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Abstract

Human immunodeficiency virus type 1 (HIV-1) hijacks the host Endosomal Sorting Complex
Required for Transport (ESCRT) proteins in order to release infectious viral particles from the cell.
ESCRT recruitment is virtually essential for the production of infectious virus, despite that the
main structural protein of HIV-1, Gag, is capable of self-assembling and eventually budding from
membranes on its own. Recent data have reinforced the paradigm of ESCRT-dependent particle
release while clarifying why this rapid release is so critical. The ESCRTSs were originally
discovered as integral players in endosome maturation and are now implicated in many important
cellular processes beyond viral and endosomal budding. Nearly all of these roles have in common
that membrane scission occurs from the inward face of the membrane neck, which we refer to as
“reverse topology” scission. A satisfactory mechanistic description of reverse-topology membrane
scission by ESCRTSs remains a major challenge both in general and in the context of HIV-1
release. New observations concerning the fundamental scission mechanism for ESCRTSs in
general, and the process of HIV-1 release specifically, have generated new insights in both
directions, bringing us closer to a mechanistic understanding.

Introduction and history

The human immunodeficiency virus type 1 (HIV-1), like other enveloped viruses that
emerge from the plasma membrane (PM), must bud away from infected cells in order to
complete its replication cycle (1, 2). The budding process, as opposed to the subsequent
release of the virion, is driven entirely by the viral Gag protein. Gag consists of four
domains connected by linker peptides: matrix (MA), capsid (CA), nucleocapsid (NC), and
p6 (Fig. 1A). MA is myristoylated, binds to the PM lipid phosphatidylinositol (4,5)-
bisphosphate (P1(4,5)P5), and is the main driver of Gag membrane localization. CA
assembles into a quasi-spherical lattice consisting of an incomplete array of CA hexamers.
CA is responsible for scaffolding the shape of the membrane bud (3-5). NC packages the
RNA genome (6). Crosslinking of Gag mediated by the large genomic RNA is important for
the assembly of a tight immature lattice (7), and there is interplay between CA assembly and
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the specificity of RNA packaging (8). Truncated Gag constructs consisting of CA and NC
are able to form spherical shells of appropriate dimensions in the presence of RNA and
inositol hexakisphosphate, but in the absence of membranes or host proteins (7). Thus, there
is abundant evidence that HIV-1 encodes its own ability to self-assemble and deform
membranes into attached buds.

HIV-1 does not, in practice, release from the host cell PM by itself. The first clue that host
factors were involved came from the isolation of mutants within the last domain of Gag, p6,
which potently blocked virion release (9). These regions are termed late domains because
their function is required late in the replication cycle (10), and they are present in many
retroviruses and other viruses (11). In HIV-1, the two key sequences have the motifs PTAP
and LYPX,L. The search for late domain interactors led to the 2001 discovery that PTAP
targets the protein TSG101 (tumor susceptibility gene 101) (12-15). The other motif,
LYPX,L, was shown two years later to target ALIX (apoptosis-linked gene 2-interacting
protein X) (16-18). TSG101 is the mammalian ortholog of the yeast protein Vps23. Vps23
is one of four subunits of the ESCRT-1 complex, which was also discovered in 2001 as an
essential component of multivesicular body biogenesis, an endosomal membrane budding
pathway that mediates lysosomal transport of integral membrane proteins (19). ALIX is the
mammalian ortholog of Brol, which was shown to be an ESCRT-associated protein (20, 21)
in the same year the ALIX-viral late domain connection was made. These and related
principles also apply to the release of many other, though not all, membrane enveloped
viruses (22-24). These seminal discoveries set the stage for the current paradigm and
questions in the field of HIV-1 release.

Here we review our current understanding of ESCRT-mediated HIV-1 release. We begin by
revisiting the basic question why the ESCRTS are needed at all, and whether in fact the
underlying premise of the field as is as solid as commonly presented. We then consider the
circuitry of Gag-ESCRT and intra-ESCRT linkages and some recently discovered nuances.
We address the very basic yet still unresolved question of the sidedness of ESCRT activity at
the bud neck. ESCRTSs direct membrane scission in a vast array of cell biological processes
in addition to enveloped virus release, including membrane abscission in cytokinesis,
extracellular vesicle biogenesis, membrane wound repair, nuclear envelope reformation and
quality control, and many others (25-27). We end by addressing the prospects for resolving
the larger question as to how ESCRTs cut membranes in general, and consider how the fields
of HIV release and membrane scission biophysics might synergize to find the answer.

Why bother with ESCRTs?

The observation of HIV Gag virus-like particle (VLP) budding from cells (28-32) in the
absence of ESCRTSs begged the question as to why ESCRTS are needed, given that at least
slow release is possible in their absence. VLPs released in the absence of ESCRTSs have
sharply reduced infectivity, and the basis for this defect was recently elucidated. The Gag-
Pol polyprotein, which includes the essential viral enzymes reverse-transcriptase (RT), viral
protease (PR), and integrase (IN), is packaged together with Gag during the assembly of the
immature viral lattice. HIV-1 maturation entails the proteolytic cleavage by PR of Gag and
Gag-Pol. The formation of non-infectious ESCRT-independent VVLPs is attributed to
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premature cleavage of Gag-Pol caused by the delay in the kinetics of their release (33). The
delay induced by deletion of PTAP as compared to LYPX,L is 10-fold longer, explaining the
difference in these phenotypes. Hence, proper ESCRT recruitment accelerates the release of
VLPs far above that of the basal ESCRT-independent process such that virions are severed
prior to PR activation.

Circuitry of ESCRT recruitment

Based on the strengths of phenotypes observed upon mutation or deletion of the motif, or
depletion of the host factors, PTAP binding to the ubiquitin-conjugating enzyme E2 variant
(UEV) domain of ESCRT-I has the dominant role in HIV-1 release (12-15). LYPX,,L
binding to the Brol domain of ALIX has a milder phenotype when perturbed, but still plays
an important role (16-18). The structures of the molecular complexes have been determined
(34-36), and the recruitment cascade has been reconstituted from start to finish (37).
Artificial protein nanocages designed from first principles were fused to HIV-1 Gag p6 and
found to cluster and release in an ESCRT-dependent manner (38), fulfilling a strong
prediction of the current paradigm. Thus our overall understanding of the recruitment
pathways is on an exceptionally solid footing.

One of the few incompletely resolved points is the extent to which ESCRT-II plays a role
during HIV-1 VLP release. ESCRT-II bridges ESCRT-I to -111 by binding to the ESCRT-III
associated upstream subunit CHMP6 (charged multivesicular body protein, CHMP) in an /n
vivo minimal system (37). However, depletion of ESCRT-II subunits and CHMP6 was found
to have no HIV-1 release phenotype (39). A more recent report suggested that ESCRT-II is
in fact involved in viral egress (40), and ESCRT-I1I has also been suggested to have a role in
gRNA trafficking (41).

In the normal course of events, both the ESCRT-1 and ALIX-based mechanisms seem to
operate simultaneously (42). The partial redundancy of these branches of the ESCRT
recruitment pathway presumably is adaptive for the virus by conferring additional robustness
on the critical step. If two mechanisms are better than one, it should not be surprising that
additional mechanisms seem to be operative beyond just PTAP and LYPX,L recognition.
ESCRTSs can be recruited by the Gag NC domain (43, 44). This interaction appears to
involve basic residues on both the NC domain and the Brol domain of ALIX, with the
membrane acting as a bridge (45). This model is appealing because NC and p6 are next to
one another in Gag, and NC binding to the membrane helps position the p6 of just those Gag
molecules at the edge of the lattice so that they can recruit ESCRTS. This suggests an elegant
mechanism to potentially inactivate bulk Gag distal to the membrane neck. In regards to
neck localization, it has been found that negative membrane curvature potently promotes
ESCRT-111 nucleation (46), another factor that might explain the restriction of ESCRT-I1I to
the membrane neck seen in most studies (Fig. 1B).

Gag ubiquitination also plays a role in ESCRT recruitment. ESCRTSs contain several
ubiquitin binding domains (UBDs) whose normal function is to recognize ubiquitinated
cargo proteins. In particular, TSG101 contains the UEV domain. ALIX (47, 48) and ESCRT-
Il (49-51) also contain ubiquitin binding domains (UBDs). HIV-1 Gag ubiquitination is
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increased when Gag assembles on membranes (52). Gag ubiquitination is mediated by
Nedd4 family ubiquitin ligases (53, 54), which are also responsible for ubiquitination of
endogenous ESCRT substrates. Fusion of a deubiquitinating enzyme (DUB) to ESCRT-I
suppresses HIV-1 release (55), a strong indicator that ubiquitination cooperates with other
Gag elements in ESCRT targeting.

The topology of ESCRTs in HIV budding

One of the most basic questions about the HIV-1 release mechanism is whether the ESCRTS
sever the neck in cisor in trans with respect to the contents of the virion (Fig. 2). Most
models of ESCRT action in general and ESCRT release of HIV-1 in particular are based on
the idea that ESCRTSs localize and act at the membrane neck (23, 56, 57). In endosomal
sorting pathways, ESCRTS are thought to act in #rans with respect to the contents of the
budded vesicles, such that most or all of the ESCRTSs are retained in the cytosol (58-60).
The analogy to the endosomal budding has led many to expect the ESCRTSs to sever HIV-1
by a similar frans mechanism.

This question has been studied most directly by super-resolution imaging, but conclusions
are still ambiguous. One report is consistent with the neck model (61) and the other, in
contrast, found that ESCRTSs localize predominantly in the head (62). The observation of
substantial viral head localization in one report seems consistent with a ¢/s mechanism.
Indeed, it might seem more intuitive to sever the membrane in cissince ESCRTSs are
recruited by Gag. Seemingly, consistent with this idea, ALIX has been reproducibly seen in
proteomic studies of HIV-1 virions (63-65). However, other ESCRTS, including the critical
ESCRT-111 CHMP subunits of membrane scission generally have not been reported in
released virions, with one major exception (62). Possible explanations for these differences
were recently reviewed in depth (66). While large-scale virion head localization of ESCRT-
111 is difficult to reconcile with much of the available data, the larger question of cis vs. trans
mechanisms of release is still, in our view, open. Further improvements in high-speed high-
resolution imaging of reconstituted and cellular systems will likely be needed to resolve this
question.

How do ESCRTs cut membrane necks?

There is a consensus by now that the ESCRTSs themselves comprise the machinery that cuts
membrane necks in HIV-1 release, endosome budding, and most of the other areas of
biology where they function. More specifically, the filamentous ESCRT-I1I subunits
CHMP2A/B, CHMP3, and CHMP4A-C, and the hexameric AAA* ATPase VPS4A/B are
thought to comprise the main scission engine in mammalian cells. The structures, Kinetic
behavior, and mechanistic models were recently reviewed in much greater depth than is
possible here (67). Here we recap only the most pressing questions, and provide a few
updates since ref (67) was published.

Beyond the question of cisvs. trans action described above for HIV-1 release, there are
several other pressing mechanistic questions that concern ESCRT membrane scission across
diverse areas of biology. In all models, scission is thought to be driven by a conical or funnel
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shaped helical assembly. It is uncertain, however, whether scission is driven by the
narrowing of an inward-growing ESCRT funnel to a fine tip (68), buckling of an outward-
growing funnel to a disc (69), or some other type of transition. The role of the ATPase VPS4
has also been uncertain. At a minimum, VPS4 is a recycling factor to replenish the pool of
soluble ESCRTSs after scission. However, VPS4 arrives at HIV-1 budding sites prior to
scission (70, 71), suggesting a direct role in the scission itself, as opposed to merely
recycling. In fact, one recent report found that VPS4 not only arrives, but also departs, prior
to scission (72). Our lab recently reconstituted membrane scission in a synthetic nanotube
system, and found that ATP and enzymatically active VPS4 were required for scission (73).
In this study, a pulling force was observed, which could be related to a VPS4-driven
contraction of the membrane tube corresponding to buckling, but this remains to be further
explored. VPS4 acts on CHMPs by unfolding them and threading them through the central
pore of the hexamer (74, 75), but how molecular-level protein unfolding is related to
membrane scission is still uncertain.

Concluding remarks

In this short minireview, we hope to have given readers new to the field of HIV-1 release an
express tour of its origins, pillars of established knowledge, and current open questions and
controversies. For a more complete account we refer the reader to several full-length reviews
on the topic (2, 57, 66, 67). For our colleagues in the field, we hope you found our
perspective on the open questions interesting, and apologize for omitting to cite many
important contributions due to the limited space of the minireview format.
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AAA+ ATPases associated with various cellular activities
ALIX apoptosis-linked gene 2-interacting protein X

CA capsid protein p24

CHMP charged multivesicular body protein

DUB deubiquitinating enzyme

ESCRT endosomal sorting complex required for transport
IN integrase

MA matrix protein p17
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Figure 1. How ESCRTs and Gag collaboratein HIV-1 viral particle formation and release.
(A) The major domains of the HIV-1 Gag polyprotein are shown arranged from N- to C-

terminus (left to right) and the N-terminal glycine is post-translationally modified by a
myristoyl moiety. The late domain, p6, harbors parallel recruitment motifs for the early
acting ESCRT proteins: ESCRT-I and ALIX. (B) The MA domain targets Gag to the plasma
membrane (PM) by binding PI(4,5)P,. Additionally, the N-terminal myristoylation of Gag
promotes its insertion into the inner leaflet of the PM. As Gag further accumulates at the PM
it gets ubiquitinated and recruits the ESCRT complex via PTAP-TSG101 or LYPX,L-ALIX
binding. The ESCRT-I1I and VPS4 scission machinery is eventually recruited to the growing
virion and catalyze the viral particle release of HIV-1 Gag from the PM.
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A head (cis) model
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Figure 2. ESCRT topology in HIV-1viral particlerelease.
An overview of the proposed HIV-1 Gag and ESCRT interactions during the viral release

mechanism. (A) The c¢/is model (c¢/s with respect to the contents of the viral bud) postulates
that ESCRTSs form assemblies and sever the neck from within. This could be driven very
locally from the vicinity of the neck (not shown), or in the model shown here, from the head
of the virion. The ¢/s mechanism must result in at least some ESCRT proteins departing with
the viral particle when it liberated from the PM, but the number of molecules need could be
small enough to be difficult to detect. The head-driven version shown here would lead to
large amounts of ESCRTSs incorporated into viral particles, which does not fit most of the
data in the field, but does have its advocates (65). (B) In comparison with the ¢is model, the
trans model or neck model shows that ESCRT subunits polymerize and recruit VPS4 at the
neck where membrane abscission is achieved. Finally, ESCRTS are recycled back to the
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cytosolic pool although substantial amounts of ALIX and trace amounts of other ESCRTs
may be found present inside the virion.
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