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It has been suggested that the dimer initiation site/dimer linkage sequence (DIS/DLS) region of the human
immunodeficiency virus type 1 (HIV-1) RNA genome plays an important role at various stages of the viral life cycle.
Recently we found that the duplication of the DIS/DLS region on viral RNA caused the production of partially
monomeric RNAs in virions, indicating that this region indeed mediates RNA-RNA interaction. In this report, we
followed up on this finding to identify the necessary and sufficient region for RNA dimerization in the virion of
HIV-1. The region thus identified was 144 bases in length, extending from the junction of R/U5 and U5/L stem-loops
to the end of SL4. The frans-acting responsive element, polyadenylation signal, primer binding site, upper stem-loop
of U5/L, and SL2 were not needed for the function of this region. The insertion of this region into the ectopic location
of the viral genome did not affect the level of virion production by transfection. However, the resultant virions
contained monomerized genomes and showed drastic reductions in infectivity. A reduction was observed especially
in the reverse transcription process. An attempt to generate a replication-competent virus with monomerized
genome was performed by the long-term culture of mutant virus-infected cells. All recovered viruses were wild-type
revertants, indicating a fatal defect of the mutation. These results suggest that genome dimerization or DIS/DLS

itself also plays an important role in the early stages of virus infection.

The retrovirus genome is a single-stranded, positive-sense
RNA. The viral genome always occurs as a dimer in virus
particles, and the interaction is noncovalent since heating eas-
ily dissociates purified dimeric genomes into monomers. Tem-
plate strand switching between two genomes during reverse
transcription is often observed in the retroviral life cycle (15).
It is likely that the presence of two genomes in one virion helps
the virus survive by providing an extra template that can be
used when one RNA molecule is damaged and/or providing
genetic variety for the progeny. However, this may not fully
explain why the virion has to carry two identical RNAs in spite
of severe space limitation, so the precise nature of retroviral
genome dimerization is still unclear.

The identification of cis-acting signals for retrovirus genome
dimerization was initially attempted in an in vitro assay (10, 11,
21, 34, 36). Synthesized 5’ RNA fragments of a viral genome,
with a length of several hundred to a thousand bases, were
found to be dimerized by heating and cooling under suitable
buffering conditions. The proposed dimer initiation site/dimer
linkage sequence (DIS/DLS) region of human immunodefi-
ciency virus type 1 (HIV-1) is located within the untranslated
region between the long terminal repeat (LTR) and the gag
gene (11, 22). As these regions overlap with a packaging signal,
however, it was difficult to perform mutational analysis to study
the dimerization of the genome within the virion. Therefore,
we recently developed a system to assess the dimerization
signal operating within the HIV-1 virion without affecting the

* Corresponding author. Mailing address: Department of Viral In-
fections, Research Institute for Microbial Diseases, Osaka University,
3-1 Yamadaoka, Suita City, Osaka 565-0871, Japan. Phone: 81-6-6879-
834. Fax: 81-6-6879-8347. E-mail: sakuragi@biken.osaka-u.ac.jp.

¥ Published ahead of print on 15 May 2007.

7985

packaging ability of the genome (41). This system is an appli-
cation of our previous finding that duplication of the encapsi-
dation/dimerization signal (E/DLS) region on one RNA ge-
nome resulted in the appearance of a monomeric genome in
the HIV-1 virion (40). We speculated that an additional E/DLS
region at the ectopic position binds to the authentic E/DLS
region on the same RNA molecules, thus competitively inter-
fering with intermolecular dimer formation (Fig. 1A). Muta-
tional analysis could thus be utilized to map the DIS/DLS
precisely on the HIV-1 RNA. By applying this system, part of
the 5" untranscribed region (UTR) of the HIV-1 genome was
examined, and separate functional maps for dimerization and
encapsidation signals could be created. By comparing these
two maps, we concluded that RNA dimer linkage formation
must be an essential process in genome packaging, which con-
sists of multiple sequential steps (41). In the study reported
here, we employed our original system to identify the region
which is necessary and sufficient for HIV-1 genome dimeriza-
tion in the virion. We also report on our further investigation
of the roles of the dimerization signal at various stages of viral
replication and discuss the possibility that it may perform func-
tions other than genome packaging in the viral life cycle.

MATERIALS AND METHODS

DNA constructs. The replication-competent HIV-1 proviral clone pNL4-3 (2)
and pMSMBA (23), a derivative of pNL4-3, were used as progenitors for the
mutant constructs described here. Mutant plasmids were constructed with stan-
dard methods. To construct pDDNT4, pDDNU4, and pDDNLA4, three pairs of
primers were first used for PCR amplification of the HIV-1 leader region by
using the plasmid pGEM-MM (40) as a template. The first pair comprised the
sense primer TarF (5'-GGTCTCTCTGGTTAGACCAG-3') and the antisense
primer SL4Rs (5'-GACGCTCTCGCACCCATC-3'), the second pair consisted
of the sense primer R/USF (5'-CACTGCTTAAGCCTCAACGATCG-3") and
the antisense primer SL4Rs, and the third pair consisted of the sense primer



7986 SAKURAGI ET AL.
WT
A virus genome 0\#‘\ - M

DR, OO~ P8 <§"
virus genome i
DDNBA

Accl site
nt.#959

PSSR p——

DDNLp4 DDNLe4

C

WT DDNBA
2535 455565 2535 455565 25 35 45556525 35455565 2535455565 2535455565°C

DDNU4 DDNL4 DDNLp4 DDNLe4

FIG. 1. The 5’ and 3’ ends of a functional domain of DLS. (A) A
schematic image of monomer formation of the E/DLS duplicated
mutant (DD-mutant) genome. Genomes of the WT virus form dimers,
whereas those of DD-mutant form both dimers and monomers. Solid
lines and open circles represent viral genome RNA and E/DLS, re-
spectively. (B) Possible two-dimensional folds of the inserted fragment
of each of the constructed mutants. nt., nucleotide. (C) Virion RNA
profiles in native agarose gel. Viruses were prepared by transfection of
293T cells with pNLNh (WT) or its derivative mutants. At 48 h post-
transfection, culture supernatants were harvested. Virions in the su-
pernatant were collected by ultracentrifugation through a 20% sucrose
cushion for isolation of the virion RNA. Open and solid arrowheads
denote positions of dimers and monomers, respectively.

US/LF (5'-TCTGTTGTGTGACTCTGGTAAC-3') and the antisense primer
SLA4Rs. The three amplified fragments were isolated and ligated in pPGEM-Teasy
(Promega, Madison, WI) to generate pGEMT4sub, pGEMU4sub, and
pGEMLA4sub, respectively. The digestion of these plasmids with EcoRI, blunt
ended by T4 DNA polymerase, resulted in the isolation of approximately 300-bp
fragments, including the 5’ leader region of HIV-1. These fragments were then
ligated into the T4 DNA polymerase-treated Nhel site of pNL4-3 to construct
pDDNT4, pDDNU4, and pDDNLA4, respectively. The orientation of the inserted
fragments was verified by sequencing. pDDNLp4 and pDDNLe4 were con-
structed in a similar way, except for the use of pdLA3 (39) as a PCR template and
different sense primers. The sense primer for pPDDNLp4 was A3F+N (5'-TGT
GCCCGTCTGTTGTGTGACTC-3"), and that for pDDNLe4 was A3USendN
(5'-AGTAGTGTGTGCCCGTCTGTTGTGTGACTC-3").  To  construct
pDDNLp4A1 and pDDNLp4A3, pdM and pdX (25) were used as templates for
PCR amplification with the sense primer LpLA3 (5'-TGTGCCCGTCTGTTGT
GTGACTCTGGTGCCAGAGGAG-3') and the antisense primer SL4Rs, re-
spectively. The two amplified fragments were isolated and ligated in pGEM-
Teasy to generate pGEMLp4Alsub and pGEMLp4A3sub, respectively. To
construct pDDNLp4A2, two-step PCR amplification was performed by using
pGEMLp4sub as a template. The first pair of primers comprised the sense
primer A3F+N and the antisense primer dS2R (5'-CAAAATTTTTGCCCCTC
GCC-3'), and the second pair comprised the sense primer dS2F (5'-GGCGAG
GGGCAAAAATTTTG-3') and the antisense primer SL4Rs. Two amplified
fragments were isolated, mixed, and used for the second PCR with primers
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A3F+N and SL4Rs to generate a mutated fragment. This fragment was then
isolated and ligated in pGEM-Teasy to generate pGEMLp4A2sub. To construct
pDDNLp4A4, pGEMLp4sub was used as a template for PCR amplification with
the sense primer A3F+N and the antisense primer dS4 (5'-CATCTCTCCTTC
TAGCC-3"). The amplified fragment was isolated and ligated in pGEM-Teasy to
generate pGEMLp4A4sub. The digestion of pGEMLp4A1sub, -A2sub, -A3sub,
and -Adsub with EcoRI, blunt ended by T4 DNA polymerase, resulted in the
isolation of fragments, including the 5’ leader region of HIV-1. These fragments
were then ligated into the T4 DNA polymerase-treated Nhel site of pNL4-3 to
construct pDDNLp4A1, -A2, -A3, and -A4, respectively. The EcoRI fragment
from pGEMLp4A2sub (fragment Lp4A2) was blunt ended by T4 DNA polymer-
ase and ligated into the BsaBI site of pDDNLp4A2 to create pDTNLp4A2. The
plasmid pS5'ssBglob (24) features a deletion on the 5" untranslated region of
pMSMBA (nucleotides 694 to 783) and an insertion at the point of deletion of
a portion of the sequence spanning the 5’ splicing signal of the first intron of the
B-globin gene. The 2.2-kb Stul-Xhol fragments containing env regions of
pDDNLp4A2 and pDTNLp4A2 were inserted into the corresponding position of
p5'ssPglob to create pssNLp4A2 and psTNLp4A2, respectively. The fragment
Lp4A2 was blunt ended by T4 DNA polymerase and ligated into the T4 DNA
polymerase-treated Xhol site of pNL4-3 to construct pDDXE+. The fragment
Lp4A2 was ligated into the EcoRI site of pNL4-3 to construct pDDEE+.
pDDEE+ was digested with Sse8387I, and Nhel, a 4.4-kb, pol-env region-con-
taining fragment, was isolated and exchanged at the same position of pDDXE+
to construct pPDTEXE+. The construction of the HIV-2 env expression vector,
pCGH2env, has been described previously elsewhere (28).

DNA transfection. 293T cells (13) (approximately 3 X 10°) were seeded on
dishes (diameter, 100 mm) the day before transfection with plasmid DNA (5 pg)
by means of the calcium phosphate precipitation method (3). The day after
transfection, the supernatant was replaced with fresh medium.

Virus infection. At 48 to 72 h posttransfection, the medium was centrifuged
and the supernatant was used for infection with inoculation of equal amounts of
CA-p24 into MT-4, M8166, or M8166/H1Luc cells (27). The supernatants of
MT-4 or M8166 were harvested every 3 or 4 days for the multiple replication
assay, while 10 pl of each cell supernatant was analyzed with the exogenous
reverse transcriptase (RT) assay as described previously (43). M8166/H1Luc cells
contain integrated reporter DNA carrying the HIV-1 LTR and luciferase. Upon
infection with HIV-1, the HIV-1 LTR is activated along with the expression of
viral transactivator Tat and luciferase expression in cytoplasm is induced. The
same amount of CA-p24 recovered from each construct was inoculated into
M8166/H1Luc cells, and luciferase expression within the cells was measured 24 h
after infection. The luciferase assay was performed with the Bright-Glo luciferase
assay system (Promega).

Isolation of RNA from virions. At 48 to 72 h posttransfection, virus particles
were collected concurrently from medium as described previously elsewhere
(23). The physical virus titer was determined with an enzyme-linked immunosor-
bent assay kit to quantitate CA-p24 (ZeptoMetrix, Inc., Buffalo, NY). To isolate
RNA from particles, virions were disrupted by the addition of 1% sodium
dodecyl sulfate and treated with proteinase K (300 pg/ml) at room temperature
for 60 min, followed by Tris-EDTA-saturated phenol-chloroform extraction,
chloroform extraction, and ethanol precipitation.

Northern blotting analysis. Pelleted RNA was resuspended in T buffer (10
mM Tris-HCI, pH 7.5, 1 mM EDTA, 1% sodium dodecyl sulfate, 100 mM NaCl,
and 10% formamide), and the thermostability of dimeric viral RNA was deter-
mined by incubating RNA aliquots for 10 min at the temperatures indicated (42).
RNA electrophoresis on native agarose gel and Northern hybridization analysis
were performed as described previously elsewhere (41). Plasmid T7pol (42) was
used to synthesize a cRNA probe for Northern hybridization. In experiments
designed to assess the conversion of dimers to monomers, relative amounts of
both RNA species were quantitated by PhosphorImager analysis (Fujifilm Co.,
Tokyo, Japan) and ratios of dimers and monomers were determined.

RNase protection assay. The antisense probe (~10® cpm/mg) specific to the
NL4-3 gag region was synthesized by in vitro transcription. One-fifth of the
virion-associated RNA was mixed with 8 X 10* Cerenkov counts of **P-labeled
antisense riboprobe and precipitated with ethanol. RNase protection assays were
performed with an RPA III RNase protection assay kit (Ambion, Inc., Austin,
TX). After electrophoresis in 5% polyacrylamide-8 M urea gels, protected RNA
was quantitated by PhosphorImager analysis (Fujifilm Co.).

Real-time PCR analysis. At 48 to 72 h posttransfection, culture supernatants
of the transfected cells were harvested. The supernatants were treated with
DNase prior to infection to eliminate plasmid DNA contamination as described
previously elsewhere (20) and inoculated into 10° MT-4 cells. For PCR analysis,
total DNA was extracted from infected cells 20 h after infection by using a
GenElute mammalian genomic DNA miniprep kit (Sigma, St. Louis, MO).
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TABLE 1. Packaging efficiency of the mutants analyzed”

Mutant or WT Avg +* SEM
W 1+0
DDNT4 0.84 = 0.14
DDNUA4 ..ot 1.61 = 0.26
DDNLA ..o 1.09 = 0.10
DDNLDPA ..ot 1.04 = 0.08
DDNLe4 0.94 = 0.09

“ The values were calculated by dividing the quantity of viral RNA by that of
CA-p24. The value of WT (NLNh) was set at 1. Values are averages of results of
at least three independent experiments.

Real-time PCR was performed with an Applied Biosystems 7500 real-time PCR
system to quantitate viral cDNA synthesis during infection. Primers and TagMan
probes were selected according to criteria described previously elsewhere (19),
and samples (0.5 pg DNA) were subjected to 40 cycles of PCR in a 10-ul reaction
mixture. A series of known amounts of plasmid DNA were amplified along with
total DNA to serve as a standard in each experiment. For the quantitation of the
2-LTR from virus DNA, a 2-LTR circle junction was cloned into pPGEM-Teasy
plasmid (Promega) as a TA cloning fragment by PCR amplification from 2-LTR
circles, with total DNA extracted from infected MT-4 cells serving as a template.
Serial dilutions of this plasmid were used as a standard to determine copy
numbers of 2-LTR circles in the samples in the same manner as that for the
determination of other DNA copy numbers.

For integrated proviral DNA quantitation, a modification of a recently re-
ported Alu PCR method (7, 18) was employed (28). In short, two outward-facing
Alu primers that anneal within the conserved regions of the Alu repeat element
were used, together with an HIV-1 LTR-specific primer (L-M667), to optimize
the probability of amplifying an LTR sequence for the first round of PCR. For
the second round of PCR (real-time PCR), a lambda-specific primer (Lambda T)
was used as a sense primer to detect only the amplified fragments in the first
round of PCR and a TagMan probe and an antisense primer were selected from
the previous set for R/U5 DNA detection (19). The resultant PCR products were
diluted 100-fold and subjected to real-time PCR.

RESULTS

The 5’ and 3’ ends of a functional domain of DIS/DLS. In a
previous study of ours, the minimal RNA region required for
RNA dimerization in virions was identified as a fragment inserted
in the env region of pPDDNBA (41). The fragment was approxi-
mately 500 bases long, extending from the 5" capping site to the
middle of the MA gene of the viral genome with deletion of the
polyadenylation signal and primer binding site (PBS). We first
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constructed five mutants to precisely map the 5" and 3’ ends of the
functional region of DIS/DLS (Fig. 1). The viral genome pack-
aging efficiency of all mutants was similar to that of the wild type
(WT), indicating that the mutations had little effect on packaging
ability (Table 1). The viral genome from mutant DDNT4, which
contains an ectopic fragment (334 bases, from the trans-acting
responsive element [TAR] to SL4) at the env region, formed a
monomer very similar to that of the original mutant DDNBA
(monomer content was more than 40% of the total viral genome
in native condition), which indicated that sequence 3’ to SL4 was
not needed for mediating RNA-RNA interactions in virions (data
not shown). pDDNU4 carried a fragment from the R/US5
[poly(A)] stem-loop to SL4 (277 bases), and pDDNLA carried a
fragment from the US/L stem-loop to SL4 (222 bases). As shown
in Fig. 1B, the viral genome from DDNU4 formed a monomeric
RNA comparable to DDNBA (monomer content was more than
40%), whereas the viral genome from DDNLA4 formed a mono-
meric RNA with a greatly reduced amount of monomer (<20%).
These results indicate that the 5" end of the functional region of
DIS/DLS was lost from DDNLA. We therefore added 8 and 15
nucleotides of the 5" sequences to DDNLA4 to generate DDNLp4
and DDNLe4, respectively. An upper stem-loop and PBS of the
US/L region were deleted from the inserted fragment of
DDNLp4 and DDNLe4 because our previous data showed that
those parts were dispensable for the dimer linkage formation
function (41). Both viral RNAs of DDNLp4 and DDNLe4
formed a genome with a monomeric content (>40%) comparable
to that of the WT in the virion (Fig. 1B). Taken together, these
findings suggest that the region from the R/U5-U5/L junction to
SL4 is sufficient to produce dimeric RNA in virions.

Minimal region sufficient for RNA dimerization is 144 bases
long. We then examined the involvement in dimer linkage
formation of four stem-loops, SL1 (putative “DIS”), SL2
(splicing signal), SL3 (essential region of packaging signal),
and SL4 (containing gagAUG). Four mutants, DDNLp4Al,
DDNLp4A2, DDNLp4A3, and DDNLp4A4, were constructed
as derivatives of DDNLp4. Each mutant contained a deletion
of one of four stem-loops on the ectopic fragment of DDNLp4
(Fig. 2A). As shown in Fig. 2B, only DDNLp4A2 formed a
monomeric genome similar to the one derived from DDNBA,
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B)  wr

DDNBA DDNLp4A1 DDNLp4A2 DDNLp4A3 DDNLp4A4

25354043 4649525558 2535 40 456525354045 5025354045 5025354045 5025354045 50°C

(L §=

FIG. 2. Determination of the necessary and sufficient DLS in virions. (A) Probable two-dimensional folds of the inserted fragment of each of
the constructed mutants. (B) Virion RNA profiles in native agarose gel. Virion RNA was isolated, and Northern hybridization was performed as
described for Fig. 1. Open and solid arrowheads denote positions of dimers and monomers, respectively.
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FIG. 3. Verification of the minimal DLS for its ability to induce
RNA-RNA interaction in HIV-1 virions. (A) Virion RNA profiles in
native agarose gel. Virion RNA was isolated, and Northern hybridiza-
tion was performed as described for Fig. 1. Open and solid arrowheads
denote positions of dimers and monomers, respectively. Schematic
diagrams of mutants are shown above the blots. Solid lines, open
circles, gray circles, and gray crosses represent viral genome RNA,
authentic E/DLS, Lp4A2 fragments, and mutations introduced to
knock out E/DLS functions, respectively. (B) A schematic Mfold rep-
resentative of the verified area.

whereas other mutants displayed low levels of monomeric ge-
nome formation in virions. This indicates that the major splic-
ing donor, SL2, is dispensable for RNA-RNA interaction,
while the three other stem-loops are necessary for dimer link-
age formation in virions.

In a previous study, we constructed two mutants, ssN— and
sTN—, which contained a deletion of authentic DIS/DLS and
an insertion of one (ssN—) or two (STN—) DIS/DLS fragments
in the ectopic position of the viral genome (39). Viral genomes
from dimers formed from ssN— were similar to the WT, and
nearly all viral genomes in virions of STN— were monomers.
This suggests that the two fragments inserted on one RNA
strand interacted exclusively and intramolecularly with each
other to prevent intermolecular dimerization. To confirm that
fragment Lp4A2 was necessary and sufficient for RNA dimer
linkage formation in virions, we constructed two mutants,
ssNLp4A2 and sTNLp4A2, in the same way that ssN— and
STN— were constructed, except for the use of fragment Lp4A2
for insertion. As we expected, viral genomes from ssNLp4A2
formed dimers similar to those of the WT, while the viral
genome from sTNLp4A2 exclusively formed monomers (Fig.
3A). Thus, the Lp4A2 fragment, 144 bases in length, was nec-
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essary and sufficient for mediating RNA dimerization in HIV-1
virions (Fig. 3B).

Single-round infection efficiency of HIV-1 mutant contain-
ing monomeric genome. We previously demonstrated the par-
ticle formation of HIV-1 which contained exclusively mono-
merized genome (39). This suggested that whole-genome
dimerization is not essential for RNA packaging and particle
formation of the viral genome, although dimer linkage forma-
tion of the DLS region is essential for these functions (41). On
the other hand, no efficient infection or replication of HIV-1
mutants containing a monomeric genome was observed since
significant reduction of intact viral DNA production occurred
as a result of aberrant strand transfer and/or recombination
during reverse transcription (39). Strand transfer during the
reverse transcription process of the retroviral genome targets
the R region of the viral LTR (12), which has also been sug-
gested to be a hot spot for recombination (26). The production
of aberrant viral cDNA products could thus be induced by the
presence of multimerized R regions on the genome of the
mutants. Since Lp4A2, the minimum DLS we identified here,
did not include any R region, its ability to induce aberrant
strand transfer and/or recombination by duplication of Lp4A2
in the viral genome was expected to be reduced. We therefore
compared the single-round replication efficiencies of mutants
DDNLp4Al, -A2, -A3, and -A4 pseudotyped with the HIV-2
envelope. The result demonstrated that all mutants containing
Lp4 fragments showed reduced infectivity, which may be the
effect of homologous recombination at a sequence-duplicated
location (Fig. 4A). However, the infectivity of DDNLp4A2, the
only mutant packaging monomeric genome, was three- to five-
fold lower than that of other mutants. As the M8166/H1Luc
cell assay reflects the magnitude of Tat expression of the sam-
ples, this result suggests that the mutations introduced in these
constructs affect mainly the step(s) between virus penetration
and early gene expression.

Reverse transcription predominantly blocked in monomeric
genome mutants. To determine the step(s) in the viral repli-
cation cycle affected by the mutation described above, we an-
alyzed the efficiency of each of the replication steps of the
mutants. We chose two mutants, DDNLp4A2 and -A3, for
comparison, since they are very similar in length of duplicated
sequences but quite different in infectivity. We analyzed the
virion production and viral RNA encapsidation ability of the
mutants by purifying the virion and viral RNA from the super-
natant of transfectant 293T cells. As shown in Fig. 4B, both
functions of the mutants were similar or only moderately re-
duced compared to those of the WT, indicating that the mu-
tations had little effect on these processes.

We next quantitated the levels of virus reverse-transcribed
products, 2-LTR viral circular DNA, and integrated viral DNA
using real-time PCR. HIV-2 env-pseudotyped virus was gener-
ated by transfection and purified, and equivalent amounts of
CA-p24 were used to infect MT-4 cells. At 20 h after infection,
total DNA was isolated from virus-infected cells. To examine
the progress of reverse transcription, four sets of primers and
probes were prepared (see Materials and Methods) and used
to measure the synthesis of the strong-stop negative-strand
DNA, first-strand transferred DNA, gag region DNA, and sec-
ond-strand transferred DNA within total cellular DNA. Figure
4C shows the organized results of viral DNA quantitation.
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FIG. 4. Infectivity of mutant viruses. For each graph, the value of the WT
was set at 1. Figures show the averages of results of at least two independent
experiments. Error bars represent standard errors. (A) Single-round replica-
tion assay. M8166/H1Luc cells (1 X 10°) were infected with the same quantity
of CA-p24 of WT or mutant viruses pseudotyped with HIV-2 Env. At 24 to
48 h postinfection, cells were lysed and luciferase activity in the cell lysate was
measured. (B) CA-p24 production and RNA packaging ability. Quantities of
CA-p24 and viral RNA of purified virions were measured with the enzyme-
linked immunosorbent assay and the RNase protection assay, respectively.
Packaging efficiency was calculated by dividing the quantity of viral RNA by
that of CA-p24. (C and D) Viral DNA quantification at early infection steps.
A total of 1 X 10° MT-4 cells were infected with the same quantity of CA-p24
of WT or mutant viruses pseudotyped with HIV-2 Env. At 20 h postinfection,
total cellular DNA was extracted and treated with Dpnl overnight to digest
methylated plasmid DNA. An equal amount of DNA was subjected to real-
time PCR analysis. R/US, strong-stop DNAs; U3, first-strand transferred
products; Gag, negative-strand late products; 2ndTf, second-strand trans-
ferred products; 2LTR, 2-LTR viral circular DNA; Alu, PCR quantification
for integrated proviral DNA; Infectivity, M8166/H1Luc cell assay as de-
scribed for Fig. 4A.

Compared to the WT, a moderately large amount of DNA of
both mutants was observed at the point of strong-stop DNA
synthesis, which was reduced to a level similar to that of the
WT in the subsequent first-strand transfer. At the next step, a
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big difference between the two mutants was observed. During
the elongation of negative-strand DNA, the level of DNA
synthesis of the DDNLp4A2 mutant was reduced to about
20%, whereas that of the DDNLp4A3 mutant remained at
more than 60%. The level of DNA after the second-strand
transfer showed additional moderate reduction for both of the
mutants. As a result, a less than 50% reduction in overall viral
cDNA production was observed in the DDNLp4A3 mutant,
but a more than 80% reduction was observed in the
DDNLp4A2 mutant. This result suggests that one of the de-
fects was present at the reverse transcription stage. The reduc-
tion of the amounts of 2-LTR DNA, integrated DNA, and the
infectivity are essentially similar between two mutants (Fig.
4D). As the 2-LTR circular DNA can be used as an indicator
of RT completion and nuclear import of viral DNA (19), our
findings suggest that the replication process from nuclear im-
port to early gene expression was not specifically affected in a
dimerization-defective mutant.

Attempt to generate replication-competent HIV-1 mutant
containing monomeric genome. Multiround replication of a
defective mutant virus sometimes results in the appearance of
compensatory mutations to recover infectivity of the mutant
without affecting viral RNA stability (38). Although we could
not detect any efficient infectivity of mutant DDNLp4A2, we
thought it might be possible to generate a replication-compe-
tent HIV-1 mutant containing a monomeric genome by means
of long-term culture of infected cells. To verify this possibility,
we constructed three mutants with Lp4A2 fragments on their
genome, which retained all essential genes (gag, pol, env, tat,
and rev) and important accessory genes (vif and vpu) but pack-
aged the monomeric genome. Fragment Lp4A2 was inserted
into vpr, nef, or both of pNL4-3 to construct pDDEE+,
pDDXE+, and pDTEXE+, respectively (Fig. 5A). 293T cells
were transfected with these constructs, the culture superna-
tants were harvested 2 to 3 days later, and the released virions
collected. Roughly, the level of virion production by all three
mutants was similar to that of the WT (data not shown). The
genome from mutant virions contained 30 to 50% of mono-
meric genomes as shown by native Northern blotting analysis,
thus confirming our previous observation (Fig. 5C). The mu-
tants were examined for their ability to replicate in human
CD4™ cell lines MT-4 and M8166. Figure 6B shows the growth
kinetics of the mutants in MT-4 cells. Mutant DTEXE+ was
replication defective in MT-4 cells, while two mutants,
DDEE+ and DDXE+, showed detectable virus replication
but with growth kinetics that were significantly reduced and
delayed compared to those of WT. On the other hand, all
mutants were replication negative in M8166 cells (data not
shown). Replicated viruses in the culture supernatant of MT-4
were harvested at their kinetic peak point. Equal amounts of
RT units of virus samples were used for assay of reinfection of
MT-4 cells, the remainder was centrifuged to purify virions, and
the viral genome RNA was isolated. Growth kinetics of reinfected
mutants restored their replication ability to a level comparable to
that of the WT, suggesting that they had become revertants (data
not shown). The results of native Northern blotting of genome
RNA showed that MT-4 replicating mutants formed mostly
dimers similar to that of the WT (Fig. 5D). Proviral genome
sequencing from infected MT-4 chromosomal DNA proved that
Lp4A2 sequences inserted in ectopic positions of the genome
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FIG. 5. Replication assay of mutants carrying a monomeric ge-
nome. (A) Schematic diagrams of replication-competent form mu-
tants. The positions of restriction enzyme sites on the viral genome
used for insertion are shown in the upper part of the panel. Diagrams
of the mutants are shown in the lower part of the panel. Symbols are
the same as those described for Fig. 3. (B) Growth kinetics of viruses.
Values are representative of the results of at least three independent
experiments. Viruses were prepared by transfection of 293T cells with
pNL4-3 (WT) or its derivative mutants (pDDEE+ [DDE], pDDXE+
[DDX], and pDTEXE+ [DTE]). At 48 h posttransfection, culture
supernatants of transfected 293T cells were harvested, and equal quan-
tities of CA-p24 were inoculated into MT-4 cells. The supernatants of
the cells were harvested every 3 or 4 days. Ten microliters of each cell
supernatant was subjected to exogenous RT assay and quantitated by
PhosphorImager analysis. PSL, Photostimulierte Lumineszenz.
(C) Virion RNA profiles produced from transfected 293T cells and
visualized by native Northern blotting analysis. Open and solid arrow-
heads denote positions of dimers and monomers, respectively.
(D) Virion RNA profiles produced from MT-4 cells. Viruses were
harvested at their growth kinetic peak point (wild type, 10 days postin-
fection; DDE and DDX, 28 days postinfection). (E) The nature of
reversions. The sequences in the vicinity of the fragment-inserted sites
are shown. The names of revertant sequences include “rev.” The po-
sitions of Lp4A2 fragment insertion of DDE and DDX are indicated.
The numbers above the sequences represent nucleotide positions of
pNL4-3 (WT).

were completely deleted from both replication-competent mu-
tants (Fig. SE). Since the sequences of the revertants were found
to contain an additional deletion or a small part of the inserted
sequence at the mutated positions (Fig. SE), the possibility of WT
virus contamination could be ruled out.

J. VIROL.

DISCUSSION

The recent growth in interest in retrovirus genome dimer-
ization has resulted in many publications that deal with its
various aspects and that vary in depth and breadth (for reviews,
see references 31, 35, and 37) Nonetheless, the overall picture
of the retroviral dimerization signal remains unclear, so that
there is still a need for detailed examination. The aim of the
study reported here was to identify the minimal region suffi-
cient for genome dimerization of HIV-1 in virions. In the first
set of experiments, we defined the region sufficient for dimer
linkage formation, and, in a subsequent experiment, we gen-
erated several deletion mutants to determine the minimal DLS
required for HIV genome dimer linkage formation in virions.
The minimal DLS identified in this study was only 144 bases
long and included SL1, SL3, and SL4. Especially, SL1 deletion
is more deleterious than is deletion of the other elements for
dimer linkage formation in Fig. 2. It has been suggested that
the hairpin loop of SL1 in DLS, known as DIS, plays a crucial
role in dimerization and recombination (9, 33, 41). Our find-
ings are well consistent with this notion.

While there are many functional regions for viral viability in
the 5" UTR of HIV, such as TAR, polyadenylation signal, PBS,
and splicing donor, none was required for the dimerization
function. This suggests that the genome dimerization of HIV-1
is independent of transactivation, splicing, or primer anneal-
ing. As we pointed out in a previous paper of ours (41) and in
this study, the lower stem of the U5/L stem-loop is required for
dimerization, which was not clearly identified during in vitro
studies (for a review, see reference 30). This stem contains a
so-called primer activation signal (5), which is thought to ac-
tivate the initiation of reverse transcription. Since PBS or
primer annealing is not required for dimerization, the involve-
ment of primer activation signal and its opposing stem se-
quence in dimerization may be limited simply to creating a
stable structure. Several studies have suggested that TAR, the
R-US stem-loop region or coding region of gag, participates in
the dimerization (4, 14, 16, 32) The contribution of those
regions to RNA dimerization was demonstrated mainly in in
vitro assays, but they were not included in the DLS identified
in the in vivo assay used in our study. However, the possibility
of a contribution by these regions cannot be ruled out since all
mutants in our study retained the intact 5’ UTR. This result
means that all mutants possess at least one set of the regions in
the original position per genome, so that they may perform
certain incidental functions for dimerization in virions.

Mfold RNA stability calculation (44) showed that the junc-
tion between R/U5 and US5/L stem-loops is relatively “free,”
which suggests that it is not involved in a base-pairing interac-
tion with vicinal sequences (Fig. 1A). However, recent reports
have suggested that the HIV-1 genome leader region could
form an alternative structure known as the branched multiple
hairpin (BMH) (1, 17). In this model, the 5’ junction sequence
forms a stem structure with a sequence at the 3’ end of DLS.
Although the BMH model was validated in an in vitro exper-
iment, the DLS we defined in vivo was found to include all
sequences required for the BMH formation. As an interaction
between 5’ and 3’ ends of DLS should be essential for BMH
formation, we evaluated the importance of both ends in vivo by
making several base substitution mutants. The mutants con-
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tained four to eight-base substitutions in either or both ends of
the Lp4A2 fragment inserted in pDDNLp4A2. As expected,
the 5" or 3’ region of DLS appeared to be very important in
dimer linkage formation of RNA since at least four-base sub-
stitutions (four substitutions in 8 bases of the 5’ end or four
substitutions in 15 bases of the 3’ end) seriously disrupted the
function (data not shown). Nonetheless, our attempt failed to
yield a clear answer to whether BMH structure exists in virion
RNA, probably because of difficulty in estimating the effect of
the mutations on actual RNA shape in this region.

A noteworthy result of the M8166/H1Luc cell assay, an in-
fectivity assay of monomeric genome mutants, was that the
overall single-round infectivity of the mutant DDNLp4A2 was
dramatically reduced (Fig. 4A). In our previous study, we re-
ported that another monomeric genome mutant, DDNAPBS,
produced virions with less than 1% of infectivity of the WT (in
one representative experiment, 1.4 versus 187.5 B-galactosi-
dase-inducing units per ng of CA-p24 in a multinuclear acti-
vation of galactosidase indicator cell assay) (39). It well coin-
cided with the data we got in the present study. As the inserted
fragments of the four mutants were very similar in length and
sequence (DDNLp4Al, 128 bases; DDNLp4A2, 144 bases;
DDNLp4A3, 149 bases; and DDNLp4A4, 149 bases), a prom-
inent replication defect of DDNLp4A2 might correlate with
the appearance of monomeric genomes in virions, which is a
unique feature of this mutant. Stepwise measurement of rep-
lication efficiency identified defects of the mutants in multiple
steps of infection (Fig. 4C and D). Levels of viral DNA syn-
thesis of DDNLp4A2 fell to around 15% of WT, whereas more
than half of its viral DNA synthesis ability was retained in the
DDNLp4A3 mutant. This difference strongly suggests a nega-
tive effect of the monomeric genome on reverse transcription.
As the monomeric genome in virions of DDNLp4A2 ac-
counted for 50% or less (Fig. 2B) of their content, the defect
shown here occurred not only on the monomeric genome but
also on the normal-looking dimeric genome of the mutants.
These results seem to indicate that the inserted fragment of the
mutant caused an abnormal secondary or tertiary structure of
the overall viral RNA genome, resulting in poor reverse tran-
scription. Viral genome dimerization and/or DIS was reported
to play a role in efficient reverse transcription (6, 29), and our
data supported these earlier arguments.

A multiround infection experiment clearly demonstrated
significantly reduced growth kinetics of the mutants (Fig. 5).
Moreover, inserted sequences of the mutants were completely
deleted during the replication process, which strongly suggests
that the insertion caused a fatal defect in viral replication. The
appearance of revertants before the occurrence of compensa-
tion mutation implies that aberrant viral RNA conformation in
these mutants was too drastic to be undone by protein modi-
fication.

In conclusion, in this study, we succeeded in identifying the
essential region for HIV-1 genome dimer linkage formation in
virions. Our consecutive experiments demonstrated that the
dimerization region on RNA molecules may be important for
the efficient progress of reverse transcription, probably by
maintaining an appropriate form of viral genome in virions. A
recent study has suggested that HIV-1 pol proteins contribute
to genome RNA dimerization (8), which could be related to
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our speculation. Further studies can be expected to provide
more findings relevant to this hypothesis.
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