts stem structure. The palindromic motifs in the loop are in bold-
face, and restriction enzymes with corresponding cleavage sites (boxed) are
shown above the hairpin loop. Variations at the second and fifth positions of the
palindrome occurring in HIV-1 subtypes are marked (*). Phylogenetic associa-
tion of DIS RNA elements of different HIV-1 strains is given in Table 1.

DNA was purified from transfected cells at the time of harvest of the virus stock
to evaluate the level of DNA recombination occurring. DNA from Hirt super-
natants (22) was analyzed by PCR amplification and Southern blot hybridization
to detect parental and recombinant proviral forms as described below.

DIS loop sequence analysis in infectious recombinant provirus. The DIS loop
sequence was analyzed as the recombinant virus spread in culture. At designated
time points, the DIS stem-loop and flanking sequences were amplified from
infected cell lysates by using two primers: upstream (sense) primer DIS1 (5'-
AAATCTCTAGCAGTGGCGCCCGAACAG) and downstream (antisense)
primer DIS2 (5'-CTCTCCTTCTAGCCTCCGCTAGTC). A 165-bp PCR frag-
ment was generated after 30 cycles of standard PCR amplification. A 10-pl
sample of the PCR mixture was subjected to digestion with BssHII, ApaLl, or
Fspl to identify the DIS phenotype. The PCR-amplified products were also
ligated into the TA cloning vector pCRII (Invitrogen) and sequenced with the
universal T7 and SP6 primers and a Tag dye primer cycle sequencing kit (Applied
Biosystems) on an Applied Biosystems 373A DNA sequencer.

Analysis of recombinant provirus formation. The rate of homologous recom-
bination was determined during a single cycle of replication. SupT1 cells were
exposed to 1,000 MAGI infectious doses of heterozygous virus at an MOI of
0.001. Immediately after infection, an aliquot of cells was harvested and saved for
contaminating proviral DNA analysis. After 4 h at 37°C, the cells were washed
three times with phosphate-buffered saline and maintained for 20 to 24 h in
RPMI complete medium at a concentration of 0.3 X 10° to 0.5 X 10°/ml.
Recombinant HIV proviral DNA sequences were detected by using a modified
version of the long PCR technique employed for subcloning HIV-1 provirus as
previously described (50). Briefly, pellets containing 10° cells were lysed in a
solution containing 10 mM Tris-HCI (pH 7.5), 2.5 mM MgCl,, 0.45% Triton
X-100, 0.45% Tween 20, and 0.12 mg of proteinase K per ml. Wild-type and
mutant proviral DNA sequences were amplified from crude lysates by using
two primers which flank the deletions in the pol and env genes: Recl (sense; 5'-
CACCAGGGATTAGATATCAGTACAATGTGCTTCCAC) and Rec2 (anti-
sense; 5'-CACCACTCTTCTCTTTGCCTTGGTGGGTGCTACTCC) (see fig.
3A). The PCR mixture contained 250 nM primers Recl and Rec2, 350 pM
deoxynucleoside triphosphate, 1.75 mM MgCl,, 50 mM Tris-HCI (pH 9.2),
16 mM (NH,),SO,, and 3.5 U of polymerase (Boehringer Mannheim). PCRs
consisted of 10 cycles of 94°C denaturing for 10 s, 55°C annealing for 30 s, and
68°C extension for 4 min and 24 cycles of 94°C denaturing for 10 s, 55°C
annealing for 30 s, and 68°C extension for 4 min, plus an additional 20 s added
at each extension cycle. A final extension at 72°C for 10 min was used to complete
the reaction. PCR products were separated by agarose gel electrophoresis, trans-
ferred onto a Gene Screen, and immobilized, and proviral sequences were
identified by hybridization with 5'-end-labeled oligonucleotides. The Std* oligo-
nucleotide (sense; 5'-GCAGGGGAAAGAATAGTAGACATAATAGCAACA
GAC) detected all forms of parental and recombinant provirus, while the Pol*
(sense; 5'-TCCATCCTGATAAATGGACAGTACAGCCTATAGTGC) and
ENV* (antisense; 5'-TTGTAACAAATGCTCTCCCTGGTCCCCTCTGGAT
AC) oligonucleotides distinguished env- and pol-containing provirus, respec-
tively. The relative amounts of parental and recombinant provirus were quanti-
tated with a Molecular Dynamics PhosphorImager. To ensure that the amplifi-
cation and hybridization were in the linear range, reactions with diluted lysates
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TABLE 1. Subtype-specific variation in the HIV-1 DIS

HIV-1 subtype No. of isolates examined

No. with indicated DIS

or group By sequencing By restriction analysis” GTGCAC, DIS (TA) GCGCGC, DIS (CG) GTGCGC, DIS (TG)
Subtype
A 2 18 20 0 0
B 17 5 0 22 0
C 2 5 7 0 0
D 3 5 0 7 1
E 3 0 3 0 0
F 0 5 5 0 0
G 3 1 3 0 1
Other” 4 0 4 0 0
Group O 2 0 2 0 0

“ A/D and A/C intersubtype recombinants.

b Restriction endonucleases ApaLl, BssHII, and Fspl were used to distinguish DIS sequences as described in Materials and Methods.

were performed. The ratio of recombinant provirus (full-length and double-
deleted provirus) to all proviral forms (NL4-3 Apol, NL4-3 Aenv, full-length, and
double-deleted provirus) gave the frequency of recombination.

RNA secondary-structure analysis. RNA structure predictions were per-
formed with the MFold program, version 7.2 (63).

RESULTS

DIS loop sequences vary among HIV-1 isolates. Secondary-
structure interactions in the gag leader region of HIV-1 RNA
produce a hairpin loop containing a six-base palindrome where
the two strands of RNA hybridize to form a dimer. The six-
base palindromic sequence of the DIS loop was found to be
variable among sequenced HIV-1 isolates, with three forms
identified to date (Fig. 1). Variation occurred at the second
and fifth positions of the palindrome, which were TA, TG, or
CG. Each variant corresponded to or largely overlapped the
recognition sequence of an available restriction endonuclease
(Fig. 1), which permitted a rapid survey of additional isolates.
Genomic segments spanning the DIS and predicted to contain
a single cleavage site for either Apal.l, BssHII, or Fspl were
PCR amplified and digested. The DIS loops of 39 isolates
representing HIV-1 subtypes A, B, C, D, F, and G were de-
termined, and when these sequences were combined with
available sequences and with our unpublished sequences, a
survey of 75 isolates, with at least three from each of subtypes
A through G and two from group O, was completed (Table 1).

The DIS variants were largely, if not entirely, subtype spe-
cific. Subtypes B and D harbored the DIS (CG) form, while
subtype A, C, E, F, and G and group O isolates had DIS (TA).
Recombinants between subtypes A and C or A and D also had
DIS (TA). An apparently rare form, DIS (TG), was found in
one subtype D and one subtype G isolate.

Based on the in vitro RNA dimerization data, formation of
dimers from RNA genomes of different HIV-1 subtypes, a
process thought essential in the generation of intersubtype
recombinant HIV-1, would be expected to proceed more effi-
ciently when the two subtypes have the same DIS loop se-
quence; i.e., subtype B would be expected to dimerize more
readily with subtype D than with other subtypes, and so forth.
The DIS (TG) form would not be expected to support homol-
ogous RNA dimer formation with similar efficiency, as it is not
a palindrome. However, the HIV-1 DIS sequence analysis sug-
gested that either recombination between HIV-1 genomes with
incompatible DIS sequences can occur or DIS sequences such
as DIS (TG) facilitate recombination by dimerizing with either
DIS (CG) or DIS (TA). Thus, we constructed an experimental

system to directly evaluate the effect of DIS sequences on the
replication rate and recombination frequency of an HIV-1
isolate in vitro. We used the three naturally occurring DIS
variants and a DIS loop with six A residues that should be
unable to support RNA dimer formation (Fig. 1).

Multiple DIS variants support HIV-1 replication in vitro.
Viral stocks of the infectious molecular clone NL4-3 bearing
four different DIS sequences were prepared by transfection of
293 cells and were titrated on MAGTI cells. SupT1 cells were
infected at an MOI of 0.001 with equivalent infectious units,
and virus spread was monitored by measurement of virus-
associated p24%“¢ antigen in the cultures. Figure 2 is a repre-
sentation of two independent experiments. The replication ki-
netics were virtually identical for viruses bearing the DIS (TA),
DIS (CG), and DIS (TG) sequences. Restriction endonuclease
digestion of a DNA fragment containing the DIS and PCR
amplified by using DNA from the viral cultures harvested at
day 10 was used to determine whether there was a measurable
accumulation of mutations at the DIS loop; none were ob-
served (Fig. 2, inset). Thus, the absence of a palindromic se-
quence [as in the DIS (TG) variant] had no appreciable effect
on the replication kinetics of NL4-3 in SupT1 cells. No signif-
icant selection pressure for reversion of the DIS (TG) se-
quences was observed over a 10-day interval in culture.

Efficient homologous recombination during a single repli-
cation cycle. The effect of DIS nonhomology on recombination
was then investigated. Deletion mutants of NL4-3 were con-
structed to permit an evaluation of recombination after a sin-
gle round of replication in cell culture. Figure 3A shows a
diagram of their structures and the locations of the PCR prim-
ers and probes used to evaluate the products of recombination.
One mutant (NL4-3 Apol) contained a 404-bp deletion in the
pol gene, and another (NL4-3 Aenv) had 580 bp deleted from
the env gene. When copackaged into virions, a single homol-
ogous recombination event within the 3.8-kb segment between
the deletions should generate either wild-type or double-de-
leted genomes. PCR primers positioned outside the two dele-
tions were used to amplify a genomic segment for analysis.
Probes located within the pol and env deletions, and a third
probe located between the deletions, were used to evaluate
and quantitate molecular forms after one replication cycle.
Both of the deletion mutants and the wild-type NL4-3 con-
tained the DIS (CG) sequence typical of HIV-1 subtype B.

To establish that recombination occurs during replication of
NLA4-3 in cell culture, viral stocks were prepared by comple-
menting polymerase and envelope function by cotransfection
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FIG. 2. Replication kinetics of NL4-3 containing variant DIS. SupT1 cells
were infected with NL4-3 DIS (TA) (squares), NL4-3 DIS (CG) (circles), and
NL4-3 DIS (TG) (triangles) at an MOI of 0.001, and virus-associated p245“¢
antigen production was determined at designated time points. The inset shows
provirus DIS PCR products at day 12 in culture cleaved with restriction endo-
nucleases capable of distinguishing DIS palindromic sequence. DIS PCR product
restriction enzyme digestion results in the production of 89- and 76-bp DNA
fragments.

of 293 cells with NL4-3Apol and NL4-3Aenv. Viral stocks con-
tained RNA dimers of three types: Apol/Apol, Aenv/Aenv, and
Apol/Aenv. Upon infection of SupT1 cells at a low MOI with
this stock, ensuring that a cell becomes infected with a sin-
gle virus particle, only the virions containing RNA dimers of
the form Apol/Aenv have the potential to initiate a spreading
infection if recombination occurs between the deletions to
regenerate a wild-type genome. As negative and positive con-
trols, virus stocks were also prepared by transfection of NL4-
3Aenv alone, which should be noninfectious, and by transfec-
tion with NL4-3 wild-type DNA, respectively. As an additional
control, we determined the maximum extent of DNA recom-
bination occurring during production of the viral stock, as this
would confound the analysis of RNA recombination in subse-
quent steps. We analyzed the DNA from cells cotransfected
with the NL4-3 Apol and NL4-3 Aenv plasmids at the time of
harvest of the viral stock. Figure 3C shows that cotransfection
of the two plasmid proviral constructs produced, within the
sensitivity of detection by Southern blot hybridization, only the
parental, and no detectable recombinant, DNA forms as the
source of RNA in the viral particles.

Figure 3B shows the analysis of proviral DNA established
after a single cycle of replication (24-h time point) after low-
MOI (0.001) infection in SupT1 cells by PCR amplification of
the 4.65-kb segment encompassing the pol and env deletions.
As expected, the wild-type NL4-3 viral stock was infectious and
produced proviral DNA that hybridized to all of the probes,
while the virus stock produced from NL4-3Aenv was not able to
establish proviral DNA. Cotransfection of NL4-3Aenv and
NL4-3Apol produced a virus stock that established four provi-
ral DNA forms in target cells hybridizing to the Std* probe. By
their size and pattern of hybridization to the Pol* and ENV*
probes, we identify these as wild type (4,768 bp), Apol (4,364
bp), Aenv (4,188 bp), and Apol/Aenv (3,784 bp). Packaging of
the mutated viral RNA did not appear to be affected by the
deletions, as equivalent levels of parental PCR products were
observed. Single-cycle replication in SupT1 cells was shown to
occur within 24 h by strong stop and gag PCR (data not shown).

These results indicate that recombination between two de-
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letion mutants of NL4-3 bearing homologous DIS readily oc-
curs after infection of SupT1 cells. The frequency of recombi-
nation in the 3.8-kb genomic segment was estimated by
quantitation of the proviral DNA forms after hybridization
with the Std* probe (Fig. 3B, third lane). In two experiments,
the recombinant forms that could be scored (wild type and
double deleted), which could arise only from one of the three
types of viral particles produced by complementation (see
above), accounted for approximately one-third of the proviral
DNA forms obtained. We conclude that homologous recom-
bination occurred frequently within this 3.8-kb region of the
HIV-1 genome.

Effect of DIS nonhomology on recombination. Pairs of
NL4-3 deletion mutants with homologous or heterologous
combinations of DIS (TA), DIS (CG), or DIS (TG) were then
evaluated for the ability to generate recombinant forms. Figure
4A shows an analysis of proviral DNA forms arising from viral
stocks generated from cotransfection of deletion mutants of
NL4-3 with homologous or heterologous DIS. Recombinant
forms were detected with all combinations of DIS tested. Fur-
thermore, both homologous and heterologous combinations of
DIS produced a spreading infection with similar replication
kinetics (Fig. 4B). Using PCR amplification and restriction
analysis, we determined the DIS variants present in the cul-
tures at day 14 (Fig. 4C). Progeny of recombination in RNA
dimers with homologous DIS retained their DIS sequence
within the limits of detection of the assay, while those arising
from heterologous DIS exhibited a mixture of the input se-
quences, reflected by partial digestion with each of two restric-
tion endonucleases, as expected (Fig. 4C). Similar results were
obtained at days 7 and 10 of culture (data not shown).

These results indicate that even with only partial sequence
homology of DIS, sufficient copackaging of RNA dimers into
viral particles occurred to establish a prompt, spreading infec-
tion of recombinant viruses in culture. To determine whether
homologous DIS resulted in a higher yield of recombinant
proviral forms early in infection, we quantitated the PCR prod-
ucts (Fig. 4A) after hybridization with the Std* probe. Table 2
shows that in two experiments, the yields of recombinant forms
were similar with homologous and heterologous DIS. We find
little evidence that DIS nonhomology significantly inhibits
RNA dimerization in the in vitro culture system used.

Replication dynamics of recombinant virus populations.
The DIS (A6) variant, when introduced into the infectious
molecular clone NL4-3, supported virus replication in SupT1
cells, suggesting that virus replication can occur even in the
complete absence of a palindromic DIS (data not shown). We
also investigated whether NL4-3 deletion mutants with heter-
ologous combinations of DIS (A6), DIS (TA), DIS (CG), and
DIS (TG) could generate recombinant forms capable of rep-
licating in culture. Figure 5 shows that all combinations of DIS
generate recombinant virus with comparable replication kinet-
ics; however, the DIS (A6) form exhibited a replication disad-
vantage. Table 3 shows the relative proportions of DIS (A6)
forms over time in the cultures. When naturally occurring DIS
forms were present, the proportion of DIS (A6), initially 35%
or greater, gradually declined to undetectable levels over a
14-day interval. These data provide evidence that although
replication competent, the DIS (A6) form is not as robust as
the naturally occurring sequences when virus replication is
occurring in a continuous T-cell line.

DISCUSSION

The formation of a stable duplex at the DIS is thought to be
essential for the efficient formation of the RNA dimers that are
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FIG. 3. (A) Recombination between heterologous RNA during replication results in four proviral forms, the two parental forms, NL4-3Apol and NL4-3Aenv, and
two recombinant forms, wild-type NL4-3 (NL4-3WT) and NL4-3Apol/Aenv. Arrows denote oligonucleotides used for PCR amplification (Recl, Rec2, DISI, and DIS2)
and hybridization (Std*, Pol*, and ENV*) and the direction of sequence complementarity. Oligonucleotides marked with asterisks are probes for detecting PCR
products. Hatch marks denote unrepresented sequences in HIV-1. Long terminal repeat (LTR) and structural genes are shown. (B) Provirus resulting from a
single-cycle infection of SupT1 cells. Wild-type NL4-3 DIS (CG) and virus generated by cotransfection of NL4-3Apol DIS (CG) and NL4-3Aenv DIS (CG) were used
to infect SupT1 cells. Lysates of infected cells were amplified with primers Recl and Rec2, and proviral sequences were identified by hybridization with Std*, Pol*, and
ENV* probes. Molecular weights of the PCR products confirm expected recombination products. (C) DNA recombination during virus production. Hirt supernatants
from 293 cells transfected with no DNA, pNL4-3Aenv DIS (CG), pNL4-3Aenv DIS (CG) and NL4-3Apol DIS (CG), NL4-3Apol DIS (CG), or NL4-3 DIS (CG) were
amplified with primers Recl and Rec2, and proviral sequences were identified by hybridization with the Std* probe. Lysate of SupT1 cells infected (Inf) with virus
generated by cotransfection of NL4-3Apol DIS (CG) and NL4-3Aenv DIS (CG) was amplified as a control. WT, wild type.

packaged into HIV-1 virions. Here we report that two forms of
the DIS occur among HIV-1 isolates examined to date: DIS
(CG) in HIV-1 subtypes B and D and DIS (TA) in other
subtypes and in group O. Unexpectedly, a naturally occurring
but apparently rare DIS that is not palindromic and should
form a less stable duplex as well as an artificial AAAAAA
sequence that should be unable to form a duplex both sup-
ported virus replication in vitro when introduced into the in-
fectious molecular clone NL4-3. Furthermore, the recombina-
tion frequency between deletion mutants of NL4-3 was not
significantly affected by DIS loop nonhomology. We conclude
that the difference in DIS found in HIV-1 subtypes B and D is
not a primary impediment to RNA dimer formation, and re-
combination, with other subtypes and the A/D and B/F recom-
binants, already identified in the global epidemic (37, 45), may
be an example of recombination between viruses with different
DIS.

Previous studies of RNA dimer formation, in which a cell-
free system with highly truncated RNA genomes was used,
demonstrated that mutations predicted to destabilize the DIS
loop interaction resulted in a markedly delayed dimerization
rate and in a lower yield of RNA dimer (44). Contrasting re-
sults were found when we used an infectious molecular clone
of HIV-1 and measured virus replication in a T-cell line in
vitro. The function of the DIS loop palindrome in the virion
appears to be distinct from the dimerization properties of DIS
sequences in a cell-free system employing purified RNA. Al-
though we did not measure RNA dimer formation directly, the
replication kinetics observed with congenic virus stocks con-
taining four different DIS, predicted to form hybrids ranging
from stable to completely unstable, were comparable. When
the naturally occurring DIS loop sequences were replaced with
six A residues, virus replication kinetics were affected, and in
mixed cultures, recombinant viruses bearing wild-type DIS

gradually increased in proportion to those with six A residues
(Table 3), indicating a modest replication disadvantage.

Other studies have shown that deletions or insertions in the
DIS loop reduced encapsidation and virus titer (6). The length
of the DIS loop may be of greater importance than its se-
quence when all of the viral components are present in an in
vitro system with replicating, infectious viruses. Compensating
factors apparently permitted virus replication in the absence of
stable, sequence-based interaction of the DIS. Upstream se-
quences in the gag leader region (20, 28, 58) and others in the
5’ portion of the gag gene (9, 35, 46) that have been shown to
influence packaging efficiency may have played a role. RNA
dimers may be stabilized by interaction with the nucleocapsid
protein. Consistent with infectivity defects in DIS substitution
mutants in previous reports (12, 43), DIS (A6) mutant virus
produced in nonlymphoid cells (293 cells) is fourfold less in-
fectious than the wild type when normalized to p24 antigen
(data not shown).

In the study described here, we evaluated the HIV-1 recom-
bination frequency after a single replication cycle using con-
genic deletion mutants of NL4-3. While this approach is sen-
sitive to viral input and to the relative efficiency of PCR
amplification of recombinant and nonrecombinant forms, we
were nonetheless able to quantify proviral DNA forms arising
from carefully titered viral stocks with homologous and heter-
ologous DIS and estimate the frequency of recombination.
Similar levels of recombination were found with all combina-
tions of DIS (TA), DIS (TG), and DIS (CG) tested. The
recombination frequency over the region examined, 3.8 kb in
length, approached 10~ */bp. Furthermore, recombinant virus
exhibited similar replication kinetics, verifying that recombina-
tion between DIS pairs occurred with comparable efficiency
and at high levels. The absence of detectable DNA recombi-
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FIG. 4. (A) Recombinant forms of provirus observed in single-cycle infection of SupT1 cells. SupT1 cells were infected with various viral stocks at an MOI of 0.001.
Provirus formation was analyzed by PCR, and recombinant viral PCR products were identified by hybridization to Std* probe 24 h after infection (Fig. 3B). PCR
products derived from wild-type (WT), parental, and double-deleted mutant provirus are indicated. Provirus bands hybridizing with the probe were quantitated with
a PhosphorImager, and the efficiency of recombination was determined by comparing the amount of wild-type and double-deleted provirus formed to the total amount
of all provirus structures observed. (B) Replication kinetics of HIV-1 resulting from recombination of NL4-3 DIS variants. SupT1 cells were infected at an MOI of
0.0001 with equivalent MAGTI cell infectious units of NL4-3 DIS (TA) and replication-competent recombinant virus resulting from recombination between NL4-3Apol
and NL4-3Aeny DIS variants. Virus-associated p245“¢ antigen production was measured at the designated time points. Left, kinetics of replication of recombinant virus
resulting from recombination between NL4-3Apol DIS (TA) and NL4-3Aenv DIS (TA) (squares), NL4-3Aenv DIS (CG) (triangles), and NL4-3Aenv DIS (TG) (open
circles). Replication kinetics of wild-type NL4-3 DIS (TA) is also shown (diamonds). Center, kinetics of replication of recombinant virus resulting from recombination
between NL4-3Apol DIS (CG) and NL4-3Aenv DIS (TA) (squares), NL4-3Aenv DIS (CG) (triangles), and NL4-3Aenv DIS (TG) (circles). Right, kinetics of replication
of recombinant virus resulting from recombination between NL4-3Apol DIS (TG) and NL4-3Aenv DIS (TA) (squares), NL4-3Aenv DIS (CG) (triangles), and
NL4-3Aenv DIS (TG) (circles). (C) DIS element identification in virus recombinants during culture. The DIS loop sequence of replication-competent recombinant
provirus was analyzed in cell lysates at day 14 in culture by DIS PCR followed by restriction enzyme digestion of the PCR product (Fig. 3) as follows: B, BssHII; A,
Apalll; F, Fspl; U, uncut. Complete restriction enzyme digestion of the DIS PCR product is observed in cultures containing recombinant provirus resulting from
recombination of homologous DIS. Partial digestion of DIS PCR product is observed in recombinant provirus resulting from recombination of heterologous DIS.
Identical results observed at earlier time points (days 7 and 10) are not shown.

nation during virus production establishes that recombination
occurred during virus replication.

While this approach estimates recombination rates, it is im-
portant to compare our results with previous reports using
different approaches. In previous studies using a spleen necro-
sis virus retroviral vector system (24) and dominant selectable

markers, the recombination rate was more than twofold lower
than that observed here. Differences in the frequency of strand
switching by the RTs from different retroviruses, the use of
isogenic clones with identical sequences in the region under-
going recombination, and differences in PCR amplification
efficiency between the longer, wild-type and double-deleted

TABLE 2. Recombination frequencies between DIS variants

% Recombination between NL4-3Apol/NLA4-3Aenv® with indicated combination of DIS variants

Expt
TA/TA TA/CG TA/TG CG/TA CG/CG CG/TG TG/TA TG/CG TG/TG
1 42 28 42 32 40 41 40 42 42
2 35 26 24 24 35 31 24 34 36

“ Ratio of recombinant provirus to recombinant and parental provirus multiplied by 100. The amount of recombination product was determined by quantitating

hybridization of PCR product to the Std* probe as shown in Fig. 4.
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FIG. 5. Replication kinetics of NL4-3 DIS (A6). SupT1 cells were infected at
an MOI of 0.001 with NL4-3 DIS (A6) (diamonds) and recombinant virus re-
sulting from recombination between NL4-3Aenv DIS (A6) and NL4-3Apol DIS
(TA) (squares), NL4-3Apol DIS (CG) (triangles), and NL4-3Apol DIS (TG)
(circles), and virus-associated p245?¢ antigen production was determined at des-
ignated time points. Dynamics of recombinant virus populations in culture are

shown in Table 3.

NL4-3 clones in our study may contribute to the different rates
observed.

Finally, the results reported here pertain to an infectious
molecular clone of HIV-1 subtype B that has been selected to
replicate efficiently in T-cell lines in vitro. Differences in rep-
lication rate conferred by DIS loop variation and the effect of
DIS nonhomology on recombination frequency could be more
substantial in primary HIV-1 isolates replicating in peripheral
blood mononuclear cells. Experiments to address this issue are
ongoing. Furthermore, distal sequence elements, viral pro-
teins, and other factors may also be variable and not fully
compatible across HIV-1 subtypes; in the in vitro system de-
veloped here, these factors were exclusively from HIV-1 sub-
type B.

Among the intersubtype HIV-1 recombinants characterized
to date, subtype A has often been observed to recombine with
subtypes C, D, E, and G. Recombinants with subtype B have
been observed less frequently and, when found, usually involve
subtype F. Notably, subtype A/D recombinants and subtype
B/F recombinants would be expected to derive from dimer
formation between RNAs with different DIS loop sequences,
and DIS (TG) is not an essential intermediary of recombina-
tion. Many factors, including geographic dispersal patterns
of subtypes, opportunities for coinfection of individuals and
susceptible cells, and functional incompatibilities that may de-
velop with mosaic genomes from different subtypes, may influ-
ence the frequency of intersubtype recombination. The dispar-
ate DIS loop sequences found in different HIV-1 subtypes

TABLE 3. Replication dynamics of recombinant virus populations

% DIS (A6) provirus® with indicated DIS combination

Days in
cultire D5 (A6)  DIS (TA)(A6)  DIS (CG)(A6)  DIS (TG)/(A6)
5 100 45 70 70
7 ND 15 30 55
14 100 2 0 0

“ Ratio of DIS (A6) clones to total number of clones analyzed multiplied by
100. DIS sequences were identified by restriction endonuclease digestion and
DNA sequence analysis of at least 20 clones. ND, not done.
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reemphasize the complex matrix of variables that contribute to
the mixture of HIV-1 genetic variants in the global epidemic.
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