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The untranslated leader region of the human immunodeficiency virus (HIV) RNA genome contains multiple
hairpin motifs. The repeat region of the leader, which is reiterated at the 3* end of the RNA molecule, encodes
the well-known TAR hairpin and a second hairpin structure with the polyadenylation signal AAUAAA in the
single-stranded loop [the poly(A) hairpin]. The fact that this poly(A) stem-loop structure and its thermody-
namic stability are well conserved among HIV and simian immunodeficiency virus isolates, despite consider-
able divergence in sequence, suggests a biological function for this RNA motif in viral replication. Consistent
with this idea, we demonstrate that mutations that alter the stability of the stem region or delete the upper part
of the hairpin do severely inhibit replication of HIV type 1. Whereas destabilizing mutations in either the left-
or right-hand side of the base-paired stem interfere with virus replication, the double mutant, which allows the
formation of new base pairs, replicates more rapidly than the two individual virus mutants. Upon prolonged
culturing of viruses with an altered hairpin stability, revertant viruses were obtained with additional mutations
that restore the thermodynamic stability of the poly(A) hairpin. Transient transfection experiments demon-
strated that transcription of the proviral genomes, translation of the viral mRNAs, and reverse transcription
of the genomic RNAs are not affected by mutation of the 5* poly(A) hairpin. We show that the genomic RNA
content of the virions is reduced by destabilization of this poly(A) hairpin but not by stabilization or truncation
of this structure. These results suggest that the formation of the poly(A) hairpin structure at the 5* end of the
genomic RNA molecule is necessary for packaging of viral genomes into virions and/or stability of the virion
RNA.

The 59 untranslated leader regions of human and simian
immunodeficiency virus (HIV and SIV) RNA genomes encode
multiple sequence elements that are important for viral repli-
cation. Elements that are critically involved in transcription
(the trans-acting responsive [TAR] element), mRNA splicing,
and dimerization, packaging, and reverse transcription of the
viral RNA have been identified (reviewed in reference 7). The
secondary structure of the leader region has been studied ex-
tensively, revealing that several of the functional elements
form stem-loop structures (e.g., the TAR hairpin and the
dimerization initiation signal) (5, 6, 11, 28, 30, 40, 41, 47–49).
We recently identified a novel hairpin structure in the repeat
(R) region of the leader, just downstream of the TAR element
(10) (Fig. 1). This structure contains the polyadenylation signal
(AAUAAA) in the single-stranded loop and was therefore
termed the poly(A) hairpin. Both R-region hairpins are reit-
erated at the extreme 39 end of HIV type 1 (HIV-1) RNA (Fig.
1). Phylogenetic analysis among different HIV and SIV isolates
revealed that the poly(A) stem-loop structure is well conserved
despite considerable divergence in nucleotide sequence (10).
There is ample evidence for a critical role of the TAR

hairpin in viral replication. The 59 TAR element is essential for
Tat-mediated activation of viral transcription (reviewed in ref-

erences 23 and 32). Furthermore, the 59 and/or 39 TAR ele-
ments may have additional roles in viral replication (34), and a
function in reverse transcription was recently proposed (27). In
contrast, little is known on the function of the 59 and 39 poly(A)
hairpin motifs. An important sequence within the hairpin is the
polyadenylation signal, which functions exclusively at the 39
terminus of the RNA transcript (Fig. 1). Several models have
been proposed to explain the differential polyadenylation site
usage (3, 15, 17, 20, 24, 25, 52, 53, 56, 57), and the presence of
the polyadenylation signal in a hairpin structure may provide
additional regulatory possibilities. For instance, the stem-loop
structure may either stimulate polyadenylation in the 39 R
context or inhibit polyadenylation in the 59 R context. An
obvious role for the TAR and poly(A) sequences of the R
region is in the process of reverse transcription, where se-
quence identity between 59 and 39 R regions facilitates transfer
of the minus-strand strong-stop DNA (reviewed in reference
51). Mutational analysis (12) revealed an efficient strand trans-
fer with truncated 39 R sequences which could not fold the
TAR and poly(A) hairpins. Although this result suggests that
the 39 TAR and poly(A) hairpins are not essential for the first
strand transfer, such a role for the 59 R structures cannot be
excluded.
In this study, we mutated the poly(A) hairpin of HIV-1 to

test its role in viral replication. Viruses with stabilized or de-
stabilized poly(A) hairpins showed severe replication defects.
Analysis of revertant viruses, obtained upon prolonged cultur-
ing of the mutants, revealed that the thermodynamic stability
of the poly(A) stem-loop structure has to stay within narrow
limits for efficient HIV-1 replication. We demonstrate that
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destabilization of the 59 poly(A) hairpin gives rise to a reduced
genomic RNA content of the virions, suggesting that this struc-
ture is necessary for packaging and/or stability of virion RNA.

MATERIALS AND METHODS

Cells and viruses. SupT1 T cells were grown in RPMI 1640 medium containing
10% fetal calf serum (FCS) at 378C and 5% CO2. SupT1 cells were transfected
with HIV-1 molecular clones by means of electroporation. Briefly, 5 3 106 cells
were washed in RPMI 1640 with 20% FCS, mixed with 1 or 5 mg of DNA in
0.4-cm cuvettes, and electroporated at 250 V and 960 mF, followed by resuspen-
sion of the cells in RPMI 1640 with 10% FCS. Cells were split 1 to 10 twice a
week. For the selection of revertant viruses, cultures were maintained for up to
200 days. When HIV-induced cytopathic effects were seen, high-level virus rep-
lication was maintained by passage of the cell-free culture supernatant onto
uninfected SupT1 cells. Initially, we used 10 ml to infect 10 ml of SupT1 cells, but
we gradually used less culture supernatant per passage (minimally 0.1 ml). At
each passage, cell and supernatant samples were isolated and stored at 2708C.
C33A cervix carcinoma cells (ATCC HTB31) (4) were grown as a monolayer

in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS and min-
imal essential medium nonessential amino acids at 378C and 5% CO2. C33A cells
were transfected by the calcium phosphate method. Cells were grown in 20 ml of
culture medium in a 75-cm2 flask to 60% confluency. Forty micrograms of DNA
in 880 ml of water was mixed with 1 ml of 50 mM HEPES (pH 7.1)–250 mM
NaCl–1.5 mM Na2HPO4 and 120 ml of 2 M CaCl2, incubated at room temper-
ature for 20 min, and added to the culture medium. The culture medium was
changed after 16 h.

DNA constructs. A derivative of the full-length molecular HIV-1 clone pLAI
(45) was used to produce wild-type and mutant viruses. In this vector, pLAI-R37,
the 39 long terminal repeat (LTR) was truncated at the SacI site (12). Because
this results in deletion of the HIV-1 polyadenylation site, sequences encompass-
ing the chloramphenicol acetyltransferase (cat) gene and a simian virus 40
(SV40) polyadenylation site were placed downstream of the truncated 39 LTR
(Fig. 2). Nucleotide numbers refer to positions on the genomic RNA transcript,
with 11 being the capped G residue. For mutation of the poly(A) hairpin
sequence, an XbaI-ClaI fragment encompassing the complete 59 LTR, untrans-
lated leader, and 59 part of the gag gene (nucleotides [nt] 2454 to 1376) was
cloned in pBluescriptII KS1 (Stratagene) as previously described (Blue-59LTR)
(8). For the construction of mutants A, B, C, and D, the poly(A) hairpin
sequence was modified by oligonucleotide-directed in vitro mutagenesis (37)
using single-stranded (minus-strand) DNA and a Muta-Gene in vitro mutagen-
esis kit (Bio-Rad). Sequences of plus-strand mutagenic oligonucleotides used are
as follows (D, indicates a deletion; mutated nucleotides are underlined): A,
CTTGCCTTGAGDGCTTDAAGCAGTGTGTGCCC; B, ACTAGGGAACCA
GCTGCTTAACGCTCAATAAAGC; C, GAGTGCTTCAACGATCGTGTGC
CCGTCTG; and D, CTAGGGAACCCGATCGTTAAGCCTCAAT. For the
construction of mutant CD, the HindIII-ClaI fragment of mutant D (nt 177 to
1376) was replaced by the corresponding sequences of mutant C. In mutant E,
the upper part of the poly(A) hairpin was removed by deleting a 29-nt BfrI
fragment of mutant A (sites at positions 163 and 193; the latter was introduced
by the A mutation). All mutations were verified by sequence analysis. Mutated
XbaI-ClaI fragments were subsequently introduced into the 59 LTR region of the
pLAI-R37 molecular clone.
Proviral DNA analysis and cloning of revertant sequences in the HIV-1 pro-

viral clone. HIV-1 infected cells were pelleted by centrifugation at 4,000 rpm for
4 min and washed with phosphate-buffered saline (PBS). DNA was solubilized by

FIG. 1. A tandem hairpin motif is present at both ends of HIV-1 genomic
RNA. A schematic of the HIV-1 proviral DNA is shown with the LTR subdi-
vided in the three domains (U3, R, and U5). Flanking the LTRs are signals for
reverse transcription: the primer-binding site (PBS) and polypurine tract (ppt).
Transcription of the proviral DNA produces an RNA molecule with terminal
repeat elements (59 and 39 R) that contain the TAR and the poly(A) hairpin (for
a review, see reference 7). Details of these structures are provided in the lower
panel. Polyadenylation in the 39 R region occurs 19 nt downstream of the
AAUAAA sequence (denoted by a grey box). This process truncates the poly(A)
hairpin and allows for extension of the 39 TAR hairpin with two base pairs.
Nucleotide positions in the two repeats are numbered identically with respect to
the transcriptional start site (11) in the 59 R region.

FIG. 2. A mutant 59 poly(A) hairpin is inherited during replication. Mutated
poly(A) hairpin sequences were introduced into the 59 R region of pLAI-R37
(12), a derivative of the full-length proviral clone pLAI (45). To prevent rever-
sion to the wild-type sequence, the 39 poly(A) hairpin sequences had been
removed by truncation of the 39 R region (R37 [39 R of 37 nt]) (35). Instead,
sequences encompassing the cat gene and an SV40 polyadenylation site were
placed downstream of the truncated 39 LTR. Upon transfection of this vector
into cells (T or non-T cells), viruses containing genomic RNAs with a mutant 59
R region and a truncated 39 R region are produced. Upon subsequent infection
of T cells, the viral RNA is reverse transcribed (the primer-binding site [PBS]
and polypurine tract [ppt] elements for reverse transcription are indicated), and
proviral genomes with complete 59 and 39 LTRs are produced (12). In this
process, the mutations introduced in the 59 poly(A) hairpin (indicated by a
stippled box) are copied into both the 59 and 39 LTRs of the progeny.
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resuspending the cells in 10 mM Tris-HCl (pH 8.0)–1 mM EDTA–0.5% Tween
20, followed by incubation with 200 mg of proteinase K per ml at 568C for 30 min
and at 958C for 10 min. Proviral DNA sequences were PCR amplified from total
cellular DNA, using the 59 U3 region primer LAI59X (positions 2454 to 2434)
and the 39 gag primer AD-GAG (positions 1442 to 1463). PCR fragments were
cloned into TA cloning vector pCRII (Invitrogen). Sequence analysis was per-
formed by using the Taq DyeDeoxy Terminator cycle sequencing protocol (Ap-
plied Biosystems) and an Applied Biosystems 373 DNA sequencer. For the
cloning of revertant sequences into the proviral clone, BspEI-NarI fragments
(nt 2147 to 1188; mutant A120-3) or BspEI-HindIII fragments (nt 2147 to
182; mutants B57-2, B127-4, and B200-1) were used to replace corresponding
sequences in plasmid Blue-59LTR. Revertant XbaI-ClaI fragments of the
resulting plasmids were then introduced into the 59 LTR region of pLAI-R37.
Isolation and quantification of viral RNA. Three days after transfection of

C33A cells, the culture medium (20 ml) was centrifuged at 4,000 rpm for 30 min
to remove cells. The virus-containing supernatant was subsequently filtered
through a 0.45-mm-pore-size filter (Schleicher & Schuell) and centrifuged
through 10 ml of 20% sucrose in a Beckman SW28 rotor at 27,000 rpm and 48C
for 3 h. Virions were resuspended in 500 ml of 10 mM Tris-HCl (pH 8.0)–100
mM NaCl–1 mM EDTA. Viral RNA was isolated by incubation of viruses with
100 mg of proteinase K per ml in the presence of 0.5% sodium dodecyl sulfate
(SDS) at 378C for 30 min, followed by extraction with phenol-chloroform-isoamyl
alcohol (25:24:1) and precipitation in 0.3 M sodium acetate (pH 5.2) and 70%
ethanol at 2208C. The RNA was pelleted by centrifugation (20 min at 16,000 3
g), washed with 70% ethanol, and dried. Pellets were resuspended in 10 mM
Tris-HCl (pH 7.5)–50 mM NaCl–10 mM MgCl2–1 mM dithioerythritol and
incubated with 10 U of DNase I (RNase free; Boehringer Mannheim) per 100 ml
at 378C for 30 min to remove any contaminating DNA. After extraction with
phenol-chloroform-isoamyl alcohol (25:24:1), the RNA was precipitated with 0.3
M sodium acetate and 70% ethanol. The RNA was pelleted at 16,000 3 g for 20
min, washed with 70% ethanol, and dried. Pellets were resuspended in water and
stored at 2208C.
Viral RNA isolated from equal amounts of virions (normalized by reverse

transcriptase [RT] activity) was spotted onto nitrocellulose membranes (BA-S
85; Schleicher & Schuell), using a slot blot manifold as previously described (19).
Viral RNA was hybridized with a HIV-1 gag-pol probe (PvuII fragment of pLAI,
positions 1691 to 12881), which had been 32P labeled by the random-primer
labeling method (Boehringer Mannheim). Hybridization was performed in 63
SSC (13 SSC is 150 mM NaCl plus 15 mM sodium citrate)–0.1% SDS–23
Denhardt’s solution–50 mg of salmon testis DNA per ml at 688C for 16 h.
Membranes were washed for 20 min at room temperature in 13 SSC–0.1% SDS,
followed by three washes of 20 min each in 0.23 SSC–0.1% SDS at 688C.
Hybridization signals were quantitated with a PhosphorImager (Molecular Dy-
namics). To verify the absence of contaminating DNA, RNA was incubated with
0.5 N NaOH at 558C for 30 min prior to slot blotting. This resulted in a complete
loss of the hybridization signals, indicating that the observed hybridization signals
corresponded exclusively to genomic RNA.
Western blot analysis. Cells were washed once with PBS, and virions were

isolated by ultracentrifugation and then resuspended in reducing SDS sample
buffer (50 mM Tris-HCl [pH 7.0], 2% SDS, 10% b-mercaptoethanol, 5% glyc-
erol). Proteins were resolved in an SDS–10% polyacrylamide gel, transferred to
Immobilon-P (16 h, 60 V), and subsequently blocked with PBS containing 5%
nonfat dry milk, 3% bovine serum albumin, and 0.05% Tween 20. Filters were
subsequently incubated with serum of an HIV-1-infected individual (patient H)
for 1 h at room temperature, washed, incubated with goat anti-human immuno-
globulin G-alkaline phosphatase conjugate (Bio-Rad), and developed by using the
5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazolium protocol (Sigma).
CA-p24 enzyme-linked immunosorbent assay and RT activity assay. CA-p24

levels were determined by enzyme-linked immunosorbent assay (Abbott). RT
assays were performed as previously described (58). Each reaction mixture con-
tained 10 ml of virus sample and 50 ml of RT buffer (60 mM Tris-HCl [pH 8.0],
75 mM KCl, 5 mM MgCl2, 0.1% Nonidet P-40, 1 mM EDTA, 4 mM dithiothre-
itol) supplemented with 0.25 mg of poly(A), and 8 ng of oligo(dT)18 primer, and
0.1 ml of [a-32P]dTTP (3,000 Ci/mmol, 10 mCi/ml). After 2 h at 378C, 10 ml was
spotted onto DE-81 paper (Whatman), which was washed three times in 5%
Na2HPO4, washed twice in ethanol, and air dried. RT activity was measured in
the linear range of the assay, and radioactive spots were quantitated on a
Molecular Dynamics PhosphorImager.
Reverse transcription analysis upon infection of T cells. Virus stocks were

prepared by transfection of C33A cells. Three days posttransfection, the culture
medium (20 ml) was centrifuged at 4,000 rpm for 30 min to remove cells. The
virus-containing supernatant was subsequently filtered through a 0.45-mm-pore-
size filter (Schleicher & Schuell) and stored at 2708C. Contaminating DNA
present in this supernatant was digested by incubation with 50 U of DNase I
(RNase free; Boehringer Mannheim) per ml and 10 mM MgCl2 at 378C for 1 h.
SupT1 cells were incubated with equal amounts of wild-type and mutant viruses
(normalized by RT levels) for 1 h to allow infection of the cells. Viruses were
removed by extensive washing, and cells were either harvested or cultured for
prolonged periods of time (0, 1, 2, 3, and 19 h). Infected cells were pelleted by
centrifugation at 4,000 rpm for 4 min and washed with PBS. DNA was solubilized
by resuspending the cells in 10 mM Tris-HCl (pH 8.0)–1 mM EDTA–0.5%
Tween 20, followed by incubation with 200 mg of proteinase K per ml at 568C for

30 min and at 958C for 10 min. Reverse transcription products were amplified by
PCR, with a 59 primer identical to U5 sequences (59Sau3A-B, positions 1131 to
1149) and a 39 primer complementary to gag sequences (AD-GAG, positions
1442 to 1463). This PCR amplifies reverse transcription products formed after
the second-strand transfer. PCR products were analyzed by agarose gel electro-
phoresis and Southern blotted onto nylon membranes (Zeta Probe; Bio-Rad).
To quantitate the PCR products, the filters were hybridized with a 32P-labeled
HIV-1 probe (LAI positions 2454 to 1381) in 0.5 M sodium phosphate (pH
7.2)–7% SDS–1 mM EDTA–50 mg of salmon testis DNA per ml at 658C for 16 h.
Membranes were washed in 40 mM sodium phosphate (pH 7.2)–1% SDS at
658C, three times for 5 min and once for 15 min, and then washed for 5 min in
the same buffer at room temperature. Hybridization signals were quantitated
with a PhosphorImager (Molecular Dynamics).

RESULTS

Mutation of the poly(A) hairpin. To study the role of the
poly(A) hairpin in replication of HIV-1, we introduced muta-
tions in this stem-loop structure. The poly(A) hairpin is part of
the R-U5 domain of the LTR, and a copy of this sequence is
present at both the 59 and 39 ends of the HIV-1 proviral
genome (Fig. 1). Usage of a full-length proviral clone for the
production of poly(A) hairpin-mutated viruses would necessi-
tate mutation of both LTRs; otherwise, the mutant virus may
revert to the wild-type sequence by recombination or by pre-
mature strand transfer during reverse transcription (35). To
circumvent this requirement, we used a derivative of the full-
length proviral clone pLAI in which the 39 LTR is truncated
(pLAI-R37) (Fig. 2) (12). In this vector, the poly(A) hairpin
sequence is present only in the 59 LTR. An SV40 polyadenyl-
ation site is placed downstream of the truncation point to allow
efficient polyadenylation of the RNA transcript. Upon trans-
fection of cells with this vector, virions with a truncated 39 R
region in the RNA genome are produced. Upon infection of
cells by these virions, the RNA genome is reverse transcribed.
As previously demonstrated (12), the truncated R region of 37
nt allows efficient transfer of minus-strand strong-stop DNA
during reverse transcription. After one round of reverse tran-
scription, the 59 R and U5 sequences of the RNA molecule are
inherited by both the 39 and 59 LTRs of the resulting complete
proviral genome (Fig. 2). Thus, we introduced mutations in the
59 poly(A) hairpin sequence of pLAI-R37. Upon transfection
of cells (T or non-T cells), virions that have the mutated
poly(A) hairpin at the 59 ends of their genomic RNA mole-
cules are produced. Upon infection of T cells by these viruses,
the poly(A) hairpin mutations will be copied into both the 59
and 39 LTRs, and all progeny virions will have the altered
poly(A) hairpin at both ends of their RNA genomes.
The poly(A) hairpin of pLAI-R37 was mutated in different

ways (Fig. 3). In mutant A, both one-nucleotide bulges are
deleted and a G-U base pair is replaced by a more stable G-C
base pair. As a result, the stability of the poly(A) hairpin
increases (DGwild type 5 215.3 kcal/mol; DGA 5 225.7 kcal/
mol). In mutant B, the poly(A) hairpin is destabilized at two
positions by substitution of four nucleotides (DGB 5 26.7
kcal/mol). In mutants C and D, destabilizing mutations are
introduced in either the right- or left-hand side of the stem
(DGC 5 DGD 5 26.8 kcal/mol). The mutated segments of C
and D were designed such that recombination as in the double-
mutant CD restores base pairing in the lower part of the stem
(DGCD 5 217.0 kcal/mol). In mutant E, the upper part of the
poly(A) hairpin is deleted, thereby removing the AAUAAA
polyadenylation signal.
Reduced replication of HIV-1 mutated in the poly(A) hair-

pin. To study the replication potential of the mutant viruses,
wild-type (pLAI-R37) and mutated (mutants A to E) (Fig. 3)
proviral genomes were transfected into SupT1 cells. These
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cells express the CD4 receptor and are fully susceptible for
virus replication. Virus production was monitored by measur-
ing CA-p24 levels in the culture medium. As shown in Fig. 4A,
replication of the destabilized mutant B and the deletion mu-
tant E was significantly delayed compared to that of the wild-
type virus, and no replication was observed for the stabilized
mutant A. Mutants, C, D, and CD were designed to distinguish
between structure and sequence effects of the introduced mu-
tations. As shown in Fig. 4B, both destabilized mutants C and
D replicated less efficiently than the wild-type virus, but repli-

cation was almost completely restored by combination of the
mutated segments in the double mutant CD. These results
demonstrate the importance of the poly(A) stem-loop struc-
ture in viral replication. Changes in nucleotide sequence motifs
may also contribute to the replication defect. For instance,
mutant C replicates less efficiently than mutant D, although the
two hairpins are similarly destabilized (Fig. 3). Thus, the se-
quence mutated in mutant C may be important for replication.
However, this sequence-specific defect is expected to be minor,
given the relatively efficient replication of double mutant CD.

FIG. 3. Poly(A) hairpin mutants. The HIV-1 poly(A) hairpin was mutated in different ways (nucleotide numbers refer to positions on the genomic RNA, with 11
being the capped G residue). In mutant A, the hairpin is stabilized by deletion (å) of two bulges and one nucleotide substitution (boxed). In mutant B, the hairpin
is destabilized by the introduction of four nucleotide substitutions. To minimize sequence-specific effects, the substitutions in mutants A and B were designed according
to natural variation at these positions. For instance, the one-nucleotide substitution in mutant A and the mutations at positions 159, 168, and 169 in mutant B are
found in HIV-1 isolate Antwerpen70 (10, 42). In mutants C and D, destabilizing mutations are introduced in the right- and left-hand sides of the stem, respectively.
The mutated segments of C and D were combined in mutant CD, thus restoring the formation of base pairs in the lower part of the stem. In mutant E, the upper part
of the poly(A) hairpin is deleted, which results in the removal of the AAUAAA polyadenylation site (in boldface). The free energies of the stem-loop structures were
calculated by using the Zuker algorithm (60) and are indicated in kilocalories per mole at the bottom. WT, wild type.

FIG. 4. Replication of wild-type and mutated HIV-1. SupT1 cells were transfected with proviral constructs encoding a wild-type or mutant poly(A) hairpin. Viruses
were allowed to replicate for several weeks, and CA-p24 production was measured in the culture supernatant at several time points. (A) Replication of the wild-type
virus and of mutants A, B, and E. (B) Replication of the wild-type virus and mutants C, D, and CD.

VOL. 71, 1997 HIV-1 POLY(A) HAIRPIN AND RNA PACKAGING 2349



Reversion of poly(A) hairpin mutants to wild-type stability.
Mutant A did not show any replication after transfection of 1
mg of DNA (Fig. 4A). However, some virus production was
observed upon transfection of more DNA (e.g., 5 mg [not
shown]). Mutants A and B were cultured for up to 200 days,
and virus and cell samples were taken at several time points.
The replication capacity of the virus samples was assayed by
infection of fresh SupT1 cells (Fig. 5). Viruses isolated at 18
and 16 days posttransfection (mutants A and B, respectively)
showed improved replication kinetics compared to the original
mutants. Upon prolonged culturing, the replication capacity of
these mutants further increased.
To determine the sequence of the poly(A) region of these

phenotypic revertants, total cellular DNA was isolated from
the infected cells sampled at different time points. The com-
plete 59 LTR-leader region of HIV-1 proviral DNA was PCR
amplified and cloned, followed by sequencing of multiple
clones for each time point. For both mutant A and mutant B,
second-site mutations appeared and became fixated in the
poly(A) hairpin sequence of the progeny (Fig. 6). Additional
nucleotide changes were occasionally observed outside the
poly(A) hairpin region, but these mutations were found in
individual clones and may have resulted from PCR errors. As
shown in Fig. 7, the second-site mutations restore the stability
of the poly(A) hairpin to the wild-type level. Mutant A with a
stabilized poly(A) stem (DGA 5 225.7 kcal/mol) acquired
additional mutations that destabilize the hairpin (Fig. 7A). In
fact, two alternative reversion pathways were observed, which
differ by the position of a G3A substitution (compare struc-
tures A57-2 and A120-3, DG 5 216.0 and 217.1 kcal/mol,
respectively). Only the A120-3 structure was observed upon
prolonged culturing, indicating a replication advantage for this
revertant. Mutant B with a destabilized poly(A) stem acquired
additional mutations that stabilized this hairpin. Mutant B was

designed to open the central part of the stem (Fig. 3 and 7B;
DGB 5 26.7 kcal/mol), but RNA structure predictions suggest
a base pair rearrangement resulting in a more stable structure
(Fig. 7B; DGB 5 211.4 kcal/mol). Apparently, this stem was
further stabilized by a second-site A3G mutation (B57-2;
DG 5 217.1 kcal/mol). At 57 and 127 days posttransfection,
we observed an additional G3A substitution in the lower part
of the stem, which is in fact a first-site reversion (B127-4). The
hairpin stability was only marginally affected by this latter re-
version (DG 5 216.9 kcal/mol), and we did not observe this
revertant at 200 days posttransfection (Fig. 6B). Outgrowth of
the B57-2 revertant may have resulted from additional muta-
tions elsewhere in the HIV-1 genome that increased the rep-
lication potential of this virus on SupT1 cells (see below).
The role of the acquired mutations in the phenotypic rever-

sion of the poly(A) mutants was verified by introduction of the
revertant sequences in the proviral vector. Both mutant A and
mutant B replicated more efficiently in the presence of the
additional mutations, confirming that the restored hairpin sta-
bility increases the replication potential of the viruses (Fig. 8).
One should note that the cloned revertants did not replicate as
efficiently as the sampled viruses (compare clone A120.3 in Fig.
8A with virus A200 in Fig. 5A and clone B200-1 in Fig. 8B with
virus B200 in Fig. 5B). This result suggests that mutations
outside the cloned fragment can also improve the replication
of HIV-1 LAI on SupT1 cells.
Viral gene expression is not affected by mutation of the 5*

poly(A) hairpin. The replication and reversion experiments
clearly demonstrate an important role for the poly(A) hairpin
in the replication cycle of HIV-1. To identify the process in
which the hairpin is involved, we analyzed the effects of the
mutations on viral gene expression and virion production. We
transiently transfected C33A cells (human cervix carcinoma
cells not expressing CD4) with wild-type and mutant proviral

FIG. 5. Increased replication of mutant viruses upon prolonged culturing. Virus samples obtained upon prolonged culturing of mutants A and B were assayed for
replication capacity by infection of fresh SupT1 cells. The day of sampling is indicated by the name; e.g., A18 corresponds to viruses harvested at day 18. Upon infection
with equal amount of virus (normalized by CA-p24 levels), viruses were allowed to replicate for several weeks, and CA-p24 production was measured in the culture
supernatant at several time points. wt, wild type.
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vectors. Because these proviruses have a truncated 39 R region
(Fig. 2), this analysis will score exclusively the effect of a mu-
tated 59 poly(A) hairpin. We measured the expression of viral
proteins by Western blot analysis of total cellular extracts. As
shown in Fig. 9, transfection with the different constructs re-
sulted in the production of similar levels of viral proteins. To
analyze virus production, we measured RT activity and CA-p24
in the culture supernatant, and we calculated the RT-to-CA-
p24 ratio. These levels did not vary significantly for the differ-
ent constructs (Fig. 10A). We next isolated virions by ultracen-
trifugation. The RT and CA-p24 levels and the RT-to-CA-p24
ratios of these viruses were measured and found to be similar
(Fig. 10B). Consistent with this result, Western blot analysis of
the virion samples revealed similar CA-p24 levels (Fig. 9).
These combined results demonstrate that the 59 poly(A) mu-
tants are not affected in transcription, translation, and virion
assembly. Although we did not directly measure the splicing

efficiency of the precursor RNA, normal production of Gag
and Pol proteins requires the production of normal levels of
Tat and Rev protein which are translated from spliced
mRNAs. Thus, it seems unlikely that splicing of the primary
RNA transcript is affected by the 59 poly(A) hairpin mutations.
Viral RNA content of mutants with a destabilized 5* poly(A)

hairpin is reduced. To measure the RNA content of the wild-
type and poly(A)-mutated viruses, virions were purified by
ultracentrifugation and RNA was isolated by phenol-chloro-
form extraction. The genomic RNA content was determined by
slot blot analysis with a probe complementary to gag-pol se-
quences in unspliced HIV-1 RNAs. As shown in Fig. 10C, the
viral RNA content of mutants B, C, and D was found to be
reduced to 40 to 60% of the wild-type level. These mutants all
have a destabilized 59 poly(A) hairpin. The virions of the sta-
bilized mutant A and the deletion mutant E contained wild-
type levels of genomic RNA, whereas the double mutant CD,

FIG. 6. Additional mutations acquired in the poly(A) hairpin of revertant viruses. Mutants A and B were cultured on SupT1 cells for 200 days (Fig. 5). Cellular
proviral DNA was isolated at different time points, and the 59 leader region was PCR amplified and cloned. The nucleotide sequence of this region was determined
for several clones. The 151/1110 fragment encompassing the poly(A) hairpin is shown, with the day at which proviral DNA was isolated and the number of the clone
indicated on the left. Occasionally, mutations were observed outside the poly(A) hairpin region. However, these mutations were found in only one of the clones
(probably resulting from PCR errors) or were not conserved upon prolonged culturing. An exception to this is a T3G substitution at position 22 in the revertants of
mutant B (this substitution had also been observed in a previous study [9]). As shown in Fig. 8B, this additional mutation did not improve viral replication (compare
replication of B200-1 with that of B57-2). wt, wild type.
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which has a normal hairpin stability, showed an increased
virion RNA content. Thus, the viral RNA content was reduced
by destabilization of the 59 poly(A) hairpin, whereas it was not
affected by stabilization or deletion of this structure. Surpris-
ingly, the nucleotide changes introduced in the lower part of
the stem in double mutant CD increased the viral RNA con-
tent.
Poly(A) hairpin mutations do not affect reverse transcrip-

tion of the genomic RNA.Mutation of the poly(A) hairpin may
affect reverse transcription in different ways. First, binding of
the tRNA3

Lys primer onto the genomic RNA may be affected.
Although the primer-binding site is located downstream of the
poly(A) region (Fig. 2), additional interactions between the
tRNA primer and the viral RNA have been proposed (1, 11,
31, 55), and mutation of the poly(A) hairpin may thus affect the
reverse transcription efficiency. Second, stabilization of the
poly(A) hairpin in the RNA template, as in mutant A, may
block the elongating RT enzyme and result in premature ter-

mination of reverse transcription (44). Third, since the poly(A)
hairpin is part of the R region, the 59 R mutations may affect
the efficiency of the first strand transfer during reverse tran-
scription.
We analyzed the effects of the 59 poly(A) hairpin mutations

on reverse transcription upon infection of T cells. SupT1 cells
were incubated for 1 h with equal amounts of wild-type and
mutant viruses (normalized by RT levels). Viruses were re-
moved by extensive washing, and cells were either harvested or
cultured for prolonged periods of time (up to 19 h). Total
DNA preparations of the cells isolated at the different time
points (1 to 20 h postinfection) were analyzed by PCR with a
primer combination that detected reverse transcription prod-
ucts after the second strand transfer. Such cDNAs were first
detected 2 h after infection by the wild-type virus and increased
in abundance over time (Fig. 11). Similar levels of cDNA
synthesis were measured for mutants A and E. In contrast,
reduced reverse transcription was measured for mutants B, C,

FIG. 7. Reversion pathways observed for poly(A) hairpin mutants. Additional mutations observed in the poly(A) hairpin upon prolonged culturing of mutants A
and B and the resulting DG values (in kilocalories per mole) are indicated. Introduced mutations (boxed), deleted nucleotides (å), and acquired additional mutations
(circled) are indicated. Revertants are labeled according to the corresponding sequence in Fig. 6 (e.g., A18-2 refers to clone 2 of mutant A sampled at day 18). RNA
structure predictions suggested an alternative base-pairing scheme for the hairpin of mutant B, resulting in a more stable structure (DGB 5 211.4 instead of 26.7
kcal/mol). The stability of this rearranged structure was subsequently increased by additional mutations.
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and D, and an increased level was measured for mutant CD. A
similar pattern was observed with other sets of PCR primers,
amplifying either minus-strand strong-stop DNA or cDNA
formed after the first strand transfer (not shown). Most im-
portant, the levels of reverse transcription of the poly(A) mu-
tants (Fig. 11B) were consistent with the genomic RNA con-
tent of the mutant virions (Fig. 10C). These combined results

suggest that initiation and elongation of reverse transcription
are not significantly affected by the 59 poly(A) hairpin mutations.

DISCUSSION

There is now substantial evidence that the R region of
HIV-1 RNA molecules contains two critical hairpin structures.
Previous studies demonstrated the importance of the TAR
stem-loop structure in viral replication (26, 27, 34, 46). In this
study, we focused on the adjacent structure, the poly(A) hair-
pin (Fig. 1), which is conserved in a wide variety of HIV and
SIV isolates (10). Mutation of the stem nucleotides signifi-
cantly decreased HIV-1 replication. Several observations indi-
cated that RNA structure effects rather than sequence effects
are responsible for these replication defects. First, the double
mutant CD, which combines the mutations of C and D and
restores base pairing, replicated more rapidly than the two
individual virus mutants and almost as efficiently as the wild-
type virus. Second, upon prolonged culturing of the mutants A
and B, revertant viruses were obtained with additional muta-
tions in the poly(A) hairpin region. The thermodynamic sta-
bility of the poly(A) hairpin in these second-site revertants
approached the wild-type situation, whereas their nucleotide
sequences did not resemble that of the wild-type virus. Never-
theless, some of the mutations may have affected important
sequence elements. For instance, mutants C and D have the
same hairpin stability but replicated with different kinetics. The
more severe replication defect of mutant C may result from
mutation of the GU-rich element downstream of the AAU
AAA sequence, which was previously shown to be important
for HIV-1 polyadenylation (14). Truncation of this GU motif

FIG. 8. Second-site mutations in the poly(A) hairpin restore the replication potential. Additional mutations observed in the poly(A) region of revertant viruses were
cloned in the proviral vector pLAI-R37. Revertants are labeled according to the corresponding sequence in Fig. 6 (e.g., A120-3 refers to clone 3 of mutant A sampled
at day 120). Clone A120-3 contains two additional mutations in the poly(A) hairpin of mutant A (Fig. 6A and 7A). Clones B57-2 and B127-4 contain, respectively, one
and two additional mutations in the poly(A) hairpin of mutant B (Fig. 6B and 7B). Clone B200-1 is identical to clone B57-2 except that it contains an additional T3G
mutation at position 22 (i.e., upstream of the transcription start site). Revertant clones were transfected into SupT1 cells, and equal amounts of viruses (normalized
by CA-p24) obtained at 4 days posttransfection were used to infect fresh cells. Viruses were allowed to replicate for several weeks, and CA-p24 production was measured
in the culture supernatant at several time points. wt, wild type.

FIG. 9. Western blot analysis of transiently produced viral proteins and vi-
ruses. C33A cells were transfected with wild-type (wt) and mutated proviral
constructs. At 3 days posttransfection, total cellular extracts were prepared and
equal parts were analyzed (lanes 1 to 8). Virions were isolated by ultracentrifu-
gation, and equal amounts (as determined by RT activity level) were analyzed
(lanes 9 to 15). Viral proteins were identified by using serum of an HIV-1-
infected individual. The positions of the HIV-1 Gag-p55 precursor protein, the
MA-CA-p41 processing intermediate, and the mature CA-p24 protein are indi-
cated on the left. The positions of molecular mass marker proteins (in kilodal-
tons) are indicated on the right. Lanes 1 and 9, transfection of wild-type con-
structs; lanes 2 to 7 and 10 to 15, transfection of poly(A) hairpin mutants; lane
8, mock-transfected cells.
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may also explain why mutant CD replicates less efficiently than
wild-type virus.
Transient transfections were performed to study the role of

the 59 poly(A) hairpin in the untranslated leader of HIV-1

transcripts. Mutation of this hairpin did not affect expression of
the HIV-1 genes and virion production, indicating that the 59
hairpin is not involved in transcription of the proviral genome,
processing of the primary transcript, or translation of the
mRNAs. Virions of mutant A with a stabilized poly(A) hairpin
contained normal levels of genomic RNA, whereas the viral
RNA content was reduced for the destabilized mutants B, C,
and D. This result suggests that formation of a stable hairpin
structure at the 59 R position in the genomic RNA molecule is
necessary for packaging of the viral genomes into the virions.
Alternatively, this hairpin is necessary for stability of the pack-
aged viral RNA. Vicenzi et al. (54) showed that deletion of 29
nt at the 59 end of U5, comprising 7 nt at the 39 end of the
poly(A) hairpin, resulted in a 10-fold decrease in RNA pack-
aging. The packaging defect of this U5 deletion mutant may
have resulted from destabilization of the poly(A) hairpin,
which would be in agreement with our observations. Interest-
ingly, the virions of mutant E, in which the upper part of the
hairpin is deleted, contain normal levels of genomic RNA.
Because the truncated E sequence can still form a short but
regular stem-loop structure (Fig. 3), this result may indicate
that the presence of single-stranded RNA negatively influences
RNA packaging and/or stability. Surprisingly, the nucleotide
changes introduced in the lower part of the stem in double
mutant CD resulted in an increased viral RNA content. The
reason for this phenomenon is unclear.
Several cis-acting RNA elements have been suggested to

contribute to packaging of HIV-1 genomic RNA. Packaging
signals have been identified in the leader region, either up-
stream (13, 29, 33, 40, 54) or downstream (2, 18, 38, 40) of the
major splice donor site. Furthermore, sequences within the gag
open reading frame (16, 39, 43) may affect the viral RNA
packaging efficiency. It may be remarkable that several of the
sequences involved in packaging can be folded in stable stem-
loop structures: the poly(A) hairpin (this study), the dimeriza-
tion initiation signal hairpin (13, 40), and the stem-loop struc-
ture directly downstream of the splice donor site (40). This
observation seems to hold for other retroviruses. Avian spleen
necrosis virus contains in the 59 leader region a double hairpin
which is conserved in several type C retroviruses (36) and
involved in RNA packaging (59). It should also be noted that
several HIV-1 motifs involved in packaging have been impli-
cated in the process of dimerization (13, 40, 47), a finding
consistent with the idea that these processes are linked (21,
22). In fact, if dimerization is a prerequisite for packaging, it
would be interesting to test the dimerization properties of all
packaging mutants, including the poly(A) variants tested in this
study.
All poly(A) hairpin-mutated viruses showed a reduced rep-

lication capacity, though the extent of the defect varied. A
significant difference between these replication studies and the
transient transfection experiments is the status of the 39 R
region. Viruses produced by the transiently transfected cells
will have the mutant poly(A) motif exclusively in the 59 R
region, whereas the replicating virus will inherit the mutant
sequence in both 59 and 39 R elements (Fig. 2). Because the
replication defect of mutants B, C, and D correlates with a
reduced genomic RNA content of the 59 R-mutated virions, it
seems likely that the mutated 59 poly(A) hairpin reduced the
replication capacity of these viruses. However, this does not
exclude the possibility that the mutated 39 poly(A) hairpin also
contributed to the observed replication defect. Destabilization
of the 39 poly(A) hairpin may further reduce virion RNA
packaging or stability, or it may affect another process in the
viral replication cycle. As mentioned above, polyadenylation of
the C mutant may be affected since we mutated a GU-rich

FIG. 10. Analysis of wild-type and mutant virions. C33A cells were trans-
fected with wild-type (wt) and mutated proviral constructs and cultured for 3
days. (A) RT activities and CA-p24 levels were measured in the culture super-
natant. The observed small differences reflect experimental variation in the
transfection assay. The RT/CA ratio for the wild-type virus was set at 1. (B)
Virions were isolated by ultracentrifugation, and RT-activities and CA-p24 levels
of the pelleted virions were determined. Observed differences in these levels
reflect experimental variation in the transfection assay and in virus recovery. The
RT/CA ratio for the wild-type virus was set at 1. (C) The relative genomic RNA
content of the pelleted virions was determined by slot blot analysis. RNA was
isolated from equal amounts of pelleted virions (as determined by RT activity
levels), and contaminating DNA was degraded by incubation with DNase I. Viral
RNA was slot blotted and hybridized with a 32P-labeled gag-pol probe. Hybrid-
ization signals were quantitated with a PhosphorImager and compared to the
wild-type level (set at 100%). To verify the absence of contaminating DNA, RNA
was incubated with 0.5 N NaOH at 558C for 30 min prior to slot blotting. This
resulted in a complete loss of the hybridization signals, indicating that the
observed hybridization signals corresponded exclusively to genomic RNA.
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polyadenylation signal downstream of the AAUAAA sequence
(14).
Replication of the other poly(A) hairpin mutants was also

affected, either mildly (mutant CD) or dramatically (mutants A
and E). However, transient transfection experiments with the
59 R-mutated constructs did not reveal any defect for mutants
A and E, whereas an unexpected increase in viral RNA content
was observed for mutant CD. Thus, the replication defect of
these viruses may have resulted from the presence of a mutant
39 poly(A) hairpin. For mutant E, it is expected that 39 R
polyadenylation is abolished because the polyadenylation sig-
nal AAUAAA is deleted. Although this mutant can use the
SV40 polyadenylation site in the first round of replication (Fig.
2), it will not inherit this polyadenylation signal. It is possible
that a cellular polyadenylation signal, located downstream of
the integration site, is used instead (50). It will be interesting to
continue this virus culture to select for variants with improved
fitness, e.g., by acquisition of a cellular polyadenylation site
through a recombination event (50). Although a polyadenyla-
tion defect is obvious for mutant E, we do not currently know
whether the stabilized mutant A is also defective in polyade-
nylation. Future studies with appropriate reporter gene con-
structs will be performed to test the effect of the different
poly(A) hairpin mutations on the polyadenylation efficiency.
It has recently been suggested that destabilization of the

TAR hairpin reduces the reverse transcription efficiency (27).
In our study, destabilization of the 59 poly(A) hairpin also
resulted in reduced reverse transcription, but we demonstrate
that this defect is primarily the result of a reduction in the
genomic RNA content of the mutant virions. Similarly, in-
creased reverse transcription observed for double mutant CD
correlates with an increased virion RNA content. Thus, muta-
tion of the 59 poly(A) hairpin does not significantly affect the
reverse transcription efficiency, suggesting that this hairpin is
not involved in binding of the tRNA3

Lys primer to the viral
RNA or subsequent steps of reverse transcription (cDNA syn-
thesis or strand transfer). However, it should be noted that the
virions that we used for the infection experiments lack a
poly(A) hairpin in the 39 R regions of their genomic RNAs.
Although speculative, it remains possible that the 59 and/or 39

poly(A) hairpins play a role in reverse transcription. Further
experiments with 39 R-mutated viruses are required to test this
possibility.
In this study, we show that the poly(A) hairpin is involved in

packaging and/or stability of the retrovirus genome. How this
secondary structure mediates this function and what proteins
are involved remain to be investigated. It is possible that the
hairpin forms a binding site for nucleocapsid or its precursor
Gag proteins, and it will be interesting to test binding of these
proteins to the wild-type and mutant poly(A) hairpins.
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