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Abstract: Retroviruses must selectively recognize their unspliced RNA genome (gRNA) among
abundant cellular and spliced viral RNAs to assemble into newly formed viral particles. Retroviral
gRNA packaging is governed by Gag precursors that also orchestrate all the aspects of viral assembly.
Retroviral life cycles, and especially the HIV-1 one, have been previously extensively analyzed by
several methods, most of them based on molecular biology and biochemistry approaches. Despite
these efforts, the spatio-temporal mechanisms leading to gRNA packaging and viral assembly are
only partially understood. Nevertheless, in these last decades, progress in novel bioimaging micro-
scopic approaches (as FFS, FRAP, TIRF, and wide-field microscopy) have allowed for the tracking
of retroviral Gag and gRNA in living cells, thus providing important insights at high spatial and
temporal resolution of the events regulating the late phases of the retroviral life cycle. Here, the imple-
mentation of these recent bioimaging tools based on highly performing strategies to label fluorescent
macromolecules is described. This report also summarizes recent gains in the current understanding
of the mechanisms employed by retroviral Gag polyproteins to regulate molecular mechanisms
enabling gRNA packaging and the formation of retroviral particles, highlighting variations and
similarities among the different retroviruses.

Keywords: retrovirus; Gag precursor; genomic RNA packaging; retroviral assembly; ribonucleo-
protein complex; specific interactions; plasma membrane; cellular trafficking; live-cells microscopy;
fluorescent labelling

1. Introduction

Retroviral assembly is a finely tuned process that requires viral and cellular factors to
converge at the right time at defined cellular sites to be efficiently achieved. To generate
an infectious particle, retroviruses must selectively package two homologous copies of
their single stranded gRNA of positive polarity that are non-covalently linked through
intermolecular base-pairing. The dimeric gRNA is selected from a much larger pool
of cellular and sub genomic viral RNA moieties (for reviews see [1-3]), and this specific
selection is achieved through the recognition of cis-acting genomic packaging signals (Psi or
1) by the main structural polyprotein Gag. Retroviral Gag are present in all the members of
the Retroviridae family (for reviews see [4-7]), and their expression is considered as sufficient
for the in vitro assembly of retroviral like-particles (VLPs). To this aim, Gag polyproteins
employ mechanisms involving their structural domains in association with several viral
and host factors including lipid membranes, proteins and RNAs. Some determinants
for gRNA encapsidation as gRNA dimerization are common to all different types of
retroviruses. On the other hand, retroviruses display two major pathways of assembly: B/D-
type retroviruses, such as the Mason-Pfizer Monkey Virus (MPMV), assemble immature
procapsids at a pericentriolar location, which are then trafficked to the plasma membrane
(PM) where budding takes place [8], while C-type retroviruses, such as the lentivirus
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Human Immunodeficiency Virus (HIV-1) and gammaretroviruses as the Murine Leukemia
Virus (MLV), assemble and bud from sites on PM.

Retroviral life cycles, and especially the HIV-1 one, have been previously studied
by combining tools derived from biochemistry, molecular biology, genetic and structural
biology; however, these methods have only yielded a partly incomplete spatio-temporal
view of gRNA packaging and retroviral assembly. However, in the last decades, several
bioimaging tools provided important insights gained from the direct visualization of viral
processes in live cells. Quantitative bioimaging microscopic approaches based on the
fluorescent labelling of the different viral components (e.g., Gag and viral RNA) resulted in
considerable gains in our knowledge of molecular mechanisms leading to the formation
of retroviral particles. Accordingly, data acquired in the lasts 20 years allowed for the
monitoring of the real-time intracellular movements of retroviral Gag-gRNA complexes,
and provided new understandings at high spatial resolution of determinants regulating
the accumulation of ribonucleoprotein complexes at the budding sites at PM [9-20].

HIV-1 is the most well characterized retrovirus, as attested by a huge amount of
studies [10,12,14,21-23]. Here, the current knowledge based on these recent quantitative
microscopic methods of when and where retroviral HIV-1 Gag proteins recruit the gRNA
dimer for encapsidation and orchestrate the assembly of the viral particle is summarized.
Finally, in this review, variations and similarities between HIV-1 and other retroviruses,
as the prototypic simple retroviruses MLV and Rous Sarcoma Virus (RSV) as well as the
complex Feline Inmunodeficiency Virus (FIV), are also presented.

2. Retroviral Gag Precursors

The initial recognition between HIV-1 Gag (Pr55528) and viral RNA is driven by highly
specific interactions between Gag and Psi. Conversely, the achievement of the encapsidation
of up to 2400 molecules of Gag [24] around a gRNA dimer to form a viral particle is thought
to rely on Gag-gRNA non-specific interactions [25-27]. The virion also contains over
a hundred Gag-Pol precursors, and therefore the Gag-Pol/Gag stoichiometry is about
1/20 [28]. Shortly after budding, retroviral maturation occurs and the viral protease (PR)
separates the precursor into its different domains by a proteolytic cleavage, which renders
the virus mature and infectious. Retroviral Gag precursors are composed of independently-
folded multifunctional domains that enable interactions with other Gag proteins, and
with viral and cellular proteins, membrane lipids, DNA and RNA (NA) (reviewed in [29]).
Three domains are found in all Gag proteins: they are matrix (MA) at the N-terminus, capsid
(CA) and nucleocapsid (NC). The major function of MA resides in its ability to anchor Gag
proteins to the PM where the virions bud. Most retroviral Gag proteins bear an N-terminal
myristyl group which is post-translationally added to the amino-terminal glycine residue
in MA (for a review see [30]), and which allows hydrophobic interactions with the PM.
Zhou and Resh proposed that specific Gag binding to the PM is regulated by a mechanism
named “myristyl switch [31], and several other groups analyzed the molecular mechanisms
promoting the exposure of the myristyl group for its insertion into the PM [32-35]. MA
interaction with PM can also be regulated by its highly basic region (HBR). This last one
enables electrostatic interactions with negatively charged PM-specific acidic phospholipids,
such as the phosphatidylinositol-(4,5)-bisphosphate [P1(4,5)P(2)] [36,37]. The HBR-PI(4,5)P2
interaction acts as a trigger of the myristyl switch [38] and modulates Gag chaperone
activity [39]. HBR can bind NA, and tRNAs constitute the majority of cellular RNAs bound
to Gag in the cytosol [25]. Interestingly, the NC domain seems to facilitate the loading of
specific tRNAs onto MA [40]. These HBR-NA interactions interfere with the interactions
between MA and acidic lipids, and reduce the myristate exposure to prevent premature
association of Gag with cellular membranes, thus temporally regulating Gag localization
in the cell [41]. However, it is also possible that tRNA binding and myristate exposure
are reciprocally regulated [42]. The myristate exposure was also found to be coupled
with Gag multimerization, as the myristyl group is sequestered in the monomer [33]. At
the assembly sites where Gag multimerization becomes more extensive, Gag was found
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to adopt an extended linear conformation which is required to form the Gag lattice and
which is promoted by inositol hexakisphosphate (IP6) [43,44]. In turn, this extended linear
conformation is thought to promote Gag oligomerization [2,3].

The formation of the retroviral lattice is mediated by Gag-Gag interactions that are
mainly driven by CA domains. Interestingly, cryo-electron tomography analysis provided
a detailed structural picture of CA domains in immature assembled particles showing that,
within the assembled lattices of HIV-1, MPMYV, and RSV, the C-terminal domains of CA
(CTD) adopt similar quaternary arrangements, while the N-terminal domains (NTD) are
packed in a very different manner, thus exhibiting a structural diversity of this domain [45].
Indeed, several studies have shown that the mutations affecting the CTD of CA impair the
virion assembly, while the NDT does not seem to be required, at least in the early stages of
the process [46-49]. Accordingly, in HIV-1 two residues within the dimerization interface in
the CA-CTD were identified as crucial for Gag-Gag interactions (W184 and M185) [28,29].
Interestingly Gag-RNA interactions and Gag multimerization are linked processes, as
HIV-1 Gag interaction with RNA is stabilized by Gag-Gag interactions regulated by the
CTD [3,26]. In line with this idea, previous analysis in RSV revealed that the interactions
between Gag (Pr765%28) and oligonucleotides of various lengths regulate the precursor
association as dimers, and this oligomer intermediate was proposed to trigger further Gag
polymerization to complete the viral shell of the immature virions [50].

NC is the putative domain for specific interactions with gRNA leading to genome
selection and packaging into the viral particle. In the HIV-1 context, NC actively contributes
to Gag multimerization [51], and unpairing the interactions between NC and gRNA was
observed to induce aberrant DNA-containing viruses [52,53]. However, retroviral NC do-
mains were observed to exhibit different implications for gRNA packaging as, for example,
in deltaretrovirus (as Human T-Cell leukemia virus type 1, HTLV-1, or Bovine Leukemia
Virus, BLV) compared to the NC domain of HIV-1 Gag. Therefore, in deltaretrovirus, MA
assists NC in genome encapsidation [54], and conversely, the non-myristoylated Gag of
the alpharetrovirus RSV makes use of both NC and MA domains to increase the electro-
static interactions with acidic lipids at the PM [55]. These considerations suggest that Gag
domains are multivalent, and retroviral precursors adapt their functions efficiently to the
different contexts.

In addjition to those main three domains, other domains located at different positions
in retroviral Gag display different functions (Figure 1). The non-canonical p8 domain in
Murine Mammalian Tumor Virus (MMTV) Gag (Pr77528) and the p2 domain in FIV Gag
(Pr50%28) play a role in Gag-mediated assembly and particle production [56,57], while
the p9 domain in Equine Infectious Anemia Virus (EIAV) Gag (Pr55528), the p2 domain
in RSV Gag (Pr76%28), the p6 domain in HIV-1 Gag (Pr555%8), the pp24/pp18 domain
in MPMV Gag (Pr78538) [58,59], and the pp21 domain in MTMV Gag contain common
or alternative conserved motifs termed late domains (or L-domains), that specifically
recruit the Endosomal Sorting Complex Required for Transport (ESCRT) machinery at viral
budding sites to regulate viral budding of nascent virions at PM (Figure 1, for a review
see [60]). Additional retroviral domains exhibit a structural role in viral assembly or in
Gag multimerization, as, for instance, the p10 domain in RSV Gag [45], or the segment p2,
located between NC and CA in HIV-1 Gag [61,62] as mutations in this domain modulate
packaging of spliced viral RNAs [63,64]. Finally Gag domains can also exhibit regulatory
functions as the p12 domain in MLV Gag (Pr65528) that, in its mature form, tethers the
pre-integration complex (PIC) to host chromatin for integration [65], the PR domain in RSV
Gag that displays an enzymatic protease activity, the p8 domain in MMTV Gag which is
mono-ubiquitinated [30], and the p6 domain in HIV-1 Gag that was also observed to affect
Gag binding to short oligoribonucleotides [66], and to regulate Gag binding specificity to
gRNA fragments [67].
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Figure 1. Retroviral Gag precursors. Three domains are found in all the retroviral Gag proteins:
matrix (MA, light blue) at the N-terminus, capsid (CA, green) and nucleocapsid (NC, pink). In
addition to those main domains, retroviral Gag also possess other small domains (various shades of
grey) located at various positions which display different activities.

Retroviral Gag fusion to fluorescent proteins (FPs) was widely used to analyze the
cellular interactions leading to the retroviral assembly (Figure 2). FPs display a vast
color palette even though the most commonly used are the Green Fluorescent Protein
(GFP) and m-Cherry [21] (Figure 2a). This labelling strategy allows the attachment of
the label at a chosen position, and the location of the fusion FP into retroviral Gag has
however to be carefully chosen to induce minimal perturbations on viral functions. In
the HIV-1 context, the insertion of a fluorescent fusion protein at the C-terminus of Gag
is incompatible with GagPol frameshifting, and the insertion at the N-terminus would
affect the interaction with the PM. Therefore, the less perturbative site for FPs was found
to be between the MA and CA domains, and FP was flanked by two functional protease
cleavage sites to allow Gag processing into native-sized polypeptides [16,68]. Notably,
this approach was compatible with the assembly and the maturation of viral particles,
even if, in absence of helper unlabeled HIV-1 Gag, viral infectivity was reduced [68],
Gag-GFP displayed aberrant localization [16], and virus-like particles exhibited abnormal
densities in electron microscopy examinations [69,70]. Within the fusion proteins pool,
photoconvertible fluorescent proteins constitute a large group of proteins that, when
they undergo a light-dependent irreversible chemical conversion, generate an irreversible
structural change with the consequence of switching their emission color from green to
red (reviewed in [71]). These photoactivatable derivatives were thus particularly suitable
for pulse-chase analyses (reviewed in [72,73], and see Section 8). In cell imaging assays,
specific Gag binding to membrane-permeable biarsenical compounds named F1AsH and
ReAsH (also corresponding to a Forster Resonance Energy Transfer, FRET, couple) were
also used to observe HIV-1 Gag dynamics in HeLa and Jurkat T cells [20] (Figure 2b,c). In
this case, Gag labelling is achieved by adding a small tetra cysteine-tag (TC-tag), which is
made up of 6-12 amino acids and can be specifically stained by biarsenical dyes.

However, it is important to note that protein labelling with fluorescent tags can
produce a number of caveats that have to be considered. Indeed, fluorescence intensity
might not always reflect the number of chromophores, and thus precisely quantifying the
molecules present at a particular location in cells can be challenging. Control experiments
are therefore necessary to demonstrate the authenticity of the supposed interactions occur-
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ring between labelled factors, and quantitative analysis of particle assembly requires very

careful interpretation.
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Figure 2. Different labelling strategies allow the detection of Gag precursors in cells. (a) Gag fusion
to FPs such as m-Cherry was, for example, used to analyze the trafficking of HIV-1 Gag-gRNA
complexes to the PM where the assembly occurs [21]. Membrane-permeable biarsenical compounds
named (b) FIAsH, whose structure is based around a fluorescein core, and (c) ReAsH, which is
a derivative of resorufin, were also used to observe HIV-1 Gag dynamics [20]. In this case, Gag
labelling was achieved by adding a linear tetraCys motif (TC-tag), where XX is usually Pro-Gly [74].
Importantly, this labelling is highly specific, as Gag becomes fluorescent only when the biarsenical
compounds bind the target.

3. Gag Oligomerization

Biochemical assays and electron microscopy studies previously indicated the presence
of HIV-1 Gag cytoplasmic oligomers [75,76], even though the characterization of their
stoichiometry had been rather controversial. In addition, epifluorescence microscopy
combined with FRAP (fluorescence recovery after photobleaching) displayed the presence
of highly mobile cytoplasmic HIV-1 Gag, likely corresponding to monomers or low-order
multimers [26,77]. Conversely, fluorescent fluctuations spectroscopy (FFS) techniques
pointed out low-diffusing Gag species (D = 0.014 4 0.002 um?/s) [14], and both populations
were found to nucleate and grow at the assembly sites [11,12,14]. Quantitative-FRET
microscopy analysis at PM showed that the disruption of the HIV-1 CA-CTD strongly
reduced Gag multimerization, while mutations in NC displayed less-severe defects, thus
conferring to these two domains an order of importance in Gag oligomerization [78].
Moreover, truncated Gag proteins, where either the complete NC domain or the NC basic
residues were deleted, displayed high cytoplasmic mobility (D = 6.0 + 1.2 um?/s), which is
consistent with the resulting impaired interactions with gRNA and the affected production
of viral particles [14]. Therefore, even though RNA does not seem to be mandatory for
Gag oligomerization per se, RNA displays a structural scaffolding role that facilitates Gag
multimerization through NC, which is in line with several in vitro findings [50,79-82].
Interestingly, CA and p2 domains were found to be involved in gRNA packaging [83,84],
and thus, in turn, HIV-1 Gag multimerization might play a role in the interaction with
gRNA in the cytoplasm [25] or at the PM [85]. Conversely, advanced FFS methods showed
that an HIV-1 Gag protein defective in membrane binding (Gag G2A) displays in the cytosol
similar RNA biding properties and a similar oligomeric state compared to the native form
of Gag [14,21,86].

By combining two-photon FRET and FFS, Larson et al. [70] observed RSV Gag multi-
mers in the cytoplasm and also at the PM. Finally, the cytosolic diffusion of monomeric HIV-
1 Gag labelled with m-Cherry or Venus fluorescent proteins (D = 2.8 £ 0.5 um?2/s) [14], the
diffusion of GFP-tagged RSV Gag proteins diffusing in chicken fibroblast cells
(D =32+ 0.6 um?/s) [17], and the diffusion of EYFP-tagged HTLV-1 Gag (D = ~1-3 um?/s) [86]
were found to be similar.
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4. Retroviral Packaging Signals and gRNA Dimerization

Packaging signals are commonly located at the 5’ end of retroviral gRNAs. They are
formed by several stem-loops including the dimerization initiation site (DIS) that mediates
base-pairing between two copies of gRNA, and display stretches of unpaired purines that
might be potential binding sites for NC [87-89]. Moreover, genomic dimerization is thought
to be a general prerequisite for retroviral gRNA packaging and, accordingly, aberrant
gRNA dimerization was found to impair viral assembly (reviewed in [90,91]). HIV-1 viral
spliced RNAs were found to compete with gRNA for packaging, even though they are
packaged into viral particles to a lesser extent [90]. The gRNA region spanning nucleotides
227-337 were identified as the core Gag binding domain for specific gRNA packaging.
However, these highly specific Gag-viral RNA interactions are regulated by RNA folding,
and structural analyses showed base-pairing between the CU-rich regions upstream of SL1
(which is present in both unspliced and spliced viral RNAs) and nucleotides around the
AUG codon (which are located downstream of the major splice donor site). These findings
thus pinpoint not only how Gag recognizes its primary binding site on the viral RNA, but
also how specific Gag binding is negatively regulated in spliced viral RNAs [91].

The Psi region in MLV is formed by four highly structured stem-loop structures
displaying different roles: the first two promote gRNAs dimerization, while the last ones
lead to non-canonical loop-loop interactions that stabilize the duplex, and form the core
encapsidation signal [92-95]. In RSV, although a bipartite DIS was identified by 2’-hydroxyl
acylation analyzed by primer extension (SHAPE) assays, mutations of the identified DIS
would not fully impair viral replication, suggesting that this process involves additional
RNAs interactions [96]. HIV-1 Psi is constituted of four RNA stem-loops, SL1 to SL4 [97,98],
and the HIV-1 dimer is thought to be initiated via the kissing-loop interactions involving
conserved palindromic sequences located in the SL1 apical loop [99-104]. Other genomic
regions such as the Trans-Activation Response element (TAR), the Primer Binding Site
(PBS) and the unique sequence in the 5’ site (U5) in the 5" UTR or sequences within the
OREF of Gag were observed to contribute to gRNA dimerization even though they do not
participate directly to intermolecular base-pairing (for a review see [4]). Interestingly, a
similar feature was recently observed by the group of Rizvi who showed that MMTV PBS
actively participate to gRNA packaging [105]. In vitro analysis indicated that the HIV-1
kissing-loop dimer can be refolded into a more stable duplex form [106], and this refolding
process is thought to occur through a cruciform intermediate [107], and to be chaperoned
by the viral NC protein [108-110]. More recently, NMR studies detected a U5: AUG
interaction in which U5 bases pair with the gag start codon (AUG), thus promoting gRNA
dimerization as well as NC protein binding. These findings interestingly supported the idea
that dimerization and NC binding are regulated by a common RNA structural switch [111].
This same U5:AUG interaction was found to also promote gRNA dimerization of HIV-2
and of two divergent strains of Simian Immunodeficiency Virus (SIV) [112]. Indeed, long-
range interactions were commonly found to regulate retroviral genome dimerization and
packaging. As such, the team of Rizvi showed via SHAPE analysis that highly structured
stem-loops in MPMYV Psi are held together by this conserved long-range interaction between
U5 and gag complementary sequences [113].

5. Visualization of gRNA Dimer in Cell

Recently, fluorescent RNA labelling techniques have been largely used to monitor
HIV-1 RNA in the living cell [12,14,15,23,114]. One of the most widely used strategies to
visualize RNA in cells consists in introducing stem-loops that are recognized with high
affinity and specificity by the bacteriophage MS2 coat protein which is tagged with a
fluorescent protein (e.g., GFP). Multiple copies of this stem-loop motif (usually n = 24)
are thus inserted into the target RNA, which is then expressed in cells in parallel of the
nuclear MS2-GFP fusion protein. Thus, RNAs carrying the MS2 stem-loops bind MS2-GFP
fusion proteins in the nucleus, and this fluorescent complex then moves to the cytoplasm,
where it can be visualized. In an attempt to visualize HIV-1 genomes in cells, several



Viruses 2022, 14, 324

7 of 20

groups inserted MS2 stem-loops within the gag intron in order to label only unspliced
viral mRNA [10,11,21,114-116]. Importantly, these modified viral genomes are efficiently
incorporated into virions and are compatible with the production of infectious virions.

The group of Hu also engineered HIV-1 genomes containing binding sites for BglG, an
antitermination protein in the E. Coli bgl operon to obtain, together with the bacteriophage
MS2 coat protein labelling, simultaneous double RNA labelling with two distinct fluo-
rescent proteins. This strategy provided evidence that virions can contain RNAs derived
from different parental viruses, and this occurs at ratios expected from a random distribu-
tion [117]. In addition, this team used similar labelling to analyze the cytosolic diffusion
of HIV-1 RNA [22]. The transport of cellular mRNA in the cytoplasm is indeed a complex
process, and mRNAs can be transported either by passive diffusion, or by directional move-
ment that is reminiscent of an active transport along the cytoskeleton likely depending
on the microtubule network (reviewed in [118,119]). Chen et al. [22] thus measured by
single-molecule tracking the cytosolic diffusion coefficient of Bgl-YFP-labeled HIV-1 RNA
in HeLa cells (D = 0.07 — 0.3 um?/s), and observed that gRNA mobility is non-directional,
but random and indicative of diffusive movements that do not require an intact cytoskeletal
structure. These findings are consistent with total internal reflection fluorescence (TIRF)
analysis on HIV-1 RNA that showed viral RNA as being highly mobile, thus suggesting
that RNA would not be actively transported through the cytoplasm [10]. On the other hand,
in the presence of a sufficient amount of Gag for virion assembly, data from the team of
Hu showed that the cytoplasmic mobility of HIV-1 RNA would be similar to the mobility
observed for gRNAs alone. In an apparent contrast, several other studies observed that
gRNA reaches the PM in association with low-order multimers of Gag precursor [11,25,26].
However, these data are not necessary incompatible with each other since, considering
the slower diffusion of the gRNA compared to Gag (see session 7), low-order cytolytic
oligomers of Gag co-trafficking in association with gRNA could indeed have a minimal
impact on viral RNA mobility [14,26].

A hallmark of retroviruses is that gRNAs are packaged as dimers, however at what
point following RNA synthesis, or where dimerization occurs is still rather unclear. In vitro
assays also showed that HIV-1 RNA fragments can heterodimerize with spliced viral
RNAs only when the two RNAs are synthesized simultaneously [120]. These findings
suggested that HIV-1 RNA dimerization could occur in the nucleus during transcription,
although considering more recent results, this possibility seems unlikely, at least for HIV-1.
Indeed, Mougel used a multicolor HIV-1 RNA labelling strategy coupled to single-molecule
microscopy technologies to uncover dimerization mechanisms in the three-dimensionality
of the cell [23]. This extensive analysis combined several fluorescence techniques, including
fluorescence in situ hybridization (FISH), TIRF, 3D-super-resolution structured illumination
microscopy, and FFS methods, as fluorescence cross-correlation spectroscopy (FCCS) aimed
at monitoring the spatial RNA-RNA association in living cells and the dynamics of these
complexes. To detect HIV-1 unspliced gRNA molecules in two colors, the 5'-end of the
lacZ gene or the 24 repeats of the bacteriophage MS2 stem-loop were introduced within
the pol gene, and these findings indicated that the dimerization of HIV-1 genome likely
initiates in the cytosol [23]. In line with this idea, Moore et al. showed that HIV-1 RNA
molecules destined for co-packaging into the same virion select each other mostly within
the cytoplasm subsequently to nuclear exit [121]. On the other hand, both the teams of
Mougel and Hu observed that the frequency of dimers is enriched near the PM, and the
enrichment would last ~30 min [11,13,15]. These findings could be compatible with an
alternative model where HIV-1 RNA dimerization would occur at the PM [12]. However, of
note, the highly dynamic cytosol, compared to the more stable environment of PM, renders
these estimations very complex. Moreover, in virions dimers, frequencies were increased
by a factor of four to five. Therefore, overall, these considerations seem to indicate that
HIV-1 RNA dimers would be initially formed in the cytosol to then be stabilized at viral
assembly sites.
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Conversely, for other retroviruses such as MLV and RSV, gRNA dimerization was
proven to occur in the nucleus. Indeed, MLV-spliced viral RNAs were observed to efficiently
heterodimerize with the gRNA, and this suggested that MLV RNA dimerization would be
coupled to transcription and splicing processes [122,123]. In addition, RSV RNA dimers
were recently visualized in cultured quail fibroblasts using single molecule RNA imaging
approaches. Subcellular localization analysis revealed that heterodimers are present in the
nucleus, in the cytoplasm, and at the PM, indicating that genome dimers can form in the
nucleus [124]. Interestingly, mutations of RNA elements promoting gRNA dimerization af-
fect the intracellular trafficking of the viral genome, and result in an aberrant accumulation
of gRNA either in the nucleus or in the cytoplasm [125,126].

Another relevant question is whether gRNA dimerization is initiated before or upon
gRNA recognition by the Gag precursor. The analysis by Mougel and co-workers indicated
that the NC domain in Gag would lead to the recruitment of gRNA dimers to subsequently
traffic them to the assembly sites at PM [23]. Previous in vitro data showed that SL1 is
the crucial element for the specific interaction with Gag, and gRNA dimerization would
positively influence Gag binding, since an RNA fragment carrying mutations in the DIS
palindromic sequence was fixed by the protein with a low affinity, compared to an RNA
fragment corresponding to the native sequence [27,127]. It is thus possible that Gag selects a
preformed dimeric gRNA from the bulk of the cellular and viral RNAs, and the interaction
between the NC domain and the gRNA promotes dimer stabilization. This idea is also in
agreement with several previous observations reporting HIV-1 Gag/NC chaperone activity
on gRNA dimerization (reviewed in [128-130]), and the notion that gRNA dimers are
preformed prior to encapsidation [12,23,121,131,132].

6. Where Is the gRNA Recruited?

The driving force for the encapsidation of gRNA mainly resides in Gag-gRNA inter-
actions, and the specific selection of retroviral gRNA from a cytoplasmic pool of RNAs is
regulated by specific RNA conformations which are supposed to expose the RNA high
affinity binding sites to the NC domain within the Gag protein [27,91,127]. Some basic
questions on retroviral mechanisms leading to gRNA packaging are how, when, and where
the genome is recruited for packaging. In the HIV-1 context, two possibilities were explored,
and accordingly Gag could recruit the gRNA in the cytoplasm, and in this case the ribonu-
cleoprotein complex would traffic to the PM [21], or alternatively, RNA and Gag could
independently reach the PM and the capture of the genome would occur at those sites [12].
Hu and coworkers demonstrated that the host cell machinery driving the transport of HIV-1
RNA out of the nucleus influences RNAs packaging into virions, as RNAs transported
using the CRM-1 pathway do not co-package efficiently with RNAs transported by the
NXF1 pathway, although Gag can package RNAs from both the two export pathways [121].
Moreover, in the cytoplasm, Chen et al. observed that both translating and non-translating
viral RNAs exhibit dynamic movement and can reach the PM, even though Gag would
selectively package non-translating RNA [133]. This single-molecule tracking analysis thus
supported a model in which individual RNA molecules carry out only one function at
a time.

Poeschla et al. used MS2 phage coat protein labelling to track spatial dynamics of
primate and non-primate lentiviral genomic RNAs in live cells [114]. Indirect immunofluo-
rescence and live-cell imaging thus revealed that both the lentiviral HIV-1 and FIV gRNAs
traffic into the cytoplasm, and this process is Rev-dependent. Likewise, both lentiviral
gRNAs were seen at the PM if and only if Gag was present and Psi was intact. However,
FIV Gag and gRNA accumulated at the nuclear envelope contrary to HIV-1 Gag, and
this marked the main difference between these two lentiviruses. Overall, this imaging
analysis suggested that FIV Gag-genomic RNA interactions could initiate at the nuclear
pore, and accordingly Gag would escort the genome during its entire cytoplasmic journey
to the assembly sites at PM. On the other hand, observations from the group of Bieniasz
proposed a model in which a small number of HIV-1 Gag molecules select viral RNAs
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in the cytoplasm, and once that the Gag-gRNA complex is anchored to the PM, further
accumulation of Gag would lead to the subsequent assembly of the complete virion [10], a
view in a good agreement with findings of other groups [21,23]. Therefore, Gag-membrane
binding, Gag-RNA and Gag-Gag interactions provide similar scaffolding functions in the
achievement of the viral particle assembly, and in line with this idea Carlson et al., using
artificial membranes, observed by confocal microscopy that the formation of the Gag lattice
and the packaging gRNA into new virus particles are linked processes [85].

Several retroviral Gag proteins (for a review see [134]) as RSV Gag [135-137], MLV
Gag [138], Foamy viruses Gag [139], MMTV Gag [140] and MPMV Gag [8] were found
in the nucleus, and they are thought to interact with gRNA in this more confined space.
In MLV the nuclear export of viral genome is mediated by Gag and occurs on endosomal
vesicles [125]. In this retroviral context, Psi stem-loops are supposed to be involved in
genome nuclear export and in endosomal transport, suggesting that RNA dimerization is
linked to vesicular transport, which is consistent with the proposed requirement for Gag
binding [125]. Furthermore, simple retroviruses lack accessory proteins (as for example the
HIV-1 Rev that mediates the export of the unspliced gRNA from the nucleus [141]), and
therefore, in RSV, Gag displays two nuclear localization signals (NLS) (one involving the
importin-oc/ 3 pathway, and the other one the transportin SR and the importin-11 [142])
that allow the nuclear export of the unspliced genome. RSV Gag nuclear shuttling was
extensively studied (for a review see [143]), and several studies demonstrated that Gag-
gRNA interactions promote RSV Gag multimerization [50,80,136,137,144]. In turn, RSV Gag
oligomerization produces a conformational change in Gag leading to the exposition of its
nuclear export signal (NES), which can then interact with the nuclear export receptor CRM1.
This leads the Gag-gRNA complex to cross the nuclear envelope and to be trafficked to
the PM for packaging [136,137,145,146]. More recently, the group of Parent visualized Gag-
gRNA interactions in the nuclei of infected QT6 quail fibroblast cells [147] by biomolecular
fluorescence complementation (BiFC) assays where the two non-fluorescent halves of Venus
protein were fused to MS2 and to Gag (Figure 3).

Venus-N

¢
AN, MA CA B2 NC pL ops —-sfb}w
PR N

VRNP -

24 MS2 stem-loops f@ ) )
RUS gag Mﬂ pol env U3R Venus-C

5 25
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Figure 3. In BiFC assays, the two halves of Venus fluorescent protein are fused to two interacting
proteins of interest, as for example Gag and MS2 proteins [147]. One of the most widely used
strategies to monitor gRNA trafficking in cells consists in the insertion of 24 stem-loop sequences in
the target RNA which are then recognized with high affinity and specificity by the bacteriophage
MS2 coat protein. While the two halves of Venus protein are non-fluorescent, the interaction of the
partners tethers the fused fluorescent fragments in proximity, which facilitates the restoration of
Venus fluorescence. BiFC is a reliable and sensitive approach that also revealed molecular interactions
in other viral contexts, such as the Herpes virus [148].

This nuclear interaction, however, leaves many unanswered questions including
the possible role of RSV Gag in splicing, in genome expression, or also in chromatin
modifications. Interestingly, Parent et al. recently visualized HIV-1 Gag and unspliced viral
RNA in discrete foci of Hela cells. At those sites, Gag was found to accumulate at stalled
transcription sites. Also, in CD4+ T infected cells treated to stimulate NF-«B mediated
transcription, HIV-1 Gag was found to localize at transcriptional burst sites. Altogether
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these findings open the possibility that also HIV-1 Gag can be found in the nuclei bound to
unspliced viral transcripts [149]. Also, HIV-1 Gag was observed to contain an NLS and an
NES within the MA, and mutation of the NES would interfere with gRNA packaging [150],
but this result has not been further explored. Finally, previous controversial results on the
presence of HIV-1 Gag-gRNA complexes outside of the nuclear envelope [114,151] indicate
that whether HIV Gag gRNA packaging involves nuclear events has not been fully resolved
yet. Therefore, even if it is possible that that formation of HIV-1 vRNP between Gag and
gRNA can occur in both the nucleus and the cytoplasm, further studies will be necessary to
definitively elucidate this point. One of the limiting factors in these observations resides
in the detection limit of fluorescent microscopy, which could be not sensitive enough to
visualize small nuclear Gag foci. In future studies, the use of super-resolution imaging
techniques in living cells would then be crucial to improve the visualization of vRNPs
biogenesis and their trafficking to the PM.

7. How Retroviral gRNA-Gag Complexes Are Trafficked to the PM?

A number of fluorescence approaches based on microscopy has been used to in-
vestigate the dynamics of protein-protein or protein-RNA complexes in cells during viral
assembly (reviewed in [152]). As such, FRET is a suitable method to analyze the interactions
occurring between the two chromophores in the range of 2-10 nm (Table 1). Interestingly,
the detection of FRET can be monitored through the decrease of the donor fluorescence
lifetime in the presence of an acceptor molecule as in FLIM (fluorescence lifetime imaging
microscopy, Table 1). This method, together with FFS methods, such as Raster Image Corre-
lation Spectroscopy (RICS) [21], which detects temporal signal fluctuations of the molecules
diffusing within a raster scanned image [153], provided information on the intracellular
mobility of HIV-1 Gag-gRNA complexes and their accumulation at the PM [21]. It was
thus observed that the deletion of both ZF motifs within the NC completely abolished
intracytoplasmic Gag-gRNA interactions, while the deletion of either the first or the second
ZF delayed the delivery of gRNA to the PM without completely impairing the Gag-gRNA
interactions in the cytoplasm. These findings showed that ZFs display redundant roles,
even though ZF2 played a more prominent role than ZF1 in the accumulation of the
ribonucleoprotein complexes at the PM [21].

Retroviruses have evolved distinct strategies for assembly, and thus RSV and EIAV
assembly occur at the PM although their Gag are not myristylated, while MPMV and
MMTYV Gag proteins are myristylated but the assembly of these retroviruses takes place in
the cytoplasm [154,155]. Some retroviruses, such as MLV or HTLV-1 [125,156-158] hijack
the endosomal machinery and initiate the assembly on endosomal membranes, and subse-
quently those pre-budding viral complexes are routed to the PM within late endosomes in
a microtubule-dependent fashion. However, it is not possible to exclude that Gag-gRNA
complexes detected by electron microscopy and immunolabelling could correspond to
assembled virions that have been endocytosed [156]. Indeed, after completion of assembly
at the PM, MLV viral particles were found to be internalized into CD63-positive highly
dynamic endosomes whose mobility is similar of microtubule-based transport [10,11,114].
Even though similar patterns had been previously proposed also for HIV-1 in macrophages,
this model was then challenged by several studies (reviewed in [159]). Indeed, electron-
microscopy analysis on HIV-1 infected macrophages demonstrated that invaginations of
PM were in this case misinterpreted with virus-containing compartments [160]. Simi-
larly, immunofluorescence approaches or subcellular fractionation coupled to pulse-chase
labelling showed that HIV-1 Gag is targeted to the PM early after its expression, and in-
hibitors that abolish late endosome motility did not impair the particle release [9]. Overall,
these data as well as recent imaging experiments leading to the visualization of retroviral
assembly in real time using spinning disc confocal microscopy or TIRF (see session 8),
clarify that HIV-1 assembly occurs at the PM [10,11,13,159].
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Table 1. An overview of the advantages and drawbacks of the different methods used to monitor
retroviral Gag-gRNA complexes in cells.

Method

Advantages Disadvantages

Atomic Force Microscopy
(AM)

Appropriate to measure the distortion of the
membrane (resolution <1 nm up to 1pm).

Technically limited time resolution of several
minutes per frame.

Electron Microscopy (EM)

Resolution of finer spatial detail compared to

the classical microscopy (0.2 nm). Cells are fixed, and temporal resolution is lost.

Confocal Microscopy

Suitable method to investigate processes that
are not limited to the PM (resolution 180 nm
laterally and 500 nm axially).

Low signal-to-noise ratio could require stronger
illumination resulting in photobleached samples.

FLIM-FRET

Only the measurement of donor lifetime is
required and acceptors with poor quantum
yield can be used. Less excitation is required
because of wider emission filters.

Careful measure of lifetime for the donor
without the acceptor is required for
accurate calibration.

Fluorescence Fluctuation

Highly stable light source is necessary.
Cumulative effects of photobleaching are

Ensemble of microscopy tools (e.g., FCCS and
RICS) appropriate to analyze biomolecular

possible. Analysis of molecules with different
diffusive properties, as it can be the case of Gag,

Spectroscopy (FFS) dynamics, interactions, and structural changes is complicated by the relative excitation
in living cells. intensities, different diffusion times, and the
number of diffusing molecules for
each population.
The estimation of intrinsic photobleaching. The
Suitable method for determining the kinetics of =~ precise identification of several mobile species
FRAP diffusion in cells to study cellular membrane corresponding to various degrees of
diffusion and membrane anchoring. oligomerization or having different interactions
with the membranes, can be difficult.
Accurate determination of axial position
within ~200 nm of the specimen surface.
TIRF Proper to study events near to the PM as the The fluorescence signal can be affected by

retroviral assembly sites. It displays good azimuthal movement of the VLP.
signal to noise ratio to allow quantification of

the assembly of individual HIV-1 particles.

8. Molecular Mechanisms Occurring at the PM

One of the most important challenges to better understand retroviral assembly is to
obtain a clear picture of the spatial and temporal organization of the viral and cellular
components interacting at the assembly sites. Indeed, opting for an optimal imaging
modality to analyse protein-RNA interactions is not simple, and methods providing good
spatial resolution are usually less performant in temporal resolution, which is in turn
an essential feature for investigating rapid time scales of viral processes. In the past, in
addition to subcellular fractionation, and immunofluorescence, electron microscopy (EM)
showed that HIV-1 assembly takes place at the PM [76] (Table 1). However, even if this
method can resolve finer spatial details compared to the classical light microscopy, cells
are fixed, and temporal resolution is completely lost. For this reason, EM was coupled
to other methods, such as atomic force microscopy (AFM) which previously allowed to
monitor retroviral budding events [161]. This technique is indeed suitable to measure the
distortion of the membrane, although with a technically limited temporal resolution of
several minutes per frame (Table 1). Temporal information on Gag-gRNA interactions
at the PM was also obtained by using photoconvertible fluorescent proteins Eos via an
RNA-binding protein that specifically recognizes stem-loops engineered into the HIV-1
viral genome to distinguish between existing and newly arriving viral RNAs at the PM [15].
Accordingly, photoconverted Eos proteins allowed the detection of RNAs at the PM by
red signals, while the RNAs that reached the PM later were unmodified and carried green
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signals. Sardo et al. could thus observe that in the absence of HIV-1 Gag, most of the gRNAs
remain transiently at the PM, while in the presence of Gag, the permanence of gRNA at the
assembly sites was significantly increased as gRNAs could be still detected after 30 min [15].
In agreement with these findings, Jouvenet et al. observed highly dynamic HIV-1 RNA
molecules in the cytoplasm that move rapidly in the proximity of the PM, thus remaining
visible in the observation field for no longer than a few seconds. On the other hand, when
Gag is co-expressed, a fraction of the RNA molecules is found to dock at the membrane,
displaying slow and lateral drift (~ 0.01 um/s) [10]. Therefore, the duration of HIV-1 RNA
retention at the PM depends on Gag expression, indicating that at the assembly sites gRNA
is associated to Gag.

The photoconvertible proteins Eos were also used by Jouvenet et al. to monitor
Gag recruitment at the assembly sites. These findings demonstrated that Gag proteins
reach the assembly sites mainly from the cytosol, rather than from lateral diffusion on
membranes [13]. The assembly of individual virions was also observed in real-time. As
such, the gradual recruitment of Gag fused GFP at budding sites was observable as the
fluorescence intensity initially followed a saturating exponential, while the end of this
phase was marked by a plateau of the fluorescence intensity [11]. As the signal produced
by Gag increased, the lateral movements of gRINA molecules were observed to decrease,
indicating that Gag accumulation promotes gRNA anchoring to the PM [159]. At those
sites remarkably about 75% of the assembly events occur on HIV-1 Gag-gRNA complexes,
which is in line with the notion that viral RNA plays a scaffolding role at the assembly
sites [10]. Of note, the recruitment of the viral RNA is reversible (whenever the assembly
of Gag is disrupted), even though the time observed for viral RNA dissociation from a
multimerization defective Gag is greater that the time necessary for the accumulation of
Gag at the assembly sites [10].

However, during the assembly process, Gag proteins are constituted by a mixed
population of molecules at potentially different stages of assembly, and thus it can be
somehow difficult to determine whether a fluorescent signal is produced by assembling
Gag proteins or by virions. Moreover, the situation can be also complicated by the fact that
retroviral assembly is a rare event that emits a fluorescent signal in a large background.
Therefore, the combination of different methods is necessary to obtain a more precise picture
of the assembly events. As such, FRAP is a suitable method to analyze cellular mobility of
HIV-1 Gag and provides accurate information on immobile fractions [77] (Table 1). Indeed,
this method allows the distinguishing between particles that continuously recruit Gag
molecules (which displayed increasing fluorescence during the prebleach period, and that
recover a signal after bleaching), from particles for which the recruitment was already
completed (whose intensity was found to be high and stable during the prebleach period,
and that do not recover after bleaching) [11]. Of note, Gag cannot be directly detected in its
first association with PM, and on average, ~ 4.5 min from the appearance of the viral RNA
at the PM, are necessary to start observing the signal of Gag proteins [11].

One of the most vastly used methods to analyze the genesis of the individual virions at
PM was TIRF [10,11,13,159]. This method indeed displays a sufficient signal-to- noise ratio
to allow the quantification of the individual assembling particles, since the illuminated
volume corresponds to a shallow region between the glass and the cell, and fluorophores
in proximity (=<70-100 nm) of the coverslip are then excited (Table 1). However, TIRF
is also sensitive to the axial position of the fluorescent molecules, and fluctuations of the
fluorescence intensity due to movement of the PM could cause difficulties in the measure
of the assembly complexes. For this reason, TIRF microscopy was complemented with
wide-field observation [13,162], and it was thus observed that the assembly of HIV-1 Gag
shell takes ~200 s [13]. Altogether, these observations are consistent with a model where
a small number of Gag molecules (i.e., below the detection limit) interacts with gRNA
that is thus immobilized at the PM during the early events of particle assembly. These
vRNP complexes therefore constitute the nucleation sites for the recruitment of further
Gag molecules [10]. At this stage, Gag conformational changes convert the initial small



Viruses 2022, 14, 324

13 of 20

oligomers into assembly-competent ones, and retroviral particle assembly is achieved
through a set of larger intermediates. The time-lapse between the first recruitment of gRNA
to the PM (by a small number of HIV-1 Gag) and the completion of the viral particle at the
assembly sites (which corresponds to the termination of Gag accumulation) was estimated
between to be between six and 27 min by Jouvenet et al. [159]. This estimation is in agree-
ment with other observations indicating that signals reporting HIV-1 Gag accumulation at
the PM take five to 30 min to reach their maximal intensity [13,163].

Finally, neither mutations of the late domain motifs altered the assembly rates [13],
nor did protein labelling influence the time necessary for Gag accumulation on the PM [11].
Conversely, in good agreement with previous biochemical data [26], Gag proteins defective
in the CA domain failed to retain viral RN A, which tended to dissociate from the membrane
after about 8 min [159].

Similarly, to what was observed for HIV-1, TIRF microscopy on live cells showed that
FIV gRNA, in the absence of Gag, moves in and out of the proximity of the PM, remaining
therefore at those sites for no longer than a few seconds [114,162]. Conversely, when Gag is
expressed, the genome accumulates at the PM. HIV-1 and FIV genomes co-expressed with
the corresponding Gag mutants impaired in PM binding were not detectable at the PM,
which provides additional evidence that Gag is responsible for anchoring the genomes at
the assembly sites [10,114,164]. Those specific locations where HIV-1 assembly is initiated
are enriched by lipid rafts, cholesterol and tetraspannines (reviewed in [36,165]). However,
retroviruses developed multiple ways to assemble, and thus many membrane platforms
give rise to multiple consecutive budding events of RSV differently from the mostly unique
sites observed for MLV and HIV-1 [70,161]. TIRF analysis on individual assembling VLPs
from the time of nucleation to the recruitment of VPS4, an ESCRT component which marks
the final stage of VLP assembly, showed that VLPs can be paused (from 2 to 20 min) at
various stages [163]. The cellular ESCRT machinery indeed corresponds to the molecu-
lar signature necessary for the separation of nascent VLPs from the host cell (reviewed
in [166-168]). Finally, imaging HIV-1 particles generated with a Gag fused to pHluorin, (a
GFP variant whose fluorescence is diminished at acidic pH) allowed for the observation
that it takes about 30 min for virions to disconnect from the cytosol [11], which is in rather
good agreement with data from Lamb et al. that showed that the release occurred with an
average delay of about 25 min after the completion of the Gag assembly [13].

9. Concluding Remarks

In these last decades, the development of bioimaging tools allowed the visualization
of retroviral genesis and led to a deeper quantitative analysis of the molecular mechanisms
regulating gRNA packaging in living cells. As a result, instead of the differences among
retroviruses, the recruitment of gRNA was overall observed to be driven by a small number
of Gag molecules at different cellular sites (as cytoplasm or nucleus) depending on the
retrovirus. Similarly, these techniques allowed for the monitoring of the time-dependent
intracellular localization of viral components and the order of the events occurring at the
viral budding sites. Indeed, the elaboration of these approaches addressed many important
questions, although studies to this point have been limited to a few retroviruses, and there
remain several open questions in the biology of retroviral assembly. Also, a number of
cellular factors were observed to interact with HIV-1 Gag (e.g., APOBEC3G, Nedd4-1,
Tsg101, Alix, ABCE1, Actin; for a review see [169]), and to be specifically encapsidated
into the viral particles (e.g., Staufen, RNA 7SL) [170-173]. However, despite the plethora
of studies on this topic, the actual implication of those molecules in HIV-1 assembly and
replication still needs to be confirmed. With further technological and conceptual develop-
ment, advancements in our understanding of the mechanisms leading to retroviral gRNA
packaging and to their assembly awaits. In this vein the development of super-resolution
techniques providing a resolution close to the molecular scale such as stimulated emis-
sion depletion (STED) [174], stochastic optical reconstruction microscopy (STORM) [175]
and photo-activated localization microscopy (PALM) [176] would be determinant. These
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methods, that allow for penetration beyond the diffraction limit of conventional optical
techniques and that achieve resolutions of about 20 nm in the focal plane (for reviews
see [177,178]), would thus contribute to the clarity of our picture of the last phases of
the retroviral life cycle and provide the experimental basis necessary to interfere with
viral replication.
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