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The first step of the intracellular phase of retroviral infection is the release of the viral capsid core in the cytoplasm. This structure contains the viral genetic material that will be reverse transcribed and integrated into the genome of infected cells. Up to recent times, the role of the capsid core was considered essentially to protect this genetic material during the earlier phases of this process. However, increasing evidence demonstrates that the permanence inside the cell of the capsid as an intact, or almost intact, structure is longer than thought. This suggests its involvement in more aspects of the infectious cycle than previously foreseen, particularly in the steps of viral genomic material translocation into the nucleus and in the phases preceding integration. During the trip across the infected cell, many host factors are brought to interact with the capsid, some possessing antiviral properties, others, serving as viral cofactors. All these interactions rely on the properties of the unique component of the capsid core, the capsid protein CA. Likely, the drawback of ensuring these multiple functions is the extreme genetic fragility that has been shown to characterize this protein. Here, we recapitulate the busy agenda of an HIV-1 capsid in the infectious process, in particular in the light of the most recent findings.
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INTRODUCTION

Retroviral infection begins with the fusion of the viral and cell membranes, carried out by the viral envelope proteins (Coffin et al., 1997). This causes the entry in the cytoplasm of the viral capsid core (also simply referred here as the core), a shell constituted by approximately 1,500 copies of the capsid protein CA. The capsid core contains the viral genomic RNA (gRNA) and protects it from cellular sensors of innate immunity and antiviral factors. The infectious cycle requires the reverse transcription of the gRNA to convert it into double-stranded DNA. The capsid core favors this step by providing a confined environment where the concentration of the viral components is high. At the moment of integration, though, the genetic material must have been released from the core, in order to interact with, and integrate into, the chromosomes. When and how the protective shell is dismantled is still not clear. According to the earliest models, disassembling of the core occurred soon after its entry into the cytoplasm (Bukrinsky et al., 1993; Miller et al., 1997; Fassati and Goff, 2001). This view has been challenged recently by an increasing number of observations that support the idea that capsid cores remain intact or almost intact, long after their entry into the cell, and even once in the nucleus (Burdick et al., 2020; Dharan et al., 2020; Selyutina et al., 2020b). This implies that the core constitutes a protective shell all along the trip from entry to almost the occurrence of integration. This review focuses on these aspects of viral infection: how and where the capsid core is dismantled in the light of the latest observations and which cellular factors, including those that control its stability, it comes across during its longer than expected presence in the newly infected cell.



STRUCTURAL BASES DETERMINING THE STABILITY OF THE CAPSID CORE

The capsid core is generated by the proteolytic processing of the Gag and Gag-Pol precursors that must free the CA protein. In the immature budding particle, these precursors assemble with each other to form the immature Gag lattice, a spherical protein shell located immediately underneath the lipidic envelope of the particle (Briggs et al., 2009). This structure is constituted by a vast majority of Gag precursors that include, from the N to the C terminus, the matrix (MA), the capsid (CA), the spacer peptide 1 (SP1), the nucleocapsid (NC), the spacer peptide 2 (SP2), and peptide 6 (p6) domains (Henderson et al., 1992; Figure 1A). Present in the lattice (at a ratio of approximately 1:20 with respect to Gag) are some molecules of Gag-Pol precursors, that contain MA, CA, SP1, and NC fused to the protease (PR), the reverse transcriptase (RT), and the integrase (IN) domains (Jacks et al., 1987; Reil et al., 1993; Figure 1A).
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FIGURE 1. Capsid forms throughout the HIV life cycle. (A) Gag and Gag-Pol precursors simplified structures. Gag precursor includes the matrix protein (MA), the capsid (CA, depicted with the NTD in green and the CTD in magenta), the spacer peptide 1 (SP1), the nucleocapsid (NC), the spacer peptide 2 (SP2), and the peptide 6 (p6). A frameshift during translation allows the production of Gag-Pol precursor, with a ratio of 1:20 with respect to the Gag precursor. In this structure the NC is fused to the protease (PR), the reverse transcriptase (RT), and the integrase (IN) domains. (B) Structure of CA monomer. CA is composed of two domains connected by a flexible linker: the NTD (in green), formed by a beta-hairpin and seven alpha-helices, and the CTD (in magenta), formed by four alpha-helices. The CypA binding loop in the NTD is indicated. PDB ID: 6WAP (Lu et al., 2020). (C) Schematic structure of the Gag precursor composed from top to bottom of MA, CA-NTD, CA-CTD, SP1, NC, SP2, and p6. (D) Schematic structure of a hexamer in the immature lattice, after the first proteolytic cleavage, which occurs between SP1 and NC. The MA are attached to the membrane through their myristoylated domain. Proceeding toward the center of the viral particle there are three hexameric structures composed by the CA-NTDs, CA-CTDs, and SP1. (E) Schematic top view of the mature capsid lattice where CA monomers are arranged in hexamers and are connected to each other through the NTDs, while the CTDs are involved in the interactions between hexamers.


The structure of CA has been determined for the free protein, showing an organization in two globular domains (the N-terminal, NTD, and the C-terminal, CTD, domains) connected by a flexible linker (Figure 1B). The NTD is composed of seven alpha-helices and a beta-hairpin on the amino-terminal side while the CTD is composed of four alpha-helices (Gamble et al., 1996, 1997; Gitti et al., 1996). This structural arrangement has then been confirmed also for the CA domain in the Gag precursor (Tang et al., 2002; Schur et al., 2016; Wagner et al., 2016b). In the immature Gag lattice, MA points toward the exterior of the viral particle and, proceeding toward the interior, are present the NTD and CTD of CA and the SP1 domain, respectively (Figure 1C). Each of these domains multimerizes forming hexamers (Wright et al., 2007; Briggs et al., 2009; Schur et al., 2015, 2016). The interaction among CTDs of CA, stabilized by the six-helix bundles formed by SP1, is responsible for the formation of the immature Gag lattice, while the NTD of CA is not strictly required for assembly and it rather has the role of spacing the hexamers within the Gag lattice (Accola et al., 2000; Wright et al., 2007; Briggs et al., 2009; Bharat et al., 2012; Schur et al., 2016; Wagner et al., 2016b; Figure 1D).

Multimerization, which occurs soon after budding, activates the viral protease, embedded in the Gag-Pol precursor. Once activated, the PR proceeds to an ordered sequence of cuts that cleave the Gag and Gag-Pol precursors into their individual components (Pettit et al., 1994, 2005). For CA, the first cleavage occurs at the junction between MA and CA. Subsequently, SP1 undergoes a conformational switch that allows the cleavage of the CA-SP1 junction releasing the free CA protein (Pettit et al., 2005). Once released, CA dissociates from the hexamers of the Gag lattice and spontaneously re-assemble to reform hexamers and form pentamers. The arrangement of CA NTD and CTD in the hexamers of mature capsid is different from that of the hexamers of the lattice. The orientation is inverted, with the NTDs that point toward the center of the structure and, by interacting with each other, stabilize the structure of the hexamer. The CTDs, in contrast, are located toward the exterior, in a radial disposition, and are involved in inter-hexamers interactions, holding together the capsid core (Ganser-Pornillos et al., 2007; Byeon et al., 2009; Pornillos et al., 2009; Zhao et al., 2013; Mattei et al., 2016; Figure 1E). Approximately 250 hexamers are involved, together with 12 pentamers, in the formation of the fullerene cone structure, 120 nm long and 60 nm wide (Ganser et al., 1999; Li et al., 2000; De Marco et al., 2010; Zhao et al., 2013; Figure 2A). Even for a given virus, the fullerene cones can vary in number of CA molecules, shape, and positioning of the 12 pentamers. This variability makes this structure highly pleiomorphic, which endows it with a certain conformational flexibility, an important feature for a viral component that has a central role in the interaction with several factors both of viral and of cellular origin (Ganser-Pornillos et al., 2004; Mattei et al., 2016). Pentamers are highly similar to hexamers in their structure, although the pocket between the CA domains in hexamers that, as discussed below, interacts with host factors, is unfolded in pentamers (Figure 2B). It is therefore expected that this interaction, if still occurring, is modified in the case of the pentamers. Also, the interactions between the monomers are slightly different in pentamers (Ganser et al., 1999; Cardone et al., 2009; Pornillos et al., 2011; Mattei et al., 2016). A detailed knowledge of the interactions established between CA monomers is important since several cellular components specifically recognize only the multimerized form of the protein, implying that the interactions between CA monomers generate functional elements per se.
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FIGURE 2. Capsid core structure. (A) The mature capsid core has the shape of a fullerene cone, formed by 125 hexamers (in orange) and 12 pentamers (in yellow). Image republished with permission of Nature Publishing Group (Pornillos et al., 2011). (B) Top and lateral view of pentameric and hexameric capsid assemblies. In both structures, the NTDs (in green) are forming the inner ring while the CTDs (in magenta) are forming the external ring. The pocket present in the hexamer, at the NTD-CTD interface (involved in the interaction with host factors, see main text) is indicated. The pocket is absent in the pentamer. PDB IDs: 5MCX, 5MCY (Mattei et al., 2016).




TURNING CELL PROTEINS INTO VIRAL COFACTORS

The infectious cycle is strictly intertwined with the cell components. The viral proteins, indeed, interact with various cell proteins that can act as antiviral factors or as viral cofactors. Among these, some have been shown to interact directly with the capsid. They include the cyclophilin A (CypA) (Luban et al., 1993), the cleavage and polyadenylation specificity factor 6 (F6) (Lee et al., 2010), two proteins that are part of the nuclear pore complex (NPC) (Nup358 and Nup153), and the transportin 3 (TNPO3) (Brass et al., 2008; König et al., 2008; Table 1).


TABLE 1. Host factors interacting with the viral capsid.
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The first intracellular protein to be described to interact with HIV-1 CA was CypA that was identified through a two-hybrid screening of a human cDNA library of proteins interacting with Gag (Luban et al., 1993). Importantly, ever since this observation, the interaction with CypA has been shown not to be specific for HIV-1 but to be common among lentiviruses, for which it has been documented to exist for millions of years (Katzourakis et al., 2007; Gilbert et al., 2009; Goldstone et al., 2010; Malfavon-Borja et al., 2013; Mu et al., 2014). CypA is a peptidylprolyl isomerase that is incorporated in the viral particle via an interaction with G221 and P222 of Gag (G89 and P90 in mature capsid), and it is found with a stoichiometry of approximately 1:10 (CypA:Gag) (Franke et al., 1994; Braaten et al., 1996b). Despite the fact that CypA is packaged in the viral particle from the infected cell, which could suggest that it plays a role at the level of the producer cells, it has been shown that it is the interaction between CA and the CypA molecules present in the target cells to be the major determinant for the effect exerted by CypA on HIV-1 infection (Hatziioannou et al., 2005). CypA interacts with the capsid core in two different ways. On one hand, the active site interacts with G89 and P90 of the P85VHAGPIAP93 loop (Gamble et al., 1996; Figure 1B) and, due to its isomerase activity, could destabilize the core (Braaten et al., 1996a, b; Bosco et al., 2002; Ylinen et al., 2009). On the other hand, other parts of the protein contact the hexamer interface and, bridging hexamers, likely stabilize the capsid core (Liu et al., 2016; Ni et al., 2020). Indeed, the effect of CypA on infection is to alter the stability of the capsid core, albeit the results are rather controversial since, depending on the cell type, it has been shown either to increase or to decrease it (Li et al., 2009; Setiawan et al., 2016). However, since mutating the CypA binding site on CA or the use of cyclosporin A (CsA), a drug that competes with the CA for CypA binding, both severely interfere with HIV infectivity (Franke et al., 1994; Braaten et al., 1996b) it appears that the virus relies on the interaction with this cellular cofactor to reach the optimal stability of the core. Another role of CypA during infection is to avoid the recognition by the tripartite motif (TRIM) containing protein TRIM5 of the capsid core either by inducing a conformational change through its isomerase activity or by steric hindrance (Kim et al., 2019; Ni et al., 2020; Selyutina et al., 2020a; Yu et al., 2020). Finally, the interaction between CA and CypA also appears to regulate the pathway of nuclear import of the reverse transcription and/or pre-integration complexes (RTC/PIC) that differs, according to whether CypA interacts with CA or not (Schaller et al., 2011).

Many cytoplasmic factors interact with the capsid core, on its way to the nucleus. Bicaudal D2 protein (BICD2) and the fasciculation and elongation protein zeta 1 (FEZ1) are two dynein adaptor proteins, required for HIV-1 infection, that interact with HIV-1 assembled multimeric cores (Malikov et al., 2015; Dharan et al., 2017; Carnes et al., 2018; Huang et al., 2019). Their depletion results in impaired cytoplasmic trafficking, uncoating, and nuclear import (Dharan et al., 2017; Huang et al., 2019). Uncoating has also been shown to be influenced by other host factors, as Pin1, MELK, ERK2, and TRN-1. Pin1 is a peptidyl-prolyl isomerase that facilitates HIV-1 core disassembly by interacting with the phosphorylated Ser16-Thr17 motif (Misumi et al., 2010). Responsible for the phosphorylation of Ser16 is the extracellular signal-regulated kinase 2 (ERK2), a cellular factor that is incorporated in the viral particle through its interaction with CA (Dochi et al., 2014). Another kinase involved in destabilizing the viral capsid, in this case through phosphorylation of Ser149, is the maternal embryonic leucine zipper kinase (MELK). The mutant where Ser149 is replaced by the phosphor-mimetic amino acid Glu undergoes premature disassembly of the capsid core and is impaired in nuclear import of the reverse transcription products (Takeuchi et al., 2017). Finally, β-karyopherin transportin 1 (TRN-1) recognizes the CypA binding site with high affinity and it can displace CypA from its association to the core. Knock out of TRN-1 leads to reduced infection and premature uncoating (Fernandez et al., 2019). Overall, the trend observed with these factors indicates that they are required in order to maintain in balance the subtle equilibrium between uncoating and retention of a closed capsid required to accomplish infection. Defects in nuclear import observed by depleting these factors appear to be a consequence of alteration of capsid uncoating rather than a direct interference with the import process.

Nuclear pore complex proteins regulate trafficking between the nucleus and the cytoplasm in eukaryotic cells (Strambio-De-Castillia et al., 2010; Labokha and Fassati, 2013). Two of these proteins are well-characterized interactants of HIV-1 CA: Nup153 and Nup358 (also known as RANPB2) (Brass et al., 2008; König et al., 2008). Nup358 is associated with filaments that stem from the pore into the cytoplasm and it promotes the recruitment of nuclear import cargos (Hutten et al., 2009). It contains a cyclophilin-homology domain that is responsible for the interaction with CA (Schaller et al., 2011). As CypA, Nup358 has a cis-trans prolyl isomerization activity through which it can promote capsid core uncoating by catalyzing isomerization of CA (Bichel et al., 2013). This suggests that uncoating of the viral core could occur, at least partially, at the nuclear pore, once docked onto Nup358. Accordingly, depletion of Nup358 severely affects HIV-1 nuclear import, with a reduction of the amount of RTC/PIC docked at the NPC (Zhang et al., 2010; Schaller et al., 2011; Di Nunzio et al., 2012; Meehan et al., 2014; Dharan et al., 2016; Burdick et al., 2017). Nup153 is one of the components of the nuclear basket involved in the NPC formation and Nups recruitment (Vollmer et al., 2015). Through its C-terminal domain it binds the NTD-CTD pocket of CA (Buffone et al., 2018; Bejarano et al., 2019) and it favors its translocation into the nucleus (König et al., 2008; Matreyek and Engelman, 2011; Di Nunzio et al., 2012, 2013). Its depletion also alters the choice of the sites of integration (Koh et al., 2013; Marini et al., 2015). Since Nup153 binds CA hexamers with high affinity compared to monomeric CA (Matreyek and Engelman, 2011; Di Nunzio et al., 2012; Buffone et al., 2018), this translocation likely involves capsid cores that, if not intact, are at least partially assembled.

Another cellular protein interacting with CA is CPSF6, a pre-mRNA splicing factor, and a member of the serine/arginine-rich protein family (Rüegsegger et al., 1998). CPSF6 is part of the cleavage factor I (CFIm), together with CPSF5 and CPSF7, but its activities related to HIV-1 do not involve the other proteins of the complex (Rasheedi et al., 2016). CPSF6 binding site on CA is bipartite as CPSF6 binds at the N-terminal region of CA monomers but also at the NTD-CTD pocket of adjacent monomer on CA hexamers (Lee et al., 2012; Price et al., 2012, 2014; Bhattacharya et al., 2014). CPSF6 was initially identified to be relevant for HIV-1 infection through the functional screening of a mouse cDNA expression library that led to the isolation of a truncated form of CPSF6 (CPSF6-358) inhibiting HIV-1 replication (Lee et al., 2010). The truncation removes in CFSP6-358 the C-terminal arginine-serine like domain (RSLD) that is required for its nuclear import by transportin 3 (TNPO3) (Jang et al., 2019). As a consequence, the two forms of CPSF6 display different localizations inside the cell, with CPSF6 being predominantly nuclear while CPSF6-358 is found exclusively in the cytoplasm (Lee et al., 2010). This difference is responsible for the antiviral effect exerted exclusively by CPSF6-358 that blocks HIV-1 infection by interacting with the capsid core in the cytoplasm and preventing nuclear import (Lee et al., 2010). The integral form of CPSF6, in contrast, favors HIV-1 infection. Its effect is dependent on the cell type considered. Indeed, CPSF6 is an important factor in primary CD4+ T cells and macrophages, where it directs integration toward euchromatin regions, and its deletion leads to an accumulation of RTC/PIC complexes at the nuclear pore and integration in chromatin regions close to the nuclear pore (Chin et al., 2015; Rasheedi et al., 2016; Sowd et al., 2016; Achuthan et al., 2018; Francis and Melikyan, 2018; Bejarano et al., 2019; Burdick et al., 2020). These effects are not observed in HeLa or HEK 293T cells (Lee et al., 2010; Kane et al., 2018; Bejarano et al., 2019). The CPSF6 binding site on CA appears to overlap the region recognized by the nuclear pore protein Nup153, important for HIV-1 nuclear import, as discussed above, implying a competition for CA binding that could favor, once imported in the nucleus, the release from Nup153 to allow CPSF6 binding and its translocation into deeper nuclear regions (Bejarano et al., 2019).

Transportin 3 is a β-karyopherin that transports serine/arginine-rich splicing factors in the nucleus (Kataoka et al., 1999; Lai et al., 2000). It binds to HIV-1 CA and its depletion affects HIV-1 infection (Christ et al., 2008; Krishnan et al., 2010; Logue et al., 2011; Zhou et al., 2011; Valle-Casuso et al., 2012; Shah et al., 2013). The role of TNPO3 in HIV-1 infection is still debated. Some studies suggest a role in nuclear import (Christ et al., 2008; Logue et al., 2011) while others rather suggest an implication in post-nuclear import, but prior to integration (Zhou et al., 2011; Valle-Casuso et al., 2012; Shah et al., 2013). However, TNPO3 is also responsible for the nuclear import of CPSF6 (De Iaco et al., 2013; Maertens et al., 2014; Jang et al., 2019) which, in HIV-1 infection, favors nuclear transport, as discussed above. It is therefore possible that the effects on HIV-1 infectivity attributed to TNPO3 are not only direct but also a consequence of the effect of TNPO3 on CPSF6 (De Iaco et al., 2013; Fricke et al., 2013). In support of this view is the observation that another effect of the depletion of TNPO3 is a change in the choice of the integration sites (Ocwieja et al., 2011), which is the same phenotype observed when depleting CPSF6.

Besides assisting various steps of the infectious process from the mechanistic standpoint, as capsid uncoating or nuclear translocation, these host factors also have a role in the escape from innate immunity. For example, infection by viruses with mutated CA that no longer interact with several of these factors (CPSF6, CypA, and Nup358), triggers an interferon-mediated antiviral response in human monocyte-derived macrophages (Rasaiyaah et al., 2013). Consequently, the capsid is subject to positive selection for maintaining the interaction with these proteins. At the same time, it is also the target of several cellular factors endowed with antiviral activity, from which it has to escape, adding a layer of selective pressure. The most well-characterized of these factors are constituted by a member of the tripartite motif-containing proteins family TRIM5 (Stremlau et al., 2004), the myxovirus resistance gene A and B (MxA and MxB) (Liu et al., 2013), and the non-POU domain-containing octamer binding protein (NONO) (Lahaye et al., 2018; Table 1).



ANTIVIRAL FACTORS TARGETING THE CAPSID

An important cellular antiviral factor directed against the capsid is TRIM5α. TRIM5α was isolated from rhesus macaque (TRIM5αrh) in the context of studies aimed at understanding the reasons for the inability of HIV-1 to establish productive infections in Old World monkey cell lines (Shibata et al., 1995; Hofmann et al., 1999; Besnier et al., 2002; Cowan et al., 2002). Independently, a variant of this protein (TRIMCyp), exclusive to owl monkeys, was identified for its ability to confer the same phenotype of restriction to HIV-1 infection (Sayah et al., 2004; Stremlau et al., 2004). In both cases, the viral target was identified to be the capsid and, in particular, the assembled core rather than the monomeric form of CA (Cowan et al., 2002; Hatziioannou et al., 2004; Stremlau et al., 2006).

As members of the TRIM family, TRIM5αrh and TRIMCyp are composed of a N-terminal tripartite motif constituted by the RING domain, a B-box 2 domain, and a coiled-coil domain (Reymond et al., 2001). The TRIM is followed by a C-terminal domain: cyclophilin A in TRIMCyp, and the PRYSPRY in TRIM5α. These domains bind the CA protein at or near the CypA-binding domain (Figure 3; Quinn et al., 2018; Kim et al., 2019; Selyutina et al., 2020a; Yu et al., 2020). TRIM5α and TRIMCyp dimerize through the coiled-coil domain, which places the two B-box 2 domains at each extremity of an antiparallel dimer. The B-box 2 domain can form trimers allowing the formation of a network of hexamers. These hexamers can assemble into a hexagonal lattice around an incoming retroviral capsid core, in which the C-terminal domains interact with the capsid (Sebastian and Luban, 2005; Li et al., 2016; Wagner et al., 2016a; Quinn et al., 2018; Yu et al., 2020). If the mechanisms of binding of TRIM5 to the capsid core are well understood, by which means it restricts HIV-1 infection is still debated. Some studies suggest that the ability of the protein to form a net around the capsid is sufficient to perturb the capsid core stability and, therefore, infectivity. The net would either induce the destabilization of the capsid core, resulting in a premature and non-productive uncoating (Stremlau et al., 2006; Zhao et al., 2011; Roa et al., 2012), or increase its stability by reducing the intrinsic flexibility of the core and of the CypA-binding loop in particular (Lu et al., 2015; Quinn et al., 2018). In both cases, infectivity would be perturbed. Other works indicate alternative pathways, activated by TRIM5α, to degrade the capsid core, as the recruitment of the proteasome, thanks to the ability of TRIM5α to undergo self-ubiquitylation, thanks to the RING domain (Fletcher et al., 2018) while associated to the capsid core (Lukic et al., 2011; Danielson et al., 2012; Kutluay et al., 2013) or by inducing selective autophagy of the capsid core (O’Connor et al., 2010; Mandell et al., 2014; Keown et al., 2018). However, neither blocking the proteasome nor the pathways leading to autophagy abolishes the restriction activity of TRIM5α suggesting that several, non-exclusive, pathways are activated in response to the recognition of the viral core (Perez-Caballero et al., 2005; Anderson et al., 2006; Diaz-Griffero et al., 2006; Wu et al., 2006; Kutluay et al., 2013; Imam et al., 2016; Keown et al., 2018).
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FIGURE 3. Interaction between TRIM and the capsid. TRIM5α and TRIMCyp are represented in their dimeric form. Each monomer (in orange and in blue) is formed by the RING domain, the B-Box 2 domain, the coiled-coil domain and the C-terminal domain which is the one responsible for the interaction with the capsid core. In TRIM5α this domain is the PRYSPRY domain while in TRIMCyp is CypA.


The wealth of information concerning the restricting function of TRIM5α comes primarily from studies of the rhesus monkey protein. Indeed, the human ortholog of TRIM5α does not block HIV-1 infection in cell lines (Hatziioannou et al., 2004; Stremlau et al., 2004; Yap et al., 2004), although it protects human cells from the infection by some non-human retroviruses (Hatziioannou et al., 2004; Keckesova et al., 2004; Perron et al., 2004; Yap et al., 2004). Furthermore, a stabilized form of TRIM5α, obtained by producing a fusion protein with mCherry, protects human T cells in humanized murine models of HIV-1 infection (Richardson et al., 2014). Human TRIM5α is also involved in IFNa-induced inhibition against HIV-1 infection (Kane et al., 2016; OhAinle et al., 2018; Jimenez-Guardeño et al., 2019). In fact, high levels of IFNa activate the immunoproteasome, inducing a rapid turnover of TRIM5α that, being bound to the capsid core, drives to its degradation blocking viral replication (Jimenez-Guardeño et al., 2019).

The weak restriction of HIV-1 by human TRIM5α is suggested to be due to inefficient recognition of the capsid core (Stremlau et al., 2005; Yap et al., 2005; Merindol et al., 2018). The fact that the binding site of CypA on capsid cores overlaps (at least partially) the region bound by TRIM5α could lead to competitive inhibition of binding of TRIM5α, contributing to the inefficient recognition of the core by TRIM5α (Kim et al., 2019; Selyutina et al., 2020a; Yu et al., 2020). The lack of effectiveness of the human TRIM5α protein against infection with the human variant of the virus may reflect the recent exposure of humans to this virus. Alternatively, it could be imagined that HIV possesses a yet to be defined activity that counteracts that of TRIM5α.

The human myxovirus resistance (Mx) B protein (MxB, also known as Mx2) is an important anti-HIV factor that targets the viral capsid (Goujon et al., 2013; Kane et al., 2013; Liu et al., 2013; Matreyek et al., 2014). It is a dynamin-like GTPase, a family of proteins highly conserved in all vertebrates (Verhelst et al., 2013). MxB is constituted by a globular GTPase domain, a C-terminal stalk domain, a bundle signaling element (BPE), and a non-structured N-terminal domain (Gao et al., 2011). It localizes on the cytoplasmic side of the nuclear envelope, near the NPC (King et al., 2004). This antiviral factor is effective against herpesvirus, murine cytomegalovirus (MCMV), and HIV-1 (Goujon et al., 2013; Kane et al., 2013; Liu et al., 2013; Crameri et al., 2018; Jaguva Vasudevan et al., 2018; Schilling et al., 2018). In the N-terminal domain of MxB there is a positively charged motif, the 11RRR13 motif, that recognizes a negatively charged surface highly conserved among lentiviral capsid cores (Smaga et al., 2019). This interaction is responsible for the restriction of the infection (Goujon et al., 2015; Schulte et al., 2015) that, depending on the experimental conditions used, has been attributed either to a decrease of nuclear import of the RTC/PIC complexes by interfering with nuclear pore associated proteins (Dicks et al., 2018; Kane et al., 2018) or to a decrease of integration levels (Kane et al., 2013; Liu et al., 2013; Matreyek et al., 2014). Finally, a possible implication of MxB in the restriction response of the host restriction factor SAMHD1 has been recently suggested although it is still not clear how this is exerted (Buffone et al., 2019).

Another host factor with anti-HIV-1 activity related to targeting the viral capsid is the non-POU domain-containing octamer-binding protein (NONO), a member of the Drosophila behavior/human splicing (DBHS) family. The proteins of this family are characterized by the presence of two N-terminal RNA recognition motifs (RRMs), a NonA/paraspeckle domain (NOPS), and a C-terminal coiled-coil domain (Knott et al., 2016). NONO is a nuclear protein and has both RNA- and DNA-binding properties and it is involved in the activation of the innate immune response in dendritic cells and macrophages upon HIV infections, with a more efficient response against HIV-2 than HIV-1 (Lahaye et al., 2018). In the nucleus, NONO binds CA associated with the RTC/PIC complexes, and its restriction effect is exerted through the DNA sensor cyclic GMP-AMP synthase (cGAS), which activates the innate immune response by sensing the viral double-stranded DNA (Gao et al., 2013; Lahaye et al., 2013, 2018). Without NONO, cGAS is found in the cytosol and it does not activate the immune response (Lahaye et al., 2018).



THE VIRAL UNCOATING STEP AND THE IMPORTANCE OF ITS TIMING

The timing of dismantling of the viral capsid is a crucial aspect for a successful infection since premature disassembly would expose the components of the reverse transcription complex to the antiviral responses of the host cell and it would dilute the viral components by releasing them into the cytoplasm. On the other hand, the delayed dismantling of the capsid core could affect the process of integration by sequestering the reverse transcription products. To date, not only when and where reverse transcription and dismantling of the capsid core occurs is still an open question, but it is even still debated if and how the two processes are connected. Indeed, while some works show that DNA synthesis promotes uncoating (Hulme et al., 2011, 2015; Yang et al., 2013; Cosnefroy et al., 2016; Francis et al., 2016; Mamede et al., 2017; Rankovic et al., 2017), others show that the inhibition of reverse transcription neither affects uncoating nor the nuclear import of the RTC/PIC (Lukic et al., 2014; Burdick et al., 2017; Bejarano et al., 2019; Selyutina et al., 2020b).

Answering these questions is technically challenging, though. A major difficulty comes from the intrinsic properties of the capsid cores, discussed above, that is at the origin of the generation of polymorphic capsid cores, most of which intrinsically unstable and, therefore, non-infectious (Thomas et al., 2007; Mattei et al., 2016). It is, in fact, considered that only a minority of viral particles entering the cell leads to successful infection, while the majority is constituted by defective cores that undergo proteasomal degradation. The earliest studies on the capsid were mostly based on the biochemical tracking of the intact capsid in the infected cell. These analyses, consequently, followed the fate of the capsids at the “population” level and documented a rapid dismantling of the capsid after entry into the cell. The minority of stable capsids that, according to recent data, is responsible for productive infection, was not detected. The advent of techniques that allow following, by different means, the individual capsids has permitted focusing on the minority of capsids that persist in the cell changing our view of the timing of uncoating of the particles relevant for productive infection. The different scenarios that have been depicted for the dismantling of the capsid core are recapitulated hereafter.


Cytoplasmatic Disassembly

According to the earliest models, uncoating occurs in the cytoplasm, soon after viral entry (early cytoplasmic disassembly) (Miller et al., 1997; Fassati and Goff, 2001). This model was supported by biochemical studies showing the lack of detectable CA in the cytoplasm (Bukrinsky et al., 1993; Miller et al., 1997; Fassati and Goff, 2001). However, increasing evidence showing the presence of CA and/or capsid cores in the cytoplasm of the infected cells has subsequently challenged this view (McDonald et al., 2002; Forshey et al., 2005; Shi and Aiken, 2006; Stremlau et al., 2006; Kutluay et al., 2013; Yang et al., 2013). It has thus been proposed that uncoating still occurs in the cytoplasm (Miller et al., 1997; Fassati and Goff, 2001) but delayed with respect to viral entry (late cytoplasmic disassembly) and coupled with reverse transcription (Hulme et al., 2011; Cosnefroy et al., 2016). A longer presence of an assembled capsid in the cytoplasm appeared also more plausible since it accounted for the protective role of the capsid from the exposure of the viral genome to host restriction factors and to the potential activation of the IFN-mediated antiviral response (Iwasaki, 2012). To date, it is accepted that uncoating in the cytoplasm concerns a fraction of the infecting particles and that, in general, it is only partial, with capsid hexamers that remain associated with the RTC/PIC complex, where they exert important functions in late steps of the infectious cycle (see below).



Disassembly at the Nuclear Pore

As lentiviruses, unique among retroviruses, are able to infect non-replicating cells, entry into the nuclear compartment must proceed through the nuclear pore. Since the capsid core is larger than the nuclear pore, it was considered that the intact capsid could not be imported into the nucleus and, rather, it was blocked once docked at the level of the NPC (Arhel et al., 2007; Matreyek and Engelman, 2011; Schaller et al., 2011; Burdick et al., 2017; Francis and Melikyan, 2018; Francis et al., 2020; Zurnic Bönisch et al., 2020). Uncoating would then occur in situ, before import of the RTC/PIC could be possible. In support of this view came the measure of the time of residence of the viral complex at the nuclear pore that, for HIV-1, spans between 30 and 90 min (Burdick et al., 2017; Francis and Melikyan, 2018). Since macromolecular complexes of sizes similar to the RTC/PIC of HIV-1 have very short times of nuclear entry and a total binding time to the NPC of few milliseconds (Kelich et al., 2015), it was inferred that the longer time observed for HIV reflected the need for the capsid core to be dismantled and release the RTC/PIC. This way, the capsid core would protect the RTC/PIC from exposure to the proteasome until it has reached the proximity of the point of entry into the nucleus (Francis and Melikyan, 2018).



Nuclear Disassembly

Increasing evidence, though, supports the possibility that, despite the apparent incompatibility in terms of size, the capsid core enters the nucleus intact or almost intact, and disassembles only once inside it. It has indeed been shown that several host factors interact, at the nuclear level, with the assembled capsid rather than CA monomers (Matreyek and Engelman, 2011; Di Nunzio et al., 2012; Valle-Casuso et al., 2012; Chin et al., 2015; Buffone et al., 2018; Bejarano et al., 2019). Furthermore, assuming that uncoating is favored by reverse transcription (Hulme et al., 2011, 2015; Cosnefroy et al., 2016; Francis et al., 2016; Mamede et al., 2017; Rankovic et al., 2017), if it constitutes a requirement for nuclear import of the RTC/PIC, blocking reverse transcription would be expected to affect nuclear import. This was not the case though, while increasing evidence supports a model where reverse transcription is completed only once in the nucleus (Burdick et al., 2017, 2020; Francis and Melikyan, 2018; Bejarano et al., 2019; Dharan et al., 2020; Francis et al., 2020; Rensen et al., 2020; Selyutina et al., 2020b). The most compelling evidence in favor of the idea that uncoating can occur in the nucleus then came from a series of recent works (Burdick et al., 2020; Dharan et al., 2020; Selyutina et al., 2020b). By labeling the capsid core with the GFP, producing a GFP-CA fusion protein, Burdick and coworkers observed that the core enters the nucleus while still intact (or almost intact), that reverse transcription is completed, and, finally, that uncoating occurs close to the integration sites approximately 1.5 h before integration (Burdick et al., 2020). In a concomitant work, Dharan et al. (2020) employed an inducible blockade of nuclear import at different time points and then evaluated the fate of the capsid cores that had entered the nucleus. In this setting, two main observations were made. One was that the completion of reverse transcription, as inferred by sensitivity to treatment with an inhibitor of reverse transcription, was posterior to nuclear import. The second observation was that, even after blocking nuclear import, the infection was susceptible to treatment with PF74. Since this compound inhibits infection through binding specifically the interface between CA monomers, these observations indicated that assembled (or partially assembled) capsid cores were present in the nuclear fraction. Finally, the observations that uncoating and reverse transcription are completed in the nucleus, have also been confirmed by the biochemical analyses of the purified cytosolic and nuclear fractions in infected cells by Selyutina et al. (2020b).

These various models of dismantling of the capsid core are not mutually exclusive and it is possible that, depending on the cell type considered, the relative predominance of one or the other scenario is found. Might this be under the form of RTC/PIC deprived of CA, of a partially dismantled or of an intact capsid core, the viral element containing the genetic material must however, be translocated across the nuclear pore of the cell (Figure 4).
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FIGURE 4. Models for the timing of uncoating. HIV-1 enters the cell after recognition by the envelope glycoproteins of the cellular receptor CD4 (in gray) and the cellular co-receptor CXC4 or CCR5 (in black). This leads to the fusion of the cell and viral membranes and to the release of the capsid core in the cytoplasm. In the figure, the three models of uncoating covered in this review are depicted: the cytoplasmic uncoating (on the left), the uncoating at the nuclear pore complex (NPC) (in the center), and the nuclear uncoating (on the right). In each model the reverse transcription of the viral genomic RNA (vRNA) (in red) into viral DNA (vDNA) (in green) has to be completed, allowing its integration in the host genome (in blue). The reverse transcription complex (RTC) is schematically shown as the association of a molecule of reverse transcriptase (RT, in purple) to the vRNA and single-stranded vDNA. The completed vDNA forms the pre-integration complex (PIC), shown as the double-stranded vDNA bound to a tetramer of integrase (IN, in orange).




GETTING INTO THE NUCLEUS, SOMEHOW

The main nuclear import pathway of HIV-1 appears as a relay race where the capsid core is passed from CypA to Nup358, which passes it across the nuclear pore to Nup153 that will finally pass it to CPSF6 (Figure 5). However, alternative pathways exist. Mutants N74D and A77V of CA, identified for their less efficient binding to CPSF6 no longer require CypA, Nup153, Nup358, and TNPO3 (Lee et al., 2010; Schaller et al., 2011; Ambrose et al., 2012; Saito et al., 2016; Buffone et al., 2018). Despite this, they retain levels of infectivity comparable to those of the wt viruses, in primary cells. This suggests that, in these cells, alternative pathways are favored by these mutations. Concomitantly, these mutations induce uncoating at the nuclear pore and shift the integration sites to perinuclear regions (Burdick et al., 2020), in line with studies that show the importance of CPSF6 for nuclear import and the choice of the integration sites (Chin et al., 2015; Rasheedi et al., 2016; Sowd et al., 2016; Achuthan et al., 2018; Francis and Melikyan, 2018; Bejarano et al., 2019). Along the same lines, blocking transport across the nuclear pore by an inducible NPC blockade (Dharan et al., 2020), neither abolished nuclear import of the capsid nor blocked infection, indicating that nuclear pores can present a heterogeneous composition of nucleoporins and that factors alternative to the canonical Nup153, Nup358, and TNPO3 can also be used by the virus to achieve integration, in accordance with previous observations (Dicks et al., 2018; Kane et al., 2018). It is tempting to speculate that the use of these alternative factors is indicative of ancestral, less efficient, pathways at the expense of which the current canonical pathways of infection have evolved. On this note, the interaction between CA and CPSF6 seems to be preserved by selective pressure in vivo (Henning et al., 2014; Saito et al., 2016). This shift in the nuclear entry pathway would be a consequence of the use of previously unemployed cellular cofactors that allowed to optimize various steps of the infectious cycle and to improve escape from innate immunity.
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FIGURE 5. Relay race of the capsid core in the host cell. From left to right a temporal view of how CA is passed between host factors in its trip toward the nucleus. The capsid core is schematically represented as a purple triangle with two host factors binding sites highlighted: the CypA binding-loop (the circle) and the NTD-CTD pocket (the square). The first to bind to the core is CypA, which recognizes the CypA-binding domain, located in the CA-NTD. The same binding site is recognized by Nup358 and its binding anchors the capsid core at the NPC, allowing its nuclear import. Then, Nup153 binds to the NTD-CTD pocket of the assembled capsid, which is the same recognition site of CPSF6. When CPSF6 takes the place of Nup153 on the binding site it can translocate the capsid core (intact or not) to deeper nuclear regions.


Size also matters for nuclear import. Depending on where disassembly occurs (Figure 4), the nature and, consequently, the size of the complex that must cross the nuclear barrier changes considerably. The intact capsid core is around 60 nm wide (Briggs et al., 2003) while the nuclear pore is no larger than 40 nm (Von Appen et al., 2015). As discussed above this incongruence has long been considered a reason to exclude the possibility that the intact capsid core can be imported into the nucleus. Recently, by using a new method of visualization of capsid cores, based on immunogold labeling, Blanco-Rodriguez et al. (2020) showed that the capsid core undergoes important structural rearrangements before, during, and after nuclear import, leading to the formation of a pearl necklace-like shape that decorates the reverse transcribed DNA. The CA molecules, present in this structure that is considerably less wide than the intact capsid, could more easily mediate nuclear import. The possibility that structural rearrangements also involve the nuclear pore counterpart has been foreseen. Indeed, the NPC displays a marked structural flexibility that can be involved in the passage of large complexes as viral capsids (Knockenhauer and Schwartz, 2016; Mahamid et al., 2016). Furthermore, recent measurements of the inner diameter of the NPC by using cryo-EM on intact infected T cells have estimated a width of the internal channel of the pore of 64 nm, thereby slightly larger than the capsid core (Zila et al., 2021). The structure of the nuclear pore was dilated rather than rearranged with respect to previous observations made on HeLa cells where the canal appeared considerably narrower (Von Appen et al., 2015). In conclusion, increasing evidence supports the view that still “structured” capsid cores do enter the nucleus, this might be due to either partial uncoating that induces higher plasticity of the capsid core, either to structural rearrangements of the nuclear pore, either both.



GENETIC FRAGILITY OF THE CAPSID: A MARK OF MULTIPLE CONSTRAINTS?

The retroviral capsid core is responsible for chaperoning the viral genetic material all along from the fusion of the viral and cellular membranes till its entry (or even after) into the nucleus. To accomplish this, the mature CA protein must meet several structural requirements to retain its ability to multimerize in order to assemble into the capsid core (and this relying on two different types of contacts, one giving rise to CA hexamers, the other generating pentamers, as discussed above), to interact with numerous cellular factors (Table 1) and to escape from adaptive immunity, being a target of cytotoxic T lymphocytes (CTLs) (Troyer et al., 2009). Furthermore, as a domain of Gag and Gag-Pol precursors, it must retain structural arrangements that do not interfere with the proteolytic processing of these molecules. Altogether, these constraints can account for the extreme genetic fragility of the protein (Rihn et al., 2013).

Genetic robustness is the ability to retain functionality when mutations are introduced in the protein (Visser et al., 2003; Wagner, 2005). Two main factors contribute to determining the genetic robustness of a protein. One is the number of functions the protein has to ensure and, consequently, the number of interactants it must come into contact with, in order to carry out its functions. The other is its architectural organization. For example, the presence of intrinsically disordered regions confers genetic robustness to proteins (Brown et al., 2002; Hultqvist et al., 2017). In the case of HIV-1 CA, the high number of partners it interacts with is likely the main determinant.

Local fluctuations in the degree of fragility are observed in CA. Internal regions of the protein are less tolerant of mutations as well as helices regions in the NTD rather than in the CTD and in the interhelical loops among which, surprisingly, the loop interacting with CypA. In particular, the region with the highest fragility is the one encoding the alpha-helices present in the NTD (Manocheewa et al., 2013; Rihn et al., 2013). This region is responsible, in the assembled core, for the interaction of each monomer with each other on the internal side of the hexamer, to form the internal ring (Figure 2B; Li et al., 2000; Pornillos et al., 2009, 2011). In addition, NTDs interact with the CTDs of adjacent monomers on the external portion of the CA (Lanman et al., 2003, 2004; Pornillos et al., 2009). These interactions must be finely tuned since during the extracellular life of the virus they must be stable enough to maintain a closed capsid core, but once inside the target cell they must allow the progressive dismantling of the structure, with the appropriate timing, as discussed above (Forshey et al., 2002). Maintaining this delicate equilibrium can account for the fragility of these regions. Of particular interest are the epitopes recognized by CTLs that appear particularly vulnerable to the introduction of genetic polymorphisms. A similar situation is found for the external regions of the HIV-1 envelope, which are the target of heavy artillery by the immune response, in this case humoral. It has been shown that in these regions the genomic sequence has evolved in such a way as to reduce the mutation rate (Geller et al., 2015), an observation interpreted as a mechanism to limit the cost of deleterious mutations, particularly high in these regions (Simon-Loriere et al., 2009; Hamoudi et al., 2013; Gasser et al., 2016). Marked genetic fragility could therefore constitute a common signature of regions under strong immune selection. Finally, several mutations that have a positive effect on viral replication in vitro were not found in natural populations, suggesting the existence of additional, presently unknown, sources of selection that counterselect some positive mutants but not others (Rihn et al., 2013). Identifying these sources of selection appears an important step for understanding the molecular bases of successful viral replication in vivo.

The marked genetic fragility of the capsid therefore likely derives from the cumulative requirements for interacting with a plethora of cellular factors that the virus has learned to deal with, for an optimal adaptation to its host. This fragility is probably responsible for the limited capacity of the capsid to avoid the immune response of the host (Troyer et al., 2009) and encourages to design new drugs targeting this protein. Drugs from which, in strict analogy to what occurs for the immune response, it should be difficult to escape.



CONCLUDING REMARKS

The ultimate goal of a retrovirus is to reach the genetic material of the infected cell to integrate its own. To do so, the infectious cycle passes through two phases, an extracellular and an intracellular one. For each of these, a shell has been optimized. We now know that, as many vulnerable aspects of the envelope proteins are largely not accessible until the target cell has not been reached, also for the intracellular delivery of its genetic material, the virus does not leave a large window of opportunity for the host cell to sense and attack its genetic material. This, until the final destination is almost reached.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

Work in MN’s laboratory is supported by Sidaction and the ANRS (Franch Agency for Rasearches on AIDS and viral hepatitis). ET is recipient of a doctoral contract from the ANRS.



REFERENCES

Accola, M. A., Strack, B., and Göttlinger, H. G. (2000). Efficient particle production by minimal Gag constructs which retain the carboxy-terminal domain of human immunodeficiency virus type 1 Capsid-p2 and a late assembly domain. J. Virol. 74, 5395–5402. doi: 10.1128/jvi.74.12.5395-5402.2000

Achuthan, V., Perreira, J. M., Sowd, G. A., Puray-Chavez, M., McDougall, W. M., Paulucci-Holthauzen, A., et al. (2018). Capsid-CPSF6 interaction licenses nuclear HIV-1 trafficking to sites of viral DNA integration. Cell Host Microbe 24, 392–404.e8. doi: 10.1016/j.chom.2018.08.002

Ambrose, Z., Lee, K., Ndjomou, J., Xu, H., Oztop, I., Matous, J., et al. (2012). Human immunodeficiency virus type 1 capsid mutation N74D alters cyclophilin a dependence and impairs macrophage infection. J. Virol. 86, 4708–4714. doi: 10.1128/jvi.05887-11

Anderson, J. L., Campbell, E. M., Wu, X., Vandegraaff, N., Engelman, A., and Hope, T. J. (2006). Proteasome inhibition reveals that a functional preintegration complex intermediate can be generated during restriction by diverse TRIM5 proteins. J. Virol. 80, 9754–9760. doi: 10.1128/jvi.01052-06

Arhel, N. J., Souquere-Besse, S., Munier, S., Souque, P., Guadagnini, S., Rutherford, S., et al. (2007). HIV-1 DNA Flap formation promotes uncoating of the pre-integration complex at the nuclear pore. EMBO J. 26, 3025–3037. doi: 10.1038/sj.emboj.7601740

Bejarano, D. A., Peng, K., Laketa, V., Börner, K., Jost, K. L., Lucic, B., et al. (2019). HIV-1 nuclear import in macrophages is regulated by CPSF6-capsid interactions at the nuclear pore complex. ELife 8:e41800. doi: 10.7554/eLife.41800

Besnier, C., Takeuchi, Y., and Towers, G. (2002). Restriction of lentivirus in monkeys. Proc. Natl. Acad. Sci. U.S.A. 99, 11920–11925. doi: 10.1073/pnas.172384599

Bharat, T. A. M., Davey, N. E., Ulbrich, P., Riches, J. D., De Marco, A., Rumlova, M., et al. (2012). Structure of the immature retroviral capsid at 8Å resolution by cryo-electron microscopy. Nature 487, 385–389. doi: 10.1038/nature11169

Bhattacharya, A., Alam, S. L., Fricke, T., Zadrozny, K., Sedzicki, J., Taylor, A. B., et al. (2014). Structural basis of HIV-1 capsid recognition by PF74 and CPSF6. Proc. Natl. Acad. Sci. U.S.A. 111, 18625–18630. doi: 10.1073/pnas.1419945112

Bichel, K., Price, A. J., Schaller, T., Towers, G. J., Freund, S. M. V., and James, L. C. (2013). HIV-1 capsid undergoes coupled binding and isomerization by the nuclear pore protein NUP358. Retrovirology 10:81. doi: 10.1186/1742-4690-10-81

Blanco-Rodriguez, G., Gazi, A., Monel, B., Frabetti, S., Scoca, V., Mueller, F., et al. (2020). Remodeling of the core leads HIV-1 preintegration complex into the nucleus of human lymphocytes. J. Virol. 94, 1–20. doi: 10.1128/jvi.00135-20

Bosco, D. A., Eisenmesser, E. Z., Pochapsky, S., Sundquist, W. I., and Kern, D. (2002). Catalysis of cis/trans isomerization in native HIV-1 capsid by human cyclophilin A. Proc. Natl. Acad. Sci. U.S.A. 99, 5247–5252. doi: 10.1073/pnas.082100499

Braaten, D., Aberham, C., Franke, E. K., Yin, L., Phares, W., and Luban, J. (1996a). Cyclosporine A-resistant human immunodeficiency virus type 1 mutants demonstrate that Gag encodes the functional target of cyclophilin A. J. Virol. 70, 5170–5176. doi: 10.1128/jvi.70.8.5170-5176.1996

Braaten, D., Franke, E. K., and Luban, J. (1996b). Cyclophilin A is required for an early step in the life cycle of human immunodeficiency virus type 1 before the initiation of reverse transcription. J. Virol. 70, 3551–3560. doi: 10.1128/jvi.70.6.3551-3560.1996

Brass, A. L., Dykxhoorn, D. M., Benita, Y., Yan, N., Engelman, A., Xavier, R. J., et al. (2008). Identification of host proteins required for HIV infection through a functional genomic screen. Science 319, 921–926. doi: 10.1126/science.1152725

Briggs, J. A. G., Riches, J. D., Glass, B., Bartonova, V., Zanetti, G., and Kräusslich, H. G. (2009). Structure and assembly of immature HIV. Proc. Natl. Acad. Sci. U.S.A. 106, 11090–11095. doi: 10.1073/pnas.0903535106

Briggs, J. A. G., Wilk, T., Welker, R., Kräusslich, H. G., and Fuller, S. D. (2003). Structural organization of authentic, mature HIV-1 virions and cores. EMBO J. 22, 1707–1715. doi: 10.1093/emboj/cdg143

Brown, C. J., Takayama, S., Campen, A. M., Vise, P., Marshall, T. W., Oldfield, C. J., et al. (2002). Evolutionary rate heterogeneity in proteins with long disordered regions. J. Mol. Evol. 55, 104–110. doi: 10.1007/s00239-001-2309-6

Buffone, C., Kutzner, J., Opp, S., Martinez-Lopez, A., Selyutina, A., Coggings, S. A., et al. (2019). The ability of SAMHD1 to block HIV-1 but not SIV requires expression of MxB. Virology 531, 260–268. doi: 10.1016/j.virol.2019.03.018

Buffone, C., Martinez-Lopez, A., Fricke, T., Opp, S., Severgnini, M., Cifola, I., et al. (2018). Nup153 unlocks the nuclear pore complex for HIV-1 nuclear translocation in nondividing cells. J. Virol. 92, 1–29. doi: 10.1128/JVI.00648-18

Bukrinsky, M. I., Sharova, N., Mcdonald, T. L., Pushkarskaya, T., Tarpley, W. G., and Stevenson, M. (1993). Association of integrase, matrix, and reverse transcriptase antigens of human immunodeficiency virus type 1 with viral nucleic acids following acute infection. Proc. Natl. Acad. Sci. U.S.A. 90, 6125–6129. doi: 10.1073/pnas.90.13.6125

Burdick, R. C., Delviks-Frankenberry, K. A., Chen, J., Janaka, S. K., Sastri, J., Hu, W. S., et al. (2017). Dynamics and regulation of nuclear import and nuclear movements of HIV-1 complexes. PLoS Pathog. 13:e1006570. doi: 10.1371/journal.ppat.1006570

Burdick, R. C., Li, C., Munshi, M., Rawson, J. M. O., Nagashima, K., Hu, W.-S., et al. (2020). HIV-1 uncoats in the nucleus near sites of integration. Proc. Natl. Acad. Sci. U.S.A. 117, 5486–5493. doi: 10.1073/pnas.1920631117

Byeon, I. J. L., Meng, X., Jung, J., Zhao, G., Yang, R., Ahn, J., et al. (2009). Structural convergence between Cryo-EM and NMR reveals intersubunit interactions critical for HIV-1 capsid function. Cell 139, 780–790. doi: 10.1016/j.cell.2009.10.010

Cardone, G., Purdy, J. G., Cheng, N., Craven, R. C., and Steven, A. C. (2009). Visualization of a missing link in retrovirus capsid assembly. Nature 457, 694–698. doi: 10.1038/nature07724

Carnes, S. K., Sheehan, J. H., and Aiken, C. (2018). Inhibitors of the HIV-1 capsid, a target of opportunity. Curr. Opin. HIV AIDS 13, 359–365. doi: 10.1097/COH.0000000000000472

Chin, C. R., Perreira, J. M., Savidis, G., Portmann, J. M., Aker, A. M., Feeley, E. M., et al. (2015). Direct visualization of HIV-1 replication intermediates shows that capsid and CPSF6 modulate HIV-1 intra-nuclear invasion and integration. Cell Rep. 13, 1717–1731. doi: 10.1016/j.celrep.2015.10.036

Christ, F., Thys, W., De Rijck, J., Gijsbers, R., Albanese, A., Arosio, D., et al. (2008). Transportin-SR2 imports HIV into the nucleus. Curr. Biol. 18, 1192–1202. doi: 10.1016/j.cub.2008.07.079

Coffin, J. M., Hughes, S. H., and Varmus, H. E. (1997). Retroviruses. Cold Spring Harbor NY: Cold Spring Harbor Laboratory Press.

Cosnefroy, O., Murray, P. J., and Bishop, K. N. (2016). HIV-1 capsid uncoating initiates after the first strand transfer of reverse transcription. Retrovirology 13:58. doi: 10.1186/s12977-016-0292-7

Cowan, S., Hatziioannou, T., Cunningham, T., Muesing, M. A., Gottlinger, H. G., and Bieniasz, P. D. (2002). Cellular inhibitors with Fv1-like activity restrict human and simian immunodeficiency virus tropism. Proc. Natl. Acad. Sci. U.S.A. 99, 11914–11919. doi: 10.1073/pnas.162299499

Crameri, M., Bauer, M., Caduff, N., Walker, R., Steiner, F., Franzoso, F. D., et al. (2018). MxB is an interferon-induced restriction factor of human herpesviruses. Nat. Commun. 9:1980. doi: 10.1038/s41467-018-04379-2

Danielson, C. M., Cianci, G. C., and Hope, T. J. (2012). Recruitment and dynamics of proteasome association with rhTRIM5α cytoplasmic complexes during HIV-1 infection. Traffic 13, 1206–1217. doi: 10.1111/j.1600-0854.2012.01381.x

De Iaco, A., Santoni, F., Vannier, A., Guipponi, M., Antonarakis, S., and Luban, J. (2013). TNPO3 protects HIV-1 replication from CPSF6-mediated capsid stabilization in the host cell cytoplasm. Retrovirology 10:20. doi: 10.1186/1742-4690-10-20

De Marco, A., Müller, B., Glass, B., Riches, J. D., Kräusslich, H. G., and Briggs, J. A. G. (2010). Structural analysis of HIV-1 maturation using cryo- electron tomography. PLoS Pathog. 6:e1001215. doi: 10.1371/journal.ppat.1001215

Dharan, A., Bachmann, N., Talley, S., Zwikelmaier, V., and Campbell, E. M. (2020). Nuclear pore blockade reveals that HIV-1 completes reverse transcription and uncoating in the nucleus. Nat. Microbiol. 5, 1088–1095. doi: 10.1038/s41564-020-0735-8

Dharan, A., Opp, S., Abdel-Rahim, O., Keceli, S. K., Imam, S., Diaz-Griffero, F., et al. (2017). Bicaudal D2 facilitates the cytoplasmic trafficking and nuclear import of HIV-1 genomes during infection. Proc. Natl. Acad. Sci. U.S.A. 114, E10707–E10716. doi: 10.1073/pnas.1712033114

Dharan, A., Talley, S., Tripathi, A., Mamede, J. I., Majetschak, M., Hope, T. J., et al. (2016). KIF5B and Nup358 cooperatively mediate the nuclear import of HIV-1 during infection. PLoS Pathog. 12:e1005700. doi: 10.1371/journal.ppat.1005700

Di Nunzio, F., Danckaert, A., Fricke, T., Perez, P., Fernandez, J., Perret, E., et al. (2012). Human nucleoporins promote HIV-1 docking at the nuclear pore, nuclear import and integration. PLoS One 7:e46037. doi: 10.1371/journal.pone.0046037

Di Nunzio, F., Fricke, T., Miccio, A., Valle-Casuso, J. C., Perez, P., Souque, P., et al. (2013). Nup153 and Nup98 bind the HIV-1 core and contribute to the early steps of HIV-1 replication. Virology 440, 8–18. doi: 10.1016/j.virol.2013.02.008

Diaz-Griffero, F., Li, X., Javanbakht, H., Song, B., Welikala, S., Stremlau, M., et al. (2006). Rapid turnover and polyubiquitylation of the retroviral restriction factor TRIM5. Virology 349, 300–315. doi: 10.1016/j.virol.2005.12.040

Dicks, M. D. J., Betancor, G., Jimenez-Guardeño, J. M., Pessel-Vivares, L., Apolonia, L., Goujon, C., et al. (2018). Multiple components of the nuclear pore complex interact with the amino-terminus of MX2 to facilitate HIV-1 restriction. PLoS Pathog. 14:e1007408. doi: 10.1371/journal.ppat.1007408

Dochi, T., Nakano, T., Inoue, M., Takamune, N., Shoji, S., Sano, K., et al. (2014). Phosphorylation of human immunodeficiency virus type 1 capsid protein at serine 16, required for peptidyl-prolyl isomerase-dependent uncoating, is mediated by virion-incorporated extracellular signal-regulated kinase 2. J. Gen. Virol. 95, 1156–1166. doi: 10.1099/vir.0.060053-0

Fassati, A., and Goff, S. P. (2001). Characterization of intracellular reverse transcription complexes of human immunodeficiency virus type 1. J. Virol. 75, 3626–3635. doi: 10.1128/jvi.75.8.3626-3635.2001

Fernandez, J., Machado, A. K., Lyonnais, S., Chamontin, C., Gärtner, K., Léger, T., et al. (2019). Transportin-1 binds to the HIV-1 capsid via a nuclear localization signal and triggers uncoating. Nat. Microbiol. 4, 1840–1850. doi: 10.1038/s41564-019-0575-6

Fletcher, A. J., Vaysburd, M., Maslen, S., Zeng, J., Skehel, J. M., Towers, G. J., et al. (2018). Trivalent RING assembly on retroviral capsids activates TRIM5 ubiquitination and innate immune signaling. Cell Host Microbe 24, 761–775.e6. doi: 10.1016/j.chom.2018.10.007

Forshey, B. M., Shi, J., and Aiken, C. (2005). Structural requirements for recognition of the human immunodeficiency virus type 1 core during host restriction in owl monkey cells. J. Virol. 79, 869–875. doi: 10.1128/jvi.79.2.869-875.2005

Forshey, B. M., Von Schwedler, U., Sundquist, W. I., and Aiken, C. (2002). Formation of a human immunodeficiency virus type 1 core of optimal stability is crucial for viral replication. J. Virol. 76, 5667–5677. doi: 10.1128/jvi.76.11.5667-5677.2002

Francis, A. C., Marin, M., Prellberg, M. J., Palermino-Rowland, K., and Melikyan, G. B. (2020). HIV-1 uncoating and nuclear import precede the completion of reverse transcription in cell lines and in primary macrophages. Viruses 12:1234. doi: 10.3390/v12111234

Francis, A. C., Marin, M., Shi, J., Aiken, C., and Melikyan, G. B. (2016). Time-Resolved imaging of single HIV-1 uncoating in vitro and in living cells. PLoS Pathog. 12:e1005709. doi: 10.1371/journal.ppat.1005709

Francis, A. C., and Melikyan, G. B. (2018). Single HIV-1 imaging reveals progression of infection through CA-dependent steps of docking at the nuclear pore, uncoating, and nuclear transport. Cell Host Microbe 23, 536–548.e6. doi: 10.1016/j.chom.2018.03.009

Franke, E. K., Yuan, H. E. H., and Luban, J. (1994). Specific incorporation of cyclophilin a into HIV-1 virions. Nature 372, 359–362. doi: 10.1038/372359a0

Fricke, T., Valle-Casuso, J. C., White, T. E., Brandariz-Nuñez, A., Bosche, W. J., Reszka, N., et al. (2013). The ability of TNPO3-depleted cells to inhibit HIV-1 infection requires CPSF6. Retrovirology 10:46. doi: 10.1186/1742-4690-10-46

Gamble, T. R., Vajdos, F. F., Yoo, S., Worthylake, D. K., Houseweart, M., Sundquist, W. I., et al. (1996). Crystal structure of human cyclophilin A bound to the amino-terminal domain of HIV-1 capsid. Cell 87, 1285–1294. doi: 10.1016/S0092-8674(00)81823-1

Gamble, T. R., Yoo, S., Vajdos, F. F., Von Schwedler, U. K., Worthylake, D. K., Wang, H., et al. (1997). Structure of the carboxyl-terminal dimerization domain of the HIV-1 capsid protein. Science 278, 849–853. doi: 10.1126/science.278.5339.849

Ganser, B. K., Li, S., Klishko, V. Y., Finch, J. T., and Sundquist, W. I. (1999). Assembly and analysis of conical models for the HIV-1 core. Science 283, 80–83. doi: 10.1126/science.283.5398.80

Ganser-Pornillos, B. K., Cheng, A., and Yeager, M. (2007). Structure of full-length HIV-1 CA: a model for the mature capsid lattice. Cell 131, 70–79. doi: 10.1016/j.cell.2007.08.018

Ganser-Pornillos, B. K., Von Schwedler, U. K., Stray, K. M., Aiken, C., and Sundquist, W. I. (2004). Assembly properties of the human immunodeficiency virus type 1 CA protein. J. Virol. 78, 2545–2552. doi: 10.1128/jvi.78.5.2545-2552.2004

Gao, D., Wu, Y.-T., Aroh, C., Yan, N., Sun, L., Wu, J., et al. (2013). Cyclic GMP-AMP synthase is an innate immune sensor of HIV and other retroviruses - follow up paper couple months later. Science 339, 786–791. doi: 10.1126/science.1229963

Gao, S., Von der Malsburg, A., Dick, A., Faelber, K., Schröder, G. F., Haller, O., et al. (2011). Structure of myxovirus resistance protein a reveals intra- and intermolecular domain interactions required for the antiviral function. Immunity 35, 514–525. doi: 10.1016/j.immuni.2011.07.012

Gasser, R., Hamoudi, M., Pellicciotta, M., Zhou, Z., Visdeloup, C., Colin, P., et al. (2016). Buffering deleterious polymorphisms in highly constrained parts of HIV-1 envelope by flexible regions. Retrovirology 13:50. doi: 10.1186/s12977-016-0285-6

Geller, R., Domingo-Calap, P., Cuevas, J. M., Rossolillo, P., Negroni, M., and Sanjuán, R. (2015). The external domains of the HIV-1 envelope are a mutational cold spot. Nat. Commun. 6:8571. doi: 10.1038/ncomms9571

Gilbert, C., Maxfield, D. G., Goodman, S. M., and Feschotte, C. (2009). Parallel germline infiltration of a lentivirus in two malagasy lemurs. PLoS Genet. 5:e1000425. doi: 10.1371/journal.pgen.1000425

Gitti, R. K., Lee, B. M., Walker, J., Summers, M. F., Yoo, S., and Sundquist, W. I. (1996). Structure of the amino-terminal core domain of the HIV-1 capsid protein. Science 273, 231–235. doi: 10.1126/science.273.5272.231

Goldstone, D. C., Yap, M. W., Robertson, L. E., Haire, L. F., Taylor, W. R., Katzourakis, A., et al. (2010). Structural and functional analysis of prehistoric lentiviruses uncovers an ancient molecular interface. Cell Host Microbe 8, 248–259. doi: 10.1016/j.chom.2010.08.006

Goujon, C., Greenbury, R. A., Papaioannou, S., Doyle, T., and Malim, M. H. (2015). A triple-arginine motif in the amino-terminal domain and oligomerization are required for HIV-1 inhibition by human MX2. J. Virol. 89, 4676–4680. doi: 10.1128/jvi.00169-15

Goujon, C., Moncorgé, O., Bauby, H., Doyle, T., Ward, C. C., Schaller, T., et al. (2013). Human MX2 is an interferon-induced post-entry inhibitor of HIV-1 infection. Nature 502, 559–562. doi: 10.1038/nature12542

Hamoudi, M., Simon-Loriere, E., Gasser, R., and Negroni, M. (2013). Genetic diversity of the highly variable V1 region interferes with human immunodeficiency virus type 1 envelope functionality. Retrovirology 10:114. doi: 10.1186/1742-4690-10-114

Hatziioannou, T., Perez-Caballero, D., Cowan, S., and Bieniasz, P. D. (2005). Cyclophilin interactions with incoming human immunodeficiency virus type 1 capsids with opposing effects on infectivity in human cells. J. Virol. 79, 176–183. doi: 10.1128/JVI.79.1.176-183.2005

Hatziioannou, T., Perez-Caballero, D., Yang, A., Cowan, S., and Bieniasz, P. D. (2004). Retrovirus resistance factors Ref1 and Lv1 are species-specific variants of TRIM5α. Proc. Natl. Acad. Sci. U.S.A. 101, 10774–10779. doi: 10.1073/pnas.0402361101

Henderson, L. E., Bowers, M. A., Sowder, R. C., Serabyn, S. A., Johnson, D. G., Bess, J. W., et al. (1992). Gag proteins of the highly replicative MN strain of human immunodeficiency virus type 1: posttranslational modifications, proteolytic processings, and complete amino acid sequences. J. Virol. 66, 1856–1865. doi: 10.1128/jvi.66.4.1856-1865.1992

Henning, M. S., Dubose, B. N., Burse, M. J., Aiken, C., and Yamashita, M. (2014). In vivo functions of CPSF6 for HIV-1 as revealed by HIV-1 capsid evolution in HLA-B27-positive subjects. PLoS Pathog. 10:e1003868. doi: 10.1371/journal.ppat.1003868

Hofmann, W., Schubert, D., LaBonte, J., Munson, L., Gibson, S., Scammell, J., et al. (1999). Species-specific, postentry barriers to primate immunodeficiency virus infection. J. Virol. 73, 10020–10028. doi: 10.1128/jvi.73.12.10020-10028.1999

Huang, P. T., Summers, B. J., Xu, C., Perilla, J. R., Malikov, V., Naghavi, M. H., et al. (2019). FEZ1 is recruited to a conserved cofactor site on capsid to promote HIV-1 trafficking. Cell Rep. 28, 2373–2385.e7. doi: 10.1016/j.celrep.2019.07.079

Hulme, A. E., Kelley, Z., Foley, D., and Hope, T. J. (2015). Complementary assays reveal a low level of CA associated with viral complexes in the nuclei of HIV-1-infected cells. J. Virol. 89, 5350–5361. doi: 10.1128/jvi.00476-15

Hulme, A. E., Perez, O., and Hope, T. J. (2011). Complementary assays reveal a relationship between HIV-1 uncoating and reverse transcription. Proc. Natl. Acad. Sci. U.S.A. 108, 9975–9980. doi: 10.1073/pnas.1014522108

Hultqvist, G., Åberg, E., Camilloni, C., Sundell, G. N., Andersson, E., Dogan, J., et al. (2017). Emergence and evolution of an interaction between intrinsically disordered proteins. ELife 6:e16059. doi: 10.7554/eLife.16059

Hutten, S., Wälde, S., Spillner, C., Hauber, J., and Kehlenbach, R. H. (2009). The nuclear pore component Nup358 promotes transportin-dependent nuclear import. J. Cell Sci. 122, 1100–1110. doi: 10.1242/jcs.040154

Imam, S., Talley, S., Nelson, R. S., Dharan, A., O’Connor, C., Hope, T. J., et al. (2016). TRIM5α degradation via autophagy is not required for retroviral restriction. J. Virol. 90, 3400–3410. doi: 10.1128/jvi.03033-15

Iwasaki, A. (2012). Innate immune recognition of HIV-1. Immunity 37, 389–398. doi: 10.1016/j.immuni.2012.08.011

Jacks, T., Powert, M. D., Masiarzt, F. R., Luciwt, P. A., Barrt, P. J., and Varmus, H. E. (1987). Characterization of ribosomal frameshifting in HIV-1 gag-pol expression. Nature 331, 280–283.

Jaguva Vasudevan, A. A., Bähr, A., Grothmann, R., Singer, A., Häussinger, D., Zimmermann, A., et al. (2018). MXB inhibits murine cytomegalovirus. Virology 522, 158–167. doi: 10.1016/j.virol.2018.07.017

Jang, S., Cook, N. J., Pye, V. E., Bedwell, G. J., Dudek, A. M., Singh, P. K., et al. (2019). Differential role for phosphorylation in alternative polyadenylation function versus nuclear import of SR-like protein CPSF6. Nucleic Acids Res. 47, 4663–4683. doi: 10.1093/nar/gkz206

Jimenez-Guardeño, J. M., Apolonia, L., Betancor, G., and Malim, M. H. (2019). Immunoproteasome activation enables human TRIM5α restriction of HIV-1. Nat. Microbiol. 4, 933–940. doi: 10.1038/s41564-019-0402-0

Kane, M., Rebensburg, S. v., Takata, M. A., Zang, T. M., Yamashita, M., Kvaratskhelia, M., et al. (2018). Nuclear pore heterogeneity influences HIV-1 infection and the antiviral activity of MX2. ELife 7:e35738. doi: 10.7554/eLife.35738

Kane, M., Yadav, S. S., Bitzegeio, J., Kutluay, S. B., Zang, T., Wilson, S. J., et al. (2013). MX2 is an interferon-induced inhibitor of HIV-1 infection. Nature 502, 563–566. doi: 10.1038/nature12653

Kane, M., Zang, T. M., Rihn, S. J., Zhang, F., Kueck, T., Alim, M., et al. (2016). Identification of interferon-stimulated genes with antiretroviral activity. Cell Host Microbe 20, 392–405. doi: 10.1016/j.chom.2016.08.005

Kataoka, N., Bachorik, J. L., and Dreyfuss, G. (1999). Transportin-SR, a nuclear import receptor for SR proteins. J. Cell Biol. 145, 1145–1152. doi: 10.1083/jcb.145.6.1145

Katzourakis, A., Tristem, M., Pybus, O. G., and Gifford, R. J. (2007). Discovery and analysis of the first endogenous lentivirus. Proc. Natl. Acad. Sci. U.S.A. 104, 6261–6265. doi: 10.1073/pnas.0700471104

Keckesova, Z., Ylinen, L. M. J., and Towers, G. J. (2004). The human and African green monkey TRIM5α genes encode Ref1 and Lv1 retroviral restriction factor activities. Proc. Natl. Acad. Sci. U.S.A. 101, 10780–10785. doi: 10.1073/pnas.0402474101

Kelich, J. M., Ma, J., Dong, B., Wang, Q., Chin, M., Magura, C. M., et al. (2015). Super-resolution imaging of nuclear import of adeno-associated virus in live cells. Mol. Ther. Methods Clin. Dev. 2:15047. doi: 10.1038/mtm.2015.47

Keown, J. R., Black, M. M., Ferron, A., Yap, M., Barnett, M. J., Grant Pearce, F., et al. (2018). A helical LC3-interacting region mediates the interaction between the retroviral restriction factor Trim5 and mammalian autophagy-related ATG8 proteins. J. Biol. Chem. 293, 18378–18386. doi: 10.1074/jbc.RA118.004202

Kim, K., Dauphin, A., Komurlu, S., McCauley, S. M., Yurkovetskiy, L., Carbone, C., et al. (2019). Cyclophilin A protects HIV-1 from restriction by human TRIM5α. Nat. Microbiol. 4, 2044–2051. doi: 10.1038/s41564-019-0592-5

King, M. C., Raposo, G., and Lemmon, M. A. (2004). Inhibition of nuclear import and cell-cycle progression by mutated forms of the dynamin-like GTPase MxB. Proc. Natl. Acad. Sci. U.S.A. 101, 8957–8962. doi: 10.1073/pnas.0403167101

Knockenhauer, K. E., and Schwartz, T. U. (2016). The nuclear pore complex as a flexible and dynamic gate. Cell 164, 1162–1171. doi: 10.1016/j.cell.2016.01.034

Knott, G. J., Bond, C. S., and Fox, A. H. (2016). The DBHS proteins SFPQ, NONO and PSPC1: a multipurpose molecular scaffold. Nucleic Acids Res. 44, 3989–4004. doi: 10.1093/nar/gkw271

Koh, Y., Wu, X., Ferris, A. L., Matreyek, K. A., Smith, S. J., Lee, K., et al. (2013). Differential effects of human immunodeficiency virus type 1 capsid and cellular factors nucleoporin 153 and LEDGF/p75 on the efficiency and specificity of viral DNA integration. J. Virol. 87, 648–658. doi: 10.1128/jvi.01148-12

König, R., Zhou, Y., Elleder, D., Diamond, T. L., Bonamy, G. M. C., Irelan, J. T., et al. (2008). Global analysis of host-pathogen interactions that regulate early-stage HIV-1 replication. Cell 135, 49–60. doi: 10.1016/j.cell.2008.07.032

Krishnan, L., Matreyek, K. A., Oztop, I., Lee, K., Tipper, C. H., Li, X., et al. (2010). The requirement for cellular transportin 3 (TNPO3 or TRN-SR2) during infection maps to human immunodeficiency virus type 1 capsid and not integrase. J. Virol. 84, 397–406. doi: 10.1128/jvi.01899-09

Kutluay, S. B., Perez-Caballero, D., and Bieniasz, P. D. (2013). Fates of retroviral core components during unrestricted and TRIM5-restricted infection. PLoS Pathog. 9:e1003214. doi: 10.1371/journal.ppat.1003214

Labokha, A. A., and Fassati, A. F. (2013). Viruses challenge selectivity barrier of nuclear pores. Viruses 5, 2410–2423. doi: 10.3390/v5102410

Lahaye, X., Gentili, M., Silvin, A., Conrad, C., Picard, L., Jouve, M., et al. (2018). NONO detects the nuclear HIV capsid to promote cGAS-mediated innate immune activation. Cell 175, 488–501.e22. doi: 10.1016/j.cell.2018.08.062

Lahaye, X., Satoh, T., Gentili, M., Cerboni, S., Conrad, C., Hurbain, I., et al. (2013). The capsids of HIV-1 and HIV-2 determine immune detection of the viral cDNA by the innate sensor cGAS in dendritic cells. Immunity 39, 1132–1142. doi: 10.1016/j.immuni.2013.11.002

Lai, M. C., Lin, R. I., Huang, S. Y., Tsai, C. W., and Tarn, W. Y. (2000). A human importin-β family protein, transportin-SR2, interacts with the phosphorylated RS domain of SR proteins. J. Biol. Chem. 275, 7950–7957. doi: 10.1074/jbc.275.11.7950

Lanman, J., Lam, T. K. T., Barnes, S., Sakalian, M., Emmett, M. R., Marshall, A. G., et al. (2003). Identification of novel interactions in HIV-1 capsid protein assembly by high-resolution mass spectrometry. J. Mol. Biol. 325, 759–772. doi: 10.1016/S0022-2836(02)01245-7

Lanman, J., Lam, T. K. T., Emmett, M. R., Marshall, A. G., Sakalian, M., and Prevelige, P. E. (2004). Key interactions in HIV-1 maturation identified by hydrogen-deuterium exchange. Nat. Struct. Mol. Biol. 11, 676–677. doi: 10.1038/nsmb790

Lee, K., Mulky, A., Yuen, W., Martin, T. D., Meyerson, N. R., Choi, L., et al. (2012). HIV-1 capsid-targeting domain of cleavage and polyadenylation specificity factor 6. J. Virol. 86, 3851–3860. doi: 10.1128/jvi.06607-11

Lee, K. E., Ambrose, Z., Martin, T. D., Oztop, I., Mulky, A., Julias, J. G., et al. (2010). Flexible use of nuclear import pathways by HIV-1. Cell Host Microbe 7, 221–233. doi: 10.1016/j.chom.2010.02.007

Li, S., Hill, C. P., Sundquist, W. I., and Finch, J. T. (2000). Image reconstructions of helical assemblies of the HIV-1 CA protein. Nature 407, 409–413. doi: 10.1038/35030177

Li, Y., Kar, A. K., and Sodroski, J. (2009). Target cell type-dependent modulation of human immunodeficiency virus type 1 capsid disassembly by cyclophilin A. J. Virol. 83, 10951–10962. doi: 10.1128/jvi.00682-09

Li, Y. L., Chandrasekaran, V., Carter, S. D., Woodward, C. L., Christensen, D. E., Dryden, K. A., et al. (2016). Primate TRIM5 proteins form hexagonal nets on HIV-1 capsids. ELife 5:e16269. doi: 10.7554/eLife.16269

Liu, C., Perilla, J. R., Ning, J., Lu, M., Hou, G., Ramalho, R., et al. (2016). Cyclophilin A stabilizes the HIV-1 capsid through a novel non-canonical binding site. Nat. Commun. 7:10714. doi: 10.1038/ncomms10714

Liu, Z., Pan, Q., Ding, S., Qian, J., Xu, F., Zhou, J., et al. (2013). The interferon-inducible MxB protein inhibits HIV-1 infection. Cell Host Microbe 14, 398–410. doi: 10.1016/j.chom.2013.08.015

Logue, E. C., Taylor, K. T., Goff, P. H., and Landau, N. R. (2011). The cargo-binding domain of transportin 3 is required for lentivirus nuclear import. J. Virol. 85, 12950–12961. doi: 10.1128/jvi.05384-11

Lu, M., Hou, G., Zhang, H., Suiter, C. L., Ahn, J., Byeon, I. J. L., et al. (2015). Dynamic allostery governs cyclophilin A-HIV capsid interplay. Proc. Natl. Acad. Sci. U.S.A. 112, 14617–14622. doi: 10.1073/pnas.1516920112

Lu, M., Russell, R. W., Bryer, A. J., Quinn, C. M., Hou, G., Zhang, H., et al. (2020). Atomic-resolution structure of HIV-1 capsid tubes by magic-angle spinning NMR. Nat. Struct. Mol. Biol. 27, 863–869. doi: 10.1038/s41594-020-0489-2

Luban, J., Bossolt, K. L., Franke, E. K., Kalpana, G. v., and Goff, S. P. (1993). Human immunodeficiency virus type 1 Gag protein binds to cyclophilins A and B. Cell 73, 1067–1078. doi: 10.1016/0092-8674(93)90637-6

Lukic, Z., Dharan, A., Fricke, T., Diaz-Griffero, F., and Campbell, E. M. (2014). HIV-1 uncoating is facilitated by dynein and kinesin 1. J. Virol. 88, 13613–13625. doi: 10.1128/jvi.02219-14

Lukic, Z., Hausmann, S., Sebastian, S., Rucci, J., Sastri, J., Robia, S. L., et al. (2011). TRIM5α associates with proteasomal subunits in cells while in complex with HIV-1 virions. Retrovirology 8:93. doi: 10.1186/1742-4690-8-93

Maertens, G. N., Cook, N. J., Wang, W., Hare, S., Gupta, S. S., Öztop, I., et al. (2014). Structural basis for nuclear import of splicing factors by human Transportin 3. Proc. Natl. Acad. Sci. U.S.A. 111, 2728–2733. doi: 10.1073/pnas.1320755111

Mahamid, J., Pfeffer, S., Schaffer, M., Villa, E., Danev, R., Cuellar, L. K., et al. (2016). Visualizing the molecular sociology at the HeLa cell nuclear periphery. Science 351, 969–972. doi: 10.1126/science.aad8857

Malfavon-Borja, R., Wu, L. I., Emerman, M., and Malik, H. S. (2013). Birth, decay, and reconstruction of an ancient TRIMCyp gene fusion in primate genomes. Proc. Natl. Acad. Sci. U.S.A. 110, E583-E592. doi: 10.1073/pnas.1216542110

Malikov, V., da Silva, E. S., Jovasevic, V., Bennett, G., de Souza Aranha Vieira, D. A., Schulte, B., et al. (2015). HIV-1 capsids bind and exploit the kinesin-1 adaptor FEZ1 for inward movement to the nucleus. Nat. Commun. 6:7660. doi: 10.1038/ncomms7660

Mamede, J. I., Cianci, G. C., Anderson, M. R., and Hope, T. J. (2017). Early cytoplasmic uncoating is associated with infectivity of HIV-1. Proc. Natl. Acad. Sci. U.S.A. 114, E7169–E7178. doi: 10.1073/pnas.1706245114

Mandell, M. A., Jain, A., Arko-Mensah, J., Chauhan, S., Kimura, T., Dinkins, C., et al. (2014). TRIM proteins regulate autophagy and can target autophagic substrates by direct recognition. Dev. Cell 30, 394–409. doi: 10.1016/j.devcel.2014.06.013

Manocheewa, S., Swain, J. V., Lanxon-Cookson, E., Rolland, M., and Mullins, J. I. (2013). Fitness costs of mutations at the HIV-1 capsid hexamerization interface. PLoS One 8:e66065. doi: 10.1371/journal.pone.0066065

Marini, B., Kertesz-Farkas, A., Ali, H., Lucic, B., Lisek, K., Manganaro, L., et al. (2015). Nuclear architecture dictates HIV-1 integration site selection. Nature 521, 227–231. doi: 10.1038/nature14226

Matreyek, K. A., and Engelman, A. (2011). The requirement for nucleoporin NUP153 during human immunodeficiency virus type 1 infection is determined by the viral capsid. J. Virol. 85, 7818–7827. doi: 10.1128/jvi.00325-11

Matreyek, K. A., Wang, W., Serrao, E., Singh, K. P., Levin, H. L., and Engelman, A. (2014). Host and viral determinants for MxB restriction of HIV-1 infection. Retrovirology 11:90. doi: 10.1186/s12977-014-0090-z

Mattei, S., Glass, B., Hagen, W. J. H., Kräusslich, H. G., and Briggs, J. A. G. (2016). The structure and flexibility of conical HIV-1 capsids determined within intact virions. Science 354, 1434–1437. doi: 10.1126/science.aah4972

McDonald, D., Vodicka, M. A., Lucero, G., Svitkina, T. M., Borisy, G. G., Emerman, M., et al. (2002). Visualization of the intracellular behavior of HIV in living cells. J. Cell Biol. 159, 441–452. doi: 10.1083/jcb.200203150

Meehan, A. M., Saenz, D. T., Guevera, R., Morrison, J. H., Peretz, M., Fadel, H. J., et al. (2014). A cyclophilin homology domain-independent role for Nup358 in HIV-1 infection. PLoS Pathog. 10:e1003969. doi: 10.1371/journal.ppat.1003969

Merindol, N., El-Far, M., Sylla, M., Masroori, N., Dufour, C., Li, J. X., et al. (2018). HIV-1 capsids from B27/B57+ elite controllers escape Mx2 but are targeted by TRIM5α, leading to the induction of an antiviral state. PLoS Pathog. 14:e1007398. doi: 10.1371/journal.ppat.1007398

Miller, M. D., Farnet, C. M., and Bushman, F. D. (1997). Human immunodeficiency virus type 1 preintegration complexes: studies of organization and composition. J. Virol. 71, 5382–5390. doi: 10.1128/jvi.71.7.5382-5390.1997

Misumi, S., Inoue, M., Dochi, T., Kishimoto, N., Hasegawa, N., Takamune, N., et al. (2010). Uncoating of human immunodeficiency virus type 1 requires prolyl isomerase Pin1. J. Biol. Chem. 285, 25185–25195. doi: 10.1074/jbc.M110.114256

Mu, D., Yang, H., Zhu, J. W., Liu, F. L., Tian, R. R., Zheng, H. Y., et al. (2014). Independent birth of a novel TRIMCyp in tupaia belangeri with a divergent function from its paralog TRIM5. Mol. Biol. Evol. 31, 2985–2997. doi: 10.1093/molbev/msu238

Ni, T., Gerard, S., Zhao, G., Dent, K., Ning, J., Zhou, J., et al. (2020). Intrinsic curvature of the HIV-1 CA hexamer underlies capsid topology and interaction with cyclophilin A. Nat. Struct. Mol. Biol. 27, 855–862. doi: 10.1038/s41594-020-0467-8

O’Connor, C., Pertel, T., Gray, S., Robia, S. L., Bakowska, J. C., Luban, J., et al. (2010). p62/Sequestosome-1 associates with and sustains the expression of retroviral restriction factor TRIM5α. J. Virol. 84, 5997–6006. doi: 10.1128/jvi.02412-09

Ocwieja, K. E., Brady, T. L., Ronen, K., Huegel, A., Roth, S. L., Schaller, T., et al. (2011). HIV integration targeting: a pathway involving transportin-3 and the nuclear pore protein RanBP2. PLoS Pathog. 7:e1001313. doi: 10.1371/journal.ppat.1001313

OhAinle, M., Helms, L., Vermeire, J., Roesch, F., Humes, D., Basom, R., et al. (2018). A virus-packageable CRISPR screen identifies host factors mediating interferon inhibition of HIV. ELife 7:e39823. doi: 10.7554/eLife.39823

Perez-Caballero, D., Hatziioannou, T., Zhang, F., Cowan, S., and Bieniasz, P. D. (2005). Restriction of human immunodeficiency virus type 1 by TRIM-CypA occurs with rapid kinetics and independently of cytoplasmic bodies, ubiquitin, and proteasome activity. J. Virol. 79, 15567–15572. doi: 10.1128/jvi.79.24.15567-15572.2005

Perron, M. J., Stremlau, M., Song, B., Ulm, W., Mulligan, R. C., and Sodroski, J. (2004). TRIM5α mediates the postentry block to N-tropic murine leukemia viruses in human cells. Proc. Natl. Acad. Sci. U.S.A. 101, 11827–11832. doi: 10.1073/pnas.0403364101

Pettit, S. C., Lindquist, J. N., Kaplan, A. H., and Swanstrom, R. (2005). Processing sites in the human immunodeficiency virus type 1 (HIV-1) Gag-Pro-Pol precursor are cleaved by the viral protease at different rates. Retrovirology 2, 12–16. doi: 10.1186/1742-4690-2-66

Pettit, S. C., Moody, M. D., Wehbie, R. S., Kaplan, A. H., Nantermet, P. v, Klein, C. A., et al. (1994). The p2 domain of human immunodeficiency virus type 1 Gag regulates sequential proteolytic processing and is required to produce fully infectious virions. J. Virol. 68, 8017–8027. doi: 10.1128/jvi.68.12.8017-8027.1994

Pornillos, O., Ganser-Pornillos, B. K., Kelly, B. N., Hua, Y., Whitby, F. G., Stout, C. D., et al. (2009). X-Ray structures of the hexameric building block of the HIV capsid. Cell 137, 1282–1292. doi: 10.1016/j.cell.2009.04.063

Pornillos, O., Ganser-Pornillos, B. K., and Yeager, M. (2011). Atomic-level modelling of the HIV capsid. Nature 469, 424–427. doi: 10.1038/nature09640

Price, A. J., Fletcher, A. J., Schaller, T., Elliott, T., Lee, K. E., KewalRamani, V. N., et al. (2012). CPSF6 defines a conserved capsid interface that modulates HIV-1 replication. PLoS Pathog. 8:e1002896. doi: 10.1371/journal.ppat.1002896

Price, A. J., Jacques, D. A., McEwan, W. A., Fletcher, A. J., Essig, S., Chin, J. W., et al. (2014). Host cofactors and pharmacologic ligands share an essential interface in HIV-1 capsid that is lost upon disassembly. PLoS Pathog. 10:e1004459. doi: 10.1371/journal.ppat.1004459

Quinn, C. M., Wang, M., Fritz, M. P., Runge, B., Ahn, J., Xu, C., et al. (2018). Dynamic regulation of HIV-1 capsid interaction with the restriction factor TRIM5α identified by magic-angle spinning NMR and molecular dynamics simulations. Proc. Natl. Acad. Sci. U.S.A. 115, 11519–11524. doi: 10.1073/pnas.1800796115

Rankovic, S., Varadarajan, J., Ramalho, R., Aiken, C., and Rousso, I. (2017). Reverse transcription mechanically initiates HIV-1 capsid disassembly. J. Virol. 91:e00289-17. doi: 10.1128/jvi.00289-17

Rasaiyaah, J., Tan, C. P., Fletcher, A. J., Price, A. J., Blondeau, C., Hilditch, L., et al. (2013). HIV-1 evades innate immune recognition through specific cofactor recruitment. Nature 503, 402–405. doi: 10.1038/nature12769

Rasheedi, S., Shun, M. C., Serrao, E., Sowd, G. A., Qian, J., Hao, C., et al. (2016). The Cleavage and polyadenylation specificity factor 6 (CPSF6) subunit of the capsid-recruited pre-messenger RNA cleavage factor I (CFIm) complex mediates HIV-1 integration into genes. J. Biol. Chem. 291, 11809–11819. doi: 10.1074/jbc.M116.721647

Reil, H., Kollmus, H., Weidle, U. H., and Hauser, H. (1993). A heptanucleotide sequence mediates ribosomal frameshifting in mammalian cells. J. Virol. 67, 5579–5584. doi: 10.1128/jvi.67.9.5579-5584.1993

Rensen, E., Mueller, F., Scoca, V., Parmar, J., Souque, P., Zimmer, C., et al. (2020). Clustering and reverse transcription of HIV-1 genomes in nuclear niches of macrophages. EMBO J. 40:e105247. doi: 10.1101/2020.04.12.038067

Reymond, A., Meroni, G., Fantozzi, A., Merla, G., Cairo, S., Luzi, L., et al. (2001). The tripartite motif family identifies cell compartments. EMBO J. 20, 2140–2151. doi: 10.1093/emboj/20.9.2140

Richardson, M. W., Guo, L., Xin, F., Yang, X., and Riley, J. L. (2014). Stabilized human TRIM5α protects human T cells from HIV-1 infection. Mol. Ther. 22, 1084–1095. doi: 10.1038/mt.2014.52

Rihn, S. J., Wilson, S. J., Loman, N. J., Alim, M., Bakker, S. E., Bhella, D., et al. (2013). Extreme Genetic Fragility of the HIV-1 Capsid. PLoS Pathog. 9:e1003461. doi: 10.1371/journal.ppat.1003461

Roa, A., Hayashi, F., Yang, Y., Lienlaf, M., Zhou, J., Shi, J., et al. (2012). RING domain mutations uncouple TRIM5 restriction of HIV-1 from inhibition of reverse transcription and acceleration of uncoating. J. Virol. 86, 1717–1727. doi: 10.1128/jvi.05811-11

Rüegsegger, U., Blank, D., and Keller, W. (1998). Human pre-mRNA cleavage factor Im Is related to spliceosomal SR proteins and can be reconstituted in vitro from recombinant subunits. Mol. Cell 1, 243–253. doi: 10.1016/S1097-2765(00)80025-8

Saito, A., Henning, M. S., Serrao, E., Dubose, B. N., Teng, S., Huang, J., et al. (2016). Capsid-CPSF6 interaction is dispensable for HIV-1 replication in primary cells but is selected during virus passage in vivo. J. Virol. 90, 6918–6935. doi: 10.1128/jvi.00019-16

Sayah, D. M., Sokolskaja, E., Berthoux, L., and Luban, J. (2004). Cyclophilin A retrotransposition into TRIM5 explains owl monkey resistance to HIV-1. Nature 430, 569–573. doi: 10.1038/nature02777

Schaller, T., Ocwieja, K. E., Rasaiyaah, J., Price, A. J., Brady, T. L., Roth, S. L., et al. (2011). HIV-1 capsid-cyclophilin interactions determine nuclear import pathway, integration targeting and replication efficiency. PLoS Pathog. 7:e1002439. doi: 10.1371/journal.ppat.1002439

Schilling, M., Bulli, L., Weigang, S., Graf, L., Naumann, S., Patzina, C., et al. (2018). Human MxB protein is a pan-herpesvirus restriction factor. J. Virol. 92:e01056-18. doi: 10.1128/jvi.01056-18

Schulte, B., Buffone, C., Opp, S., Di Nunzio, F., De Souza Aranha Vieira, D. A., Brandariz-Nuñez, A., et al. (2015). Restriction of HIV-1 requires the N-terminal region of MxB as a capsid-binding Motif but Not as a nuclear localization signal. J. Virol. 89, 8599–8610. doi: 10.1128/jvi.00753-15

Schur, F. K. M., Hagen, W. J. H., Rumlová, M., Ruml, T., Müller, B., Kraüsslich, H. G., et al. (2015). Structure of the immature HIV-1 capsid in intact virus particles at 8.8 Å resolution. Nature 517, 505–508. doi: 10.1038/nature13838

Schur, F. K. M., Obr, M., Hagen, W. J. H., Wan, W., Jakobi, A. J., Kirkpatrick, J. M., et al. (2016). Assembly and maturation. Sci. Rep. 353, 506–508.

Sebastian, S., and Luban, J. (2005). TRIM5α selectively binds a restriction-sensitive retroviral capsid. Retrovirology 2:40. doi: 10.1186/1742-4690-2-40

Selyutina, A., Persaud, M., Bulnes-Ramos, A., Buffone, C., Scoca, V., Di Nunzio, F., et al. (2020a). Cyclophilin a prevents HIV-1 restriction in lymphocytes by blocking human TRIM5α binding to the viral core. Cell Rep. 30:678037. doi: 10.1101/678037

Selyutina, A., Persaud, M., KewalRamani, V., and Diaz-Griffero, F. (2020b). Nuclear import of the HIV-1 core precedes reverse transcription and uncoating. bioRxiv [Preprint]. doi: 10.1101/2020.03.31.018747

Setiawan, L. C., van Dort, K. A., Rits, M. A. N., and Kootstra, N. A. (2016). Mutations in CypA binding region of HIV-1 capsid affect capsid stability and viral replication in primary macrophages. AIDS Res. Hum. Retroviruses. 32, 390–398. doi: 10.1089/aid.2014.0361

Shah, V. B., Shi, J., Hout, D. R., Oztop, I., Krishnan, L., Ahn, J., et al. (2013). The host proteins transportin SR2/TNPO3 and cyclophilin a exert opposing effects on HIV-1 uncoating. J. Virol. 87, 422–432. doi: 10.1128/jvi.07177-11

Shi, J., and Aiken, C. (2006). Saturation of TRIM5α-mediated restriction of HIV-1 infection depends on the stability of the incoming viral capsid. Virology 350, 493–500. doi: 10.1016/j.virol.2006.03.013

Shibata, R., Sakai, H., Kawamura, M., Tokunaga, K., and Adachi, A. (1995). Early replication block of human immunodeficiency virus type 1 in monkey cells. J. Gen. Virol. 76, 2723–2730. doi: 10.1099/0022-1317-76-11-2723

Simon-Loriere, E., Galetto, R., Hamoudi, M., Archer, J., Lefeuvre, P., Martin, D. P., et al. (2009). Molecular mechanisms of recombination restriction in the envelope gene of the human immunodeficiency virus. PLoS Pathog. 5:e1000418. doi: 10.1371/journal.ppat.1000418

Smaga, S. S., Xu, C., Summers, B. J., Digianantonio, K. M., Perilla, J. R., and Xiong, Y. (2019). MxB restricts HIV-1 by targeting the Tri-hexamer interface of the viral capsid. Structure 27, 1234–1245.e5. doi: 10.1016/j.str.2019.04.015

Sowd, G. A., Serrao, E., Wang, H., Wang, W., Fadel, H. J., Poeschla, E. M., et al. (2016). A critical role for alternative polyadenylation factor CPSF6 in targeting HIV-1 integration to transcriptionally active chromatin. Proc. Natl. Acad. Sci. U.S.A. 113, E1054–E1063. doi: 10.1073/pnas.1524213113

Strambio-De-Castillia, C., Niepel, M., and Rout, M. P. (2010). The nuclear pore complex: bridging nuclear transport and gene regulation. Nat. Rev. Mol. Cell Biol. 11, 490–501. doi: 10.1038/nrm2928

Stremlau, M., Owens, C. M., Perron, M. J., Kiessling, M., Autissier, P., and Sodroski, J. (2004). The cytoplasmic body component TRIM5α restricts HIV-1 infection in Old World monkeys. Nature 427, 848–853. doi: 10.1038/nature02343

Stremlau, M., Perron, M., Lee, M., Li, Y., Song, B., Javanbakht, H., et al. (2006). Specific recognition and accelerated uncoating of retroviral capsids by the TRIM5 restriction factor. Proc. Natl. Acad. Sci. U.S.A. 103, 5514–5519. doi: 10.1073/pnas.0509996103

Stremlau, M., Perron, M., Welikala, S., and Sodroski, J. (2005). Species-specific variation in the B30.2(SPRY) domain of TRIM5α determines the potency of human immunodeficiency virus restriction. J. Virol. 79, 3139–3145. doi: 10.1128/jvi.79.5.3139-3145.2005

Takeuchi, H., Saito, H., Noda, T., Miyamoto, T., Yoshinaga, T., Terahara, K., et al. (2017). Phosphorylation of the HIV-1 capsid by MELK triggers uncoating to promote viral cDNA synthesis. PLoS Pathog. 13:e1006441. doi: 10.1371/journal.ppat.1006441

Tang, C., Ndassa, Y., and Summers, M. F. (2002). Structure of the N-terminal 283-residue fragment of the immature HIV-1 Gag polyprotein. Nat. Struct. Biol. 9, 537–543. doi: 10.1038/nsb806

Thomas, J. A., Ott, D. E., and Gorelick, R. J. (2007). Efficiency of human immunodeficiency virus type 1 postentry infection processes: evidence against disproportionate numbers of defective virions. J. Virol. 81, 4367–4370. doi: 10.1128/jvi.02357-06

Troyer, R. M., McNevin, J., Liu, Y., Zhang, S. C., Krizan, R. W., Abraha, A., et al. (2009). Variable fitness impact of HIV-1 escape mutations to cytotoxic T lymphocyte (CTL) response. PLoS Pathog. 5:e100365. doi: 10.1371/journal.ppat.1000365

Valle-Casuso, J. C., Di Nunzio, F., Yang, Y., Reszka, N., Lienlaf, M., Arhel, N., et al. (2012). TNPO3 is required for HIV-1 replication after nuclear import but prior to integration and binds the HIV-1 core. J. Virol. 86, 5931–5936. doi: 10.1128/jvi.00451-12

Verhelst, J., Hulpiau, P., and Saelens, X. (2013). Mx proteins: antiviral gatekeepers that restrain the uninvited. Microbiol. Mol. Biol. Rev. 77, 551–566. doi: 10.1128/mmbr.00024-13

Visser, J. A. G. M., Hermisson, J., Wagner, G. P., Meyers, L. A., Bagheri-Chaichian, H., Blanchard, J. L., et al. (2003). Perspective: evolution and detection of genetic robustness. Evolution 57, 1959–1972. doi: 10.1111/j.0014-3820.2003.tb00377.x

Vollmer, B., Lorenz, M., Moreno-Andrés, D., Bodenhöfer, M., De Magistris, P., Astrinidis, S. A., et al. (2015). Nup153 recruits the Nup107-160 complex to the inner nuclear membrane for interphasic nuclear pore complex assembly. Dev. Cell 33, 717–728. doi: 10.1016/j.devcel.2015.04.027

Von Appen, A., Kosinski, J., Sparks, L., Ori, A., DiGuilio, A. L., Vollmer, B., et al. (2015). In situ structural analysis of the human nuclear pore complex. Nature 526, 140–143. doi: 10.1038/nature15381

Wagner, A. (2005). Robustness, evolvability, and neutrality. FEBS Lett. 579, 1772–1778. doi: 10.1016/j.febslet.2005.01.063

Wagner, J. M., Roganowicz, M. D., Skorupka, K., Alam, S. L., Christensen, D., Doss, G., et al. (2016a). Mechanism of B-box 2 domain-mediated higher-order assembly of the retroviral restriction factor TRIM5α. ELife 5:e16309. doi: 10.7554/eLife.16309

Wagner, J. M., Zadrozny, K. K., Chrustowicz, J., Purdy, M. D., Yeager, M., Ganser-Pornillos, B. K., et al. (2016b). Crystal structure of an HIV assembly and maturation switch. ELife 5, e17063. doi: 10.7554/eLife.17063

Wright, E. R., Schooler, J. B., Ding, H. J., Kieffer, C., Fillmore, C., Sundquist, W. I., et al. (2007). Electron cryotomography of immature HIV-1 virions reveals the structure of the CA and SP1 Gag shells. EMBO J. 26, 2218–2226. doi: 10.1038/sj.emboj.7601664

Wu, X., Anderson, J. L., Campbell, E. M., Joseph, A. M., and Hope, T. J. (2006). Proteasome inhibitors uncouple rhesus TRIM5α restriction of HIV-1 reverse transcription and infection. Proc. Natl. Acad. Sci. U.S.A. 103, 7465–7470. doi: 10.1073/pnas.0510483103

Yang, Y., Fricke, T., and Diaz-Griffero, F. (2013). Inhibition of reverse transcriptase activity increases stability of the HIV-1 Core. J. Virol. 87, 683–687. doi: 10.1128/jvi.01228-12

Yap, M. W., Nisole, S., Lynch, C., and Stoye, J. P. (2004). Trim5α protein restricts both HIV-1 and murine leukemia virus. Proc. Natl. Acad. Sci. U.S.A. 101, 10786–10791. doi: 10.1073/pnas.0402876101

Yap, M. W., Nisole, S., and Stoye, J. P. (2005). A single amino acid change in the SPRY domain of human Trim5α Leads to HIV-1 restriction. Curr. Biol. 15, 73–78. doi: 10.1016/j.cub.2004.12.042

Ylinen, L. M. J., Schaller, T., Price, A., Fletcher, A. J., Noursadeghi, M., James, L. C., et al. (2009). Cyclophilin a levels dictate infection efficiency of human immunodeficiency virus type 1 capsid escape mutants A92E and G94D. J. Virol. 83, 2044–2047. doi: 10.1128/jvi.01876-08

Yu, A., Skorupka, K. A., Pak, A. J., Ganser-Pornillos, B. K., Pornillos, O., and Voth, G. A. (2020). TRIM5α self-assembly and compartmentalization of the HIV-1 viral capsid. Nat. Commun. 11:1307. doi: 10.1038/s41467-020-15106-1

Zhang, R., Mehla, R., and Chauhan, A. (2010). Perturbation of host nuclear membrane component RanBP2 impairs the nuclear import of human immunodeficiency virus -1 preintegration complex (DNA). PLoS One 5:e15620. doi: 10.1371/journal.pone.0015620

Zhao, G., Ke, D., Vu, T., Ahn, J., Shah, V. B., Yang, R., et al. (2011). Rhesus TRIM5α disrupts the HIV-1 capsid at the inter-hexamer interfaces. PLoS Pathog. 7:e1002009. doi: 10.1371/journal.ppat.1002009

Zhao, G., Perilla, J. R., Yufenyuy, E. L., Meng, X., Chen, B., Ning, J., et al. (2013). Mature HIV-1 capsid structure by cryo-electron microscopy and all-atom molecular dynamics. Nature 497, 643–646. doi: 10.1038/nature12162

Zhou, L., Sokolskaja, E., Jolly, C., James, W., Cowley, S. A., and Fassati, A. (2011). Transportin 3 promotes a nuclear maturation step required for efficient HIV-1 integration. PLoS Pathog. 7:e1002194. doi: 10.1371/journal.ppat.1002194

Zila, V., Margiotta, E., Turonova, B., Müller, T. G., Zimmerli, C. E., Mattei, S., et al. (2021). Cone-shaped HIV-1 capsids are transported through intact nuclear pores. Cell 184, 1032–1046.e1–e8. doi: 10.1016/j.cell2021.01.025

Zurnic Bönisch, I., Dirix, L., Lemmens, V., Borrenberghs, D., De Wit, F., Vernaillen, F., et al. (2020). Capsid-Labelled HIV to investigate the role of capsid during nuclear import and integration. J. Virol. 94:e01024-19. doi: 10.1128/JVI.01024-19


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Toccafondi, Lener and Negroni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-652486-t001a.jpg
Transportin 3 TNPOS3 Beta-karyopherin protein involved e Participates in the nuclear import step Even if TNPOQ3 is also found in the

in the nuclear import of (Christ et al., 2008; Logue et al., 2011). cytoplasm, it most likely interacts with
serine/arginine-rich (SR) proteins. e Involved in post-nuclear entry steps CA in the nucleus (Valle-Casuso et al.,
(Valle-Casuso et al., 2012; Shah et al., 2012; Shah et al., 2013).
2013).
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et al., 2013; Fricke et al., 2013).

Tripartite Motif TRIMS Member of the tripartite protein o Affects the stability of the capsid core by Forms a net around the intact capsid

Containing 5 family (TRIM) located in the either reducing it (Stremlau et al., 2006; core in the cytoplasm by binding near
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proteins folding.
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involved in many cellular pathways.
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transcriptional regulation and RNA
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that promotes the nuclear import of
large cargos.
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that specifically binds to
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Involved in nuclear protein import
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Role in HIV-1 Infection

e Promotes the trafficking of viral cores
toward the nucleus (Dharan et al.,
2017).

e Participates in the nuclear import of the
RTC/PIC complex (Chin et al., 2015;
Burdick et al., 2020).

e Involved in the choice of the integration
sites (Chin et al., 2015; Rasheedi et al.,
2016; Sowd et al., 2016; Achuthan
et al., 2018; Francis and Melikyan,
2018; Bejarano et al., 2019).

e Helps to maintain the stability of the
capsid core (Li et al., 2009; Setiawan
et al., 2016).

e Involved in the choice of the nuclear
import pathway (Schaller et al., 2011).

e Protection from host restriction factors
like TRIM5 (Kim et al., 2019; Selyutina
et al., 2020a; Yu et al., 2020).

e Indirectly involved in promoting the
uncoating step since its
phosphorylation substrate is then
recognized by Pin1 (Misumi et al.,
2010; Dochi et al., 2014).

e Promotes trafficking of the capsid core
toward the nucleus (Malikov et al.,
2015; Huang et al., 2019).

e Promotes viral uncoating (Takeuchi
etal., 2017).

e Blocks viral nuclear entry (Dicks et al.,
2018; Kane et al., 2018).

e Reduces integration efficiency (Kane
et al., 2013; Liu et al., 2013; Matreyek
etal., 2014).

e Restricts infection by activation of the
immune response, via cGAS, after
recognition of CA (Lahaye et al., 2018).

e Participates in the nuclear import of the
viral complex (Konig et al., 2008;
Matreyek and Engelman, 2011; Di
Nunzio et al., 2012, 2013).

e Directly or indirectly involved in the

choice of the integration site (Koh et al.,

2013; Marini et al., 2015).

e Favors the nuclear import of the viral
complex (Schaller et al., 2011; Di
Nunzio et al., 2012; Meehan et al.,
2014; Dharan et al., 2016; Burdick
etal., 2017).

e Promotes uncoating of the capsid core
at the NPC (Bichel et al., 2013).

e Participates in the uncoating step
(Misumi et al., 2010).

e Involved in keeping the correct stability
of the capsid core (Fernandez et al.,
2019).

e Helps the viral nuclear import
(Fernandez et al., 2019).

Interaction with the capsid

Interacts with the assembled core
through its C-terminal domain (Dharan
etal., 2017; Carnes et al., 2018).

Binds the hexameric form of CA in the
nucleus at the NTD-CTD pocket (Lee
et al., 2012; Price et al., 2012, 2014;
Bhattacharya et al., 2014).

Binds to the capsid core in the
cytoplasm by recognizing a conserved
loop present in the NTD of CA (Franke
et al.,, 1994; Gamble et al., 1996).

Phosphorylates the Ser16 of CA (Dochi
et al., 2014).

Binds the core at the hexamer pore
(Huang et al., 2019).

Phosphorylates the Ser149 of CA
(Takeuchi et al., 2017).

Interacts with a negatively charged
surface of CA (Smaga et al., 2019).

Binds to CA associated with the
RTC/PIC complexes in the nucleus
(Gao et al., 2013; Lahaye et al., 2013,
2018).

It interacts with the multimeric form of
CA at the NTD-CTD pocket at the
same binding site of CPSF6 (Buffone
et al., 2018; Bejarano et al., 2019).

Binds to the NTD domain of CA via a
cyclophilin-homology domain as it
approaches the NPC (Schaller et al.,
2011).

Recognizes the phosphorylated Ser16
of CA (Misumi et al., 2010).

Binds to the CypA binding-loop
(Fernandez et al., 2019).
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