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Abstract

Each viral particle of HIV-1, the infectious agent of AIDS, contains two copies of the full-length 
viral genomic RNA. Encapsidating two copies of genomic RNA is one of the characteristics of the 
retrovirus family. The two RNA molecules are both positive-sense and often identical; furthermore, 
each RNA encodes the full complement of genetic information required for viral replication. The 
two strands of RNA are intricately entwined within the core of the mature infectious virus as a 
ribonuclear complex with the viral proteins, including nucleocapsid. Multiple steps in the bio-
genesis of the genomic full-length RNA are involved in achieving this location and dimeric state. 
The viral sequences and proteins involved in the process of RNA dimerization, both for the initial 
interstrand contact and subsequent steps that result in the condensed, stable conformation of the 
genomic RNA, are outlined in this review. In addition, the impact of the dimeric state of HIV-1 viral 
RNA is discussed with respect to its importance in efficient viral replication and, consequently, 
the potential development of antiviral strategies designed to disrupt the formation of dimeric RNA. 
(AIDS Rev. 2009;11:91-102)
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Introduction

During the replication cycle of HIV-1, its genetic 
information progresses through two types of nucleic 
acid: DNA and RNA. The extracellular virion contains 
two copies of the HIV-1 genome in RNA form, which, 
upon entering a new cell, act as the template for the 
production of a DNA copy through the process of 
reverse transcription. The nascent DNA is integrated 
into the host cell genome to form the provirus, which 
serves, in turn, as a template for the production of 

multiple copies of the RNA genome. Two of the full-
length, 9-kb RNA genomes are subsequently pack-
aged into each budding virus particle to complete the 
cycle of replication. Thus, HIV-1 exists both as a 
stable DNA element within the infected cell’s genome, 
to be replicated along with the cell using host ma-
chinery, and a mobile RNA element capable of trans-
mission to uninfected cells. The fate and conformation 
of the HIV-1 virion RNA genome are the focus of this 
review. 

Early during HIV-1 infection, most of the nascent 
RNA is multiply spliced within the nucleus to yield a 
number of different species. These sub-genomic 
RNA are constitutively exported from the nucleus via 
the NXF1/NXT-mediated transport pathway to serve 
as the templates for the translation of the viral ac-
cessory proteins Tat, Rev, and Nef. Both the full-
length and singly spliced products (used for expres-
sion of Vif, Vpr, Vpu, and Env) are incapable of 
exiting the nucleus using this pathway, due, in part, 
to the presence of unspliced intronic sequences and 
through the presence of HIV-1-specific inhibitory 
sequences within these RNA molecules16,94. To 
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overcome these blocks to nuclear export, the viral 
protein Rev specifically binds a complex motif only 
present in the full-length and singly spliced RNA, 
called the Rev response element16,84. Rev bridges 
the Rev response element to the chromosome region 
maintenance 1 nuclear export factor, which directs 
these RNA out of the nucleus71. Within the cyto-
plasm, the full-length genomic RNA has the potential 
to act as the mRNA for translation of the viral struc-
tural proteins Gag and Gag-Pol, for which the RNA 
must traffic to the correct site for the translated prod-
ucts to function properly105,106. Alternatively, the full-
length RNA may be packaged into a budding virion 
to act as the genomic template for the next round of 
infection. In contrast to murine leukemia virus, which 
has two separate pools of RNA, one for translation 
and the other for RNA packaging55,57, HIV-1 genom-
ic RNA has the potential to perform both functions9,20. 
The cellular and viral factors involved in the regula-
tion of translation and packaging of full-length ge-
nomic RNA are relatively poorly understood, though 
their correct coordination is vital to the successful 
replication of HIV-1 and are potentially regulated by 
RNA dimerization. 

The two RNA present within each HIV-1 virion are 
positive-sense, single-stranded copies of the provi-
rus from the R region of the 5’ long terminal repeat 
to the R region of the 3’ long terminal repeat. As 
such, both RNA contain sufficient genetic informa-
tion to initiate nascent infections alone. However, 
there appears to be a requirement to package two 
copies of RNA for the successful completion of the 
retroviral replication cycle. The two strands of ge-
nomic RNA are not independent within the virion, but 
instead are found tightly associated as a compact 
dimer. The sequence requirements, firstly for the ini-
tial contacts, subsequently for those that stabilize 
the interaction, will be discussed, as will the poten-
tial involvement of viral proteins in the dimerization 
process. 

HIV-1 virions contain dimeric RNA

The dimeric nature of retroviruses was suggested 
early on by results showing that retroviral particles 
contain RNA of twice the expected buoyant density 
compared with a single copy of the full-length viral 
genome86. Furthermore, the RNA could easily be re-
solved to the correct monomeric buoyant density 
upon heat treatment21. Similarly, when analyzed by 

non-denaturing electrophoresis, the viral RNA runs as 
a single band (proposed dimer), which upon heat de-
naturation alters its migration pattern to a faster-moving 
species (proposed monomer)48. Electron microscopy 
(EM) has also been used to determine the conforma-
tion of the genomic RNA. Early EM work performed on 
RNA isolated from an endogenous feline retrovirus 
identified dimers held together at one end; this confor-
mation was also termed rabbit ears or Y-shaped50. 
Further EM studies, using SV40 DNA circles linked to 
poly(A) probes, demonstrated that the dimeric RNA 
was oriented with two free 3’ ends6. Therefore, the in-
terface between the two molecules was located within 
the two 5’ ends, a region termed the dimer linkage 
structure (DLS). Much of this early work used gamma 
retroviruses and was performed prior to the identifica-
tion of HIV-1 as the causative agent of AIDS. Subse-
quently, studies using HIV-1 RNA have demonstrated 
similar features13. However, studies from two different 
groups have noted that the RNA isolated from HIV-1 
virions does not form a Y-shape; instead, a small loop 
region at the 5’ end was detected, suggesting two 
major interactions within this region4,38. It is worth not-
ing that the morphology of viral RNA evaluated by EM 
was highly dependent on the stringency of the RNA 
treatment conditions prior to the analysis. A reduction 
in the stringency (from 50% formamide, 2.5 M urea to 
40% formamide, 2 M urea) lead to tight coils of RNA 
that were too condensed for structural evaluation, and 
a slight increase (up to 60% formamide, 3 M urea) 
resulted in the majority of RNA being visualized as 
monomers38. Therefore, the morphology observed by 
EM reveals important RNA contact points, probably the 
most stable ones. However, it is likely that other inter-
actions exist that are less stable and, therefore, not 
observed by the EM analyses35,76. The same caveat 
probably also applies to most biochemical RNA analyses, 
such as native gel electrophoresis, during which weak 
interactions of potential biological relevance may not 
survive. 

Points of contact:  
RNA element(s) involved  
in dimerization

Many studies have attempted to identify the regions 
of the RNA molecule that are responsible for the ob-
served RNA-RNA interaction(s). The EM structural data 
pointed to the main sequences involved being within 
the 5’ end of the genome, namely the DLS. Using in 
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vitro-transcribed short RNA corresponding to various 
lengths of HIV-1 genomic RNA, it was demonstrated 
that the DLS included the first 311 nucleotides61, al-
though downstream bases (311-415) had previously 
been thought sufficient19. The 5’ untranslated region of 
the viral genome, which includes the DLS, is predicted 
to fold into a highly ordered secondary structure that 
has been experimentally modeled by computational, 
phylogenetic, biochemical, and mutational probing 
studies18,45,78. Although minor variations exist, the con-
sensus structure involves six hairpin stem loops (SL), 
each with their own functional or alphanumerical des-
ignation (Fig. 1). A seventh hairpin, containing the AUG 
start codon of Gag, was originally proposed as SL4 
(Fig. 1, sequences intermittently underlined), but the 
weight of data suggests that this region is linear and 
involved in interactions with the junction between the 
poly(A) and primer binding site hairpins1,18. All six pro-
posed hairpins play vital roles during HIV-1 replication, 
including, but not limited to, transcriptional regulation 
(transactivation response element or TAR), reverse 
transcription (primer binding site), dimerization (SL1), 
splicing of the full-length RNA (SL2), and genomic 
packaging (SL3). 

After the initial contact, the two RNA molecules go 
through a number of conformational alterations that 
enhance the stability of the dimer and condense it 
into that which is extracted from isolated infectious 
particles. In this review, we have divided the two 
processes into initiation and maturation; one section 
details the requirements for the initial RNA-RNA con-
tact and the second section describes the sequential 
stabilization of the preformed dimer into its final con-
formation. 

Initiation of RNA dimerization

Within the identified DLS, a single stem-loop struc-
ture (SL1) appeared to be responsible for the majority 
of the dimerization potential of the full-length HIV ge-
nomic RNA81. The SL1 is a highly evolutionarily con-
served hairpin from nt 236 to nt 282 (based on num-
bering with respect to the cap site of HIV-1HXB2 
genomic transcripts), containing two internal bulges 
and an apical loop consisting of nine bases, of which 
six form a palindrome. Deletion of this motif prevents 
in vitro dimerization of the nt 1-707 fragment of HIV-1 
genomic RNA102, and antisense oligonucleotides tar-
geting the palindrome also prevent dimerization of 
sequences in this region70. Thus, this motif is widely 

accepted as the dimerization initiation site (DIS). The 
palindromic nature of the DIS allows it to form classic 
Watson-Crick base pairs with another RNA containing 
the same DIS sequence in an antiparallel manner 
(Fig. 2)13,69. This interaction, the result of which is 
termed the “kissing loop” dimer, has been extensive-
ly studied in vitro and its structure has been solved 
using nuclear magnetic resonance and X-ray crystal-
lographic techniques25,49,65. The purine residues of 
the loop, surrounding the palindromic sequence, are 
also essential to the dimerization process82. The mo-
lecular structure predicted by nuclear magnetic reso-
nance suggests that these bases form noncanonical 
interactions82. In support of this suggestion, the iden-
tities of these bases have profound effects on the 
stability of the kissing loop complex60. Also, the bulge 
halfway up SL1 is metastable, a property that is im-
portant for the capacity of SL1 to form dimers and 
their resulting stability33,99. 

Genetic evidence indicating that genomic RNA from 
HIV-1 strains with the same DIS are co-packaged 
more efficiently than when their DIS sequences are 
incompatible, further supports the role of the DIS in 
the initiation of RNA dimerization11,64. Interestingly, it 
would appear that not all palindromes are equally 
capable of performing this function; most of the cir-
culating strains of HIV-1 contain one of two DIS se-
quences: GCGCGC (subtypes B and D) or GUGCAC 
(all other subtypes, group N, and group O)104. Cell-
based experiments indicated that only a few other 
palindromes can successfully substitute the two ca-
nonical sequences53. Moreover, the size of the palin-
drome is constrained to 6 nt, with numerical altera-
tions quickly reverting to wild-type7. The highly 
restricted nature of the DIS, when considering there 
are a possible 64 palindromes of six nucleotides, in-
dicates either that the dynamics of the kissing loop 
dimerization process are very specific or that other 
properties of the DIS, outside of its role in dimeriza-
tion, are sequence specific77. Alternatively, the DIS 
may simply be evolutionarily constrained due to the 
nature of its role in virus replication; a single change 
within the DIS would destroy its palindromic nature 
and decrease dimerization efficiency. If, by chance, 
multiple mutations did occur to generate a different 
palindrome at the DIS, the mutated virus would di-
merize less efficiently with the parent virus11. This 
finding suggests an interesting hypothesis that the 
DIS is not only the dimerization initiation site, but also 
could have been pivotal in initiating divergence of 
some of the subtypes. 
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Figure 1. RNA sequences and conformation at the 5’ end of the HIV-1 genome. Nucleotide sequences are based on the HIV-1HXB2 RNA 
transcript and the first base is marked +1; nt 100, 200, and 300 are marked. The palindromic sequences proposed to pair with the coun-
terpart palindrome of the RNA partner are marked by solid lines, whereas sequences in the originally proposed SL4 are marked by 
dashes. The refined dimer linkage structure sequence by Suguraki, et al.92 is shown in boldface. TAR: transactivation response element; 
PBS: primer binding site; SL: stem loop.

Although the DIS is clearly required for efficient di-
merization, it is not sufficient in vivo62. The originally 
identified DLS encompassing bases 1-311, and including 
the DIS, has since been refined. By inserting a sec-
ond ectopic DLS downstream of the original se-

quence, Sakaguri, et al. generated a virus with two DLS 
regions that produced a subset of virions with apparent 
monomeric genomic RNA, presumably due to the 
substitution of intermolecular DLS interaction(s) with an 
intramolecular one(s)91. By mutating the ectopic DLS 
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region and monitoring the generation of monomeric 
RNA in the released virions, they further characterized the 
sequence requirements of the DLS to a noncontiguous 
144 nt region, consisting of sequences from the junc-
tion between the R/U5 and U5/L stem loops to the end 
of the putative SL4 – more specifically, sequences 
105-131, 217-281, and 301-352 (Fig. 1, sequences in 
bold). In agreement with this study, mutations within 
these sequences had previously been shown to be 
deleterious to the dimerization of HIV-1 genomic 
RNA87,88. Currently, the roles of these sequences in 
the RNA interactions are not well defined. It is possible 
that they are not directly involved in the interstrand 
contacts, but are required to ensure correct orientation 
and stability of SL1 to allow the DIS to interact with its 
counterpart in another RNA62.

Although the important role of the DIS as the central 
element for initiation of RNA-RNA contact has been 
well demonstrated, one major caveat is that HIV-1 can 
replicate without the DIS, or even without the entire 
SL1, albeit at reduced levels in most cell types36,104. 
Furthermore, the viral RNA extracted from such DIS 
mutants is dimeric, even though the dimers display 
heterogeneous migration by native gel electrophore-
sis7,64,103. Interestingly, when DIS mutant viruses were 
placed in long-term culture, the compensatory muta-
tions that arose were within Gag and resulted in an 
improved ability of Gag to distinguish full-length viral 
RNA from spliced RNA58,59,90. This observation sug-
gests that the DIS is not required for replication per se. 
Rather, it enhances dimerization and thereby poten-
tially allows for better recognition of the genomic RNA 
species by Gag, whereas, in the absence of the DIS, 
dimerization can still occur, but with reduced kinetics 
and presumably through currently unidentified redun-
dant mechanisms64,103. 

Other RNA elements that may  
contribute to the stabilization  
of the RNA dimer

Using short RNA containing the SL1 motif, in vitro 
experiments demonstrated that after the initial contact 
at the DIS to generate the kissing loop form, under 
certain conditions base-pairing could progress down 
the stems of the SL1 hairpin and convert intramolecu-
lar bonds into intermolecular ones, thereby forming an 
extended dimer with greater thermodynamic stability 
than the kissing loop form (Fig. 2)67,68. Although it is an 
attractive model, and both kissing loop and extended 

dimer structures have been solved using nuclear mag-
netic resonance and X-ray crystallography25,32,66, to date 
there is no direct evidence that supports the proposed 
extension from the kissing loop to the extended dimer 
in vivo109. Biochemical probing of the area is incapable 
of distinguishing between inter- and intramolecular in-
teractions, as they are both hypothetically in the same 
local environment. Additionally, viral mutations designed 
to prevent extension of the kissing loop dimer to the 
extended dimer by swapping or inverting the stem of SL1 
have no observable impact on replication or dimeriza
tion12,64. Moreover, there is conflicting in vitro data as 
to whether longer HIV-1 RNA can carry out this confor-
mational switch80.

RNA elements outside the SL1 have also been pro-
posed to be involved in the stabilization of the RNA 
dimer93. For example, a ~ 100 nt region downstream 
of the splice donor site in SL2 has been shown to en-
hance the stability of dimeric RNA, albeit in a DIS se-
quence-dependent manner51,82. In addition, the afore-
mentioned EM studies of the HIV-1 genomic RNA 
dimer indicated that, under the isolation conditions 
used, at least two major points of contact existed be-
tween the two strands4,38. Although both groups point 
to the DIS as the 3’ component of these interactions, 
they differ in their interpretation of the 5’ interaction. 
Hoglund, et al. proposed that the 5’ interaction involves 
a palindrome at the apical loop of the R-U5 stem loop, 
whereas Andersen, et al. hypothesized that it involves 
the two TAR elements, which also contain a palindromic 
sequence (Fig. 1, palindromic sequences are under-
lined). The R-U5 region has since been shown not to 
affect dimerization, but instead to be involved in a 
long-distance interaction with sequences encoding 
the matrix domain52,79. Also, the palindrome of the TAR 
element is partially occluded, reducing its potential to 
interact in the proposed manner. However, it has been 
demonstrated that this palindrome can become avail-
able for a kissing loop-type interaction after incubation 
of the RNA with nucleocapsid4. Although it is more than 
likely that other intermolecular contact points exist, not 
all of their identities, molecular interactions, and con-
tributions to the formation and stability of the mature 
dimer are known at this time.

Protein elements involved  
in RNA dimerization 

Viral proteins play important roles in the stabilization 
(maturation) of the viral RNA dimer. During or soon 
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Figure 2. Proposed interactions between stem loop 1 (SL1) of two RNA molecules for dimerization. The palindromic sequences in two 
dimerization initiation site (DIS) regions form base-pairing to generate a kissing loop complex. Base-pairing could proceed down the SL1 
stem to form the extended dimer. 

after virus assembly, the viral-encoded protease cleaves 
the Gag and Gag-Pol polyproteins to generate the 
mature products. These proteolytic events are also 
linked with an alteration in viral morphology, including 
the appearance of a cone-shaped core in a process 
referred to as virus maturation3,5,44,83,108. The dimeric 
RNA also undergoes changes during this process. 
The RNA isolated from immature viral particles, either 
recently released (rapid-harvest) virions or protease 
defective (PR–) mutant viruses, are different from RNA 
from infectious mature virions30,31. Mature viral RNA are 
found mostly as dimers, which are fairly thermostable. 
In contrast, a majority of the RNA isolated from imma-
ture viruses migrate as monomers; the remaining dim-
ers migrate more slowly and dissociate at much lower 
temperatures compared with RNA extracted from ma-
ture virions30. This observation led to the proposed 
model that immature virions contain loose dimers that 
are induced to mature through the action of nucleo-
capsid, released during the virion maturation process. 
By integrating the in vitro RNA data into this model, it 
was proposed that the loose dimer corresponds to the 
interaction at the DIS (kissing loop dimer) and the ma-
ture dimer consists of nucleocapsid-mediated extension 
of the base pairing down the stem of SL1 (extended 
dimer). 

However, recent studies of rapid-harvest viruses in-
dicated that the maturation of RNA dimers is more 
complicated than previously envisioned103. It was 
shown that although RNA samples isolated from PR– 
viruses or rapid-harvest wild-type viruses both contain 
slow-moving weak dimers and monomers, dimeric 
RNA was not observed in RNA isolated from rapid-
harvested PR– viruses103. Instead, the characteristic 
immature dimers of PR– virus were only detected after 
incubation of the rapid-harvested PR– virions. Addition-
ally, after incubation of the rapid-harvest wild-type viral 
RNA, an intermediate dimer conformation was identi-
fied, which migrated between that of the loose imma-
ture dimer and the stable, condensed, mature RNA. 
Based on these and other observations, the original 
model was modified and it was postulated that RNA 
dimerization undergoes three distinct steps: first, the 
dimer is initiated through the DIS interaction (kissing 
loop form); proteolytic cleavage of the viral proteins 
then induces the kissing loop form to be extended into 
the extended dimer form; and finally, other RNA con-
tact points are established to achieve a fully matured 
dimer. Furthermore, in the absence of viral maturation, 
the immature dimers that eventually form within PR– 
viruses do so in a DIS and proteolytic cleavage inde-
pendent manner. 
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The mature products of proteolytic cleavage of the 
Gag and Gag-Pol polyproteins are likely to be impor-
tant in the stabilization of viral RNA dimers. Nucleo-
capsid has both RNA binding and chaperone ac-
tivities56,85. Many studies have demonstrated the 
effects of nucleocapsid on the conformation of RNA 
in vitro27,47,67,68; for example, it was shown that nucle-
ocapsid can induce the conformational switch from 
the kissing loop dimer to the extended dimer within 
short, in vitro-transcribed RNA containing the SL168. 
Moreover, mutations in Gag that interfere with poly-
protein processing and prevent the release of nucle-
ocapsid have a severe impact on viral RNA stabili-
ty37,98. The form of nucleocapsid (NC) released by the 
initial cleavage event is NCp15. This protein coats the 
RNA at about 1 molecule per 7 nt110. Subsequent 
cleavage, enhanced by the presence of RNA, of 
NCp15 into NCp9 and finally into NCp7 by the suc-
cessive removal of p6, then p1, results in further con-
densation of the genomic RNA, presumably due to a 
greater chaperone capacity of the NCp7 protein over 
NCp15, and potentially due to bridging of the RNA 
through multiple RNA contacts of NCp7 and NCp7-
NCp7 protein interactions28,37,63,98,100. The temporal 
regulation of the cleavages that result in NCp7 was 
proposed to be the mechanism driving the distinct 
stages of the RNA maturation process. The evolution 
of protease inhibitor resistance mutations within the 
p1-p6 cleavage site clearly reinforces the viral require-
ment for the processing of NCp15 for viral replica-
tion15,72. However, proteolytic processing of Gag and 
Gag-Pol plays a more complex role in RNA maturation 
than simply unleashing a chaperone protein as the 
Gag polyprotein itself has chaperone activity26. More-
over, RNA maturation defects can also be caused by 
perturbation of the protein composition of the virions, 
such as altering the Gag/Gag-Pol ratio or by removing 
reverse transcriptase and integrase products96,97. Ad-
ditionally, in a late-domain mutant for which few de-
fects in Gag processing can be detected and, there-
fore, nucleocapsid is released, the dimeric RNA again 
have lower stability29. Interestingly, the maturation of 
the RNA dimer appears to be linked to the morpho-
logical maturation of the virion itself. In the afore-
mentioned late-domain mutant and in other Gag 
processing mutants, an inability to mature the virion 
is correlated to a reduction in the stability of the ge-
nomic RNA dimer29,98. Although the detailed molecular 
mechanisms are unclear, it is likely that the formation 
of the proper core facilitates the complete maturation of 
the RNA dimer. 

Another viral protein with chaperone activity found 
within HIV-1 virions is the viral infectivity factor, or Vif34,43. 
Recent work has highlighted the major function of Vif 
as a viral defense protein against the host-encoded 
antiviral APOBEC 3G and 3F proteins95. However, there 
appear to be Vif-binding sites within the 5’ untranslated 
region of HIV-146, and Vif has been proposed to aid re-
verse transcription by reducing reverse transcriptase 
pausing8,34,111. Using in vitro assays, it has been shown 
that the presence of Vif also has an impact on the for-
mation of dimers, although the effects of its binding to 
the viral RNA appear to contrast those of nucleocapsid 
binding34. 

Host factors have also been proposed to play a role 
in RNA dimerization. The replication defect of SL1 mutant 
viruses within established T-cell or fibroblastic cell lines 
has been extensively cataloged7,12,51,53,77. However, in 
contrast to these studies, SL1 was deemed dispens-
able for replication in primary peripheral blood mono-
nuclear cells36. Although a direct role has not been 
ascribed, nor a candidate factor identified, the cell type-
dependent effect of the SL1-deletion mutant suggests 
that a host factor, missing in some cell lines, is ca-
pable of substituting for the role of SL1 in the replica-
tion of HIV-1. 

RNA elements proposed to be involved  
in regulating dimerization

Full-length genomic RNA can serve as a template for 
the translation of viral proteins or can be packaged as 
the genomic material in the virion. The regulation of 
these two functions is difficult to tease apart, particu-
larly as it has been shown that HIV-1 RNA does not 
have to be translated to be packaged and that the RNA 
used for translation and packaging originate from the 
same pool9,10,20,73. A very appealing model, invoking 
different conformations of the 5’ untranslated region, 
has been proposed by which HIV-1 could regulate the 
fate of its genomic RNA40. In this model, the first con-
former, long-distance interaction (LDI), has the DIS 
occluded within a stable stem and, therefore, not ca-
pable of kissing loop interactions. In contrast, the al-
ternative conformer, branched multiple hairpins (BMH), 
adopts the more widely accepted arrangement of the 
5’ untranslated region with separate hairpins (Fig. 1). 
The BMH conformation has SL1 presenting the DIS for 
interaction with its dimer partner and SL3 remaining 
intact to drive the Gag-RNA interaction needed for 
packaging1. Thus, two interchangeable conformations 
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have been proposed, with the LDI potentially more 
amenable to translation and the BMH having a propensity 
to dimerize and be packaged. The model posits that 
the RNA initially adopts the LDI conformer, allowing 
Gag to be expressed. Once sufficient levels of Gag 
have accumulated, they bind the RNA, promoting it to 
adopt the BMH conformation, thereby promoting dimeriza-
tion and packaging40,74. Although this model is very 
attractive and is supported by in vitro data, it lacks 
support from in vivo results. Recent evidence has 
shown that both conformations are equally capable of 
translation2; furthermore, chemical structural probing 
analyses suggest that both cellular and virion HIV-1 
RNA adopt conformations similar to that of BMH78. 
However, sub-genomic RNA may still adopt the LDI 
conformation, which could be a distinguishing factor 
between the genomic and sub-genomic RNA54. All 
HIV-1 RNA species contain the DIS motif; thus, the use 
of the LDI conformation would be an ideal mechanism 
to prevent sub-genomic RNA from becoming dimerized. 
It has been proposed that RNA dimerization occurs 
prior to packaging; therefore, preventing sub-genomic 
RNA from dimerizing would provide a mechanism to 
exclude these RNA from the virion. Contrary to this 
argument, a recent study showed that sub-genomic 
HIV-1 RNA are capable of homodimerization as well as 
heterodimerization with genomic RNA in vitro101. Thus, 
the DIS within the spliced RNA must be accessible, 
reducing the likelihood that the LDI conformation exists 
in vivo.

Selection of co-packaged RNA:  
does Gag package two monomers  
or one dimer? 

The molecular mechanisms that govern the encapsi-
dation of two copies of HIV-1 RNA into one virion re-
main unclear89. It is possible for the viral proteins to 
package one dimeric RNA or, alternatively, two mono-
meric RNA molecules. Upon actinomycin D treatment, 
murine leukemia virus-infected cells were shown to 
produce particles largely without viral genomes; how-
ever, the viral RNA molecules packaged by the remain-
ing viruses were dimeric55. Additionally, experimental 
evidence using rapid-harvest or PR– murine leukemia 
virus indicated that these RNA are present as loose 
dimers, again suggesting that dimeric RNA are pack-
aged31. However, recent evidence from rapid harvest 
PR– HIV-1 suggests that only monomers are present 
within nascent viral particles103. Other studies in which 

viral proteins were altered in different manners have 
also made the similar observation that genomic RNA 
can be found within the virions as monomers22,96. Al-
though the observation of monomers in virions appears 
to favor the hypothesis that HIV-1 packages RNA as 
two monomers, the possibility exists that during the 
viral RNA isolation procedure, weak dimeric RNA (such 
as a kissing loop dimer) became dissociated30. In sup-
port of this idea, genetic studies have demonstrated 
that the rate of co-packaging can be modified, a result 
that indicates dimer partner selection prior to the com-
mitment of the two RNA to be co-packaged. These 
studies showed that recombination between subtype 
B and subtype C HIV-1 is significantly lower than intra-
subtype recombination11. Additionally, the lower re-
combination rate is largely restored by matching the 
DIS of the two viruses. Recombination occurs between 
the co-packaged RNA of the two viruses39 and, as 
such, provides a measure of the rate of dimerization 
between the two RNA. Therefore, these results suggest 
that the RNA from these two virus subtypes, which 
contain two different DIS sequences, were co-pack-
aged inefficiently. Furthermore, the recombination rate 
between two viruses can be significantly increased by 
modifying their respective DIS sequences to be non-
palindromic and, therefore, non-self-associating, while 
maintaining their complementarity to each other64. In 
both situations, the assortment of RNA into the re-
leased virions was not random, suggesting that RNA 
partner selection occurred prior to packaging, and that 
dimeric RNA were packaged. 

RNA dimerization as a target  
for antiviral therapy

RNA dimerization appears to be a requirement for the 
production of infectious HIV-1 particles. The well-estab-
lished role of the DIS in the RNA dimerization process 
makes it an attractive target for the development of 
antiviral therapies. There are currently two avenues 
under investigation for inhibition of HIV-1 replication 
through disruption of the dimerization process. One 
involves the use of antisense nucleic acid decoys and 
the other exploits the sequence and conformational 
similarity between the kissing loop complex of HIV-1 
and the natural target of aminoglycoside antibiotics. 
Antisense oligonucleotides bind their target through 
the nature of their complementarity and, in doing so, 
either prevent translation of the RNA by disrupting 
ribosomal read-through or induce degradation of the 
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target RNA through an RNaseH-mediated pathway. The 
success of this strategy relies on the accessibility of 
the target, the efficiency of the binding, and the abun-
dance of the oligonucleotides. Antisense oligonucleotides 
have been used to target the DIS and HIV-1 dimerization. 
Although efficient inhibition of dimerization in vitro and 
translation of Gag in vivo were both demonstrated using 
this strategy23,41,42,75, the molecules only had a modest 
effect on the replication capacity of HIV-123. The alter-
native strategy relies on the discovery that the crystal 
structure of the HIV-1 kissing loop complex has some 
unexpected similarities to the bacterial 16S ribosomal 
A site24, the target of the aminoglycoside family of 
antibiotics. This revelation encouraged the development 
of aminoglycosides as potential antiviral compounds. 
Neomycin and lividomycin, among others, have been 
shown to specifically bind a kissing loop complex 
between two GUGCAC palindrome-containing SL1 
hairpins. The binding of the aminoglycosides to the 
kissing loop complex occurs with high affinity and 
results in an increase in the stability of the kissing loop 
domain and inhibition of conversion of the kissing 
loop complex to the extended dimer in vitro24. As a role 
for, or presence of, the conversion of kissing loop complex 
to extended dimer in vivo is still unclear, the success 
of this strategy has yet to be demonstrated, particularly 
because no inhibitory effect of aminoglycosides on 
HIV-1 replication has been demonstrated.

Despite these limited initial successes, the HIV-1 DIS 
does have the characteristics of a promising drug tar-
get: it plays an important role in viral replication, and it 
is conserved, which is indicative of a major evolutionary 
constraint. Currently, the development of antiviral strat-
egies targeting the DIS is in its infancy and there are 
many hurdles to be overcome before these strategies 
can be successful. One major factor is that some DIS 
and SL1 mutants can replicate and still package di-
meric RNA into their particles, suggesting that viable 
escape mutants may be easily generated when using 
antiviral strategies targeting this motif. Understanding the 
putative redundant dimerization pathways and why HIV-1 
needs to have a dimeric RNA genome for replication 
could pave the way for the successful implementation of 
such strategies. 

Role for RNA dimerization:  
a question of why?

The Retroviridae is the only virus family that pack-
ages two copies of the complete viral genome into one 

virion. Several selective advantages have been pro-
posed for the packaging of two RNA. It has been 
postulated that viral RNA is sometimes damaged prior 
to the initiation of reverse transcription. Packaging two 
copies of the viral genome would allow the reverse 
transcriptase complex to switch templates when en-
countering a break in the viral RNA, and thereby com-
plete DNA synthesis and rescue the genetic informa-
tion, despite the damage to the RNA genome. This is 
the basis of the copy-choice model of retroviral recom-
bination14. It has also been proposed that the ability 
of the virus to package two RNA molecules and to 
switch RNA templates during reverse transcription al-
lows frequent recombination in order to increase ge-
netic diversity107. When two viruses with different 
genotypes infect the same cell and produce heterozy-
gous virions, there is the potential for recombination 
between them to result in a mixing of the genetic ma-
terials and the creation of a new hybrid genotype. In 
essence, this allows the virus to replicate sexually107. 
The dimeric nature of the RNA genome may also play 
a structural role during replication. Analyses of the 
murine leukemia virus RNA-nucleocapsid interactions 
suggest that a major binding site within the RNA is 
exposed upon RNA dimerization17. Therefore, RNA 
dimerization can be used by the virus to generate 
structural components that regulate specific stages of 
replication. Finally, it is likely that the dimeric nature 
of the viral RNA genome provides not just one but 
all of these selective advantages, and possibly others 
that are not currently identified. 

Conclusions

The dimerization of genomic RNA appears to be 
essential for successful replication of HIV-1. The two 
RNA initially make contact at the DIS, a 6 nt palindro-
mic sequence within the 5’ untranslated region. The 
two RNA then undergo conformational alterations in 
the virion that result in a condensed stable dimer, a 
process that is dependent on the proteolytic cleavage 
of Gag by the viral protease. The condensed RNA di-
mer is the substrate for reverse transcription, from which 
the viral DNA is generated prior to integration as a 
provirus. 

Interestingly, despite its central role in RNA dimeriza-
tion, the DIS is not absolutely required for HIV-1 repli-
cation or for the presence of dimeric RNA in the virion. 
Thus, an as yet unidentified but redundant mechanism 
must be present to ensure that two genomic RNA are 
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packaged and that dimerization occurs between them. 
Although it is known that the virion RNA dimer under-
goes a maturation process, the stages and molecular 
mechanisms of RNA maturation are very poorly under-
stood. Identifying the structure of the dimeric RNA is 
inherently difficult, and establishing the significance of 
the RNA structures with biological function is an added 
challenge. Unraveling the mystery of the RNA matura-
tion process may require new RNA analysis techniques 
and novel approaches to investigate the biological ac-
tivities of these structures. Additionally, there are many 
unknown factors to HIV-1 RNA biogenesis and encapsi-
dation that require further investigation. It has been 
proposed that the interplay between translation of the 
genomic RNA and its packaging into virions may be 
regulated by the conformation of the RNA species, par-
ticularly its dimerization state. Furthermore, whether viral 
proteins package two monomeric RNA or a dimeric RNA 
is still being debated.

In summary, it has been four decades since the first 
experimental evidence indicated that retroviruses pack-
age two RNA genomes in a dimeric form. Although much 
has been learned about the process of RNA dimeriza-
tion, there is still more to be elucidated about multiple 
aspects of this process. Our further understanding of 
HIV-1 RNA dimerization along with other steps of viral 
replication may provide insights that can help us curb 
the HIV-1 epidemic. 
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