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We have studied the role of an RNA region at nucleotides (nt) 1200 to 1233, just downstream of the 5* long
terminal repeat, in encapsidation of human immunodeficiency virus type 1 genomic RNA. Three deletion mu-
tations, namely, BH-D0, BH-D1, and BH-D2, were generated to eliminate sequences at positions nt 1200 to
1219, 1200 to 1226, and 1200 to 1233. The result in each case was decreased levels of packaging of viral RNA
into the mutated viruses, with the BH-D2 virus being the most severely affected. Consistently, all three deletions
resulted in impaired viral infectiousness and the BH-D2 mutation showed the most dramatic impact in this
regard. Further analysis revealed additional defects in Gag precursor processing and in the extension efficiency
of the tRNA3

Lys primer in reverse transcription reactions performed with these mutated viruses. To shed further
light on the function of these deleted sequences in viral replication, the mutated viruses were cultured in MT-2
cells over prolonged periods to enable them to reacquire wild-type replication kinetics. Sequencing of the
reverted viruses revealed point mutations in both the noncoding region and the gag gene. In the case of the
BH-D0 revertant, two mutations were observed at positions G112A in the U5 region, termed M1, and T24I in
the nucleocapsid protein, termed MNC, respectively. Either of these two mutations was able to confer wild-type
replication capacity on BH-D0. In the case of BH-D1, each of the M1 mutations, a mutation termed M2, i.e.,
C227T, just downstream of the primer binding site, a mutation termed MP2 (T12I) in the p2 protein, and the
MNC mutation were observed. A combination of either M1 and M2 or MP2 and MNC was able to rescue
BH-D1. In the case of the BH-D2 deletion-containing viruses, three point mutations, i.e., M1, MP2, and MNC,
were observed and the presence of all three was required to restore viral replication to wild-type levels.

Human immunodeficiency virus type 1 (HIV-1) packages
two identical copies of the full-length viral RNA that are non-
covalently linked at the 59 end of the genome to form a dimer
(6). Viral RNA packaging is a specific process involving spe-
cific recognition between viral proteins and viral RNA ele-
ments in the cytoplasm and recruitment of viral RNA into virus
particles. Nucleocapsid protein (NCp) is the major domain in
Gag protein that recognizes a stretch of approximately 140-
nucleotide (nt) RNA sequences at the 59 end of the viral
genome, termed encapsidation (E/C) signals. NCp contains
two zinc finger motifs, as well as a number of basic amino acid
residues, all of which contribute to specific encapsidation of
viral RNA (1, 7–9, 15, 16, 18, 20, 45). Four RNA stem-loop
structures, termed SL1 to SL4, constitute the E/C site, among
which SL1 and SL3 are the major elements that bind NCp and
recruit viral RNA into virus particles (3, 10, 21, 38, 39). Inter-
estingly, SL1 is located upstream of the 59 splice donor site and
yet stimulates packaging of the full-length viral RNA (26, 35,
38, 39). It is thought that SL1 may serve as the initiation site of
viral RNA dimerization, i.e., the dimerization initiation site
(DIS), and that the latter may be a prerequisite for viral RNA
packaging (2, 5, 12, 19, 25, 30–32, 37, 40–44, 48).

Other viral RNA sequences that include segments in the env
gene and the 59 R region have also been reported to affect viral
RNA encapsidation (17, 46). One stretch of RNA sequences
located between the 59 long terminal repeat (LTR) and SL1 is

thought to help stabilize secondary structures of the E/C sig-
nals (21, 22). One example is a CT-rich sequence in this region
that is predicted to bind to a GA-rich sequence downstream of
SL3 and to help to hold SL1 to SL3 in a large RNA complex.
However, the role of this RNA segment in viral RNA packag-
ing and viral replication is still unclear.

We have previously eliminated sequences in the SL1 motif
and have identified point mutations in the Gag protein that are
able to restore impaired viral infectiousness of the deletion-
containing viruses to wild-type levels, an observation that
strongly suggested functional relationships between the SL1
RNA motif and the Gag protein (33, 35, 36). In the present
studies, we have used the same strategy of “forced evolution”
to pursue the function of RNA sequences just downstream of
the 59 LTR in viral RNA packaging and replication. Toward
this end, three nested deletion mutations, i.e., BH-D0, BH-D1,
and BH-D2, were constructed to eliminate sequences at nt
1200 to 1219, 1200 to 1226, and 1200 to 1233, respectively
(Fig. 1A). The rationale whereby these deletions were chosen
is the presence of GA repeats at nt 1220 to 1225 and CT
repeats at nt 1226 to 1233. We now show that RNA se-
quences at nt positions 1200 to 1233 affect viral RNA pack-
aging and that deletion of the above sequences can be rescued
by compensatory mutations in both the U5 region and several
different Gag proteins.

MATERIALS AND METHODS

Construction of mutant HIV-1 cDNA clones. The BH10 clone of infectious
HIV-1 cDNA was employed as the starting material for these mutagenesis
studies. Viral DNA segments at nt 1200 to 1219, 1200 to 1226, and 1200
to 1233 were deleted by PCR through the use of primer pairs pD0 (59-AG
CAGTGGCGCCCGAACAGGGACAGAGGAGCTCTCTCGACGC-39 [1177
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to 1238])–pApa-A (59-CCTAGGGGCCCTGCAATTTCTG-39 [11599 to
11538]), pD1 (59-AGCAGTGGCGCCCGAACAGGGACCTCTCTCGACGC
AGGAC-39 [1177 to 1243])–pApa-A, and pD2 (59-AGCAGTGGCGCCCGA
ACAGGGACGACGCAGGACTCGGCTTG-39 [1177 to 1251])–pApa-A, re-
spectively, to generate the BH-D0, BH-D1, and BH-D2 mutant constructs (Fig.
1A). Cloning was facilitated by the following restriction sites located within the
primer sequences; ApaI in primer pApa-A and BssHII in primers pD0, pD1, and
pD2. Generation of the MP2 and MNC point mutations has been described
previously (35). The M1 and M2 point mutations were engineered by PCR
through the use of primers pM1 (59-GTGCCCATCTGTTGTGTGAC-39 [1106
to 1125]) and pM2 (59-AGCAGTGGCGCCCGAACAGGGACTTCTCTCGA
C-39 [1177 to 1236]), respectively. All viral constructs and the presence of
mutations were confirmed by sequencing.

Transfection and infection assays. MT-2 and COS-7 cells were maintained in
RPMI 1640 medium and Dulbecco modified Eagle medium (DMEM), respec-
tively, supplemented with 10% fetal calf serum. Transfection of COS-7 cells was
performed in 100-mm-diameter dishes through the use of either calcium phos-
phate or Lipofectamine (GIBCO BRL, Montreal, Québec, Canada) (47). Prog-
eny viruses were collected at 48 h after transfection and clarified on a Beckman
GS-6R bench centrifuge at 3,000 rpm for 30 min at 4°C. The amount of virus was
determined by measuring the p24 antigen (Ag) level using an enzyme-linked
immunosorption assay (Abbott Laboratories, Abbott Park, Ill.).

The infectiousness of the mutated and wild-type viruses was examined by
infection of MT-2 cells. An amount of virus equivalent to 3 ng of capsid protein
(CA) p24 Ag was used to infect 5 3 105 MT-2 cells in 2 ml of RPMI 1640
medium. Cells were washed twice at 2 h after infection and cultured in 10 ml of
complete RPMI 1640 medium. Culture fluids were collected at various times,
and reverse transcriptase (RT) activity was measured to monitor viral replication
(35). Multinuclear activation of a galactosidase indicator (MAGI) assays were
performed using HeLa cells stably transfected with retroviral vectors expressing

both CD4 and a truncated HIV-1 LTR–b-galactosidase plasmid (i.e., HeLa–
CD4–LTR–b-gal [NIH AIDS Research and Reference Reagent Program; re-
agent supplied by Michael Emerman]) (26a). Toward this end, cells were pre-
pared at a concentration of 4 3 104/well in a 24-well plate at 1 day before
infection. Wild-type virus was diluted to determine the appropriate concentra-
tion for use in infection studies (the optimal concentration of virus produced 100
to 200 blue-stained cells per well). Forty-eight hours after infection, cells were
fixed with a solution containing 1% formaldehyde and 0.2% glutaraldehyde in
phosphate-buffered saline (PBS) for 5 min. After extensive washing with PBS,
cells were incubated in staining solution (4 mM potassium ferrocyanide, 4 mM
potassium ferricyanide, 2 mM MgCl2, 5-bromo-4-chloro-3-indolyl-b-D-galacto-
pyranoside [X-Gal] at 0.4 mg/ml) for 50 min. The number of blue-stained cells
was scored by microscopy. For each viral preparation, three independent infec-
tions were performed and the average number of blue-stained cells was deter-
mined.

Viral protein analysis by either Western blotting or immunoprecipitation.
Culture fluids from transfected COS-7 cells were clarified on a Beckman GS-6R
bench centrifuge at 3,000 rpm for 30 min at 4°C. Virus particles were then
purified through a 20% sucrose cushion at 40,000 rpm for 1 h at 4°C using an
SW41 rotor in a Beckman L8-M ultracentrifuge. Virus pellets were suspended in
NP-40 lysis buffer and subjected to Western blotting through the use of an
anti-HIV-1 CA (p24) immunoglobulin G monoclonal antibody (MAb) (ID Labs
Inc., Toronto, Ontario, Canada). Transfected COS-7 cells were washed twice
with cold PBS and lysed in 200 ml of NP-40 lysis buffer. Ten-microliter volumes
of cell lysates were analyzed by Western blotting as described above.

Viral proteins in the cells were also analyzed by short-term radiolabeling and
immunoprecipitation experiments. Transfected COS-7 cells were starved at 37°C
for 30 min in DMEM without methionine (Met) and cysteine (Cys). Radiola-
beling was performed with [35S]Met and [35S]Cys at a concentration of 100
mCi/ml for 30 min at 37°C, after which the cells were thoroughly washed with

FIG. 1. (A) Schematic illustration of deletions of sequences at nt 1200 to 1219, 1200 to 1226, and 1200 to 1233 in the region just downstream of the
primer-binding site (PBS). The deleted sequences are indicated by dashed lines. Nucleotide numbers refer to the initiation site of gene transcription. (B) Secondary
structures of the HIV-1 59 viral RNA segment from nt 11 to nt 1363 on the basis of published models (4, 14, 21). A different model with regard to the organization
of the DIS, SD, and PSI stem-loop structures in a large RNA complex is shown in the insert. Deleted sequences are in boldface letters. The DIS, SD, PSI, and AUG
regions have been named SL1, SL2, SL3, and SL4, respectively, in various publications. TAR, transactivation response element; SD, splice donor site; PSI, RNA
encapsidation site.
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complete DMEM and cultured for 1 h. Cells were washed twice with cold PBS
and lysed in buffer containing 0.1% NP-40. Cell lysates were incubated with the
MAb against HIV-1 CA at 4°C for 30 min, and the resultant Ag-antibody
complexes were harvested through 30 min of incubation with protein A–Sepha-
rose CL-4B (Amersham Pharmacia Biotech, Montreal, Québec, Canada). The
recovered viral proteins were fractioned by 12% polyacrylamide gel electro-
phoresis and exposed to X-ray film.

Viral RNA analysis. Viral particles were purified as described above and
treated with Trizol (GIBCO, Montreal, Québec, Canada) to extract viral RNA.
Viral RNA samples from viral preparations equivalent to 2 ng of p24 Ag were
analyzed by RT-PCR as previously described (35). Extension reactions from
primer tRNA3

Lys, which had been annealed onto the viral RNA genome within
virus particles, were performed at 37°C for 15 min in a system containing 50 ng
of HIV-1 recombinant RT, dCTP (a-32P labeled), and 100 mM each dTTP,
dGTP, and ddATP. Inclusion of ddATP terminated the extension of tRNA3

Lys at
the sixth nucleotide (see Fig. 3C). The reactions were stopped by addition of
loading buffer containing 50% formamide, and the reaction mixtures were boiled
for 5 min before being analyzed on 8% denaturing polyacrylamide gels.

RESULTS

Deletion of sequences downstream of the 5* LTR results in
impaired viral infectiousness. Sequences at nt 1200 to 1219,
1200 to 1226, and 1200 to 1233 were deleted to create the
BH-D0, BH-D1, and BH-D2 constructs, respectively (Fig. 1A).
The wild type and these various mutated HIV-1 cDNA con-
structs were transfected into COS-7 cells, and levels of both
intracellular and extracellular viral proteins were analyzed by
Western blotting through the use of a MAb against the HIV-1
p24 (CA) Ag. Figure 2A shows that all of these constructs
produced HIV-1 Gag precursor proteins that were further
processed to mature CA. The infectiousness of the progeny

viruses was further tested by infecting MT-2 cells with the same
amount of virus on the basis of CA levels. The results in Fig. 2B
show that the BH-D0 deletion moderately diminished viral
infectiousness while both the BH-D1 and BH-D2 deletions
resulted in severe attenuation of viral replication, with BH-D2
being the most impaired in this regard. Therefore, we con-
cluded that viral RNA sequences at nt positions 1200 to 1233
play important roles in viral replication.

RNA sequences at nt positions 1200 to 1233 are necessary
for viral RNA packaging, processing of Gag precursor protein,
and reverse transcription. To shed light on the deficits that
might result from these deletions, we first analyzed the effi-
ciency of viral RNA packaging in the mutated viruses by RT-
PCR as previously described (35). Primer pair pGAG1-pST
was employed to amplify a region of the gag gene to provide
information on the packaging of viral RNA into virus particles.
The results in Fig. 3A show that the BH-D0 and BH-D1 de-
letions decreased viral RNA packaging to 77 and 70% of the
wild-type level, respectively, while the BH-D2 deletion resulted
in a decrease to 40% of the wild-type level. Thus, the sequence
at nt positions 1200 to 1233 presumably participate in viral
RNA packaging, which may be achieved either directly or
indirectly through pairing with other sequences to facilitate the
folding and presentation of other signals involved in viral RNA
encapsidation (Fig. 1B).

We next examined the processing of Gag precursor proteins
in the wild-type and mutated viruses through short-term radio-
labeling and immunoprecipitation assays. Gag precursor Pr55,

FIG. 2. Effects of BH-D0, BH-D1, and BH-D2 deletions on viral infectiousness. (A) Protein analysis of transfected COS-7 cells and virus particles by Western
blotting through the use of a MAb against the HIV-1 p24 (CA) Ag. The positions of viral proteins are on the left. (B) Replication kinetics of wild-type and mutated
viruses in MT-2 cells on the basis of RT activity in culture fluids. MOCK, negative control in which MT-2 cells were exposed to heat-inactivated wild-type virus.
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FIG. 3. Deficits in viral RNA packaging, Gag protein processing, and reverse transcription as a result of the BH-D0, BH-D1, and BH-D2 deletions. (A) Levels of viral RNA
in wild-type and mutated viruses as determined by RT-PCR and use of the primer pair pGAG1-pST (35). RNA samples were treated with RNase as a negative control to
exclude the possibility of DNA contamination. The wild-type BH10 RNA sample was diluted 1:2, 1:4, and 1:8 to show the linear range of RT-PCR. BH10 DNA was used in
the RT-PCR as a positive control (1). The amounts of PCR product were quantified through the use of the NIH Image Program, and the wild-type level was arbitrarily set
at 1. (B) Examination of processing of Gag precursor protein by radiolabeling of transfected COS-7 cells and immunoprecipitation of viral proteins with antibodies against the
HIV-1 p24 (CA) Ag. The positions of viral proteins are shown on the right. The amount of each viral protein as a percentage of the total viral proteins was calculated using
the NIH Image Program. (C) In vitro extension by the tRNA3

Lys primer of wild-type and mutated viruses. Three extension products, namely, nt 13, 15, and 16, were observed.
Lanes 1 and 2 are controls performed with a tRNA3

Lys-viral RNA complex formed by heat annealing. The reaction mixture in lane 1 included only dCTP (a-32P labeled) to
indicate the position of the nt 11 product. Lane 2 contained a reaction mixture that included dCTP (a-32P labeled), dGTP, dTTP, and ddATP and shows the positions of the
nt 13 and 16 products. Relative amounts of extension products in each virus were calculated using the NIH Image Program and plotted. PBS, primer-binding site.
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intermediate proteins p40 and p25 (CA-p2), and the mature
p24 product (CA) can be observed on the gel (Fig. 3B). The
amount of each protein was quantified by densitometry, and
for each virus, the percentage of a particular protein versus the
total viral proteins was plotted. The results show that BH-D0
and wild-type BH10 gave rise to similar proportions of these
four proteins. In contrast, both the BH-D1 and BH-D2 dele-
tions resulted in accumulation of the Pr55, p40, and p25 pro-
teins and diminished levels of p24 (CA). Therefore, deletion of
sequences at nt positions 1220 to 1233 caused delayed pro-
cessing of the Gag precursor protein while sequences at nt
1200 to 1219 may not have been important in this regard.

Since the RNA sequences at nt 1200 to 1233 are just
downstream of the primer-binding site, it is highly likely that
they affect the priming of reverse transcription. To analyze this,
we studied the ability of primer tRNA3

Lys, which had already
been annealed onto viral genomic RNA within viruses, to be
extended. The antiviral drug ddATP was included in the reac-
tion mixtures to cause chain termination of reverse transcrip-
tion at the sixth nucleotide position. In the case of wild-type
virus, two major bands can be observed, at nt positions 13 and
16, with the 16 product being in the majority (Fig. 3C). The
13 band indicates a strong pause site during initiation of re-
verse transcription, as previously shown (34), while the 16
band represents the chain termination site. With the mutated
viruses, an additional strong band at nt position 15 was ob-

served; this was particularly intense in the cases of BH-D0 and
BH-D1. When relative amounts of extension products were
calculated for each virus, it was found that more of the 13 and
15 products accumulated with the mutated than with the wild-
type virus; this indicates a block in reverse transcription before
the 15 nt site. Since deletion of the nt sequence from 1200 to
1219 alone caused the accumulation of the nt 13 and 15
products, it follows that this segment is required for efficient
reverse transcription.

Long-term culture of mutated viruses in MT-2 cells and
emergence of revertants with wild-type replication kinetics.
The BH-D0, BH-D1, and BH-D2 mutated viruses were cul-
tured in MT-2 cells for prolonged periods until wild-type rep-
lication kinetics were observed. At this time, cellular DNA
from the infected MT-2 cells was extracted and PCR was
performed to amplify a long viral DNA fragment, termed HA,
at nt 2454 to 11546, through use of the primer pair pHpa-s–
pApa-A (35). Sequencing analysis showed that each of the
three revertant viruses maintained the original deletions, i.e.,
BH-D0, BH-D1, and BH-D2, respectively. Therefore, other
parts of the viral genome must have been altered in order to
rescue viral replication.

We then replaced the equivalent fragment in the wild-type
BH10 cDNA with the above-described HA PCR product to
generate constructs D0-HA, D1-HA, and D2-HA. Each of
these recombinant DNA clones was transfected into COS-7

FIG. 3—Continued.
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cells; we found that the progeny that had been generated were
as infectious for MT-2 cells as were the wild-type viruses (data
not shown). Therefore, novel mutations must have been pres-
ent in the HA DNA fragment that were able to rescue the
BH-D0, BH-D1, and BH-D2 deletions. Sequencing of the HA
region revealed point mutations in both the U5 region and the
gag gene in BH-D0, BH-D1, and BH-D2 (Fig. 4).

The decreased infectiousness of BH-D0 is restored to wild-
type levels by either the M1 or the MNC point mutation. Two
point mutations, M1 (G112A) in the U5 region and MNC
(T24I) in the NCp, were identified in BH-D0 (Fig. 4) in rever-
tant viruses at day 31 postinfection. By day 61, most of the
viruses that were sequenced harbored these two point muta-
tions (Table 1). To determine whether either the M1 or the
MNC mutation or both could compensate for the BH-D0 de-
letion, each of them was inserted separately into the BH-D0
clone to generate constructs D0-M1 and D0-MNC. Each of
these two constructs yielded normal patterns of viral proteins
when transfected into COS-7 cells, as shown by Western blot-
ting (Fig. 5A). The results of infection studies also indicated
that the recombinant viruses D0-M1 and D0-MNC were as
infectious as wild-type BH10 in MT-2 cells (Fig. 5A). There-
fore, either M1 or MNC alone can compensate for the de-
creased infectiousness of BH-D0.

BH-D1 mutated viruses can be compensated by point mu-
tations in either the noncoding region or the gag gene. In the
case of BH-D1, four point mutations were identified, i.e., M1,
M2 (C227T, just downstream of the 59 LTR), MP2 (T12I) in
p2, and MNC (Fig. 4). Interestingly, all of the clones analyzed
contained both the M1 and M2 point mutations at day 47
postinfection while only two of six clones contained either the
MP2 or MNC mutation; this suggests that the M1 and M2 mu-
tations may be more important with regard to compensation
for the BH-D1 deletion (Table 1). To evaluate the roles of the
above-described substitutions in the compensation for BH-D1,
constructs were generated to recombine these various muta-
tions with BH-D1, i.e., D1-M1, D1-M1,2 (containing both M1
and M2), D1-MP2, D1-MNC, and D1-MP2-MNC. These con-
structs were transfected into COS-7 cells, and production of
viral proteins was detected in Western blots (Fig. 5B). Interest-
ingly, the presence of the MP2 point mutation within either D1-
MP2 or D1-MP2-MNC yielded a novel protein band of approx-
imately 32 kDa in cell lysates. The results of infection experi-
ments showed that the D1-M1 recombinant virus was barely
infectious, while both D1-M1,2 and D1-MP2-MNC possessed
wild-type replication kinetics. The D1-MP2 and D1-MNC viruses
both showed increased replication capacity in comparison to
BH-D1 (Fig. 5B). Therefore, both M1 and M2 acting together
and MP2 and MNC were able to rescue the BH-D1 deletion.

The impaired replication kinetics of BH-D2 can be restored
to wild-type levels only when all of the M1, MP2, and MNC

point mutations are present. The M1, MP2, and MNC point
mutations were also identified in BH-D2 (Fig. 4). Indeed, the
majority of clones contained all three point mutations by day
64 postinfection (Table 1). Sequencing results of earlier pas-
sages had also shown that the MP2 point mutation had become
dominant by day 28. To examine whether the above point
mutations were sufficient and necessary to rescue BH-D2, the
following constructs were generated: D2-M1, D2-MP2, D2-
MNC, D2-MP2-MNC, D2-M1-MP2, D2-M1-MNC, and D2-
M1-MP2-MNC. Each of these constructs was able to produce
viral proteins when transfected into COS-7 cells (Fig. 5C).
Again, a protein band of around 32 kDa was observed with
constructs containing the MP2 mutation (i.e., D2-MP2, D2-
M1-MP2, D2-MP2-MNC, and D2-M1-MP2-MNC). The re-
sults of infection studies with MT-2 cells showed that D2-M1,
D2-MP2, and D2-MNC all produced virus particles with mar-
ginally higher replication capacity than BH-D2; therefore, nei-
ther the M1, the MP2, nor the MNC point mutation alone
could confer wild-type infectiousness on BH-D2 (Fig. 5C). In
contrast, the D2-M1-MP2, D2-M1-MP2, and D2-MP2-MNC
recombinant viruses were moderately infectious and the D2-
M1-MP2-MNC virus showed wild-type replication kinetics
(Fig. 5C). Therefore, all three point mutations were needed
to restore the impaired infectiousness of BH-D2 to wild-type
levels. The infectiousness of our various mutated viruses was

FIG. 4. Illustration of compensatory mutations identified in mutated viruses. Nucleotide numbers are relative to the initiation site of RNA transcription. Mutated
nucleotides are underlined, and names of mutations are in boldface letters. PBS, primer-binding site; MA, matrix protein; NC, nucleocapsid.

TABLE 1. Compensatory mutations accumulated with long-term
culture of the BH-D0, BH-D1, and BH-D2 mutants in MT-2 cellsa

Deletion and no. of
days after infection

No. of mutations/no. of clones sequenced

M1 M2 MP2 MNC

BH-D0
12
31 1/6 1/6
46 3/6 2/6
61 4/6 4/6

BH-D1
28 2/6 1/6b 1/6b

40 2/6 4/6 1/6b 1/6b

47 6/6 6/6 2/6b 2/6b

BH-D2
28 6/6 1/6
42 2/6 6/6 1/6
57 2/6 6/6 2/6
64 6/6 6/6 4/6

a Six clones were sequenced per passage, and the number of clones containing
a particular mutation is shown.

b The MP2 and MNC point mutations were identified in different clones.
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FIG. 5. Roles of various point mutations in rescuing the decreased infectiousness of mutated viruses. (A) Rescue of BH-D0 by the M1 and MNC point mutations.
Viral proteins in cell lysates and virus particles were analyzed by Western blotting through the use of antibodies against the HIV-1 p24 (CA) Ag. Infectiousness of
viruses generated by transfection of COS-7 cells was examined in MT-2 cells by monitoring RT activity in the culture fluids. (B) Compensation for BH-D1 by the M1,
M2, MP2, and MNC point mutations, as analyzed by Western blotting and infection studies. (C) Compensation for BH-D2 by the M1, MP2, and MNC point mutations
as shown by Western blotting and infection studies. (D) MAGI assays of the BH-D2 mutated virus and various recombinant viruses containing compensatory mutations.
HeLa–LTR–b-gal cells were infected with these viruses; after 48 h, cells were fixed and stained as described in Materials and Methods. Numbers of blue-stained cells
were scored and plotted. Three independent infections were performed for each virus studied. Results are expressed as averages 6 standard deviations. MOCK,
negative control in which MT-2 cells were exposed to heat-inactivated wild-type virus.
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further analyzed in a MAGI cell assay. The results in Fig. 5D
show that the BH-D2 and D2-MP2 mutants generated far
fewer blue-stained cells than did the wild-type BH10 virus. The
other mutated viruses studied yielded numbers of blue-stained
cells similar to those yielded by BH10.

Either the M1 or the MNC point mutation can correct
defective viral RNA packaging, and the MP2 point mutation
facilitates the processing of the Gag precursor in the mutated
viruses. To shed light on the mechanisms by which the above-
described point mutations compensate for the deletions, levels
of viral RNA packaging in the BH-D2 viruses containing the
M1, MP2, or MNC point mutation were examined by RT-PCR
as described above (Fig. 6). The D2-MP2 virus packaged low
levels of viral RNA similar to those packaged by BH-D2, while
the D2-M1 and D2-MNC viruses showed markedly increased
amounts of viral RNA. Consistently, D2-M1-MP2, D2-M1-
MNC, D2-MP2-MNC, and D2-M1-MP2-MNC possessed much
higher levels of viral RNA than did either BH-D2 or D2-MP2.
Therefore, the M1 and MNC point mutations helped to com-
pensate for defects in viral RNA packaging in the BH-D2
viruses while the MP2 mutation did not.

The MP2 point mutation results in a change in one of the
amino acids at the protease cleavage site between p2 and NCp.
Therefore, it follows that MP2 may affect this cleavage to
modify the processing of Gag proteins. To test this hypothesis,
processing of Pr55gag in the mutated viruses, i.e., D1-MP2,
D1-MNC, D1-MP2-MNC, D2-MP2, D2-MNC, and D2-MP2-
MNC, was studied by radiolabeling of viral proteins and im-
munoprecipitation experiments. Relative levels of mature CA
were calculated in each virus recovered from COS-7 cells to
evaluate the efficiency of Gag protein processing. The results in
Fig. 7 show that the MP2 mutation restored the decreased
levels of CA in the various mutated viruses to wild-type levels
(i.e., D1-MP2, D1-MP2-MNC, D2-MP2, and D2-MP2-MNC),

while the MNC point mutation had no effect in this regard (i.e.,
D1-MNC and D2-MNC).

DISCUSSION

The HIV-1 RNA genome contains a long 59 noncoding
leader sequence spanning nt positions 11 to 1335. Computer
modeling and biochemical analysis have revealed the presence
of complex secondary structures in this region that perform
important functions in viral replication (Fig. 1B). A transacti-
vation response element (TAR) structure, formed by the se-
quences at the 59 end, serves as the binding site for viral
transactivation protein (Tat); the poly(A) stem-loop is the
binding site for cleavage factors to terminate gene transcrip-
tion (13). The U5 region and parts of the sequences down-
stream of the primer-binding site form complex structures, and
different models for these regions have been proposed (Fig.
1B) (4, 14, 21). Four stem-loop structures, namely, DIS, SD,
PSI, and AUG, have been predicted to exist with the following
characteristics. (i) DIS promotes viral RNA dimerization and
packaging. (ii) SD contains signals for viral RNA splicing. (iii)
PSI dictates specific viral RNA encapsidation. (iv) AUG con-
tains the AUG initiation codon for Gag protein synthesis (3,
11). A more complex structure has also been proposed that
comprises the above four stem-loop structures (Fig. 1B, insert)
(21). Our BH-D2 deletion mutation eliminated a CTCTC se-
quence that is assumed to bind to a GAGAG sequence on the
basis of the above model and, hence, might have resulted in the
opening of this large RNA complex. Since the BH-D2 con-
struct led to decreased viral RNA encapsidation, it is specu-
lated that formation of the large RNA complex under natural
conditions may help to present the DIS (SL1) and PSI (SL3)
RNA structures, i.e., the major viral RNA encapsidation sig-
nals, to viral proteins and therefore may facilitate viral RNA
packaging.

Extension via reverse transcription from the cognate primer
tRNA3

Lys of HIV involves two stages, initiation and elongation
(23, 24, 27–29, 34). This concept has been developed on the
basis of cell-free RT reactions that use natural tRNA3

Lys as a
primer and in vitro-transcribed viral RNA templates. The ini-
tiation stage is defined by early pausing events, especially at nt
11, 13, and 15, and is further distinguished from the subse-
quent elongation stage by different RT dissociation constants.
We purified tRNA3

Lys-viral RNA complexes from the various
wild-type and mutated virus particles employed in this study.
An nt 13 extension product was observed in these reaction
mixtures, duplicating results obtained earlier with cell-free RT
reactions (Fig. 3C) (34). This supports the existence of a spe-
cific initiation stage of reverse transcription in vivo. Yet, the
amount of in vivo nt 13 product was lower than that observed
in in vitro reaction mixtures (lane 2, Fig. 3C). This suggests that
the in vivo tRNA3

Lys-viral RNA complex is more processive
than that formed by heating in vitro. Interestingly, when se-
quences at nt 1200 to 1219, just downstream of the primer-
binding site, were deleted in BH-D0, an intense band at nt
position 15, representing an extension product, was observed.
Thus, the BH-D0 deletion led to a higher probability that
reactions would stop during initiation than with the wild-type
virus. According to published secondary structures of the
tRNA3

Lys-viral RNA complex, the sequences at nt 1200 to
1219 do not directly contribute to interactions between
tRNA3

Lys and viral RNA (24). However, this segment can bind
to sequences in the U5 region (Fig. 1B). This may help to or-
ganize the highly ordered secondary structure of the tRNA3

Lys-
viral RNA complex that has been shown, in a three-dimen-

FIG. 6. Levels of viral RNA packaging in BH-D2 mutated viruses containing
the M1, MP2, or MNC point mutation. BH10 RNA samples were used undiluted
and diluted 1:2 and 1:4 (lanes 10 and 11) for RT-PCR to ensure the linear range
of the PCR. Lane 12 served as a positive control performed with BH10 plasmid
DNA. The intensity of each RT-PCR product on the gel was quantified with the
NIH Image Program, and the level of viral RNA in BH10 was arbitrarily set at
1.0. RNA samples were treated with RNase before RT-PCR as negative controls
to rule out the possibility of DNA contamination (data not shown).
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sional model, to be important for RT to properly bind to the
above RNA complex and to initiate reverse transcription.

Deletions of the SL1 RNA sequences have been previously
shown to affect the efficiency of Gag protein processing (33).
We observed similar effects on the processing of Pr55gag with
deletions of RNA sequences at nt 1200 to 1233, just upstream
of the SL1 region. This suggests that the above two RNA
regions interact with Gag proteins in a similar way to help
Pr55gag to adopt certain conformations that facilitate protease
(PR)-mediated cleavages. Although the sequences at nt 1200
to 1233 were found to affect viral RNA packaging, reverse
transcription, and Gag protein processing, the defects in the
latter may primarily account for the impaired viral infectious-
ness of relevant constructs. This is suggested by the fact that
the BH-D0 deletion at nt 1200 to 1219 resulted in both
decreased levels of viral RNA encapsidation and reduced ef-
ficiency of reverse transcription, yet viruses containing this
deletion retained normal processing of Gag proteins, as well as
a moderately high viral replication capacity. In contrast, the
BH-D1 deletion at nt 1200 to 1226 caused similar defects in
viral RNA packaging and reverse transcription but defective
Gag processing and dramatically decreased viral infectiousness
were observed in this situation.

We have previously reported point mutations in the gag gene
that were able to rescue deletions of the SL1 (DIS) sequence
(35, 36). Interestingly, some of these mutations, i.e., MP2 and
MNC, were observed to compensate for deletions of sequences
at nt 1200 to 1233, just upstream of SL1. The MNC point
mutation alone can confer wild-type replication capacity on
BH-D0. In terms of BH-D1, both MP2 and MNC are needed
to restore wild-type replication kinetics. When a 34-nt RNA
segment was deleted in BH-D2, i.e., nt 1200 to 1233, both the

MP2 and MNC mutations were able to increase the impaired
infectiousness to higher levels. Seemingly, the deletion of long-
er sequences may increase the dependence of the mutated
viruses on the MP2 and MNC point mutations to gain wild-
type replication kinetics. Since both MP2 and MNC can also
rescue deletions within the SL1 region, this suggests that RNA
sequences at nt 1200 to 1233 may form a complex with SL1
sequences that is important in viral replication. The fact that
BH-D0 and BH-D1 can also be rescued by point mutations in
noncoding RNA sequences, which has not been observed with
deletions of SL1, suggests that the sequences deleted in
BH-D0 and BH-D1 interact with regions in U5 and fulfill
functions distinct from those of SL1.

The MP2 point mutation is important in rescue of the de-
letion of the sequence including nt 1200 to 1233 because of its
ability to restore diminished efficiency of Gag processing in
mutated viruses to wild-type levels (Fig. 7). MP2 changes the
amino acids at the viral protease cleavage site between p2 and
NCp; this presumably enhanced Gag processing. However, the
observation of a 32-kDa intermediate product in Western blots
of cell lysates in samples containing the MP2 point mutation
renders the situation more complex (Fig. 5B and C). Obvi-
ously, the 32-kDa protein might contain CA (p24), p2, and
NCp (p7) in order to possess a size of 32 kDa. The accumu-
lation of the 32-kDa protein therefore indicates a lowered rate
of cleavage between p2 and NCp; this leads to the conclusion
that MP2 decreased the efficiency of p2-NCp cleavage. There-
fore, MP2 may facilitate the use by PR of other cleavage sites
at MA-CA and NCp-p6 to increase the efficiency of Gag pro-
tein processing in the mutated viruses. Indeed, MP2 might
simultaneously result in an increase in cleavage at the p2-CA
junction while diminishing that at p2-NC7.

FIG. 7. Effects of the MP2 and MNC point mutations on Gag protein processing in the mutated BH-D1 and BH-D2 viruses. For details, see the legend to Fig. 3B.
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Both the BH-D2 and D2-MP2 viruses were defective in the
MAGI assay, consistent with their inability to package normal
levels of full-length viral RNA. Since the generation of blue-
stained cells in this assay depends on levels of Tat protein that
are synthesized after viral entry into cells, the numbers of such
cells reflect the efficiency of initial viral replication events,
including entry, reverse transcription, integration, and early
viral gene expression. Deficits in levels of viral RNA packaging
could result in the crippled production of proviral DNA after
infection, leading ultimately to lower levels of Tat protein. As
a result, fewer blue-stained cells should be observed than in
the case of the wild-type virus. Both the D-M1 and D2-MNC
constructs showed numbers of blue-stained cells in the MAGI
assay similar to that of the wild-type virus, perhaps because of
their correction of the viral RNA packaging deficit. Yet, both
of these viruses were poorly infectious in MT-2 cells. There-
fore, other defects must also be present in these viruses that
maintain a state of attenuated replication.
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