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GERM LINE
The cells that are in a direct 
mitotic line of descent from the 
zygote to its gametes, as distinct 
from somatic cells.

Retroviruses are a diverse family of RNA viruses that 
infect animals and cause various diseases, includ-
ing leukaemia, tumours, neurological disorders 
and AIDS. They can incorporate modified cellular 
genes during replication that confer tumorigenicity, 
induce neoplastic transformations upon integration 
of the proviral DNA into or near important cellular 
genes, interfere with normal cellular functions or 
induce premature cell death1. Approximately 1% of 
the human genome consists of human endogenous 
retrovirus sequences that seem to have resulted from 
early infections and incorporation of viral sequences 
into the GERM LINE2. In addition, some retroviruses have 
been engineered to function as vectors for the delivery 
of corrective human genes, and vectors derived from 
the Moloney murine leukaemia virus (MoMuLV) 
have been used for the treatment of severe combined 
immunodeficiency.

All retroviruses, except the spumaretroviruses, 
contain two copies of their positive-strand RNA 
genomes, both of which are important for replication 
(FIG. 1). The genomes seem to exist as weak dimers in 
most immature particles, and are converted during 
proteolytic viral maturation to more stable, non-
covalently linked dimers3–5 that have a structural 
role in mature viruses6. During the early phase of 

replication, the diploid genome serves as a template 
for reverse transcription, allowing strand transfer to 
occur at otherwise deleterious breakpoints and pro-
moting genetic diversity and the evolution of strains 
that are drug resistant and strains that can evade the 
immune response7.

Retroviral genomes are selected for packaging 
from a cellular pool that contains a substantial excess 
of cellular and spliced viral mRNAs8. Extensive 
genetic and virological studies indicate that selection 
is mediated by interactions between the nucleo capsid 
(NC) domains of the assembling viral Gag poly-
proteins and segments of the viral genome, called 
Ψ-sites, which are located within the 5′-untranslated 
region (UTR) and/or upstream coding regions of 
the gag gene (for reviews, see REFS 813). Recently, 
information regarding RNA secondary structures 
and long-range base pairings that are important for 
packaging have been obtained from a combination 
of computational, phylogenetic and experimental 
studies, and high-resolution structures have been 
determined for several viral RNA fragments and 
NC–RNA complexes. The collective findings are pro-
viding new insights into the structural determinants 
and molecular mechanisms of retroviral genome 
packaging, which is the subject of this review.

HOW RETROVIRUSES SELECT 
THEIR GENOMES
Victoria D’Souza and Michael F. Summers

Abstract | As retroviruses assemble in infected cells, two copies of their full-length, 
unspliced RNA genomes are selected for packaging from a cellular milieu that 
contains a substantial excess of non-viral and spliced viral RNAs. Understanding the 
molecular details of genome packaging is important for the development of new 
antiviral strategies and to enhance the efficacy of retroviral vectors used in human gene 
therapy. Recent studies of viral RNA structure in vitro and in vivo and high-resolution 
studies of RNA fragments and protein–RNA complexes are helping to unravel the 
mechanism of genome packaging and providing the first glimpses of the initial stages 
of retrovirus assembly.
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The role of the Gag protein
The NC domain of Gag directs genome packaging. 
Chimeric human immunodeficiency virus type 1 
(HIV-1) virions that contain the MoMuLV NC 
domain preferentially package MoMuLV RNA14, 
and MoMuLV chimaeras that contain the HIV-1 NC 
domain preferentially package the HIV-1 genome15. 
Furthermore, the chimeric MoMuLV particles that 
contain HIV-1 NC preferentially package the full-length 
HIV-1 genome and ignore spliced HIV-1 mRNAs, 
indicating that NC is responsible for discriminating 
between spliced and unspliced viral RNAs. Similar 
results have been obtained for Rous sarcoma virus (RSV) 
and MoMuLV16. In some cases, retroviruses of a given 
genus can package each other’s genomes, indicating that 
evolutionarily related retroviruses might use similar 
protein- and RNA-recognition elements17–19. In other 
cases, non-reciprocal packaging has been observed; for 

example, HIV-1 can efficiently encapsidate RNA that 
contains the HIV-2 packaging signal, but not vice versa20. 
A few studies have indicated that other elements in Gag 
might be important for genome selection21,22, although 
with RSV, Gag constructs that contain deletions of the 
matrix, capsid and protease domains are all capable of 
efficiently packaging the viral genome23.

Zinc knuckles of NC domains are essential for genome 
packaging. The NC domains of all retroviruses, except 
the spumaretroviruses, contain one or two conserved 
CCHC arrays (C-X2-C-X4-H-X4-C; C = Cys, H = His, 
X = variable amino acid)24 that bind zinc with high 
affinity25, are populated with zinc in intact virions26 
and are required for high-affinity NC–RNA inter-
actions in vitro. Mutations that inhibit zinc bind-
ing27–29, or treatment of viruses with agents that eject 
zinc30, result in non-infectious virus particles that are 

Figure 1 | General features of the orthoretroviral replication cycle. During the early phase of replication (upper portion), 
envelope glycoproteins on the surface of the virus bind to CD4 (blue) and chemokine (red) receptors on the cell surface, triggering 
fusion of the viral and cellular membranes. During or after uncoating of the core (red), the viral RNA genome is reverse-transcribed 
to proviral DNA, which is transported to the nucleus and integrated into the cellular DNA by the viral integrase enzyme. 
Transcription during the late phase produces the full-length viral RNA, which is capped at the 5′ end and polyadenylated at the 
3′ end by the cellular machinery and transported to the ribosome. Translation of the unspliced RNA produces the viral Gag and, 
through an occasional read-through, Gag-Pol proteins, which assemble and bud to form immature particles. The actual site of 
initial genome recognition and binding (shown in the cytosol) is not known. Proteolytic cleavage of Gag by the viral protease 
produces the matrix (MA, green), capsid (CA, red) and nucleocapsid (NC, blue) proteins, which rearrange to form the mature 
particle. The domain structure of the HIV-1 Gag protein is also shown. Gag, group-specific antigen protein; IN, integrase; 
Pol, polymerase; Rev, regulator of viral protein expression; RT, reverse transcriptase; Vpr, viral propagation. 
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unable to replicate. MoMuLV particles containing 
mutant NC proteins that do not bind zinc are unable 
to efficiently package full-length genomes, and instead 
package detectable quantities of subgenomic mRNAs, 
indicating that the zinc knuckles help to discriminate 
between spliced and unspliced viral mRNAs28,29.

Structures have been determined by NMR for either 
the zinc knuckles or the intact NC proteins (or both) of 
eight different retroviruses, and a representative struc-
ture of the HIV-1 NC protein26,31 is shown in FIG. 2a. 
All CCHC zinc knuckles form a metal-coordinating 
reverse turn that is structurally similar to those of the 
iron-binding domains of rubredoxins and is stabi-
lized by NH–S hydrogen bonds32 (FIG. 2b). The N- and 
C-terminal tails are conformationally labile in HIV-1 
NC26 and in a larger Gag fragment that includes the 
C-terminal domain of the capsid protein33, with zinc 
knuckles behaving like transiently interacting ‘beads 
on a string’34 (FIG. 2a). Most retroviral zinc knuckles are 
highly basic and contain a hydrophobic cleft on the 
surface of the miniglobular domain (FIG. 2c).

RNA elements that promote genome packaging
Regions of retroviral genomes that are important 
for packaging have been identified for several retro-
viruses, including RSV35, MoMuLV36, spleen necrosis 
virus37, HIV-1 REF. 38, bovine leukaemia virus39, 
feline immuno deficiency virus40, HIV-2 REF. 41 and 

Mason–Pfizer monkey virus42. In some cases, relatively 
small fragments of the 5′-UTR are capable of direct-
ing RNA packaging35,43–45. However, the most efficient 
packaging is generally achieved for RNAs that contain 
relatively large portions of the 5′-UTR. A few studies 
have indicated that elements in downstream coding 
regions of viral genomes might promote packaging46,47. 
The 5′-UTR also contains U5 control regions that 
recruit cellular proteins required to initiate ribosomal 
translation, a specific tRNA primer-binding site (PBS) 
that is required for initiation of reverse transcription, 
and a regulatory region that helps control transcrip-
tion. Although virions incorporate the appropriate 
primer during assembly, tRNA binding to the PBS 
does not seem to be required for genome packaging48. 
As indicated above, the 5′-UTR also generally contains 
the 5′ splice donor (SD) site, which participates in the 
generation of spliced viral transcripts that encode for 
accessory and/or envelope proteins. Except for RSV, 
the 5′-SD sites are located upstream of, or overlap 
with, elements that are required for packaging33,35,49. 
The packaging elements are therefore removed or 
eliminated upon splicing, providing a mechanism 
for specifically packaging the full-length genome and 
excluding spliced mRNA transcripts36.

Retroviral packaging signals also generally overlap 
with elements that promote RNA dimerization11,13,50,51, 
and there is now considerable evidence from stud-
ies of several retroviruses that genome dimerization 
and packaging are intimately coupled (for review, 
see REF. 12). Electron-microscopic images of RNAs 
that were isolated from virions indicate the pres-
ence of relatively stable dimer-linkage sites near the 
5′ ends of the viral genomes3. Genomes isolated from 
rapidly harvested MoMuLV virions are dimeric, and 
the stability of the dimer seems to increase upon viral 
maturation5. Mutations that are designed to inhibit 
RNA dimerization generally result in a packaging 
defect51–54. Reduction of viral mRNA levels in infected 
cells by treatment with actinomycin D results in dra-
matic reductions in genomic RNA packaging, but 
the small amount of packaged RNA is nevertheless 
dimeric55. In addition, heterologous RNAs containing 
the MoMuLV Ψ-site that are encapsidated with poor 
efficiency are also dimeric56, and particles contain-
ing mutations in NC that package the native genome 
with poor efficiency also exclusively package dimers57. 
Finally, Sakuragi and co-workers showed that single 
viral RNA molecules that contain two copies of the 
5′-UTR are efficiently packaged as monomers, provid-
ing compelling evidence that HIV-1 genome packag-
ing is promoted by an RNA structure formed by the 
association of two UTRs58,59.

Genome packaging by MoMuLV
The MoMuLV Ψ-site. Nucleotides 215–565 of the 
MoMuLV 5′-UTR can function as an autonomous 
packaging signal, and this segment is referred to as 
the Ψ-site (FIG. 3a). Deletion of the Ψ-site abrogates 
packaging60, and reinsertion of the Ψ-site near the 
3′ end of the genome partially restores packaging36. 

Figure 2 | Structure of the HIV-1 nucleocapsid protein. a | Representative NMR structure of 
the HIV-1 nucleocapsid protein, showing the two structurally independent zinc knuckle domains 
(backbone (grey), Cys (yellow) and His (blue) ligands, and the zinc atom (cyan)) and the flexible 
tails and linker (red). b | Structure of the N-terminal zinc knuckle, showing NH–S and some of 
the NH–O hydrogen bonds. c | Conserved hydrophobic residues (carbons in green, hydrogens 
in white) of the N-terminal HIV-1 zinc knuckle form a hydrophobic cleft. Backbone atoms at the 
base of the cleft that participate in hydrogen bonding with guanosine nucleotides are shown.
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MoMuLV constructs that contain deletions that 
extend into the 5′ region of the Ψ-site are packaged 
with reasonable efficiency61, and a shorter fragment 
that comprises ~100 nucleotides (referred to as a 
‘core-encapsidation signal’, ΨCES) is sufficient to direct 
packaging of heterologous RNAs into virus-like par-
ticles44,45. However, packaging efficiency is influenced 
by residues upstream62 and downstream45,47,63 of the 
MoMuLV Ψ-site, with the most efficient packaging 
observed for Ψ+ RNAs that include the intact Ψ-site 
and ~470 additional downstream nucleotides63.

In vitro chemical-accessibility mapping experi-
ments involving the 5′ region of the MoMuLV 
genome, coupled with phylogenetic and free-energy 

calculations64,65, indicate that the Ψ-site consists of a 
series of closely spaced stem loops (FIG. 3b). Differences 
in protection patterns with nuclease digestion were 
observed for large fragments of the MoMuLV 5′-UTR 
upon dimerization, indicating that dimerization-
dependent changes in RNA conformation might 
be important for regulating splicing, reverse tran-
scription, translation and/or genome packaging64,65. 
In particular, the monomeric Ψ-site contains two 
pseudo-palindromic stem loops, DIS-1 (dimeriza-
tion initiation site 1) and DIS-2, both of which are 
important for RNA dimerization in vitro and encap-
sidation in vivo66–70 (FIG. 3b). Both stem loops undergo 
changes in base pairing upon dimerization (FIG. 3c). 

Figure 3 | RNA secondary structures for Moloney murine leukaemia virus genome packaging. a | Representation 
of the Moloney murine leukaemia virus genome, showing the relative locations of the coding and non-coding elements. 
b | Secondary structure predicted for residues 204–570 of the monomeric 5′-untranslated region (UTR). Base pairings for 
nucleotides 204–228 (DIS-1) and 231–555 are from REFS 69,70,81 and 64, respectively. Elements that are potentially capable 
of binding tightly to the nucleocapsid (NC) protein are shown in red. c | Potential dimerization mechanism for DIS-2 (278–309) 
REFS 67,69,71. Changes in internal base pairing enable the palindromic AGCU segment (green) to form a potential kissing 
interaction with a second molecule (shown in lighter shading). The putative kissing intermediate then rearranges to form a 
duplex. Note that the NC-binding UAUCUG segment (red) is sequestered by base pairing in the hairpin species and exposed 
in the dimer. d | Potential secondary structure of residues 204–380 of the dimeric 5′-UTR, showing predicted duplex forms of 
DIS-1 and DIS-2 REFS 64,69,70. UCUG and related elements that can potentially bind NC with high affinity are largely 
sequestered by local and long-range base pairing in the monomeric RNA and might become exposed in the dimer. 
DIS, dimerization initiation site; SD, splice donor site; SL, stem loop.
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Dimerization has been proposed to proceed through 
multiple steps, including the rate-limiting conversion 
of a stable, monomeric hairpin to a less stable species, 
in which the central palindromic GGCC (DIS-1) or 
AGCU (DIS-2) segments are fully exposed; formation 
of an intermolecular ‘kissing complex’, in which the 
tetraloop residues form intermolecular base pairs; 
and conversion of the kissing complex to a more 
stable intermolecular duplex67,69,71 (FIG. 3c).

Stem loops SL-C and SL-D, which are part of the 
core-encapsidation signal44,45, also promote efficient 
genome packaging and infectivity44,72,73. Although 
MoMuLV RNAs containing SL-C, SL-D and a portion 
of SL-B can direct RNA packaging44, constructs con-
taining only SL-C and SL-D do not promote packag-
ing74 and do not bind NC with significant affinity75,76. 
These stem loops can form ‘kissing dimers’ that are 
mediated by intermolecular hydrogen bonds between 
G and C residues in their conserved GACG tetra-
loops76,77, and it has been suggested that stem loops 
SL-C and SL-D might facilitate packaging indirectly 
by promoting RNA dimerization56. Although these 
stem loops enhance the rate of Ψ-RNA dimeriza-
tion, they do not seem to influence the stability of 
the dimer68. Other RNA elements within the 5′-UTR 
and coding regions of the genome also probably 
either promote or participate in dimerization64,78,79, 
and recent phylogenetic studies indicate that addi-
tional long-range interactions might occur between 
residues immediately downstream of the U5 region 
and those overlapping the gag initiation codon80.

3D structural studies and packaging mechanism. 
The structure of the MoMuLV NC protein bound to 
a mutant form of the core-encapsidation signal that 
was engineered to remain monomeric but retain base 
pairing of the dimer (mΨCES) has been determined 
by NMR81 (FIG. 4a). The single zinc knuckle binds spe-
cifically to UCUG residues of the linker that connects 
DIS-2 to SL-C. Binding is promoted by interactions 
with a guanosine moiety that inserts into a hydro phobic 
pocket and forms hydrogen bonds with backbone NH 
groups and carbonyl groups of the zinc knuckle (FIG. 4b) 
and also by shape and charge complementarity (FIG. 4c,d). 
NC does not bind RNAs with secondary structures 
that are formed by the monomeric form of the native 
Ψ-site, in which the UCUG nucleotides are seques-
tered by base pairing81. Stem loop DIS-1, which also 
contains a UCUG element, shows essentially identical, 
dimerization-dependent structural changes and 
NC-binding behaviour81. These findings indicate that 
high-affinity NC binding to the MoMuLV Ψ-site is 
regulated by an RNA conformational switch, in which 
NC-binding UCUG elements are sequestered by base 
pairing in the monomeric RNA and become exposed to 
promote packaging upon dimerization (FIG. 5).

Thirteen UCUG sequences are present in the 
418-nucleotide segment between the PBS and Gag 
start sites of the MoMuLV genome, accounting for 
more than 12% of the nucleotides in this region. By 
comparison, UCUG sequences occur at a lower fre-
quency of one in 225 nucleotides in the coding and 
long-terminal-repeat  regions of the MoMuLV genome. 
Five of the UCUG segments in the 5′-UTR are located 
between Ψ and the Gag initiation codon, within the 
Ψ+ segment that is known to enhance packaging 
efficiency63. By contrast, no UCUG sequences are 
present between the PBS and Gag initiation codon of 
HIV-1 (a representative lentivirus), and there are fewer 
than three UCUG sequences in representative α-retro-
virus (RSV), β-retrovirus (mouse mammary tumour 
virus)  and δ-retrovirus (human T-lymphotropic virus 
(HTLV)/bovine leukaemia virus) genomes81. The 
MoMuLV 5′-UTR contains additional segments with 
sequences similar to UCUG, including ACAG, UUUG 
and UCCG, which also seem to be sequestered by base 
pairing in the monomeric RNA, but are exposed in the 
dimer and are capable of binding NC with an affinity 
approaching that of UCUG82.

The collective data indicate that MoMuLV genome 
packaging might proceed through the following 
mechanism. First, the initially synthesized genome 
might adopt a compact monomeric structure similar 
to that shown in FIG. 3b. This form of the genome would 
not be selected for packaging because most or all of 
the UCUG and related sequences are sequestered by 
base pairing and unable to bind NC with high affinity. 
Subsequent dimerization, possibly promoted by the 
chaperone activity83 of the NC domain of Gag, would 
expose these sites for subsequent high-affinity binding. 
The high abundance and proximity of exposed UCUG 
and related elements within the dimeric 5′-UTR might 
also facilitate Gag–Gag interactions (FIG. 6).

Figure 4 | Structure of the Moloney murine leukaemia virus nucleocapsid protein 
bound to the core-encapsidation RNA element.  a | Structure of the Moloney murine 
leukaemia virus nucleocapsid (NC) protein (grey) bound to the 101-nucleotide core-
encapsidation element of the Ψ-site. The RNA was mutated to remain monomeric but retain 
internal base pairings of the dimer (see REFS 76,81,166 for details). Stem loops DIS-2, SL-C 
and SL-D are shown in purple, orange and yellow, respectively. The NC zinc knuckle 
interacts exclusively with the UCUG element (red) that connects DIS-2 to SL-C. b | The 
exposed guanosine of the UCUG linker fits into a hydrophobic cleft and forms hydrogen 
bonds with backbone atoms of the zinc knuckle. c,d | The NC–RNA interface shows 
complementarity of both charge and shape. Positive and negative electrostatic potentials are 
shown in blue and red, respectively.
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Genome packaging by HIV-1 
The HIV-1 Ψ-site. Deletion mutagenesis studies have 
shown that the ~120 nucleotides located just upstream 
of the gag start codon in HIV-1 are required for efficient 
genome packaging38,54,84–89, and this segment has often 
been referred to as the HIV-1 Ψ-site (FIG. 7a). However, 
more recent deletion studies indicate that nucleotides 
within the gag-coding90–92, U5, PBS93,94 and regulatory 
(which includes the trans -acting responsive element 
(TAR))95 regions of the genome are also important for 
packaging. Efforts to identify a relatively short segment 
of the HIV-1 genome that can independently direct the 
packaging of heterologous RNAs have led to mixed 
and, in some cases, controvertible results. Hayashi and 
co-workers reported that a 46-nucleotide fragment of 
the HIV-1 5′-UTR can promote heterologous RNA 
packaging96, but Goff and co-workers were unable to 
observe packaging for large RNA constructs beginning 
as early as nucleotide 20 (within TAR) and spanning 
up to nucleotide 506 (which includes 170 nucleotides 
of gag)97. On the other hand, a 1,015-nucleotide frag-
ment of the HIV-1 genome that starts with the most 
5′ nucleotide can efficiently direct heterologous 
RNA packaging98. It therefore seems that the HIV-1 
packaging signal comprises the entire 5′-UTR and up 
to 300 nucleotides of gag98.

3D structural studies of genome packaging. The 
secondary structure of the HIV-1 5′-UTR has been 
probed by chemical accessibility and mutagenesis 
experiments and analysed by phylogenetic and free-
energy calculations43,54,80,87,88,96,99–102, and is believed to 
consist of a series of closely spaced stem loops that have 
independent and, in some cases, possibly overlapping 
functions (FIG. 7b); although, as discussed below, alter-
nate structures have also recently been proposed. The 
HIV-1 Gag and NC proteins can bind to fragments of 

the 5′-UTR in vitro with high affinity96,101,103–107. Stem 
loop SL1 contains the primary dimer-initiation site, a 
GC-rich loop required for efficient genome packag-
ing that promotes dimerization through formation 
of a kissing intermediate53,100,108–111. NC does not bind 
with high affinity to SL1 REF. 112, but can catalyse 
the conversion of SL1 from a kinetically trapped 
kissing dimer to a thermodynamically more stable 
duplex species113,114. The mechanism of this process 
seems to involve NC-mediated destabilization of the 
stem of SL1 REF. 115, which accelerates strand exchange 
between residues of the stems without disrupting 
kissing interactions in the loops115.

Stem loop SL2 contains the major splice-donor 
site and is capable of binding HIV-1 NC with high 
affinity116. This stem loop is destroyed upon splicing, 
indicating a possible mechanism for discriminating 
between spliced and unspliced viral mRNAs116. In 
the NMR structure of the NC–SL2 complex, the zinc 
knuckles of NC interact with exposed guanosines of 
the tetraloop in a manner similar to that observed in a 
zinc-knuckle–DNA complex117 (FIG. 7c).

Stem loop SL3 also binds NC tightly101,107, and 
in certain contexts seems capable of independently 
directing the packaging of heterologous RNAs96. On 
the one hand, deletion of SL3 from the HIV-1 Ψ-site, 
or mutations in SL3 that disrupt base pairing, con-
siderably reduce genome packaging54,102. Packaging 
efficiency can be largely restored by substituting SL3 
with an NC-binding RNA segment identified by SELEX 
(systematic evolution of ligands by exponential enrich-
ment)118. On the other hand, an SL3 mutant contain-
ing a GCUA tetraloop is apparently packaged with 
near-wild-type efficiency119. The NMR structure of the 
NC–SL3 complex has shown that, as observed for 
NC–SL2, exposed guanosines of the GGAG tetraloop are 
inserted into the hydrophobic clefts of the zinc knuckles, 

Figure 5 | Proposed model for specific packaging of a dimeric genome. Potential nucleocapsid (NC)-binding sites (red) 
are sequestered by base pairing in the monomeric RNA and do not bind NC (blue). Conversion to the dimer, induced by the 
chaperone activity of Gag or NC, exposes these elements for high-affinity NC binding. DIS, dimerization initiation site; 
Gag, group-specific antigen protein; SL, stem loop.
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assembly with Gag

Monomeric RNA

CONFORMER
One of many conformations 
that a protein or other molecule 
can adopt. For each molecule, 
the usual conformation that is 
adopted will be at energy 
minima.

which themselves participate in extensive inter-knuckle 
contacts106. In addition, the N-terminal tail of NC forms 
a 310 helix that binds to the minor groove of the SL3 
stem (FIG. 7d). It is difficult to reconcile these findings 
with the observation that the SL3-tetraloop residues 
do not contribute significantly to genome packaging, 
especially as HIV-1 NC does not bind tightly to other 
stem-loop structures examined112,120–122. It is conceivable 
that SL2 and SL3 have redundant functions in genome 
recognition by interacting with different NC domains 
of assembling Gag molecules54,87,88,102,116.

Oligoribonucleotides with sequences of SL4 con-
tain unstable stems and a relatively stable GNRA-type 
(G–any base–purine–A) tetraloop120. NC binds less 
tightly to SL4 compared with SL2 and SL3120,123, possibly 
owing to the unfavourable energetics that are required 
to disrupt the folding of the GNRA tetraloop. Although 
it was suggested that these essential residues might 
participate in long range RNA–RNA interactions, as is 
typical of GNRA tetraloops120, recent studies of larger 
fragments of the 5′-UTR indicate that residues of 
SL4 might adopt an entirely different conformation 
(see below). Therefore, the biological relevance of the 
putative SL4 stem-loop structure is currently uncertain.

RNA conformational changes and implications for 
packaging. Fragments of the 5′ leader that include G1 
(guanosine 1) through to G290 can adopt two distinct 
monomeric conformations that migrate at different 
rates on native polyacrylamide gels124. The faster migrat-
ing CONFORMER is obtained at low RNA concentrations 
and in the absence of Mg2+ or NC. Addition of Mg2+ 
shifts the equilibrium to the slowly migrating species. 
NC efficiently promotes dimerization of the slowly 
migrating species, but not the fast-migrating species, 
which led to the suggestion that this apparent RNA 
conformational switch might regulate a biological 
function124. Secondary-structure predictions and 
chemical-probing studies indicated that the fast-
migrating species forms a rod-like structure (termed 
LDI, for long distance interaction), in which the residues 
of the DIS and poly(A) motifs are base paired. The slowly 
migrating species was proposed to adopt a secondary 
structure containing multiple hairpins, consistent with 
previous structure predictions, and is referred to as the 
‘branched multiple hairpin’ (BMH) conformer125. The 
authors suggested that the BMH species forms initially 
upon transcription, but converts rapidly to the LDI con-
former. Long-distance base pairing between the poly(A) 
and DIS segments in the putative LDI conformer were 
proposed to inhibit dimerization, and the binding of 
NC was proposed to revert the LDI structure back to 
the BMH conformation, allowing dimerization through 
the DIS site of stem loop SL1 REF. 125. Mutations 
designed to disrupt base pairing in the putative LDI 
stem did not significantly affect the LDI/BMH equi-
librium, and binding of the tRNA primer favoured the 
BMH conformer to some extent126. Predicted thermo-
dynamic stabilities of LDI and BMH conformers 
formed by mutant RNAs were found to correlate with 
dimerization and packaging properties127.

Although the presence of fast- and slow-migrating 
monomeric 5′-UTR RNA conformers has been con-
firmed80,124, evidence for the biological relevance of the 
putative LDI structure and the proposed LDI/BMH 
conformational switch remains to be obtained. The 
fact that the LDI structure is only obtained under 
dilute conditions and in the absence of Mg2+ raises 
questions about how such a structure might be gen-
erated within the ionic environment of the cell. The 
extended, rod-like secondary structure proposed for 
the LDI species seems intuitively inconsistent with a 
compactly folded tertiary structure, as implicated by 
the unusually fast migration rate on native polyacryl-
amide gels. In addition, recent phylogenetic analyses 
involving 20 divergent HIV-1 sequences are consistent 
with the BMH structure, but do not support the sec-
ondary structure proposed for the LDI conformer80. 
Chemical modification experiments involving HIV-1 
RNA in infected cells and intact virions are generally 
consistent with the BMH conformer but not the LDI 
species128. If present, the LDI structure would either 
have to comprise less than 5–10% of the total RNA, or 
have an extremely short lifetime128.

Ehresmann and co-workers obtained evidence 
that nucleotides just downstream of the poly(A) sig-
nal can interact with residues within the gag-coding 
region, forming a long-range pseudoknot structure129. 
In addition, Abbink and Berkhout obtained evidence 

Figure 6 | Model for dimeric genome recognition and 
the early stage of retrovirus assembly. Nucleocapsid 
(NC)-binding sites that are sequestered by base pairing in 
the monomeric RNA become exposed upon dimerization 
(as observed for Moloney murine leukaemia virus; see also 
FIG. 5). The proximity of NC-binding sites might promote 
Gag–Gag interactions within the structurally defined 
Gag–RNA complex that could serve as a scaffold for efficient 
virus assembly. Gag, group-specific antigen protein.
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that a segment just downstream of the U5 stem loop 
can form base pairs with a segment that overlaps 
with the gag initiation codon130. Both the U5-AUG 
and poly(A)-pseudoknot structures are supported 
by more recent phylogenetic analysis80, which fur-
ther indicates that the U5–gag interactions might 
be common to evolutionarily divergent retroviruses. 
A secondary structure map of the 5′-UTR of HIV-1 
that shows these potential long-range interactions is 
shown in FIG. 7e.

Recent in vivo protection assays were unable to 
confirm the long range U5–gag or pseudoknot base 
pairings observed in vitro128. In addition, the chemi-
cal reactivity of the RNA in infected cells and virions 
was similar, which raises the possibility that most 
cellular RNA might already exist in the form that 
ultimately becomes packaged into virions. In fact, the 
reactivity pattern of SL1 strongly indicates that most 

genomic RNA in infected cells is dimeric128. Although 
evidence against the LDI conformer is strong 
(a 5–10% population of this conformer would be 
expected to result in chemical reactivity for several 
nucleotides, which was not observed), the reactiv-
ity data might not rule out the presence of a minor, 
monomeric BMH species. The reactivities of nucleo-
tides that participate in the U5–gag and pseudoknot 
long-range base pairs of the BMH conformer should, 
in principle, be suppressed. However, the presence of 
a small population of this conformer would result in a 
small suppression of an otherwise large signal, which 
might be difficult to detect or quantify. Therefore, the 
evidence against the presence of the proposed LDI 
structure in vivo seems stronger than the evidence 
against the long-range interactions that are observed 
in vitro and predicted from phylogenetic studies for 
the BMH conformer.

Figure 7 | RNA elements and protein–RNA complexes associated with HIV-1 genome packaging.  a | Representation 
of the HIV-1 genome, showing gene structure, splicing patterns and location of the Ψ-site. b | Secondary structure predicted 
for the HIV-1 Ψ-site, showing the location of the dimerization initiation site (DIS), major splice-donor site (SD), and gag 
(group-specific antigen) initiation codon. c, d | NMR structures of the complexes formed between the HIV-1 nucleocapsid (NC) 
protein and stem loops SL2 REF. 116 and SL3 REF. 106, respectively. e | Secondary structure predicted for the intact HIV-1 
5′ untranslated region, showing potential U5–AUG and poly(A)–gag long-range interactions (green) identified from in vitro assays 
and phylogenetic analyses80,129,130. In this more recent model, residues that had been predicted to form stem loop SL4 form an 
extended conformation and participate in long-range interactions. PBS, primer-binding site; CAP, 5′ cap; LTR, long terminal 
repeat; TAR, trans-acting responsive element.
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It is tempting to speculate that the initially syn-
thesized RNA might adopt a monomeric BMH 
structure with the long-range base pairings observed 
in vitro, and that dimerization disrupts these inter-
actions. Although this model has similarities to that 
described above for MoMuLV genome packaging, 
it does not provide a clear explanation for how the 
packaging signal might be coupled with dimeriza-
tion. The NC-binding sites of the MoMuLV Ψ-site 
are sequestered in the monomeric RNA and become 
exposed upon dimerization, whereas the NC-binding 
SL2 and SL3 stem loops of HIV-1 appear intact in 
both the monomeric BMH (in vitro) and dimeric 
(in vitro and in vivo) forms of the viral RNA (although 
SL2 is predicted to adopt an alternate conformation 
in the putative LDI structure). It is conceivable that 
the HIV-1 5′-UTR contains dimerization-dependent 
NC-binding sites that have yet to be identified. 
Therefore, the molecular mechanism that regulates the 
specific packaging of two copies of the HIV-1 genome 
remains a mystery.

Other retroviruses
Many of the underlying principles observed for 
HIV-1 and MoMuLV have been observed for other 
retroviruses. HIV-2 has a 5′-UTR that is substantially 
longer (>50%) than that of HIV-1, and some studies 
indicate that nucleotides downstream of the major 
splice-donor site do not contribute significantly to 
genome packaging41,131,132. If true, the Ψ-site would be 
contained in both spliced and unspliced transcripts, 
which would necessitate a selection mechanism dif-
ferent from that observed for HIV-1 and MoMuLV41. 
Evidence for co-translational genome packaging, 
which would not require such a selection mechanism, 
was reported132. However, several other studies have 
shown that residues between SD and the gag initiation 
codon are, in fact, crucial for packaging133,134, and that 
the residues upstream of SD that promote packaging 
also promote dimerization135,136 (as do residues in the 
PBS136,137). Therefore, the arrangement of elements 
used for HIV-2 genome packaging seems generally 
similar to that observed for HIV-1. Monomeric LDI 
and BMH conformers have also been proposed for 
HIV-2 REFS 138,139. As indicated above, HIV-1 Gag 
is capable of packaging both HIV-1 and HIV-2 vec-
tor RNAs20, and in this regard, the HIV-1 Gag and NC 
proteins bind preferentially to stem loop Ψ-3 of the 
HIV-2 leader, which has similarities to HIV-1 stem 
loop SL3 REF. 140.

Unlike mammalian retroviruses, the packaging 
signals of the α-retroviruses seem to reside upstream 
of the 5′ major splice-donor site and are present in the 
full-length and subgenomic mRNAs35,49. At present, 
the mechanism for distinguishing between the spliced 
and unspliced α-retrovirus RNAs is unknown. Linial 
and co-workers identified a 160-nucleotide fragment 
of the RSV 5′-UTR, named MΨ, that is sufficient to 
direct packaging of heterologous RNAs into virus-like 
particles141 with an efficiency that is only 2.6-fold less 
than that of the native, intact genome142. The results 

of in vivo mutagenesis studies are generally consistent 
with the predicted secondary structure of MΨ143,144, 
except that the mutagenesis studies indicated that the 
L3 loop might not be essential. More recent studies 
confirmed that the L3 loop is not strictly required143 
and revealed that efficient genome packaging can 
be directed by an even smaller 82-nucleotide seg-
ment (named µΨ)35. There is some controversy over 
whether the  α-retroviruses specifically package a 
dimeric genome. The L3 stem loop has been implicated 
in dimerization142,145, as have pseudo-palindromic 
sequences upstream145 and downstream146,147 of MΨ. 
Interestingly, addition of a myristoylation signal to the 
N terminus of RSV Gag resulted in the production of 
particles that contain monomeric RNA148, and addi-
tional studies indicated that the MA (matrix) protein 
might directly promote dimerization or indirectly 
influence dimerization by controlling the cellular 
location of RNA selection and/or virus assembly149.

The feline immunodeficiency virus (FIV) 5′-UTR 
contains a relatively short nucleotide segment between 
the 5′ splice-donor site and gag open reading frame, 
and unlike the other mammalian retroviruses, these 
nucleotides are not required for encapsidation or repli-
cation150. Instead, efficient genome packaging requires 
two separate regions of the FIV genome, including the 
first ~100 nucleotides of the 5′-UTR and the first ~100 
nucleotides of the gag-coding region40,150. Secondary 
structure analyses and chemical or enzymatic probing 
of these segments of the FIV genome have not been 
reported.

The encapsidation signal of bovine leukaemia 
virus (BLV), a member of the δ-retrovirus genus 
that includes HTLV-I and HTLV-II, also seems to 
be discontinuous. A ~150-nucleotide segment of the 
BLV genome that overlaps with the gag start codon 
is essential for encapsidation (called region 1), and 
a 132-nucleotide segment within the gag-coding 
region facilitates efficient encapsidation (region 2)39. 
The two stem loops of region 1 are not functionally 
equivalent151. Early studies revealed that the BLV-
matrix precursor protein, MA(p15) (which includes 
MA and residues of the Gag precursor that link MA to 
CA), can bind tightly and specifically to the dimeric 
U5-5′-gag region of the BLV genome152, and it was 
recently shown that basic residues in both NC and 
MA influence genome packaging22, raising the pos-
sibility that MA might have a direct role in dimeric 
genome discrimination.

Mason–Pfizer monkey virus (MPMV) is a proto-
typical  β-retrovirus that causes an immunodeficiency 
disease in newborn rhesus monkeys. A 624-nucleotide 
segment of the MPMV genome that resides imme-
diately downstream of the PBS is sufficient to direct 
efficient packaging into MPMV-derived vectors153. 
This segment is predicted to consist of a series of 
conserved stem loops154, and deletion155 and muta-
genesis42 studies indicate that the sequence, but not 
the structure, of the putative stem loop immediately 
downstream of the PBS serves as the core packaging 
element for this retrovirus.
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In summary, for all retroviruses examined so far, 
major determinants for genome recognition and 
packaging are located in the 5′-UTR and/or the 5′ region 
of the gag open reading frame. In nearly all cases, pack-
aging elements either overlap with, or are adjacent to, 
elements that promote dimerization and participate in 
splicing, and all have predicted secondary structures 
that consist of a series of relatively short and closely 
spaced pseudopalindromic stem loops.

Overview and future directions
Results obtained over the past two decades have 
provided answers to several key questions related to 
the mechanism of retroviral genome packaging. How 
do retroviruses distinguish between viral and cellular 
RNAs? Gag assembly in vitro is promoted by nucleic 
acids156,157, and in vivo assembly can occur in the 
absence of the native viral genome by incorporation of 
equivalent amounts of cellular RNAs6,158–160. Although 
retroviruses seem capable of packaging essentially any 
RNA, even ribosomes158, RNAs that contain appropriate 
packaging signals are efficiently enriched in assembling 
virions. The NC domains of Gag and the cognate RNA-
packaging signals serve as the primary determinants 
of this enrichment and can promote RNA packaging 
even when supplied in separate vectors or when the 
NC domains and Ψ-sites are incorporated into non-
native Gag and RNA constructs, respectively. Genome 
selection might therefore be viewed as a competitive 
process, in which the degree of RNA enrichment is 
dependent on the competitive ability of Gag to bind 
viral RNA versus cellular RNAs. 

In some cases, RNA packaging can be promoted by 
relatively small regions of the 5′-UTR. For example, 
segments comprising fewer than ~100 nucleotides 
of the MoMuLV and RSV 5′-UTRs can direct RNA 
packaging into virus-like particles. However, these 
shorter fragments, which contain only a small 
number of high-affinity NC-binding sites, are not 
packaged as efficiently as RNAs that contain larger 
fragments of the 5′-UTR, which presumably (and in 
some cases certainly) contain additional high-affinity 
NC-binding sites. Therefore, in some cases, packag-
ing efficiency might simply be related to the number 
of high-affinity NC-binding sites that are presented 
by the RNA. For other retroviruses, genome selec-
tion requires larger fragments of the viral genome and 
might be mediated by a more complex mechanism. 
For example, efficient packaging of the HIV-1 genome 
requires the intact 5′-UTR and at least a portion of the 
5′ end of the gag gene.

Other domains of the Gag polyprotein can also 
contribute to genome packaging, possibly through an 
indirect mechanism. In particular, mutations in the 
MA domain can lead to the production of genome-
deficient particles22,161–163. HIV-1 MA contains a CRM1 
(chromosome region maintenance 1 or exportin)-
dependent nuclear export signal (NES), and mutations 
in MA that block the NES result in accumulation of 
both Gag and the viral genome in the nucleus and the 
production of RNA-deficient virions161. Mutations and 

exogenous agents that block the RSV MA nuclear-
localization-signal activity also lead to the produc-
tion of particles that are deficient in genomic RNA, 
and to the accumulation of Gag and viral RNA in 
the nucleus162,163. MoMuLV Gag proteins also seem 
to transiently access the nucleus164. A mechanism 
consistent with these observations has been proposed, 
in which the nuclear localization signal of MA initially 
targets Gag to the nucleus for genome binding, and 
the NES subsequently targets the Gag–RNA complex 
for nuclear export162. This proposal remains somewhat 
controversial163. Recent studies also indicate that viral 
genomes are recruited from the cytosol and trans-
ported in Gag-containing endosomes165. Future stud-
ies to identify the sites of initial genome recognition 
and the mechanism for co-localization of the viral Gag 
proteins and RNA at sites of virus assembly are clearly 
warranted.

How do retroviruses discriminate between their 
spliced and unspliced transcripts? Except for the RSV 
and avian leukosis virus, elements that are crucial for 
packaging overlap with, or reside downstream of, the 
major splice-donor site. These residues are removed 
during splicing and are not present in the unspliced 
viral transcripts, which explains why the spliced 
mRNAs are poorly packaged. The 5′ splice site of 
HIV-1 resides within a stem loop (SL2) that also serves 
as a high-affinity NC-binding site. Splicing destroys 
this stem loop and disrupts the 5′-UTR, all of which 
seem to be required for efficient packaging.

What is the mechanism for the specific packaging 
of two copies of the viral genome? For MoMuLV, the 
monomeric form of the full-length genome seems to 
adopt a three-dimensional structure that sequesters 
some or all of the high-affinity NC-binding sites. An 
RNA conformational switch exposes the NC-binding 
sites upon dimerization, providing an attractively 
simple mechanism for selectively packaging a dimeric 
genome. The LDI/BMH RNA-switch model proposed 
for HIV-1 and HIV-2 might also serve as a structural 
RNA switch for regulating genome dimerization and 
packaging. However, as indicated above, the physi-
ological relevance of the LDI conformation has yet to 
be firmly established. It is conceivable that additional 
structural studies of the intact HIV-1 5′-UTR will reveal 
dimerization-dependent conformational changes that 
influence exposure of SL2, SL3 or other NC-binding 
sites, as observed for MoMuLV. However, it is also 
possible that HIV-1, and perhaps other retroviruses, 
uses different mechanisms to specifically package two 
copies of its genome. Alternatively, as most HIV-1 RNA 
in infected cells seems to exist as dimers, the need for a 
specialized dimer-selection mechanism might be ques-
tioned. Future studies of monomeric and dimeric forms 
of large RNA fragments that include the intact 5′-UTR 
and the application of modern biophysical approaches, 
such as mass spectrometry and fluorescence resonance 
energy transfer, should provide answers to these and 
other open questions and offer new macroscopic views 
of the structures that promote genome packaging 
during the early stages of retrovirus assembly.
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