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Abstract

Members of the family Retroviridae are important animal and human pathogens. Being obligate parasites,
their replication involves a series of steps during which the virus hijacks the cellular machinery. Addition-
ally, many of the steps of retrovirus replication are unique among viruses, including reverse transcription,
integration, and specific packaging of their genomic RNA (gRNA) as a dimer. Progress in retrovirology has
helped identify several molecular mechanisms involved in each of these steps, but many are still unknown
or remain controversial. This review summarizes our present understanding of the molecular mechanisms
involved in various stages of retrovirus replication. Furthermore, it provides a comprehensive analysis of
our current understanding of how different retroviruses package their gRNA into the assembling virions.
RNA packaging in retroviruses holds a special interest because of the uniqueness of packaging a dimeric
genome. Dimerization and packaging are highly regulated and interlinked events, critical for the virus to
decide whether its unspliced RNA will be packaged as a “genome” or translated into proteins. Finally,
some of the outstanding areas of exploration in the field of RNA packaging are highlighted, such as the
role of epitranscriptomics, heterogeneity of transcript start sites, and the necessity of functional polyA
sequences. An in-depth knowledge of mechanisms that interplay between viral and cellular factors during
virus replication is critical in understanding not only the virus life cycle, but also its pathogenesis, and
development of new antiretroviral compounds, vaccines, as well as retroviral-based vectors for human
gene therapy.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction viruses, the Retroviridae, since their life cycle
includes the special step of reverse transcription

Retroviruses are enveloped viruses containing  of their genomic RNA (gRNA) into DNA, which is
two copies of single-stranded positive sense RNA. then imported into the nucleus where it integrates
These viruses belong to a unique family of into the host chromosomes. According to the
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International Committee on Taxonomy of Viruses
(ICTV), the family Retroviridae is further divided
into two subfamilies: Orthoretrovirinae and
Spumavirinae and based on their evolutionary
relatedness, they are further classified into seven
genera.' The subfamily Orthoretrovirinae contains
the genera alpharetroviruses, betaretroviruses,
gammaretroviruses, deltaretroviruses, epsilonretro-
viruses and lentiviruses, while the subfamily
Spumavirinae contains a single genus, the spuma-
viruses. Retroviruses infect a large number of host
species and cause a variety of diseases, including
immunodeficiency, tumors, and leukemia, both in
humans and animals. Although the field of retrovi-
rology progressed significantly after the detection
of the human immunodeficiency virus type 1 (HIV-
1), earlier work has contributed significantly towards
the understanding of cellular oncogenes and molec-
ular biology.”™

The retroviral replication cycle includes a cascade
of events which are categorized into nine main
steps in this review. They are: 1) attachment,
membrane fusion and entry, 2) reverse
transcription, 3) nuclear import and uncoating, 4)
integration, 5) transcription and processing of viral
RNAs, 6) their nuclear export, 7) protein
synthesis, 8) gRNA packaging and virion
assembly, 9) and finally virion release and
maturation (Figure 1). Ever since the discovery of
the first retrovirus, numerous studies have helped
identify the critical viral or/and cellular factors and
processes involved in each of these steps.
Retroviral infection starts with attachment of the
surface subunit of Env protein to its receptor
followed by fusion with the cell membrane
mediated by its transmembrane domain. Once the
core is released into the cytoplasm, reverse
transcription begins by the virally-encoded reverse
transcriptase enzyme, though in the case of HIV-1
it has been shown that both uncoating of the core
and reverse transcription can be completed in the
nucleus.”® In the case of MLV, the pre-integration
complex can access the chromosome only after dis-
inte7qration of the nuclear membrane during mito-
sis,” while in HIV-1, the virion core enters the
nucleus through the nuclear pore. This process
involves a number of host proteins which are part
of the nuclear pore complex, as well as mRNA
cleavage and polyadenylation factors.®® Uncoating
occurs near the integration site minutes before inte-
gration and the integration process is catalyzed by
the integrase enzyme. Host nuclear proteins also
potentially play a role in integration site selec-
tion.” "2

Transcription of retroviral RNAs from the
integrated virus (called a “provirus” at this stage)
is facilitated by cellular transcription factors and
frans-acting factors encoded by complex
retroviruses along with their corresponding cis-
acting elements. For example, HIV-1 encodes the
trans-activator of transcription, Tat, protein, and its

cognate response element, TAR, while human T
lymphotropic virus, HTLV encodes Tax protein
and its response element, TRE.">'* The singly
spliced and unspliced viral RNAs in case of complex
retroviruses are next transported out of the nucleus
using cis-acting viral sequences which interact with
virally-encoded factors. On the other hand, simple
retroviruses, rely solely on cellular proteins for their
RNA export by utilizing cis-acting sequences pre-
sent within their genomes. Translation of viral tran-
scripts is achieved by using both the general cap-
dependent mechanism as well as cap-
independent mechanisms using internal ribosome
entry site (IRES)(reviewed in."®) Members of
Orthoretrovirinae subfamily express Pol protein as
a fusion protein with Gag and all of them use a ribo-
somal frameshift mechanism except gamma- and
epsilonretroviruses as theé/ possess a ribosomal
readthrough mechanism.'® The viral gRNA forms
dimers through dimerization initiation sites (DIS)
and virion assembly begins with multimerization of
Gag polyprotein on the gRNA. For the betaretro-
virus genus (e.g., mouse mammary tumor virus,
MMTV), location of assembly is intracytoplasmic,'®
while for lentiviruses, particle assembly takes place
on the plasma membrane.’” In case of HIV-1, virion
release occurs by the interaction of the p6 domain
of Gag and cellular endosomal sorting complex
required for transport (ESCRT | and ESCRT II)
machinery.'® ' Finally, the proteolytic maturation
and structural rearrangement necessary for virion
maturation are carried out by the viral protease
which is essential for infectivity and continuation of
the viral life cycle.”° " An in-depthunderstanding
of each of these steps has not only led to the devel-
opment of therapeutics that inhibit retroviral replica-
tion, but also has contributed to the understanding
of other cellular processes, such as the mecha-
nisms of oncogenesis and molecular biology. More-
over, a better understanding of these steps has
identified mechanisms that are unique to retro-
viruses, mainly reverse transcription, integration,
and packaging of their gRNA as a dimer.

Genomic RNA packaging in retroviruses has
gained special attention because their single-
stranded gRNA is packaged as a dimer (Figure 1).
Dimerization and packaging are interconnected
events that are highly regulated, and loss of
dimerization can greatly reduce packaging
(reviewed in.??) Specific recognition of gRNA by
Gag is facilitated by cis-acting sequences located
within the 5’ region of the gRNA termed the packag-
ing signal, Psi (¥; reviewed in*°). It is evident that
not only the nucleotides that interact with Gag, but
also the higher order structure of ¥ is important
for efficient packaging of gRNA by the newly form-
ing virus particles. Development of biochemical
assays coupled with structural bioinformatics have
identified the complex structure of HIV-1 and other
retroviral 5'untranslated regions (UTRs) required
for gRNA encapsidation and other steps of the viral
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Figure 1. Schematic representation of different stages of retrovirus replication and RNA packaging using
HIV-1 as a model. Infection of susceptible cells starts with attachment and fusion of the viral Env glycoprotein to the
cell surface receptor, followed by the release of viral core into the cytoplasm (steps 1 & 2). However, certain
retroviruses (such as avian leukosis virus and mouse mammary tumor virus) traffic through endosomes which
activates their fusion with the membrane. Reverse transcription of the viral RNA begins in the cytoplasm within the
core, the core then enters the nucleus, and completion of reverse transcription and uncoating occurs in nucleus near
the site of integration (steps 3-5), leading to integration of the viral genome into the host chromosome (step 6). It has
been shown that MLV enter the nucleus only during cell division. Transcription of viral RNA occurs from the integrated
“provirus” with the help of regulatory proteins and their cis-acting sequences, in the case of complex retroviruses (step
7). Recent studies show that in the case of lentiviruses, different species of full-length RNAs are transcribed based on
their transcription start site. The unspliced and singly spliced RNAs are then exported from nucleus by the regulatory
proteins and their cis-acting elements with the help of host proteins (step 8). In case of HIV-1, the 3G RNA (RNA with
three guanosines at their 5’ end) is shown to be predominantly translated (step 9) while the 1G RNAs are
encpasidated. 1G RNA exists in equilibrium between monomer and dimer conformations, in which the dimer
conformation sequesters its cap. Thus, it is not captured by the translation machinery, and because of its structural
advantages, it is encapsidated by Gag. However, certain studies have shown that the same pool of RNAs can act as
both translating and packageable RNA. It is unknown whether the dimerization competent 1G RNA, or monomeric 1G
RNA, or both, can undergo translation. Moreover, it has been shown that HIV-1 unspliced and singly spliced RNAs
undergo alternate translation pathway other than elF4E-mediated pathway. However, it is unclear whether 3G or 1G
RNA preferentially undergoes this pathway. HIV-1 Gag binds to cellular and viral RNAs with equal affinity in the
cytoplasm, but packaging competent RNAs (with packaging signal, psi; 1G RNA in case of HIV-1) favors assembly of
Gag (step 10). The Gag-RNA complexes then localize to the plasma membrane where the RNA dimerization occurs
during the initial stages of assembly (steps 11-12; in the case of RSV and MLV, it has been suggested that RNA
dimerization occurs in the nucleus). Moreover, it has been shown that nucleation and assembly is efficient on
packaging signal-containing RNA (step 13). Finally, the completely assembled virus particles are released in an
immature form and then the proteolytic maturation and the structural rearrangement occurs (steps 14 &15).
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life cycle. These assays include, selective 2'-
hydroxyl a Xlatlon analyzed by primer extension
(SHAPE;**=%), nuclear  magnetic  resonance
(NMR) spectroscopy,”®#” and their modified ver-

sions; for instance, SHAPE-coupled with mutational
profiling (SHAPE- Map,28) and long-range probing
by adenosine interaction detection (IrAID;?°). These
studies, along with several other genetic and in vitro
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approaches, have identified that purine-rich apical
and/or internal loops in hairpin structures govern
gRNA packaging by functioning as Gag binding
sites.3°"2° Moreover, recent structural studies have
shown that in HIV-1, RNA species with only one G
at their 5’ end are preferentially packaged into virus
particles as they fold into a packaging-competent
structure.®*" Furthermore, the stability of the
polyA stem-loop is also necessary for packaging,
revealing the importance of regions other than the
‘encapsidation signal’ in RNA packaging, at least
in context of full-length gRNA.®” % Thus, in this
review, we summarize different steps of retroviral
replication to provide a basic understanding of the
viral life cycle and present the current understand-
ing of RNA packaging among different retroviruses.

Retroviruses: A brief history and classification

The first identified retrovirus was the causative
agent of leukemia in chickens (avian leukosis
virus; ALV) by Ellermann and Bang in 1908.°? In
1911, Peyton Rous reported the transmission of
sarcomas in chickens through cell-free filtrates
and subsequently it was named the Rous sarcoma
virus (RSV;*°). The first and only known human
retrovirus that causes malignancy, Human T-
lymphotropic virus type 1 (HTLV-1), was discovered
and described in 1980.*'~*2 Three years later, Mon-
tagnier and co-workers isolated a virus from the
lymph nodes of patients with acquired immunodefi-
ciency syndrome (AIDS) and in 1984, the link
between HIV-1 and AIDS was established by Gallo
and colleagues.**™**

Virion structure and genome organization

Retroviruses are spherical in shape measuring
approximately 80—120 nm in diameter, comprising
of ~2000-5000 molecules of a structural protein
called Group-specific antigen (Gag;'"*°*°
and ~ 14 trimers of envelope glycoprotein spikes.*
Historically, retroviruses have been classified
based on the structure and location of their nucleo-
capsid core within the mature particle. This classifi-
cation includes: an intracellular membrane-lacking
form (intracytoplasmic A particle), type-B (an extra-
cellular eccentric, spherical core; e.g., mouse mam-
mary tumor virus, MMTV), type-C (spherical/cone
shaped core; e.g., ALV, RSV, murine leukemia
virus (MLV), and type-D (a cylindrical/bar shaped
core; e.g., Mason Pfizer monkey virus, MPMV).
While HIV-1 is the classical example of a retrovirus
with a rod/cone shaped core, the spumaviruses
exhibit an immature core morphology.

An infectious retrovirus particle consists of two
copies of single stranded, 7—12 kilobase (kb) long,
linear, non-segmented, positive-sense RNA as
their genome which is capped at the 5 end and
polyadenylated at the 3’ end like cellular mRNAs.
The key sequences and features of the retroviral

gRNA are depicted in Figure 2 and include both
non-coding and coding regions described next:

Non-coding regions.

1) R (Repeat): A short sequence (15-250 nucleo-
tides (nts) long; 15 nts in case of MMTV
and ~ 250 nts in HTLV-1) that is repeated twice
in the RNA: the extreme 5’ end just after the cap
and at the 3’ end immediately upstream of the
polyadenylate (polyA) tail. Its flanking location in
the gRNA is critical for the process of reverse tran-
scription in all retroviruses (described below). In
lentiviruses, R folds into a structured region called
the trans-activation response element (TAR) that
recruits the transcriptional frans-activator protein
Tat required for efficient synthesis of the
gRNA_1,17,48

2) U5 (Unique to 5): A sequence of 70-250 nts
located downstream of R and before the primer
binding site (PBS). U5 contains one of the attach-
ment sites (U5 atf) necessary for proviral integra-
ton into the host chromosome."'”“®
Furthermore, during the process of reverse tran-
scription, the U5 region gets duplicated and trans-
ferred to the 3’ of the proviral DNA (Figure 2).

3) PBS: An ~ 18-nt sequence complementary to the
3’ terminus of host tRNAs which acts as the primer
for the initiation of reverse transcription for the
synthesis of minus (-) strand of viral DNA (first
strand synthesis)."'”*® Recent studies are unrav-
eling its role in other steps of retrovirus replication
as well, such as gRNA packaging.®

4) PPT (polypurine tract): During reverse transcrip-
tion, PPT serves as the primer for the synthesis
of the plus (+) strand of viral DNA (second strand
synthesis). As the name indicates, it consists of a
stretch of ‘A’ and ‘G’ residues that are usually 7—
18 nts long located just upstream of the U3 region
that arise out of partial nuclease digestion of the
gRNA (see Section on Reverse Transcription for
details)." 748

5) U3 (Unique to 3'): This region contains cis-acting
elements important for transcription initiation and
its regulation, such as the promoter and enhancer
sequences, negative regulatory elements, hor-
mone responsive elements, as well as the second
att site (U3 atf) required for integration. This is
despite the fact it is located at the 3’ end of the
viral gRNA. It is the process of reverse transcrip-
tion that results in duplication of the U3 at both
ends of the viral DNA, thus bringing these impor-
tant transcription control elements to the 5’ end
of the proviral DNA (Figure 2). U3 at times may
also contain coding sequences (e.g., a portion of
the nef gene in HIV-1, as well as the entire sag
and a portion of MMTV rem genes." "8

6) PolyA tract: Downstream to the 3 R region is
located the post-transcriptionally added polyA tail
of 50200 nts. The most common polyadenylation
signal is AAUAAA and either found in the R region
(e.g., HIV, Mo-MLV and spumaviruses) or the end
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Figure 2. Organization of the coding and non-coding regions of the retroviral genomic RNA and the
provirus. The single-stranded, positive sense RNA genome has a 5' cap and its various regions can be classified into
cis-acting (controlling) elements on both ends of the genomic RNA flanking the trans-acting (coding) sequences. G,
the guanine cap at the 5’ end of the genomic RNA; R, repeat region at both the 5’ and 3’ ends; U5 and U3, the 5’ and
3’ unique sequences, respectively; PBS, the primer binding site where the host tRNA binds as a primer to initiate
reverse transcription; ¥, the packaging signal; PPT, the polypurine tract which is the site of initiation of plus strand
DNA synthesis; A, the polyA sequence; TAR, the trans-activation response element; CTE, the constitutive transport
element; RRE, the Rev responsive element; att, the attachment sites used for integration of the viral genome. Only

the two att sites at the outer ends are used for this purpose.

of the U3 region (e.g., HTLV-1, ASLV and

MMTV)."17:48

Coding regions. All known retroviruses encode
four canonical proteins which are necessary for
viral particle formation and its replication: Gag,
protease (PR or Pro), polymerase (Pol) and
envelope (Env). Based on their genomic
complexity, retroviruses are classified into either
simple or complex: simple retroviruses encode
only gag, pro, pol and env genes (such as ALV
and MLV), while complex retroviruses (such as
HIV, HTLV, and MMTV) also encode a number of
small regulatory and accessory proteins which are
encoded from singly or alternatively spliced
mRNAs, (Figures 3 & 4;"17%%),

1) Gag: Gag is expressed as a precursor polyprotein
which is cleaved by viral protease during matura-
tion into three structural proteins: matrix (MA),
capsid (CA) and nucleocapsid (NC). While MA is

2)

3)

involved in targeting the Gag or viral core to the
plasma membrane during virus assembly, the
CA is the critical building block that creates the
viral core and NC is the protein that directly coats
the gRNA (Figure 5). Gag is also critical for gRNA
encapsidation into the assembling virus particle.
Pro and Pol: Like Gag, retroviral Pol is also a
polyprotein which is cleaved by the viral protease
(PR) and is found within the virus particle (Fig-
ure 5). The constituent proteins generated after
PR-mediated cleavage depends on the retroviral
species. In lentiviruses, the PR, reverse transcrip-
tase (RT) and integrase (IN) are encoded in the
pol gene and expressed as a Gag-Pol fusion pro-
tein, while in alpharetroviruses, PR is expressed
as part of the Gag open reading frame (ORF; Fig-
ure 4). In betaretroviruses, PR is expressed from a
separate ORF as a Gag-Pro or a Gag-Pro-Pol
fusion protein (Figure 4;""7+48),

Env: Env is translated from a singly spliced mRNA
and is a membrane targeting protein which is nec-
essary for retroviral attachment, fusion, and entry.
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Figure 3. Genome structure and RNA splicing in simple and complex retroviruses. (A) Simple retroviruses
encode gag, pro, pol, and env genes and carry out only a single splicing event to express Env. (B) The complex
retroviruses, in addition, contain regulatory and accessory genes that are expressed from several singly- and doubly
spliced mRNAs. Here, the example of human immunodeficiency virus (HIV-1) is given. LTR, long terminal repeats.

The host cellular protease, furin, cleaves Env into
the surface (SU) and transmembrane (TM)
domains (Figure 5;'1748),

Retroviral life cycle

Attachment, membrane fusion, and entry. This
earliest step in retroviral replication involves
multiple stages: initial binding of the SU subunit of
the Env protein to the cellular receptor which
induces a conformational change in the Env
protein that results in membrane fusion (Figure 1).
The initial attachment leads to a conformational
change in Env which exists as a trimer, allowing
the TM domain penetration into the target cell
membrane, resulting in fusion of viral and cell lipid
bilayers.***° In many viruses, such as orthomyx-
oviruses, this conformational change is aided by
the acidic environment within the endosomes and
takes place after receptor-mediated endocytosis.
But in most retroviruses, this fusion is pH-
independent; thus, it can happen at the cell sur-
face.'” The classical experiments to study the effect
of pH on fusion were carried out using lysoso-
motropic reagents, such as chloroquine and ammo-
nium chloride, that raise endosomal pH. These
experiments showed that HIV-1 fusion is insensitive
to a wide range of pH.°' % On the other hand, in the
case of ALV, and MMTV, a low pH-mediated activa-
tion was required for virus entry following the con-
formational change that occurs after Env-receptor
binding.>*>°

The type of host receptor that Env can interact
with  determines  retroviral cell  tropism.
Retroviruses utilize various cell surface molecules

as receptors, reflecting the wide range of host
species that they can infect. HIV-1 uses the CD4
(cluster of differentiation 4) receptor which is
expressed on the helper subset of T lymphocytes,
macrophages, and dendritic cells, but engineered
expression of CD4 alone on non-primate and
rodent cells is not sufficient for productive
infection.”® >’ These observations suggested that
other proteins were needed to facilitate virus infec-
tion, leading to the identification of two members
of the chemokine receptor family, CXCR4 and
CCR5, as co-receptors for HIV-1 entry.58 This was
confirmed by a population of individuals with a
mutated allele of CCR5 (a 32-bp deletion) who
exhibited least susceptibility towards HIV-1 infec-
tion.>> Moreover, some HIV-1 variants and HIV-2
strains are able to infect cells in a CD4-
independent manner,®°°? suggesting other modes
of virus entry.

The co-receptors for other retroviruses have not
been studied extensively. In HTLV-1, the primary
entry receptor is unclear. Although initially it was
shown that the glucose transporter molecule
GLUT-1 is the primary receptor, heparan sulfate
proteoglycans (HSPGs) and neuropilin-1 (NRP-1)
also play a critical role in entry.®>°> Additionally,
the vascular cell adhesion molecule-1 (VCAM-1)
has been identified as the potential co-receptor for
HTLV-1 entry.?® In case of MMTV, it uses the
mouse transferrin 1 as its cellular receptor.>® Inter-
estingly, it has been shown that an immunoreceptor
tyrosine activation motif (ITAM) within the Env is
involved in transforming the mammary epithelial
cells. Thus, Env not only allows the virus to infect
cells, but may also have a role in mammary tumori-
genesis in case of MMTV.®’
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Figure 4. Genomic organization of the provirus for each retroviral genus. Schematic representation of the
proviral genome of the prototypic member from each genus, showing the organization of their long terminal repeats
(LTRs), the four canonical genes (gag, pro, pol, & env), and regulatory as well as accessory genes in the case of
complex retroviruses. Sites of ribosomal frameshift or ribosomal readthrough are indicated as curved or right pointing
arrows, respectively.

Reverse transcription. Evidence suggests that  completes within the nucleus (Figure 1).568759

the process of reverse transcription begins in the Treatment with inhibitors of reverse transcription
cytoplasm, but a major fraction of it occurs and results in delayed uncoating, suggesting a check-



A. Chameettachal, F. Mustafa and T.A. Rizvi

Journal of Molecular Biology 435 (2023) 167924

——Surface (SU)
[{]_—Transmembrane (TM)

Reverse Trascriptase (RT)

Figure 5. Schematic of a retrovirus (HIV-1) particle.
The viral RNA is coated by the nucleocapsid (NC)
protein. This genomic RNA-NC complex along with the
reverse transcriptase (RT) and integrase (IN) are found
within the viral core which is formed by a mature product
of the Gag polyprotein, specifically the capsid (CA)
protein. The matrix (MA) and NC are the other mature
products of the Gag polyprotein. The capsid is con-
nected to the host-derived lipid bilayer that the virion
acquires as it buds out of the cell via the matrix (MA)
protein. The lipid bilayer is part of the viral envelope
composed additionally of the viral envelope (Env)
glycoproteins that have a surface (SU) and a trans-
membrane (TM) subunit. The viral protease (PR/Pro)
enzyme is found outside the core and responsible for
maturation of the Gag polyprotein once the virus has
bud out of the cell in C-type retroviruses, or within the
cell for A- and B-type retroviruses. Pro is often
expressed as a fusion protein with Pol within the same
reading frame of reverse transcriptase and integrase
(e.g., HIV-1) or from a separate reading frame (e.g.,
MMTV).

point that ensures the release of é)roperly formed
pre-integration complexes (PICs).” The functional
reverse transcription complex (RTC) contains the
dimeric RNA, RT, CA, NC, and IN and some acces-
sory proteins, depending upon the virus. For exam-
ple, Vpr is found in RTC in the case of HIV-1.”° The
RT enzyme possess two activities: a DNA poly-
merase activity that uses either RNA or DNA tem-
plate to synthesize a DNA strand, and an RNase
H activity that degrades RNA in the RNA:DNA
hybrid.'” The lower fidelity of the polymerase activ-
ity of RT contributes significantly to the higher muta-
tion rate observed in HIV-1""; however, the cellular
RNA polymerase Il and host factors which are incor-
porated into the virus particle (such as APOBEC, a
single-stranded DNA cytidine deaminase, espe-
cially APOBEC3G), induce a C-to-U change in
retroviral DNA, contributing to the hypermutations
observed in the HIV-1 genome.””’* The viral
RNA has only the U5 and U3 sequences at its outer
flanks, corresponding to its 5’ and 3’ ends. On the
other hand, the proviral DNA contains both U3
and U5 on either end (Figure 2). Together, the U3,
R and U5 at either end of the proviral DNA are
known as long terminal repeats (LTRs) which are
created as a by-product of the reverse transcription

process (Figures 2 & 6). Since the viral promoter is
located in the U3 region, duplication of U3 to the &'
end of the DNA is necessary for further steps of viral
gene expression. Hence duplication of LTR at both
ends during reverse transcription is mandatory.'’

Retroviral reverse transcription of viral RNA into
double stranded DNA (dsDNA) involves several
steps (Figure 6; summarized in’®) In the first step,
a short stretch of minus strand DNA synthesis
occurs copying the 5 U5 and 5' R, using specific
host tRNAs as the primer (Figure 6(A)). These
tRNAs provide the free 3’ hydroxyl group to initiate
reverse transcription, a requirement of DNA synthe-
sis as observed in all DNA polymerases. The 17—
18-nt long PBS binds to the 3' acceptor and T¥YC
arms of the tRNA and determines which tRNA will
bind there.”*””” While HIV-1 and MMTV use
tRNAYS2 as their primer, RSV uses tRNAT™, and
HTLV-1uses tRNAP™'” The specific packaging of
tRNA is achieved by enrichment of the correspond-
ing charged aminoacyl tRNA synthetase in the
assembling virions.”®

Next, the RNase H activity of RT degrades the
RNA from the DNA-RNA hybrid, exposing the 5’ R
region which is in turn complementary to the 3'R
region (Figure 6(C)). Complementary base pairing
of the R region on either end leads to the first
template switching known as minus strand
transfer (Figure 6(D)). This template switching has
a significant role in retroviral recombination since it
can occur either intra- or inter-molecularly,
especially given the fact that retroviruses contain
two copies of the gRNA.”®~#° After successful minus
strand transfer, RT further extends the minus strand
DNA, including the U3 located at the 3’ end (Figure 6
(E)). In the next step, the RNase H activity of RT
degrades the RNA located between the PPT and
3’ end of the viral RNA, leaving a small stretch of
PPT behind which is resistant to RNase H degrada-
tion due to its purine enrichment,”® Figure 6(E)).
Now PPT acts as primer for positive DNA strand
synthesis (Figure 6(F)). In lenti- and spumaviruses,
a central PPT/cPPT is also present in the integrase
reading frame, which acts as an additional site of
plus strand initiation, and mutating cPPT leads to
reduced infectivity in HIV-1.2""%° Degradation of
tRNA by RNase H creates an overhanging PBS
region at the 3’ end of positive strand DNA (Figure 6
(F)), which is complementary to the PBS at the 5’
end of the minus strand DNA, which leads to the
second template switching or plus DNA strand
transfer (Figure 6(G)). Finally, the polymerase activ-
ity of RT completes the second strand synthesis,
resulting in the generation of a double-stranded
copy of the gRNA except that the DNA now has
two complete LTRs at both ends,”® (Figure 6(H)).

Nuclear import and uncoating. After fusion and
entry, the mature retroviral core enters the
cytoplasm, leaving SU, TM and MA behind that
remain associated with the membrane. Within the
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Figure 6. Steps of retroviral reverse transcription. (A) Organization of the retroviral RNA genome. (B) A host
tRNA binds to the primer binding site (PBS) and acts as a primer for initiation of reverse transcription. (C) Synthesis of
minus-strand strong stop DNA and removal of R and U5 region of RNA strand by the RNase H domain of the reverse
transcriptase enzyme. (D) First strand transfer to the 3' R. (E) Extension of minus-strand DNA and digestion of the
RNA strand in the RNA/DNA hybrid. (F) The polypurine tract (PPT) is resistant to digestion by RNase H and is used
for the synthesis of plus-strand DNA. (G) Second strand transfer and extension of minus- and plus-strand DNAs. (H)
Completion of reverse transcription with two fully completed strands of DNA containing u3, r, u5 at either ends.

capsid core, the gRNA remains attached to NC and
other enzymatic proteins. The intracytoplasmic
trafficking of the virus core to the nucleus occurs
through cytoskeletal fibers®*®". In case of MLV,
the entire viral core enters the nucleus during mito-
sis’. However, HIV-1 uses an active import mecha-
nism to enter the nucleus through nuclear pores,
irrespective of whether the host cells are dividing
or not,®%® although its precise mechanism is not
clear. Due to the bigger size of the HIV-1 core

(~60 nm) compared to the diameter of the nuclear
pore (~30 nm), initially it was assumed that uncoat-
ing occurs within the cytoplasm and only the PIC
crosses the nuclear membrane. Consistent with
this, CA is not present in the PIC.%?°° Neverthe-
less, the intracellular location where HIV-1 uncoat-
ing occurs is still debatable (Figure 1). Several
earlier studies have suggested that the initial
hypothesis is correct and uncoating happens in
the cytoplasm after the entry, but before nuclear
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import”’ 9%, Now, it is becoming increasingly clear
that HIV-1 uncoating occurs in the nucleus. A recent
study demonstrated the nuclear import of intact
HIV-1 core and uncoating near the integration sites
that occur only after the completion of reverse tran-
scription and formation of PIC.®"" The two nuclear
pore complex proteins, Nup153 and Nup358, inter-
act with CA in order to facilitate nuclear import of the
viral core?®°’. Additionally, several studies have
shown that CA interacts with the cellular cleavage
and polyadenylation specificity factor 6 (CPSF6)
to facilitate nuclear import of intact viral cores®
6699  Finally, CPSF6 binding to CA results in
release of the core to the nucleus from the nuclear
pore complexes, possibly by competing with
Nup153 for CA binding.?*"%°

Interestingly, recent studies have shown that the
initiation of HIV-1 core uncoating is triggered by
reverse transcription.'® "% It has been shown that
the growing dsDNA builds pressure inside the viral
core and leads to mechanical disruption of the viral
core and different stages of reverse transcription
may induce distinct mechanical changes to the
core.'%7'% However, it is not possible to exclude
the involvement of cellular proteins in the uncoating
process since most of these studies were per-
formed in vitro.'' %%

Integration. Integration of retroviral dsDNA
generated through reverse transcription into the
host chromosome is necessary for the continuity
of retroviral life cycle. Within the PIC (or
intasome), the dsDNA is complexed primarily with
the IN enzyme (reviewed in'?°). The integrated viral
DNA at this point is called a “provirus” and serves as
the template for transcription of viral RNAs (Fig-
ure 1). The initial seminal studies describing the fun-
damental steps and mechanisms involved during
integration of the reverse transcribed DNA were
carried out in MLV."%° IN is the key viral protein in
the integration process, expressed as a fusion pro-
tein along with Gag, RT and PR and cleaved by PR
during maturation. In addition to IN and retroviral
DNA, PIC also contains host-derived factors, such
as lens epithelium-derived growth factor
(LEDGF;'?) barrier to auto-integration factor
(BAF,?) and high mobility group chromosomal pro-
tein A1(HMGA1,.%") However, LEDGF probably is
the only protein among these to directly interact with
the IN enzyme in HIV-1."° LEDGF protects IN from
proteasomal degradation, helps to tether intasome
to chromosomal DNA, and enhance strand transfer
during integration.'*'%97'%? |n case of MLV, LEDGF
does not bind to IN; instead, IN binds to the bromod-
omain and extra terminal domain protein (BET;'"9).
Interestingly, it has been shown that IN plays a role
beyond integration. Class Il IN mutants defective for
binding to viral RNA result in altered HIV-1 particle
morphology in which the viral RNA is located out-
side the core in mature virus particles that were
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not infectious.’'"™""? This study also ruled out the
possibility of a potential role of IN in RNA packaging
as the amount of RNA in virus particles were not
reduced in these mutants.

In terms of the cis-acting sequence required for
integration of proviral DNA into the host
chromosome, retroviruses use attachment sites
(att sites) located in the U5 and U3 regions of
reverse transcribed retroviral DNA, often found as
imperfect inverted repeats (Figure 2;'"). Surpris-
ingly, the sequences of att sites between different
retroviruses are not highly conserved, except for
conserved CA and TG dinucleotides (reviewed
in'>"%)_ The consensus is that the conserved CA
and TG dinucleotide base pairs in the U5 and U3
att sites play an important role in integration,'”
though it was shown that the CA dinucleotide at
the 5" end of U3 region is not necessary for integra-
tion in case of RSV.""® In the initial step of integra-
tion, the endonuclease activity of IN cleaves at the
canonical CA sequences at both the U3 and U5
att sites, resulting in the release of dinucleotides
and generating staggered ends. In the second step,
a transesterification reaction joins the 3' OH groups
of the viral DNA to the host DNA by forming a phos-
phodiester linkage (Figure 7(A-C)). The resulting
gaps in the unjoined 5 ends of viral DNA are
repaired by the host cell machinery, though involve-
ment of RT and IN has also been proposed.''¢"""
This repair results in the duplication of a short
sequence in the target sites (Figure 7(D)). The num-
ber of duplicated nucleotides vary from 4-6,
depending upon the virus."'®

Integration site selection within the host
chromosome by the retroviruses has been shown
to be non-random, yet virus-specific though (as
mentioned earlier), no strict sequence specificity
exists in the attachment sites. In general, PICs
preferentially target DNA associated with histones
(nucleosomes) over naked DNA.'''2° Further-
more, based on analysis of several retroviral inte-
gration site sequences, numerous studies have
shown the existence of a weak, virus-specific pref-
erence for consensus palindromic sequence during
retroviral integration.’'"'?® Thus, different retro-
viruses have evolved to prefer different integration
sites based on the chromatin state (reviewed
in.'%%) For example, lentiviruses (e.g., HIV-1, HIV-
2, SIV), gammaretroviruses (e.g., MLV), and spu-
maviruses (foamy virus (FV)) select transcribing
regions. Within the transcribing regions, lentiviruses
equally prefer the entire transcribing region, but
MLV prefers the 5 end of the transcribing
region.'*'?® The alpharetroviruses (e.g., ASLV)
and deltaretroviurses (e.g., HTLV-1), on the other
hand, show only a weak preference for the tran-
scribing regions, while betaretroviruses (MMTV)
reveal the most random integration pattern
observed in all retroviruses.'”>'?° The IN and CA
proteins have been implicated in integration site
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Figure 7. Different stages of the retroviral integration process. A) The integrase enzyme cleaves at the 3’ ends
of the viral DNA by its endonuclease activity, releasing 'GT’ dinucleotides from the 3’ end, resulting in the generation
of 5’ overhangs. B & C) The 3'-OH groups of the ends of the viral DNA attack the phosphodiester bonds on target
DNA and the viral DNA 3’ ends are joined to the target DNA by a transesterification reaction. The distance between
the two phosphodiester bonds at which the transesterification occurs is dependent upon the virus (for example, for
HIV-1, it is 5 nucleotides and for MMTV, 6 nucleotides). D) The nucleotide gaps are then repaired by the host cell
machinery, resulting in duplication of the site of integration which now flanks the integrated provirus.
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selection.’?”~2® Moreover, the role of host factors
such as LEDGF (in lentiviruses) and BET (in MLV)
has also been established in this process.'*'?°,

Transcription and  processing of viral
RNAs. Expression of viral RNAs from the
integrated provirus is facilitated by host enzymes.
The U3 region contains a promoter for RNA
polymerase Il and other regulatory elements. The
newly transcribed retroviral mRNAs and the
genomic RNA resemble eukaryotic mRNAs and
are 7-methyl guanosine capped at the 5’ end and
polyadenylated at the 3’ end. However, unlike
eukaryotic mRNAs that normally encode one
protein, retroviral full-lengh RNA gives rise to
multiple proteins from a single mRNA using two
different mechanisms (translational read-through
and ribosomal frameshift mechanisms).
Additionally, they increase their coding capacity by
generating subgenomic RNAs from canonical and
alternate splicing (Figure 3; reviewed in'"). Apart
from the promoter, the U3 region also contains sev-
eral regions that binds to cellular transcription fac-
tors. For example, in the case of HIV-1, the
cellular transcription factor NFkB induces expres-
sion from the 5 LTR in T lymphocytes.'*° The
MMTV US region contains binding sites for gluco-
corticoid hormone receptors which activate basal
transcription and regulate MMTV infection in a tis-
sue specific manner."®’

Apart from cellular transcription factors, complex
retroviruses encode for trans-acting regulators of
transcription  (transcriptional  frans-activators).
Trans-activators expressed at very low levels are
sufficient to drive high levels of viral RNA
expression. The best studied retroviral trans-
activators are Tax and Tat proteins of HTLV and
HIV, respectively. The Tax protein does not
directly bind to the Tax responsive element (TRE)
on the HTLV LTR; instead, it enhances binding of
host transcription factor cAMP response element
binding/activating transcription factor (CREB/ATF)
to TRE in the LTR of the provirus.'* The spuma-
viruses encode Tas (trans-activator of spumavirus),
which binds to the Tas responsive elements in the
U3 region and an internal promoter in the env gene
from which Tas protein is expressed. However, the
exact mechanism and the cellular factors involved,
if any, in Tas-mediataed transcriptional activation
is unclear.’®*7'* On the other hand, in the case of
HIV, Tat protein binds to a stem-loop structure
located in the R region (the transactivation
response element, TAR) of newly transcribing
RNAs and increase the efficiency of transcriptional
elongation by recruiting host super elongation
complex (SEC) containing the positive transcript
elongation factor, P-TEFb and the PAF-1
(polymerase-associated factor 1) complex. P-
TEFb phosphorylates RNA polymerase Il and host
factors DRB sensitivity-inducing factor (DSIF) and
negative elongation factor (NELF) to ensure
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transcript elongation with the help of the PAF com-
plex recruited via a flexible AFF4 scaffold.'® 3

Like eukaryotic mRNAs, termination of
transcription of retroviral mMRNAs involves
polyadenylation at the 3 end. The signal for
polyadenylation is a highly conserved cis-acting
sequence AAUAAA located 10-30 nts upstream
of polyadenylation site which binds to the cellular
cleavage and polyadenylation specificity factor
(CPSF). A GU-rich or U-rich weakly conserved
element 10-30 nts downstream of polyadenylation
site is also important as a signal for mRNA
cleavage and polyadenylation.'”'*> Considering
that the retroviral LTRs flank the viral genome and
both LTRs contain the transcript termination
sequences, retroviruses have evolved various
mechanisms to regulate transcription termination.
This involves either spatial segregation of their cis-
acting transcriptional control elements or interaction
with splicing elements since transcript termination
and splicing happen co-transcriptionally and there-
fore are coupled processes (reviewed in.'*°) In
RSV, MMTV, and HTLV, the polyadenylation
sequences are found within the U3 region of the
LTR, upstream of the promoter. Thus, the
polyadenylation site is not found within the tran-
scripts and no repression of the upstream polyA sig-
nal is required. However, in case of other viruses
like HIV-1, MLV and FV, the AAUAAA signal
sequence is present in the R region from where
transcription is initiated; thus, in these retroviruses,
the termination sequences within the 5 LTR must
be repressed to prevent premature transcription ter-
mination. This is accomplished by various mecha-
nisms in which the distance between the 5 cap
site and the polyadenylation sequences'*® and
interaction with the RNA splicing machinery have
been implicated.”®”~'*° For instance, base pairing
of the U1SnRNA (part of spliceosome complex)
with the major splice donor site has been observed
to be the main determinant of splice-site mediated
suppression of the 5’ polyA site activity as the 3’
LTR does not contain the downstream major splice
donor.*>'*" The same mechanism has been
shown to exist in spumaviruses as well.'*®

After the completion of transcription, a portion of
the primary transcripts undergo splicing to
increase their coding capacity. In simple
retroviruses, only single splicing occurs, while in
complex retroviruses, both single and multiple
splicing events occur in order to generate
subgenomic RNAs (Figure 3;'").

Nuclear export. Both unspliced and spliced
RNAs in retroviruses must be exported out of the
nucleus into the cytoplasm, unlike the cellular
RNAs where only the spliced RNAs are
transported out of the nucleus. This is necessary in
retroviruses since they use their unspliced RNA to
translate viral proteins as well as provide gRNA for
packaging into the assembling virions. Complex
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Figure 8. Nuclear export mechanisms observed in different retroviruses. Complex retroviruses such as HIV-1,
HTLV-1, and MMTYV have evolved to encode regulatory genes (rev, rex, rem, respectively) that interact with cis-acting
regions within the viral genome (RRE, RmRE, and RexRE) to facilitate nuclear export of viral transcripts by recruiting
the cellular nuclear export protein CRM1, the chromosome region maintenance 1 (CRM1). The simple retroviruses,
on the other hand, have cis-acting regions only, that directly bind to the cellular nuclear export proteins to facilitate
nuclear export of its unspliced genomic RNA. For example, MPMV encodes the constitutive transport elements (CTE)
that binds NXF1 (Nuclear RNA Export Factor 1). NPC, nuclear pore complex.

retroviruses encode a regulatory protein which binds
to its cognate cis-acting element to facilitate this
nuclear export. In the case of HIV-1, the Rev
protein binds to the Rev responsive element
(RRE), a highly-structured, conserved RNA
element located within the envelope region and
consequently present |n the unspliced and singly-
spliced RNAs (Figure 8)'**7'*%, The Rev-RRE com-
plex binds to the cellular nuclear export proteins
CRM1 (Xpol) and Ran-GTP to accomplish this task
(reviewed in."**'*° In the absence of Rev, the
unspliced and smgly spliced RNAs accumulate in
the nucleus.'*® In HTLV-1, the Rex protein binds to
the RexRE located in the 3’ UTR and hence present
in all HTLV-1 RNAs."**"'*” Similar to HIV Rev, Rex
facilitates the export of unspliced and spliced
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mRNAs to the cytoplasm using he CRM1 cellular
pathway (Figure 8).'*® Interestingly, MMTV is a
betaretrovirus that uses a mechanism similar to
these viruses (Rem/BRmRE) to export its unspliced
and singly spliced RNAs using the CRM1 pathway,
an observation which led to MMTV being classified
as acomplex retrovirus.'**"'°" In the case of MPMV,
a simple retrovirus, the constitutive transport ele-
ment (CTE) which overlaps with the 3 UTR and 3’
LTR, acts as the cis-acting element for the nuclear
export of viral RNAs."®> However, CTE accom-
plishes this not via interaction with a viral factor, but
by directly interacting with the cellular TAP/NXF1
host nuclear export pathway through its RNA binding
domain to accomplish nuclear export of MPMV
mRNAs via the nuclear pore (Figure 8).'%%1%°
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Translation. Retroviruses encode Gag-Pol or
Gag-Pro-Pol proteins in the form of precursor
polypeptides, which are processed by virally
encoded protease to release the enzymatic
proteins that are fused to Gag. Hence expression
of Gag and Gag-Pol are highly regulated in order
to maintain proper Gag and Gag-Pol ratios. Gag
uses a stop codon to terminate translation within
the Gag ORF, but skipping this stop codon leads
to expression of Pol from the same ORF (e.g.,
MLV or feline leukemia virus, FelLV) or from a
different ORF (e.g., HIV-1, HIV-2, MMTV, MPMV),
resulting in Gag-Pol fusion proteins. The first
mechanism for such a skipping of Gag termination
codon is known as “translational read-through”
(reviewed in.">'") In MLV and FeLV, the amber ter-
mination codon (UAG) is occasionallyé mis-decoded
as glutamine (CAG) by the tRNA."®">" In most
other retroviruses, the “frameshift” mechanism
exists where the ribosome slips one nucleotide
backwards before the Gag termination codon,
resulting in a change in ORF, consequently skipping
the termination codon to continue translating in the
Pol ORF."™'" The mechanism of ribosomal
frameshifting is based on two signal sequences: a
hepta-nucleotide sequence, termed “slippery
sequence” of shift site followed by a higher order
RNA structure called a “pseudoknot” which is
required for efficient frameshifting.'*® In general,
the slippery sequences have a XXXY YYZ pattern;
for example, in the case of HIV-1, the slippery
sequence is U UUU UUA."*° MMTV has two such
sequences; the slippery sequence for the first
MMTV frameshift between Gag and Pro follows
the pattern and is A AAA AAC, but the proposed
second slippery sequence for the frameshift
between Pro and Pol does not follow this pattern.
Instead, it is a tetranucleotide sequence, UUUA."®°
Furthermore, the structured pseudoknot present in
the form of a stem-loop located downstream of the
frameshift site results in ribosome stalling which
aids tRNA slippage.'® In case of MMTV, FIV and
simian retrovirus-1 (SRV-1), the pseudoknot
assumes a more complex structure, suggesting
the mechanism is more complicated than just ribo-
some stalling."”'°®

Ribosomal frameshifting in HIV-1 results in
expression of Gag and Gag-Pol in a ratio of 20:1
(i.e., 5% of translational events;.'*®) It has been
shown that altering this ratio is detrimental to viral
infectivity.'®" A recent study has shown that incor-
poration of Gag-Pol into virions is more efficient in
cis (i.e., when Gag and Gag-Pol are expressed from
the same mRNA) than Gag-Pol in trans. This sug-
gests a possible compartmentalization of Gag and
Gag-Pol during particle assembly.’®® The MMTV
pseudoknot acquires a more complex structure
when compared to the simple stem-loop in the case
of HIV-1"7_ In MMTV, initially it was suggested that
ribosome stalling at the pseudoknot aids tRNA slip-
page, but due to the complex structure of the pseu-
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doknot, it was later proposed that the unpaired A in
the apical loop of pseudoknot contributes to
framesh1i;ti1r(15 as it reduces the coaxial stacking of
helices.” "~

In addition to cap-dependent translation, it is
becoming increasingly clear that the ribosome
utilizes an internal ribosome entry site (IRES)
located upstream of Gag initiation codon in many
retroviruses for the expression of their structural
proteins.'® This cap-independent translation initia-
tion has been well characterized in MLV."®*
Although the use of IRES for the translation initia-
tion in HIV-1 has been somewhat controversial,
HIV-1, HIV-2 and SIV possess an IRES within the
Gag codon, resulting in translation of its N-
terminally-truncated Gag isoforms.'®

The Gag protein of retroviruses undergoes a
number of post-translational modifications (PTMs)
which are critical for different stages of the virus
life cycle. A well-studied PTM in the context of
retroviral assembly is myristoylation.'®® Most retro-
viral Gag proteins undergo myristoylation except
some, including RSV, equine infectious anemia
virus (EIAV) and FV. This PTM involves addition
of a saturated fatty acid (myristic acid) to the second
amino acid glycine in the context of a consensus
sequence (reviewed in.'®®) MA trimerization and
membrane binding exposes the myristic acid (pre-
sented in a sequestered conformation in the MA),
which is required for anchoring Gag to the plasma
membrane.'”'®” The other common PTM is phos-
phorylation. For example, phosphorylation of a ser-
ine residue in HIV-1 MA regulates binding of the
assembling virion to the plasma membrane along
with  myristoylation.’®®  Ubiquitination ~ and
SUMOylation are other known PTMs of retroviral
Gag proteins, though their role in retroviral assem-
bly is less well understood.'©®

The envelope protein in retroviruses is
synthesized from a singly spliced RNA and is
processed in the same manner as the cellular
membrane and secretory proteins. It is
glycosylated in the endoplasmic reticulum (ER),
followed by proteolytic removal of the Env leader
peptide. Within the ER, it is folded, oligomerized,
and then transported to the Golgi, where the
cellular protease furin mediates cleavage of the
polyprotein, resulting in the generation of SU and
TM domains.'” Translation of the multiply spliced
retroviral RNAs uses the classical cap-dependent
pathway.'®®

Virus assembly. Retroviral particle assembly
initiates with the Gag precursor and requires the
gRNA for infectious virus production. The Gag
polyprotein provides the basic building blocks of
retroviral particle assembly, and each virus
particle is made up of approximately 2000-5000
Gag molecules.”>*® Gag alone is sufficient to make
non-infectious virus-like particle (VLPs) that can be
successfully released out of the cell.’® These parti-
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cles are morphologically indistinguishable from the
~100 nm diameter immature virions produced by
infected cells.'”® Moreover, several retroviral Gags
have been shown to assemble to VLP in presence
of yeast tRNA in vitro'”"~'"*, however the size of
these VLPs are smaller when compared to those
formed in cells. In case of HIV-1, it has been shown
that adding inositol phosphates or phosphatidyli-
nositol phosphates into the in vitro assembly system
rescues this defect. Furthermore, MA-mediated
binding of Gag to inositol derivatives is required
for proper assembly of virus particles.'”®

The Gag polyprotein is sufficient not only for VLP
formation, but also for targeting the retroviral
assembly to the plasma membrane (reviewed
in."’%) Towards this end, the MA domain of Gag
plays a crucial role in determining the subcellular
location of viral assembly. The type-C retroviruses
(alpha-, gamma-, and lentiviruses) assemble on
the inner leaflet of the plasma membrane, facilitated
by a highly basic region in the MA domain and a
hydrophobic myristic acid residue (reviewed in."'””)
Together, these regions of MA are often referred
to as the “membrane binding domain” (M-domain).
Gag is targeted to the membrane areas which are
rich in phosphoinositide phosphatidylinositol-4,5-bi
sphosphate (PIP2), sphingolipids and cholesterols,
termed ‘lipid rafts”. Binding of MA to PIP2 results
in insertion of the myristic acid to the membrane that
plays a role in anchoring Gag to the membrane (re-
viewed in.'®"787179) Interestingly, substitutions of
two basic amino acids in the MA domain of HIV-1
Gag resulted in partial relocation of virus assembly
to the cytoplasm.’®° In case of HIV-1, further MA
trimerization is important in exposing the myristic
acid which anchors Gag to the plasma mem-
brane.®” However, RSV lacks Gag myristoylation
and in this case, while multimerization of MA is
important for the electrostatic interaction with
plasma membrane, it may not be a strict require-
ment for binding to PIP2."®"

In case of B- and D-type retroviruses, virion
assembly occurs intra-cytoplasmically in the
pericentriolar region and pre-assembled immature
particles target to the plasma membrane for
budding and release."”'%* An early study in MPMV
revealed that a single amino acid mutation in MA
changed the assembly location from the cytoplasm
to the plasma membrane.'®* "®* Later on, similar
observations were made for other members of the
betaretroviruses genus, such as MMTV and Jaag-
siekte sheeg retrovirus (JSRV) as well as spuma-
viruses'®*"”'. The MA domain of these viruses
contains a “cytoplasmic targeting and retention sig-
nal (CTRS)” which is necessary for the intracyto-
plasmic assembly of virus particles.'®*'%° A single
amino acid substitution in CTRS results in re-
localization of capsid assembly from the cytoplasm
to the plasma membrane, revealing the crucial role
Gag plays not only in VLP formation, but intracellu-
lar localization of retrovirus assembly.
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Gag multimerization is critical for virus assembly
which involves not only Gag-Gag, but also Gag-
gRNA interactions. The major domain that
participates in Gag multimerization is the C-
terminal of the CA domain.'® Additionally, it has
been suggested that the basic residues in NC also
plays a critical role in Gag multimerization. "% Within
the CA domain, the region that is involved in the
Gag-Gag interaction has been termed the interac-
tion domain (I-domain).'® Several reports have
shown that the interaction of RNA with NC is
required for efficient CA-CA interaction, probably
by exposing the I-domains in CA.'*""°° Further-
more, HIV-1 Gag forms oligomers on the gRNA, is
transported to the plasma membrane where higher
order multimerization occurs,'®® suggesting that
RNA packaging and assembly occurs together.

Release and maturation. The third assembly
domain of Gag which facilitates release of the fully
assembled immature virions from the plasma
membrane is referred to as the late domain (L-
domain). In HIV-1, the p6 domain of Gag is
considered as its L-domain as its deletion results
in accumulation of virus particles attached to the
membrane by a stalk.’®” Within the p6 domain,
the region required for virion release is located to
a PTAP amino acid motif at the C-terminus. This
motif binds to the host tumor susceptibility gene
101 (TSG101), a part of endosomal sorting complex
required for transport | (ESCRT-1)."°® Another motif,
YPXL, located in the p6 domain interacts with Alix/
AIP-1 host proteins, a part of ESCRT-II which also
participates in virion release, but ESCRT-I remains
the dominant complex in this process.'® Addition-
ally, the virally-encoded Vpu protein of HIV-1
enhances virus particle release from the mem-
brane.”® In contrast to HIV-1 L-domain, the L-
domain of RSV is located near the N-terminus of
Gag and contains a PPPY motif that interacts not
with ESCRT but with the neuronal precursor cell-
expressed developmentally downregulated 4 (Ned-
d4), a class of ubiquitin ligases, leading to the
recruitment of TSG101'92%, Interestingly, the late
domains of RSV and HIV-1 have been shown to
be interchangebale between RSV and HIV-1 Gag
irrespective of their positions°°.

Following release, the immature virions undergo
proteolytic processing and extensive structural
rearrangements, referred to as maturation
(Figures 1 & 9). Gag alone or protease-deficient
Gag-Pol are able to produce immature non-
infectious virions.?> 2" Retroviral proteases belong
to the aspartyl protease category and possess the
conserved active site Asp-Thr-Gly (DTG; in HIV-1,
HIV-2, SIV, FIV, MMTV) or Asp-Ser-Gly (DSG in
RSV;.2°"2%) |n the immature virus particle, Gag
molecules are arranged radially, but following matu-
ration, the CA protein reassembles to differently
shaped cores depending upon the virus type. For
example, the HIV-1 CA core acquires a cone shape
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Figure 9. Structural rearrangement of a retroviral particle during maturation. (A) Organization of an immature
retroviral particle. The Gag and Gag-Pol polyproteins are in full length form and genomic RNA is in a loose dimer
formation. (B) Structure of a retrovirus particle after proteolytic maturation. Individual domains of Gag and Pol proteins
are released by the activity of the dimeric protease enzyme that the virus particle carries, which result in maturation of
the newly formed virion, rendering it infectious. PR, protease.

after maturation with ~250 CA hexamers and 12
pentamers.”®® The full-length CA is composed of
an N-terminal domain (NTD) in the exterior of the
core and a C-terminal domain (CTD) facing the inte-
rior of the core. Initiation of protease activation is a
highly regulated process in retroviruses and occurs
shortly after the virus buds from the cell. When the
protease is part of the Gag-Pol polyprotein, its enzy-
matic activity is minimal. Full function of the pro-
tease requires self-cleavage at the N-terminus
and folding of the protein into a stable dimeric
form."® However, the exact mechanism that triggers
protease activation after budding is unclear.

RNA packaging in retroviruses

Specific selection of full-length unspliced gRNA
and assembly into the virus particle are highly
intricate and coupled processes during retroviral
replication termed RNA packaging. This entails
selective incorporation of the genomic but not
spliced or host cellular RNAs into the virus
particles. This process is mediated by the
interaction of the Gag polyprotein with particular
sequence(s) on the gRNA located at its 5’ region,
termed Vs, primarily located between R and 5 end
of the gag gene.23’1 14,204-206

Despite the fact that gRNA packaging is a
universal step in all retroviruses and the location
of the packaging signal is conserved within the
retroviral gRNA, no sequence conservation has
been found between the paoka7ging signals of
different  retroviruses.?®''*29429"" Conventional
and novel biochemical techniques have shown that
packaging sequences of retroviruses assume
higher order structures comprising of different struc-
tural motifs.?*2%:295:208-211 | the following sections
we describe the current understanding of the molec-
ular mechanisms that take place during retroviral
RNA packaging.
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RNA binding in the context of Gag. The Gag
precursor polyprotein is the basic building block of
virus assembly and accounts for 50% mass of the
virus particle.”'? Gag, in addition to being the major
structural protein, plays a crucial role in the selective
packaging of the gRNA.?*2%°72% |n particular, the
MA and NC domains of retroviral Gag have the abil-
ity to bind nucleic acids. Gag binding to s in the
gRNA is facilitated by the zinc finger domain of
the NC domain of the Gag polyprotein.?2720%:213
NC contains either one to two evolutionarily con-
served, but distinct Cys-His boxes that can seques-
ter Zn®* ions, allowing high affinity NC-gRNA
interactions. The Cys-His boxes contain conserved
CCHC arrays (C-X,-C-X,-H-X,-C, where C = Cys,
H = His, Xn = n number of amino acids) that are vari-
able among different retroviruses. Mutations of the
zinc fingers drastically reduce gRNA packaging
and lead to the production of non-infectious viri-
ons.?'*2'® In HIV-1, apart from the zinc fingers in
NC, the flanking regions of Cys-His boxes have also
been shown to be important for gRNA packag-
ing.?""2'® Interestingly, 15 basic amino acids dis-
tributed throughout the NC region can
nonspecifically bind to RNA, resulting in the incor-
poration of cellular RNAs into the virion.?'9%20
NMR studies have shown that the structure of
MMTYV distal zinc finger knuckle is significantly dif-
ferent from that of MPMV, another member of
betaretrovirus genus®*'. Interestingly, the proximal
zinc finger domains of MMTYV fold similarly to those
of HIV-1 and MLV.*'

It is well known that the MA domain of several
retroviruses also binds to RNA, although the
precise role of this interaction in the viral life cycle
remains largely unclear.?*~??® For example, it has
been shown in HIV-1 that RNA-binding to MA was
necessary for Gag oligomerization when two-
thirds of NC was deleted from Gag.'®® Similarly,
the basic amino acids in either MA or NC are suffi-
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cient to package RNA without significantly reducing
virion production. Moreover, in bovine leukemia
virus (BLV), in vitro studies have shown that specific
selection of gRNA is conferred by the MA protein,
while NC binds non-specifically to any RNA.?#*72%°

Finally, some studies have shown that the p6
domain of HIV-1 is important in selective
encapsidation of gRNA by discriminating between
gRNA and spliced viral RNAs since its deletion
results in reduced affinity to binding gRNA."9>%25~
227 However, certain other studies suggest that
the p6 domain is not required for efficient gRNA
binding.?**??° In the prototype betaretrovirus,
MPMV, a KKPKR sequence located within the
pp24 domain of Pr78%%¢ has been implicated in
playing a role in viral RNA packaging, though direct
bindin% of pp24 to RNA has not yet been estab-
lished.**° It has been proposed that the presence
of these basic residues enhances RNA packaging
mediated by NC. Cryo-electron tomography studies
have shown that the RKK residues at the C-
terminus of MPMV CA has a potential role in nucleic
acid binding, probably not by directly interacting
with RNA, but rather by stabilizing the Gag-viral
RNA complex, or possibly due to structural rear-
rangement of the NC region which is required for
packaging.”®' Replacing the RSV NC domain with
that of MLV or HIV-1 NC with that of MMTV NC,
did not completely abrogate RNA packaging effi-
ciency; rather, up to 50% of RNA packaging was
retained, suggesting the involvement of other Gag
domains in gRNA packaging.?*%#*72* These stud-
ies clearly demonstrate that the packaging of gRNA
is an intricate and multifaceted phenomenon that
occurs in the context of the whole Gag polyprotein,
especially in the case of HIV-1.

Interestingly, in addition to Gag, a recent study
has suggested that Gag-Pol also may play a role
in RNA packaging in HIV-1. This was shown by
mutating ribosomal frameshift signal to abolish
frameshifting (i.e., express only Gag) which
resulted in ~50% reduction in RNA packaging.
This phenotype was reversed to wild type levels
when Gag-Pol was provided in trans.'®?

The ¥ RNA: Unpaired purines are the key play-
ers. As mentioned eatrlier, the 5 region of retroviral
gRNA assumes higher order (secondary and
tertiary) structure with several base-paired and
unpaired nucleotides, creating stem loops and
internal loops. Many of these structural motifs
have been shown to be critical for various steps in
the virus life cycle, including reverse transcription,
transcriptional activation, splicing, translational
regulation, dimerization, and packaging (Figure 2).
Initially, the core encapsidation signals/
determinants (CES) in HIV-1 were mapped to a
stretch of 159 nts within the 5 end of the
gRNA.?** This region harbored SL1-SL3 and a
few nucleotides of gag, but excluded the role of
TAR, polyA and PBS in RNA packaging.”** How-
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ever, a later study showed that the polyA loop is crit-
ically required for efficient packaging; but direct
interaction with full-length HIV-1 Gag could not be
identified.”*>2*° Hence, it is possible that other
regions within the gRNA are involved in recruiting
Gag or stabilizing the Gag-gRNA interaction, rather
than acting as direct binding sites. In addition, mul-
tiple regions within the packaging determinants
have been shown to be required for optimal gRNA
packaging by Gag. For example, in the case of
HIV-1, studies have shown that TAR, the polyA hair-
pin, basal region of PBS, internal loop within the
SL1 and the SL3 apical loop are required for its effi-
cient packaging by Pr55%20 237-240

Furthermore, several studies in HIV-1 have

shown that purine-rich regions, particularly
guanosines gGQ are involved in interaction with
Gag.®?®32*172%% |t is also interesting that ‘GA’ rich

motifs in 5 UTRs are involved in mainting the
ratio of unspliced RNAs to singly and multiply
spliced RNAs in the case of HIV-1, by binding
to cellular SFPQ/PSF protein.?*> However, this
purine motifs are distinct from the Gag interacting
nucleotides and functions independently of pack-
aging.”*®> Back to RNA packaging, a GGAG tetra-
loop in HIV-1 SL3 present downstream of the
major SD has been shown to bind to the NC
domain (Figure 10).2°2**2%5 A recent study using
NMR spectroscopy and isothermal titration
calorimetry has identified a weakly base-paired
[UUUUL[GGAG] helix in the SL3 stem as the ini-
tial high affinity NC binding site.?*® In addition to
NC, the p6 domain of HIV-1 has also been
shown to be important in selective encapsidation
of gRNA by discriminating between gRNA and
spliced viral RNA.?*” Therefore, it is reasonable
to suggest that the specificity and number of
nucleotide interactions could vary in the full-
length conformational context of Gag. For
instance, it was noted that in MLV the full-
length Gag binds more selectively to the CES
than NC.”*® Using HIV-1 full-length Pr55%29,
results of in vitro binding and footprinting experi-
ments have shown that SL1 is the primary
Pr55%29.binding site and the purine rich internal
loop (G//AGG) in SL1 is a key determinant of
Pr55%29 interaction during RNA packaging.®*%%°
Apart from these in vitro studies, an earlier study
using transfection-based packaging experiments
have shown that mutating SL1 or SL3 alone
results in mild reduction of RNA packaging effi-
ciency, but combined mutations in SL1 and SL3
cause severe packaging defects.?*® Similarly,
another study based on infected cells under com-
petitive packaging conditions showed that mutliple
‘G’s act synergistically to facilitate Gag bindinag,
rather than a single specific Gag binding site.”
Similar to HIV-1, in HIV-2, a 5 GGRG 3 motif
located upstream of the DIS was shown to be
important for RNA packaging and has been
suggested as its Gag binding site.?*° A recent study
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Figure 10. Purines that interact with full-length
Gag or NC during HIV-1 genomic RNA packaging.
Schematic of the branched multiple hairpin (BMH)
structure of HIV-1 packaging signal RNA showing
purines that interact with Gag or NC identified by
footprinting®® and reverse footprinting® approaches,
respectively. Nucleotides with cyan asterisks are the
suggested primary Gag/NC binding sites by both of
these studies. The 5 GGAG 3’ nucleotides (highlighted
in green) are proposed as the high affinity nucleocapsid
interacting sites identified by NMR and isothermal
titration calorimetry.>*® Note: the structure shown here
is reported by Wilkinson et al., 2008.>° Abd El-Wahab
et al., 2014° reported a structure without U5:AUG
interactions. The nucleotides identified by Ding et al.,
2020 26 were based on a three-way junction structure in
which the SD containing SL2 is sequestered by long-
range interactions.?® Only purines that showed strong
chemical protection in the presence of Gag by footprint-
ing or were deemed highly reactive by reverse footprint-
ing are shown in this figure.

also recognized the same residues (the GGAG
motif) as the primary nucleotides for packaging in
HIV-2.%° In case of SIV, a stretch of unpaired puri-
nes has been identified as crucial for RNA packag-
ing, while stretches of other unpaired purines may
also act synergistically to facilitate efficient RNA
packaging.”®' The preference of NC to bind to G
residues has also been demonstrated in HTLV-1
by UV crosslinking experiments.?*? But analysis of
protection by bound NC from SHAPE reagents
showed that only 4 ‘G’ residues among the total 9
were being protected.?*?

MMTV, a betaretrovirus, exhibits a slightly
different mechanism in which the PBS (that
resides within stem-loop 2, SL2) and a stretch of
unpaired, single-stranded purines (ssPurines) that
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reside within the bifurcated stem-loop 4 (SL4), are
not mutually exclusive for RNA packaging.®* Within
ssPurines, a GGAG motif at the 5’ end and AG at its
3’ end are necessary for efficient packaging (Fig-
ure 11(A)). While the involvement of PBS in retrovi-
ral RNA packaging has not been observed earlier,
in the case of MMTV, it functions as a high affinity
Gag binding site.®* Further studies are required to
narrow down the exact role of PBS in MMTV RNA
packaging, including its inter- and intra-molecular
integgctions that regulate RNA structures (Figure 11
(A).

It is noteworthy that maintaining the native
structure of MMTV ssPurine loop within SL4 and
PBS within SL2, the two Gag binding sites, were
not sufficient to drive MMTV gRNA packaging in
many mutants which lost other structural motifs
(for e.g., long range interaction (LRI) and SL3;.%?
Although Gag could bind to these RNAs with high
affinity in vitro (because of intact ssPurines and
PBS), these mutant RNAs were not packaged in
virus particles, indicating the importance of the
overall structure (secondary/tertiary and pseudo-
knots) and/or other regions of the 5 UTR.** This
suggests that the initial high affinity Gag binding is
not enough for RNA packaging and maintaining a
global 5" UTR structure is important, which perhaps
plays a role in downstream assembly steps. It is
also possible that the distance between and organi-
zation of different Gag binding sites in its tertiary
conformation are crucial for Gag multimerization
on gRNA. It will be interesting to assess this possi-
bility in other retroviruses such as HIV-1.

The same involvement of ssPurines as being
important for RNA packaging and Gag binding has
been observed in other simple retroviruses. For
example, in the case of MPMV, a simple retrovirus
in the betaretrovirus family, the Pr78%29 binds to a
stretch of ssPurines and a ‘GU rich region
downstream of the major splice donor (Figure 11
(B); 11 out of 13 (84.6%) of the Pr78%a.
interacting  nucleotides were purines; the
remaining 2 were U residues).’* It was further
shown that these two elements (ssPurines and
GU-rich region) act redundantly in their Gag binding
to facilitate specific encapsidation of gRNA since
removal of the GU-rich element upon splicing dis-
rupted the structure of the ssPurine region (Fig-
ure 11(B))*“.

In case of the prototypic simple retrovirus MLV,
the core packaging determinants have been
mapped to ~100 nt within the 5 UTR comprising
three stem loops (Figure 12;°°°72¢)  Structural
studies using the NC domain of MLV Gag, and the
core encapsidation signal (CES) RNA have identi-
fied a UCUG motif which is base paired in the mono-
meric conformation of RNA and unpaired following
dimerization (Figure 12). Moreover, the interaction
of ‘G’ residue within this UCUG motif with the zinc
knuckle has been well-characterized.?**#*” Foot-
printing experiments using MLV NC and full-length
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ssPurines

Figure 11. Secondary structures of packaging signal RNAs and nucleotides important for gRNA packaging
of two different members of betaretroviruses (A) Nucleotides that interact with Pr77%39 of the mouse mammary
tumor virus (MMTV) identified by SHAPE-footprinting.®® Both single stranded purines (ssPurines; highlighted in red)
and the primer binding site (PBS; also highlighted in red) are critical for MMTV gRNA packaging as mutating either
one completely abrogates RNA packaging. (B) Nucleotides that interact with Pr78%2¢ of Mason-Pfizer monkey virus
(MPMV) identified by SHAPE-footprinting.®* Both the MPMV ssPurines (highlighted in red) and a ‘GU’ rich region
(highlighted in green) act as Gag binding sites in a redundant manner, as deleting either one does not affect MPMV
gRNA packaging significantly. SL; stem-loop, PBS; primer binding site, DIS; dimer initiation site, LRI; long-range

interaction, Pal; palindromic.

Gag which required using a longer RNA compared
to the NMR study identified two UCUG-UR-UCUG
motifs, both of which were required for high affinity
NC binding (Figure 12%%%). Interestingly, within
these UCUG-UR-UCUG motifs, the ‘G’s were
shown to be crucial for in vitro binding by both NC
and Gag.?*®

In RSV, another simple retrovirus, only a 82-nt
long region in the 5 UTR and no sequences in
gag has been implicated in gRNA packaging.?*®"
> NMR analysis of this region has revealed a small
four-way junction structure present that has the abil-
ity to bind the zinc knuckles in RSV NC. More
specifically, the N-terminal zinc knuckle preferen-
tially interacted with a UGCG tetraloop on SL-C pre-
sent in this structure with the second ‘G’ making an
extensive contact with NC, while an interaction of
the C-terminal zinc knuckle with an ‘A’ was also
required for high affinity binding.?*% 2%,

Discrimination of unspliced RNA from spliced
RNAs. Although numerous studies have shown
how unspliced gRNAs are selectively packaged
into the newly forming virus particles, only limited
studies have shown the mechanisms that prevent
spliced RNAs from their encapsidation into the
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assembling virions. These studies have shown
that several potential mechanisms could be
involved in this process (Figure 13), such as the
packaging signal in spliced RNAs could either be
removed (Figure 13(A)), or architecturally
disrupted (Figure 13(B)), as has been observed in
MPMV and MMTV®>**  The former possibility is
applicable to HIV-1 based on a three-way junction
structure identified by NMR in CES RNA.“*° This
study identified a [UUUU]:[GGAG] helical stem that
acts as the initial high affinity binding site for NC. In
this case, the ‘GGAG’ stem is located downstream
of the SD and thus could be spliced out. However,
the case in HIV-1 is a lot more complex. For exam-
ple, other studies have identified an internal loop in
SL1 and a region upstream of SL1 that are the main
packaging determinants since they serve as the pri-
mary Gag binding sites; interestingly, these
sequences are present both in the unspliced and
spliced RNAs.?>® It is also possible that HIV-1 pre-
cludes the spliced mRNAs from the virus particle
due to a 45-nt sequence downstream of the Gag
AUG which is present only in unspliced RNAs. This
sequence acts as positive regulator for packaging to
compensate the negative regulatory effect exerted
by sequences upstream of ¥ (Figure 13(C))*.
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Figure 12. Dimerization induces structural rearrangement of the core encapsidation signal (¥°ES) of MLV
gRNA (A) Secondary structure of the monomeric MLV W°ES. The four nucleotides involved in the initial kissing loop
interaction within the 16-nt long palindromic sequence of DIS-2 are shown in blue. Additionally, two other
dinucleotides on the non-palindromic apical loops of SL-C and SL-D that participate in kissing-interaction are shown in
green. The two runs of Gag-interacting nucleotides “UCUG” are shown in red which are base-paired and not available
for interacting with Gag in the monomer. (B) The extended dimer structure of the MLV W°ES.

Since all the unpaired guanosines involved in Gag
binding and sequences that form U5:AUG interac-
tions were maintained and the structure of the key
mutants was not disrupted in their experiment, it
was suggested that the negative effect is a steric
hindrance that prevents binding of HIV-1 Gag to
the lower part of SL1.%° However, disruption of the
Y RNA structure in the presence of downstream
sequences from spliced RNA is another possibility
that cannot be excluded from these experiments.
Another possible explanation for selective
packaging of unspliced RNA that has been
investigated is that several unpaired purines, both
upstream and downstream of splice donor site, act
synergistically in Gag binding and loss of multiple
Gs downstream of the splice donor site in spliced
RNAs greatly reduces Gag binding affinity to
spliced RNAs.*® In this scenario, it is not necessary
that a significant structural change in the region
upstream of splice donor site occurs because the
loss of downstream Gag binding nucleotide should
reduce the binding affinity per se (Possibility 1, Fig-
ure 13(D)). However, the structure of HIV-1 spliced
RNAs must be elucidated to completely understand
how the spliced RNAs are prevented from being
packaged. As mentioned elsewhere in this review,
the stability of polyA stem is important for RNA
packaging; thus, it is possible that the structure of
polyA stem and other critical elements, such as
the DIS in spliced RNA, are altered preventing their
packaging. In the case of HIV-2, both the primary
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Gag binding nucleotides (i.e., mutation of these
nucleotides reduced packaging efficiency to 50%)
and secondary Gag binding site (mutation of this
site when combined with mutated primary site
resulted in 70% reduction of packaging efficiency)
are located upstream of the major SD.*° Mutating
multiple unpaired Gs downstream of the SD (cate-
gorized as “tertiary sites”) did not greatly reduce
the packaging efficiency.*® Thus, it is reasonable
to suggest that spliced RNAs are prevented from
encapsidation in HIV-2 by the combined effect of
structural changes which result in base-pairing of
Gs that interact with Gag upstream of the splice
donor site, instability of other structural elements
such as DIS, and the loss of Gag interacting Gs
downstream of the splice donor site (Possibility 2,
Figure 13(D)).

Y RNA acts as the nucleation point for Gag
multimerization. The retroviral Gag proteins have
the ability to assemble and form VLPs even in the
absence of V-containing viral gRNA. Several
studies have suggested that at physiological salt
concentrations, HIV-1 Gag can bind to both -
containing and non-yy RNAs with almost equal
affinity, including both sg)ecific and nonspecific
interactions (reviewed in.”°”) However, nonspecific
binding was significantly reduced when the ionic
strength of the experimental conditions was
increased, thereby identifxinz% only the specific high
affinity binding sites.®*%?%%%%° Hence, it has been
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Figure 13. Different models of selective packaging of unspliced RNA over spliced RNAs. (A) The packaging
signal (V) in this model is located downstream of the splice donor site (SD) which is removed due to splicing. (B) The
Gag binding nucleotides are located upstream of the SD in an unpaired conformation. After splicing, the conformation
of ¥ is disrupted and the nucleotides that bind Gag are base paired. (C) This model suggests that the 5’ end of ¥
shown in red and composed of TAR, poly A and/or PBS domain(s) of HIV-1 RNA, exerts an inhibitory effect on Gag
binding. On the other hand, a short region of 45-nt at the 3’ end of ¥ suppresses this effect (shown in green). (D) In
this model, the nucleotides both upstream and downstream of ¥ participate synergistically in Gag binding. Removal of
nucleotides downstream of the splice donor site significantly reduce Gag binding. Blue asterisks represent
nucleotides that interact with Gag during RNA packaging. SA, splice acceptor.

suggested that Gag has the potential to bind to all
RNAs, but nucleation and assembly following
Gag-RNA binding occurs more rapidly on -
containing RNAs than nonspecific RNAs, probably
in a two-stage process.?°’

A study based on labelling Gag and gRNA in cells
and quantifying the empty and gRNA-containing
virus particles released (single virion analysis)
showed that when Gag was expressed in cells at
levels similar to those in cells containing one
provirus, the presence of HIV-1 RNA greatly
enhanced viral particle production.”®’ However,
when Gag was overexpressed, this RNA-specific
enhancement disappeared, suggesting assembly
of Gag at higher concentrations did not require viral
RNA.°" As previously mentioned, this study also
underlines the fact that RNA with specific packaging
signal acts as the “nucleation point” for Gag assem-
bly. A recent study from the same group has shown
that plasma membrane anchoring and Gag-Gag
multimerization on viral RNAs are critical steps dur-
ing this nucleation process and the nucleation event
occurs at the plasma membrane.?®® This study
used a complementation system that functionally
separated assembling and RNA binding properties
of Gag, which avoids challenges due to mutations
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in Gag to assess RNA packaging since they can
lead to assembly defects.?*® Another study based
on single molecule localization microscopy pro-
posed a simplistic model of gRNA interaction with
the Gag polyprotein, preceding to Gag multimeriza-
tion and assembly at the plasma membrane.'®° It
showed that the assembly process begins in the
cytoplasm where a small number of Gag molecules
interact with the gRNA, which is then trafficked to
the plasma membrane, the place at which higher
order multimerization of Gag takes place. The study
clearly demonstrated that the initial interaction with
gRNA is the key step for the entire assembly pro-
cess since the ANC-Gag freely migrated rather than
clustering.’®® This observation is previously sup-
ported by other studies where the deletion of NC
resulted in delayed particle production without any
morphological differences. Interestingly, the
delayed particle production can also be explained
by the weaker affinity of nucleic acid interacting
capacity of MA."** Thus, Gag-RNA interactions play
an essential role in Gag assembly, using \ as the
point of nucleation.

Nucleus as the initial site of gRNA selection. The
intracellular location where the initial interaction of
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gRNA with Gag occurs remains a fundamental
question in the retroviral life cycle. It has been
assumed for a long time that this interaction
occurred either in the cytoplasm or at the plasma
membrane. Many retroviral Gag proteins,
including RSV, HIV-1, MMTV, MPMV, FIV and
MLV have been identified in the nucleus, raising
the possibility that the initial selection of gRNA
occurs in the nucleus. RSV has been considered
the prototypic model for studying the mechanism
of Gag nuclear trafficking. These studies have
shown that nuclear trafficking of RSV Gag protein
plays an important role in the efficient packaging
of RSV RNA. Recently, it has been established
that within the nucleus, the site of active viral RNA
transcription is the place where initial interaction
between gRNA and RSV Gag takes place.?%*2%°

Despite the fact that several studies have
explored the nuclear trafficking of HIV-1 Pr55%39,
the precise location where the initial interaction
between HIV-1 Gag and gRNA occurs still
remains largely controversial. Some studies have
shown that the nuclear localization signal (NLS) of
HIV-1 is part of the MA domain of Pr55%29 the
same domain involved in recruiting Gag-RNA
complexes to the plasma membrane.”®* % Dele-
tion of NLS results in accumulation of gRNA in the
nucleus and reduced RNA packaging efficiency,
suggesting that the initial Gag-RNA interaction
starts in the nucleus,?®® while another study
observed the co-localization of RNA and Gag at
the perinuclear region.?®” However, live cellimaging
studies have shown that HIV-1 Gag-RNA com-
plexes are not associated with the nuclear enve-
lope.”®® A recent study proposes that HIV-1 Gag
interacts with newly transcribed RNA, leading to
the formation of ribonucleoprotein (RNP) com-
plexes in the nucleus, though this study does not
confirm that nuclear Gag-RNA RNP comglex for-
mation is necessary for RNA packaging.®®

Role of nuclear export pathways in RNA packag-
ing. In case of the simple retrovirus MLV, using
specific nuclear export pathway blockers, it has
been shown that unspliced RNAs use both the
CRM1 and NXF1 export machinery for their
nuclear export’°. Interestingly, it was further shown
that unspliced RNAs exported through the CRM1
pathway were selected for packaging and those
exported through the NXF1 were coupled to transla-
tion®’°. However, the exact mechanism that drives
the unspliced RNA to two different export pathways
and whether the nuclear export pathway itself or
pre/post-exporting events mark the RNA for their
cytoplasmic fate remains unknown.?”°

Binding of HIV-1 Rev protein to the RRE is a
critical requirement for the nuclear export of the
unspliced and singly spliced viral RNAs through
the CRM1 export pathway. In addition to its
nuclear export function, RRE has also been
shown to play an important role in RNA
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packaging.”’""#"® Additionally, binding of Gag to
RRE located in the 3' UTR has also been demon-
strated, although a role of this interaction in packag-
ing remains elusive.?’* It has further been
suggested that the Rev-RRE interaction is not
directly involved in RNA packaging; rather it is
involved indirectly by influencing the nuclear export
pathway“’®. Interestingly, replacement of RRE with
CTE of MPMV that mediates the nuclear export via
NXF1 pathway, can efficiently complement the
nuclear export function of Rev-RRE'~%240-276-277,
However, a recent study showed that the RRE-
containing RNAs packaged more efficiently when
compared to CTE-containing RNAs under competi-
tive experimental conditions.?’® Hence, further
studies are required to elucidate the precise role
of the Rev-RRE system in the process of retroviral
RNA encapsidation.

Role of assembly intermediates in gRNA pack-
aging. Studies pertaining to the interaction of
unspliced gRNA and HIV-1 Gag as assembly
intermediates have also been carried out using
the highly sensitive and specific proximity ligation
assays (PLAs) that can detect protein-RNA
interactions with single-molecule resolution in situ
in unmodified cells. These assays have
demonstrated that the Gag-RNA complex is first
present in the second assembly intermediate
(80S, not in the ~10S soluble Gag), suggesting
that association of HIV-1 Gag and unspliced HIV-1
RNA occurs within host RNA granules that may
act as assembly precursors®’®. These granules also
contain non-translating mRNAs and cellular pro-
teins ABCE1 and DDX6 which have been shown
to facilitate capsid assembly®’®. However, further
studies are required to confirm whether host-
derived RNA granules are the initial packaging com-
plexes or not. Also, it is not clear whether Gag
makes direct contact with gRNA in these com-
plexes. Similar to HIV-1, assembly intermediates
derived from ABCE1- and DDX6-containing gran-
ules has also been detected in FIVZ’®. Another host
protein, Staufen1, has been shown to interact with
HIV-1 Gag and found to colocalize in the viral
RNP complex, sug%esting its role during HIV-1
gRNA encapsidation“®°%%*, Taken together, these
data indicate that host-derived factors in the RNP
complex may play a role in RNA encapsidation
and virion assembly during the retroviral life cycle.
However, a recent study suggests that a major frac-
tion of these complexes may not represent the on-
pathway (leading to completely assembled virus
particles) assembly intermediates; instead, they
represent lower oligomers of Gag (monomeric and
dimeric Gag complexed with ribosomes), making it
difficult to conclude that the previously-reported
Gag containing host granules represent true
assembly intermediates.”®® Hence further studies
are required to understand whether assembly inter-
mediates and host-granule derived proteins play a
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role in gRNA encapsidation and assembly
processes.

Retroviral RNA dimerization

Retroviral gRNA dimerization is an essential step
in the virus life cycle during which gRNAs are
packaged as dimers, non-covalently joined
through their 5’ ends. The first observation of the
existence of a retroviral RNA in a dimer form in
the virus particle was made in RSV.?**2%° Better
understood in HIV-1, genomic RNA dimerization is
initiated by the palindromic sequence DIS which
allows interaction between the 5 ends of the two
RNA genomes.?®*?®” Following initial kissing-loop
interactions mediated by DIS, a dimer linkage struc-
ture (DLS, or extended-duplex; Figure14) confor-
mation forms |nvoIV|n% base pairing of 50 to a few
hundred nucleotides.®® Further studies using simi-
lar in virio assays coupled to mutational and native
northern blot analyses have led to proposals for
more refined 2D and 3D models of the DLS element
with a unique thermodynamically stable pseudoknot
at the core of the structure along with the possibility
of long-range interactions between a 5-nt sequence
upstream of U5 and a 5-nt-sequence downstream
of PBS that occur either intra-or inter-
molecularly.?®® The RNA dimers that are formed
soon after the formation of the kissing-loop complex

are often considered as weak dimers. Dimeric
RNAs isolated from protease-deficient HIV-1 parti-
cles have lower thermal stability and different con-
formations, suggesting that further stabilization of
the kissing-loop complex is achieved by the nucleic
acid chaperone activity of NC, which is generated
as a result of proteolytic maturation of Gag.??> ="
Furthermore, it has been shown that HIV-1 RNA
stable dimerization occurs at the plasma membrane
in the presence of Gag and is initiated by two Gag-
RNA complexes rather than two RNA
monomers.?*? In contrast, in RSV and MLV, dimer-
ization occurs in the nucleus, and in MLV, dimeriza-
tion occurs co-transcriptionally.””>2°> Whether Gag
has any role to play in RSV or MLV genome dimer-
ization like HIV-1 remains to be determined.

In vitro dimerization studies and analysis of virion
RNAs have been widely used to understand the
mechanism involved during gRNA dimerization.
Several studies have shown that the in vitro
derived RNA dimers have similar characteristics
with those derived from virions. Furthermore, in
virio RNA structural studies reveal that RNA
structures exist in virus particles which are not
S|gn|f|cantly rearranged when compared to their
in vitro conformations.?>?'® This makes in vitro
dimerization assays a reliable and S|mple technlque
to study retroviral gRNA d|mer|zat|on ” The
presence of magnesium ions (Mg?*), Gag, or NC
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Figure 14. Transition of initial kissing-loop complex to the extended duplex during HIV-1 RNA dimerization.

The kissing loop complex is stabilized by Mg?

*ions which bind to the internal loop of SL1 and the purines that flank the

dimerization initiation site (DIS; highlighted in cyan; GCGCGC). The chaperon activity of nucleocapsid (NC) converts
the kissing-loop complex to the extended-duplex formed by two 35-mer SL1s.
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strongly influence dimer formation in vitro.?%”:2967299

While Mg?* ions have been implicated in binding to
an internal loop where the HIV-1 Pr55%% also
binds, the purines flanking the DIS stabilize the
kissing-loop complex.®°°~°"  Furthermore, the
chaperone activity of Gag/NC converts Mg?*-
stabilized dimer to a more stable extended-duplex
(Figure 14;30229939% However, it has been sug-
gested that the chaperon activity of NC is higher
than that of full-length Gag®** and among different

NC maturation intermediate products, NCp9 and
final NCp7 (fully matured) are more efficient in con-
verting the kissing-complex dimer into a more stable
extended-dimer (Figure 14;30°73%),

In case of ALV, MPMV, MMTV and HIV-1, a 6-
nucleotide GC-rich region has been identified
which functions as the DIS, while in FIV, a 10-nt
long palindromic sequence acts as the DIS
(Figure 15;2987209.307-309) '|n the case of MLV, mul-
tiple stem loops are involved in dimer initiation,

ALV MPMV MMTV
L3 (GrC) /G)
- @‘Q Pal SL 00 GO Pal Il
v/ ‘9=‘3 6 (6
HIV-1 HIV-2 SIv
(o] Gic A O A
G G u G
A C G A
A A G
| sui S st1 €
()
©
Q)
e .
HOBOTY
FIv HTLV-1

Figure 15. The dimer initiation site (DIS) of different retroviruses. DIS is the region that participates in the initial
kissing-loop interaction between retroviral gRNAs. The “GC” dinucleotide highlighted in cyan is highly conserved
among different strains of the specified retroviruses. However, this “GC” dyad is not observed in other retroviruses,
such as HIV-2, SIV, or HTLV-1.
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namely DIS-1 and DIS-2, both containing palin-
dromic sequences.®'° It has also been shown that
2 sets of non-palindromic dinucleotides located in
the apical loop of two different stem loops interact
with each other and contribute to dimerization initia-
tion in MLV.®"""%'2 Interestingly, a GC dyad in the
DIS is highly conserved among these viruses (blue
highlight in Figure 15). Two 13-nt and 14-nt long
imperfect palindromes have also been identified
as the DIS in the case of HTLV-1 (Figure 15,2°%313~
31%: however, the exact mechanism of dimerization
initiation is still unknown for HTLV-1. A recent study
has revealed the presence of a bipartite DIS in RSV
5" UTR: one is a 6-nt GC rich palindrome, while the
other one is not a palindrome. Both parts of the DIS
are functionally redundant and neither of these
regions are necessary for virus replication in cell
culture.®" This observation is similar to that made
in HIV-1 in which DIS has been shown to be dis-
pensable for virus replication in PBMCs,*'® sug-
gesting role of other elements during dimerization.

The process of DIS-mediated dimerization and
gRNA encapsidation are highly interlinked, as
evident by defective packaging of DIS mutants.®'”
In HIV-1, the gRNA containing an additional region
involved in DLS formation has been shown to be
successfully packaged as a monomer, indicating
that DLS formation is important for packaging, irre-
spective of whether it is via an intra-or inter-
molecular interaction.®'® The proximity or overlap
between the DIS and the packaging sequences
also suggests the existence of an interplay between
dimerization and packaging of gRNA.®>"92° The
exact mechanism in the selective encapsidation of
RNA dimers by Gag remains unknown; however,
it is assumed that following dimerization, conforma-
tional changes result in the proper exposure of the
Gag binding sites within the gRNA which otherwise
remain obscured in the monomeric RNAs.**® This
scenario is best understood in the case of MLV, in
which dimerization induces a conformational
change that exposes high affinity NC binding UCUG
motifs which are base-paired in the monomeric
RNA state.?® Ensuring the encapsidation of RNA
in a dimeric state has several implications in retrovi-
ral life cycle. For example, dimeric RNA: i) greatly
enhances the rate of reverse transcription,?®” %%
i) maintains the functional genome during replica-
tion by repairing single-strand nicks or other RNA
damage by template switching,** and iii) allows
recombination due to co-packaging of heterodimer
(of two different genotypes; in case of HIV-1), lead-
ing to enhanced genetic variability that contributes
to increased reglicative fitness and drug resistance
of retroviruses.*** %26

Heterogeneity in retroviral RNA transcripts:
Functional implications

Over the years, numerous in vitro studies have
suggested that an RNA-conformational switch
exists in HIV-1 that regulates the fate of the
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gRNA, whether to undergo dimerization and
packaging or translation. These experiments have
revealed the existence of two structures of HIV-1
gRNA with different functional implications: the
long-distance interaction (LDI) and the branched
multiple hairpin (BMH).*?"~*2° The LDI conformation
involves base-pairing of sequences several hun-
dred nucleotides apart. The DIS in this conformation
is base-paired with the polyA region, thus not well-
suited for dimerization. On the other hand, in the
BMH conformation, several stem loops exist,
including SL1 (containing the DIS) that exposes
Gag binding sites, thus facilitating both dimerization
and packaging. Structural studies based on NMR
on short RNAs have demonstrated that either the
Gag AUG or the DIS in HIV-1 base-pairs with U5;
the U5:Gag AUG interaction favors the dimerization
competent structure, and it was proposed that this
structure does not serve as translating mRNAs.?’
On the other hand, the structure with U5:DIS inter-
action was suggested to be involved in transla-
tion.?” However, later it was proposed that in the
case of HIV-1, two different pools of unspliced
RNAs exist with two functional implications: one
acts as mRNA and the other as gRNA for packag-
ing.**” Despite the different structures that have
been proposed for the dimerization and
packaging-competent HIV-1 RNAs, the existence
of TAR, polyA, SL1 and SL3 (initially referred as
/) are common features among all these struc-
tures,?°27:30:210.327.329-330 Moreover, all these stud-
ies are in agreement in terms of the U5:AUG long-
range interactions except a few.*%?'° It is also worth
mentioning that similar U5-Gag long-range interac-
tions have also been reported for betaretro-
viruses”°®2%° as well as other lentiviruses, such
as FIV.*"

Apart from the in vitro studies, several groups
over the years have used in vivo studies using
HIV-1-infected cells to determine when the full-
length viral RNA is used as mRNA or as a
substrate for packaging into virions. An earlier
study showed that prior translation was not
required to generate packagable RNA and
inhibiting translation rather increased the utilization
of RNA for packaging in HIV-1.%%? This study also
suggested that only a single pool of RNA exists that
functions interchangeably as mRNA and pack-
agable RNA, with possibly the translational machin-
ery preventing the RNA from being packaged.®*
This conclusion was supported by another study
that showed that inihibition of transcription resulted
in reduction of RNA packaging and Gag-Pol expres-
sion comparable to cyoplasmic level of RNA, sug-
gesting RNAs are not functionally separated in
cells.®>*® Poon et al., further supported these find-
ings by suggesting that HIV-1 RNAs are packaged
in cis where the newly synthesized Gag packages
its coghate RNA,; thus, this model supports the the-
ory of a single pool of RNA with dual function.***
However, it is possible that the reduced packaging
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of RNA mutants deficient in Gag translation
observed in this study was due to the specific muta-
tions introduced in and around the Gag initiation
codon and not due to its inability to translate Gag,
as shown by another study which documented that
HIV-1 packaging occurs mainly in trans.**> A more
recent study has shown that altering U5:AUG or
U5:DIS interactions did not change translation
levels observed,*® suggesting the two pool hypoth-
esis®’. Alternatively, it is also possible that both
monomer and dimers can be translated, but some
portion of dimers can be captured by Gag and serve
as packagable RNA. On the other hand, using live
cell imaging assays, the theory of functional hetero-
geneity in the RNA transcripts is backed up by the
latest results that HIV-1 Gag preferentially encapsi-
dates non-translating RNAs into the assembling vir-
ion, though this study did not confirm the existence
of two distinct pools of RNA.%*’

Consistent with the ‘two-pool’ hypothesis, using
NMR, recent studies have shown that different
pools of unspliced RNAs exist based on their
transcription initiation site.*®**® Using nuclease pro-
tection assays or S1 nuclease mapping, earlier
studies have shown that HIV-1 transcription initia-
tion occurs either at the 1st G or at 2nd G of U3-R
junction; however, these assays were designed to
detect a single RNA population.?*?3*°" More
recently, two other studies have confirmed the alter-
native usage of transcription initiation sites in HIV-1,
based on 5 rapid amplification of cDNA ends (5
RACE).**'"3*2 Further verification of the 5-RACE
is necessary to obtain more confirmatory results
as both of these studies reported issues with copy-
ing cap, misincorporating or deleting nucleotides at
the 5’-end, etc. A recent study confirms the obser-
vations of Masuda et al, showing heterogenous
transcription sites and preferential packaging of
1G RNA conserved among different HIV-1 founder
viruses.>*® They also noted that different strains of
HIV-2 and SIV exhibit a similar phenomenon.®* It
is proposed that if the transcript has only 1G at the
5 end, the RNA undergoes packaging and transla-
tion is inhibited by adopting a structure in which the
5 cap is sequestered from the eukaryotic translation
initiation factor 4E (elF4E) interaction by coaxial
stacking of TAR and polyA helices.*** Moreover,
NMR studies on CES RNAs (starting with 1G) have
demonstrated a three-way junction structure in which
the U5:Gag AUG interaction favors the dimerization-
competent structure, as previously observed.”® On
the other hand, if the transcript starts with either 2
or 3Gs, the RNAs are used as mRNA and are
enriched in polysomes.®®**® Additionally, these
RNAs exhibit U5:DIS interaction that prevent dimer-
ization and packaging of these RNAs.*®

Another recent study supports the observation of
structural heterogeneity based on the transcription
start site in HIV-1, using in gel probing-SHAPE
and in vivo RNA-packaging experiments.®” This
study showed that transcripts with only 1G can form
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dimers, and this RNA can adopt more than one
structure at the same time, but almost all these
structures had exposed polyA, DIS and multiple
Gs that could interact with Gag, although a small
fraction of these conformations had only DIS
exposed (with the polyA refolded), revealing the
dynamic nature of the HIV-1 5UTR and the ensem-
ble of structures that can co-exist simultaneously.
On the other hand, it showed that the 3G RNAs
could not form dimers, and the dimerization-
incompetent multiple monomeric RNAs showed
structures with destabilized polyA and DIS sites. This
study also concluded that the stability of the polyA
stem is the main determinant that drives RNA pack-
aging®’, unlike the previous model that suggested
U5:DIS base pairing prevents dimerization and pack-
aging of 3G RNAs.**® Underlining this finding, a
study based on a high-throughput approach called
functional analysis of RNA structure-sequencing
(FARS-seq) has recently shown that the 3G RNA
exhibits reconfigured polyA and SL1.°® Interestingly,
the overall structure of the HIV-1 3G RNA in the &
UTR published by Ye and colleagues is different®
from the one published by Nikolatchik and cowork-
ers,”” especially in the SL2 and polyA regions as well
as their complementary binding sites.

Role of other mechanisms like cap
sequestration and epitranscriptomics in gRNA
packaging

Recent studies are revealing other parts of the
host cellular machinery involved in regulating RNA
processing and translation that could modulate
gRNA packaging. For example, it has been shown
that cap sequestration is important for packaging
by a mechanism which is more complicated than
structural heterogeneity of 1G, 2G and 3G RNAs
(Figure 1).2**3*° The authors conclude that the sta-
bility of polyA is important for packaging in a way
that the coaxial stacking of polyA stem and TAR
sequester the cap efficiently. They also speculate
that the cellular RNA processing and translation
machinery captures the cap-exposed RNA in an
irreversible manner so that they are not available
for packaging.®** However, more detailed studies
are required to confirm this hypothesis.

The role of epitranscriptomics in gRNA packagin%
has recently been proposed by two groups.'®”**
The first group has shown that hypermethylation
of mRNA cap leads to an alternate translation
mechanism using the cap binding protein 80/nu-
clear cap binding protein 3 (CBP80/NCBP3) hetero-
dimers, rather than elF4."°® However, the
mechanism of cap hypermethylation is not clear,
an aspect that needs further investigation such as
does it occur on the 3G RNAs where cap is avail-
able for modification or other RNA substrates. The
other study, on the other hand, has observed that
the most common RNA methylation mark at adeno-
sine residues (M6A) on the unspliced RNA is asso-
ciated with increased Gag expression, while
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demethylated RNAs are packaged into HIV-1 parti-
cles.®*® This suggests an elegant mechanism that
the virus can use to identify pools of unspliced retro-

viral RNA that is used for translation versus
packaging.

The existence of two pools of RNA (one for
translation and other for packaging) was

established much earlier in the case of MLV by
treating cells with the transcription inhibitor,
actinomycin D. This treatment did not reduce Gag
translation, but reduced the amount of packaged
RNA.3*73%8 Although it has been shown that the
nuclear export pathway plays a role in determining
cytoplasmic fate of unspliced RNAs,?’° whether
the heterogeneous transcription start site segre-
gates unspliced RNA into two pools in MLV has
not yet been elucidated. In HIV-2, the situation
may be unique since the same RNA has been
shown to be packaged that is translated simultane-
ously. Thus, HIV-2 may discriminate between pack-
ageable genomic and spliced mRNAs by using a
co-translation packaging mechanism where the
genomic RNA is captured by Gag in “cis” from the
same genomic RNA that is translated at the same
time.>**3°° However, a later study disputes these
results and shows that HIV-2 packages its gRNA
in trans like HIV-1.%°" Therefore, whether the co-
translational packaging mechanism exists at all for
HIV-2 or other retroviruses remains to be explored.

Perspectives/Concluding Remarks

Replication of retroviruses involves a multitude of
intricate processes that are highly integrated and
occur both inside the host cell and outside it to
generate  infectious virus particles. This
necessitates exploitation of the host machinery
involved in transcription, nuclear import/export and
processing of RNAs, as well as translation. It also
includes the unique and obligatory steps of gRNA
dimerization and its encapsidation into the virus
particles, areas attractive for therapeutics
development in the context of increasing
resistance to currently available anti-retroviral
therapies. As our understanding of retroviral
replication and the packaging process evolves,
older questions give rise to new ones, such as the
nature of packageable competent and
incompetent RNAs. This includes the emerging
roles of epitranscriptomics (such as m6A RNA
modification and cap methylation), heterogeneity
of transcript start sites, and the necessity of
functional polyA sequences, as well as their
relationship to gRNA dimerization and packaging
versus translation. Another emerging question
relates to multiple high affinity Gag binding sites
being not sufficient to drive gRNA packaging,” sug-
gesting that not just the mere presence, but the
positioning of these sites in the tertiary structural
context of RNA may be critical for Gag multimeriza-
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tion on the gRNA to ensure its appropriate capture
into the assembling virion. Hence, in addition to
tackling the “how?”, it is equally important to explore
the “where” (subcellular location where the initial
Gag-gRNA interactions occurs) and “with whom”
(role of cellular factors that facilitate this process)
in understanding the mechanism of gRNA packag-
ing within cells, aspects that are all interconnected
in time and space. With continued advancement in
technologies, many such challenging questions will
be answered, and newer ones will arise. However,
this knowledge should lead to not only a better
understanding of retrovirus replication and its
pathogenesis, but also the development of
retroviral-based vectors for gene therapy, as well
as novel anti-retrovirals and vaccines targeted
towards combating virus replication and as potential
therapeuitics.
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