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Abstract

The strong dependence of retroviruses, such as human immunodeficiency virus type 1 (HIV-1), on 

host cell factors is no more apparent than when the endosomal sorting complex required for 

transport (ESCRT) machinery is purposely disengaged. The resulting potent inhibition of 

retrovirus release underscores the importance of understanding fundamental structure-function 

relationships at the ESCRT–HIV-1 interface. Recent studies utilizing advanced imaging 

technologies have helped clarify these relationships, overcoming hurdles to provide a range of 

potential models for ESCRT-mediated virus abscission. Here, we discuss these models in the 

context of prior work detailing ESCRT machinery and the HIV-1 release process. To provide a 

template for further refinement, we propose a new working model for ESCRT-mediated HIV-1 

release that reconciles disparate and seemingly conflicting studies.
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INTRODUCTION

Retroviruses, such as human immunodeficiency virus type 1 (HIV-1), are capable of budding 

outward from the plasma membrane through the formation of a bud head and stalk. What 

these viruses cannot do without host cell components is sever their membrane stalk and 

thereby release from the cell. Viral stalk severance is accomplished by hijacking the host 

cell’s endosomal sorting complex required for transport (ESCRT) machinery. This 

machinery drives membrane scission events in numerous cellular contexts, from inward 

budding of vesicles into multivesicular bodies (MVBs) to cleavage of the cytokinetic furrow 

(Figure 1a–c). In the context of HIV-1 budding, hijacked HIV-1 ESCRT components 

redistribute onto newly forming viral buds, resulting in viral particle release from the cell. 
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Here, we discuss the technical and conceptual challenges faced by researchers studying this 

process, highlighting fundamental structure-function relationships that occur at the ESCRT–

HIV-1 interface. Surveying the field, we offer a consensus view of how ESCRTs might 

function in HIV release.

STRUCTURAL FEATURES OF HIV-1 GAG

HIV-1 assembly, like that of other retroviruses, is orchestrated by the Gag polyprotein 

precursor. HIV-1 Gag is synthesized in the cytosol and is subsequently directed to the 

plasma membrane, where viral assembly takes place. Assembly involves Gag molecules 

organizing into a hexagonal lattice that attains an outward curvature (forming a viral bud) 

through the introduction of gaps in the lattice (1).

The overall organization of orthoretroviral Gag precursor proteins is conserved, with several 

structural and functional domains—matrix (MA), capsid (CA), and nucleocapsid (NC)—

arranged from N to C terminus (Figure 1d). Each of these domains plays distinct and 

essential roles in the retrovirus replication cycle. The MA domain, often covalently modified 

with an N-terminal myristate, functions in Gag trafficking to the plasma membrane and in 

envelope glycoprotein incorporation. The plasma membrane targeting of several different 

retroviral Gag proteins, including that of HIV-1, is regulated in part by a direct interaction 

between MA and the phospholipid PI(4,5)P2 (2, 3), which is concentrated in the inner leaflet 

of the plasma membrane. Assembly takes place in cholesterol-enriched membrane 

microdomains (4). The CA domain plays a central role in promoting Gag-Gag interactions 

that drive the assembly process. During particle maturation, when the viral protease (PR) 

cleaves the Gag precursor to its mature components, the CA protein reassembles to form the 

virion core that houses the viral RNA genome in complex with the viral enzymes integrase 

(IN) and reverse transcriptase (RT). The NC domain binds the viral genomic RNA and 

directs its incorporation into virus particles.

In addition to the MA, CA, and NC domains, individual retroviral genera encode unique, 

and typically small, peptides at various positions within the Gag precursor. It is these short 

peptide regions (known as late domains) that recruit cellular ESCRT machinery. Three such 

motifs have been well characterized; each interacts directly with ESCRT or ESCRT-related 

factors. The Pro-Thr/Ser-Ala-Pro (PTAP) motif binds the ESCRT-I subunit Tsg101 (5–10); 

the Tyr-Pro-Xn-Leu (YPXnL, where X is any residue and n = 1–4) motif binds ALG2-

interacting protein X (ALIX) (11–14); and the Pro-Pro-Pro-Tyr (PPPY) motif binds to 

Nedd4-family ubiquitin ligases (15, 16). Retroviral Gag proteins often contain more than 

one late domain motif; HIV-1 Gag, for example, contains both a PTAP motif and a YPXnL 

motif (see below). These binding determinants enable establishment of a supercomplex 

when HIV-1 Gag displays bound ESCRT-I domains to the downstream ESCRT machinery.

ESCRT MACHINERY AND ITS INTERACTIONS WITH GAG

ESCRT proteins were originally described in yeast as playing an essential role in the sorting 

of cargo proteins into vesicles that bud into late endosomes to form MVBs (17). Genetic 

screens demonstrated that disruption of components of this machinery led to the formation 
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of swollen, aberrant late endosomes known as class E compartments (18). Subsequent 

studies revealed that specific components of the ESCRT apparatus are also required for other 

topologically equivalent membrane scission events in the cell, including the abscission step 

of cytokinesis, autophagy, membrane wound healing, exosome production, plus-strand virus 

replication compartment formation, and enveloped virus budding (19). The topology of 

ESCRT-mediated scission events, in which budding occurs away from the cytosol, is the 

inverse of the topology of the membrane scission event during endocytosis, in which 

budding occurs into the cytosol (Figure 1a–c). This reverse-topology scission is the hallmark 

of most ESCRT functions.

The core ESCRT machinery in mammals comprises ESCRT-I (Tsg101, Vps28, Vps37, and 

MVB12/UBAP1), ESCRT-II (EAP20, EAP30, and EAP45), and ESCRT-III (CHMP1–7). 

Up-stream of ESCRT-I is the HRS/STAM complex, often referred to as ESCRT-0. Several 

ESCRT-associated proteins also play key roles in ESCRT-mediated events: the AAA ATPase 

Vps4 has been postulated to work in concert with ESCRT-III to drive membrane scission, 

and it disassembles the ESCRT-III complex after scission. ALIX promotes some ESCRT-

mediated activities through direct interactions with ESCRT-I and ESCRT-III. Ubiquitylation 

of cargo proteins often plays an important role in their sorting into the MVB pathway, and 

several ESCRT and ESCRT-associated complexes and proteins bear ubiquitin-binding 

domains (e.g., ESCRT-I, ESCRT-II, and ALIX) (20).

Early studies demonstrated that deletion of p6, or mutation of the PTAP motif within p6, 

leads to a severe defect in HIV-1 particle production, characterized morphologically by the 

accumulation of immature budding structures on the plasma membrane of virus-expressing 

cells (4, 11, 12). Yeast two-hybrid screens identified the ESCRT-I subunit Tsg101 as a direct 

binding partner for p6, and the p6-Tsg101 interaction was dependent on the PTAP motif in 

p6 (7–10) and the ubiquitin E2 variant (UEV) domain in Tsg101 (10, 21). RNA 

interference–mediated depletion of Tsg101, or overexpression of a dominant-negative 

fragment of Tsg101, recapitulated the late domain phenotype observed earlier for PTAP 

mutations (8, 10). It was then shown that HIV-1 p6 contains a second, YPXnL-type, late 

domain that binds directly to ALIX. Although the YPXnL motif in p6 is the primary site for 

ALIX interaction with HIV-1 Gag, ALIX has also been shown to interact with the NC 

domain (22–24). The YPXnL motif in p6 binds the central V domain of ALIX (25, 26), 

whereas the NC domain of Gag interacts with the N-terminal Bro domain of ALIX (22, 23).

Additional studies revealed that different retroviruses seem to preferentially rely on Tsg101 

or ALIX for recruitment of ESCRTs to the site of particle budding, and this can be affected 

by different conditions. For example, the Gag protein of the nonprimate lentivirus equine 

infectious anemia virus (EIAV) contains a single YPXnL late domain that binds ALIX, and it 

is well established that ALIX is a dominant player in EIAV release (12, 26, 27). YPXnL 

mutations in HIV-1 significantly compromise replication in spreading infections (28), but 

depletion of ALIX (or mutation of the YPXnL ALIX-binding site in p6) has rather mild 

effects on HIV-1 budding (5, 6, 12, 28–30). A role for ALIX in HIV-1 budding is most 

pronounced in assays in which overexpression of ALIX can rescue the virus release defect 

conferred by mutation of the p6 PTAP motif (26, 31). Collectively, these findings underscore 

the idea that although ALIX can promote HIV-1 release when Tsg101 is absent or when the 
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p6-Tsg101 interaction has been compromised, ALIX generally plays a secondary role in 

HIV-1 budding.

UNRAVELING A LINK BETWEEN EARLY AND LATE ESCRT MACHINERY IN 

HIV-1 BUDDING

The links between early cargo sorting and retroviral elements described above established 

the foundation for understanding the ESCRT components that are hijacked from the host cell 

machinery and commandeered for virus budding. However, the downstream (late) events and 

mechanism of ESCRT-III-and Vps4-mediated membrane abscission still remain somewhat 

enigmatic and controversial.

It is well established for several retroviral Gag proteins that the interaction with one or 

several of the upstream ESCRT components is necessary for viral membrane abscission. 

From existing knowledge of the yeast MVB pathway and in vitro biochemical 

characterization, the logical candidate for recruitment of downstream membrane abscission 

machinery is ESCRT-II (32, 33). This complex has been shown to act downstream of 

ESCRT-I to hand off cargo in the MVB pathway and to nucleate the ESCRT-III membrane 

abscission machinery (Figure 1b) (34). ESCRT-II also has been shown to interact 

biochemically with ESCRT-I, ubiquitinated membrane cargo, and ESCRT-III subunits (33, 

35, 36). It was surprising, therefore, when ESCRT-II was found to be largely dispensable 

both for ESCRT-mediated HIV-1 release (37) and for the ESCRT-dependent late stages of 

cytokinesis (38, 39). Moreover, some receptor cargos were found to transit into MVBs via an 

ESCRT-II-independent pathway (40). These studies questioned the necessity for ESCRT-II 

in recruiting ESCRT-III for downstream events involved in the virus and cytokinetic 

abscission pathways. However, recent studies have countered this by suggesting that 

ESCRT-II bridges link ESCRT-I and ESCRT-III during cytokinetic abscission (41, 42), and 

in vitro systems have shown that ESCRT-II can be utilized to recruit downstream ESCRT-III 

onto cargo-containing synthetic membranes (43).

One possibility for explaining these discrepancies in the involvement of ESCRT-II in 

recruiting downstream membrane fission machinery (e.g., ESCRT-III) is if an unidentified 

ESCRT-II adapter acts as surrogate for ESCRT-II when it is silenced during viral and 

cytokinetic membrane abscission. This hypothetical factor would be absent or not utilized in 

the yeast MVB pathway and thus not identified in the early genetic screens for the MVB 

ESCRT pathway. Another possibility is that only minute quantities of ESCRT-II are required 

to initiate linkage among retroviral cargo, ESCRT-I, and the ESCRT-III membrane 

abscission machinery. Because the studies suggesting ESCRT-II is not required for 

cytokinesis and retroviral membrane abscission rely on small interfering RNA (siRNA) 

knockdown of ESCRT-II components, it cannot be completely ruled out that very low levels 

of this protein complex survive the knockdown to link ESCRT-I and ESCRT-III. However, if 

linkage between ESCRT-I and ESCRT-III in the HIV-1 abscission pathway is solely 

dependent on ESCRT-II, then complete ESCRT-II knockout should yield as potent a 

reduction in virus release as the knockdown of ESCRT-I. In recent studies, this was not 

observed: CRISPR-Cas9 knockout of the mammalian ESCRT-II component EAP45 showed 
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only a modest effect on HIV-1 release when compared with loss of the dominant ESCRT-I 

complex (44). It thus seems likely that ALIX or other unidentified factors can serve as 

surrogates for ESCRT-II to link ESCRT-I and ESCRT-III activities during HIV-1 budding.

A close spatial link between the HIV-1 Gag lattice and the ESCRT-III membrane abscission 

machinery has been observed by Cashikar et al. (45) through the use of scanning electron 

microscopy (SEM) of unroofed cells. They found what appear to be intimate contacts 

between HIV-1 Gag assemblies and ESCRT-III filaments, with the latter confirmed by 

immunogold labeling. This result was captured by depletion of both human isoforms of 

Vps4A/B in order to trap virus budding structures associated with ESCRT-III filaments. In 

striking images, ESCRT-III filaments were observed encircling HIV-1 Gag lattices. The 

lattices represented a very early stage of viral budding because they were seen from the inner 

leaflet of the plasma membrane and had incomplete shell morphology. Despite a lack of 

conclusive evidence for a specific intermediary linking HIV-1 Gag/ESCRT-I and ESCRT-III, 

these results suggest that once the HIV-1 Gag lattice begins to form a nascent bud, ESCRT-

III filaments become associated with the bud.

SEM analysis of unroofed cells provides only superficial topological information on the 

inner leaflet of the plasma membrane, however, not revealing the interior of a fully budded 

virus particle. Whether ESCRT-III filaments associate there cannot be determined by this 

technique (Figure 2a). To address this question, recent work used interferometric 

photoactivated localization microscopy (iPALM), which achieves ~20-nm lateral and ~10-

nm axial resolution (46), to examine ESCRT-I and ESCRT-III in cells producing budding 

HIV-1 particles (47). The results showed significant colocalization of ESCRT-I and ESCRT-

III in the head of fully formed viral buds still attached to the plasma membrane (Figure 2c). 

Minimal labeling was seen at the base of the bud stalk, with maximal density of ESCRT 

probes residing within the radius of the HIV-1 Gag shell. These results suggested that as a 

bud head and stalk form on the cell surface, ESCRT-III filament assembly is initiated and 

sustained in the head of the virus bud, where Gag and ESCRT-I components now exclusively 

reside.

In other studies using 2D projection superresolution imaging (47, 48), offsets between the 

HIV-1 Gag lattice and ESCRT-I and ESCRT-III probes were observed during the budding 

process. Although the authors interpreted this as evidence for ESCRT subunits localizing 

within the stalk of viral buds, this must be viewed cautiously, as interpretation of virus 

budding structures from 2D projections presents a challenge for quantitatively describing 

any 3D membrane remodeling process (see Figure 2b,c).

Results from dynamic total internal reflection fluorescence (TIRF) microscopy of HIV-1 

assembly and ESCRT recruitment are consistent with major ESCRT-III assembly in the head 

of the virus (47, 49, 50). These data revealed that despite the encircling and relatively low 

copy number of ESCRT-III filaments at the plasma membrane observed by SEM during 

early bud formation (45), there is a late and much more extensive recruitment of ESCRT-III 

and Vps4 to the Gag lattice in late-stage buds (47, 49, 50). Transient spikes in the 

fluorescent signal from ESCRT-III and Vps4 probes occurred when HIV-1 Gag lattice 

formation was completed. Assuming the transient spikes in ESCRT-III and Vps4 signals 
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reflect their accumulation in the bud head and neck, the data fit well with the iPALM data 

(51), which also investigated late-stage viral buds. Many open questions remain, however, as 

to the nature of the decline in ESCRT-III and Vps4 levels after the rapid polymerization of 

ESCRT-III subsides, as observed in the TIRF study (49). It is not clear, for example, whether 

the decline in ESCRT-III levels at the bud site results from filament depolymerization and 

whether there is diffusional exchange between ESCRT-III pools in the viral head and 

cytoplasm prior to membrane fission.

METHODOLOGICAL LIMITATIONS IN STUDYING ESCRT FUNCTION

Before discussing below the various proposed mechanisms for how ESCRTs sever HIV-1 

buds, it is worth surveying the limitations of the various methods used for studying ESCRT 

structure and function, which include biochemical, genetic, and imaging approaches. 

Biochemical purification of native and mutant ESCRT components has permitted in vitro 

reconstitution for analysis of the shape and behavior of ESCRT filaments on membranes. 

Genetic tools have allowed ESCRT function to be tested in different conditions in live cells, 

pinpointing the role of different components. Finally, imaging approaches using antibodies 

and fluorescent protein tags have enabled ESCRTs to be localized in time and space, 

revealing that assembly of ESCRTs is a highly ordered and choreographed process during 

HIV-1 release. Because each of these approaches has different strengths and limitations, 

understanding how ESCRTs drive HIV-1 budding has been challenging.

For example, as mentioned above in the context of ESCRT-II, an unfortunate consequence of 

siRNA depletion experiments used in studying HIV-1 budding is that undetectable levels of 

knocked-down ESCRT-II subunits may be able to mediate virus abscission, making genetic 

knockout technologies necessary for resolving any discrepancies. The redundancy of 

ESCRT-III subunits may make it necessary to knock out a significant repertoire to achieve 

significant defects in HIV-1 abscission. Such knockouts would likely be accompanied by 

significant toxicities, and ambiguity as to the role of specific ESCRT-III subunits could still 

exist due to perturbation of unrelated ESCRT-dependent processes that indirectly affect 

HIV-1 biogenesis.

The dearth of suitable tools for probing the spatiotemporal organization of ESCRT proteins 

in cellulo has hindered our understanding of the mechanism of ESCRT-mediated membrane 

abscission. For example, commercial antibodies against ESCRT-III components can often be 

unreliable for microscopy and even western blotting. The lack of antigenicity of some 

ESCRT-III subunits could be due to the conformational flexibility of these subunits (52, 53). 

The fact that the antibodies require fixation and permeabilization of intact cells limits their 

use in understanding the temporal dynamics of ESCRT assembly.

As an alternative to direct labeling of endogenous ESCRTs, researchers commonly employ 

epitope-tagged ESCRT probes, which can be used in live or fixed cells and tissues. 

Unfortunately, modern fluorescent protein tagging approaches are still regarded in the 

ESCRT field as highly disruptive to ESCRT function. The concerns about fluorescently 

tagged ESCRT components could be due in part to early reports that expression of such 

probes has dominant-negative effects on HIV-1 budding, cytokinesis, and MVB biogenesis 
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(14, 54, 55). Fluorescent protein–tagged ESCRT subunits have been used in many recent 

studies, however, and it has been demonstrated that, if expressed at low levels, they do not 

perturb HIV-1 budding (47, 49, 51) or cytokinesis and associated processes (56–58). Given 

these results, and specific studies examining this issue in HIV-1 budding (59), fluorescent 

protein tags themselves likely are not perturbing. Rather, problems likely arise when the 

ESCRT protein of interest is overexpressed, which could lead to titration of essential 

complex components and cause dominant-negative effects. Indeed, an early study 

demonstrated that overexpression of untagged Tsg101 was highly disruptive to the ESCRT 

machinery (59). It is therefore important to ensure that ESCRT probes are expressed at low 

levels, regardless of the epitope or fluorescent tag, and that proper controls are performed to 

demonstrate normal HIV-1 egress, cytokinesis, and MVB biogenesis in the presence of these 

probes.

In live cells, the process of viral budding occurs within minutes after the initiation of 

assembly and is subdiffractive (residing below the resolution limit of the light microscope, 

~250 nm), requiring microscopes with rapid imaging speeds and superresolution 

capabilities. Imaging HIV-1 budding has been possible using TIRF microscopy, which has 

provided valuable information regarding the timing of recruitment of different ESCRT 

components to single viral buds (47, 49, 60). However, because the images were diffraction 

limited, conclusions regarding the 3D spatial organization of different budding components 

could not be made (Figure 2b).

To analyze the fine distribution of ESCRT components in viral buds, researchers have turned 

to superresolution imaging and electron microscopy approaches. These techniques have the 

ability to decipher protein distributions and fine architecture, respectively. Even so, these 

approaches have limitations. These techniques are performed on fixed cells, so the temporal 

dynamics of HIV-1 budding are missing. Conventional point-localization superresolution 

approaches, such as photoactivated localization microscopy (PALM) and stochastic optical 

reconstruction microscopy (STORM) (61, 62), can examine ESCRT protein distributions 

within the virus with remarkable lateral resolution (~20–30 nm) (47, 48), but they are 

severely compromised in axial resolution (~200 nm), making interpretations of 3D protein 

organization within the viral bud difficult (Figure 2b).

Three-dimensional imaging approaches, combined with PALM/STORM techniques, 

overcome the problem of poor axial resolution (46, 63–65). For example, iPALM achieves 

∼10-nm axial resolution with photoconvertible probes tagged to proteins of interest (46), 

offering a powerful approach for deciphering the spatial organization of ESCRT proteins in 

viral buds (Figure 2c). That said, careful titration of endogenously expressed, tagged 

proteins is crucial to avoid any overexpression artifacts. A study using low expression of 

ESCRT subunits combined with iPALM examined the 3D organization of Gag, ESCRT-I, 

ESCRT-III, and Vps4A in viral buds. This study revealed a pool of ESCRT-I, ESCRT-III, 

and Vps4A residing within the head of the virus particle, suggesting a model for HIV-1 Gag 

scaffolding of growing ESCRT-III filament(s) (see Figure 2c) (51).

SEM has even better lateral resolution than PALM/STORM techniques (typically 1–5 nm). 

Its use in examining the organization of ESCRT-III in HIV-1 buds on the plasma membrane 

Lippincott-Schwartz et al. Page 7

Annu Rev Virol. Author manuscript; available in PMC 2020 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of unroofed cells showed ropelike ESCRT-III filaments surrounding HIV-1 Gag lattices 

during early stages of viral budding (45). These early stages of viral budding are ideal for 

imaging by SEM, because early in the budding process HIV-1 Gag has not yet fully 

deformed the flat plasma membrane and the newly forming stalk (>100 nm in diameter) is 

fully visible (Figure 2a). In contrast, late stages of viral budding are difficult to visualize 

using surface topology methods such as SEM. At a later stage in the budding process, viral 

buds have stalks with much smaller diameters (<50 nm) and heads further away from the 

cell surface, preventing optical access to these interior structures by SEM (see diagram in 

Figure 2a).

Despite their limitations, different imaging modalities have begun to shape our 

understanding of the in cellulo organization and dynamics of ESCRT components. This is 

significant given the multitude of shapes and sizes observed for ESCRT-III filaments 

produced in vitro. The in cellulo imaging approaches are beginning to allow researchers to 

determine which of the in vitro structures are relevant in the context of virus abscission.

THE ROLES OF ESCRT-III AND VPS4 IN HIV-1 BUDDING

Our knowledge of how ESCRT-III and Vps4 function in HIV-1 budding has been greatly 

influenced by the various methods described above. We now know that upon recruitment to 

the nascent Gag lattice, ESCRT-III subunits nucleate from early ESCRT scaffolds and 

membranes into filamentous structures of variable morphology, composition, and 

stoichiometry. These assemblies can bend and shape membranes and are thought to be the 

main drivers of membrane remodeling of the bud stalk leading to membrane severing and 

HIV-1 release. The hexameric AAA ATPase Vps4 triggers ESCRT-III disassembly and 

filament remodeling, then helps orchestrate the final ESCRT-III-dependent scission process 

(66–70). In the absence of activating and recruiting signals, however, ESCRT-III subunits are 

soluble and reside in the cytoplasm (71).

Evolution has likely specified particular ESCRT-III subunits for cooperative and effective 

membrane abscission at the stalk of the HIV-1 bud. In support of this hypothesis, viruses 

such as HIV-1 and EIAV have been shown to utilize a very limited subset of the ESCRT-III 

repertoire found in mammals. Comprehensive siRNA knockdown studies have demonstrated 

that only one of the CHMP4 homologs and one of the CHMP2 homologs are heavily relied 

upon for HIV-1 and EIAV release (27, 39). These studies revealed relatively minor virus 

release defects with the loss of CHMP3 and CHMP1B compared with CHMP4 and CHMP2 

isoforms. This result in some ways contradicts in vitro studies by Lata et al. (72), which 

demonstrated a strict requirement for CHMP3 in the formation of highly ordered tubes 

composed of a copolymer between CHMP2 and CHMP3; however, CHMP2B has been 

shown to form structurally similar tubes in cells (73) and could potentially compensate for 

loss of CHMP3 during HIV-1 abscission. Although HIV-1 and EIAV release did not show 

strong requirements for CHMP1B, this ESCRT-III subunit has been localized to EIAV 

assembly sites (49).

In detailing the ESCRT-III subunit requirement for HIV-1 budding, Morita et al. (39) 

demonstrated that HIV-1 budding was unperturbed by knockdown of CHMP6. This result is 
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striking because ESCRT-II is believed to interface with ESCRT-III via the CHMP6 subunit. 

This finding, combined with the above-mentioned data pertaining to knockout of ESCRT-II 

(44), strongly suggests that the HIV-1 Gag–ESCRT-I supercomplex does not rely solely on 

ESCRT-II and CHMP6 to nucleate CHMP4/CHMP2 filaments. One interpretation of these 

results is that, when present, nonessential ESCRT-III subunits will participate in virus 

abscission, but when those subunits are absent from an infected cell, other subunits may 

compensate, with other ESCRT-II-like and ESCRT-III isoforms playing a dominant role in 

mediating virus membrane remodeling in the absence of ESCRT-II or CHMP6.

Adding to the complexities in understanding the role of specific ESCRT-III subunits in viral 

budding, many ESCRT-III proteins change their conformation markedly over the course of 

their functions (52, 53). This may help explain why, in vitro, different polymerized ESCRT-

III subunits can exhibit many forms and structures, including spirals, coils, cones, and tubes. 

Different ESCRT-III filaments also have a preferred radius of curvature (52, 53), raising the 

possibility that different ESCRT-III subunits play distinct roles at specific points in the 

abscission process. For example, when purified ESCRT-III subunits are incubated with 

lipids, they can form tubular ESCRT assemblies that extend to various lengths and have 

closures consisting of cones and domes (72). These properties, together with microscopic 

observations of ESCRT-III dynamics in vitro (74, 75), have led to the view that ESCRT-III 

filaments act as spiral springs that grow outward from the cargo nucleation site, with the 

energy of deformation greatest in the cargo-distal coil (Figure 3a,b). As the filament 

polymerizes, these distal or outer coils narrow the membrane tube to increasingly approach 

their preferred diameter (Figure 3c). A dome-like end cap is then formed that drives the 

membrane around the cap, narrowing it sufficiently to drive membrane fission (~3 nm) 

(Figure 3d,e) (76).

Vps4 interacts with ESCRT-III filaments and is an essential cofactor for all the known 

cellular and pathogenic processes requiring the ESCRT machinery. This is evident in the 

potent arrest of ESCRT-dependent viruses such as HIV-1 when Vps4 is absent or a 

dominant-negative form of Vps4 is expressed. The role Vps4 plays is essential and 

conserved, as evidenced by the use of Vps4 by highly divergent lineages of viruses infecting 

archaeal species (77). Despite the solid evidence base for the dependence on Vps4, there is 

still an open question in the field as to the exact role that Vps4 plays in mediating ESCRT-

dependent membrane abscission. While convincing in vitro evidence has demonstrated 

global unfolding and disassembly of polymerized ESCRT-III subunits (72, 78), it is possible 

Vps4 plays a much more active role in abscission than simple disassembly of ESCRT-III 

filaments. It is interesting to speculate that specific ESCRT filaments may be selectively 

remodeled by the ATPase to bring about global rearrangements in the filaments themselves. 

This could be accomplished by selective removal of specific ESCRT-III subunits due to the 

biochemical strengths of their interacting domains (66–68). The destabilization of specific 

filament-cargo or filament-filament interactions could promote constriction and abscission 

of membrane cargo. Indeed, as proposed by Cashikar et al. (45), Vps4 could displace the 

putative linkage between the ESCRT-III filament and the HIV-1 Gag lattice, and this could 

be the critical catalytic step to trigger spontaneous filament coils and release of the virus. 

Further studies will be required to establish the precise role of Vps4 in ESCRT-mediated 

HIV-1 abscission.
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TOWARD A CONSENSUS MODEL FOR ESCRT-MEDIATED HIV-1 

ABSCISSION

A broadly accepted model for ESCRT-mediated virus abscission is still lacking, but 

consensus on several aspects of this pathway is emerging. Core requirements that are widely 

acknowledged include (a) direct linkages between HIV-1 Gag, early ESCRT components, 

and associated factors to nucleate ESCRT-III filaments on the viral bud stalk and head; (b) 

ESCRT filaments acting as spiral springs to constrict the stalk connecting the virus head and 

plasma membrane; and (c) further narrowing of the spiral springs into a dome-like cap 

structure that brings the stalk membranes into such close proximity that severing of the virus 

from the plasma membrane occurs (Figure 3).

The established direct binding between the ESCRT-I component Tsg101 and HIV-1 Gag, as 

well as the dominant role ESCRT-I plays in mediating HIV-1 release, sets a focal point for 

orchestrating subsequent downstream recruitment of later-acting ESCRT components. 

Models depicting the association of ESCRT-I only with the bud neck are inconsistent with 

the measurement of Tsg101 residing in the head of the HIV-1 Gag lattice (51). Indeed, 

HIV-1 Gag possesses one Tsg101 binding site (PTAP) for every Gag molecule comprising 

the budding virion. Further evidence from iPALM data has documented a population of 

ESCRT-III probes residing in the head or lumen of the HIV-1 Gag lattice (51). Therefore, a 

direct interface between HIV-1 Gag, ESCRT-I (and, perhaps to a lesser extent, ALIX), and 

an as-yet-unknown connector between ESCRT-I and ESCRT-III (potentially ESCRT-II) is 

likely required to form a supercomplex capable of directly, and thus proximally, nucleating 

ESCRT-III filaments for membrane neck constriction and virus abscission (Figure 3a,b). 

Supporting this, a topology proximal to the deformed membrane bud is seen by 

polymerizing ESCRT-III subunits in vitro (74), which mirrors that observed for the 

localization of ESCRT-III subunits within the head of budding HIV-1 (51). Indeed, 

superresolution imaging of individual HIV-1 assembly sites and single-cluster averaging of 

the corresponding regions of interest for CHMP4B probes determined that recruitment of 

this ESCRT-III subunit to virus assembly sites was dependent on the presence of an intact 

ESCRT-I-binding PTAP motif. These results collectively suggest that to initiate 

polymerization of ESCRT-III at HIV-1 assembly sites, it is necessary to first recruit ESCRT-I 

to the HIV-1 Gag lattice.

The striking dome cap formed by the heterofilament between mammalian CHMP2A and 

CHMP3 has been observed in the presence of synthetic phospholipid bilayers (72). Although 

direct cellular visualization of the dome cap ESCRT-III filament has remained elusive, the 

dome cap explains how ESCRT-III can act to constrict and taper the membrane to a narrow 

aperture to enable spontaneous membrane fission (76). Observations from iPALM (51) and 

SEM (45) studies have shown intimate association of ESCRT-III filaments proximal to, and 

within, the HIV-1 Gag lattice, suggesting the filaments begin polymerization in cis relative 

to the Gag lattice and constrict to form the tapering dome cap as it approaches the plane of 

the plasma membrane and aperture of the bud neck (Figure 3b,c).

This view posits that the direct upstream interaction between Gag and ESCRT-I leads to 

local nucleation of ESCRT-III filament(s) proximal to the Gag lattice by an unknown 
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mediator (potentially low levels of ESCRT-II or an ESCRT-II-like protein). Multiple 

filaments could nucleate from this source due to the potential for stoichiometric Gag–

ESCRT-I supercomplexes and the observed multistart helices observed both in vitro and 

during cytokinesis. These potential nucleation sites would, in turn, lead to polymerization 

and growth of ESCRT-III filaments. Ingression and constriction into a dome cap structure 

would then result in a corresponding membrane ingression to the point of spontaneous 

fission of the membrane and ultimate release of the virus (Figure 3d,e). HIV-1 budding thus 

would occur by ESCRT-III filaments growing from the viral head inward toward the plasma 

membrane, by an outside-in mechanism.

Countering this view of HIV-1 budding has been the reverse proposal of an inside-out 

ESCRT-dependent pinching mechanism, in which ESCRT-III filaments inside the plasma 

membrane grow outward into the viral stalk and head. This model is based primarily on 

reports that overexpression of the ESCRT-III subunit CHMP4B and inhibition of ESCRT-III 

disassembly by coexpression with a dominant-negative Vps4B construct both lead to flat, 

ropelike coils of CHMP4B appearing on the inner leaflet of the plasma membrane (79). 

Tubelike appendages emanated from the membrane surface in these experiments. Drawing 

from the MVB field, the idea emerged that the ropelike coils of ESCRT-III encircling Gag 

cargo served to push the viral head outward (away from the plasma membrane), creating a 

stalk, which later would be severed as it narrowed by constriction of the coils. The 

observations from SEM showing ESCRT-III-positive filaments on the plasma membrane 

encircling nascent HIV-1 Gag lattices were interpreted as supporting this inside-out pinching 

model (45).

Several conceptual problems, however, make the inside-out pinching model unlikely. First, 

HIV-1 Gag molecules have the capacity to oligomerize into a 2D lattice and to differentiate a 

head and stalk domain independently of ESCRT action, as evidenced by the exaggerated 

teardrop-shaped buds that lack the ability to recruit ESCRT-I (7). This suggests ESCRTs 

serve not to form the stalk, but primarily to further narrow and abscise it. Second, it is 

unclear how ESCRT-III filaments at the base of the stalk in the inside-out pinching model 

could nucleate to drive abscission once the HIV-1 Gag lattice has disappeared from the flat 

cell surface and redistributed into the bud head. As mentioned above, ESCRT-III has been 

shown to be recruited to membranes only by early ESCRT components, which directly link 

it to the Gag lattice. As long as the Gag lattice is proximal to the flat cell surface, ESCRT-III 

should be seen on the plasma membrane as encircling filaments [consistent with the SEM 

data of early buds (45)]. However, superresolution iPALM images showed very little 

ESCRT-III signal on the adjacent plasma membrane of late-stage and nonreleased virus 

particles (51). Significant ESCRT-III signal was present only in the viral head and stalk, 

supporting the idea that ESCRT-III filaments seen in nonreleased, late-stage buds grow only 

from the viral head domain (where Gag lattices are localized), functioning by an outside-in 

pinching mechanism (Figure 3b,c).

Notably, the proposed consensus model for ESCRT-mediated HIV-1 fission parallels the 

current model of abscission of the midbody during cytokinesis, which is also mediated by 

ESCRTs (57, 80, 81). During this process, nucleation of ESCRT-III filaments is observed in 

cis relative to the site of cargo at the midbody (i.e., CEP55). This requires binding of 
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ESCRT-I and ALIX to mediate ESCRT-III filament nucleation at the midbody (42). Once 

recruited to the midbody, ESCRT-III polymerizes into filaments that move outward from the 

midbody toward the plasma membrane of the daughter cell (57). At some distance from the 

midbody, membrane neck ingression and abscission occur, with the tip of the dome cap 

structure predicted to face away from the midbody (81), as is proposed in our consensus 

model for HIV-1 abscission (Figure 3d).

The Gag scaffolding model for HIV-1 budding makes several predictions for the terminal 

stage of the process. Prior to neck closure, significant remodeling of ESCRT-III structures is 

likely to occur (Figure 3c). This could potentially allow for exchange of liberated ESCRT-III 

subunits from the head of the virus to the cytoplasm, and lead to priming of the ESCRT-III 

dome cap (which is enriched in CHMP2A and CHMP3). Indeed, biochemical studies have 

shown an apparent reduction in the levels of CHMP2A subunits relative to CHMP4B 

subunits in released particles (51). This mechanism could also serve to disengage the 

ESCRT-III nucleation sites at the spoke-like linkage sites connecting to the HIV-1 Gag 

lattice as observed by SEM (45). The ESCRT-III remodeling would be Vps4 mediated and 

could enable further constriction or sliding of the narrow dome cap to the abscission site, as 

proposed for ESCRT-mediated abscission during cytokinesis (57, 81).

During Vps4-mediated remodeling of the ESCRT-III filament, ESCRT-III subunits should 

become solubilized from the filament, but a fraction of the pool could be trapped in cis 
relative to the abscised particle (Figure 3e). The locations of Vps4 have not been modeled 

explicitly, but both biochemical and imaging-based approaches have detected Vps4 in 

released particles and within the head of budding HIV-1 particles (14, 51, 82). Future studies 

will need to assess the spatial relationships between Vps4, ESCRT-III, and the site of 

membrane abscission to test the model that Vps4 plays an active role in abscission.

In conclusion, the working consensus model proposed here involving an outside-in pinching 

mechanism satisfies the structural linkage of early and late ESCRT components with the 

HIV-1 Gag lattice. Additionally, it is consistent with the observations of ESCRT-III filaments 

associating with spoke-like structures presumed to be early ESCRT components, and mirrors 

the role of ESCRTs in midbody abscission during cytokinesis. Although the model begs for 

refinement through elaboration, subtraction, and transformation as new studies test various 

aspects and intricacies, it should assist future studies attempting to disentangle the 

mechanistic details of the complicated and elusive ESCRT machine usurped by HIV-1. 

Finally, further studies aimed at determining the precise mechanism(s) used by HIV-1 to 

hijack the ESCRT machinery may help uncover new therapeutic avenues for targeting a 

range of pathogenic ESCRT-dependent viruses.
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Figure 1. 
Interplay between HIV-1 Gag, ESCRT substrates, and the ESCRT machinery. (a–c) 

Progressive engagement of HIV-1 Gag, ubiquitinated receptor cargo, and the midbody with 

the ESCRT subcomplexes to mediate (a) virus, (b) intraluminal vesicle, or (c) cytokinetic 

membrane abscission, respectively. (d) Domain architecture for HIV-1 Gag: The N-terminal 

MA domain (red) is modified by a myristate group that is required for anchoring Gag to the 

plasma membrane, the CA domain (purple) is involved in oligomerization and Gag lattice 

formation, the NC domain (blue) is responsible for viral genome packaging into virus (not 

shown), and the p6 domain (yellow) is the major determinant for direct interaction with the 

ESCRT-I subunit Tsg101 and ALIX. Dashed arrows indicate links that are not firmly 

established to play a dominant role in a specific ESCRT-mediated membrane abscission 

process. Abbreviations: ALIX, ALG2-interacting protein X; CA, capsid; ESCRT, endosomal 

sorting complex required for transport; MA, matrix; MVB, multivesicular body; NC, 
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nucleocapsid; PTAP, Pro-Thr/Ser-Ala-Pro; Ub, ubiquitin; YPXnL, Tyr-Pro-Xn-Leu. Figure 

adapted with permission from Reference 24.
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Figure 2. 
Imaging modalities for interrogating the structural organization of the interface between 

HIV-1 Gag and the endosomal sorting complex required for transport (ESCRT) machinery. 

(a) Scanning electron microscopy (SEM) can interrogate exposed surface topologies of the 

HIV-1 budding process, probing either the surface of intact cells (magenta arrows; left 
micrograph) or the inner leaflet of the plasma membrane from mechanically unroofed cells 

(yellow arrows; right micrograph). This technique has very high spatial resolution (typically 

1–5 nm) and easily resolves individual HIV-1 Gag particles (magenta arrowheads) and 

putative ESCRT machinery (yellow arrowheads). However, it does not enable direct 
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visualization of the luminal contents of unperturbed HIV-1 Gag lattices as the budding 

membrane neck constricts (black). Right micrograph reproduced from Reference 45 with 

permission from Dr. Phyllis Hanson. (b) Total internal reflection fluorescence (TIRF) 

microscopy is an imaging technique that provides high contrast for structures of interest 

close to the plasma membrane (within ~200 nm). This technique, as with all fluorescence 

microscopy techniques, provides inherent molecular specificity due to direct fluorescent 

labeling of proteins of interest. TIRF microscopy is inherently diffraction limited and 

precludes resolution of objects much closer than 200–250 nm apart, resulting in the blurring 

of images between single HIV-1 assembly sites when the membrane is densely populated 

(blue arrowheads in left micrograph). 2D point localization microscopy techniques, such as 

photoactivated localization microscopy (PALM) and stochastic optical reconstruction 

microscopy (STORM), bypass the diffraction limit and allow for nearly 10-fold 

improvements in resolution between HIV-1 assembly sites (blue arrowheads in right 
micrograph), as shown with HIV-1 Gag (red) and fluorescent protein (FP)-tagged Tsg101 

(green; overlay yellow). TIRF and 2D point localization microscopy alone provide only 

projection images of all the fluorescent probes found within a ∼200-nm volume, which can 

complicate interpretation of 3D membrane remodeling processes such as HIV-1 budding. (c) 

Interferometric PALM (iPALM) utilizes light wave interference to extract the 3D position of 

a single fluorescent molecule, which enables computational sectioning of individual budding 

HIV-1 Gag lattices (red) and precise positioning of associated cellular components such as 

Tsg101 (green). As with all fluorescent techniques, any unlabeled structures, such as 

membranes, remain transparent, which enables luminal views into the HIV-1 Gag lattice. 

This technique also enables 3D single HIV-1 Gag cluster averaging of registered fluorescent 

channels for statistical assessment of ESCRT spatial distributions; at the right is an 

isosurfaced probability density image with n = 450 particles.
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Figure 3. 
Hypothetical mechanistic model for endosomal complex required for transport (ESCRT)-

mediated HIV-1 abscission. (a) ESCRT-I and associated early factors coassemble with HIV-1 

Gag (red) oligomerization. Upon packing of the HIV-1 Gag lattice and initial membrane 

buckling, ESCRT-III filaments (green) nucleate and encircle the lattice. ESCRT-III filament 

nucleation is dependent upon ESCRT-I binding to HIV-1 Gag and should require ESCRT-III-

linking proteins such as ESCRT-II, ALG2-interacting protein X (ALIX), or unidentified 

ESCRT-II-like complexes (yellow linkers). (b) Further lattice packing leads to HIV-1 Gag–

dependent membrane budding. (c) Prolonged association of the early ESCRT-III filaments 

with the HIV-1 Gag–ESCRT-I supercomplex leads to incorporation of the filaments into the 

head of the budding virus. This stage of budding establishes a bud stalk, which allows for 

ESCRT-III filament–mediated narrowing. During this stage, the stalk aperture allows for free 

diffusion of ESCRT-III subunits between the compartments (white arrows). (d) Further 

polymerization of ESCRT-III filaments leads to dome cap formation and results in narrowing 

of the bud stalk. This stage of budding is accompanied by Vps4-mediated decoupling of 

ESCRT-III from the HIV-1 Gag lattice and enables sliding of the ESCRT-III dome cap 

structure to the abscission site. (e) Narrowing of the bud stalk to ~3 nm enables spontaneous 

membrane fission of the viral bud (81). The remaining pool of head-localized ESCRT-III 

would be trapped within the released particle, but the pool of ESCRT-III that was 

disassembled prior to stalk aperture closure and virus abscission would be recycled back into 

the cytoplasm.
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