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Retroviruses assemble new virus par-
ticles that are released by budding
from the plasma membranes of infected
cells. Gag proteins, encoded by retrovi-
ruses, orchestrate the assembly of virus
particles in close collaboration with host
cell machinery. The earliest steps in ret-
rovirus assembly—those immediately
following synthesis of Gag on cytosolic
ribosomes—are poorly understood. Rous
sarcoma virus (RSV) offers a unique
model system for dissecting these early
steps because the RSV Gag protein under-
goes transient nuclear trafficking prior
to plasma membrane transport. Other
Gag proteins, including those of human
immunodeficiency virus (HIV), murine
leukemia virus (MLV), foamy virus and
retrotransposons in Schizosaccharomyces
pombe and Drosophila, have also been
detected in the nucleus, suggesting that
nuclear trafficking of Gag proteins is a
common property of retroviruses and
retrotransposons. In addition to retrovi-
ruses, many structural proteins of unre-
lated viruses, including influenza M1,
NEP and NP proteins,® Borna disease
virus N and P proteins?*>¢
virus N protein,”% undergo nuclear
localization and bind viral RNAs to
form viral ribonuclear protein (RNP)
complexes that are exported from the
nucleus for packaging into virus parti-
cles. Similarly, nuclear trafficking of the
RSV Gag protein is required for efficient
encapsidation of the viral genomic RNA
(gRNA) into assembling virus particles."”
Recently, we reported that the viral RNA
itself appears to be a key factor in con-
trolling the nucleus/cytosol distribution
of RSV Gag.”? Our data demonstrate
that binding of RSV RNA to the Gag
protein promotes Gag-CRM1-RanGTP

and corona-
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binding, resulting in export of the retro-
viral RNP from the nucleus. We propose
that association of the viral RNA induces
a conformational change in Gag that
reveals its nuclear export signal (NES)
and prepares that complex for its journey
to the plasma membrane for budding.
This work challenges existing dogmas
regarding the molecular basis of Gag-
mediated selection of gRNA for pack-
aging and may lead to novel paradigms
for the mechanism of retroviral genome
encapsidation.

Absolute Requirement

for Genomic RNA Packaging
Retroviruses cause severe immunode-
ficiency diseases and cancer in humans
and animals. The avian pathogen Rous
sarcoma virus (RSV) was the first retro-
virus identified and the first virus linked
to cancer. RSV remains a fundamentally
informative model for studying retrovirus
replication, and it serves as the prototype
for the oncoretrovirus family. Basic steps
in the retroviral replication cycle that were
discovered by studying avian retroviruses
have been directly applicable to under-
standing and treating the human retro-
viruses human immunodeficiency virus
(HIV) and human T cell lymphotropic
viruses (HTLV), which infect tens of mil-
lions of people worldwide.

A key step in the transmission of ret-
roviruses within and between hosts is the
assembly and release of new virions from
infected cells. To make an infectious
virus, the retroviral RNA genome must be
encapsidated by the Gag protein. Despite
the absolute requirement for genome pack-
aging, no antiviral drugs that target pack-
aging or assembly have been developed yet
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Figure 1. Overlapping assembly and nuclear trafficking signals in the RSV Gag polyprotein.
Schematic diagram showing the RSV Gag cleavage products, assembly domains, nuclear target-
ing sequences and host nuclear transport factors that bind to Gag. MA, matrix; CA, capsid; NC,
nucleocapsid; PR, protease; imp11, importin-11; TNPO3, transportin 3; imp-a, importin-c; impf3,

for clinical use. Therefore, establishing a
deeper understanding of Gag-mediated
viral RNA packaging and virus release
is an important step toward developing
potential new antiviral agents. In addi-
tion, the design of optimized retroviral
vectors would be enhanced by a clearer
understanding of genome encapsidation.
However, impeding progress are many
basic questions regarding Gag-viral gRNA
interactions that remain unanswered: (1)
Where in the cell does the Gag protein
initially select gRNA for packaging? (2)
Do cellular factors contribute to pack-
aging specificity or efficiency? (3) How
does nuclear trafficking of Gag influence
genome incorporation? (4) How are viral
RNAs destined for translation or packag-
ing “marked” by host or viral factors?

Selection of the Genomic RNA
for Packaging by Gag

Retroviruses convert their RNA genomes
into a DNA provirus that is integrated into
the host chromosome. Postintegration,
RNA polymerase II transcribes a full-
length viral RNA that is processed like an
mRNA to have a 5' cap and a 3" poly(A)
tail. This full-length viral RNA has three
potential fates: (1) it can be spliced to
form subgenomic mRNAs (env and sre
in RSV); (2) it can remain as full-length
gRNA, becoming encapsidated into viri-
ons and released from the cell; or (3) it can
be maintained as unspliced mRNA and
undergo nuclear export and localization
to cytosolic ribosomes, serving as the tem-
plate for translation of viral structural pro-
teins Gag and Gag-Pol. Both populations
of unspliced viral RNAs must circumvent
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cellular mechanisms that normally retain
unspliced mRNAs in the nucleus.”® A key
question that remains in retrovirology is
whether the gRNA and unspliced viral
mRNAs undergo different nuclear export
pathways that determine whether they
are encapsidated (gRNA) or translated
(mRNA).

Subcellular Targeting Signals
and Assembly Domains
in Gag Overlap

Initiation of particle formation begins with
the binding of Gag to viral gRNA 32453
The Gag NC domain binds selectively to
the viral genome through its association
with the cis-acting packaging element
U5, located in the 5'UTR of the retrovi-
ral genome.'®*% In the absence of other
viral elements, Gag alone is necessary and
sufficient for the formation and release
of virus-like particles (VLPs) from the
plasma membrane, and cellular RNAs can
substitute for viral gRNA. Three assembly
domains were identified in RSV Gag, and
functional homologues exist in HIV and
other Gag proteins.’> In RSV, the “M”
(membrane-binding) domain is in the
N-terminal 86 residues of MA and directs
Gag to the plasma membrane™ (Fig. 1).
The “I” (interaction) domain within NC
mediates Gag-RNA and Gag-Gag inter-
actions.> Release of virus particles is
controlled by the “I” (late) domain by
recruiting host machinery, including
endosomal sorting factors.!>'*4*

In addition to the essential assembly
domains, RSV Gag contains targeting
motifs that control its intracellular traf-
ficking.”*¢ It was previously thought that
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EXTRAVIEW

Gag proteins were targeted directly to
the plasma membrane after translation
on cytosolic ribosomes; however, we dis-
covered that RSV Gag enters the nucleus
via an active transport pathway medi-
ated by nuclear targeting signals in MA
and NC (Fig. 1). The NC domain con-
tains a classical nuclear localization signal
(NLS), with basic residues that interact
directly with importin-o, which in turn
binds to importin-f3.?2 Overexpression of
importin-f promotes nuclear localization
of Gag in virus-infected cells. The NLS in
NC coincides with the I domain, and the
same basic residues required for viral RNA
packaging are also involved in the binding
to importin-o..”*

The MA domain contains a complex,
noncanonical NLS that interacts with
two nonclassical importins, importin-11
and transportin-SR (also called transpor-
tin-3, TNPO3).” Nuclear import of Gag is
enhanced by importin-11 overexpression,
suggesting that importin-11 is sufficient
to drive import through the MA NLS.
However, the contribution of TNPO3 in
nuclear entry or subnuclear localization
of Gag has not been thoroughly investi-
gated. It is not clear whether both import
factors are utilized during Gag import
or whether these are redundant nuclear
import pathways. Moreover, the structural
basis for the binding of the atypical NLS
in MA to the noncanonical import fac-
tors importin-11 and TNPO3 is of inter-
est because the molecular interactions of
these unusual import receptors with their
cargoes remain unknown.

The nuclear localization of RSV Gag is
transient, and egress through the nuclear
pore occurs when the nuclear export signal
(NES) in the p10 domain binds to the host
export factor CRM1.%4¢ This unexpected
trafficking step was discovered when cells
expressing RSV Gag were treated with the
drug leptomycin B (LMB), which cova-
lently binds to CRM1, preventing its inter-
action with hydrophobic NESs'®“¢ (Fig. 2).
The NES in pl0 consists of an 11-amino
acid sequence: *’LTD WAR VRE EL**
with the hydrophobic residues L219, W222,
V225 and 1229 required for export.*®

The pl0 NES is unusual because it
contains hydrophobic residues other than
leucines, and the spacing of the interven-
ing nonhydrophobic residues is atypical
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compared to other NESs.”® Therefore,
we did not rely solely on LMB sensitiv-
ity and mutagenesis of the hydrophobic
residues to demonstrate that this sequence
was required for Gag nuclear export. Two
additional gain-of-function experiments
demonstrated that the p10 NES sequence
was functional when (a) moved to a differ-
ent position within Gag and (b) inserted
into fibrillarin, a nucleolar protein, confer-
ring nuclear export in an LMB-sensitive
manner. These experiments revealed
that the p10 NES motif is a positionally
independent and transferrable signaling
module. Subsequent experiments dem-
onstrated that the export signal in the
C-terminal region of pl0 overlaps with a
sequence that comprises the dimer inter-
face involved in Gag-Gag interactions.’*
Thus, the distinctive composition of the
pl0 NES might be explained by the strict
structural requirements for this region to
adopt specific conformations that are criti-
cal for immature Gag assembly, Gag-viral
RNA interactions and morphogenesis of
the mature virion core. Because of the
overlap of assembly domains and subcel-
lular localization signals in Gag, it is chal-
lenging to ascertain how these competing
signals are regulated to act in a concerted
manner.

Directionality of Gag Nuclear
Transport

To understand the factors that influence
Gag nucleocytoplasmic exchange, it was
essential to identify the host partners
involved. Bidirectional nuclear transport
is mediated by the nuclear pore complex
(NPC) and soluble nuclear transport
receptors called importins or karyopher-
ins.>"! Components of the NPC (nucleo-
porins or Nups) are highly conserved
from yeast to mammals. Many Nups have
GLPG, FG or FXFG motifs collectively
called FG-repeats' that serve as “docking
sites” for soluble nuclear transport factors.
Overexpression of FG repeats inhibits spe-
cific Nup activity. Using this approach, we
identified Nup214 and Nup98 as nucleo-
porins that interact with Gag during its
egress from the nucleus.’

In addition to Nups, nuclear transport
requires soluble receptors (importins and
exportins) belonging to the importin 3
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Figure 2. The RSV Gag protein undergoes CRM1-dependent nucleocytoplasmic trafficking. PR

domain of the RSV protein was replaced by GFP (green fluorescent protein). Nuclear export of the
Gag protein is inhibited by treatment of cells expressing Gag-GFP with leptomycin B (LMB). LMB
binds covalently to CRM1 to interfere with Gag transit through the nuclear pore complex (blue
barrels) in the nuclear envelope. The Gag-GFP protein localizes primarily to the cytoplasm and at
discrete foci along the plasma membrane in untreated quail fibroblasts. Treatment of cells with

LMB results in the accumulation of Gag-GFP in the nucleus.

superfamily. Directionality is provided
by the Ran-GTPase system by produc-
ing a high RanGTP:RanGDP ratio in the
nucleus compared to the cytoplasm, ensur-
ing that importins bind to cargo in the
cytoplasm and release it in the nucleus.”
Importins have separate domains respon-
sible for binding to cargo, Ran-GTP
and the NPC. Some NLSs interact with
multiple importins, although the reason
for using more than a single import fac-
tor is unclear."7** The NLS in RSV MA
utilizes importin-11 and TNPO3, but it
is unclear whether these importins bind
simultaneously to Gag or whether their
binding is mutually exclusive. Dissecting
the roles of importin-11 and TNPO3 in
nuclear import of Gag may enhance our
understanding of how different import
pathways can influence subsequent events
in the nucleus.

Nuclear export of proteins and RNAs
is mediated by exportins.®**3 RSV Gag
binds directly to CRMI1 (exportin-1),
which also transports proteins and cel-

lular RNAs, including U snRNAs, large
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tRNAs and 5S rRNA out of the nucleus.’
RanGTP binds to CRM1 cooperatively,
and formation of the heterodimer sig-
nificantly enhances the binding of Gag*
(Fig. 3). However, the association of
Gag to CRM1:RanGTP is much more
efficient when Gag is bound to the viral
gRNA s element. The facilitated binding
of Gag to the export complex is depen-
dent on the sequence and structural
integrity of {5, as both a { mutant and
a nonviral RNA are markedly less effec-
tive in promoting Gag:CRMI1:RanGTP
association. Therefore, the viral gRNA
{ packaging sequence serves as a specific
and potent signal to stimulate nuclear
export of Gag and promote virus assem-
bly. This result provides evidence that
the RSV gRNA plays a role in control-
ling the directionality of protein trans-
location across the NPC. Although RSV
is genetically a very simple virus, it takes
advantage of the host’s nuclear export
machinery by using both viral proteins
and RNAs to ensure that it replicates
efficiently.
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Figure 3. Current model of RSV Gag nucleocytoplasmic trafficking, as described in detail in the text. RCC1, Regulator of chromosome condensation 1;
RanGAP, Ran GTPase activating protein. Shadowing of the p10 domain? and the MA domain® indicates that these regions are predicted to undergo

a conformational change at this step. The viral RNA is shown as a black curved line. The NPC is illustrated in blue with fibrils extending into the cyto-
plasm and the basket pointed toward the nucleus. Nup, nucleoporin.

Our working model depicting how host
and viral factors contribute to the nucleo-
cytoplasmic trafficking of RSV Gag is
shown in Figure 3. RSV Gag is imported
into the nucleus as a monomer in associa-
tion with importin-11 or TNPO3 bound
to the NLS in MA (step 1). In addition,
importin-a binds directly to the NLS in
NC and recruits importin-f3 to import
Gag into the nucleus. The importins
disassociate from Gag due to the high
intranuclear concentration of Ran-GTP
(step 2). Gag then binds to the gRNA
packaging sequence, stimulating Gag-
Gag dimerization. gRNA binding induces
a conformational change in Gag, expos-
ing the pl0 NES, which binds to the
CRMI1:RanGT?P heterodimer (step 3).
The Gag:gRNA:CRMI1:RanGTP com-
plex translocates through the NPC via
interactions with Nup214 and Nup98.
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Once outside the nuclear envelope,
Gag:gRNA disassociates from CRMI
(step 4). We speculate that Gag undergoes
another conformational change to expose
the membrane-targeting signal in MA to
direct the viral RNP to the plasma mem-
brane (step 5). Features of this model are
being tested in ongoing experiments in
our laboratory.

Nuclear Localization of Gag
Proteins of Retroviruses
and Retrotransposons

In addition to RSV, other retroviral Gag
proteins have been detected in the nucleus.
HIV Gag was reported to contain an NLS
and an NES within the MA domain,
and mutation of the NES interferes with
gRNA packaging;'* however this result has
not been further explored in subsequent

Nucleus

studies. Moreover, a mutant protein con-
taining deletion of the gRNA-binding
region of the HIV Gag NC domain local-
izes to the nucleus, although the functional
significance of this finding is unclear.”!
Finally, HIV Gag:gRNA complexes were
observed near centrioles just outside of
the nuclear envelope in one study, but not
in another.** Thus, whether HIV Gag
gRNA packaging involves nuclear events
has not been resolved and remains an
intriguing question.

Feline leukemia virus (FIV), another
lentivirus, forms Gag:gRNA complexes
at the nuclear rim.?® In addition, a subset
of Mason-Pfizer monkey virus (MPMV)
Gag protein is associated with the NPC,
and deletion of a putative NLS in Gag
results in a gRNA packaging defect.>
Although it is possible that genome pack-

aging may occur near the nucleus in these
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retroviruses, none of these studies has
yet determined where the initial site of
Gag:gRNA contact occurs.

In murine leukemia virus (MLV)
infected cells, approximately 18% of the
Gag precursor (Pr65) is present in nuclei.?”
The authors hypothesized that Gag could
potentially play two roles in the nucleus:
regulation of splicing or initiation of viral
RNA dimerization, as a requirement for
genome packaging. A recent report sug-
gested that cellular RNAs incorporated
into MLV virions are nuclear-localized,
suggesting that MLV Gag might encoun-
ter these RNAs in the nucleus.?” Other
nuclear RNAs (e.g., 7SK RNA and
snRNA U6) are enriched in MLV parti-
cles,” supporting the idea that MLV Gag
protein might traffic through the nucleus
to recruit RNAs there. Foamy virus Gag
proteins localize predominantly to the
nucleus, and the NLS in Gag coincides
with the nucleic acid binding domain in
the C-terminal region.”>® The role of
Gag nuclear targeting in foamy viruses
is not known, although a mutant with
impaired nuclear targeting (but persistent
localization to subnuclear structures) had
reduced infectivity.’® Further experiments
are needed to determine whether localiza-
tion of these retroviral Gag proteins to the
nucleus is related to RNA incorporation or
other functions.
retrotransposon  Gag  pro-
teins localize to the nucleus. Drosophila
retrotransposons HeT-A"! and TART"
play a role in maintenance of telomeres,
and their Gag proteins are specifically
targeted to chromosomal ends during
interphase. "4 Schizosaccharomyces pombe
retrotransposon Tf1 Gag protein localizes
to both nuclei and nucleoli,>'" and altera-
tions in Tf1 Gag nuclear import are asso-
ciated with defective particle assembly.?”
Recently, it was reported that a mutant of
Saccharomyces cerevisiae retrotransposon
Ty3 Gag is nuclear-localized and binds
Ty3 RNA, suggesting a possible mecha-
nism for RNA packaging.” Thus, nuclear
transport of Gag is prevalent among retro-
viruses and retrotransposons, emphasizing
that probing the mechanisms underlying
Gag nuclear trafficking, identification of
Gag-interacting host factors and strategies

Several
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to reveal the relevance of nuclear traffick-
ing to virus replication will have broad
implications.

Formation of Viral Nucleoprotein
Complexes in the Nucleus

Nuclear entry is a critical step for repli-
cation of many viruses, including herpes
simplex virus, adenovirus and influenza,
and there may be important parallels with
RSV Gag nuclear trafficking.® Influenza
uses the nuclear compartment to assemble
new viral RNDPs for encapsidation. Early
in infection, incoming viral RNPs are
imported into the nucleus using redun-
dant NLSs. Transcription and nuclear
export of viral mRNAs occurs, and then
newly synthesized viral proteins are
imported into the nucleus where they bind
viral RNA to form new RN complexes.
The matrix (M1) protein mediates nuclear
export of viral RNPs, which occurs in a
CRMI-dependent 153032 NS2

and NP proteins are also involved, possi-

manner.

bly through an interaction with M1-viral
RNP.>? Once exported into the cyto-
plasm, MIl-viral RNP complexes are
targeted to the plasma membrane.®*
Association with M1 prevents viral RNPs
from reentering the nucleus.’” The simi-
larities between influenza M1 and the
Gag protein of RSV are intriguing: both
undergo active nuclear transport, bind to
viral RNAs to form RNPs for packaging,
mediate viral RNP nuclear egress, and
finally are targeted to the plasma mem-

brane for budding.*
Opportunities and Challenges

It remains to be seen whether RSV is
unique among retroviruses in the require-
ment for Gag nuclear trafficking to effi-
ciently encapsidate its genome. However,
there is evidence suggesting that the HIV,
MPMYV and FIV Gag proteins bind to
RNAs either at the nuclear rim or just out-
side the nucleus.*?%%>* Why would retro-
viral Gag proteins bind to their unspliced
gRNAs in or near the nucleus rather than
finding them in the cytoplasm? One
possibility is that selecting the genome
in the nucleus would facilitate selective

Nucleus

encapsidation of unspliced rather than
spliced viral RNAs. For example, selective
packaging of gRNA would occur if spliced
viral mRNAs in the nucleus were not
available for encapsidation by Gag because
they were “marked” co-transcriptionally
with splicing machinery. Deposition of
exon junction complex factors would lead
spliced viral mRNAs to exit the nucleus
and enter into the translation pathway.’**
In contrast, full-length viral genomic
RNAs do not undergo splicing and instead
would be “marked” for encapsidation by
binding to Gag. The need to differentiate
spliced from unspliced viral RNAs is espe-
cially problematic for RSV because the s
sequence is present on both RNA species.
Identification of the host factors bound
to spliced and unspliced viral RNAs will
be an important step in uncovering the
mechanisms that control specific packag-

ing of the retroviral gRNA by Gag.
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