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The dimer initiation site/dimer linkage sequence (DIS/DLS) region of the human immunodeficiency virus
type 1 (HIV-1) RNA genome is thought to play important roles at various stages of the virus life cycle. Recently
we showed that the DIS/DLS region affects RNA-RNA interaction in intact virus particles, by demonstrating
that duplication of the region in viral RNA caused the production of virus particles containing partially
monomeric RNAs. We have extended this finding and succeeded for the first time in creating mutant particles
which contain only monomeric RNAs without modifying any viral proteins. In terms of RNA encapsidation
ability, virion density, and protein processing, the mutant particles were comparable to wild-type particles. The
level of production of viral DNA by the mutant virus construct in infected cells was also comparable to that of
the constructs that produced exclusively dimeric RNA, indicating that monomeric viral RNA could be the
template for strand transfer. These results indicated that the RNA dimerization of HIV-1 could be separated
from viral RNA packaging and was not absolutely required for RNA packaging, virion maturation, and reverse

transcription.

Retrovirus particles contain single-stranded positive-sense
viral RNA as a genome. The genomic RNA always forms
dimers in mature virions. These two RNAs are linked nonco-
valently, since incubation at high temperature (=70°C) or
treatment with denaturing agents such as formamide easily
dissociates them (for reviews, see references 8 and 16). Elec-
tron microscopy has revealed that the two RNAs are linked
symmetrically, and the contact point of the dimer, named the
dimer linkage sequence (DLS), is located near the 5’ end of
each RNA under partially denaturing conditions. It is likely
that the presence of two genomes in one virion is advantageous
for survival, providing an extra template than can be used when
one RNA molecule is damaged and giving genetic variety to
their progeny (9, 21). It has been suggested that the DLS in
viral genomic RNA usually overlaps with a packaging signal
(E/psi) (16). Therefore, it is difficult to assess whether viral
RNA dimerization and packaging are independent events or
not.

The partial RNA fragments of the 5’ region of a retrovirus
genome transcribed and purified in vitro form dimer molecules
upon incubation in buffer without any factors such as proteins
or cellular extract (16). Thus, the DLS has been inspected
mainly by using in vitro transcription systems. In the case of
human immunodeficiency virus type 1 (HIV-1), the 5" untrans-
lated region just downstream of the splicing signal (ss) was first
reported to be a DLS, because in in vitro systems, the mutated
RNA fragments lacking this region have an impaired ability to
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form a dimer (3, 28, 42). Recently, several groups reported
another site within the 5’ untranslated region which is impor-
tant for RNA dimerization in vitro. This site was located up-
stream of the 5'ss and named the dimer initiation site (DIS)
(24, 33, 34, 41). The DIS consists of a stem-loop structure with
a conserved palindromic sequence at the top of the loop. Two
palindromic sites have been suggested to make contact, form-
ing a “kissing-loop complex,” to initiate dimer formation (24,
33, 34, 41).

On the other hand, several studies on RNA dimerization in
vivo have shown different features of the dimer. The viral
nucleocapsid protein is suggested to alter the secondary struc-
ture of the RNA molecule and stabilize RNA dimers such as
molecular chaperons (10-12). We and others have reported
that a mutation introduced around the DIS/DLS did not affect
dimer stability in vivo (5, 7, 39). We also reported the possi-
bility that some region(s) of the virus genome far from the
DIS/DLS destabilizes the dimer (39). Electron microscopic
observation revealed that the HIV-1 RNA genome contains a
central DLS and additional loop structures within each mono-
mer subunit (18), suggesting that HIV-1 RNA contains more
than one contact point. Thus, there are many discrepancies
between in vitro and in vivo data on HIV-1 RNA dimerization.

Previously, we generated several mutants (DD mutants)
with a duplicated 5" region (1,000 bases) of viral genome con-
taining E/psi and DIS/DLS (E/DLS) at various ectopic posi-
tions of RNA and examined their packaging ability and dimer
formation in the particles (38). In the mutant virions, we ob-
served the appearance of monomeric forms of virion RNA,
which were not present in the wild-type virions. This suggested
that the 5’ region of the genome indeed plays an important
role in RNA-RNA interaction during virion formation. Since
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more than 50% of the packaged RNA still formed dimers in
these mutant virions, it was unclear whether the dimerization is
dispensable for RNA packaging and particle formation or not.
To clarify this point, we constructed an additional mutant,
sTNAPBS. In this mutant, a tandem repeated E/DLS is present
in the envelope region of RNA and the authentic E/DLS is
eliminated by a mutation. Northern blot analysis showed that
the RNA in STNAPBS virions appeared to be exclusively mo-
nomeric. Protein profiles and the density and the infectivity of
the mutant virions were also examined.

MATERIALS AND METHODS

Constructs. The replication-competent HIV-1 proviral clone pNL4-3 (1) and
pMSMBA (30), a derivative of pNL4-3, were used as the progenitors for all
mutants described below. The construction of p5'ssEnvEXSV, pMPAPBS,
pDDNAPBS, and pssNAPBS has been described previously (38). The mutant
pDDNAPBS contains an ectopic E/DLS in the env region and possesses an intact
E/DLS at the original position. The mutant pssNAPBS has an ectopic E/DLS at
the same position as in pDDNAPBS but has a large deletion at the original
E/DLS region to eliminate its function. Fragment AP was a 1-kb DNA fragment
from the HIV-1 5’ region with a deleted primer binding site (PBS) sequence and
was isolated by digesting pMPAPBS with BamHI. It was blunt ended with T4
DNA polymerase and was ligated into a BsaBI site of pPDDNAPBS as an addi-
tional ectopic E/DLS to construct pDTNAPBS. The Stul-Xhol fragment of
p5’ssPglob (31) was replaced with the corresponding fragment of pDTNAPBS,
which contains the duplicated fragment AP sequences, to construct psTNAPBS.
The HIV-1 proviral protease mutant pMS172 is a derivative of MSMAEnv2 (30)
that contains a 2-nucleotide substitution at nucleotides 2325 and 2326 to create
an amino acid substitution in the active site of the protease. In addition, this
substitution creates a novel SnaBI site.

Transfection. 293T cells (15) (approximately 7 X 10°) were seeded on dishes
(diameter, 150 mm) on the day before transfection with plasmid DNA (20 ng)
using the calcium phosphate precipitation method (2). On the day after trans-
fection, the supernatant was discarded and fresh medium was added.

Isolation of RNA from cytoplasm and virions. At 48 to 72 h after transfection,
the medium and cytoplasmic RNA were collected concurrently as described
elsewhere (30). The viral pellet was resuspended in TSE buffer (10 mM Tris-HCl
[pH 7.4], 100 mM NaCl, and 1 mM EDTA). The physical virus titer was deter-
mined using an enzyme-linked immunosorbent assay kit to quantitate CA-p24
(ZeptoMetrix, Inc.). To isolate RNA from particles, virions were disrupted by
the addition of sodium dodecyl sulfate (SDS) to 1% and treated with proteinase
K (300 pg/ml) at room temperature for 60 min, followed by Tris-EDTA-satu-
rated phenol-chloroform extraction, chloroform extraction, and ethanol precip-
itation.

Northern blotting analysis. Pelleted RNA was resuspended in T-buffer (10
mM Tris-HCl [pH 7.5], 1 mM EDTA, 1% SDS, 100 mM NaCl, and 10%
formamide), and the thermostability of dimeric viral RNA was determined by
incubating RNA aliquots for 10 min at the temperatures indicated in Fig. 2 (39).
The proportions of dimer and monomer were measured by electrophoresis at
room temperature on a nondenaturing 0.75% native agarose gel in 0.5X Tris-
borate-EDTA buffer (25). Field inversion gel electrophoresis was performed for
better separation of large RNA molecules. The conditions for field inversion gel
electrophoresis were as follows: forward, 5 V/cm, 0.6 s; reverse, 5 V/cm, 0.1 s.
The agarose gel was then treated with 10% formaldehyde at 65°C before being
washed with H,O three times, and RNA was blotted electrically onto a Hybond
N+ nylon membrane (Amersham Pharmacia Biotech UK Ltd.).

RNA Northern hybridization analysis was performed as described previously
(25). The plasmid T7pol (39) was used to synthesize cCRNA probes for Northern
hybridization. RNA probes were synthesized using T7 RNA polymerase (New
England Biolabs.). Approximately 7 X 10° cpm of riboprobe per blot was used in
the hybridization reaction. Hybridization was carried out in the presence of
Rapid-Hyb buffer (Amersham Pharmacia). Membranes were washed extensively
with 0.1X SSC (1x SSC is 150 mM NaCl and 15 mM sodium citrate [pH
7.01)-0.1% SDS at 70°C. In experiments designed to assess the conversion of
dimers to monomers, the relative amounts of both RNA species were quanti-
tated with a BAS1000 imaging plate system and MacBAS software (Fujifilm Co.).

RNase protection assay. The antisense probe (~10° cpm/mg) was synthesized
by transcription of pGEM (600-1000) (31) with T7 RNA polymerase or by
transcription of pT7HIV-1 410-910 (39) with SP6 RNA polymerase (Promega)
following linearization with NorI or Sall, respectively, by a previously described
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protocol (27). These riboprobes were designed to discriminate between un-
spliced and spliced HIV-1 RNAs. To serve as size markers for denaturing
polyacrylamide gels, Hpall-digested fragments of pGEM3Zf (+) were P end
labeled (27). One-fifth of the virion-associated RNA or 10 pg of cytoplasmic
RNA preparation was mixed with 8 X 10* Cerenkov counts of 3?P-labeled
antisense RNA and precipitated with ethanol. RNase protection assays were
performed by using an RPA III RNase protection assay kit (Ambion, Inc.). After
electrophoresis in 5% polyacrylamide-8 M urea gels, quantitation of various
protected RNA species was achieved with the BAS1000 imaging plate system and
MacBAS software.

Sucrose gradient analysis of virions. Virions pelleted through a 20% sucrose
cushion were resuspended in 200 ul of TSE buffer and layered on 20 to 60%
sucrose gradients prepared in the same buffer. The gradients were centrifuged in
an SW50.1 rotor at 37,000 rpm for 20 h at 4°C, and 250-pl fractions were
collected from the bottom of the tube. The fractions were analyzed for endog-
enous and exogenous reverse transcription activity and CA-p24.

Western blotting analysis. Lysates of transfected 293T cells and pelleted virus
were prepared as described previously (43), and proteins were resolved on
SDS-12% polyacrylamide gels and then electrophoretically transferred to poly-
vinylidene difluoride membranes. ECL Western blotting detection reagents
(Amersham Pharmacia) were used to detect viral proteins on the membrane.
Briefly, the membranes were incubated for 1 h at room temperature with serum
from an individual infected with HIV-1 and then for another 1 h with horseradish
peroxidase-labeled protein A, washed, and visualized by exposure to X-ray film.

Infection. 293T cells (approximately 2 X 10°) were transfected with 3 pg each
of p5’'ssEnvEXSV and MSMBA or the other mutants. At 48 to 72 h posttrans-
fection, the medium was centrifuged and the supernatant was used for infection.
Infection was accomplished by incubating cells for 18 to 24 h (M8166 cells) or
72 h (MAGI cells) with the equivalent CA-p24 units of virus. MAGI cell assays
were performed as described previously (23).

PCR analysis of viral DNA. For PCR analysis, extrachromosomal DNA in
infected cells was extracted at 16 h after infection by the method described by
Hirt (17). DNA samples were pretreated with Dpnl restriction endonuclease
(New England Biolabs, Inc.) for 24 h to remove contaminating plasmid DNA.
PCR amplification was performed with three diagnostic primer pairs. The first
pair (P1) was designed to detect nearly completed products of the reverse
transcription (432F, 5'-GCAGCTGCTTTTTGCCTGTAC-3'; 783R, 5'-CCTTC
TAGCCTCCGCTAGTC-3"). The second pair (P2) was designed to detect the
viral strong-stop DNA (462F, 5'-CTGGTTAGACCAGATCT-3"; 633R, 5'-GC
TAGAGATTTTCCACAC-3"), and the third pair (P3) was designed to detect
aberrant DNA products that arose from homologous recombination (PBS-F15,
5'-GGCGCCCGAACAGGG-3'; 7350R, 5'-GTAGAAAAATTCCCCTCCAC-
3"). Samples (0.5 pg of DNA) were subjected to 25 cycles of PCR in a 50-pl
reaction mixture. Each cycle consisted of 30 s of denaturation (94°C), 30 s of
annealing (60°C), and 30 s of extension (72°C). A series of known amounts of
plasmid DNA were amplified along with the Hirt DNA to serve as a standard in
each experiment. Amplified products were run through a 1.5% agarose gel and
analyzed by Southern blotting hybridization. An antisense probe (=~10® cpm/mg)
synthesized by transcription of pT7HIV-1 410-910 (39) was generated using T7
RNA polymerase. Quantitation of amplified DNA fragments was achieved with
the BAS1000 imaging plate system and MacBAS software.

RESULTS

Generation of virions that contain exclusively monomeric
RNA. Previously, we reported a series of HIV-1 mutant con-
structs containing an additional E/DLS region at the ectopic
position (38). These mutant RNA molecules were packaged
into virions as efficiently as the wild-type RNA. Nearly 40% of
the mutant RNA molecules in virions, however, appeared to be
monomeric, whereas the wild-type RNA molecules in virions
were exclusively dimeric. We speculated that an additional
E/DLS region at the ectopic position binds to the authentic
E/DLS on the same RNA molecules, competitively interfering
with intermolecular dimer formation. Since more than 50% of
the mutant RNA molecules were still in a dimeric form, it was
not clear whether the dimerization of genomic RNA is essen-
tial for RNA packaging and maturation of viral particles or
not. Presumably, the original E/DLS site on the mutant mol-
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FIG. 1. Diagram of the wild type (WT) and mutants containing copies of viral E/DLS sequences. DDN, DTN, ssN, and sTN are DDNAPBS,
DTNAPBS, ssNAPBS, and sTNAPBS, respectively. A polyadenylation signal (polyA) and a PBS on fragment AP were mutated as described in
Materials and Methods. Open triangles on ssNAPBS and sTNAPBS represent mutations introduced in the 5’ leader region. Schematics of the
transcripts are shown at the right; the lines and circles represent viral RNA and the E/DLS region, respectively. The positions of the restriction
endonuclease recognition sites in the constructs are indicated at the bottom.

ecules worked more efficiently than the ectopic ones to form
authentic intermolecular dimers. We therefore knocked out
the original E/DLS site and placed two ectopic E/DLS sites in
the viral genome to determine whether virions completely
lacking dimeric RNA can be generated. Four mutant con-
structs, DDNAPBS, DTNAPBS, ssNAPBS, and sTNAPBS,
were tested for their ability to produce virions containing in-
termolecular dimeric RNA. There is one ectopic site in
DDNAPBS and ssNAPBS and two sites in DTNAPBS and
STNAPBS (Fig. 1). Fragment AP, which was inserted in these
mutants, was approximately 1,000 bases long, spanning the
TAR, R/US, US5/L, SL1, SL2, SL3, and SL4 stem-loops and the
5’ half of the gag gene. These stem-loops are located in the 5’
region of the HIV-1 genome and are reported to play impor-
tant roles in viral genome packaging and dimerization. Poly-
adenylation signals and PBSs in the ectopic fragment were
deleted to abolish undesired polyadenylation and ectopic ini-
tiation of reverse transcription. The original E/DLS site in
ssSNAPBS and sTNAPBS was largely deleted and exchanged
with a human B-globin splicing donor to maintain the splicing
function. As shown in Fig. 1, there is one E/DLS site in the wild
type (MSMBA) and ssNAPBS, two sites in DDNAPBS and

STNAPBS, and three sites in DTNAPBS. All of the constructs
carried a deleterious or inactivating mutation at the env gene
to prevent multiple rounds of replication.

We first analyzed the effects of additional E/DLS sites on the
efficiency of viral RNA and protein expression and packaging
of RNA into virions (Table 1). The amount of viral genome
RNA in cytoplasm and purified virions was quantitated by an
RNase protection assay using a riboprobe which can detect
both the wild-type and mutant unspliced viral genome RNAs.
Expression of viral protein in cytoplasm and purified virions
was determined using a CA-p24 detection kit. The viral protein
production by the mutants lacking authentic E/psi (5'sspglob,
ssNAPBS, and sSTNAPBS) was severely impaired, whereas viral
RNA expression from all of the mutants was reduced only
moderately. The encapsidation efficiency was determined by
calculating the ratio of virion-associated RNA to virion CA-
p24 released from the 293T cells transfected with these con-
structs. Some variations in packaging efficiency were observed
among constructs. The DTNAPBS mutant construct showed
increased packaging efficiency along with multiplication of the
E/DLS regions (Table 1), indicating that the presence of ad-
ditional E/DLS regions in the HIV-1 genome had a positive
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TABLE 1. Relative encapsidation and expression efficiency of the mutants from transfected cells”

Virus Packaging efficieny” Virion production® Viral RNA in cytoplasm? Viral CA-p24 in cytoplasm®
Wild type 1.00 1.00 1.00 1.00
DDNAPBS 1.05 £0.23 0.55 £0.13 0.62 = 0.11 0.46 = 0.11
DTNAPBS 1.61 = 0.24 0.38 £ 0.14 0.50 = 0.10 0.35 £0.12
ssNAPBS 0.66 = 0.29 0.08 = 0.05 0.27 = 0.11 0.07 £ 0.03
sTNAPBS 0.63 = 0.11 0.10 = 0.05 0.36 = 0.12 0.13 = 0.04
5" sspglob 0.19 = 0.05 0.19 = 0.08 0.32 +0.13 0.21 = 0.08

“ The value for the wild-type control was set as 1.00 in all experiments. All results represent means * standard errors from at least three independent experiments.
® The relative packaging efficiency of each mutant was calculated by dividing the amount of viral RNA in a purified virion by the amount of CA-p24 in the virion.
¢ The amount of CA-p24 in purified virions and cytoplasm was determined using a CA-p24 enzyme-linked immunosorbent assay kit.

4 The amount of viral unspliced genome RNA was determined by RNase protection assay.

effect on RNA packaging. DDNAPBS-producing particles also
tended to have increased packaging efficiency. On the other
hand, the packaging efficiencies of two other mutant con-
structs, sSNAPBS and sTNAPBS, were approximately half of
that of the wild type. Those mutant constructs lacked authentic
E/DLS sites. Therefore, the results supported our previous

assumption that the authentic E/DLS site is dominant, proba-
bly because the ectopic sites could not completely substitute
for the packaging ability of the authentic E/DLS.

We then analyzed the virion conformation of the RNA by
native agarose gel electrophoresis followed by Northern blot
hybridization. We observed various patterns of viral RNA pro-

WT
25354045505560

DDN DTN

FIG. 2. Representative MacBAS image of RNAs detected by Northern blotting. Aliquots of RNA extracted from virions were resuspended in
T-buffer, incubated for 10 min in parallel reactions at various temperatures, and then analyzed on a native agarose gel. The membrane was
hybridized with an in vitro-synthesized pol region-complementary riboprobe. Positions of dimer (D) and monomer (M) viral RNAs are indicated
by arrowheads. The various temperatures (degrees Celsius) at which aliquots were incubated are indicated for the wild-type (WT) lanes. Three
or more independent experiments gave similar results.
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FIG. 3. Detection of HIV-1 protein produced in transfected 293T
cells and pelleted virions by Western blotting with serum from an
HIV-1-infected patient. Positions of Gag precursor Pr55 and Gag
products CA-p24 and MA-p17 are indicated.

duced by mutant constructs (Fig. 2). As reported in our pre-
vious paper (38), DDNAPBS produced both monomeric and
dimeric virion RNAs, while ssNAPBS produced exclusively
dimeric RNA like the wild-type construct. DTNAPBS, which
carried three E/DLS sites, also produced both monomeric and
dimeric virion RNAs, although the amount of monomeric
RNA was reduced compared with that of DDNAPBS-derived
virions. This result suggested that the third E/DLS site in
DTNAPBS could work intermolecularly to form dimeric RNA
even after the first site bound to the second site on the same
RNA molecule. In contrast, there was no apparent dimeric
RNA in sSTNAPBS-derived virions. The monomeric RNA sig-
nal in STNAPBS-derived virions was even clearer than that of
the protease mutant MS172 (Fig. 2), which was previously
shown to produce virions lacking stable dimeric RNA. There-
fore, this result indicated that the duplication of the ectopic
E/DLS site without a functional authentic E/DLS site made the
RNA dimerization in virions undetectable.

Protein profiles and density of virions containing the mo-
nomeric genome. As described above, the HIV-1 protease mu-
tant MS172 produced virions lacking stable dimeric RNA (Fig.
2). To exclude the possibility that the lack of dimeric RNA in
STNAPBS-derived virions was due to altered viral protein mat-
uration or virion formation like in a protease mutant, we an-
alyzed protein profiles of the virions by Western blotting. In
contrast to MS172, which produced virions totally lacking ma-
ture Gag CA-p24 or MA-pl17, the precursor Gag Pr55 mole-
cules were cleaved into mature proteins in all of the mutant
virions as efficiently as in wild-type virions (Fig. 3). Further-
more, all of the mutant and wild-type virions peaked at a
density of ca. 1.16g/ml in sucrose gradient centrifugation (data
not shown). Therefore, we concluded that the maturation of
viral protein and formation of virions was not affected by the
mutations introduced in sSTNAPBS.

Genome dimerization is not essential for reverse transcrip-
tion. We then compared the infectivities of those mutants with
that of the wild type, APBS mutants, and 5'ssglob. Since all of
these constructs carried a deleterious or inactivating mutation
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in the env gene, HIV-1 Env proteins were supplied by cotrans-
fection of the Env expression vector p5'ssEnvEXSV to pro-
duce infectious virions by complementation. At 72 h after
transfection, culture supernatants were assayed for the levels
of viral CA-p24 protein, and equivalent amounts of virus in
CA-p24 were used to infect MAGI cells. At 48 h after infec-
tion, cells were fixed and stained, and the cells that were suc-
cessfully infected as evidenced by bacterial B-galactosidase ex-
pression were enumerated. DDNAPBS produced virions with
100-fold-reduced infectivity compared with the wild type (in
one representative experiment, 1.4 versus 187.5 3-galactosi-
dase-inducing units per ng of CA-p24). All of the other mutant
constructs, including STNAPBS, failed to produce virions with
detectable infectivity in this assay. As the MAGI cell assay
reflects the magnitude of Tat expression in the sample, this
result suggested that the mutations introduced in these con-
structs affect mainly the step(s) between virus penetration and
early gene expression. Since ssNAPBS carried only one intact
E/DLS region and formed dimeric RNA as efficiently as wild-
type virus, it seemed unlikely that the loss of infectivity of
DDNAPBS and ssNAPBS was simply due to the lack of dimeric
RNA in virions. Instead, it was more likely that the presence of
an ectopic E/DLS site affected one or more steps between virus
penetration and gene expression.

To identify the step affected by the presence of an ectopic
E/DLS site, we measured the amount of extrachromosomal
viral DNA in infected cells by semiquantitative PCR (Fig. 4).
Primer pair P1 would specifically amplify a 351-bp region span-
ning long terminal repeat U3, R, U5, and a part of the gag
gene. In HIV-1-infected cells, this region is reverse transcribed
only after negative- and positive-strand transfer occurs. There-
fore, this 351-bp fragment represents an HIV-1 cDNA mole-
cule at or near the final step of viral DNA synthesis. On the
other hand, the primer pair P2 could detect all of the nascent
products of reverse transcription, including minus-strand
strong-stop DNA. As shown in Fig. 4B, the amount of P1
products from all of the mutant-infected cells was approxi-
mately 1/10 of that from the wild-type-infected cells. Similarly,
the amount of P2 products from all of the mutant-infected cells
was also approximately 1/10 of that from the wild-type-infected
cells (data not shown). These results suggested that the initi-
ation of reverse transcription of the mutants was reduced to
1/10 in mutant virus-infected cells. Since the MAGTI cell assay
showed that the infectivity of mutant viruses with a duplicated
E/DLS site was severely reduced, reduction of provirus synthe-
sis by these mutants could not fully account for the loss of
infectivity of the mutants. Therefore, we hypothesized that the
duplication of E/DLS results in homologous recombination of
viral nucleic acid. To search for and quantitate the amount of
such aberrant DNA products, we designed PCR primers that
would specifically amplify DNA products derived from homol-
ogous recombination (Fig. 4A, P3). This analysis indicated that
aberrant proviral DNA products were indeed produced in cells
infected with mutant virus (Fig. 4C). The amount of aberrant
product was of a level similar to that detected by the P1 primer
pair. Since the aberrant product which could be detected by
primer pair P3 should be detected by P1 (Fig. 4A), this result
indicates that a large portion of the viral DNA in cells infected
with these mutant viruses was defective and suggests that the
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FIG. 4. Semiquantitation of viral DNA. (A) Schematic models of the PCR assay. (a) As normal-reverse transcribed products retain the APBS
mutation in the duplicated region, the PCR primers designed to anneal to an intact PBS region failed to bind these DNAs. Therefore, the normal
reverse-transcribed product was PCR amplified by the P1 or P2 primer pair but not by the P3 primer pair. (b) The duplicated region of the mutants
may cause homologous recombination during reverse transcription. Such an error would result in production of aberrant reverse-transcribed
products. In the aberrant products, the APBS mutations in the duplicated regions of the mutants are restored, and the P3 primer pair can access
the target correctly. Primer pairs P1 and P2 can also amplify this product. Dotted and solid lines represent HIV-1 RNA and DNA, respectively.
Boxes numbered 3 and 5 indicate U3 and US, respectively. Shaded and open boxes indicate R and the duplicated gag region, respectively. Triangles
and circles indicate deleted and intact PBSs, respectively. Solid arrows indicate directions of DNA synthesis. Small arrowheads and thin lines
indicate PCR primers and their products. (B) Detection of viral DNAs in a subset of mutant viruses. The primer pair P1 was used to amplify a
fragment of 351 bp. WT, wild type. (C) Detection of aberrant products by PCR using the primer pair P3. On each blot, wild-type samples (1- and
0.1-fold) were placed as controls. For the HIV-1 DNA positive control, 1 to 100,000 or 10,000 copies of plasmid DNA (indicated above the blots)
were amplified in parallel. The plasmid pDDNAPBS is a negative control. The value of the amplified signal of positive control plasmids (10°
molecules) was set as 1 on each blot. The relative value for each sample is indicated below the blots.
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impairment of infectivity of these mutant viruses was in fact
caused by homologous recombination.

DISCUSSION

We successfully constructed a mutant, STNAPBS, which pro-
duces virions containing only monomeric viral RNA. The mu-
tant STNAPBS contained two ectopic E/DLS regions and had
its original E/DLS region deleted. The virions produced by this
mutant possessed intact viral proteins, were of normal density,
and underwent maturation similar to that of wild-type virions
(Fig. 3 and data not shown). As far as we know, this is the first
report to show the possibility of complete separation of encap-
sidation from physical dimerization of retroviral RNA. The
RNA from DTNAPBS, which has three E/DLS sites, formed
dimers at a reduced level compared to that from DDNAPBS,
which has two E/DLS sites. This result suggested that the
additional ectopic site was used mainly for intramolecular in-
teraction and increased the chance of an intermolecular dimer
forming at the original site in the case of DTNAPBS RNA. In
addition, the encapsidation ability of ssN/STNAPBS RNA lack-
ing the original E/DLS region was partially reduced compared
to that of other mutants (Table 1). Taken together, the results
indicate that the original E/DLS site was superior to the ec-
topic ones in mediating encapsidation and dimerization of viral
RNA.

It is possible that the insertion mutation we generated may
affect viral gene expression, since the gag coding region of
HIV-1 is reported to form an internal ribosomal entry se-
quence (6). In fact, all of the mutants showed reduced levels of
RNA expression, indicating that the insertion mutation intro-
duced had a negative effect on RNA transcription (Table 1).
Deletion in authentic E/psi introduced in the ssNAPBS,
STNAPBS, and 5'ssBglob mutants also affected RNA transcrip-
tion severely. The combination of two kinds of mutations, the
deletion of the 5’ E/psi and the insertion of an ectopic E/DLS
site(s), might synergistically affect protein translation, since
protein expression by the ssSNAPBS and sSTNAPBS mutants was
much more severely impaired than RNA expression. On the
other hand, reductions in protein expression levels did not
greatly differ from those in RNA expression levels in the
DDNAPBS and DTNAPBS mutants, which contain insertion
of ectopic E/DLS but not the deletion in the 5" E/psi. Muta-
tions introduced did not affect virion budding, since similar
levels of protein expression were observed in cytoplasm and in
virions. The variation in expression levels of mutants might
affect RNA encapsidation to a certain extent. Nevertheless,
there should be enough viral RNAs to be encapsidated in
cytoplasm, because the reduction in RNA expression was al-
ways less than that in protein expression.

The RNA from the protease-defective mutant MS172 also
migrated as a monomer on native gels under these experimen-
tal conditions (Fig. 2). This result was consistent with previous
reports describing genome dimerization of protease-defective
retrovirus (13, 14). However, the profiles of the monomers
from STNAPBS and MS172 were not similar. The sample from
MS172 contained molecules of various sizes, seen as a broadly
smeared signal throughout the lane. We sometimes observed a
mixture of monomers and fragile dimers of RNA from the
MS172 sample (data not shown). In addition, the heated
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MS172 RNA has tended to degrade more than other RNAs
(see lanes 60 in Fig. 2). On the other hand, RNA from
STNAPBS clearly migrated as a monomer, and no smaller
molecules were detected. The electrophoretic profile of
sTNAPBS RNA under native conditions is quite similar to that
of the wild type, which shows only one peak signal, except in
mobility. After denaturation by heating, both the STNAPBS
and wild-type RNAs were melted and displayed the same
smeared signals in the gel. This implies a difference in the
process of monomer formation in each case. The RNA from
the protease mutant MS172 might form fragile dimers in viri-
ons, but they would gradually dissociate and fragment during
isolation and electrophoresis. The stability of the RNA itself
might not be fully acquired in MS172 virions because the
maturation process was lacking. In the case of STNAPBS, RNA
would undergo maturation and form a stable tertiary structure,
which is tolerant of lysing or phenol extraction.

The early-phase infectivity was markedly reduced in
STNAPBS compared to the wild type (see Results). This, how-
ever, was not because of a change in status of its RNA, since
the infectivities of other mutants that showed various RNA
profiles also displayed the same magnitude of reduction. PCR
analysis of viral DNA in infected cells (Fig. 4) indicated that
these mutants synthesized reverse-transcribed products. It
should be emphasized that all mutants retained the ability to
produce late reverse-transcribed products (Fig. 4A), even
though a large proportion of them were aberrant. These results
suggest that STNAPBS virions retain endogenous reverse tran-
scription activity and that monomeric viral RNA could be the
template for reverse transcription and strand transfer. One
might claim that an undetectable amount of dimeric RNA
exists in STNAPBS RNA and that such a dimer is a template
for reduced reverse transcription. Although we could not com-
pletely exclude this possibility, this is highly unlikely since even
the RNA from ssNAPBS, which exclusively forms dimers,
could not be a template for efficient reverse transcription.
There are several reports describing homologous recombina-
tion during PCR (22, 29, 32). In those reports, recombination
occurred at less than 6% even after 35 reaction cycles. In our
PCR experiment, only 25 cycles were performed, and thus
PCR recombination was not expected to be a major problem.

The duplication of the 5" region of HIV-1 causes a forced
strand transfer at the duplicated sequence during reverse tran-
scription (4), and this phenomenon made our attempt to mea-
sure virus DNA very complicated. The results of infection
experiments would be clearer if we could exclude the aberrant
strand transfer by minimizing the duplicated target sequences.
We are now actively working to determine more precisely the
region responsible for mediating intramolecular interaction of
the viral genome. From our present results, TAR is not re-
quired but the region from SL1 to SL4 is required for this
interaction (unpublished data). If we can determine the region
clearly, it may be possible to construct a mutant with minimum
repeat sequences and to assay the infectivity of the mutant
virus without undesired strand transfer and homologous re-
combination.

The replication events that the MAGI cell assay reflects
include particle binding, penetration, uncoating, reverse tran-
scription, nuclear transport, integration, and gene expression.
It is highly unlikely that the mutation affected events other
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than reverse transcription, as our mutant virion showed only a
modified RNA profile and showed normal protein structures.
This assumption should be tested with further experiments,
however. Our results showed that the main defect of the mu-
tants would be in reverse transcription, not because the RNA
does not form dimers but because it has broadly repeated
sequences which could be a target for strand transfer or ho-
mologous recombination. We even observed abundant produc-
tion of another aberrant reverse-transcribed product, caused
by the strand transfer to the inserted sequence, by these mu-
tants (data not shown).

Basically, the retroviral genome packaged in intact virions
always forms a dimer. In previous reports by us and others,
even RNAs from DIS/DLS mutants formed dimers in vivo like
the wild type only if encapsidated in matured virions (5, 7, 39).
We demonstrated here that viral genome RNA could be pack-
aged, encapsidated, matured, and reverse transcribed without
detectable physical dimerization in mature virions and thus
dissociated packaging from dimerization by genetic engineer-
ing. A recent study with a Rous sarcoma virus MA mutant
revealed that monomeric RNA was packaged in the mutant
virion (36). In addition, studies have found that HIV-1 pro-
tease mutants and particles with the gag/gag-pol ratio modified
also contained unstable dimeric RNA (13, 40). These reports
suggested the dissociation of packaging from the dimerization
of viral RNA. In both cases, however, the emergence of mo-
nomeric viral RNA was caused by the modification of viral
protein. The maturation of virions is essential for the forma-
tion of a stable RNA dimer, and the modification of viral
protein might affect this maturation directly or indirectly.
Thus, their data might not reflect the behavior of viral RNA
under native conditions.

The nature of the dimerization of retroviral RNA is still
unclear. Previous studies revealed that retroviruses could uti-
lize both copies of genome RNA in virions for reverse tran-
scription (19, 21, 35, 44), and the presence of two genomes in
each virion contributes to genetic variation via recombination
and provides an extra template that can be used in instances
where one RNA is damaged (20, 26, 37). However, it is not
clear whether the formation of dimers is essential for retroviral
infection. In this report, we revealed that RNA dimerization
might not be essential to the viral life cycle in a single round of
replication. Moreover, our results strongly suggest that a mo-
nomeric viral RNA can be packaged if it can form the dimeric
linkage structure intramolecularly. This finding is completely
consistent with the hypothesis that the linkage structures
and/or their interaction is required for packaging. Further
studies will give us more clues to prove this assumption.
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