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ABSTRACT: The untranslated leader RNA is the most conserved part of the human immunodeficiency
virus type I (HIV-1) genome. It contains many regulatory motifs that mediate a variety of steps in the
viral life cycle. Previous work showed that the full-length leader RNA can adopt two alternative
structures: a long distance interaction (LDI) and a branched multiple-hairpin (BMH) structure. The BMH
structure exposes the dimer initiation site (DIS) hairpin, whereas this motif is occluded in the LDI structure.
Consequently, these structures differ in their capacity to form RNA dimers in vitro. The BMH structure
is dimerization-competent, due to DIS hairpin formation, but also presents the splice donor (SD) and
RNA packaging (Ψ) hairpins. In the LDI structure, an extended RNA packaging (ΨE) hairpin is folded,
which includes the splice donor site andgagcoding sequences. Thegag initiation codon is engaged in a
long distance base pairing interaction with sequences in the upstream U5 region in the BMH structure,
thus forming the evolutionarily conserved U5-AUG duplex. Therefore, the LDI-BMH equilibrium may
affect not only the process of RNA dimer formation but also translation initiation. In this study, we designed
mutations in the 3′-terminal region of the leader RNA that alter the equilibrium of the LDI-BMH structures.
The mutant leader RNAs are affected in RNA dimer formation, but not in their translation efficiency.
These results indicate that the LDI-BMH status does not regulate HIV-1 RNA translation, despite the
differential presentation of thegag initiation codon in both leader RNA structures.

The function of noncoding RNAs is often determined by
their structure, and some of these RNA molecules make use
of conformational changes to regulate their function. An
external factor, for instance, a protein or metabolic ligand,
is usually required to induce an RNA switch. RNA switches
have been implicated in the regulation of various important
processes such as alfalfa mosaic virus replication, hepatitis
delta virus ribozyme function, and bacterial gene expression
(1-4). The untranslated leader RNA of the human immu-
nodeficiency virus type 1 (HIV-1)1 can adopt two mutually
exclusive structures in vitro (Figure 1) and may therefore
function as a molecular switch during the viral life cycle
(5-7). The full-length leader RNA is the most conserved
part of the HIV-1 genome and is involved in many steps of
virus replication. It contains several sequence and structure
motifs (Figure 1) that are involved in early (transcription,
splicing, and translation) or late replication steps (RNA
dimerization, packaging, and reverse transcription). The

proposed RNA switch mechanism may thus allow regulation
and appropriate timing of the different leader functions. For
instance, the HIV-1 genomic RNA must be translated into
the Gag and Gag-Pol proteins prior to RNA packaging into
new virions. An RNA switch model was recently also
proposed for RNA dimerization of the type C retrovirus
Moloney murine leukemia virus (8).

The HIV-1 leader RNA consists of an upstream repeat
(R) region that recurs at the 3′-terminus of the HIV-1 genome
and that comprises the transactivation response (TAR)
element and the polyadenylation signal (polyA). The well-
characterized TAR hairpin mediates transcription activation
by binding of the viral Tat protein and the cellular protein
cyclin T (9-17). The polyA hairpin prevents premature
polyadenylation of the nascent RNA by masking of the
AAUAAA polyadenylation signal (18, 19). Downstream of
R, two important signals for reverse transcription initiation
are located: the primer activation signal (PAS) and the
primer binding site (PBS) (20, 21). Additional essential
motifs are located further downstream in the leader. These
include the RNA dimer initiation signal (DIS), the major
splice donor site (SD), and the packaging signal (Ψ) that is
required for the packaging of the full-length genomic RNA
into new virus particles (22-30).

The energetically favored leader RNA structure is formed
by a long distance base pairing interaction between the polyA
and DIS motifs and is therefore termed the long distance
interaction (LDI) conformation (7). The same polyA and DIS
motifs fold hairpins in the alternative folding that is termed
the branched multiple hairpins (BMH) conformation. The
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BMH fold exposes a palindrome sequence in the loop of
the DIS hairpin. As a consequence, the BMH can dimerize
by formation of an intermolecular kissing loop interaction
between the palindromes of two DIS hairpins (22, 31-36).
This structure is termed the kissing loop dimer (KLD)
complex. Subsequently, the two DIS hairpin stems can
rearrange such that the intermolecular duplex is extended.
This extended dimer (ED) is more thermally stable than the
kissing loop dimer (36-38). Heat treatment or incubation
with the viral nucleocapsid protein (NC) triggers ED forma-
tion in vitro (22, 31, 34, 36, 38). The LDI structure cannot
form RNA dimers because it does not present the DIS hairpin
(7). Interestingly, NC also induces the conformational shift
from LDI to BMH (7). These observations strongly suggest

that the LDI-BMH switch may provide the virus with a
means of regulating RNA dimerization.

More recently, the RNA packaging signalΨ was also
shown to be differently folded in the BMH and LDI folds
(6). Base pairing occurs between the SD region and 5′ Gag
coding sequences in the LDI structure, which leads to
extension of the well-knownΨ hairpin (ΨE). In contrast,
this RNA sequence folds the two discrete SD andΨ hairpins
in the BMH structure. A recent study evaluated more than
30 HIV-1 leader mutants and described a correlation between
the status of the LDI-BMH equilibrium and RNA packaging
(5, 39-41). Possibly, the LDI-BMH switch coordinates the
processes of RNA dimer formation and RNA packaging (5).
Additionally, the LDI-BMH switch could influence the

FIGURE 1: Overview of the LDI and BMH structures of HIV-1 leader RNA. The RNA structure models were published previously (6). The
regulatory motifs are marked in color; see the text for abbreviations.
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process of translation initiation. Thegag initiation codon is
differently folded in the LDI and BMH structure (6). It is
involved in an evolutionarily conserved long distance base
pairing interaction with U5 sequences (U5-AUG duplex)
in BMH folding, whereas it is part of an internal loop in the
LDI structure (Figure 1). The LDI-BMH equilibrium was
therefore suggested to regulate translation initiation (6). To
test this hypothesis, we constructed a set of 10 leader mutants
(J1-J10) that alter the LDI-BMH equilibrium, and thus the
structural presentation of the DIS palindrome and thegag
initiation codon. We determined the effect of these mutations
on RNA dimer formation and mRNA translation efficiency.

MATERIALS AND METHODS

Constructs.The plasmid Blue-5′LTR was used for muta-
tion of the HIV-1 leader RNA (42). This pBluescript-derived
construct contains theXbaI-ClaI fragment of the infectious
pLAI clone, including the 5′ long terminal repeat (LTR)
promoter sequence, the full-length leader sequence, and part
of the Gag open reading frame (-454/+376, relative to the
transcriptional start site at position+1). Mutations were
created by a polymerase chain reaction (PCR) method. For
construction of the J1-J9 mutations, we used oligonucleotide
primers that are listed in Table 1. The J10 mutant was made
by combination of the J8 and J9 mutations. Forward primers
were used in combination with TA010 and reverse primers
with T7-2. PCR products from these reactions were isolated
from the agarose gel and used as overlapping templates in a
PCR with primers T7-2 and TA010. The resulting PCR
products were digested withHindIII and ClaI and cloned
into the Blue-5′LTR vector. Introduction of the mutation into
the cloned fragments was confirmed by sequencing. The
XbaI-ClaI fragments were subsequently cloned into pLAI-
R37, a derivative of the full-length infectious clone pLAI
(43). The mutant proviral constructs were designated pLAI-
J1-pLAI-J10.

The wild-type and mutant pLAI constructs were used as
templates in a standard PCR with primers T7-2 and TA014.

The PCR products were digested withNcoI andHindIII and
inserted into the pBlue-3′LTR-luciferase reporter construct
(44). The resulting constructs (pLTR-gag-flag-luc-J1-pLTR-
gag-flag-luc-J10) contain the HIV-1 5′ LTR promoter region,
the complete RNA leader, nucleotides 1-75 of the Gag
coding sequence, an in-frame FLAG coding sequence, and
the firefly luciferase open reading frame. The protein that is
expressed from this luciferase reporter plasmid is a fusion
product of the 25 N-terminal Gag amino acids followed by
the Flag peptide (amino acids DYKDDDDKD) and the
firefly luciferase protein.

The pRL-CMV plasmid contains theRenilla luciferase
reporter gene under control of the CMV promoter (Promega).
pcDNA3-Tat (45) expresses the HIV-1 LAI tat gene under
control of the CMV promoter and is a derivative of the
pcDNA3 vector (Invitrogen). The pSYNGP vector expresses
the Gag and Gag-Pol polyproteins and was a kind gift of S.
Kingsman (46).

RNA Secondary Structure Prediction.Computer-assisted
RNA secondary structure predictions were performed using
the Mfold version 3.0 algorithm (47, 48) offered by the
MBCMR Mfold server (mfold.burnet.edu.au/). Standard
settings were used for all folding jobs (37°C and 1.0 M
NaCl). Folding was performed with sequences comprising
nucleotides 1-368 of the genomic RNA sequence of the
wild-type and mutant HIV-1 leader RNA.

In Vitro Transcription and RNA Dimerization.The pLAI-
based set of plasmids were used as templates in a PCR with
primers T7-2 and R:A368-A347 (complementary to residues
368-347 of the HIV-1 genome). The PCR products were
precipitated with ethanol and used for in vitro transcription
with the megashortscript T7 transcription kit (Ambion) in
the presence of 1µL of [R-32P]UTP (0.33 MBq/µL, Amer-
sham Biosciences) according to the manufacturer’s instruc-
tions. Transcription reaction mixtures were incubated for 3
h at 37 °C and reactions stopped by DNase treatment.
Subsequently, formamide-containing loading buffer was
added. The RNA was purified on a 4% denaturing poly-
acrylamide gel. Bands were visualized by autoradiography
and excised from the gel. The RNA was eluted overnight in
water at room temperature, precipitated with ethanol, and
dissolved in water. RNA was quantified by scintillation
counting, and the samples were stored at-20 °C. Dimer-
ization was performed with 20 ng of32P-labeled RNA in 24
µL of dimerization buffer [83 mM Tris-HCl (pH 7.5), 125
mM KCl, and 5 mM MgCl2]. The mixture was heated for 2
min at 85°C, incubated for 10 min at 65°C, and slowly
cooled to room temperature for renaturing and dimerization.
Samples were analyzed on 4% nondenaturing polyacrylamide
gels in 0.25× TBE (22.5 mM Tris, 22.5 mM boric acid, and
0.5 mM EDTA) or 0.25× TBM (22.5 mM Tris, 22.5 mM
boric acid, and 0.1 mM MgCl2), with a nondenaturing loading
buffer (30% glycerol with bromophenol blue). Electrophore-
sis was performed at room temperature (150 V). Furthermore,
20 ng of32P-labeled RNA was incubated for 5 min at 85°C
in formamide-containing loading buffer (Ambion) and
analyzed on a 6% denaturing polyacrylamide gel. All gels
were dried and subjected to autoradiography. Quantification
of the percentage dimerization was performed on a Phos-
phorImager (Molecular Dynamics). The dimerization yield
was determined by dividing the amount of dimer by the total
amount of RNA (dimer and monomer).

Table 1: PCR Primers Used in This Study

primera primer sequence (5′ f 3′)b

T7-2 CTAATACGACTCAGTATAGGGTCTCTCTGGTTAGACCAG
TA010 GGGAACAAAAGCTGGG
TA014 TCTTCCATGGTATCTTTATCATCATCATCTTTATAATCTC-

CCCCTGGCCTTAACCG
J1 r CAAAATTTTTGG2GTGCGCACCAGTCGCCTCCCC
J1 f GGTGCGCAC2CCAAAAATTTTGACTAGCGGAGGCT
J2 r AGTCAAAAAGGATGGCGTACTCACCAGTCGCC
J2 f GAGTACGCCATCCTTTTTGACTAGCGGAGGCTAGAAGG
J3 r AGTCAAAACCCCTGGCGTACTCACCAGTCGCC
J3 f ACGCCAGGGGTTTTGACTAGCGGAGGCTAGAAGG
J4 r AGCCTCCGCTAGAAAAAATTTTTGGCGTACTCACC
J4 f TTTTTCTAGCGGAGGCTAGAAGGAG
J5 r AGCCTCCGCTAGCTAAAATTTTTGGCGTACTCACC
J5 f TTTAGCTAGCGGAGGCTAGAAGGAG
J6 r TTTTTGGCGTACTCACCAG2CGTCACCCCTCGCCTCTTG
J6 f GACGCTGGTGAGTACGCCAAAAATTTTG
J7 r CAAAATTTTAGGCG2ACTCACCAGTCGCC
J7 f GAGT2CGCCTAAAATTTTGACTAGCGGAGGCTAG
J8 r CAGCAAGCCGAGGGGTGCGTCGAGAGAGCTCCTC
J8 f CGACGCACCCCTCGGCTTGCTGAAGCGCGC
J9 r ACTCACCAGTCGCCTGGACTCGCCTCTTGCCGTG
J9 f CCAGGCGACTGGTGAGTACGCC

a f denotes the forward primer; r denotes the reverse primer.
b Nucleotide changes are indicated in bold italic type; nucleotide
deletions are denoted with filled triangles.
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Cell Culture and Transfection Assays.C33A cells, a
human cervix carcinoma cell line, were grown in 24-well
plates in Dulbecco’s MOD Eagle’s medium (DMEM)

supplemented with 10% FBS, nonessential amino acids
(Invitrogen), and penicillin with streptomycin. Cells were
grown at 37°C and 5% CO2 and transfected with 200 ng of

FIGURE 2: Effects of the J1-J7 mutations on the HIV-1 leader RNA structure. TheΨE hairpin of the LDI conformation is shown at the
left, and the SD andΨ hairpins of the BMH conformation are shown at the right. Nucleotide positions are indicated and follow the
wild-type numbering. Mutated nucleotides are boxed, and deletions are denoted with a filled triangle.
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calcium phosphate-precipitated luciferase constructs in the
presence of 5 ng of pcDNA3-Tat or pcDNA3 (45, 49). pRL-
CMV (5 ng) expressingRenilla luciferase was cotransfected
as an internal control. Cells were washed with PBS 2 days
after transfection and lysed in passive lysis buffer provided
by the Dual-luciferase Reporter Assay System (Promega).
The firefly andRenilla luciferase activity was determined
according to the manufacturer’s protocol.

RESULTS

Mutations in ΨE Affect the LDI-BMH Equilibrium.
Previous work showed that the full-length HIV-1 leader RNA
can adopt two secondary structures in vitro: LDI and BMH
(6, 7). The 3′-terminal 290-368 segment contributes dif-
ferently to these structures. The BMH folding presents the
well-knownΨ hairpin, which is significantly extended into
ΨE in the LDI conformation (Figure 1). ThisΨE hairpin
includes the SD signal and 5′ Gag coding sequences. To
determine whether alterations in theΨE hairpin affected the
LDI-BMH status, a set of leader mutants with a stabilized
or destabilizedΨE hairpin, J1-J7, was designed (Figure 2
and Table 2). Leader mutants J1 and J6 were constructed to
selectively stabilizeΨE and concomitantly destabilize SD.
We therefore predicted that J1 and J6 shift the equilibrium
to LDI. J7 was designed to destabilizeΨE and stabilize the
SD hairpin and should consequently shift the equilibrium to
BMH. J2 stabilizes both LDI and BMH conformations by
closing an internal loop ofΨE and by extending SD. J3 is a
control for J2: the same positions are mutated, but without
an effect on the wild-type (wt) LDI and BMH structures. J4
closes the distal internal loop ofΨ andΨE and thus stabilizes
both the LDI and BMH conformations. In J5, the same two
nucleotides are mutated as in J4, but without an RNA
structure effect. The J2-J5 mutants affect the stability of
both LDI and BMH structures, and consequently, the effect
on the equilibrium is harder to predict. In addition, we
determined if extension of the DIS hairpin would shift the
LDI-BMH equilibrium. We created two mutants that extend
the DIS hairpin of the BMH conformation with three
consecutive base pairs: J8 and J9 (Figure 3 and Table 2).
J10 combines the J8 and J9 mutations and should not extend
the DIS hairpin. In addition, the J8-J10 mutants destabilize
the LDI structure due to disruption of three or six base pairs
in the polyA-DIS long distance interaction.

We analyzed the RNA secondary structure folding of the
mutant leader RNAs with the Mfold algorithm (Table 2).

The RNA structure is defined BMH if the DIS palindrome
is exposed and LDI if the DIS is occluded (Figure 1). We
calculated the thermodynamic stability of the LDI (∆GLDI)
and BMH (∆GBMH) conformations for each mutant RNA.
The difference in∆GLDI and∆GBMH (∆∆GLDI-BMH) for the
wt structures is-6.0 kcal/mol in favor of the LDI. A shift
toward BMH is expected when the∆∆GLDI-BMH value is
higher than-6.0 kcal/mol, and a shift toward LDI is
expected when the value is lower. The equilibrium of the
J1-J6 RNAs is shifted toward LDI, whereas that of J7 is
shifted toward BMH. The proposed shift in the LDI-BMH
equilibrium is most dramatic for the J8 and J9 mutations
due to stabilization of the BMH structure and destabilization
of the LDI structure. Mfold analysis and subsequent calcula-
tion of the∆∆GLDI-BMH value indicate that J8-J10 RNAs
theoretically shift toward the BMH structure. The∆∆GLDI-BMH

values of the J8 and J9 mutants even become positive,
indicating that the BMH structure will be the preferred
conformation (the LDI:BMH ratio is 1:1 when∆∆GLDI-BMH

) 0).

Dimerization of HIV-1 Transcripts with MutantΨE

Structures.To test the effect of the J1-J10 mutations on
the LDI-BMH status, radiolabeled transcripts of the wt and
mutant RNA (nucleotides 1-368) were synthesized in vitro
and analyzed by electrophoresis under three conditions. The
migration of all transcripts was similar under denaturing
conditions, although the J8 mutant shows a slightly slower
migration (Figure 4A). When the same transcripts were
analyzed on nondenaturing gels, the migration pattern
differed significantly (panels B and C of Figure 4). Monomer
LDI and BMH structures can be distinguished in a TBE-
based electrophoresis (6, 7). As expected, the wt monomer
folds into the fast-migrating LDI structure (Figure 4B). The
J1 monomer migrated even faster than the wt, suggesting
that the J1 monomer folds into a more compact structure.
The J2-J7 and J10 monomers migrated like the wt RNA in
the TBE gel, suggesting that these mutant RNAs preferen-
tially fold into the LDI conformation. The J8 and J9
monomers ran significantly slower than the wt RNA in the
TBE gel, which is characteristic of preferential BMH folding
(7). This result is fully consistent with the prediction of a
positive∆∆GLDI-BMH value for these mutants.

Dimer yields reflect the shift in LDI-BMH status, since
the BMH structure is dimerization-competent and the LDI
structure is not (7). A shift toward BMH therefore translates
into higher dimer yields, whereas a shift toward LDI results

Table 2: RNA Structure Effects of the J1-J10 Mutations

BMHa LDI a

DIS SD Ψ ΨE polyA-DIS ∆GLDI
b ∆GBMH

b ∆∆GLDI-BMH
b shift toc shift tod

wt -119.7 -113.7 -6.0 - -
J1 - + -126.7 -118.9 -7.8 LDI LDI
J2 + + -128.6 -120.8 -7.8 LDI LDI
J3 -121.1 -114.9 -6.2 LDI nse

J4 + + -124.6 -116.8 -7.8 LDI LDI
J5 -122.0 -115.1 -6.9 LDI LDI
J6 - + -119.8 -114.8 -5.0 BMH LDI
J7 + - -120.9 -117.6 -3.3 BMH nse

J8 + - -118.6 -120.8 2.2 BMH BMH
J9 + - -117.2 -119.4 2.2 BMH BMH
J10 - -116.2 -112.8 -3.4 BMH nse

a + and- indicate stabilization and destabilization, respectively, of RNA secondary structure.b ∆G values (in kilocalories per mole) as determined
by Mfold. c Expected shift of the mutant LDI-BMH equilibrium (compared to that of the wild type) based on∆∆GLDI-BMH values.d Observed
shift of the mutant LDI-BMH equilibrium (compared to that of the wild type) based on experimental RNA dimer yields (Figure 5).e No shift.
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in lower dimer yields. Migration of the wt and mutant RNA
dimers was similar on both TBE and TBM gels, suggesting
that all dimers fold into similar structures. The TBE gel
shows only extended dimers (ED), whereas the TBM gel
shows both kissing loop dimers and EDs (22, 31, 34, 36,
38). The results of several experiments were quantified to
calculate the dimer yield for the wt and mutant transcripts

(Figure 5). J1, J2, and J4-J6 transcripts dimerized less
efficiently than the wt. The dimer yields of the J3, J7, and
J10 transcripts did not differ significantly from that of the
wt. Dimer formation of the J8 and J9 RNAs was much more
efficient than wt dimer formation. These results are in overall
agreement with the predicted shift in LDI-BMH equilibrium
(Table 2). Therefore, the mutational design that was based
on the structure models appeared to be correct. The difference
in dimer yields is mainly caused by the differences in the
level of kissing loop dimer formation. The yield of EDs was
similar for most transcripts. We consistently measured a
small but significant reduction in the level of ED formation
for the J8 and J10 mutants (Figure 4B).

The LDI-BMH Status Does Not Influence Gene Expres-
sion. The gag initiation codon is differently folded in the
LDI and BMH conformation (Figure 1). The U5-AUG
duplex occludes the initiation codon in the BMH conforma-
tion. In contrast, the initiation codon is partially single-
stranded in theΨE hairpin of the LDI conformation. We
previously suggested that formation of the U5-AUG duplex
may affect the translation of the Gag protein (6). To test
this hypothesis, we constructed wt and J1-J10 mutant
luciferase reporter plasmids under control of the HIV-1 LTR
promoter and leader sequences. Because Gag coding se-
quences contribute to the folding ofΨE, 75 nucleotides of
the 5′-terminal sequences of the Gag coding region were
included downstream of the HIV leader sequences. C33A
cells were transfected with the luciferase constructs in the

FIGURE 3: Effects of the J8-J10 mutations on the HIV-1 leader
RNA structure. The polyA-DIS long distance interaction of the
LDI structure is shown at the left and the DIS hairpin of the BMH
structure at the right. Nucleotide positions follow the wild-type
numbering. Mutated nucleotides are boxed.

FIGURE 4: Gel electrophoresis of wild-type and J1-J10 mutant
transcripts. (A) Wild-type and mutant transcripts were analyzed on
a denaturing gel. (B) Migration of wt and mutant transcripts on a
nondenaturing TBE gel. The migration of LDI and BMH is
indicated. (C) Analysis of wt and mutant transcripts on a non-
denaturing TBM gel: M, monomer; ED, extended dimer; KLD,
kissing loop dimer.

FIGURE 5: RNA dimer yield for wt and J1-J10 mutant transcripts.
The graph indicates the RNA dimer yield that was quantified from
four experiments as shown in Figure 4C.
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absence and presence of a Tat-expressing plasmid. The
results are shown in Figure 6. In the absence of Tat, the wt
and LDI-BMH mutants express similar levels of luciferase,
indicating that the basal expression level is not influenced
by the LDI-BMH switch. All constructs are upregulated
with the transcriptional transactivator protein Tat. This is
expected because all RNAs present the TAR hairpin, which
is the well-characterized Tat binding site (9-17). Transcrip-
tion is greatly improved as a result of the Tat-TAR
interaction (9-17). In general, we did not observe an effect
of the LDI or BMH mutants on luciferase expression. In the
presence of Tat, the expression level of the J1 and J7 mutants
was significantly increased compared to that of the wt (4-
and 2.5-fold, respectively). These mutants both affected
sequences in the SD region. Possibly, the increased Tat
responsiveness may be due to mutations of sequences
involved in leader RNA splicing (see the Discussion).

The results presented above indicate that the LDI-BMH
switch does not influence the level of gene expression,
including mRNA translation. To confirm this finding, we
analyzed the translation efficiency of previously described
U5 leader mutants s1, w1, and w2 (6) in which the U5-
AUG duplex that occludes the start codon is affected by
mutation. The U5-AUG duplex is stabilized in the s1 mutant
and destabilized in the w1 and w2 mutants. The results
indicated that the translation efficiency of the U5-AUG
duplex mutants did not differ from that of the wt (results
not shown). Thus, the strength of the U5-AUG duplex did
not influence translation efficiency either.

DISCUSSION

The HIV-1 leader RNA can adopt two mutually exclusive
structures: LDI and BMH. The BMH structure folds the DIS
hairpin and is dimerization-competent, but this structure also
base pairs thegagstart codon in the U5-AUG long distance
interaction and may thus influence the mRNA translation

properties. We made a set of LDI-BMH mutants and set
out to test the dimerization and translation properties. We
calculated the∆∆GLDI-BMH values based on Mfold analysis
for all mutants. RNA dimer formation for the mutant
transcripts was assessed in vitro. When the∆∆GLDI-BMH

values are plotted against the RNA dimer yield, a strong
correlation is apparent between these two parameters (Figure
7). We therefore conclude that the LDI-BMH status
regulates RNA dimer formation.

The gag initiation codon is differently folded in the two
leader conformations. It was therefore of interest to determine
whether the J1-J10 mutant leader RNAs were affected in
their capacity to initiate translation. We show that the basal
level of luciferase expression from the mutant constructs did
not differ significantly from that of the wt. When the
∆∆GLDI-BMH values were plotted against the level of
luciferase expression, no correlation was found between these
two parameters (Figure 7). In addition, the translation
efficiency of other LDI-BMH mutants that increase or
decrease the base pairing strength of the U5-AUG duplex
was determined. These mutants did not differ in translation
efficiency either, suggesting that the LDI-BMH status does
not control translation. One could argue that our assay is
artificial since it does not include the viral NC protein or
other HIV-1 factors that can influence the LDI-BMH switch
(7). We therefore performed cotransfection assays with the
luciferase reporter and a Gag expression plasmid. The
expression levels were similar for all mutants and were not
significantly influenced by the presence of Gag (results not
shown). The RNA levels in our transfection system may vary
due to differences in RNA stability caused by the mutations.
However, preliminary Northern blot analysis and primer
extension experiments suggest that this is not the case. These
combined results show that the translation efficiency of the
HIV-1 leader RNA is not regulated by the LDI-BMH
equilibrium or by the strength of the U5-AUG duplex.

Remarkably, the expression levels of the J1 and J7
constructs differed significantly from that of the wt in the
presence of Tat. The difference in luciferase expression is
likely not a consequence of the altered LDI-BMH equilib-
rium, since the J1 and J7 mutations have an opposite effect

FIGURE 6: Wild-type and mutant HIV-1 leader RNA-driven
luciferase expression. (A) Schematic view of the luciferase reporter.
Promoter elements U3, R, and U5 are indicated. F indicates flag.
AUG denotes the initiation codon; nucleotide positions of the
transcription start site (+1) and the Gag coding sequences are
shown. For details, see Materials and Methods. (B) Luciferase
constructs were transfected into C33A cells; pcDNA3 (white bars)
or pcDNA3-Tat (black bars) was cotransfected. pRL-CMV was
cotransfected as an internal control. Transfections were performed
in triplicate. The graph shows the level of firefly luciferase activity
normalized for experimental variation, which is determined by the
Renilla luciferase activity. Similar results were obtained in three
independent experiments.

FIGURE 7: HIV-1 RNA dimer formation and not RNA translation
is controlled by the LDI-BMH riboswitch. The RNA dimer yields
as shown in Figure 5 are plotted against the∆∆GLDI-BMH values
(green circles). The level of luciferase expression (without and with
Tat) as shown in Figure 6 is plotted against the∆∆GLDI-BMH values
(magenta squares and black triangles, respectively). A strong
correlation was observed between the LDI-BMH equilibrium and
the level of RNA dimer formation (Pearson’s correlation coefficient
of 0.9393).
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on the equilibrium (Figure 2 and Table 2). The J1 and J7
mutants have in common the fact that they alter sequences
downstream of the 5′ major SD site. The increase in the level
of luciferase expression by the J1 and J7 mutants may
therefore be due to inactivation or downregulation of a
splicing event at SD and a downstream splice acceptor site.
In this scenario, splicing of the other constructs results in a
lower level of full-length luciferase mRNA and hence a lower
level of luciferase production. In the presence of Tat, J1 and
J7 may block this splicing event and thus improve luciferase
expression. Studies are underway to determine whether such
splicing events occur in our assay system.

The RNA dimerization assays provided some new infor-
mation about the formation of extended dimers (ED). J8 and
J10 RNA were affected in their capacity to fold extended
dimers. The DIS hairpin in the J8 RNA is extended with
three consecutive base pairs. One could argue that more
energy is required to melt out this stabilized DIS hairpin,
resulting in a decreased level of ED formation. However,
the same effect would be expected for the J9 RNA in which
the DIS hairpin is similarly extended, whereas it would not
be expected for the J10 control mutant that has a wt DIS
hairpin. However, we observe the opposite. J10 shows a
dimerization defect like J8, but J9 has a wt phenotype. The
mutation that J8 and J10 have in common affects three
nucleotides (240-242) upstream of the DIS hairpin (Figure
3). Possibly, these sequences are involved in the process of
ED formation. Further studies are required to study the role
of this novel triplet motif in ED formation.

An attractive hypothesis is that the LDI-BMH riboswitch
might regulate the coordination of the competing processes
of translation and packaging of the genomic HIV-1 RNA.
For many years, this coordination has been the subject of
scientific debate (50-52). Our data suggest that the ribo-
switch does not affect the level of translation directly.
Mutants with either stabilized LDI or BMH structures show
similar levels of protein expression. Therefore, a different
mechanism likely exists that reroutes the genomic HIV-1
RNA from the translation machinery to the encapsidation
machinery. One possibility is that two separate pools of
genomic RNA exist in infected cells, one that is used for
protein expression and one that is used for RNA packaging.
However, experimental data support the existence of one
multifunctional RNA population that fulfils both functions
(50, 53). Another option is that the translation machinery
itself is inhibited during virus infection, for instance, as a
consequence of cell cycle arrest (54, 55). At the same time,
the encapsidation machinery is built up because viral
structural proteins are being produced. This will consequently
shift the competition between translation and packaging
toward the latter process.

Analysis of many HIV-1 leader mutants has shown that
there is a strong correlation between the LDI-BMH status,
RNA dimerization, and RNA packaging in vivo (5). The
BMH fold is the dimerization-competent structure, and RNA
dimers are preferentially packaged; this suggests that the
BMH structure is favored over the LDI structure in RNA
packaging. In addition, full-length genomic RNA is prefer-
entially packaged over spliced RNAs. Therefore, the hy-
pothesis that the genomic RNA stabilizes the BMH folding,
possibly due to the U5-AUG interaction, is attractive (6).
Spliced RNAs cannot fold this long distance interaction and
are therefore less likely to shift their folding toward BMH.

This hypothesis would also explain the recent results of
Paillart and co-workers (56). Their in vivo RNA probing
studies support the BMH fold and not the LDI fold of the
HIV-1 leader. However, the authors studied only the RNA
structure of the full-length leader and not that of the spliced
leader variants. Thus, the putative LDI fold of spliced leader
RNAs may have been missed. Furthermore, such probing
studies will not easily detect minority RNA structures or
structures that occur only transiently. Studies are underway
to determine if the J1-J10 mutant viruses are affected in
RNA packaging.
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