The heart of the HIV RNA packaging signal?
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Mechanisms ensuring faithful reproduction are enforced
for viruses, as for all other organisms, by natural selection.
As a virus particle is a package containing the viral genome
(RNA or DNA, as the case may be) for replication and
transmission to the next generation, it is essential that
the genome be packaged into the assembling virus
particle with high fidelity. In turn, viruses use a wide
variety of mechanisms for this selective packaging.
HIV type 1 (HIV-1), the causative agent of AIDS, is a
retrovirus. The genome within a retrovirus particle is
composed of RNA. When it infects a cell, this RNA is
copied into double-stranded DNA, which is then
integrated into the chromosomal DNA of the cell.
How the genomic RNA (viral RNA [vRNA]) is selected
for packaging during virus particle assembly is not well
understood, and a paper by Ding et al. (1) in PNAS
now adds a piece to this intriguing puzzle.
Retrovirus particles are roughly spherical, ∼100 to
120 nm in diameter, and are initially assembled primarily from several thousand molecules of the building block, the Gag polyprotein. Thus, it is the Gag
polyprotein that selects the vRNA for incorporation
into the nascent particle. However, after the virus particle is released from the virus-producing cell, Gag is
cleaved by the virus-coded protease into a series of
fragments. This “virus maturation” event is a wholesale reorganization of the structure of the virus and is
essential for the particle’s ability to undertake an infection of a new host cell. Therefore, while Gag is the
principal protein in the immature particle, the predominant proteins in the mature, infectious virus particle are fragments of Gag.
There are a number of remarkable aspects to the
selective packaging of vRNA during HIV assembly.
vRNA is selectively packaged because it contains a
“packaging signal” or “ψ” [also designated the “core
encapsidation signal” (2)]. If Gag is expressed in a
cell without any ψ-containing RNA, it still assembles
efficiently into virus-like particles, packaging an unselected population of cellular mRNA molecules (3). Thus,
vRNA is normally in competition with a vast excess of

Fig. 1. Labile base pairs within the HIV-1 packaging signal. The left-hand portion
of the figure shows, in cartoon form, the secondary structure of the 5′ 344
bases of HIV-1 vRNA. “ψ” extends roughly from nucleotide 105 (indicated as
“U5”) to the end of the cartoon. U5, DIS, SL2, SL3, and AUG are landmarks within
ψ. The figure highlights the four base pairs near the base of stem-loop 3 (SL3),
which are the targets of high-affinity, endothermic binding by the viral NC protein.

cellular RNAs for inclusion into the particles, and its
ψ moiety provides the crucial advantage in this
competition.
What is ψ? ψ is a stretch of ∼150 to 250 bases near
the 5′ end of vRNA. It is highly structured, with several
conserved stem-loops. This is obviously large enough
to bind multiple Gag molecules. In fact, the RNA in
nascent virus particles is actually a dimer of vRNA, with
two ∼10,000-base genomic RNA molecules joined by
intermolecular base-pairing between their ψ regions.
A further twist is that the ψ region of vRNA can assume
either of two alternative conformations, and that only
one of these is capable of dimerization and packaging; molecules with the other conformation presumably function as mRNA in the virus-producing cell (4).
Moreover, it has recently become clear that not all of
the HIV RNA molecules in the cell are initiated at exactly the same base, and that their start site strongly
influences their choice between these conformers and
hence their ability to be packaged (5, 6).
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Michael Summers and his colleagues have worked for many
years on the extremely challenging problem of determining the
three-dimensional structure of ψ (specifically, of the ψ conformer
capable of dimerization and packaging). They recently reported a
novel model structure in which two three-way junctions are positioned one after the other in the RNA (7). These provocative findings are an important step in bridging the gap between biology
and biochemistry, and raise the possibility of ultimately developing new therapeutic strategies, as discussed below.
As noted, Gag is a polyprotein, composed of distinct domains
that are separated into discrete proteins when the virus matures
into an infectious particle. Of these domains, the one most
important with respect to interactions with nucleic acids is the
nucleocapsid (NC) domain. NC is very small (only 55 amino acids)
and is strongly positively charged. The entire vRNA within the
mature particle is coated with NC molecules. It is largely flexible,
except for two 14-amino acid “zinc fingers,” which are structured
because their cysteine and histidine residues coordinate a zinc
ion. Replacements of these zinc-coordinating residues with other
amino acids yields a Gag protein that can assemble into virus-like
particles, but has lost the ability to specifically package vRNA (8,
9); this observation shows that the zinc fingers play an essential
role in packaging vRNA.
Since ψ is the ticket for selective packaging of an RNA by
Gag, one might imagine that Gag binds with a uniquely high
affinity to ψ. However, tests with recombinant Gag protein show
that at physiological ionic strength, Gag binds very tightly
to any RNA (10, 11). This tight binding is not surprising, as
Gag has a significant net positive charge and its “matrix” (MA)
domain, as well as the NC domain, is positively charged. The
role of electrostatics in this nonspecific RNA–Gag interaction is
revealed by its sensitivity to ionic strength: Raising the salt concentration in the assay buffer readily detaches bound RNA from
Gag. Notably, however, this analysis also shows that the binding of Gag to ψ is far more salt-resistant than its binding to
control RNAs. In other words, even though the tight binding
at physiological salt concentrations is predominantly electrostatic and thus essentially independent of nucleotide sequence,
there is a unique, nonelectrostatic component in the interaction
of Gag with ψ (10, 11). A crucial unanswered question, then, is
how this relates to selective packaging of ψ-containing RNAs,
which obviously occurs at physiological ionic strength. One
possible explanation could be that interaction with ψ initiates
particle assembly more efficiently than interaction with other
RNAs (4, 12, 13).
The paper by Ding et al. (1) now adds exciting information to
this story. They have used NMR and calorimetry in an extremely
detailed investigation of the interaction of free NC protein with
ψ. (The small size of NC makes it tractable for structural studies;
these would be impossible with Gag, which is somewhat over
500 amino acids in length and contains several highly flexible
stretches.) They report that on the order of 20 NC molecules can
bind to ψ at physiological ionic strength. Unexpectedly, the
tightest binding events are endothermic, meaning that they possess a major nonelectrostatic component. It thus seems almost
certain that these NC–ψ interactions Ding et al. (1) describe are
responsible for the nonelectrostatic interactions between Gag
and ψ discussed above.
By a painstaking analysis of the interactions of NC with
fragments of ψ, Ding et al. successfully identified the target within
ψ of these nonelectrostatic binding events. It turns out to be a
stretch of four base pairs near the connection point of the two
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three-way junctions mentioned above. These base pairs are not
canonical Watson–Crick base pairs and have largely been overlooked in the analysis of ψ structure: They are pairs between nucleotides 306 to 309 (sequence UUUU) and 328 to 331 (sequence
GGAG) of HIV RNA. Thus, three of the four pairs are G:U pairs
(while G normally pairs with C, it can also pair with U in RNA; G:U
base pairs are less stable than G:C base pairs and are frequently
called “wobble” base pairs). The specific binding to these bases is
consistent with the known preference of NC for unpaired or
weakly paired G bases in nucleic acids (14–16). These base pairs,
near the base of a well-characterized stem-loop (“stem-loop 3”)
within ψ, are highlighted in Fig. 1.

To investigate the mechanism of NSC 260594
action, Ding et al. incubated a ψ fragment
containing the UUUU:GGAG base-paired motif
with the compound and found that it specifically
altered the NMR signals from bases adjacent to
the motif. Thus, it evidently binds ψ at this motif.
As one approach to identifying the site of this high-affinity,
endothermic binding by NC, Ding et al. made a series of
mutations in these paired bases and in their immediate surroundings. These studies showed that the lability of the base-paired
structure is essential for the binding, since the binding is blocked
either if the G:U pairs are replaced by G:C pairs or if the stem
containing these G:U pairs is extended by bases that can form
stable Watson–Crick pairs with each other. The NMR analysis also
showed that binding by NC induces the unfolding or rearrangement of the critical GGAG:UUUU base-paired structure.
It is particularly interesting that NC disrupts this rather labile
structure. One of the remarkable properties of NC is its activity as
a nucleic acid chaperone (17). These chaperones catalyze the
rearrangement of nucleic acids into the most thermodynamically
stable structures, i.e., the structures with the greatest number of
base pairs. (This activity is essential during the reverse transcription step of HIV infection, in which the copying of the RNA into
double-stranded DNA involves several hybridization events.) One
property contributing to the chaperone activity of NC is its modest
preference for single-stranded over double-stranded nucleic
acids; this enables it to destabilize base-paired structures, as required for their rearrangement into more stable structures.
To test the significance of the UUUU:GGAG motif for selective
packaging of vRNA, Ding et al. also replaced it with UUCC:GGAG
in an HIV-derived vector. This alteration replaces a pair of G:U
pairs with more stable G:C pairs. The mutant and control wildtype vectors were expressed in mammalian cells together with
HIV structural proteins, and the effect of the mutation upon the
packaging of the vector RNA was measured. It was found that
the mutant RNA was packaged at a significantly lower level than
the control. This result demonstrates that these bases are important elements in the functional HIV packaging signal.
The fact that selective packaging of vRNA is essential for
efficient viral replication makes it a potential target for antiviral
intervention. In fact, Ingemarsdotter et al. (18) recently described
a compound, NSC 260594, that binds within ψ and interferes with
vRNA packaging and the production of infectious virus. To investigate the mechanism of NSC 260594 action, Ding et al. incubated
a ψ fragment containing the UUUU:GGAG base-paired motif with
the compound and found that it specifically altered the NMR
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signals from bases adjacent to the motif. Thus, it evidently binds ψ
at this motif. These results are a proof of the principle that therapies disrupting RNA structure and blocking the protein–RNA interactions involved in vRNA packaging are possible. This is an
exciting approach to antiviral therapy. Obviously, developing
such therapies will require a thorough understanding of these

interactions; the results of Ding et al. are an important step in
this direction.
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