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The genome of retroviruses, including human immunodeficiency virus type 1 (HIV-1), consists of two
identical RNA strands that are packaged as noncovalently linked dimers. The core packaging and dimerization
signals are located in the downstream part of the untranslated leader of HIV-1 RNA—the � and the
dimerization initiation site (DIS) hairpins. The HIV-1 leader can adopt two alternative conformations that
differ in the presentation of the DIS hairpin and consequently in their ability to dimerize in vitro. The branched
multiple-hairpin (BMH) structure folds the poly(A) and DIS hairpins, but these domains are base paired in
a long distance interaction (LDI) in the most stable LDI conformation. This LDI-BMH riboswitch regulates
RNA dimerization in vitro. It was recently shown that the � hairpin structure is also presented differently in
the LDI and BMH structures. Several detailed in vivo studies have indicated that sequences throughout the
leader RNA contribute to RNA packaging, but how these diverse mutations affect the packaging mechanism is
not known. We reasoned that these effects may be due to a change in the LDI-BMH equilibrium, and we
therefore reanalyzed the structural effects of a large set of leader RNA mutations that were presented in three
previous studies (J. L. Clever, D. Mirandar, Jr., and T. G. Parslow, J. Virol. 76:12381-12387, 2002; C.
Helga-Maria, M. L. Hammarskjold, and D. Rekosh, J. Virol. 73:4127-4135, 1999; R. S. Russell, J. Hu, V.
Beriault, A. J. Mouland, M. Laughrea, L. Kleiman, M. A. Wainberg, and C. Liang, J. Virol. 77:84-96, 2003).
This analysis revealed a strict correlation between the status of the LDI-BMH equilibrium and RNA packaging.
Furthermore, a correlation is apparent between RNA dimerization and RNA packaging, and these processes
may be coordinated by the same LDI-BMH riboswitch mechanism.

Retroviral particles package a dimeric RNA genome that is
subsequently reverse transcribed into DNA by the virion-asso-
ciated reverse transcriptase enzyme. The cis-acting RNA se-
quences and the trans-acting viral proteins that mediate RNA
dimerization and RNA packaging have been studied exten-
sively for several retroviruses, including human immunodefi-
ciency virus type 1 (HIV-1) (9, 20, 35). It has proven particu-
larly difficult to accurately map the RNA signals that execute
these two processes, but most studies have indicated that these
elements cluster within the untranslated leader region of the
HIV-1 genome. In vitro studies have identified the dimeriza-
tion initiation signal (DIS) as the primary dimerization signal,
which acts through base pairing of a palindromic 6-nucleotide
(nt) sequence motif in the exposed loop of the DIS hairpin (4,
27, 32, 40). Nevertheless, studies with mutant virions have
indicated that the in vivo situation is much more complex,
suggesting the possibility of multiple accessory dimerization
signals (6, 21, 38). The � hairpin has been implicated as the
core element that mediates packaging, but there is ample ev-
idence for the involvement of additional sequence elements
(25, 28). It has also been suggested that the process of RNA

dimerization may be coupled to RNA encapsidation; such a
coupling seems to be an elegant mechanism for ensuring that
only dimeric RNA genomes are packaged (18).

Huthoff and Berkhout demonstrated that the HIV-1 un-
translated leader RNA can adopt two mutually exclusive con-
formations that differ in the presentation of the DIS hairpin
motif in vitro; this riboswitch has been shown to regulate the
process of RNA dimerization (Fig. 1) (23). More recently,
Abbink and Berkhout implicated downstream leader se-
quences, including the � hairpin, in this conformational
change (1), suggesting the possibility that both RNA dimeriza-
tion and RNA packaging are functionally coupled through the
same riboswitch. This mechanism is not exclusive for HIV-1, as
the HIV-2 leader also adopts alternative conformations to
regulate dimerization in vitro (17, 26). Mutations throughout
the leader RNA can affect the delicate equilibrium between
the dimerization-incompetent long-distance interaction (LDI)
structure, in which the DIS element is masked by an LDI with
the upstream poly(A) domain, and the branched multiple-
hairpin (BMH) structure, which exposes the DIS hairpin for
“kissing-loop” dimerization (Fig. 1) (17, 23). We reasoned that
the phenotype of leader mutants should be evaluated in the
context of this LDI-BMH equilibrium. In vitro studies indeed
confirmed the correlation between BMH-folding capacity and
the ability to form dimers (24). Furthermore, the Mfold algo-
rithm was found to provide a very useful tool for accurately
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predicting the impact of RNA mutations on the LDI-BMH
equilibrium (23). To analyze the in vivo effects of leader mu-
tations that affect the LDI-BMH riboswitch, we used the Mfold
algorithm to analyze the folding properties of a large set of
mutant virions that were previously analyzed for packaging and
dimerization (9, 20, 35).

We reevaluated the results of previous studies of RNA pack-
aging in mutant HIV-1 virions with respect to the LDI-BMH
riboswitch concept. For this purpose, we focused on three
studies that each provide a detailed quantitative analysis of a
large set of RNA mutations throughout the HIV-1 leader (Fig.
2). Clever et al. (9) analyzed 13 mutations in the region sur-
rounding the primer-binding site (PBS) element for their effect
on RNA packaging. These changes include the opening of
several base-paired stem segments in the PBS region, by mu-
tating either the left or the right side of the stems, and double
mutants in which base pairing is restored (Fig. 2). Packaging
was measured as the ratio of full-length to spliced viral RNA
within virion particles. Russell et al. (35) analyzed 14 HIV-1
mutants with changes in the leader and the 5� part of the Gag
open reading frame. They focused on the 11 leader mutations,
and this set includes mutations in the loop and the stem of the
� hairpin and in the CU-rich stretch upstream of the DIS
region (Fig. 2). The effect of these mutations on RNA pack-
aging was expressed as the ratio of genomic to spliced RNA
within virions. Russell et al. (35) also analyzed the dimerization
status of the packaged RNA by native gel electrophoresis.
Helga-Maria et al. (20) analyzed the effect of 14 mutations in
the upstream trans-activation response element (TAR) hairpin

on RNA packaging, measured as the ratio of virion-associated
RNA to capsid (CA)-p24 protein. This set includes mutations
that disrupt the TAR hairpin and double mutants in which the
structure is restored (Fig. 2).

We analyzed the impact of these 38 leader RNA mutations
on the LDI-BMH equilibrium with the Mfold program, version
3.0 (http://mfold.burnet.edu.au) (29). Huthoff and Berkhout
previously reported that structures predicted by the Mfold
program are compatible with results from RNA structure
probing studies (23). Furthermore, the Mfold program also
accurately predicts the LDI-BMH folding characteristics of
leader RNA mutants (23, 24). Settings were standard for all
folding experiments, corresponding to conditions at 37°C and
1.0 M NaCl. We used a 500-nt sequence that includes the
complete leader region (nt 1 to 335) of the respective viral
isolates—HXB2 in the studies of Clever et al. (9) and Helga-
Maria et al. (20) and BH10-HXB2 in the study of Russell et al.
(35). All three wild-type isolates and 34 of the 38 mutants
readily adopt the LDI structure as the energetically most fa-
vorable structure. To analyze the BMH structure of these tran-
scripts, we forced the folding of the DIS hairpin by using the
constraint option in the Mfold program. Only four mutants
reversed the equilibrium and preferentially folded the BMH
structure. The LDI conformation of these mutants was ob-
tained in the Mfold program by prohibiting the folding of the
DIS hairpin.

The thermodynamic stabilities (�G, in kilocalories per
mole) of the LDI and BMH foldings are shown in Fig. 2. These
energy values were used to calculate ��G, which provides a

FIG. 1. Alternative foldings of the HIV-1 leader RNA. (A) Schematic of the 9.2-kb HIV-1 genome. The 5� and 3� long terminal repeats (LTR)
and all nine open reading frames are indicated. The untranslated leader RNA consists of several regulatory domains. poly A, polyadenylation
domain with the AAUAAA sequence; PAS, primer activation signal; SD, major splice donor; �, core packaging signal; AUG, Gag start codon.
(B) The HIV-1 leader RNA can adopt two conformations. Detailed structure models of the LDI and BMH structures have been presented
elsewhere. The poly(A) (orange) and DIS (pink) sequences are base paired to form the LDI structure. The same sequences form the poly(A) and
DIS hairpins in the BMH structure. The riboswitch model for regulated dimerization argues that the ground-state LDI structure must first be
rearranged into the BMH conformation to expose the DIS hairpin, which mediates subsequent RNA dimerization.
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measure of the status of the LDI-BMH equilibrium. A nega-
tive ��G value for LDI-BMH indicates that the RNA struc-
ture preferentially folds the LDI structure, whereas a positive
value reflects a preference for the BMH conformation. When
both LDI and BMH foldings have equal �G values and thus a
��G value of zero, the LDI and BMH conformations are
present in an equimolar ratio. The ��G values for the wild-
type leader are �2.6, �1.8, and �1.8 kcal/mol in the studies of

Clever et al. (9), Russell et al. (35), and Helga-Maria et al.
(20), respectively. These data indicate that wild-type HIV-1
RNA is in the LDI conformation and that the BMH confor-
mation is adopted by less than 10% of the molecules (16). The
mutations in the study of Clever et al. result in either a further
stabilization of the LDI structure or a shift toward the BMH
conformation. All mutations introduced by Russell et al. are
predicted to shift the equilibrium toward the LDI structure.

FIG. 2. HIV-1 leader mutants. The RNA packaging and dimerization values for 38 HIV-1 leader RNA mutants were taken from previous
studies. Black blocks indicate the positions of the mutations in the leader RNA; several regulatory domains within the leader are indicated at the
top. The packaging efficiencies were measured as the ratio of genomic RNA to spliced RNA within virions in the studies of Clever et al. (9) and
Russell et al. (35). In the study of Helga-Maria et al. (20), packaging was determined as the ratio of virion-associated RNA to CA-p24 protein.
All RNA packaging values are relative to that of the corresponding wild-type (wt) construct, which was set at 100%. To obtain these values, we
converted the data of Clever et al. into relative values (in parentheses). The dimerization values in the study of Russell et al. reflect the percentages
of dimeric and monomeric RNA genomes from virions, as analyzed on a nondenaturing gel. The thermodynamic stabilities (�G, in kilocalories
per mole) of the LDI and BMH structures were calculated by using the Mfold program and were used to calculate ��G values for LDI-BMH.
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Most TAR mutations in the study of Helga-Maria et al. shift
the equilibrium toward the BMH conformation, according to
the Mfold program (Fig. 2).

To study the effect of a shift in the LDI-BMH equilibrium on
RNA packaging, we plotted the ��G values of the mutants
and the corresponding wild-type isolates against the RNA
packaging efficiencies measured in the three studies. We first
analyzed the data of Clever et al. (35) with mutations that shift
the equilibrium toward either the LDI or the BMH structure
(Fig. 3A). The results show a striking correlation between the
��G values for the LDI-BMH equilibrium and RNA packag-
ing. The wild type and the m-stem IIA/B mutant with ��G
values of approximately �3 kcal/mol are the most efficient in
packaging. The packaging efficiency drops rapidly when the
��G value is either increased or decreased. These results
indicate that the wild-type LDI-BMH equilibrium is optimal
for efficient packaging, but further stabilization of either the
LDI or the BMH structure is incompatible with efficient pack-
aging. A gradual loss of packaging efficiency is observed in both
directions, and a profound packaging defect (�20% wild-type
packaging) is apparent for mutants with ��G values of less
than �5 kcal/mol (more firmly LDI) and ��G values of more
than �1.5 kcal/mol (toward BMH).

A similar pattern is apparent for mutants in the study of
Russell et al. (35) (Fig. 3B). The wild type (��G value, �1.8

kcal/mol) is the most efficient in packaging, and a change in the
equilibrium toward the LDI structure gradually decreases the
packaging efficiency. The study of Helga-Maria et al. (20) pro-
vides data toward the other end of the spectrum because most
of the mutants that they tested shift the equilibrium toward the
BMH structure (Fig. 3C). Wild-type RNA is packaged effi-
ciently, and some mutants with very similar ��G values in fact
demonstrate a slight increase in packaging efficiency. However,
a further shift in the LDI-BMH equilibrium toward the BMH
structure results in a dramatic packaging defect. These com-
bined results indicate that a finely tuned equilibrium between
the two leader RNA structures is important for RNA packag-
ing.

Russell et al. (35) also measured the amounts of RNA
dimers by native gel electrophoresis of the virion-associated
RNA. This analysis provides an opportunity to assess whether
in vivo dimerization is also affected by changes in the LDI-
BMH equilibrium. We therefore plotted the dimerization ef-
ficiencies against the ��G values (Fig. 4A). The wild type
demonstrates an optimal RNA dimerization level, which was
gradually decreased when the LDI structure was further stabi-
lized in the mutants. Interestingly, this pattern is very similar to
that observed for RNA packaging (Fig. 3B), indicating that
both processes are similarly affected by the status of the LDI-
BMH equilibrium. To illustrate this finding, we plotted the
RNA packaging values against the dimerization efficiencies
(Fig. 4B). A linear correlation is apparent between RNA pack-
aging and RNA dimerization, a finding which underscores the
notion that these two processes are functionally and mecha-
nistically coupled (35–37).

It has been notoriously difficult to accurately map the HIV-1
RNA dimerization and RNA packaging signals. Although the
DIS and � signals are generally thought to form the core

FIG. 3. HIV-1 RNA packaging is controlled by the LDI-BMH
equilibrium. The relative RNA packaging efficiencies of the mutant
sets shown in Fig. 2 are plotted against the ��G values for LDI-BMH.
(A, B, and C) Data sets from the studies of Clever et al. (9), Russell et
al. (35), and Helga-Maria et al. (20), respectively. The wild-type (wt)
constructs are indicated by arrows.

FIG. 4. HIV-1 RNA dimerization and RNA packaging are cou-
pled. (A) The RNA dimerization of the mutant set of Russell et al.
(35) shown in Fig. 2 is plotted against ��G values for LDI-BMH.
(B) The RNA packaging of the mutant set of Russell et al. is plotted
against the RNA dimerization. The wild-type (wt) constructs are
marked by arrows.
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elements, several additional elements, including sequences in
the upstream leader domain and the first part of the Gag open
reading frame, have been reported to positively or negatively
affect these functions (8, 9, 14, 20, 30). Two possible explana-
tions come to mind. First, studies with mutant viruses may be
complicated by the fact that several domains of the untrans-
lated leader encode multiple overlapping functions (5). For
instance, both upstream TAR and poly(A) hairpins contribute
to packaging (12, 30). However, these elements also play a role
in transcriptional activation and RNA processing, respectively,
and a subsequent analysis indicated that mutation of the
poly(A) hairpin reduced the amount of intracellular HIV-1
RNA to the same extent, such that no net packaging defect is
apparent (13). This example underscores the intricacies of
dealing with the multifunctional HIV-1 leader RNA. Because
of the superimposed demands of multiple viral replication
steps, it is also difficult to study RNA dimerization and RNA
packaging functions separately.

Second, it is possible that the effect of leader RNA muta-
tions should be interpreted in the context of the overall leader
RNA structure. It was proposed that the complete leader RNA
is required to fold a specific tertiary RNA structure that is
recognized in the processes of RNA dimerization and packag-
ing (4). Evidence for a specific conformation of the complete
leader was subsequently reported (7), but the analysis indi-
cated that it was not a tertiary folding but an alternative sec-
ondary structure with long-distance base pairing between the
poly(A) and DIS domains (23). This ground-state LDI struc-
ture can refold into the more widely known BMH structure
that exposes the poly(A) and DIS hairpins. This new riboswitch
concept explains the in vitro dimerization properties of diverse
HIV-1 RNA mutants. Mutants with stable LDI folding show a
dimerization defect, and mutants with spontaneous folding of
the BMH structure dimerize much more efficiently than the
wild-type control (22, 23).

We now provide evidence that the impact of diverse leader
RNA mutations on the LDI-BMH equilibrium can also explain
the dimerization and packaging properties of 38 mutant RNA
genomes that were previously tested in vivo (9, 20, 35). Mu-
tants with mutations that do not grossly affect the LDI-BMH
equilibrium package RNA efficiently, but a change in the equi-
librium toward the LDI or BMH structure leads to a loss of
RNA packaging; the dimerization properties of the mutant set
of Russell et al. (35) follow this trend. Thus, freezing of either
leader RNA conformation causes a packaging defect, indicat-
ing that both structures are required in the multistep processes
of RNA packaging and RNA dimerization. In vivo, the viral
RNA will be coated by cellular and viral proteins that modu-
late the properties of the RNA molecule. It is therefore strik-
ing that in vivo packaging and dimerization properties can be
explained by inspection of the LDI-BMH equilibrium. The
data indicate that the leader RNA molecule plays an active
role in these processes and that viral and/or cellular proteins
apparently have no major influence on the LDI-BMH equilib-
rium.

It is possible that this riboswitch regulates early functions in
the cell, e.g., translation of HIV-1 RNA (1), and that a Gag/
nucleocapsid-mediated switch to the BMH structure occurs at
a later stage during the RNA dimerization and RNA packag-
ing processes. Furthermore, late functions within the virion,

such as reverse transcription, could also be regulated by the
same riboswitch (3).

It may seem strange that TAR mutations affect RNA pack-
aging because the TAR hairpin is present in both LDI and
BMH conformations (Fig. 1). However, it was suggested pre-
viously that opening of the TAR stem can induce the refolding
of downstream sequences through base pairing with TAR se-
quences (19, 20, 22). Thus, mutation of TAR sequences may
indirectly influence leader RNA structure and function.

Exposure of the DIS hairpin in the BMH conformation
readily explains the ability of several mutants to dimerize ef-
ficiently in vitro. Unlike the DIS hairpin, the � hairpin is
present in both LDI and BMH structures, but its structural
contexts differ significantly (1). The � hairpin stem is extended
in the LDI structure and includes the upstream Shine-Dal-
garno (SD) signal and the downstream Gag start codon (Fig.
1). In the BMH structure, the lower part of this extended �
hairpin is opened to allow the formation of the upstream SD
hairpin, whereas the downstream Gag sequences engage in
base pairing with the upstream U5 sequences to form the
U5-AUG duplex (1). The DIS, SD, and � regions are high-
affinity binding sites for Gag molecules (2, 10, 15, 39). Because
the structures of these regions differ significantly in the LDI
and BMH foldings, the riboswitch could provide a means for
modulating RNA packaging (11). This notion would be con-
sistent with our finding that the LDI-BMH equilibrium is
highly important for efficient packaging.

Our current analysis demonstrates that mutant HIV-1 RNA
molecules should be interpreted in terms of their impact on the
LDI-BMH riboswitch. In leader RNA-mutated viruses, it is
quite possible that compensatory changes occur in the Gag
protein (33, 34). Different HIV-1 isolates may also differ
slightly in the ��G values of their leader RNAs; e.g., we
measured values of �2.6 and �1.8 kcal/mol for the HXB2 and
HXB2-BH10 isolates, respectively. However, these viruses are
able to package viral genomic RNA efficiently. This finding is
not surprising, considering that the leader RNA region is not
the sole determinant for RNA packaging, which also involves
Gag proteins. Presumably, each HIV-1 isolate possesses mu-
tually adapted leader RNA sequences and Gag proteins that
act in concert to efficiently encapsidate viral genomic RNA.

Using the detailed quantitative results of the study of Russell
et al. (35), we also found a correlation between the dimeriza-
tion and packaging properties of mutant RNAs in virions (Fig.
4B). This finding further supports the idea that these two
processes are coupled, and the LDI-BMH riboswitch provides a
mechanistic explanation. Further detailed RNA structural knowl-
edge for this riboswitch may allow the design of nucleic acid or
other compounds that affect this RNA equilibrium, for instance,
by preferential binding to one of the conformations. Ooms et al.
recently identified certain antisense DNA oligonucleotides that
bind differentially to the two leader RNA conformations (31).
Based on the results presented in this study, it seems possible that
such compounds will interfere with several critical replication
steps and thus represent interesting compounds for the genera-
tion of a new class of antiviral agents.
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