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Abstract

Human immunodeficiency virus type 1 (HIV-1) particle assembly requires
several protein:RNA interactions that vary widely in their character, from
specific recognition of highly conserved and structured viral RNA elements
to less specific interactions with variable RNA sequences. Genetic, biochem-
ical, biophysical, and structural studies have illuminated how virion morpho-
genesis is accompanied by dramatic changes in the interactions among the
protein and RNA virion components. The 5" leader RNA element drives
RINA recognition by Gag upon initiation of HIV-1 assembly and can as-
sume variable conformations that influence translation, dimerization, and
Gag recognition. As Gag multimerizes on the plasma membrane, forming
immature particles, its RINA binding specificity transiently changes, enabling
recognition of the A-rich composition of the viral genome. Initiation of as-
sembly may also be regulated by occlusion of the membrane binding surface
of Gag by tRNA. Finally, recent work has suggested that RNA interactions
with viral enzymes may activate and ensure the accuracy of virion maturation.
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1. INTRODUCTION

Retrovirus particles are composed of lipid, protein, and RNA, and their assembly in infected
cells occurs through a series of protein:protein, protein:lipid, protein:RNA, and RNA:RNA
interactions. Virions are initially constructed as immature noninfectious particles, and sub-
sequent viral protease—catalyzed cleavage events remodel the particle into its mature infec-
tious form. Initial particle assembly and subsequent remodeling are accompanied by dramatic
changes in the nature of the interactions among protein and RNA components. Herein, we
describe and discuss the protein:RNA interactions that occur during the assembly of human
immunodeficiency virus type 1 (HIV-1) particles and how profound changes in these interac-
tions ultimately enable the morphogenesis of mature virions that can productively infect new
cells.

HIV-1 assembly is driven by a single, multidomain protein, Gag. Proceeding from the
N terminus to the C terminus of Gag, several protein domains are encountered, each of which has
a defined role (Figure 14,b). The matrix (MA) domain is N-terminally myristoylated and contains
a basic patch (Figure 1¢); together these features direct and anchor the Gag protein to the plasma
membrane. The capsid (CA) domain participates in a series of protein:protein interactions that
first define the shape of the immature particle and then define the shape of the mature capsid. The
nucleocapsid (NC) domain (Figure 1d) is responsible for recruiting the viral genome and helps
drive immature particle assembly through the simultaneous interaction of multiple Gag proteins
with shared RNA molecules. Finally, the C-terminal p6 domain is responsible for the recruitment
of the ESCRT machinery, which enables the scission of the lipid envelope of the viral particle
from the infected cell plasma membrane.

Imaging studies of viral Gag and RNA molecules, as well as biochemical, pulse-chase, and cross-
linking studies, have revealed much about assembly dynamics and suggest an order of events in the
construction of immature HIV-1 particles (Figure 15). Upon its synthesis, Gag is detected in the
cytosol and a large fraction is freely diffusible, in a monomeric or low-order multimeric form (1-3).
Similarly, newly synthesized viral RNA is intrinsically mobile in the cytoplasm (4). The cytoplasmic
Gag poolisrelatively long lived, as pulse-chase-labeling experiments indicate thata period of hours
elapses between the time a typical Gag molecule is translated and the time at which it is found in
assembled, extracellular virions (5, 6). To enable assembly, Gag proteins move from the cytosolic
pool, most likely via diffusion and cytoplasmic mixing, to the plasma membrane (7, 8). Some viral
RNA molecules are bound to Gag monomers or low-order multimers and consequently are also
recruited to the plasma membrane (4, 9, 10). This nascent, membrane-bound Gag-RNA complex,
which initially contains a few molecules of Gag and two molecules of viral RNA, becomes immobile
at the plasma membrane as more Gag molecules are recruited, progressively building a spherical
immature virion (4, 12) (Figure 15). Once virion assembly has been initiated, individual particles
are assembled over a time course of minutes (8, 11), and upon completion, the ESCRT machinery,
recruited by the p6 Gag domain, mediates membrane scission and release of the immature virion
(13-15).

During and after the separation of the viral particle from the plasma membrane, the vi-
ral protease is activated and begins to catalyze the cleavage of the Gag precursor such that
its component MA, CA, NC, and p6 domains become separated (16). A dramatic change in
particle morphology ensues, in which interaction interfaces between CA subunits are dramat-
ically altered to form the characteristic conical core (16). Simultaneously, the viral RNA con-
denses into a ribonucleoprotein (RNP) complex incorporating at least some of the liberated
NC protein as well as viral enzymes required to initiate a new round of viral replication (16)

(Figure 1b).
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Figure 1

Switchable RNA binding specificities in the nucleocapsid (NC) and matrix (MA) domains regulate assembly and genome packaging.

(@) Schematic representation of the HIV-1 Gag and GagPol precursor proteins. () Overview of HIV-1 particle assembly: Cytosolic
Gag in infected cells preferentially binds to tRNA, via the MA domain, and to the packaging signal 1p and GU-rich mRNA elements via
the NC domain. Membrane binding occludes tRNA binding by MA. Gag multimerization at the plasma membrane and in immature
virions is associated with a switch in NC:RNA binding specificity to AG-rich elements whose composition matches that of the HIV-1
genome. Specificity reverts to GU-rich and 1 following proteolytic cleavage, which may be activated in virions by RINA interactions
with protease. Correct positioning of the genomic RNA (gRINA):RNA ribonucleoprotein inside the conical capsid appears to require
interaction between integrase and gRINA. (¢, 4) The major RNA binding domains in Gag: (¢) nuclear magnetic resonance (NMR)
structure of myristoylated MA (PDB ID 1AIT) viewed with the N-terminal-to-C-terminal axis perpendicular to the page surface. Blue
denotes basic amino acids (K, R); yellow denotes N-terminal myristate, partly concealed in a hydrophobic pocket. (d) NMR structure of
the HIV-1 Gag NC domain in complex with the SL3 RINA element (see Figure 2) (PDB ID 1A1T). Blue denotes basic amino acids (K,
R), yellow denotes RNA, and red denotes unpaired G nucleotides.

2. SELECTION OF VIRAL RNAs FOR PACKAGING—THE CENTRAL
ROLE OF THE PACKAGING SIGNAL, ¥

HIV-1 particle assembly is initiated when the NC domain of Gag binds with high specificity to
a single dimer of viral genomic RNA (gRNA). NC interacts with nucleic acids in multiple ways:
electrostatically via its basic residues with positively charged nucleic acids, and more specifically
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through the NC zinc fingers” hydrophobic binding pockets that interact with exposed unpaired
guanosine residues (Figure 1d). The high-affinity interactions drive gRINA packaging specificity,
and zinc finger differences among retroviruses are a major determinant of viral species-specific
packaging (17). NC can also act as a nucleic acid chaperone that remodels RNA structures and
associations during reverse transcription and other replication processes (18). By reducing electro-
static repulsion between nucleic acid strands, NC likely contributes to RNA condensation during
assembly (19) (Figure 15). NC coating also may contribute to RNA integrity, as the RNA in pro-
tease minus immature virions appears more labile than that in mature virions, and RINA integrity
is decreased in virus-like particles (VLPs) lacking authentic NC (20, 21).

All HIV-1 RNAs are 5’ capped and 3’ polyadenylated and are in many ways indistinguishable
from the host mRNAs. HIV-1 primary transcripts have three distinct fates: They can remain
unspliced and serve (2) as gag mRNAs or (b) as gRNAs, or they can become spliced and serve
(¢) as subgenomic mRNAs for other viral proteins. As a result, HIV-1 gRNAs are a subset of the
Pol II products transcribed from a single haploid locus. Although the HIV-1 promoter can be
highly active, HIV-1 RNA levels never approach the high intracellular concentrations that char-
acterize the replication cycles of many other RNA viruses. Thus, HIV-1 packaging presents a
challenge in molecular recognition, wherein gRNA must be selected from an intracellular pool
that contains a vast excess of chemically similar RNAs. Nonetheless, a large majority of the viri-
ons released from HIV-1-infected cells contain precisely one dimer of gRNA (22). One potential
explanation for this selectivity is cis-preference, a process by which newly synthesized RNA bind-
ing proteins interact with the RNAs from which they are translated. cis-preference may facilitate
genome selection for some retroviruses and retroelements and has been suggested to confer a
replication advantage to L1 retroelements by enabling proteins to associate preferentially with
replication-competent gRNAs (23, 24). In concept, cis-packaging could explain why most HIV-1
virions contain gRNA. However, comparison of the levels of two coexpressed packageable HIV-1
RNAs—one that expresses virion proteins and another that does not—to their levels in virions has
refuted a cis-preference model for HIV-1 RNA packaging (25). Indeed, trans-packaging upon co-
expression of packaging-defective protein-expressing genomes with packageable (“vector”) RINAs
forms the basis of lentivirus vector systems, commonly used for gene transfer (26, 27).

What then is responsible for the exquisite selectivity in HIV-1 genome packaging? Early
work addressed whether or not HIV-1 RNA packaging relied on strategies similar to those used
by simpler retroviruses and confirmed that packaging requires interactions between cis-acting
sequences near the 5’ end of gRNA and the NC domain of Gag (28-30). This mirrored what had
been determined for gammaretroviruses such as murine leukemia virus (MLV), where the term
W (Psi, for packaging signal) was coined (31, 32).

Work with purified proteins and RNAs in reconstituted reactions in vitro provided evidence for
viral species-specific interactions between NC and structured elements at the 5" end of gRNA (17,
33). It is noteworthy, however, that while NC selectivity for gRINA occurs in the context of intact
Gag, technical challenges limited early in vitro work to the use of truncated forms of Gag, whose
structures and dynamics may differ from those of intact Gag. Progress toward an understanding
of RNA interactions in the context of authentic Gag is a slow and ongoing process (34-36).

For simple retroviruses, electron micrographs had shown that encapsidated gRNNAs were joined
in pairs via dimer linkage structures near their 5" ends (37, 38). Biochemical studies revealed that
the linkage was noncovalentand that gRNAs were coated with a single species of protein—namely,
NC. UV cross-linking studies demonstrated that while NC can bind many forms of nucleic acids
in vitro, it displays a preference for U- and G-rich RNA sequences (39, 40). Subsequent work
confirmed that the HIV-1 gRNA dimer organization and associations with NC were similar (41—
43).
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In principle, a reason that nearly every HIV-1 particle contains gRNA could be that some
feature of the gRNA, e.g., ¥, is intrinsically required for assembly. For some RNA viruses, virion
assembly is nucleated by interactions between virus proteins and nucleic acids. Tobacco mosaic
virus provides a classic example, in which viral particle assembly is initiated by interactions between
viral coat protein discs and a specific portion of the genome called the origin of assembly sequence
(44). However, several lines of evidence suggest such interactions are not required for HIV-1:
Most prominently, morphologically normal particles can form in the absence of gRNA. Indeed,
if packaging elements are removed from an HIV-1 genome but the open reading frames are
retained, the resulting derivative yields VLPs. The majority of these VLPs are devoid of gRINA,
but they are indistinguishable from native virions in appearance and rates of formation (8, 27).
Although HIV-1 and gammaretrovirus VLP assembly proceeds normally without gRNA, Gag
requires some form of oligonucleotide to assemble in vitro (45), and RNA:protein interactions
of some sort appear to be required during replication. In the absence of gRNA, populations of
virions incorporate increased levels of cellular mRNAs, and these and/or other encapsidated host
noncoding RINAs provide interactions critical to assembly in the absence of gRNA (46, 47).

Even though VLPs can assemble normally in the absence of gRNA, one and only one dimer
of gRNA is recruited to most particles during HIV-1 replication. Despite evidence that gRINA is
dispensable for assembly, the notion that interactions between gRNA’s dimer linkage and the NC
domain of Gag nucleate assembly is attractive and is supported by some reports. Accelerated rates
of virion release in the presence of gRINA have been reported under certain conditions, which
may be masked using other experimental approaches (48, 49). Recent advances in understanding
the oligomeric interactions of multidomain portions of immature Gag are furthering an as-yet-
incomplete understanding of how interactions with gRNA might nucleate and actively scaffold
Gag multimerization during assembly (35, 50, 51).

2.1. Complexity and Controversy Associated with HIV-1 5" Leader
Structure and Function

The HIV-1 gRNA ~400-base 5" leader region, in which key determinants of HIV-1 packaging
specificity reside, consists of the 5’ untranslated region plus initial gag sequences (Figure 24). Early
work with MLV had demonstrated that the RNA between its splice donor and gag start codon
was sufficient to confer packaging onto a heterologous RNA (31). Initial HIV-1 work focused
on the corresponding genetic interval and concluded it was the principal packaging element for
HIV-1 as well (28, 30). Thus the hairpin residing in this interval is sometimes referred to as ¥
(Figure 2a). However, the HIV-1 5" leader is organized differently and is genetically more complex
than the corresponding region of MLV, and subsequent work showed neither the W hairpin
alone nor even the whole 5" leader was sufficient to confer HIV-1 packaging onto a heterologous
RINA.

One reason why identifying a discrete packaging signal has been challenging is that the HIV-1
5" leader is densely packed with elements required for several replication functions (52). These
include the TAR hairpin, which recruits transcriptional elongation machinery via the HIV-1 Tat
RNA binding protein, and the poly(A) hairpin, which in its 3’-end repeated copy includes the site
of 3’-end cleavage that precedes polyadenylation. The ~150-base RINA segment that follows the
poly(A) hairpin includes the U5 region and the primer tRNA binding site (pbs) and is followed
by four short predicted hairpins important in packaging. These are designated SL1, SL2, SL3,
and SL4—or, alternately the DIS, SD, ¥, and AUG hairpins, respectively (Figure 24). DIS refers
to the dimer initiation sequence, which includes a 6-base GC-rich palindrome; SD refers to the
major splicing donor; and AUG represents the gag start codon.
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Switchable secondary and tertiary structures in the HIV-1 5’ leader regulate genomic RNA (gRNA) packaging. () Schematic
representation of RNA secondary structure elements in the HIV-1 5’ leader. RNA sequences omitted from the core encapsidation signal
(PCPS) nuclear magnetic resonance (NMR) structures are black; other elements are color coded consistently. (5) Switchable secondary
structure of YCFS, In conformer @, the palindromic sequence in the DIS/SL1 loop is base-paired with U$ and thus is not available to
initiate dimerization; in conformer @, the DIS palindrome is exposed and accessible to form “kissing” interactions with a second RNA
that initiate dimer @ formation. () NMR structure of P FS with various features highlighted: () secondary structural elements
(colored as in panels # and b); (i7) contributions from different, dimerized gRNNA molecules; (i7i) unpaired G nucleotides important for
packaging; and (7v) frequency of Gag binding in the cytosol of infected cells, as determined by CLIP assays. (d) Effect of alternate
transcription start sites on 5" leader RNA structures. (i) Two G:C and 7meG:C base pairs are present at the base of the TAR hairpin
(blue). Few base pairs stabilize the interaction between the DIS hairpin and U5, enabling RNA isomerization to the dimer-competent
conformer (panel 5). (i) Alternatively, an additional 5 G base-pairs with a C at the base of the poly(A) hairpin, liberating a G, which
extends and strengthens base-pairing between U5 and DIS, favoring an RNA conformation resistant to dimerization.
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Genetic analyses of packaging determinants suggest that together, the 5’ leader and sequences
that mediate RNA nuclear exportare sufficient to enable packaging (53). These studies also support
the notion that HIV-1 RNAs are constitutively packaged as dimers, as dimerization and packaging
were difficult, if not impossible, to genetically separate (54). The initial interaction between two
RINA dimerization partners consists of loop-loop “kissing” base-pairing interactions between DIS
palindromes, followed by more extended duplex formation enabled by complementarity in the DIS
hairpin stems (Figure 2b). Evidence that it is the recognition of a dimer linkage and not RNA
number or mass that dictates packaging includes findings that monomeric RNAs are packaged
when packaging signals are placed in tandem (55), and that for both gammaretroviruses and
HIV-1, RNA length does not alter the stoichiometry of encapsidation (32, 56). The presumption,
supported by structural evidence, is that high-affinity binding sites for NC are exposed and available
when RNAs adopt a dimer-competent fold but are masked when RINAs adopt alternate folds such
as those that promote translation (57, 58). Formation of a dimer of gRINAs thus increases the
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diversity of potential RNA structures beyond what would be possible with a monomeric genome
and provides additional advantages during replication, such as a backup copy of genetic information
to serve in genetic recombination and genome patch repair (59, 60).

Throughout 30 years of work defining the RNA elements that specify HIV-1 packaging, dozens
of structural models for portions of the 5" leader have been proposed (61). In the absence of
three-dimensional data, RNA structures were assigned by using chemical probing or nuclease
sensitivity, which could differentiate paired from unpaired residues but did not directly address
pairing partners. These results could be mapped onto predicted secondary structures to determine
which was most consistent with the data, but interpretation can require a subjective component
and may lead to incorrect inferences. The structural clarity provided by recent nuclear magnetic
resonance (NMR) studies (see below) required better definition of the minimal genetic elements
required. However, defining minimal genetic elements for packaging has been difficult, due in
part to the multiple structured elements in the 5" leader (Figure 24). Roles in packaging for
secondary structures and sequence motifs throughout the first ~500 residues of HIV-1 RNA have
been suggested. Nearly every portion of the 5" leader has been implicated in packaging in one
study or another, including the TAR region (62, 63), the poly(A) hairpin (64), portions of the pbs
region (65), and gag coding sequences (66, 67), in addition to the SL.1-4 region (68). Some of these
conflicting reports likely reflect how disrupting one strand of a base-paired duplex can disrupt
adjacent RNA folds. For example, the entire TAR hairpin can be removed without affecting
structures that regulate RNA fates, but smaller deletions or other alterations that destabilize the
TAR hairpin can interfere with the proper folding of downstream elements (69, 70).

Adding to challenges in defining W sequences is the apparent promiscuity in HIV-1 RNA
packaging. When normalized for abundance within cells, HIV-1 gRNA is packaged with several
orders of magnitude greater selectivity than any cellular mRNA, yet under some conditions,
deletion of the entire region encompassing SL.1-4 elements only marginally reduces HIV-1 RNA
packaging (71). Nevertheless, when provided with pairwise combinations of candidate gRNAs,
HIV-1 particles show pronounced selectivity for authentic gRINA (25). As a result, packaging
competition approaches have proven invaluable in defining minimal 5" leader elements sufficient
to compete with authentic gRINAs.

2.2. Structure of the HIV-1 Core Encapsidation Signal, ¥¢FS

Recent landmark advances in NMR-based RNA structure determination have transformed our
understanding of the HIV-1 packaging signal and its recognition (72, 73). These studies involved
novel NMR approaches and integrated information gleaned from large sets of partially deuterated,
segmentally labeled, or otherwise modified versions of a 155-base NL4-3 strain—derived core
encapsidation signal (W°FS) that lacks TAR, the poly(A) hairpin, and much of the pbs-containing
interval and was designed based on competitive packaging studies (25, 58). The results illuminate
the structural bases of HIV-1 RNA fate determination and RNA recognition for packaging
(Figure 2b,c).

The WCFS sequence can adopt two distinct conformations, each with distinct secondary struc-
ture elements (57). Competitive packaging properties of mutants designed to stabilize one fold
or the other have validated the structures, which are different from, but highly reminiscent of,
previously predicted alternate 5" leader structures (74). In one of these two NMR structures, the
DIS loop is exposed and available for base-pairing with the DIS on a secondary RNA, while in
the second structure, the DIS loop is sequestered by intramolecular base-pairing to upstream se-
quences on the same RNA, thus preventing intermolecular dimerization (Figure 25) (57). These
two structures can be resolved from one another by agarose gel electrophoresis. When WCES
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sequences are incubated at high concentrations in physiologic-like salts, the monomer RNA un-
dergoes a structural switch to adopt the dimer-competent fold over time, until an equilibrium is
reached. Although this structural switch occurs independently of any proteins in vitro, differences
in mature and immature virions’ dimer linkages suggest a role of proteins in dimer maturation
during virus replication (20).

A subsequentreportdescribed a three-dimensional structure of the entire packaging-competent
WCES with surprising features that helped explain RNA packaging specificity and other previous
enigmas, such as why the SD hairpin was not detected in prior NMR studies (58) (Figure 2¢). This
three-dimensional structure revealed that packaging signal RNA adopts a novel tandem three-way
junction structure that includes many unpredicted noncanonical base interactions. Surprisingly,
sequences flanking the splice donor, which chemical probing had consistently predicted to be
paired and which had been assumed to constitute a stem-loop structure (the SD/SL2 hairpin),
instead participate in long-range base-pairing interactions at the heart of the structure (Figure 2c¢).
The splice donor itself is sequestered in base-pairing interactions that would preclude recruitment
of the splicing machinery, thus providing a structural explanation for why HIV-1 RNA packaging
and splicing are, for the most part, mutually exclusive. Subsequent structural work described the
extended dimer structure and revealed its extensive intermolecular interface (Figure 2¢,6) (73). A
high-resolution structure for the monomeric RNA is yet to be defined.

The packaging signal structures’ topology exposes small clusters of unpaired guanosine residues
near the bases of each of the three-way junctions. Consistent with a role for these guanosines in
NC domain interactions, mutating these junctional residues rendered the RNA unable to compete
with wild-type RNAs for packaging. RNA crosslinking-immunoprecipitation (CLIP) studies have
confirmed that these same residues in WCES likely constitute the primary site of Gag interaction
with gRNA in the cytoplasm of infected cells (75) (Figure 2¢).

2.3. Switchable 5’ Leader RNA Structures Regulated by the Transcription
Start Site Influence Fates of HIV-1 RNA

The packaging signal structures described above provide information consistent with several
known biological properties of the HIV-1 5’ leader. However, because they were derived using
truncated leader RNAs, it remained important to address whether or not the defined structural el-
ements were retained when rebuilt into their authentic context. Unexpectedly, a structural switch
between dimerization-competent and monomeric leaders was found to be triggered by the pres-
ence or absence of a single extra guanosine or 7-methyl guanosine (7meG) cap residue on the
RNA’s 5’ end, even though these very minor changes were more than 100 bases upstream of W¢FS
(76) (Figure 24).

HIV-1 transcription initiates within a run of three guanosine residues in the proviral promoter,
but the precise residue used as the transcription start site had alternately been reported as the first,
second, or third of these Gs or as a combination of more than one (77-80). By comparison to a series
of synthetic RNA standards, it was determined that infected cells contained a mixed population of
RNAs resulting from the use of the first and third Gs, generating RNAs with either one or three
5" guanosines. Remarkably, and consistent with dimerization properties of the purified RINAs,
virions contained exclusively one-guanosine RNAs, while the two-base-longer RINA was found to
be enriched on polysomes.

What caused this functional separation of RNAs? The dimerization properties of RNAs with
mutations designed to stabilize alternate folds supported a model consistent with earlier reports
that showed destabilizing TAR reduces packaging (63, 69). According to this model, the nature
of HIV-1 RNA’s 5’ end initiates a chain of folding events that ultimately dictate whether or not
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the DIS is exposed and available for dimer initiation (Figure 2d). Together, these observations
contribute to a growing understanding of how HIV-1 controls several highly regulated RNA
functions using dynamic structural properties of its RNA’s 5" end.

3. SWITCHABLE GAG:RNA BINDING SPECIFICITY—A POSSIBLE ROLE
FOR NUCLEOTIDE COMPOSITION IN GENOME PACKAGING

Even though W plays a key initiating role in the recognition and recruitment of the viral genome by
Gag, several findings suggest that W is not the sole feature of the viral genome that drives packaging.
In considering the potential role played by RNA sequences other than W in viral genome packaging,
two facts are especially pertinent. First, electron microscopic images of immature particles present
an electron-dense layer coincident with the interior of the immature Gag shell (16). This electron-
dense layer likely represents RNA bound to the pseudo-two-dimensional arrayed NC domains
that line the interior of the Gag shell (Figure 15). Consistent with this idea, “tomo-bubblegrams”
indicate the presence of radiosensitive material at this location in immature virions (81). The total
RNA binding capacity of the NC domains contained within this layer of the immature virion
vastly exceeds that which could be occupied by the dimeric ¥ element in each virion. It follows
therefore that the vast majority of the Gag molecules in an immature virion particle must be
bound to viral RNA sequences other than W (Figure 15). A key question, then, is whether these
additional interactions between Gag and viral RNA are purely incidental, and secondary to Gag:\W
binding, or whether they play a facilitating role in viral genome packaging.

CLIP studies show that the specificity with which Gag binds to viral RNA as opposed to
cellular RNA, measured in the cytoplasm of an infected cell, is clearly insufficient to explain the
remarkable specificity with which viral genomes are packaged into virions (75). Specifically, viral
RNA represents <1% of the total mRNA in an infected cell, yet viral RNA represents ~60% to
75% of the RNA in virion particles (47, 75). However, CLIP experiments indicate that in cells
Gag is bound to viral RNA at a frequency that is only a few-fold greater than the frequency with
which it is bound to cellular mRINAs (75).

Evidence that RNA sequences other than W facilitate packaging derives from studies showing
that perturbation of W reduces, but does not abolish, specific incorporation of viral RNA (71,
75, 82, 83). Spliced viral RNAs, in which much of the W element has been deleted, are also
preferentially packaged into virions over cellular RNAs, particularly in the absence of a full-
length viral RNA (84). Studies that have attempted to define minimal viral sequences that enable
viral genome transduction in the context of HIV-1 vectors suggest that viral sequences outside
the W region facilitate genome packaging (66, 67, 69, 85-88); however, attempts to map non-W
sequences that are important for packaging have not reached concordant conclusions (66, 86-91).
Opverall these studies suggest that some feature(s) of the viral genome outside the W element play
an accessory role in packaging. Notably, in immature virions, Gag is bound to many places on
the HIV-1 genome (Figure 15), and fluctuations in binding frequency across the genome are
strikingly similar in the presence or absence of the W element (75). Thus, the interactions of Gag
with the non-W portion of the viral RNA are at least partly independent of W.

CLIP studies that analyzed a side reaction during viral genome packaging, namely the inter-
action between Gag and cellular mRNA, strongly suggest the RNA binding specificity of Gag
changes during the assembly of immature virions (75). In particular, the RNA sequences bound
by monomeric Gag in the cytoplasm reveal a preference for G-rich sequences and motifs. This
finding is consistent with in vitro biochemical analyses carried out using an isolated NC domain,
and is consistent with the notion that the NC zinc knuckles are predisposed to bind to unpaired
G nucleotides (41, 92, 93) (Figure 1d). In contrast, even though the cellular mRNAs that are
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packaged into HIV-1 particles are largely representative of those present in the cytoplasm of in-
fected cells, the sites on the RNA that are bound by Gag differ markedly in the cell cytoplasm
versus immature virions (75). Most strikingly, the nucleotide composition of the preferred Gag
binding sites on cellular mRNAs found in immature virions is very similar to the A-rich, C-poor
nucleotide composition of the HIV-1 genome (~35% A, ~22.5% U, ~24.5% G, ~18% C).
Moreover, sequence motifs that are enriched in Gag binding sites in immature virions are both
G- and A-rich.

Notably, this apparent change in Gag:RINA binding specificity is transient and largely reverts
upon virion maturation. In mature virions the pattern of NC binding on the viral RNA is similar,
albeit not identical, to the G-rich specificity exhibited by the intact Gag protein in the cytoplasm
of infected cells (75). The NC domain of Gag undergoes large changes in its configuration during
assembly that could plausibly alter its RNA binding specificity. Upon multimerization at the
plasma membrane, NC domains become highly constrained in a pseudo-two-dimensional array
as Gag molecules are assembled into a hexameric lattice that characterizes the immature virion.
Following budding and proteolytic cleavage of Gag, NC domains are liberated and are then, in
principle, free to diffuse within the interior of the viral particle, constraints imposed by CA and
the viral RNA notwithstanding. Thus, these CLIP studies suggest that the apparently reversible
change to an A-rich/G-rich RNA binding specificity in Gag:NC RNA binding is governed by
Gag multimerization, and perhaps by attendant changes in the exposure of NC amino acids that
participate in RNA binding (Figure 15,d).

Despite the fact that HIV-1 sequences are highly variable, the biased nucleotide composition
of its genome is remarkably conserved among primate lentiviruses (94), suggesting a functional
constraint. The fact that Gag in immature virions selectively binds to cellular mRNA elements
whose composition corresponds to that of the HIV-1 genome suggests the possibility that selec-
tive packaging of viral RNA may have provided the impetus for the HIV-1 genome to evolve to
its current characteristic composition. However, it is unlikely that individual Gag molecules can
“sense” the overall nucleotide composition of a large RNA. More likely is that many individual
Gag molecules within an assembling array preferentially bind discrete motifs that are overrepre-
sented in sequences with HIV-1-like composition. Mononucleotide, dinucleotide, trinucleotide,
or longer oligonucleotide sequences could plausibly serve as Gag recognition sites, perhaps with a
hierarchy of affinities (e.g., GA > AA > UA > CA). This premise is, in effect, an extension of the-
oretical proposals for other RNA viruses in which numerous low-affinity, degenerate, scattered
motifs are invoked to explain genome packaging (95-97). Thus, nucleotide composition could
confer overrepresentation of preferred Gag binding motifs, or vice versa. Moreover, nucleotide
composition in HIV-1 likely represents a compromise of the dual demands of binding to Gag
during packaging while simultaneously encoding functional proteins. An alternative scenario is
that some other selective pressure drove acquisition of the A-rich, C-poor genome character, and
Gag then acquired a multimerization-driven specificity for A-rich RNA to accentuate packaging.
Sources of evolutionary pressure that may have favored an A-rich, C-poor genome include the
APOBECS3 proteins (98). These cytidine deaminase proteins catalyze minus-strand dC-to-dU
mutations that are transcribed to generate plus-strand G-to-A mutations. Another antiviral pro-
tein, zinc finger antiviral protein, recognizes CG dinucleotides, causes cytoplasmic depletion of
CG-rich RNA, and may have driven the removal of C nucleotides from the HIV-1 genome (99).
An A-rich, C-poor composition may also have been selected because of potential advantages asso-
ciated with maintenance of a single-stranded character (100) in the context of a virus whose NC
protein preferentially recognizes unpaired G nucleotides (41, 92, 93). Thus, it is conceivable that
the A-rich, G-rich motifs preferred by Gag in immature virions reflect preferential binding to G
nucleotides in single-stranded regions of RNA.
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4. POTENTIAL ROLES OF A SWITCHABLE MA:RNA INTERACTION
IN THE SPATIOTEMPORAL REGULATION OF HIV-1 ASSEMBLY

A key function of the MA domain of Gag is to specify the timing and location at which HIV-1
assembly occurs in infected cells. MA contains a bipartite membrane binding signal, consisting
of an N-terminal myristoyl modification and clustered basic amino acids on one face of the MA
globular head (101) (Figure 1c). MA:membrane binding is somewhat promiscuous in vitro with
respect to the preferred lipid composition of target membranes (102-104), but the targeting of
Gag and virion assembly in living cells is highly specific. Indeed, while the plasma membrane
constitutes only a few percent of the total membrane content of the cell, HIV-1 particle assembly
occurs nearly exclusively at this site (7). A particular plasma membrane-specific phospholipid,
namely phosphatidylinositol 4,5-bisphosphate [PI(4,5)P;], is crucial for this specific targeting, as
overexpression of a PI1(4,5)P,-depleting enzyme reduces extracellular virion yield and redirects
assembly to intracellular organelles (105). Presumably, PI(4,5)P, must bind to MA with higher
affinity than do other acidic phospholipids that are present in other cellular membranes.

It has long been known that, in addition to binding negatively charged membrane surfaces,
MA can bind to RNA in vitro (102, 106-109). The N-terminal basic amino acids in MA that are
responsible for directing Gag to the plasma membrane are also required for in vitro RNA binding
(101, 102, 110). For many years, the RNA binding activity of MA was not thought to be sequence
specific. However, recent CLIP studies have shown that the MA domain binds nearly exclusively
to tRNAs in infected cells (75). In particular, a subset of ~10 tRNAs are preferred binding targets
for HIV-1 MA, including tRNAS" (RNASY tRNA® and tRNAVY?. The molecular basis for this
apparent specificity has not been determined, but the identity of the cross-linked nucleotides in
the targeted tRINAs suggests that the dihydrouridine loop contacts MA (75). Notably, MA:tRNA
interactions constitute the most frequent interaction between Gag molecules and RNA in the
cytosol of infected cells (Figure 15).

What are the potential functional consequences of MA:RINA binding? One model for HIV-1
assembly, based on analyses of Gag monomer conformations in solution (111), invokes an inter-
mediate conformational step in which Gag molecules are folded into a compact structure with NC
and MA domains positioned proximally to each other. In such a conformation, the MA and NC
RNA binding domains within an individual monomer could be bridged by viral RNA, a tRNA,
or even the viral RNA with an annealed tRNA™UUY primer. However, CLIP assays do not lend
support to these models—there is little to no binding detected between MA and viral RNA, while
tRINA constitutes a small fraction of the RNA bound by NC. Moreover, although one of the ~10
preferred tRNAs bound by MA is tRNAMYYY  the observed MA:tRNA binding occurs indepen-
dently of NC and the pbs. Therefore, MA:tRNA binding cannot be confined to interactions with
the tRNA primer that is annealed to the viral genome (75).

If some level of nonspecific interaction with RNA is an inescapable consequence of possessing
a basic patch (whose primary function is to target the plasma membrane), then the presence
of two RNA binding domains, in the context of a single Gag protein that also has an intrinsic
ability to multimerize, might predispose Gag to aggregate in the context of a cell cytoplasm.
Such an event would likely inhibit virion assembly. Thus, the acquisition of a specific, monovalent
interaction with a small RNA molecule (e.g., tRNA) might serve as a mechanism to buffer the basic
surface on the MA globular head, preventing inappropriate interaction with larger RNA molecules
that might trigger aggregation. Moreover, tRNA could inhibit inappropriate interaction between
MA and intracellular membranes. Indeed, in vitro studies indicate that RNA can indeed inhibit
the interaction between Gag and authentic cellular membranes, as well as between Gag and
model membranes reconstituted as liposomes in vitro (75, 102, 103, 110). In the latter context,
RNA is better able to block MA binding to membranes that are devoid of PI(4,5)P,. Therefore,
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tRINA:MA interactions could increase the specificity with which Gag molecules are targeted to the
plasma membrane. Such a scenario could potentially be realized through a hierarchy of affinities,
whereby intermediate-affinity MA:tRNA binding could successfully compete with lower-affinity
intracellular membrane:MA binding, while higher-affinity PI(4,5)P, at the plasma membranes
might successfully compete with tRINA.

An alternative role for MA:tRNA binding might be to temporally, rather than spatially, regulate
Gag membrane binding. In addition to inhibition by RNA, Gag:membrane binding is regulated
by a myristoyl switch mechanism, whereby myristate is concealed in a hydrophobic pocket when
Gag is monomeric (Figure 15), and multimerization promotes myristate exposure and membrane
binding (112, 113). Both tRNA-mediated occlusion of the basic amino acids (75, 102) and the
sequestration of myristate in the hydrophobic pocket (112-114) contribute to the apparent au-
toinhibition of membrane binding that is mediated by the MA globular head. While N-terminal
myristoylation is clearly not required for tRNA binding (75), it is possible that tRNA binding
and myristate exposure might be reciprocally regulated. In any case, removal of negative regula-
tory mechanisms through mutations in MA or, most clearly, deletion of the MA globular head
promotes Gag membrane binding and accelerates virion release (115, 116). This feature is most
prominent at the low Gag concentrations encountered in the cytoplasm of infected cells shortly
after the onset of its expression, when Gag is largely monomeric (117, 118). As Gag concentra-
tions progressively increase during the late stages of the replication cycle, a greater fraction of the
protein is driven into multimers, leading to myristate exposure, membrane binding, and virion
assembly. Thus, occlusion of membrane binding features has the effect of delaying the accumula-
tion of Gag in infected cell membranes, lengthening the HIV-1 replication cycle by several hours
(119). It is counterintuitive that this feature would be naturally selected, unless there was some
benefit to HIV-1 replication that is conferred by delayed virion assembly. The fact that HIV-1
target cells express antiviral proteins that can reduce the yield and infectiousness of virions from
infected cells may provide an impetus for this apparently selected property. For example, proteins
that inhibit the release of HIV-1 (Tetherin) or infiltrate and poison HIV-1 particles APOBEC3
and SERINC3/5) would clearly curtail HIV-1 replication were they not removed from their site
of action in infected cells (98, 120-122). HIV-1 employs antagonists of antiviral proteins (Nef, Vif,
and Vpu) for this purpose. These viral accessory proteins deplete or relocalize antiviral proteins,
reducing their effectiveness. A consequence of the MA-imposed delay in HIV-1 assembly is to
postpone virion assembly to a time at which APOBEC3G and likely other antiviral proteins have
been removed from their sites of action (119). Without the removal of these antiviral proteins, the
assembly of new HIV-1 particles would be at best futile, and might even reduce the overall yield
of virions from a given infected cell.

5. RNA INTERACTIONS WITH ENZYMES DURING
VIRION MATURATION

In addition to the interactions with the Gag protein, recent findings have suggested RNA interac-
tion with viral enzymes may regulate virion maturation. The HIV-1 protease (PR) that catalyzes
the proteolytic cleavages to enable maturation is a homodimer, and both subunits are essential for
the formation of the active site. Various sites in the Gag and Pol proteins (Figure 14,b) are cleaved
at different rates, determined at least in part by amino acid sequences immediately surrounding the
cleaved bond, as well as by the broader protein context, which presumably influences cleavage site
accessibility. Initially, it was found that the cleavage of certain intermediate substrates in vitro that
contained the NC domain was accelerated by including RNA or DNA in the reaction (123-125).
This could be explained by a model in which NC:RNA interactions facilitate access to the cleaved
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peptide bond. Conversely, more recent findings have shown that RNA stimulates PR activity ir-
respective of the substrate, and even short peptides are cleaved more efficiently in the presence of
RNA (126). While RNA does not appear to promote PR dimerization, longer RNAs appear more
effective than oligonucleotides at stimulating PR activity. Overall these findings are best explained
by a model in which RNA binds to an allosteric site (or sites) in the dimeric PR enzyme. As such,
the packaged RNA may be a key regulator of PR activity and promote maturation.

Another RNA:protein interaction that appears critical for accurate virion morphogenesis in-
volves the viral integrase (IN) protein (Figure 15). A number of studies of so-called class II, or
pleiotropic, IN mutants, and other studies with allosteric integrase inhibitors (ALLINIs), have
shown that perturbations of IN can disrupt virion morphogenesis (81, 127-129). Virions assem-
bled under these conditions are, for the most part, morphologically accurate, in that the NC
protein is bound to the viral RINA and the CA lattice is correctly assembled (130). Strikingly, how-
ever, the spatial organization of the virion is often aberrant, with the NC:RNA RNP positioned
outside the capsid (81, 128, 129). The ability of IN to mediate correct positioning of the RNP
within mature virions appears to be linked to its ability to bind to RNA (131). CLIP analyses in
mature virions show clearly that IN can be cross-linked at many positions to the viral RNA. The
IN footprint on the viral genome differs significantly from that observed with the NC protein,
with IN tending to favor regions that are double stranded (e.g., the Tat response element TAR
and RRE). A variety of in vitro analyses support the conclusions that IN:RNA interactions might
facilitate proper maturation. For example, IN tetramers can bridge RNA molecules, forming large
but discrete condensed complexes that are visible by atomic force microscopy (131). Additionally,
mass spectrometry—based footprinting shows that lysine residues in the IN C-terminal domain
are specifically occluded when IN is bound by RNA. Mutation of these residues abolishes RNA
binding in virions and recapitulates the characteristic morphogenesis defect that is induced by
ALLINIs. Unlike other class I mutants, an RNA binding IN mutant is fully capable of carry-
ing out concerted integration in vitro, suggesting that the aberrant morphogenesis is not due to
pleiotropic effects but is caused by a loss of IN:RNA binding.

6. CONCLUDING REMARKS

A set of protein:RINA interactions, some of which change dramatically during particle morphogen-
esis, appear to play key roles in the assembly and maturation of HIV-1 particles. These interactions
vary widely in their character, ranging from specific recognition of the highly structured ¥ ele-
ment to less specific interactions with the viral RINA that are, or may be, influenced by the unusual
nucleotide composition of the HIV-1 genome. These RNA:protein interactions appear to have
an extraordinary diversity of roles, including RNA packaging, spatial and/or temporal regulation
of the assembly of immature and mature virion structures, and regulation of viral enzymes. The
structural details of these RNA:protein interactions and the details of the molecular mechanisms
by which they promote or regulate HIV-1 assembly and maturation are only just beginning to be
understood.
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