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Abstract:

 Enveloped viruses employ a class of proteins known as fusogens to orchestrate the merger of their surrounding envelope and a target cell membrane. Most fusogens accomplish this task alone, by binding cellular receptors and subsequently catalyzing the membrane fusion process. Surprisingly, in herpesviruses, these functions are distributed among multiple proteins: the conserved fusogen gB, the conserved gH/gL heterodimer of poorly defined function, and various non-conserved receptor-binding proteins. We summarize what is currently known about gB from two closely related herpesviruses, HSV-1 and HSV-2, with emphasis on the structure of the largely uncharted membrane interacting regions of this fusogen. We propose that the unusual mechanism of herpesvirus fusion could be linked to the unique architecture of gB.
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1. Introduction

All viruses must enter living cells to replicate, which requires them to overcome the barrier of the cellular membrane. Enveloped viruses—those coated with a lipid bilayer called an envelope—solve this problem by facilitating the merger of their envelope with the cellular membrane, during which the viral contents are delivered into the cytosol and infection ensues. This process of membrane fusion is initiated by binding of a virus to an appropriate receptor on the surface of the host cell and is catalyzed by a virus-encoded membrane fusion protein, or fusogen. In the majority of enveloped viruses, the receptor-binding and the fusogenic functions are performed by a single protein [1].

Herpesviruses are enveloped double-stranded DNA viruses that establish lifelong latent infections from which they periodically reactivate, primarily causing mucocutaneous lesions. More rarely, they can also cause severe conditions such as encephalitis, keratitis, cancer, and infections in newborns. Herpesvirus entry is a complex process in which fusion alone requires three conserved proteins at minimum—gB, gH, and gL. Fusion also requires additional non-conserved glycoproteins specific to individual herpesviruses [2], and could be further modulated by viral and host proteins not discussed here [3,4,5]. What do all these proteins do and what drives this unusual division of labor? This review addresses these fundamental questions by focusing on the conserved fusogen gB, its structure, function, and distinctions from other viral fusogens. We discuss the complex regulation of gB conformation and activity by gH/gL as well as its own membrane proximal region, transmembrane domain, and CTD. Ultimately, we attempt to link the unusual mechanism of HSV-1 fusion to the unique architecture of gB, the main player in this intricate process.



2. Viral Entry and Membrane Fusion


2.1. General Mechanism of Viral Fusion

Viral fusogens mediate the merger of the viral lipid envelope and the cell membrane. These proteins are displayed on the viral surface and anchored into the envelope. In the course of undergoing a thermodynamically favorable conformational rearrangement, fusogens are thought to provide the energy to clear the kinetic barrier to fusion [1]. Prior to the receipt of an environmental signal—typically acidic pH or binding of a cellular receptor—fusogens reside in a metastable prefusion state on the viral membrane (Figure 1). Upon triggering, they expose their previously shielded fusion segments (N-terminal peptides or hydrophobic internal loops) and extend them towards the opposing host cell membrane. This elongated conformation is unstable and rapidly folds back upon itself such that the C-terminal transmembrane anchor of each fusogen protomer, embedded in the viral envelope, is brought into proximity with its host membrane-interacting fusion segment. Formation of this low-energy, trimeric hairpin structure, termed postfusion, therefore draws these opposing membranes together and facilitates their merger.

Figure 1. A diagram illustrating viral membrane fusion. Stages in the refolding of a fusogen are indicated. The regions of the fusogen that become the inner and outer layers of the postfusion hairpin are shown in blue and red, respectively. The fusion peptides (or loops) are shown in green.
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2.2. Three Classes of Viral Fusogens

All known viral fusogens belong to one of three different classes (Figure 2) [1] although fusogens of pestiviruses and Hepatitis C may belong to a novel class [6]. Class I is exemplified by Influenza hemagglutinin and includes fusogens from diverse viral families including retroviruses, paramyxoviruses, filoviruses, and coronaviruses, among others. The unifying structural features of class I fusogens are triple-helical prefusion cores, which refold into a six-helix bundle in the postfusion state, and proteolytically generated N-terminal fusion peptides capable of perturbing membranes [7] (Figure 2A) (note, however, that Ebola gp uses a loop [8]). Class II fusogens are found in flaviviruses, e.g., West Nile virus, and have three-domain, beta-sheet-rich structures containing internal fusion loops [9] (Figure 2B). They can be arranged as homodimers or heterodimers in prefusion form and are maintained in this metastable condition through association with a chaperone protein [10,11,12]. Class III fusogens possess elements from both class I and II, containing the former group’s helical core and the internal fusion loops of the latter (Figure 2C). Class III includes glycoprotein G from rhabdoviruses, e.g., Vesicular Stomatitis virus (VSV), gB from herpesviruses, and gp64 from baculoviruses of insects [13]. It is the least well characterized fusogen group, as the structures of both the prefusion and the postfusion forms are known only for VSV G [14,15] and the refolding pathway has not yet been mapped out.

Figure 2. Postfusion structures of representative viral fusogens from each of the three known classes. Class I, PIV3 F (PDB ID 1ZTM); class II, Dengue E (PDB ID 1OK8), class III, VSV G (PDB ID 2CMZ). The inner and outer layers of the postfusion hairpin are shown in blue and red, respectively. Fusion loops (FL) of Dengue E and VSV G are shown in green. The fusion peptide (FP) of PIV3 F, missing from the structure, is indicated with a green star. The extended C-terminal segments in Dengue E and VSV G, unresolved in the structures, are shown as dashed red lines. The TM segments are represented by red cylinders. The membrane is shown schematically. Figure was made with Pymol.
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Despite the lack of sequence similarity and large differences in structure, fusion in all three groups is initiated almost exclusively by two common triggers. Binding to a cellular receptor triggers some members of class I, e.g., SARS spike protein [16,17], while exposure to low pH activates Influenza HA (class I) [18], all class II fusogens [10], and the class III fusogens gp64 and VSV G [14,19]. In this later scheme, the protonation of key histidine and/or acidic residues is thought to act as a molecular switch to drive refolding [14,20,21,22]. The triggering mechanisms of some viruses are more complex, requiring multiple steps or cellular interactions; binding to a receptor CD4 and a co-receptor CXCR4 or CCR5 in the case of HIV [23], binding to a receptor followed by low pH exposure for Avian Leukosis Virus [24], or cathepsin cleavage after cellular uptake followed by binding of NPC1, an intracellular cholesterol transporter, for Ebola [25,26]. Salient features of most viral fusion schemes are that the fusogen interacts directly with the triggering stimulus and acts independently, executing the membrane merger without activation by other viral glycoproteins [1]. Paramyxoviruses, in which the class I fusogen F is triggered by interaction with a separate receptor-binding viral protein (HN, H, or G, depending on the paramyxovirus) [27], and herpesviruses, discussed below, represent major departures from this norm.





2.3. The Orchestration of Herpesvirus Membrane Fusion

In all eight herpesviruses, gB requires the assistance of the conserved heterodimeric gH/gL complex to effect fusion of a virion to its target membrane [2]. This merger can occur at the endosomal or plasma membrane, depending on the identity of the herpesvirus and its target cell. In herpes simplex viruses, HSV-1 and HSV-2, a non-conserved receptor-binding protein, gD, is needed in addition to gH/gL and gB (Figure 3).

Figure 3. A schematic diagram of essential steps in HSV glycoprotein-mediated fusion. Crystal structures of apo gD (PDB ID 2C36), gD/HVEM complex (PDB ID 1JMA), gH/gL (PDB ID 3M1C), and the postfusion form of gB (PDB ID 2GUM) are shown. The prefusion form of gB has not yet been characterized and is shown schematically. Conformational changes in gD upon receptor binding are well documented. The order of subsequent steps has been proposed but not yet confirmed. Figure was made with Pymol.
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According to the current model [28], fusion is initiated when gD binds one of its cellular receptors, nectin-1, a cell adhesion molecule, herpesvirus entry mediator HVEM, a member of the TNFalpha family [29], or modified heparan sulfate [30]. This engagement releases gD from its autoinhibited dimeric state [31,32] and enables it to somehow transmit a signal to gH/gL [33,34,35], which, in turn, activates gB [36,37,38] (Figure 3). This sequential activation process is triggered differently in beta- and gammaherpesviruses. The Epstein-Barr virus (EBV), a gammaherpesvirus, employs glycoprotein gp42, a gD analog, to engage HLA receptor on the surface of B cells [39,40] but uses gH/gL to bind αvβ5, αvβ6, and αvβ8 integrins on epithelial cells directly [41,42]. These integrins also have roles in HSV entry, regulating its route and timing [3], but their involvement in fusion itself is not firmly established. Entry of cytomegalovirus (CMV) into fibroblasts depends on the presence of the trimeric gH/gL/gO complex [43,44] whereas entry into both epithelial and endothelial cells requires a pentameric complex formed by gH/gL, UL128, UL130, and UL131 [45,46] although gH/gL/gO may be important for CMV entry into these latter cell types as well [47].



Regardless of the variation in how their fusogenic machinery is initially triggered, herpesvirus fusion mechanisms converge at the point of gB activation by gH/gL. This process is unusually elaborate in comparison to the fusion schemes of most viruses, which employ a single, directly activated fusogen. Most importantly, in all herpesviruses, gB does not orchestrate fusion on its own and requires the conserved gH/gL plus additional non-conserved partner glycoproteins. Although HSV-1 gB binds the cellular receptor heparan sulfate [48], this interaction only aids in viral attachment and does not initiate fusion. Furthermore, as evidenced by the existence of pH-independent endocytosis and plasma membrane HSV entry routes, gB mediated fusion is not triggered by low pH. Limited pH-induced structural changes do occur in gB, but they do not trigger its global rearrangement [49]. These differences hint that the forces that determine the conformation of gB and the timing of its refolding are unique even among class III fusogens. They also raise numerous questions about how gB interacts with fusion partners and the surrounding lipid bilayer. For example, is the fusogenic refolding of gB restrained or promoted by its interactions with these other proteins? Or, what features of gB, a protein that by comparison to other class III fusogens appears to contain the full complement of machinery needed to effect fusion, make it dependent upon other glycoproteins? Finally, how does the viral membrane in which gB resides shape its structure and activity? A complete structure of gB will accelerate the investigation of these specific questions about its function and begin to unravel many of the broader mysteries of HSV fusion.




3. The gB Ectodomain

As noted above, many aspects of gB function are both unique and incompletely understood. Much of what we do know about gB, from its identification as a class III fusogen to details like the position of its fusion loops, derives from the crystal structure of postfusion ectodomain. The major movements executed by gB during fusion can be inferred from this structure, but the accuracy and detail of this reconstruction are limited by the dearth of information on its metastable prefusion conformation. This long-sought structure would also provide invaluable clues as to the mechanism and timing of gB triggering.


3.1. Structure of the Postfusion gB Ectodomain

Like all viral fusogens, gB is composed of a large extraviral or ectodomain, which is the conformationally labile “business” end of the molecule, a hydrophobic membrane-proximal region located above the membrane, a single-span helical transmembrane anchor, and an intraviral or cytoplasmic domain (Figure 4). The crystal structure of the HSV-1 gB ectodomain in its postfusion form revealed a trimeric spike in which each protomer is composed of 5 distinct domains arranged into a hairpin shape (Figure 5A) [50]. Domains I–IV of each protomer twist around the equivalent regions of their counterparts, resulting in multiple inter-subunit contacts that contribute to trimer stability. The structure is further reinforced by domain V, which extends from one end of the molecule to the other and packs into a groove between the other two protomers thereby forming the outer layer of the hairpin. A similar overall architecture was observed in the subsequently determined crystal structures of gB ectodomain from EBV [51] and CMV [52,53] (Figure 5B) although individual domain orientations differ between the gB homologs and may reflect virus-specific adaptations.

Figure 4. Bar diagram showing the relative lengths of different protein segments in class III fusogens. Signal sequences (SS, grey), ectodomains (ecto, palegreen), membrane proximal regions (MPR, teal), transmembrane domains (TMD, magenta), and cytoplasmic domain (CTD, purple). The black lines below each bar indicate portions of the ectodomains resolved in the crystal structures of each fusogen.
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Figure 5. The crystal structures of class III viral fusogens. HSV-1 gB (PDB ID 2GUM), CMV gB (PDB ID 5CXF), EBV gB (PDB ID 3FVC), and baculovirus gp64 (PDB ID 3DUZ) are shown in the postfusion conformations. VSV G is shown in both prefusion and postfusion conformations (PDB ID 2J6J and 2CMZ). A single protomer is each structure is colored by domain: dI, blue; dII, green; dIII, yellow; dIV, orange, and dV, red. The other two protomers are shown in gray and wheat, for ease of comparison. Figure was made with Pymol.
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The hairpin architecture of the gB ectodomain is common to the postfusion structures of viral fusogens from all classes, and since it is especially similar to postfusion VSV G (Figure 5C), identifies gB as a class III fusogen. Individual domains within gB, VSV G, and baculovirus gp64 share a strong resemblance and their spatial arrangements are similar (Figure 5). However, the sequences of these proteins lack any similarity and differ in length by nearly 400 amino acids. Moreover, in marked contrast to HSV gB, conformational changes in VSV G and gp64 are pH-driven and reversible. Taken together, these differences emphasize that not all findings from VSV G are applicable to gB. Nevertheless, knowledge of VSV G will remain a valuable platform for understanding gB-mediated fusion until a cohesive model describing the conformational changes within gB and its interactions with other viral components is developed.





3.2. The Prefusion Form of gB

In contrast to our detailed knowledge of the postfusion form of the gB ectodomain, the prefusion form of gB remains uncharacterized, with even its oligomeric state unknown. Whereas all characterized fusogens are trimers in their postfusion forms, their prefusion forms span a range of oligomeric states, from trimers to homodimers or even heterodimers. Thus, the oligomeric state of the prefusion form of gB cannot be deduced from the oligomeric state of other fusogens. Several computational models for prefusion gB have been generated using homology modeling and the structure of the prefusion VSV G as a template [51,54,55]. But, given the significant structural and mechanistic differences between gB and VSV G discussed above, the veracity of such models is unclear.

Experimental characterization of the prefusion form of gB has been hindered in part by a lack of antibodies specific to this conformation. All known neutralizing antibodies to HSV gB, some of which should theoretically bind only the prefusion form and prevent its refolding, also bind the postfusion form [56,57]. Similar antibody reactivity has been observed with the fusogen F of respiratory syncytial virus (RSV), in which two major neutralizing epitopes remain intact and exposed in the postfusion form despite extensive refolding [58,59,60].

The prefusion form of gB has not yet been captured in a form suitable for structural analysis. When the isolated gB ectodomain is expressed, it directly adopts its postfusion conformation [61], a testament to the high stability of this form. Similar behavior has been observed with recombinant ectodomains of several other viral fusogens, such as IAV HA and PIV F, [62,63]. Yet, whereas the prefusion forms of several fusogens have been stabilized by adding C-terminal trimerization tags [64,65,66], gB has so far eluded capture through this approach [61]. Attempts to produce the prefusion form of the gB ectodomain by introducing helix breaking or bulky residues into the postfusion coiled-coil core have likewise failed [61]. These results raise the possibility that the isolated ectodomain of gB lacks an innate ability to adopt its prefusion conformation and that gH/gL, other regions of gB, or perhaps even the membrane, are required to maintain gB in this metastable state in vivo.




4. Regulatory Regions of gB

While the fusogenic ability of gB derives from its ectodomain, the adjoining membrane proximal region (MPR), transmembrane domain (TMD), and cytoplasmic domain (CTD) are thought to play key roles in its regulation. These membrane interacting regions make up 20% of the protein, a noteworthy fraction in comparison to other fusogens (Figure 4), and are discussed below specifically for HSV. In their regulatory capacity, they may also be indispensable for maintaining gB in its active, prefusion form.


4.1. Membrane-Proximal Region

Between the ectodomain and the TMD lies a stretch of 43 amino acids termed the membrane-proximal region (MPR) (Figure 4). Approximately 40% of the residues within the MPR are conserved among alphaherpesviruses, and some of these are invariant among all herpesviruses. Mutation of this highly conserved subset in HSV-1 gB yields viruses with negligible infectivity [67]. The MPR is predicted to be helical and, due to its highly hydrophobic character, probably interacts with the membrane. It may form a pedestal beneath the ectodomain, similarly to the stem-loop region in flavivirus E [68]. In E, a class II fusogen, the MPR folds separately from the ectodomain in the prefusion form but becomes an integral part of the postfusion structure, forming the outer layers of the trimeric hairpin [69]. Since the gB MPR is not a part of the postfusion hairpin [50], it may participate in fusion differently from other MPRs.

One of the main functions of the MPR may be to shield the fusion loops prior to gB triggering [70,71]. The fusion loops of class III fusogens are expected to be near the viral membrane in both pre- and postfusion structures [14,15], and they readily interact with membranes when exposed on the surface of recombinant HSV-1 ectodomains [72]. In contrast, ectodomain-MPR constructs do not [70,71]. As few as nine N-terminal MPR residues (731 to 739) are sufficient to prevent liposome binding, and two phenylalanines (F732 and F738) are essential for this blocking activity [71]. The MPR therefore appears to isolate the fusion loops until they can be deployed for the merger of the viral and target cell membranes. However, one caveat to this conclusion is that, because membrane-binding experiments were carried out with the postfusion gB ectodomain, it is unclear to what extent it applies to the prefusion form.

While the N-terminal portion of the MPR could shield the fusion loops to prevent their unproductive insertion into the viral membrane, this domain may also contribute directly to the fusion process by facilitating lipid mixing. This idea is bolstered by the proximity of the MPR to the membrane, its highly hydrophobic composition, and studies of other class III fusogens. In baculovirus gp64, a trio of leucines in the MPR (referred to as pre-transmembrane domain) assists with the formation of the fusion pore [73]. The C-terminal MPR segment of VSV G, rich in aromatic residues, is also required for cell-cell fusion [74]. Moreover, a VSV G fragment that contains only the C-terminal 14-amino-acids of its MPR, the TMD and the cytotail, is sufficient to induce membrane deformation, initiate hemifusion, and reduce the overall energy barrier to fusion [75]. Similar direct findings on the role of the gB MPR are lacking. Many mutants with insertions and deletions in this area are poorly expressed on the cell surface, possibly due to gB misfolding [71,76,77,78]. Nonetheless, the fusogenicity of those that reach the membrane is very low, demonstrating that the MPR is essential for fusion.



4.2. Transmembrane Domain

Between the MPR and CTD of gB lies a single-pass transmembrane domain (TMD) (Figure 4 and Figure 6) containing a predicted 20–22 residues [77,79], This segment is likely alpha-helical, as this is the most energetically favorable arrangement for a hydrophobic span of this length [80,81]. Fusion is arrested at the hemifusion stage when the HSV-1 gB TMD is replaced with a lipid anchor [82], similarly to what has been observed in other fusogens, e.g., VSV G and Influenza HA [83,84]. Thus, the gB TMD is more than a mere membrane anchor and plays an essential role in the later stages of fusion.

Figure 6. A model of the HSV-1 gB. Both the entire protein and a close-up view of the TMD and the CTD are shown. The ectodomain and the MPR regions are represented by ovals of different sizes. TMD helices are shown in a funnel configuration, one possible way in which they may be arranged. The CTD has a proteolytically resistant core and is predicted to contain three helices: h1, h2, and h3. These may be intact or interrupted by short linkers (as shown). Helices h2 and h3 are thought to interact with the membrane.
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The TMDs of other fusogens have been proposed to contribute to fusion by enlarging the fusion pore [85] or acting as a conduit to transfer lipids between the opposing membranes [86]. Analagous findings on the gB TMD are lacking, but insights about its architecture and function can be drawn from other fusogens and membrane-spanning helices in general. The length of the gB TMD is similar to several other fusogens [87,88,89] and slightly exceeds the minimal 20 residues theoretically needed to span an average 30-Å lipid bilayer hydrophobic core [80,90]. It is therefore tempting to speculate that gB must traverse the membrane via nearly the shortest path, parallel to the membrane normal. However, the bilayer thickness varies considerably with its composition [90] and, because the average TMD of crystallized proteins is both longer and more tilted than sequence-based predictions suggest [80,91], this arrangement is far from certain. Furthermore, the TMDs of some fusogens can be shortened to 16 or 17 aa before fusion is abolished due to poor surface expression [87] or, more interestingly, impaired completion of the fusion pore [92]. These studies emphasize that fusogen TMDs must span the membrane, but suggest there is some latitude in the position of full-length TMDs. This ability to adopt multiple transmembrane orientations, depending on the stage of fusion, has been proposed to be integral to the mechanism of paramyxovirus F, which has an unusually long 25+ residue TMD [86]. Although the gB TMD is of a more typical length, a similar principle may shape its fusogenic mechanism.

Like its size, the TMD composition could provide clues to how it may interact with and shape the membrane around it. Alphaherpesvirus gB TMDs contain six conserved alanines, five conserved leucines, and three conserved glycines, an amino acid that is overrepresented in fusogen transmembrane helices [89]. Glycines destabilize helices by reducing side chain interactions [93] and glycine-induced helix kinks could accommodate large transmembrane domain rearrangements [94], a strong possibility during fusion. Conversely, amino acids like leucine form efficient contacts with the side chains of multiple residues on the same helix face (i to i + 3 and i + 4) and thus enhance helix rigidity [95]. The activity of many fusogens depends on the overall structural and biochemical properties of their TMDs [87,88,96], so other properties of the gB TMD may derive from groups of amino acids. There are several conserved glycine-alanine pairs in the TMD that are separated by three residues, enabling them to form GxxxG-like motifs in which their absent or small side chains align to form a void [97]. The impact of GxxxG-like motifs on the structure of helical domains is likely similar to, if less extreme than, the extensively studied canonical GxxxG motif [98]. This sequence is present in the TMDs of both HIV-1 gp41 [88] and VSV G [89]. It increases helix backbone dynamics in synthetic VSV G TMD peptides and may yield highly mobile TMD helices in full-length VSV G that could interact strongly with the aliphatic chains of membrane lipids and cause lipid splaying [99], wherein the two lipid tails are pulled apart during fusion to facilitate lipid bilayer mixing. Indeed, replacement of the VSV G glycines additively impairs fusion pore formation, with complete inactivity resulting from the loss of both glycines [89]. Transmembrane helices containing the GxxxG sequence also display strong homotypic binding tendencies [100] that may facilitate their association in fusogens [101]. Consistent with this prediction, the cryoEM structure of HIV-1 gp41 shows its three TMD helices forming a left-handed coiled-coil with a 35° crossing angle [102]. In gB, misfolding observed upon the addition of a heterologous trimerization domain to the CTD N-terminus suggests that the TMD helices are separated as they exit the cytoplasmic face of the membrane [103]. However, the extracellular arrangement of these helices is unknown and, in the absence of direct structural information on the TMD, it is impossible to assess whether GxxxG-like motifs cause these helices to cross or otherwise associate. Since the gB TMD is an active participant in the membrane fusion process [82], additional studies are warranted to elucidate its mechanistic contributions to fusion and tie them to its form and composition.



4.3. Cytoplasmic Domain

The strong similarity of the gB ectodomain to other class III fusogens suggests that they share a common fusion machinery blueprint. Yet, striking differences emerge in comparing their intraviral, or cytoplasmic, domains (CTDs). While the CTDs of VSV G and gp64 are unstructured and short, at only 29 and 7 residues respectively, the 109-residue long HSV-1 gB CTD forms a trimer that is predicted to be approximately 50% alpha-helical [103] (Figure 6). This extensive secondary structure develops only in the presence of anionic liposomes, detergent micelles or mixed micelles, with which it interacts strongly, and an isolated CTD is only 25% alpha-helical in solution. This dramatic increase in folding is accompanied by the expansion of its proteolytically resistant core, which strongly indicates that the organization and function of this unique domain depend upon its association with the membrane [103].

The gB CTD appears to negatively regulate fusion. Although HSV infection typically does not cause cell-cell fusion, clinical isolates of HSV-1 with truncations, point mutations, or insertions within the gB CTD form multinucleated cells termed syncytia [104,105,106,107]. Similar hyperfusogenic phenotypes have been observed for gB CTD truncations in other herpesviruses (Varicella-Zoster virus, Epstein-Barr virus, pseudorabies virus) [108,109,110]. It has been proposed that syncytial truncations in HSV-1 gB act by disrupting membrane binding by the CTD and, consequently, preclude the formation of important secondary structure elements [111]. Likewise, a 14-residue C-terminal truncation in EBV gB produced a hyperfusogenic protein that could mediate fusion at lower temperatures, more rapidly, and in response to weaker signals from gH/gL than WT EBV gB [112]. No changes in the oligomerization of gB or the strength of its interaction with gH/gL were found, and the authors attribute the apparent lower activation energy of the shortened mutant to reduced interaction of its CTD with the membrane.



Although the gB CTD may need to bind the membrane to restrain fusion, this is not the sole determinant of its regulatory ability. Several syncytial CTD point mutants, both naturally occurring and engineered, display wild-type or stronger membrane interactions [103]. Instead, a variety of local structural changes are observed at the mutation sites. The CTD may act as a clamp that braces against the virion envelope to prevent fusion, and altering this inhibitory conformation could effectively uncouple the ectodomain from its restraining influence. This theory that is supported by the finding that HSV-1 gB with hyperfusogenic point mutations appears to have a lowered fusion energy barrier and is hypersensitive to signals from gH/gL [113]. Perhaps fusion is affected by inside-out-signaling, in which the CTD “status” is conveyed through the TMD and to the ectodomain [114,115]. Point mutations, though seemingly minor, could change the transmission of such a message through the disruption of intramolecular contacts or secondary structure elements.

Among class III fusogens, the role of the CTD as a clamp may be unique to herpesviruses, an unsurprising fact considering the small size of the VSV G and gp64 cytotails (Figure 4). Indeed, a HCMV “gB-G” construct in which the CTD, transmembrane and a portion of the membrane proximal region of gB were replaced with the VSV G transmembrane spans and cytotail could drive membrane fusion [116]. Yet, examples of fusion inhibition by the CTD are also found in Class I fusogens. Some paramyxovirus PIV5 F protein variants possess extended cytotails that reduce normal syncytia formation through trimerization [114]. Proteolytic removal of 16 C-terminal residues is a prerequisite for fusogenic conformational rearrangements in the murine leukemia virus Env protein [117]. Finally, despite having little effect on membrane fusion, truncation of the HIV-1 Env cytotail greatly changes the antigenic properties of its ectodomain suggesting that the genuinely native prefusion form requires the intact cytotail [118]. Nonetheless, the gB regulatory mechanism is uniquely dependent upon a large, structured CTD that interacts with the membrane.

It is clear that HSV-1 fusion is a tightly regulated process in which the CTD of gB is of critical importance. Controlling fusion is in essence preventing the premature conversion of metastable prefusion gB to postfusion gB, a function that the CTD achieves by interacting with the viral envelope and, probably, with the TMD. This restraint is only effective if the integrity of the CTD is preserved, and aberrant fusion occurs in response to slight perturbations of its structure or disruption of CTD-membrane contacts. Common approaches to the study of membrane proteins, such as isolation of the ectodomain or solubilization of full-length protein, inherently perturb these critical interactions, and may explain the elusiveness of prefusion gB. Obtaining the prefusion gB structure will require new tactics that can isolate full-length gB in a more native-like environment.




5. Role of gH/gL Interactions

According to the current model, fusion in herpesviruses requires a signal passed from the gH/gL heterodimer to gB [37]. The HSV-2 gH/gL heterodimer, which is very similar in sequence to HSV-1, has a large boot-shaped ectodomain composed of three gH domains and the entirety of the gL scaffold protein [38]. The most N-terminal gH domain is stabilized by folding around gL, and the C-terminal domain extends into a single transmembrane pass and 14-amino-acid cytotail. How gH/gL regulates gB is unknown, but it has been found that their C termini come into proximity only in the presence of activated gD [36]. This observation suggests that gB and gH/gL do not constitutively associate, and thus that gH/gL is likely to activate, rather than repress, gB fusogenic activity.


5.1. The gH/gL Ectodomain

gH exhibits a spectrum of conservation along its sequence that appears integral to its communication with gB. Extensive variability is seen in the membrane distal H1 domains of gH/gL heterodimers from different viruses, and it may enable them to receive a variety of activating signals. The highly conserved central H2 and membrane adjacent H3 domains then translate these diverse inputs into a common message for transmission to gB. Given that gB itself is the most highly conserved herpesvirus glycoprotein, tolerating few changes to preserve its fusogenic capability, gH/gL has been proposed as an adaptor needed for it to function in many different systems [119].

A stable complex involving gH/gL and gB has never been captured, but preliminary information on how and where their ectodomains might interact has been obtained through investigation of two strongly neutralizing gH/gL antibodies. The first, LP11, binds in a location that blocks gB–gH/gL association, suggesting its that its epitope overlaps the contact area for these glycoproteins [38]. Another antibody, 52S, binds opposite the LP11 site and allows gH/gL binding to gB. The attachment of 52S may prevent binding of activated gD [34].



5.2. The gH Cytotail

Regulation of gB by the gH/gL heterodimer is typically attributed to its ectodomain, but the short gH cytotail may be involved in this process as well. Although HSV-1 gH/gL has been reported to activate gB when expressed in a soluble form or from the opposing membrane, it does so far less efficiently than as a full-length construct in the same membrane as gB [33]. Indeed, attaching the HSV-1 gH ectodomain to the membrane with a GPI lipid anchor renders it inactive [82], and replacement of the gH transmembrane domain and cytotail with the corresponding domains of other proteins produced chimeras that could not mediate cell-cell fusion when coexpressed with the other requisite HSV-1 glycoproteins [120].

The ability of the gH cytotail to regulate fusion has been examined in several mutational studies. Truncation of the 14-amino-acid HSV-1 gH cytotail by more than 6 residues impairs syncytium formation [121]. This effect has been attributed to the destruction of the serine-valine-proline (SVP) motif of residues 830–832 [122], and fusion events mediated by both WT gB and A855V hyperfusogenic gB are further reduced in the presence of gH SAP mutants [123], where a V831A substitution is introduced into gH SVP (gH truncated after P832). However, there are other indications that the length of the gH cytotail is a more critical determinant of gH activity than its sequence. A systematic study of HSV-1 gH cytotail truncation mutants demonstrated that shortening of the gH cytotail progressively curtailed cell-cell fusion [113], and a similar conclusion has been reached regarding VZV gH cytotail, the action of which was entirely contingent upon length rather than sequence [124]. Furthermore, despite the prediction that the HSV-1 gH cytotail is unstructured [125], insertions are capable of retarding or abrogating both cell-cell fusion and viral infectivity [126].

In lieu of stably binding the gB CTD, the gH cytotail has been proposed to exert its influence via inside-out signaling [123]. However, gH cytotail truncations do not alter the ectodomain conformation [113,120,126]. In light of the clear trend toward reduced fusion with reduced cytotail length, a more likely possibility is that this domain promotes fusion through a transient, steric mechanism. It may act as a wedge to split tightly associated protomers of the gB CTD clamp, freeing the ectodomain to undergo fusogenic refolding [113].

It is interesting to contrast the effect shortening the HSV-1 gH cytotail with similar mutations to the VZV cytotail. Shortening of the VZV gH cytotail increases fusion, indicating that gH restrains fusion instead of promoting it [124]. Although slightly different (nonequivalent) mutations were studied in each case, these opposing results may relate to the contrasting activity of gB in these proteins. Syncytia formation is a constitutive part of VZV pathogenesis that requires attenuation—excessive cell-cell fusion is associated with low infectivity. In contrast, syncytia are not seen in WT HSV-1 fusion, which is already tightly controlled by the built in safety-latch of gBcyto and requires prompting. Thus, the function of gH may be dictated by the “set-point” of the gB fusogen it accompanies.




6. Conclusions

Crossing the threshold of its intended host cell’s membrane is a key challenge that a virus must accomplish to establish an infection. In enveloped viruses like HSV-1 and HSV-2, this entry process entails the merger of the virion envelope with the endosomal or plasma membrane and requires the coordination of many proteins. Ultimately, though, it is always the membrane fusogen gB that does the work of joining these membranes.

As with other viral fusogens, much information about the function of gB has been gleaned by studying the stable, postfusion conformation of its ectodomain. This domain contains the primary hardware needed for fusion—fusion loops to grab to target membrane and deployable, spring-loaded arms to pull it into the viral membrane. Most fusogens are able to work independently because this machinery is directly activated upon binding to cellular receptors or the sensing of pH changes. However, gB activation in HSV-1 and HSV-2 requires the participation of the both the gH/gL heterodimer and the gD receptor binding protein. Furthermore, gB mediated fusion is restrained by its substantial CTD, which lacks an equivalent among the short cytotails of other Class III fusogens.

Although the mechanism by which the CTD controls fusion is unknown, its function is sensitive to minor structural changes and is contingent upon contact with the viral envelope. In conjunction with the other membrane interacting regions of gB, the membrane proximal region and transmembrane domain, it may act to stabilize the metastable prefusion conformation. If so, these three smaller domains essentially modulate the conformation of the ectodomain and the timing of fusion. It is perhaps no surprise that the ectodomain has only been isolated in the postfusion form. Once fusion is initiated, the MPR and TMD may also facilitate lipid mixing and formation of the fusion pore. Finally, the requirement to release a CTD clamp could also explain why, despite possessing ectodomain fusion machinery that is highly similar to that of other independently acting class III fusogens, gB is reliant on other proteins. In essence, the unique activation scheme of herpesviruses is tied to the unusual structure of its fusogen, gB.
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