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Abstract

:

Advancement in drug therapies and patient care have drastically improved the mortality rates of HIV-1 infected individuals. Many of these therapies were developed or improved upon by using structure-based techniques, which underscore the importance of understanding essential mechanisms in the replication cycle of HIV-1 at the structural level. One such process which remains poorly understood is the incorporation of the envelope glycoprotein (Env) into budding virus particles. Assembly of HIV particles is initiated by targeting of the Gag polyproteins to the inner leaflet of the plasma membrane (PM), a process mediated by the N-terminally myristoylated matrix (MA) domain and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). There is strong evidence that formation of the Gag lattice on the PM is a prerequisite for the incorporation of Env into budding particles. It is also suggested that Env incorporation is mediated by an interaction between its cytoplasmic tail (gp41CT) and the MA domain of Gag. In this review, we highlight the latest developments and current efforts to understand the interplay between gp41CT, MA, and the membrane during assembly. Elucidation of the molecular determinants of Gag–Env–membrane interactions may help in the development of new antiviral therapeutic agents that inhibit particle assembly, Env incorporation and ultimately virus production.
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1. Introduction


Human immunodeficiency virus type 1 (HIV-1), the causative agent of acquired immune deficiency syndrome (AIDS), is responsible for one of the deadliest viral pandemics in human history. Even though advances in treatment, particularly in antiretroviral therapies (ARTs) and patient care, have drastically reduced the morbidity and mortality of infected individuals worldwide [1,2], there are still ~36 million adults and 1.7 million children (<15 years) living with HIV-1 today (UNAIDS report, 2019). While ARTs have been effective in combating the AIDS epidemic, they are not capable of eradicating the virus from the body entirely, requiring patients to undergo indefinite treatments [3] which can lead to adverse effects including drug toxicity and drug resistant mutations in the viral genome ([4,5,6] and references therein). Because HIV-1 still represents a major risk to human health and safety around the globe, it is vital that efforts continue to focus on new targets within the virus replication cycle. Three-dimensional molecular structures often provide detailed information on biological mechanisms, which significantly aid in the development of therapeutic interventions [7]. The development of new drugs designed to disrupt the viral assembly process could enhance the effectiveness of modern treatment options or overcome issues of drug resistance and toxicity. This review will focus on illustrating the structure and function of essential elements involved in assembly and incorporation of the envelope (Env) protein into budding particles which are indispensable steps in virus replication. In particular, we will focus on the structures and functions of the matrix (MA) domain of the Gag polyprotein and the cytoplasmic domain of the gp41 subunit of Env (gp41CT), both of which are implicated in these processes. Detailed molecular characterization of this key step may aid in the development of new therapeutic strategies that inhibit virus assembly and Env incorporation.




2. Gag Assembly on the Plasma Membrane


The 55 kDa Gag polyprotein precursor is composed of four functionally distinct domains known as MA, capsid (CA), nucleocapsid (NC) and p6, as well as two spacer peptides (SP1 and SP2). GagPol, which contains the elements of Gag as well as the viral enzymes protease (PR), reverse transcriptase (RT) and integrase (IN), is produced and incorporated at lower levels relative to Gag (~5%) due to an infrequent ribosomal frameshift event [8,9]. Subsequent to their synthesis, Gag polyproteins are targeted to the assembly sites on the inner leaflet of the plasma membrane (PM) for particle budding and release (Figure 1) [10,11,12,13,14,15,16]. Gag binding to the PM is mediated by MA, which for most retroviruses, including HIV-1, contains an N-terminal myristoyl group (myr) and a highly basic region (HBR; Figure 2) ([17,18] and references therein). NC, the RNA binding domain of Gag, engages with specific motifs on the unspliced dimeric viral RNA in order to transport the genetic material to sites of assembly for packaging into virus particles [19,20]. Coalescences of Gag, GagPol and viral RNA at assembly sites nucleate the formation of a Gag lattice, driven by lateral intermolecular contacts within the CA and SP1 domains (Figure 1) [18,21,22]. Studies have established that Gag association with membranes is regulated by electrostatic and hydrophobic interactions, protein multimerization, cellular and viral RNA and recognition of specific phospholipids as well as sensitivity to lipid acyl chains [16,23,24,25,26,27,28].



Cryo-electron tomography data revealed that the Gag lattice manifests as a cage of interconnected hexamers that cover most of the inner surface of the viral envelope [29,30]. As the lattice grows, the associated membrane curves outward, eventually leading to the formation of an immature virus particle with only a narrow stretch of membrane connecting the viral envelope to the cellular PM. The immature lattice forms a spherical shape in which the Gag proteins are arranged radially with MA on one end and p6 on the other end pointing toward the center (Figure 1) [31]. The p6 domain recruits the cellular endosomal sorting complex required for transport (ESCRT), which catalyzes the scission of the particle from the membrane [32,33]. Virus maturation occurs when the virally encoded protease cleaves the Gag and GagPol precursors into their constitutive proteins [34]. Approximately 1200–2000 copies of the mature CA protein undergo conformational changes and condense to form the conical core of the virus, which surrounds the NC–RNA complex [18,31]. This core takes the shape of a fullerene cone, which consists of ~250 CA hexamers and 12 pentamers [31].




3. Structure and Function of MA


Solution NMR spectroscopy and x-ray crystallography studies revealed that the HIV-1 MA protein is predominantly globular and composed of five α-helical domains and a short 310 helix (Figure 2) [35,36,37,38,39,40,41,42]. The C-terminal helix of MA extends away from the globular region, progressively transitioning into a random coil which serves as the linker between the MA and CA domains in the immature Gag protein [40]. The HBR in MA is highly conserved in almost all retroviral MA proteins and serves as the binding site for the polar head of acidic phospholipids in the inner leaflet of the PM [17,18]. Myristoylation of HIV-1 MA is essential for efficient Gag binding to membranes [43,44,45,46,47]. The finding that HIV-1 Gag binds to membranes more efficiently than the isolated MA protein led to the hypothesis that the myr group is exposed in Gag and sequestered in the MA protein, which has become known as “the myr switch mechanism” [44,45,48,49,50]. NMR and analytical ultracentrifugation studies revealed that the myr group can adopt sequestered and exposed conformations in the MA protein, that the MA protein resides in monomer–trimer equilibrium and that myr exposure is coupled with protein trimerization [41]. Exposure of the myr group can also be modulated or triggered by other factors including the solution pH, inclusion of the CA domain and binding of calmodulin (CaM) [41,51,52].



Earlier genetic studies have shown that mutations in the HBR in HIV-1 MA led to Gag targeting to the cytoplasm and/or to intracellular compartments [55,56,57]. These results were later explained by the discovery that Gag localization on the PM is highly dependent on a specific interaction between the HBR and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) [15,16,24,58], a minor PM lipid that fulfills many cellular functions by acting as a substrate for numerous proteins [59,60,61,62,63]. Phosphoinositides, which are derived from phosphatidylinositol and comprise a diacylglycerol moiety linked to a D-myo-inositol ring via a phosphodiester linkage, can be monophosphorylated (PI(3)P, PI(4)P and PI(5)P), bisphosphorylated (PI(3,4)P2), PI(3,5)P2 and PI(4,5)P2) and trisphosphorylated (PI(3,4,5)P3). Phosphoinositides can be interconverted by a series of kinases and phosphatases which serve to regulate their distribution throughout the cell. This establishes a signaling mechanism by which various cytoplasmic proteins that preferentially bind to phosphoinositides are targeted to specific membrane domains within the cell [61,62,63,64,65]. PI(4,5)P2 and PI(3,4,5)P3 are predominantly localized at the inner leaflet of the PM [59,60,61,62,63]. Numerous cellular proteins, such as those containing the pleckstrin homology domains, are often directed to the PM through specific interactions with PI(4,5)P2 or PI(3,4,5)P3 [66,67,68,69].



Over-expression of phosphoinositide 5-phosphatase IV (5ptaseIV), which reduces PI(4,5)P2 levels by hydrolyzing the phosphate at the D5 position of PI(4,5)P2, resulted in a significant reduction in HIV-1 Gag’s PM localization and attenuation of virus production [16]. PI(4,5)P2-dependent Gag assembly and/or PM localization have been observed for other retroviruses such as HIV-2, Mason-Pfizer monkey virus (MPMV), murine leukemia virus (MLV), feline immunodeficiency virus (FIV) and avian sarcoma virus (ASV) [70,71,72,73,74,75]. It has also been suggested that MA is able to manipulate the lipid compositions of membranes. For instance, Gag accumulation at assembly sites on the PM has been shown to induce the formation of membrane microdomains known as lipid rafts [46,76,77]. This result was supported by other studies which indicated that viral membranes are typically enriched in sphingomyelin lipids and cholesterol, two major components of the lipid rafts [78]. Furthermore, it has been shown that MA is capable of generating PI(4,5)P2/cholesterol nanoclusters, possibly creating a positive feedback loop that drives lattice formation by enhancing the affinity of the Gag protein to the membrane [79,80]. In a recent study, analysis of HIV-1-infected cells revealed that, upon assembly, HIV-1 is able to specifically trap PI(4,5)P2 and cholesterol but not PE or sphingomyelin [81]. Data showed that Gag is the main driving force to restrict the mobility of PI(4,5)P2 and cholesterol at the PM. Other studies have shown that HIV-1 Gag binding to membranes is enhanced by inclusion of phosphatidylserine (PS) and cholesterol [15,27,28,44,58,82,83,84,85]. Additionally, RNA is considered a negative regulator of Gag−membrane interactions based on the studies that the MA domain of Gag was found to bind to specific tRNA in the cytosol [86], preventing Gag from interacting with intracellular membranes [23,24,58,87]. It was demonstrated that incorporation of PI(4,5)P2 into membranes inhibited the interaction with cellular RNA [23,24,58].



Over the past 15 years, we and others have used a variety of structural and biophysical approaches to characterize binding of retroviral MA proteins to phospholipids and membrane mimetics such as bicelles, micelles, liposomes and lipid nanodiscs (NDs) [42,70,71,72,73,74,88,89,90,91,92,93,94,95]. These studies provided invaluable insights on key molecular determinants of MA-mediated assembly. NMR studies revealed that binding of PI(4,5)P2 containing truncated (tr) acyl chains (tr-PI(4,5)P2) to HIV-1 MA induced a conformational change that promoted myr exposure [42]. The structure of MA bound to tr-PI(4,5)P2 showed that the 2’-acyl chain is inserted into a hydrophobic cleft, whereas the inositol group is packed against the HBR of MA (Figure 2) [42]. Interactions of HIV-1 Gag and MA with tr-PI(4,5)P2 have also been detected by mass spectrometry-based protein footprinting assays in which an NHS-biotin modification approach was used to identify the lysine residues protected from biotinylation by direct contact with tr-PI(4,5)P2 or tRNA [93]. The involvement of the acyl chain of PI(4,5)P2 in MA and Gag binding has been confirmed by surface plasmon resonance methods [92]. Subsequent structural studies on abundant PM lipids such as PS, phosphatidylcholine (PC) and phosphatidylethanolamine (PE) also containing truncated acyl chains, have shown that these three lipids bind to HIV-1 MA via a second distinct hydrophobic pocket on the protein [89]. Based on the NMR structural studies, models for HIV-1 MA binding to PI(4,5)P2-enriched membranes were proposed (Figure 2) [42,89]. Other models of membrane-bound HIV-1 MA were proposed based on NMR and biochemical studies with liposomes containing lipids with native acyl chains [91] or computational approaches [79]. These models suggested that acyl chains are not involved in MA binding, and that Gag–membrane interaction is mediated predominantly by dynamic, electrostatic interactions between the HBR and PI(4,5)P2/PS [91]. More recently, our laboratory utilized lipid NDs as a membrane mimetic to study binding of HIV-1 MA [95]. Lipid ND is a non-covalent assembly of phospholipids and a membrane scaffold protein (MSP) [96,97,98,99,100,101]. Phospholipids associate as a bilayer domain stabilized by two MSP molecules wrapped around the edges of the discoidal structure in a belt-like configuration. One advantage of using lipid NDs is that they can be modified in size and lipid composition. Another advantage is their ability to obtain quantitative measurements of binding to proteins. Studies from our laboratory revealed that up to ten molecules of MA are capable of binding to one ND, that the myr group is readily exposed and anchored to the membrane bilayer even in the absence of PI(4,5)P2, that the affinity of MA binding to NDs is enhanced upon incorporation of PS and PI(4,5)P2, and that the interaction interface in MA is located in the HBR [95]. These findings demonstrated that lipid NDs are relevant membrane mimetics to study binding of retroviral MA proteins. Altogether, a combination of structural, biochemical, biophysical, and computational approaches provided insights into the mechanisms by which the HIV-1 Gag polyproteins associate with the inner leaflet of the PM and facilitate virus assembly.




4. Structural Organization of MA on the Membrane


As mentioned above, a detailed macromolecular picture of MA arrangement on the membrane is still lacking. Cryo-electron reconstructions of immature virus particles and tubular CA assemblies have been used to obtain detailed structures of both the mature and immature CA and SP1 domains [29,102,103,104,105,106]. Whereas it is established that CA forms well-ordered hexamers in both mature and immature particles, studies were unable to provide details of the MA domain due to a lack of periodicity [29]. However, structural, biophysical and biochemical data indicate that MA can adopt a trimeric arrangement. The earliest indication that MA forms ordered oligomers is revealed in the trimeric x-ray structure of unmyristoylated MA (myr(–)MA) [38]. Sedimentation equilibrium and sedimentation velocity data indicated that, in solution, MA exists in a monomer–trimer equilibrium [41,51]. Cryo-electron diffraction data obtained from 2D crystals of MA grown on a lipid monolayer containing PI(4,5)P2 suggest that MA organizes as hexamers of trimers [107], providing further evidence that MA is capable of forming trimers on the membrane surface.



Analysis of the x-ray structure of the myr(–)MA protein (PDB ID: 1HIW) show that the side chain of Gln63 in one molecule is less than 5 Å from the side chain of Ser66 in an adjacent molecule (Figure 3), a distance deemed adequate for chemical cross-linking. Freed and co-workers provided genetic evidence for an interaction between these two residues within the Gag polyprotein in cells infected with HIV-1. Substitution of Gln63 and Ser66 to lysines had no significant impact on virus replication [108]. In a cross-linking assay using glutaraldehyde in Jurkat and MT4 cells, MA dimers and trimers were observed [108]. These findings were further complemented by amino acid substitutions to assess the impact of manipulating the trimer interface on virus replication (discussed below). Until recently, structural details of the MA trimer in solution were not defined because of the lack of a stable recombinant construct that capitulates the functional trimer protein. To structurally characterize the MA trimer in solution, our laboratory engineered a stable recombinant MA trimer construct by fusing the foldon domain (FD) of phage T4 fibritin to the MA C terminus [95]. NMR data confirmed that attachment of FD did not alter the structure of the MA protein. Employing hydrogen-deuterium exchange MS (HDX-MS), we identified an MA–MA interface in the MA-foldon trimer that is similar to that observed in the x-ray structure of the myr(–)MA protein [38]. We have also established that trimerization dramatically enhances the affinity of the MA domain to lipid bilayers [95]. Altogether, these results are in line with the observation that PM association of MA is enhanced in the context of the immature, uncleaved Gag protein [44,45,49,109], and further validates previous findings that MA is capable of forming trimers on membranes [107].




5. Structure and Function of the Envelope Glycoprotein


For decades, research on the Env protein has been predominantly focused on elucidating the mechanisms of host–receptor binding, membrane fusion and evasion of recognition by the immune system. The viral surface protein Env is synthesized in the rough endoplasmic reticulum (RER) and subsequently trafficked to the PM through the secretory pathway for incorporation into budding virus particles (Figure 1) [111]. Env is a highly glycosylated, membrane-spanning protein which facilitates cell infection through surface receptor binding and membrane fusion. Env is initially synthesized as gp160, which forms trimers prior to exiting the ER [112]. This is followed by passage through the Golgi network, during which gp160 undergoes heavy glycosylation and is cleaved by furin or furin-like proteases to produce the surface glycoprotein gp120 and the transmembrane protein gp41 [111,113]. The two subunits remain non-covalently bound in a trimer of heterodimers arrangement that protrudes from the virion surface as glycosylated Env spikes [111,113]. The gp120 subunits are localized entirely on the exterior of the virus particle and contain the highly conserved cell receptor and co-receptor binding sites (CD4 and CXCR4/CCR5 respectively) [111,113]. By virtue of its structure, the magnitude of glycosylation and high levels of sequence variability, gp120 is uniquely adept at evasion of the host immune response [111,113]. The gp41 subunit consists of a fusogenic ectodomain, a transmembrane domain (TMD) and the CT (Figure 4).



Receptor and co-receptor binding by gp120 initiate large conformational changes in both subunits, bringing a fusion domain into play. The fusion motif in gp41 is composed of a hydrophobic peptide and two heptad repeats (HR) that fold into a six-helix bundle during fusion [113,117,118]. This causes a destabilization of the membrane followed by a series of conformational changes in gp41, bringing the two membranes to a fusion state [113]. A short peptide preceding the TMD is called the membrane proximal external region (MPER) and is considered a key target for broadly neutralizing monoclonal antibodies (Figure 4) [113,119,120,121]. The MPER, which residues outside the lipid bilayer, folds into a threefold cluster stabilized by conserved hydrophobic residues and potentially by an interaction with phospholipid headgroups [122]. The TMD consists of a single hydrophobic α-helix from each gp41 subunit, which associate into a trimeric helical bundle [123,124,125]. In other studies it has been indicated that the TMD may exist in a monomeric confirmation, suggesting that trimerization could be driven by the ectodomain [126,127,128]. Located on the cytoplasmic side of the membrane, downstream from the TMD, is gp41CT (Figure 1). For lentiviruses, gp41CT is unusually long (~150 amino acids) compared to other members of the Retroviridae family (~20–30 amino acids) [129]. In general, expendable genetic information is quickly discarded in lentiviruses [130,131]. Consequently, it is not fully understood why certain lentiviruses appropriate valuable genetic space to such long CTs when similar viruses are able to function properly in their absence [111]. It has been shown that HIV-1 gp41CT contains motifs that interact with cellular components, implicating its involvement in a variety of functions [129]. These interacting partners include CaM, which was shown to play a role in apoptosis [132,133]; clathrin adaptor proteins AP-1 and AP-2, which are responsible for endocytosis of Env and are thereby involved in controlling Env cell surface concentrations [134,135,136,137]; and Rab11-family interacting protein 1C (FIP1C), an endosomal trafficking complex required for Env incorporation in nonpermissive cell lines [114,115,116]. Separate from these functions, there is substantial evidence that gp41CT, through an interaction with the MA domain of Gag, plays a critical role in Env incorporation into virus particles (discussed below) [138,139,140].




6. Structure and Topology of gp41CT


Structural and functional models of gp41CT have often relied on primary sequence analysis and biophysical characterization of short peptide fragments derived from the gp41CT protein [141,142,143,144,145]. The gp41CT domain has long been characterized by the presence of three amphipathic α-helical segments, referred to as lentivirus lytic peptide 1 (LLP-1), LLP-2 and LLP-3, which are highly conserved not only among HIV-1 strains but also among HIV-2, simian immunodeficiency virus and equine infectious anemia virus [146,147,148]. LLP-1 and LLP-2 were shown to be inserted into viral membranes by a photoinduced chemical reactions [149]. These LLP motifs have also been implicated in a variety of functions, such as cell surface expression [150], Env fusogenicity [151] and Env protein stability [152], as well as Env incorporation into budding particles [140,153]. Until recently, production of significant quantities of stable recombinant gp41CT proteins and reconstitution in a membrane mimetic have been a barrier to obtaining detailed structural information on the protein. Our laboratory determined the structure of gp41CT by NMR methods and characterized its interaction with membranes [154]. It has been shown that the N-terminal region of gp41CT (gp41CTN, residues 707–751) lacks an ordered secondary structure and has no propensity for membrane interaction. However, the C-terminal domain (gp41CTC, residues 752–856) consists of three consecutive amphipathic α-helices (LLP2, LLP3 and LLP1) and is tightly associated with the membrane (Figure 4) [154]. Structural data also revealed a variable degree of membrane penetration among the three helices with the N-terminal LLP2 helix penetrating deeper than LLP3 and LLP1 (Figure 4). The helical structures of LLP2 and LLP3 contain several cation-π interactions between aromatic and basic residues in the i and i+4 positions, respectively. The structural findings do not support models that postulate the existence of a membrane-spanning domain within gp41CTN, which are based on primary sequence analysis and the existence of the highly immunogenic epitope region (Kennedy epitope, KE) within gp41CT [142,155,156]. However, it is possible that the KE may become exposed to the exterior of the viral membrane during periods of membrane disruption such as the fusion process, but that exposure is unlikely under stable conditions. As previously noted, [148] gp41CTC contains a number of highly conserved arginines within the LLP1 and LLP2 motifs (Figure 4), many of which are involved in cation-π interactions. Selective incorporation and conservation of arginines over lysines in these motifs is not fully understood. It was reported that mutations of arginine to lysine in the LLP1 motif resulted in significant impairment of Env expression and consequently virus replication kinetics, Env fusogenicity and incorporation. In contrast, Arg-to-Lys substitutions in LLP2 only affected the level of Env incorporation and fusogenicity [157]. Altogether, the structural details on gp41CT [154] have provided insights that may help to understand the mechanisms of Gag-mediated Env incorporation as well as the overall Env mobility and conformation on the virion surface.




7. Mechanisms of Env Incorporation


Early studies have shown that gp41CT plays a functional role in Env incorporation and virus replication in T-cell lines (CEM, Jurkat, and MT-2), phytohemagglutinin (PHA)-stimulated peripheral blood mononuclear cells (PBMCs) and monocyte-derived macrophages (MDMs) [158,159]. However, permissive cells such as 293T cells and semi-permissive cells (HeLa and MT-4) allow passive incorporation of Env in a CT-independent manner. These results strongly supported a role for host cell factors that may differ between cell types. Studies by Spearman and co-workers demonstrated that FIP1C is required for CT-dependent incorporation of Env into HIV-1 particles [114,115,116]. FIPs are effectors of Rab11 GTPases that mediate a sorting of cargo from the endosomal recycling compartment to the PM [160]. The requirement of Rab11-FIP1C for the trafficking of Env from the endosomal recycling compartment to the PM likely explains the cell-type dependent nature of the Env incorporation defects imposed by gp41CT deletions [114,115,116]. Of note, the Y795/W796 motif in gp41CT was identified as a critical determinant for CT-dependent FIP1C redistribution out of the endosomal recycling compartment and subsequent Env incorporation into virus particles [114,115,116]. Substitution of Y795/W796 into Ser-Leu completely recreated the pattern of cell-type dependence on Env incorporation previously observed with CT truncation, and FIP1C depletion had no effect on the level of incorporation of this mutant Env. These results suggested that Y795/W796 and FIP1C mediate Env incorporation in a cell-type-specific manner. Interestingly, structural studies have revealed that W796 is located on the hydrophobic, membrane-interacting side of the LLP3 helix whereas Y795 is localized on the exposed polar side (Figure 4) [154]. It has yet to be established at the molecular level whether an interaction occurs between the Rab11-FIP1C complex and gp41CT during Env trafficking.



After trafficking through the trans-Golgi network in an apparent FIP1C-dependent manner, the mature Env proteins are deposited onto the PM where they eventually make their way to sites of Gag assembly for incorporation into virus particles [111]. This phenomenon is documented by several studies. Early high-resolution confocal imaging studies have shown that Gag and Env colocalize at the PM and that mistargeting of a mutant Gag to the Golgi apparatus alters the pattern of surface expression of Env [55]. Other studies have shown that Gag assembly induced the aggregation of small Env clusters into larger domains that were completely immobile [161]. Truncation of gp41CT abrogated Gag’s ability to induce Env clustering and restored Env mobility at assembly sites. Super-resolution microscopy data also indicated that recruitment of HIV-1 Env to viral assembly sites is dependent on gp41CT [162]. By interrogating the subviral angular distribution of Env on the cell-associated virus using multicolor three-dimensional super-resolution microscopy, it was recently demonstrated that, in a manner dependent on cell-type and on the full-length gp41CT, the distribution of Env is biased toward the necks of cell-associated particles [163]. It was postulated that the neck-biased distribution is regulated by vesicular retention and steric complementarity of Env during independent Gag lattice formation [163]. Altogether, these studies indicated a functional role of gp41CT in Gag–Env co-localization and Env incorporation.



Although the mechanism of Env incorporation is still not fully understood, genetic and biochemical data indicates that an interplay between the MA domain of Gag and gp41CT exists. In earlier studies, HIV-1 has been shown to exhibit a specific basolateral release in polarized epithelial cells [164,165]. In other studies investigating polarized HIV-1 viral budding following introduction of proviral DNA constructs, it was shown that the targeting signal for polarized virus release in part localized within the gp41CT [166]. Mutants of the MA domain of Gag were shown to be nonpolarized only when unable to interact with Env. These results are consistent with a model of polarized virus budding in which the Gag proteins are targeted for specific basolateral release via an interaction of MA with the CT of Env. Other studies have identified a triple MA mutant (L21K/E74K/A83T) that blocks the infectivity of HIV-1 particles pseudotyped with MLV Env glycoproteins without affecting infectivity conferred by HIV-1 Env or vesicular stomatitis virus G glycoproteins [167]. However, this triple mutant does not affect the incorporation of MLV Env into virions. It was also demonstrated that in HIV-1 virions pseudotyped with MLV Env, the HIV-1 protease (PR) efficiently catalyzes the cleavage of the p15(E) transmembrane (TM) protein to a 12-kDa protein (p12(E)) and a 16-residue peptide (p2(E) or R); the MA mutant, however, blocked this HIV-1 PR-mediated cleavage of MLV TM. Additionally, it was shown the transdominant inhibition exerted by the mutant MA on infectivity correlated with the relative level of p15(E) cleavage, and that mutant virions are significantly more infectious when pseudotyped with a truncated p12(E) form of MLV Env. Taken together, these results indicate that HIV-1 Gag can influence the viral PR-mediated processing of the MLV TM Env protein p15(E). More recently, Env incorporation was analyzed in pseudotyped HIV-1 and MLV particles [168]. It was found that one form of MLV Env is compatible with MLV particles but incompatible with HIV-1 particles, while a second form is compatible with HIV-1 particles but not with MLV particles. The HIV-1 particle incompatibility correlated with a less efficient cleavage of the R peptide; however, the MLV particle incompatibility was subtle. It was suggested that MLV incompatibility is caused by a lack of incorporation into particles, yet incorporation could be restored by further truncation of the CT or by using a chimeric MLV Gag protein containing the HIV-1 MA without fully restoring infectivity [168].



Other studies have shown that deletions and point mutations in MA (L13E, E17K, L31E, V35E and E99V) have adverse effects on Env incorporation without affecting virus particle formation, suggesting that an interaction with MA was perhaps required [169,170,171,172,173]. Analysis of MA trimer formation was expanded through a series of conservative and nonconservative mutations at, or near, the trimer interface in the crystal structure (Figure 3). Whereas several polar residues that are sufficiently close together to potentially form hydrogen bonds at the trimer interface (Asn47, Gln58 and Gln68) did not seem to contribute to trimer formation, nonconservative mutations (A45E, T70R, L75G and L75E) inhibited MA trimerization, as demonstrated using a cross-linking assay, yielding particles impaired for Env incorporation and infectivity [108]. These results suggested that a small cluster of hydrophobic interactions appear to be required for the formation of the MA trimer [108]. Additionally, point mutations within gp41CT, as well as deletion of the tail entirely, resulted in a similar phenotype of Env-deficient virus particles in non-permissive cell types, indicating that an interaction between MA and gp41CT likely mediated this process [170,172]. Env incorporation defects caused by mutations in MA could be completely reversed by a compensatory amino acid substitution in MA (Q63R) [174], indicating an interplay between the membrane-bound MA and gp41CT in regulating Env incorporation.



To explain the molecular basis for Env incorporation, a number of models have been proposed (Figure 5) [111]. These models, which are not mutually exclusive, are divided into passive incorporation, Gag–Env co-targeting, direct Gag–Env interaction and indirect Gag–Env interaction. The passive model assumes that Env is randomly incorporated as the particles acquire host-derived membranes during assembly and budding. The Gag–Env co-targeting model suggests that both proteins are recruited to assembly sites based on their independent association with an element of the PM such as lipid raft-like microdomains. The Gag–Env interaction model postulates that an interaction occurs between the two proteins (either directly or mediated by a cellular factor) and that this interaction facilitates both the recruitment of Env to the assembly sites and its incorporation into the Gag lattice [111]. An interaction between gp41CT and MA is also supported by the fact that Env is non-fusogenic in immature virus particles and only becomes active upon Gag cleavage. Fusion activity can also be triggered by truncation of gp41CT, suggesting that Env is locked in a non-fusogenic conformation by an interaction with uncleaved Gag [175,176]. Nanoscale single particle tracking of Env on the PM has demonstrated that Env immobilization at sites of Gag assembly requires gp41CT and Leu13 of MA but does not require the curvature of the lattice [177]. This same study also showed that Env was restricted to subviral regions within the Gag lattice, indicating that an interaction between gp41CT and MA may be responsible for Env retention in budding particles. While it is strongly suggested that an interaction between gp41CT and MA is involved, the exact nature of this interaction (whether by direct or indirect interactions, or by steric trapping) is still unclear. A few reports have suggested direct interaction between MA and gp41CT based on glutathione S-transferase (GST) pull-down assays [173,178]. Regardless, the fact that the MA mutations allowed for the incorporation of the short but not the long tailed Env in certain cell types may suggest that MA mutants may confer a steric hindrance preventing the accommodation of the full-length gp41CT.



Freed and co-workers have provided biochemical evidence that MA trimerization is an obligatory step in the assembly of infectious HIV-1 and demonstrated a correlation between loss of MA trimerization and loss of Env incorporation [108]. By analysis of the hexamer of trimer model of MA, it was noted that residues which appeared to be essential for Env incorporation (Leu13, Glu17, Leu31, Val35 and Glu99) point toward the hexamer centers (Figure 3), which led to the hypothesis that gp41CT may interact with these residues [107,110,179]. It is noted that residue Gln63, which suppressed Env incorporation defects elicited by the L13E, E17K, L31E, V35E and E99V MA mutations and of an gp41CT mutation with the same phenotype [108,138,139,180], is located at the trimer interface (Figure 3). The current prevailing model suggests that Q63R mutation may stabilize the trimer structure such that MA lattices, which form large hexamer holes, are favored over those that feature smaller hexamer holes. This model is supported by biochemical evidence that Q63R mutation modestly enhanced MA trimer and promoted interaction with gp41CT without altering the organization of MA on a membrane layer [178,181]. By serially propagating MA trimerization-defective mutants in T cell lines, compensatory mutations that rescue MA trimer interface mutants with severely impaired Env incorporation were identified [179]. The compensatory mutations that are located within or near the trimer interface and in other distant regions, restored Env incorporation as well as particle infectivity and permitted replication in culture. Altogether, the current hypothesis is that revertant mutants such as Q63R likely contribute to MA trimerization, increase affinity to gp41CT and enhance Env incorporation. However, this hypothesis has yet to be tested at the structural level.




8. Gag–Env–Membrane Complex as a Therapeutic Target


Our understanding of the primary mechanism of Env incorporation in HIV-1 has been greatly expanded over the past decade. However, there still exist major gaps in our knowledge. We believe that high-resolution structural data on a biologically relevant complex between gp41CT and MA in the context of a lipid bilayer can be crucial to this endeavor. As a key player in HIV-1 assembly and maturation, HIV-1 Gag and its individual domains emerged as attractive drug targets [182,183]. Recent advances in the development of potent CA and maturation (CA-SP1 cleavage site) inhibitors have demonstrated the therapeutic viability of Gag domains ([182,183] and references therein). Herein, we discussed three key features in viral assembly that could potentially serve as targets for anti-retroviral drugs: MA–membrane interface, MA trimer and gp41CT–MA interface. Small molecule inhibitors that target the PI(4,5)P2 binding site in MA have been identified [184,185,186]. Using an SPR assay with immobilized biotinylated PI(4,5)P2, it was shown that these inhibitors are able to compete with PI(4,5)P2 [185,186]. Our lab has developed NMR– and ITC–based assays to investigate MA binding to lipid NDs enriched with PI(4,5)P2 [95]. These assays could be utilized to screen or design small molecules that are capable of disrupting the MA–membrane interactions. The discovery that Env incorporation is dependent on MA trimerization renders the MA–MA interface an attractive potential target for small molecule or peptide-based inhibitors, a task that has proved to be elusive due to the lack of a stable recombinant MA trimer. We hope that our stable and native-like MA-foldon construct and the application of HDX-MS techniques can serve as innovative tools to develop inhibitors that target the MA–MA interface. Lastly, the enigmatic gp41CT–MA interaction could potentially serve as a novel target for inhibitory drugs. In summary, an abundance of genetic and biochemical data, combined with the structural data on gp41CT and MA trimer, may provide insights into the best path toward detailed structural characterization of the gp41CT–MA–membrane complex, a key step in the pursuit of novel antiviral drugs that target virus assembly and Env incorporation.
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Figure 1. Late phase of the HIV-1 replication cycle. During the late phase of the HIV-1 replication cycle, the newly synthesized Gag and GagPol precursor polyproteins, containing MA, CA, NC, p6 and spacer peptides [and protease (PR), reverse transcriptase (RT), and integrase (IN) for GagPol], are targeted to the PM for assembly. Gag and GagPol polyproteins are anchored to the plasma membrane via insertion of the amino-terminal myr group into the lipid bilayer and by specific interactions with PI(4,5)P2. In the meantime, through an independent pathway, the Env glycoprotein which is synthesized in the rough endoplasmic reticulum (RER), traffics to the PM via the secretory pathway to the Golgi. Env is then incorporated into the budding particle in a process mediated by the endosomal sorting complex required for transport (ESCRT). The replication cycle is concluded by the maturation step, which involves cleavage of Gag into individual domains and subsequent formation of the CA core. 






Figure 1. Late phase of the HIV-1 replication cycle. During the late phase of the HIV-1 replication cycle, the newly synthesized Gag and GagPol precursor polyproteins, containing MA, CA, NC, p6 and spacer peptides [and protease (PR), reverse transcriptase (RT), and integrase (IN) for GagPol], are targeted to the PM for assembly. Gag and GagPol polyproteins are anchored to the plasma membrane via insertion of the amino-terminal myr group into the lipid bilayer and by specific interactions with PI(4,5)P2. In the meantime, through an independent pathway, the Env glycoprotein which is synthesized in the rough endoplasmic reticulum (RER), traffics to the PM via the secretory pathway to the Golgi. Env is then incorporated into the budding particle in a process mediated by the endosomal sorting complex required for transport (ESCRT). The replication cycle is concluded by the maturation step, which involves cleavage of Gag into individual domains and subsequent formation of the CA core.
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Figure 2. A model of the HIV-1 MA trimer bound to membrane. MA–membrane interaction is mediated by the myr group, basic residues (Arg22, Lys26, Lys27, Lys30 and Lys32) in the high basic region (HBR; blue), and the polar head of PI(4,5)P2. Membrane bilayer was generated in VMD membrane builder plug-in [53]. PI(4,5)P2 was generated in Avogadro [54]. The myr-exposed MA trimer was constructed by superimposition with the x-ray structure of myr(–)MA (PDB ID: 1HIW). Note that the N-terminal Met, which is absent in the myristoylated protein, is designated as residue 1. In contrast, other studies considered the N-terminal Gly of the myristoylated protein as residue 1. 
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Figure 3. MA structural motifs that mediate Env incorporation. (A) Structure of the MA trimer (PDB ID: 1HIW) highlighting residues implicated in Env incorporation (red and green). The current hypothesis is that the revertant mutant Q63R enhances MA trimerization, thereby increasing MA affinity to gp41CT and enhancing Env incorporation. (B) Schematic representation of the hexamer of trimer arrangement of MA based on the models proposed Alfadhli et al. [107] and adopted by Freed et al. [108] to explain the mechanisms of Env incorporation. In this model, a ∼45 nm central aperture is formed by residues implicated in Env incorporation (red). It is hypothesized that the gp41CT protein is accommodated in the central aperture. Other mutations that were found to significantly disrupt Env incorporation are located in the trimer interface (green). (C) Based on an early model [110], perturbations of the putative hexameric or trimeric interface in the MA lattice are thought to create smaller central apertures (∼30 nm) that may cause a steric exclusion of gp41CT. 
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Figure 4. Structural features of the gp41CT protein. (A) A model depicting the gp120 and gp41 proteins on the surface of an HIV-1 particle. (B) Schematic representation of the gp41CT protein sequence with secondary structure illustration. (C) Cartoon representation of gp41CTC showing the extensive hydrophobic interface formed by Leu, Ile, Val, Ala, Trp and Phe residues (magenta). (D) Surface representation of gp41CTC showing aromatic residues as red sticks. Of particular interest is the cluster of aromatic residues at the beginning of LLP3, which harbors the Y795/W796 motif implicated in Env incorporation [114,115,116]. The majority of aromatic residues are buried in the interior of membrane. (E) Surface representation of the gp41CTC protein showing Arg and Lys residues (blue). (F) A model of gp41CTC bound to a membrane bilayer. Residues colored in red interact extensively with the interior of the membrane. Membrane bilayer was generated in VMD membrane builder plug-in [53]. 
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Figure 5. Possible models for Env incorporation. The passive model assumes that Env is randomly incorporated as particles may acquire a host-derived membrane during assembly and budding. The Gag–Env co-targeting model suggests that both proteins are recruited to assembly sites based on their independent association with an element of the PM such as lipid raft-like microdomains. The direct Gag–Env interaction model postulates that an interaction occurs between the MA domain of the Gag lattice and gp41CT. The indirect interaction model suggests that interaction is mediated by a cellular factor. These models were first proposed by Tedbury et al. [111]. 
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