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Human immunodeficiency virus type 1 (HIV-1) genomic RNA segments at nucleotide (nt) positions 1240 to
1274 are thought to form a stem-loop secondary structure, termed SL1, that serves as a dimerization initiation
site for viral genomic RNA. We have generated two distinct deletion mutations within this region, termed
BH10-LD3 and BH10-LD4, involving nt positions 1238 to 1253 and 1261 to 1274, respectively, and have
shown that each of these resulted in significant diminutions in levels of viral infectiousness. However,
long-term culture of each of these viruses in MT-2 cells resulted in a restoration of infectiousness, due to a
series of compensatory point mutations within four distinct proteins that are normally cleaved from the Gag
precursor. In the case of BH10-LD3, these four mutations were MA1, CA1, MP2, and MNC, and they involved
changes of amino acid Val-35 to Ile within the matrix protein (MA), Ile-91 to Thr within the capsid (CA),
Thr-12 to Ile within p2, and Thr-24 to Ile within the nucleocapsid (NC). The order in which these mutations
were acquired by the mutated BH10-LD3 was MNC > CA1 > MP2 > MA1. The results of site-directed
mutagenesis studies confirmed that each of these four substitutions contributed to the increased viability of the
mutated BH10-LD3 viruses and that the MNC substitution, which was acquired first, played the most
important role in this regard. Three point mutations, MP2, MNC, and MA2, were also shown to be sequentially
acquired by viruses that had emerged in culture from the BH10-LD4 deletion. The first two of these were
identical to those described above, while the last involved a change of Val-35 to Leu. All three of these
substitutions were necessary to restore the infectiousness of mutated BH10-LD4 viruses to wild-type levels,
although the MP2 mutation alone, but neither of the other two substitutions, was able to confer some viability
on BH10-LD4 viruses. Studies of viral RNA packaging showed that the BH10-LD4 deletion only marginally
impaired encapsidation while the BH10-LD3 deletion caused a severe deficit in this regard.

The RNA genome of human immunodeficiency virus type 1
(HIV-1) contains a 59-end noncoding region that includes a
long terminal repeat consisting of the R and U5 regions and
the primer binding site, as well as exon 1 leader sequences
downstream of U5 (13). Each of these elements plays a crucial
role in viral replication. The R region includes cis-acting ele-
ments, such as TAR sequences that are required for transcrip-
tional transactivation by Tat and the poly(A) signal needed for
termination of transcription. The U5 region is involved in both
regulation of reverse transcription and integration of viral
cDNA into host cell chromosomal DNA. The primer binding
site is an 18-nucleotide (18-nt) segment that binds to tRNA3

Lys,
which serves as the cognate primer of reverse transcription.
The exon 1 leader sequences downstream of U5 include the
splice donor site and are also involved in HIV-1 gene tran-
scription as well as the dimerization and selective encapsida-
tion of full-length viral genomic RNA (3, 6, 23, 27–29, 31).

The secondary structure of the exon 1 leader sequence
downstream of U5 includes four distinct stem-loop RNA mo-
tifs, termed SL1, SL2, SL3, and SL4, that were initially pre-
dicted on the basis of computer modelling and biochemical

analysis (4, 10, 20). Mutagenesis studies showed that the SL1,
SL3, and SL4 elements were involved in the selective packag-
ing of viral genomic RNA (33, 34). This is supported as well by
cell-free studies that documented that the viral nucleocapsid
(NC) protein, which acts in trans to promote viral RNA en-
capsidation, can also bind to the SL1, SL3, and SL4 structures
with high affinity (7, 8, 10, 19, 39). SL1 contains a palindromic
loop sequence (GCGCGC) that is thought to represent the
dimerization initiation site for viral genomic RNA on the basis
of cell-free experiments (3, 12, 25, 32, 36, 41). The importance
of this region is also highlighted by the fact that mutations
within SL1 severely decreased viral infectiousness (30, 35).
However, the mechanisms involved are still poorly understood;
for example, viruses containing a mutated SL1 element were
only moderately affected in regard to incorporation of viral
genomic RNA. Furthermore, since SL1 is located upstream of
the splice donor site, it is still unclear how the former might
exclude spliced viral RNAs from being incorporated into viri-
ons. Contradictory results have also been reported in regard to
the role of SL1 in viral RNA dimerization in viral replication
studies (5, 11, 26, 40).

To shed further light on the role of SL1 in viral replication,
we selectively deleted a number of sequences in the SL1 region
and cultured the recombinant viruses thus generated in MT-2
cells over long periods to determine whether and how com-
pensation for viral replication and viral RNA encapsidation
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might occur. Two deletion mutations, BH10-LD3 and BH10-
LD4, involving deletions of sequences at nt positions 1238 to
1253 and 1261 to 1274, respectively, within the SL1 region,
were extensively analyzed (Fig. 1A).

Mutations termed MA1 (V35I), CA1 (I91T), MP2 (T12I),
and MNC (T24I) are involved in compensation for the BH10-
LD3 deletion. Previous work by members of our group has
shown that mutated BH10-LD3 viruses, containing a deletion
of the genomic segment from nt positions 1238 to 1253, were
able to revert to near wild-type replication kinetics after 18
passages in MT-2 cells, due to two point mutations, MP2
(T12I) and MNC (T24I), located within the p2 peptide and NC
protein, respectively (30). However, the reverted viruses,
termed BH10-LD3-18, still showed a 2- to 3-day lag in growth.
Therefore, we maintained the BH10-LD3-18 viruses in MT-2
cells for an additional 11 passages and showed that the virus
thus generated, BH10-LD3-29, had reacquired full replication
capacity (data not shown). To identify additional mutations
responsible for this increased infectiousness, we amplified a
2-kb HIV-1 DNA fragment (nt positions 2454 to 11548) that
contained the BH10-LD3 deletion, using the primer pair Hpa-
S–Apa-A and viral DNA extracted from MT-2 cells. The re-
sults of cloning and sequencing experiments showed that (i)
the BH10-LD3 deletion and the previously described MP2 and
MNC point mutations still existed within the genome of BH10-
LD3-29 virus and that (ii) new point mutations MA1
[G(1430)A, i.e., V35I] and CA1 [T(11000)C, i.e., I91T] were
also present within the matrix protein (MA) and the capsid
(CA), respectively (Fig. 2).

To evaluate the roles of the newly identified MA1 and CA1
point mutations in rescuing viruses containing the BH10-LD3
deletion, the above-mentioned substitutions were inserted into
the BH10-LD3 construct individually or in the context of vi-
ruses also containing the MP2 and MNC substitutions. The
results of infection assays (Fig. 3) showed that (i) MA1 and
CA1 did not alone or together confer infectiousness on mu-
tated BH10-LD3 virus (i.e., BH10-LD3-MA1, BH10-LD3-
CA1, and BH10-LD3-MA1-CA1), (ii) MP2 did not help MA1
and CA1 to rescue viruses containing the BH10-LD3 deletion
(i.e., BH10-LD3-MA1-MP2 and BH10-LD3-CA1-MP2), and
(iii) association of MNC with either MA1 or CA1 gave rise to
viruses able to generate high levels of reverse transcriptase
(RT) activity in MT-2 cells (i.e., BH10-LD3-MA1-MNC and
BH10-LD3-CA1-MNC). Since MNC could not by itself rescue
BH10-LD3 virus in regard to replication competence (30),
these data suggest that the ability of both the BH10-LD3-
MA1-MNC and BH10-LD3-CA1-MNC viruses to infect and
replicate in MT-2 cells was attributable to the presence of
MA1 and CA1 mutations. These abilities are further demon-
strated by the increase in infectiousness of the recombinant
BH10-LD3 viruses containing various combinations of the
MP2, MNC, MA1, and CA1 substitutions (Table 1).

The MNC mutation appeared to be unique in that its
presence in concert with MA1, CA1, or MP2 was able to
compensate for the LD3 deletion in regard to restoration of
infectiousness. In addition, the recombinant virus BH10-LD3-
MA1-CA1-MP2 replicated much less efficiently than did
BH10-LD3-MA1-CA1-MNC (Fig. 3B), further highlighting
the importance of MNC.

We also sought to determine the order in which the four
FIG. 1. Schematic illustrations of the BH10-LD3 and BH10-LD4 deletions

and their effects on the formation of RNA secondary structure. Only structures
with the lowest levels of free energy are shown. (A) Secondary structures of
wild-type HIV-1 RNA fragment (nt 1179 to 1353). Nucleotides removed in the
BH10-LD3 and BH10-LD4 deletions are shown by bold and underlined letters,
respectively. Secondary structures were predicted by the MFold program, using
a calculated stability of 243.5 kcal/mol. The SL1, SL2, SL3, and SL4 RNA
structures are consistent with previous reports (10). (B) Effects of the BH10-LD3
deletion on the formation of RNA secondary structures. The calculated stability
of the secondary structures shown is 237.1 kcal/mol, and maintenance of SL2

and SL4 is indicated. (C) Effects of the BH10-LD4 deletion on the formation of
RNA secondary structures at a stability of 238.0 kcal/mol. Formation of an
SL1-like structure (SL1p) is indicated.
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point mutations were acquired by BH10-LD3 viruses with de-
letions during long-term culture in MT-2 cells. Analysis of nine
passages revealed that the MNC substitution was generated
first (i.e., in one of six clones after passage 6 and six of six
clones after passage 10) (Table 2). This finding is consistent
with the result described above showing that the MNC substi-
tution is essential to compensation for the BH10-LD3 deletion.
The next mutation to be detected was CA1 in two of six clones
after 10 passages under conditions of high levels of RT activity
and virus-induced cytopathology. The MP2 substitution was
observed only after 15 passages in three of six clones, and MA1
appeared last (in five of six clones after 23 passages).

Long-term culture of BH10-LD4 viruses in MT-2 cells
yielded compensatory point mutations similar to those ob-
served for BH10-LD3 viruses. Both the BH10-LD3 and BH10-
LD4 deletion mutations involve disruption of the SL1 RNA
structure and diminish HIV replication capacity (30). We were
therefore anxious to determine whether compensatory point
mutations similar to those seen with BH10-LD3 viruses might
arise after long-term culture of BH10-LD4 viruses in MT-2
cells. After 13 passages, a virus termed BH10-LD4-13 that
possessed wild-type replication properties had emerged (data
not shown). In order to detect the presence of any compensa-
tory mutations, a 2-kb DNA fragment (nt 2454 to 11548)
containing the BH10-LD4 deletion was amplified from the
DNA of infected MT-2 cells as described above. The DNA

segment thus generated was used to replace the equivalent
region in BH10 to generate a clone termed BH10-LD4-HA.
The results of infectivity assays showed that BH10-LD4-HA
was as replication competent as wild-type virus (data not
shown). Therefore, we sequenced this 2-kb DNA fragment and
observed that the BH10-LD4 deletion was still present along-
side three point mutations termed MA2 (V35L), MP2 (T12I),
and MNC (T24I) (Fig. 2). Both the MP2 and MNC point
mutations were identical to those previously identified in the
reverted BH10-LD3 virus, while the MA2 substitution involved
a change of Val-35 to Leu instead of to Ile as was observed in
the case of MA1. Therefore, near-identical profiles of these
point mutations were observed in the genomes of viruses that
had emerged from long-term growth of both the BH10-LD3
and BH10-LD4 viruses.

The ability of each of these three point mutations, MA2,
MP2, and MNC, to compensate for the BH10-LD4 deletion
mutation was next investigated by introducing them individu-
ally or collectively into the mutated BH10-LD4 DNA clone to
generate the following constructs: BH10-LD4-MA2, BH10-
LD4-MP2, BH10-LD4-MNC, BH10-LD4-MA2-MP2, BH10-
LD4-MA2-MNC, BH10-LD4-MP2-MNC, and BH10-LD4-
MA2-MP2-MNC. After transfection into COS-7 cells, the
infectiousness of the viruses thereby produced was examined in
MT-2 cells. The results of Fig. 4 show the following. (i) Neither
the MA2 nor the MNC point mutation alone (i.e., neither

FIG. 2. Compensatory point mutations MA1, MA2, CA1, MP2, and MNC within the HIV-1 genome. Locations are illustrated by asterisks. The mutations are as
follows: MA1, Val-35 to Ile within MA; MA2, Val-35 to Leu within MA; CA1, Ile-91 to Thr within CA; MP2, Thr-12 to Ile within p2; and MNC, Thr-24 to Ile within
NC. Letters in bold indicate original nucleotides and amino acids and their replacements. HpaI, BssHII, PstI, SphI, and ApaI are unique restriction sites within the
HIV-1 genome that were employed in cloning experiments. The CA1, MA1, and MA2 substitutions were generated by means of PCR with primer pairs CA1–Apa-A
(59-CCAGTGCATGCAGGGCCTACTGCACCAGGCCAGATC-39 [1981 to 11016] and 59-CCTAGGGGCCCTGCAATTTCTG-39 [11559 to 11538]), MA1-S–
MA1-A (59-AATTAAAACATATAATATGGGCAAGC-39 [1421 to 1446] and 59-GCTTGCCCATATTATATGTTTTAATT-39 [1446 to 1421]), and MA2-S–
MA2-A (59-AATTAAAACATATATTATGGGCAAGC-39 [1421 to 1446] and 59-GCTTGCCCATAATATATGTTTTAATT-39 [1446 to 1421]), respectively (mu-
tated nucleotides are underlined). PBS, primer binding site; DIS, dimerization initiation site.
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BH10-LD4-MA2 nor BH10-LD4-MNC) was able to restore
infectiousness to the BH10-LD4 mutant virus. However, the
MP2 point mutation (i.e., BH10-LD4-MP2) did potentiate vi-
ral replication and it yielded high levels of RT activity in
culture fluids after 13 days. (ii) Recombining the MA2 and
MNC point mutations into the same construct, i.e., BH10-
LD4-MA2-MNC, led to a renewal of viral replication, as seen
with BH10-LD3 virus; similar results were seen with combina-
tions of MP2 and MNC (i.e., BH10-LD4-MP2-MNC) or MA2
and MP2 (i.e., BH10-LD4-MA2-MP2) within the BH10-LD4
construct). (iii) Recombination of the three point mutations,
i.e., MA2, MP2, and MNC, within BH10-LD4 (i.e., BH10-
LD4-MA2-MP2-MNC) yielded even higher levels of infec-
tiousness, as shown by both growth curves and 50% tissue
culture infective doses (TCID50s) (Fig. 4; Table 2). Therefore,
each of these three point mutations, MA2, MP2, and MNC,

was able to contribute to the restoration of viral replication
competence, and the MP2 point mutation played a key role in
this regard.

To further evaluate the importance of each of these point
mutations in the rescue of BH10-LD4 virus, we determined the
order in which they appeared during long-term culture of
BH10-LD4 virus in MT-2 cells by sequencing cDNA from
infected cells at passages 3, 4, 5, 7, 10, and 13. Table 3 shows
that the MP2 point mutation appeared first and was present in
two of six clones after three passages. Next to be detected was
MNC in one of six clones at passage 4, followed by MA2 in one
of six clones at passage 8. All three point mutations were
present in all clones sequenced after 13 passages. These find-
ings are consistent with the notion that MP2 was the most
important mutation involved in the rescue of mutated BH10-
LD4 virus.

Comparison of the MA1 and MA2 point mutations in ability
to compensate for the BH10-LD3 and BH10-LD4 deletions.
The above data indicate that two different amino acid substi-
tutions were detected at position 35 in MA after long-term
growth of the BH10-LD3 and BH10-LD4 viruses and that the
two substitutions involved changes from Val to Ile and Leu,
respectively, i.e., MA1 and MA2. Since Ile and Leu are similar
in structure, it was conceivable that the MA1 and MA2 point
mutations might function interchangeably in compensating for
the BH10-LD3 and BH10-LD4 deletions.

MA2 and MA1 mutations were also introduced into viruses
with BH10-LD3 and BH10-LD4 deletions to yield the follow-
ing constructs, which also variably contained the MP2 and
MNC point mutations: BH10-LD3-MA2, BH10-LD3-MA2-
MP2, BH10-LD3-MA2-MNC, BH10-LD3-MA2-MP2-MNC,

FIG. 3. Roles of the MA1 and CA1 point mutations in compensation for the
BH10-LD3 deletion mutation. (A) Growth curves of viruses formed from re-
combination of the BH10-LD3 deletion either with MA1, with both MA1 and
MP2, or with both MA1 and MNC to yield BH10-LD3-MA1 (h), BH10-LD3-
MA1-MP2 ({), and BH10-LD3-MA1-MNC (E), respectively. The clones thus
generated were transfected into COS-7 cells, and the progeny viruses were used
to infect MT-2 cells. Levels of RT activity were then monitored in culture fluids.
MT-2 cells were exposed to heat-inactivated wild-type virus as a negative control
(µ). ‚, BH10. (B) Growth curves of the recombinant viruses BH10-LD3-CA1
(h), BH10-LD3-CA1-MP2 ({), BH10-LD3-CA1-MNC (E), BH10-LD3-MA1-
CA1 (‚), BH10-LD3-MA1-CA1-MP2 (µ), and BH10-LD3-MA1-CA1-MNC
({1) in MT-2 cells. ƒ, control; Q, BH10.

TABLE 1. TCID50s of wild-type and various mutated viruses,
determined by infection of MT-2 cells

Virus TCID50/mla

BH10-LD3-MP2-MNC............................................1.6 3 102 6 1.8 3 10
BH10-LD3-MA1-MP2-MNC..................................4.0 3 102 6 2.1 3 10
BH10-LD3-CA1-MP2-MNC...................................4.5 3 102 6 2.3 3 10
BH10-LD3-MA1-CA1-MP2-MNC ........................1.0 3 103 6 3.2 3 10
BH10-LD3-MA2-MP2-MNC..................................6.4 3 102 6 2.4 3 10
BH10-LD4-MP2-MNC............................................4.3 3 102 6 2.0 3 10
BH10-LD4-MA2-MP2-MNC..................................2.6 3 103 6 4.1 3 10
BH10-LD4-MA1-MP2-MNC..................................1.5 3 103 6 3.7 3 10
BH10..........................................................................4.1 3 103 6 6.2 3 10
BH10-LD3b ...............................................................,10
BH10-LD4b ...............................................................,10

a Determination of TCID50s was as described previously (16). Results shown
are the averages of three independent experiments.

b Examined as negative controls and very poorly infectious in these assays.

TABLE 2. Sequential appearance of various point mutations within
mutated BH10-LD3 virus after long-term culture in MT-2 cellsa

Mutation
No. of clones with mutation during passage:

5 6 7 10 12 15 18 23 29

MA1 0 0 0 0 0 0 0 5 6
CA1 0 0 0 2 4 4 3 4 5
MP2 0 0 0 0 0 3 4 6 6
MNC 0 1 2 6 6 6 6 6 6
LD3 6 6 6 6 6 6 6 6 6

a Six positive clones were sequenced per passage. Bold indicates the first
appearance of the given mutation.
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BH10-LD4-MA1, BH10-LD4-MA1-MP2, BH10-LD4-MA1-
MNC, and BH10-LD4-MA1-MP2-MNC.

Infectivity assays were performed as described above and
showed that neither the BH10-LD3-MA2 nor the BH10-LD3-
MA2-MP2 virus was able to generate high levels of RT activity,
while, in contrast, the BH10-LD3-MA2-MNC virus was able to
replicate at a reasonably high level (Fig. 5). Introduction of the
MA2 point mutation into BH10-LD3-MP2-MNC resulted in
an increase in TCID50 (Table 1). Therefore, MA2 was able to
function in place of MA1 in regard to compensating for the
BH10-LD3 deletion. Similar experiments revealed that BH10-
LD4-MA1-MNC generated high levels of RT activity after 11
days in culture, as did BH10-LD4-MA1-MP2 (Fig. 5). Finally,
the presence of MA1 increased the TCID50 of BH10-LD4-
MP2-MNC (Table 1). Therefore, the MA1 and MA2 point
mutations play similar roles in compensating for either the
BH10-LD3 or the BH10-LD4 deletion.

The BH10-LD4 deletion only slightly affects encapsidation
of viral genomic RNA. Previous studies showed that the MNC
point mutation was able to correct for the diminished levels of
viral genomic RNA encapsidation that occurred in the case of
the BH10-LD3 deletion (30). Since MA2 and MP2 were to-
gether able to restore high levels of infectiousness to BH10-

LD4 mutant virus in the absence of MNC (see above), it was
suggested that BH10-LD4 might not be severely impaired in
regard to packaging of viral RNA. This was assessed by means
of slot blot experiments that showed that both BH10-LD4 and
BH10-LD4-MP2-MNC viruses packaged levels of viral
genomic RNA similar to those packaged by the wild-type
BH10 virus (Fig. 6). Therefore, those sequences that were
deleted from BH10-LD3 viruses probably play a key role in
packaging of viral genomic RNA while those that were deleted
from BH10-LD4 viruses do not.

These studies have examined the abilities of two distinctly
mutated viruses, BH10-LD3 and BH10-LD4, both involving
deletions within SL1, to revert to wild-type replication kinetics
after long-term culture in a permissive cell system. Surpris-
ingly, all of the compensatory mutations were identified in the
Gag protein and not within the 59-end noncoding RNA leader
region. We have observed that the revertants possessed similar
mutations in the gag gene in each case and that the MP2 and
MNC point mutations appeared first and were able to restore
viral replication ability to fairly high levels. Although muta-
tions at position 35 in MA were observed for both BH10-LD3
and BH10-LD4 at later stages, they involved replacements of
amino acids by Ile and Leu, respectively. It is noteworthy that
Ile and Leu are structurally similar and were functionally in-

FIG. 4. Roles of the point mutations MA2, MP2, and MNC combined either
separately or together with the BH10-LD4 deletion mutation to yield BH10-
LD4-MA2 (h), BH10-LD4-MP2 ({), BH10-LD4-MNC (E), BH10-LD4-MA2-
MP2 (‚), BH10-LD4-MA2-MNC (µ), BH10-LD4-MP2-MNC ({1), and BH10-
LD4-MA2-MP2-MNC (Q). These constructs and wild-type BH10 (ƒ) were
transfected into COS-7 cells, and the viruses thus generated were used to infect
MT-2 cells. Viral replication was assessed by monitoring RT levels in culture
fluids. m, control.

FIG. 5. Roles of the MA1 and MA2 point mutations in compensation for
both the BH10-LD3 and BH10-LD4 deletion mutations through generation of
BH10-LD3-MA2 (h), BH10-LD3-MA2-MP2 ({), BH10-LD3-MA2-MNC (E),
BH10-LD4-MA1 (‚), BH10-LD4-MA1-MP2 (µ), and BH10-LD4-MA1-MNC
({1). These clones were transfected into COS-7 cells, and the progeny viruses
obtained were used to infect MT-2 cells. Q, BH10; ƒ, control.

FIG. 6. Encapsidation of viral genomic RNA into wild-type (BH10) and
mutated (BH10-LD4 and BH10-LD4-MP2-MNC) viruses. Slot blot experiments
were performed with viral RNA purified from viruses containing either 100 or
33.3 ng of p24. Viral RNA digested with RNase served as a negative control.
Amounts of viral RNA packaged by either wild-type or mutated viruses were
determined by arbitrarily setting a value of 1.0 for the former.

TABLE 3. Order of accumulation of the point mutations MA2,
MP2, and MNC within mutated BH10-LD4 virus when cultured in

MT-2 cellsa

Mutation
No. of clones with mutation during passage:

3 4 5 7 10 13

MA2 0 0 0 1 3 6
MP2 2 5 6 6 6 6
MNC 0 1 6 6 6 6
LD4 6 6 6 6 6 6

a Six clones were sequenced per passage. Bold indicates the first appearance
the given mutation.
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terchangeable in regard to compensation for the BH10-LD3
and BH10-LD4 deletions. Thus, deletions of the sequences
from 1238 to 1253 and from 1261 to 1274 within SL1 can be
compensated for by similar point mutations within gag, and
therefore, the two sequences probably possess similar roles in
viral replication. This work provides important in vivo confir-
mation for the existence of an SL1 functional structure within
the HIV-1 RNA sequence from 1238 to 1274. However, our
results also indicate that the two deleted segments are not
functionally equivalent. First, an additional point mutation,
CA1, was detected in mutated BH10-LD3 but not BH10-LD4
viruses during long-term culture. Second, the MNC and MP2
point mutations were observed to have different roles in com-
pensation of the deletions in BH10-LD3 and BH10-LD4 vi-
ruses. For example, MNC was a major factor in regard to the
replication kinetics of BH10-LD3 and was able to confer in-
fectiousness on this construct when combined with each of the
MA1, CA1, and MP2 point mutations. Furthermore, MNC was
the first substitution to be acquired by BH10-LD3 virus during
long-term culture.

In contrast, MP2 played a more important role than MNC in
regard to the BH10-LD4 deletion. For example, MP2 alone
was able to confer infectiousness on BH10-LD4 and was the
first point mutation to be identified in BH10-LD4 virus during
long-term culture in MT-2 cells. Biochemical analysis showed
that BH10-LD3 but not BH10-LD4 virus was severely compro-
mised in the ability to encapsidate viral genomic RNA, helping
to explain why the MNC mutation, important for restoration of
packaging activity, was crucial to compensate for BH10-LD3
but not for BH10-LD4 (30). Hence, the sequences from 1238
to 1253 and from 1261 to 1274 together constitute a func-
tional element, yet at the same time, they play distinct roles in
viral replication. Ongoing studies are being performed in re-
gard to the effects of the BH10-LD3 and BH10-LD4 deletions
as well as of the newly identified compensatory point mutations
on viral RNA dimerization.

The different effects of the BH10-LD3 and BH10-LD4 de-
letions on viral RNA encapsidation might be due to their
ability to modulate stem-loop secondary structures in different
ways. In the case of wild-type viral RNA, cis-acting RNA pack-
aging signals result in four distinct stem-loop structures (i.e.,
SL1 to SL4) (Fig. 1A). Deletion of the fragment from nt 1238
to 1253 (i.e., BH10-LD3) eliminates SL1 and SL3, both of
which can bind to Gag protein and are involved in RNA pack-
aging (Fig. 1B) (10). In contrast, the BH10-LD4 deletion (nt
1261 to 1274) does not disrupt the formation of SL2, SL3, or
SL4 and, moreover, leads to the formation of an SL1-like RNA
structure (Fig. 1C). This explains how the BH10-LD3 but not
the BH10-LD4 deletion severely compromises viral RNA
packaging.

The mechanisms involved in compensation for the BH10-
LD3 and BH10-LD4 deletions can be inferred from the amino
acids involved in the various point mutations that have been
identified. For example, MNC involves a change of Thr-24 to
Ile within the first Zn finger motif of NC, i.e., CysPheAsnCys-
GlyLysGluGlyHisThrAlaArgAsnCys (Fig. 2). NC is known to
play a dominant role in regulation of packaging of viral
genomic RNA, and mutagenesis studies have demonstrated
that both the Zn fingers themselves as well as the basic amino
acids that flank them are involved in this process. Furthermore,
the first Zn finger domain is functionally more important than
the second (2, 7–9, 14, 15, 18, 38). Therefore, it is consistent
with these observations that the MNC point mutation was able
to restore levels of packaging of viral RNA in the case of the
BH10-LD3-MNC recombinant virus.

The MP2 point mutation involves a substitution of Ile for

Thr at position 12 in p2, a peptide that is only 14 amino acids
long. It is interesting that Thr-12 is located at the P3 position at
the initial site that is cleaved by protease (PR), i.e., AlaThrIle
Met*MetGlnArgGly, located between the C terminus of p2
and the N terminus of NC (Fig. 2). Therefore, replacement of
Thr by Ile may also have changed the nature of this cleavage
site and/or the ability of Gag and/or Gag-Pol to serve as the
substrate for PR. Previous results have shown that p2 plays an
important role in the processing of the Gag precursor protein
and in viral maturation (1, 24, 37, 42). Recent work also im-
plicated the p2 domain in the specific packaging of HIV-1
genomic RNA (22). The fact that the MP2 mutation can com-
pensate for deletions in SL1 suggests that the latter RNA
element may also participate in the processing of Gag protein.

It is also interesting that mutations within MA (V35I and
V35L) were able to compensate for deletion mutations within
the SL1 structure. The amino acid stretch within MA from
positions 30 to 43, within which lies Val35, forms an a-helix
(i.e., a-H2) that constitutes an N-terminal globular structure
(21). Others have shown that the SL1 RNA hairpin region can
bind to Gag protein with high affinity in cell-free experiments
(10). Thus, such interactions may conceivably play important
roles in Gag protein assembly and in the processing of Gag by
PR in vivo. Our deletions within SL1 probably affected inter-
actions between Gag protein and viral genomic RNA and may
have thereby compromised the assembly of Gag proteins. The
MA1 and MA2 point mutations may help to compensate for
this defect by modulating the assembly of Gag proteins in the
case of the viral deletion mutants.

Another point mutation at position 91 (I91T) in CA termed
CA1 was also identified as involved in compensation for the
BH10-LD3 deletion. Interestingly, the Ile at position 91 is one
of only nine amino acids (i.e., 85-ProValHisAlaGlyProIleAla-
Pro-93) within the CA protein that comprises the binding site
for cyclophilin A (CypA). Crystal structure analysis of the CA-
CypA complex shows that the side chain of Ile-91 projects
directly out from the CypA active site and has no intermolec-
ular contact (17). Mutagenesis studies also showed that re-
placement of Ile-91 by either Ala or Val had no measurable
effect on the efficiency of CypA binding (43). Therefore, the
CA1 point mutation may not affect the binding of CypA to CA
but may instead function through some other mechanism to
help rescue the BH10-LD3 deletion. In addition, site-directed
mutagenesis studies in our laboratory showed that the CA1
point mutation does not diminish the infectiousness of wild-
type virus (data not shown). Studies of the effects of the MA1
and MA2 point mutations on viral infectivity are ongoing.

In summary, two distinct deletions within the noncoding
viral RNA sequence, SL1, can be compensated for by substi-
tutional mutations within four different Gag proteins. Analysis
of these mutations suggests that the SL1 region is involved in
Gag protein assembly and processing in addition to its well-
documented roles in viral RNA packaging and dimerization.
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