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Preface

The narrow membrane necks formed during viral, exosomal, and intra-endosomal budding from 
membranes, cytokinesis, and related processes have interiors that are contiguous with the cytosol. 
The severing of these necks involves action from the opposite face of the membrane as compared 
to the well-characterized coated vesicle pathways, and is referred to as “reverse” or “inverse” 
topology membrane scission. This process is carried out by the endosomal sorting complexes 
required for transport (ESCRT) proteins. In particular, the ESCRT-III proteins can form filaments, 
flat spirals, tubes and conical funnels, which are thought to somehow direct membrane remodeling 
and scission. Their assembly, and their disassembly by the ATPase VPS4, has been intensively 
studied, but the mechanism of scission has been elusive. New insights from cryo-electron 
microscopy and various types of spectroscopy may finally be close to rectifying this situation.

Introduction

Vesicular transport is central to eukaryotic cells, and it requires the continual fission and 
fusion of membranes. Vesicles can bud towards or away from the cytosol. The directionality 
of the budding, and subsequent scission, of vesicles is all-important both for the biological 
outcome and for the physical mechanism of their formation. Entirely different physical 
mechanisms govern scission of vesicles that bud towards or away from the cytosol. The 
endosomal sorting complexes required for transport (ESCRT) direct the scission of vesicles 
that bud away from the cytosol, whether into internal compartments or out of the cell (Fig. 
1a). The scission of membrane necks from the outer surface can occur via constriction, as in 
‘normal’ membrane scission. It is less obvious how reverse topology scission is directed 
from the inner surface.

The ESCRT proteins were discovered as factors required for the biogenesis of multivesicular 
bodies (MVBs). MVBs are endosomes that contain intraluminal vesicles (ILVs), which are 
formed when parts of the limiting membrane bud into the lumen of the endosome. Here, 
“limiting membrane” refers to the “main” outer membrane that delimits the endosome. The 
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nascent ILVs are connected to the limiting membrane by a narrow membrane neck, which 
must be cut to release them into the lumen. The functions of the ESCRTs extend far beyond 
their role in MVB formation, however. In MVB biogenesis, the ESCRTs drive both budding 
and scission of ILVs. In many pathways, factors other than the ESCRTs drive the formation 
of the membrane neck, and the role of the ESCRT is limited to membrane scission. Indeed, it 
is reverse topology scission that is the hallmark of most ESCRT functions. Pathways that 
require the ESCRTs include the budding and release of HIV-1 and other viruses from host 
cells1; cytokinesis2; biogenesis of microvesicles and exosomes; plasma membrane wound 
repair; neuron pruning; extraction of defective nuclear pore complexes; nuclear envelope 
reformation; plus-stranded RNA virus replication compartment formation3–5; and micro- 
and macroautophagy5 (Fig. 1b). Here, we focus on the mechanism of membrane scission by 
the ESCRTs, while leaving the biological functions of the ESCRTs to other reviews3–5.

The ESCRT machinery

The core ESCRT machinery consists of the ESCRT-I, ESCRT-II and ESCRT–III complexes, 
ALIX (also known as BRO1 or PDCD6IP) and VPS4 (Table S1). ESCRT-I and ALIX bind 
various pathway-specific signals that recruit ESCRTs to their sites of action. In MVB 
biogenesis, for example, the main pathway-specific signal is ubiquitin, which binds to 
ESCRT-I, ESCRT-II, and ALIX6. ESCRT-III proteins exist as soluble monomers in solution. 
When activated by membrane-associated ESCRT-II or ALIX, ESCRT-III assembles on 
membranes into filamentous structures of variable morphology, composition and 
stoichiometry. These ESCRT-III assemblies are thought to be the main drivers of membrane 
remodeling and scission. ESCRT-III disassembly requires the action of the final core ESCRT 
component, the hexameric AAA+ ATPase VPS4.

ESCRT-I-II

ESCRT-I-II recruits, activates, and orchestrates the ESCRT-III-dependent scission process, 
hence an understanding of their structure and function is indispensable. The ESCRT-I 
complex7 is a stalk-shaped heterotetramer of TSG101 (Vps23 in yeast), VPS28, VPS37A-D, 
and one of MVB12A, MVB12B or UBAP18. ESCRT-II9 is a Y-shaped heterotetramer 
containing one copy of VPS22 (also known as EAP30) and VPS36 (also known as EAP45), 
and two of VPS25 (also known as EAP20)10–12. The C-terminal domain of the VPS28 
subunit of ESCRT-I is the locus for ESCRT-II recruitment13, 14, which connects the two via 
the VPS36 subunit of ESCRT-II15. In solution, yeast ESCRT-I-II assemble into a 1:1 
supercomplex. The supercomplex is flexible; it can fold itself up such that it spans just 210 
Å, or extend to 380 Å15. The latter distance exceeds the diameter of one of the yeast ILVs 
generated by the ESCRTs, illustrating how the molecular and organellar size scales converge 
in the analysis of this system.

The ESCRT-I and –II complexes comprise the first branch of a two-pronged pathway for 
recruitment of ESCRT-III to scission sites (Fig. 2). The high affinity of ESCRT-I and -II for 
one another14, 15 and findings from in vitro reconstitutions16, 17 have suggested that these 
complexes are obligate partners. However, knockdowns of ESCRT-II subunits on their own 
has no effect on cytokinesis18 or HIV-1 release19. On the other hand, various imaging, 
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reconstitution, and overexpression studies had implicated ESCRT-II in cytokinesis20 and 
HIV-1 release17, 21. It is now clear, based on a study using multiple knockdowns, that 
ESCRT-II has a direct role in cytokinesis22. The chain of interactions involved is identical to 
that established by structural and reconstitution studies. The difficulty in establishing a role 
for ESCRT-II in cytokinesis was redundancy between ESCRT-I and/or ESCRT-II and ALIX, 
which mediates a second branch of the pathway (Fig. 2). It seems that the role of ESCRT-II 
in HIV-1 release has probably also been obscured by redundancy between the pathways. 
These data show that in mammalian cells ESCRT-I -II and ALIX comprise two partially 
redundant entry points to ESCRT-mediated membrane scission in MVB biogenesis, HIV-1 
release, and cytokinesis. Moreover, this also appears to be true in yeast MVB biogenesis23.

ESCRT-I and –II complexes colocalize at the necks of buds reconstituted in giant 
unilamellar vesicles (GUVs)16. Structures of “struts” corresponding to ESCRT-I-II have 
been visualized in electron micrographs of the plasma membranes of cells24, 25 (Fig. 3a). 
The curvature of rim of the membrane neck is neither net negative or positive, and is referred 
to as “saddle-shaped” instead given that it is simultaneously negative with respect to one 
axis and positive with respect to another. Theoretical modeling of the energetics of 
membrane budding suggests that their ability to form a saddle-shaped protein assembly is 
important26, 27. This is because the neck of the membrane bud is convex with respect to one 
axis and concave with respect to the other. Therefore any protein complex involved in 
stabilizing the neck needs to have complementary concave and convex surfaces.

The Y-shape of the ESCRT-II complex results in two ESCRT-III binding sites at the ends of 
two of the three branches of the Y, and both are essential for function in MVB 
biogenesis10, 28. The crystal structure of the human ESCRT-II subunit VPS25 WH2 domain 
bound to a fragment of ESCRT-III subunit charged multivesicular body protein 6 (CHMP6) 
led to a model in which ESCRT-II and CHMP6 together form a curved complex29 (Fig. 3b). 
The ESCRT-II–CHMP62 complex has a convex basic face complementary to a concave 
acidic membrane29. This could contribute to the nucleation of ESCRT-III filaments as 
described in depth below.

ALIX

ALIX (Bro1 in yeast)30, 31 represents an alternative to the ESCRT-I-II complex for ESCRT-
III recruitment and activation. ALIX consists of a Bro1 domain32, V domain33, 34, and 
proline-rich domain (PRD), and functions as a homodimer35. The main function of the 
curved Bro1 domain is to bind to the C-terminal helix of ESCRT-III protein CHMP4 at a site 
on its concave face32, 36. The central V domain binds to viral and cargo sequences and to 
ubiquitin37–39. The C-terminal PRD binds to upstream elements and other ESCRTs, and 
autoinhibits the V domain40. ALIX dimerizes via its V domain35, thus it resembles ESCRT-
II in having two ESCRT-III binding sites on its outer arms (Fig. 3c). HD-PTP is an ALIX-
like protein that also contains a tyrosine phosphatase domain. In some contexts HD-PTP can 
replace ALIX in recruiting CHMP441–43.
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ESCRT-III

The ESCRT-III complex is most immediately involved in reshaping and severing 
membranes. As such it has been center-stage in mechanistic research. In humans, these are 
the charged multivesicular body (CHMP) proteins 1–7 (CHMP1A/B, also known as Did2 in 
yeast; CHMP2A/B, also known as Vps2 in yeast;CHMP3, also known as Vps24 in yeast; 
CHMP4A/B/C, also known as Snf7 in yeast; CHMP5, also known as Vps60 in yeast; 
CHMP6, also known as Vps20 in yeast; and CHMP7, also known as Chm7 in yeast) and 
increased sodium tolerance-1 (IST1) (Fig. 4a). High resolution structures are available for 
CHMP344, CHMP445, IST1 and CHMP1B46–48 (Fig 4b). The ~100 N-terminal residues 
form an electropositive and rigid two-helix hairpin (helices α1–α2). These electropositive 
regions have the main contacts with membranes. The four shorter helices (α3–α6) that 
follow are electronegative. The more N-terminal portions (α1–α4) seem to be the main 
structural components of ESCRT filaments, as described below, while the C-terminal helices 
(α5 and α6) serve regulatory roles.

Many of the ESCRT-III proteins change their conformation dramatically in the course of 
their functions. This was first noticed in an analysis of C-terminal truncations of ESCRT-III 
proteins. Truncating helix α5 of various ESCRT-III proteins promotes their assembly, 
apparently by promoting access to a conserved region of the α1–α4 core49, 50. When α5 is 
folded back onto α1–α4, this state is referred to as the closed conformation (Fig. 4b). In 
addition to truncation, α5 can also be artificially displaced from its binding region in vitro 
by increasing the salt concentration51. This can be also achieved by point mutations such as 
Snf7 Arg52Glu52, which presumably destabilize the connection between the α1–α4 core 
and α5.

Small angle x-ray scattering (SAXS)51, 53, 54 provided the first direct physical evidence for 
the ESCRT-III conformational change in solution, albeit at low resolution. Now, a high 
resolution cryo-electron microscopy (cryo-EM) structure of the IST1–CHMP1B 
copolymer48 (Fig 4b) and a crystal structure of helices α1–α4 of CHMP445 (Fig. 4b) reveal 
that opening of ESCRT-III involves even larger changes than anticipated. In both the 
CHMP1B and CHMP4 structures, helices α2 and α3 are melded into a single helix, 
extending the α1–α2 hairpin. Previously unstructured regions join helix α4, extending it as 
well. Thus, opening involves the complete reorganization of about half of the monomer 
structure.

The IST1–CHMP1B polymer structure revealed that IST1 comprises the outside of the tube 
and CHMP1B the inside. IST1 is in the closed conformation, which was a surprise in that it 
had been expected that all assembled ESCRT-III proteins would be in the open state. This 
structure shows that this is only necessary for a subset of the subunits. The open CHMP1B 
is, if anything, even more open than had been expected. The CHMP1B is so elongated that it 
spans the ith to i+4th molecule of IST1. It seems likely that the open conformation is the one 
that is relevant for membrane binding. Even though the crystal structure of the N-terminal 
part of CHMP4 is now known in an open conformation, it is still difficult to make inferences 
about how this and other open-conformation ESCRT-III subunits bind to membranes. It 
remains critically important to determine the atomic resolution structures of some of the 
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“conventional” reverse-topology ESCRT-III assemblies described below, ideally in the 
presence of membranes.

Structural basis of ESCRT-III assembly

ESCRT-III carries out all of its known functions in the context of membrane-bound 
assemblies. Yet in the absence of activating and recruiting signals, ESCRT-III subunits reside 
as inert monomers in the cytosol. The diversity of the forms and structures into which 
ESCRT-III subunits can polymerize is rich and comprises spirals, tubes, coils and cones 
(Fig. 5). Here we will describe the morphologies, but defer slightly the discussion of their 
mechanistic implications. The full spectrum of these structures is at the heart of the most up-
to-date mechanistic hypotheses, as described below under “scission mechanism”.

Spirals

Flat ESCRT-III spirals were first observed by deep etch EM (DEEM) microscopy of the 
plasma membranes of cells overexpressing CHMP455 (Fig. 5a). This observation was 
replicated in vitro with the yeast and C. elegans orthologs52, 56, 57. C. elegans CHMP4 
spirals consist of 4.2 nm-filaments56 or a mixture of 4.9nm and thicker 10.6nm filaments. C-
terminally truncated CHMP2A also forms spirals58, 59. In isolation, CHMP4 growth is not 
self-limiting, and spirals will grow until all the available space is occupied or the soluble 
pool is depleted.

CHMP4 filaments have a preferred radius of curvature of 21–32 nm56, 57. Their innermost 
observed ring is slightly overbent (18 nm), meaning that the coils are bent at a higher 
curvature than their natural energy minimum. Meanwhile, the outer rings are underbent, 
meaning that their radii of curvature are greater (i.e. less curved) than the preferred 
value56, 57. Molecular dynamics simulations56 and atomic force microscopy (AFM) 
measurements57 arrived at persistence lengths of 800 and 260 nm, respectively. AFM is 
invaluable in this context because of its ability to not only visualize assemblies, but also to 
apply force to them and to sever filaments. CHMP4 filaments are ~5-fold stiffer than DNA, 
but ~15-fold softer than actin. This suggests that CHMP4 filaments are stiff enough to act as 
mechanical springs.

Tubes

Tubular evaginations of ESCRTs were first observed in the same seminal DEEM study of 
CHMP4-overexpressing cells55. Evaginations are ~100–120 nm in diameter and extend to 
varying heights. Overexpression of CHMP2B also leads to evaginations of up to 400 nm in 
diameter60. Heteropolymeric CHMP2A-CHMP3 tubes58 are ~50 nm in diameter and have a 
repeating unit of ~4 nm59 (Fig. 5b). The outer surface of these tubes binds membranes, 
while the inner surface provides access to Vps458. This topology fits with the function of 
ESCRTs in reverse-topology scission. The IST1-CHMP1B combination also forms a 
heteropolymeric tube, with a 24-nm diameter and 5.1-nm repeat, and has yielded a cryo-EM 
reconstruction at atomistic resolution48 (Fig. 5c). Formation of tubes of a range of diameters 
thus appears to be a widespread property of ESCRT-III proteins.
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The biggest surprise in the IST1-CHMP1B structure48 was that the outer surface, which had 
been expected to bind to membranes, was highly electronegative and so incompatible with 
binding to acidic phospholipids. The lumen of the tube, in contrast, was electropositive. This 
led to the insight that the IST1-CHMP1B pair can coat the positively curved outside of 
tubular vesicles in a “normal” topology. BAR domain proteins, a well-established family of 
banana-shaped proteins involved in “normal” topology membrane tubulation and scission, 
also coat membranes in this way48. Cell studies have now confirmed that IST1 and 
CHMP1B sever normal topology membrane tubes48, 61. This discovery raises a host of 
questions. IST1 and CHMP1B are known to be present at sites of reverse-topology scission, 
but it is not clear how the structure of their co-polymer could participate in such reactions. 
This begs the question as to the structures of IST1 and CHMP1B when alone or combined 
with other ESCRTs at sites of reverse topology scission. It is hard to see how normal 
topology scission by IST1 and CHMP1B could simply be a mirror image of reverse-
topology scission, and it will be important to explore what the relationship is between the 
two processes.

Cones and Coils

Tubular ESCRT assemblies cannot extend indefinitely when surrounded by lipids, and must 
close at one end55. In vitro co-assembly of CHMP2A and CHMP3 showed these closures 
consist of cones and domes of 25 nm height on top of 50 nm diameter tubes58. Later studies 
revealed much wider cones for both CHMP2/CHMP3 hetero- and even CHMP1B 
homopolymers. Such cones tapered from 150 nm diameter to 50 nm in diameter, displaying 
evidently non-equivalent radial contacts62. Similar cones, based on a 17 nm-filament, were 
seen in cells during cytokinetic abscission63. A distinctive feature of these filaments is the 
large filament-filament distance of 35 nm as opposed to the tight packing of, for example, 
CHMP2/CHMP3 tubes of 3.5 nm spacing. CHMP2-CHMP3 also form “slinkies”52, 58 (Fig. 
5d, ii and iv), by which we mean helical structures with large gaps between subsequent turns 
of the helix.

Kinetic basis of ESCRT assembly

ESCRT assembly is highly ordered and exquisitely choreographed. Understanding the 
temporal basis for assembly is as important as the spatial basis. HIV-1 budding and 
cytokinesis have been useful models for the kinetics of ESCRT assembly. In both cases, the 
fusion of fluorescent tags to ESCRT-III subunits interferes with function. Careful controls 
must be carried out to validate that tagged ESCRT-III subunits are expressed at low levels 
relative to endogenous subunits, and are not acting as dominant negatives.

HIV-1 budding is driven by the assembly of a single viral protein, Gag. Nascent HIV-1 
particles steadily accumulate Gag for ~10 min64, 65 prior to scission. ESCRT-I is recruited to 
HIV budding sites in parallel with Gag65. In contrast, CHMP4B and VPS4 are recruited in 
shorter bursts during the final phase of Gag assembly65. The mere presence of ESCRT-I is 
thus insufficient to recruit CHMP4B. In cytokinesis, ESCRT proteins help sever the 
intercellular bridge18, 66, 67. Over the course of this ~120 min process, the protein CEP55 
localizes to the midbody during the first 0–40 min, followed by ESCRT-I at 40–80 min68. 
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CHMP4B is recruited in two pulses, the first at 40–80 min, and a second at 80–120 min68. 
The second pulse is thought to correspond to abscission68. The second pulse of CHMP4 in 
cytokinesis probably corresponds to the scission-active pool seen in HIV-1 release.

In vitro reconstitution systems allow ESCRT kinetics to be measured precisely in a 
controlled environment. Recent studies have measured the kinetics of CHMP4B 
polymerization57, 69, a central step in membrane scission. Nucleation is defined as the 
kinetic step in which an initial seed unit is assembled that once formed, can readily grow 
into a larger structure. In vitro analysis using negatively curved supported lipid bilayers 
created by nanofabrication showed that CHMP4B nucleates much faster on negatively 
curved membranes69. CHMP4B nucleation is also accelerated by the presence of ESCRT-II 
and CHMP669. In contrast, CHMP4B polymer growth is independent of both membrane 
curvature and upstream activators. Once the nucleation barrier is overcome, purified CHMP4 
seems able to grow indiscriminately until the supply runs out or something else halts it. In 
cells, capping by CHMP2 and CHMP3 seems to be responsible for preventing uncontrolled 
CHMP4 polymerization70 via a mechanism that is still unclear.

Vps4: The recycling machine

There is a consensus that VPS471, 72 has an essential role in recycling ESCRT-III subunits, 
but is probably does more than that. The questions surrounding the precise role of VPS4 are 
at the crux of much of the uncertainty about how ESCRTs actually sever membranes. Before 
these questions can be answered, it is essential to understand how VPS4 extracts ESCRT-III 
monomers from the assembly. There has been major progress on this front, which we 
discuss next.

Vps4 consists of an N-terminal microtubule interaction and transport (MIT) domain73 and a 
catalytic AAA+ ATPase domain72. Similarly to many other AAA+ ATPases, Vps4 functions 
as a hexamer74, 75. The established recycling function of Vps4 depends on the interaction of 
the MIT domain with MIT-interaction motifs (MIMs) in ESCRT-III subunits. MIT domains 
consist of three helix bundles that interact with protein partners through multiple interfaces. 
The canonical interaction of ESCRT-III with the Vps4 MIT domain occurs through the 
MIM1 of the ESCRT-III subunits CHMP2B (Vps2 in yeast)76, 77, CHMP1A77 and IST178. 
The MIM1 consists of a single α-helix that interacts with helices α2 and α3 of the Vps4 
MIT domain through several key Leu residues of MIM1. MIM1 obeys the consensus 
sequence (D/E)XXLXXRLXXL(K/R). A different interaction is formed between the 
extended-conformation MIM2 of the ESCRT-III subunit CHMP6 and helices α1 and α3 of 
Vps4 MIT79. CHMP4 and CHMP5 also interact with Vps4-MIT through MIM2 motifs, but 
with affinities in the range of hundreds of μM, as compared to low μM for CHMP6. CHMP3 
has no Vps4-interacting MIM; however, CHMP3 and most other ESCRT-III subunits have 
sequences that bind to a range of other MIT domains from the Vps4 cofactor LIP5 (also 
known as Vta1 in yeast)80, 81, the deubiquitylating enzymes UBPY (also known as USP8), 
AMSH (also known as STAMBP) and Doa482, and other proteins that are beyond the scope 
of this Review. Engagement of the MIT domain of VPS4 by MIM motifs potently activates 
ATP hydrolysis by the catalytic domain of VPS483–86.
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Recently, a structure of an active, asymmetric hexamer has been determined, for the catalytic 
domain of Vps4 from Metallosphera sedula75 (Fig. 6a). The structure confirms the presence 
of a central pore (see the center of the ring, right side view, Fig. 6a), as previously inferred 
from EM and modeling studies87–91. A Glu residue from pore loop 2 projects into the pore. 
ADP occupies one high affinity and five low affinity sites, whereas ATP seems to bind all six 
sites equally. While the presence of a central pore was inferred from the structures of other 
AAA+ proteins, a critical question has been what, exactly, was the function of the VPS4 
pore. In one model, subunits of ESCRT-III were translocated through the center of the pore 
and released into solution on the opposite side of the ring. In another model, subunits 
remained folded and are released “in cis” with respect to the assembly. A disassembly study 
from our group using hydrogen-deuterium exchange and site-directed cross-linking resolved 
this question, and showed that ESCRT-III subunits are completely unfolded and translocate 
through the central pore of Vps492(Fig. 6b).

The outer tips of eukaryotic Vps4 proteins contain an insertion known as the β-domain. This 
domain interacts with the MIT-domain containing cofactor LIP587. LIP5 contains a pair of 
tandem MIT domains at its N-terminus81 that directly bind to ESCRT-III subunits. These 
contribute to increased avidity of ESCRT-III binding, increase the repertoire of subunits that 
can be bound, and transmit activation signals from ESCRT-III to VPS493. LIP5 also contains 
a central linker and a C-terminal VSL domain that binds the VPS4 β-domain. The VSL 
domain is a constitutive dimer, and the dimer interface is essential for function81. The 
structure of the LIP5 VSL–VPS4 β-domain complex94 led to a model in which a continuous 
network of LIP5 dimers connect a lattice of VPS4 hexamers.

Vps4 interacts with only some of the ESCRT proteins that contain MIM domains. CHMP1, 
CHMP2, CHMP6, and IST1 bind to Vps4 strongly, whereas other ESCRT proteins bind with 
low (CHMP4) or negligible (CHMP3) affinity73, 79. It is not yet clear how weakly 
interacting or non-interacting subunits of ESCRT-III are disassembled. One possibility is 
that the binding of “strong” ESCRT-III subunits to “weak” ones (where “strong” and “weak” 
refer to their Vps4 affinities) is tight enough that the strong subunit can feed the weak one 
into the translocation pore for disassembly. LIP5, which does bind tightly to some of the 
“weak” subunits, might help here. Another possibility is that once enough strong subunits 
are pulled out of the assembly, the remaining subunits simply fall apart, like bricks without 
mortar. Indeed, Vps4 only needs to unfold about half of the subunits in a model filament in 
order to disassemble the entire filament92.

Scission mechanism

The experiments described above have told us much about how the ESCRTs arrange 
themselves in space and time. The overarching task now is to deduce how these 
arrangements lead to reverse-topology membrane scission. Here, we consider this from the 
point of view of HIV-1 release. The formation of the attached HIV-1 bud is independent of 
ESCRTs. In other pathways, this is not necessarily the case. In MVB biogenesis, for 
example, the ESCRTs promote both budding and scission. In cytokinesis the process is even 
more complex, and the ESCRTs seem to be involved in the massive narrowing of the 
cytokinetic neck from 1.5 μm all the way to zero.
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Dome models

The dome model put forward by Kozlov and colleagues95 was the first energetically detailed 
model proposed to explain membrane scission. This model was motivated by the 
experimental observation that ESCRT-III alone could sever otherwise empty membrane buds 
in a GUV system96, and that the tips of lipid-coated CHMP2-CHMP3 copolymer tubes 
seemed to taper and close into a dome at one end58. In this model, the strong binding of the 
dome-shaped ESCRT-III polymer to the lipid membrane constricts the bud neck, and so 
leads to vesicle fission. Measurement of the protein-lipid interaction energy and comparison 
to the energy required for membrane deformation from elasticity theory showed that there is 
sufficient energy available to drive scission95.

Video 1 (Supplementary information) and Fig. 7a show an elaboration of the dome model in 
action in HIV-1 release. In this and all other models of ESCRT-mediated HIV-1 release, Gag 
recruits ESCRT-III to the bud neck through ESCRT-I-II and ALIX. Subsequent to the 
original proposition of the dome model, conical structures have been directly visualized (see 
Fig. 5b, c, e), and the ESCRT-III assembly is shown as a pointed cone rather than as a 
rounded dome. The model shown in Video 1 includes the AAA+ ATPase VPS4, which was 
not part of the original dome model. VPS4 has consistently been imaged at HIV-1 bud 
necks64, 65, leading to the view that its activity is required for HIV-1 release at a step prior to 
scission, not just for disassembly and recycling. In the model shown in video 1, the 
spontaneous growth and narrowing of the ESCRT-III cone would not in principle seem to 
need the presence of VPS4, and indeed, conical ESCRT-III structures can be produced in 
vitro from pure ESCRT-III proteins without the presence of VPS448. One criticism of this 
version of the dome model is that it does not explain the presence of VPS4 prior to scission.

This model does explain the PALM microscopy observation of ESCRT proteins inside of 
budding HIV-1 virions, not only in the cytosol97. However, these observations have been 
challenged98. The prevailing view in the field is that most of the ESCRTs are released into 
the cytosol, not the virion. Indeed, release of ESCRTs into the virion would make this 
mechanism inconsistent with the mainstream view that in MVB biogenesis, the ESCRTs are 
recycled into the cytosol, not lost into intralumenal vesicles.

Several variations of the original dome model have been proposed. In one variant model, 
Vps4 pulls ESCRT-III subunits out of the polymer, thereby contracting the polymer99. 
However, this Vps4-dependent contraction through selective ESCRT-III subunit removal has 
not been observed. As cones have been shown to form in the absence of Vps4 and ATP48, it 
is unclear why such a process would be needed. The biggest difficulty for the dome model as 
shown in video 1 comes from recent DEEM of ESCRT-III surrounding HIV-1 Gag 
assemblies in cells depleted of VPS424. These images show a conical funnel of ESCRT-III 
filaments whose narrow end is in the Gag bud and whose wide end is on the cytosolic face of 
the plasma membrane (Fig. 5e), the opposite of the geometry in video 1.

Reverse dome model

The mechanism shown in Video 2 and Fig. 7b severs the membrane using the same type of 
constriction as in video 1, but acting from the opposite side of the bud neck. The model 
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shown in video 2 is compatible with the DEEM images24 and with the prevailing view that 
the ESCRTs are released into the cytosol following severing. This mechanism has probably 
been the leading model in the field100, 101. One of the difficulties with this model is that the 
ESCRT proteins have to nucleate on the virion side of the bud, and ESCRT-III also has to 
taper to a point on the virion side. This would require the direction of the ESCRT-III cone to 
invert midway through its assembly (Video 2). Presumably this dramatic remodeling of the 
assembly would need to be actively guided in an ATP-dependent manner. Conceivably VPS4 
could have this role, as shown in video 2.

Both the standard and reverse dome models have an additional inconsistency with 
experimental data. The dome models require that ESCRT-III filaments taper to a narrow tip, 
yet this would require CHMP4 filaments to spontaneously adopt an energetically 
unfavorable “overbent” conformation57. The observation, however, is that CHMP4 polymers 
nucleate at highly negatively curved regions of membranes69, and then grow towards zones 
of lower rather than higher curvature.

Buckling models

A second category of ESCRT scission model involves mechanical buckling forces applied to 
the membrane by ESCRT-III filaments. The physical plausibility of membrane buckling 
induced by generic curved filaments was established several years ago102, and has begun 
attracting more attention in the ESCRT field. Molecular dynamics calculations brought this 
principle to the case of a real ESCRT-III polymer56. The real-time observation of membrane 
buckling by CHMP457 has now given prominence to the buckling model. Buckling can 
directly give rise to membrane invaginations57. It is also possible for buckling to run in 
reverse and to lead to membrane scission103, as shown at the end of Video 3 and in Fig. 7c. 
The latter idea depends on the presence of an excess of overbent CHMP4, which can only 
relax by flattening out.

The buckling or “spiral spring” model is shown in Video 3. The shape of the ESCRT-III 
funnel matches the DEEM images24. In this model, the conical structure nucleates where 
membrane curvature is negative69 and grows from narrow to wide57, 69. One role of VPS4 
here might be to remove the first ring of ESCRT-III and so untether the ESCRT-III assembly 
from HIV-1 Gag and upstream ESCRTs. Once untethered, overbent CHMP4 would be free 
to flatten out as shown in video 3. Another possibility is that VPS4 modulates the 
composition of ESCRT-III subunits. The copolymerization of CHMP2 and/or CHMP3 with 
CHMP4 favors three-dimensionally curved ESCRT-III coils52. VPS4 has a much higher 
affinity for CHMP2 than for CHMP4. In principle, the selective extraction of CHMP2 from 
a CHMP4–CHMP2 copolymer might lead to flatter structures, thereby releasing the energy 
stored in the deformed membrane and make it available to drive scission. This buckling 
model does not require the direction of cone growth to change, and it predicts the release of 
ESCRT-III subunits into the cytosol. In our view, the spiral spring/buckling model is 
currently the most plausible contender.
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ESCRTs in endosomal cargo sorting

A major unsolved question in MVB biogenesis is how ubiquitylated cargoes are sorted into 
ILVs. In conventional vesicular traffic, transmembrane cargoes bind to adaptor complexes, 
which in turn bind to coat proteins such as clathrin104, 105. This provides a direct connection 
from cargo recruitment to vesiculation. In MVB biogenesis, the ESCRTs accumulate at the 
bud neck, while the cargo is packaged into the lumen. Thus the packaging elements and the 
cargo are physically separated from one another. The spiral spring/buckling concept 
described above breathes new life into the “concentric circle” model for cargo sorting106. 
Here, a cargo domain organized by ESCRT-0 accumulates within a peripheral ring of 
ESCRT-I and –II complexes. In turn it would become encircled by ESCRT-III. When first 
proposed, the model failed to explain how membrane deformation would be triggered, or 
how the ESCRT-I and –II complexes would avoid engulfment. In the spiral spring version of 
the concentric circle model (Video S4), the CHMP4 polymer grows such that filaments are 
underbent, leading to mechanical tension. Incorporation of additional types of ESCRT-III 
subunits such as CHMP2 might facilitate conversion into a three-dimensional helix, as seen 
for in vitro mixtures of the yeast proteins52. In the combined spiral spring/concentric circle 
model, deformation of the membrane would simultaneously release tension and drive the 
central cargo domain into the newly formed bud. The subsequent release of CHMP2, a 
favored substrate of VPS4, could drive the remaining CHMP4 back into a flat spiral, 
resulting in scission.

Conclusions and outlook

The exciting observations described over the past two years make one optimistic that we are 
within striking distance of a structural and biophysical explanation of the ESCRT 
mechanism. Highlights include the topology of ESCRT filaments emanating for HIV-1 Gag 
budding sites24, spiral spring models for mechanical deformation of membranes5657, and a 
high resolution cryo-EM reconstruction of a helical ESCRT co-polymer48. But triumphalism 
would be premature. Six to seven years ago, in the wake of the solution of the crystal 
structures of nearly all of the ESCRT components, and the reconstitution of substantial 
aspects of ESCRT function, it was tempting to speculate that “the mechanism” was in sight. 
Looking back on it last year, Odorizzi wrote that “ Despite the assignment of activities 
performed by certain ESCRTs that was suggested in vitro many of the details about their 
operations remain fuzzy. Perhaps the wooliest thinking concerns ESCRT-III structure-
function”107. The ESCRT-III proteins have tossed us myriad red herrings. They assemble 
into fascinating, sometimes beautiful, and sometimes messy structures in vitro or when 
overexpressed. Form follows function, but seeing too many forms at once can make it 
harder, not easier, to deduce function.

Nevertheless, we are once again having a hard time containing our optimism. The insights 
obtained even from the moderate resolution of the DEEM technique24 are compelling, and 
its seems only a matter of time before their high-resolution cryo-em counterparts in cells or 
in reconstituted systems generate decisive insights. Indeed, we already have an atomistic 
image of a reconstituted ESCRT tube, albeit of the inside-out odd couple CHMP1B-IST148. 
It will be fascinating to see what happens structurally if a “normal”-topology tube such as 
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CHMP2-CHMP3 met a CHMP4 spiral, for example. An appreciation of the mechanical 
nature of Snf7 filaments has been long overdue. These insights, coming first from 
simulations56 and then from direct measurement by AFM57, are, to pardon the expression, 
reshaping how we think about their ability to remodel membranes. Perhaps we are not so far 
away from combing, carding and weaving the “wooly thinking” into a shimmering fabric of 
insight.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Cytokinesis

The separation of daughter cells, which is the final stage in cell division in which the 
membrane and microtubules connecting the two cells are severed

Membrane necks

Narrow membranous connections linking such entities as nascent endosomes, exosomes, 
enveloped viruses and intralumenal vesicles to their membranes of origin; daughter cell to 
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mother or daughter cell; cytosol to lumen of a double-membrane structure such as the 
nucleus or a nascent autophagosome

Reverse-topology scission

The severing of membrane necks when the scission factors function from the membrane face 
contiguous with the interior of the neck

Ubiquitin

A 76-amino acid protein whose covalent conjugation to target proteins can (among many 
other fates) mark them as substrates for the ESCRT system

Multivesicular body (MVB)

A late endosome containing internal vesicles

Giant unilamellar vesicles (GUVs)

Synthetic vesicles of ~5 to ~50 microns in diameter; a popular model system for in vitro 
studies of membrane remodeling

Gag

The structural protein of the HIV-1 capsid

Intercellular bridge

The narrow membranous and microtubule-containing structure connecting two daughter 
cells immediately prior to their separation in cytokinesis
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On line summary

• ESCRTs carry out scission of membrane necks with a topology (or 
sidedness) opposite to the better-understood process carried out by coat 
proteins, dynamin, and BAR domain proteins

• ESCRT membrane scission is initiated by two upstream branches: the 
first, comprising ESCRT-I and –II, and the second comprising ALIX.

• ESCRT-III proteins comprise a family of 12 different subunits in 
humans. ESCRT-III monomers are about 200 amino acids and have 
open and closed conformations.

• ESCRT-III proteins can assemble into flat spirals, helical tubes, or 
conical funnels.

• ESCRT-III assemblies are taken apart by the AAA+ ATPase Vps4, 
which unfolds ESCRT-III monomers and threads them through a 
central pore

• It is currently unresolved whether scission is mediated by the drawing-
together of membrane necks by a tapered dome, buckling by the 
mechanical spring-like action of curved ESCRT filaments, or some 
other means.
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Figure 1. Reverse topology membrane scission

a| “Normal” and “reverse” topology membrane scission: “Normal” scission such as occurs 
in clathrin and coated vesicle biogenesis, whereas “reverse” scission carried out by ESCRTs 
acts in vesicle budding away from the cytosol. Note that a fundamental difference arises 
from only the cytosolic membrane side being accessible for protein scaffolding and scission 
machinery. b| Functions of the ESCRT pathway (right) compared with “normal” scission 
functions (left). Clathrin, COPI, and COPII are vesicle coats, while AP-1 and AP-2 are 
adaptor complexes that connect clathrin to membranes and vesicular cargo.
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Figure 2. Organization of the ESCRT system

Schematic of the three branches of the ESCRT pathway, explored in the four functions of 
multivesicular body (MVB) genesis, HIV budding, Cytokinesis and nuclear envelope (NE) 
formation. The first three of these functions can all use the ‘classic’ pathway (ESCRT-I, 
ESCRT-II, CHMP6), whereas HIV budding and cytokinesis have respective adaptors that 
can use ALIX to bridge directly to CHMP422. In NE formation, CHMP7 functions as the 
bridge to CHMP4108. From CHMP4, the canonical pathway uses CHMP2 and CHMP3 that 
recruit Vps4 for eventual disassembly of the ESCRT filaments. In NE formation, the ESCRT 
protein IST1 is required, which in turn recruits the microtubule severing enzyme spastin108.
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Figure 3. The ESCRT-I/II and ALIX branches of the upstream ESCRTs

In nearly every context in which the ESCRTs occur, the upstream components recruit, 
activate, and organize the polymerization of ESCRT-III. The only exception is in reformation 
and quality control of the NE, the role of ESCRT-II is apparently replaced by CHMP7. This 
figure shows how the upstream elements ESCRT-I/II and ALIX organize ESCRT-III at the 
nanoscale (a) and atomic scales (b and c). a| Struts of putative ESCRT-I/II complexes 
imaged at a HIV-1 Gag budding site by DEEM (reprinted with permission24) (this panel not 
in NIHMS version due to third party rights). b| ESCRT-II (green) initiates two CHMP4 
filaments (blue) via CHMP6 (teal). Structures shown are from RCSB entries 1U5T10, 
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3HTU29, and 3JCI48. The structures of polymerized IST1 and CHMP1B are used as stand-
ins for the CHMP6:CHMP4 complex, whose structure is not known. c| A dimer of ALIX 
(green) initiates two CHMP4 filaments (blue) via direct interactions with the C-terminus of 
CHMP4. Structures shown are from RCSB entries 2OEV34, 3C3O109, and 5FD745.
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Figure 4. The ESCRT-III proteins

a| Primary structural organization of the 12 human ESCRT-III proteins. Yeast Snf7 
(CHMP4), CHMP2B and CHMP1B are depicted as representatives of the CHMP4A-C, 
CHMP2A-B, and CHMP1A-B families. The main structural helices are colored: α1 
(purple), α2 (blue), α3 (cyan), α4 (green), αA (dark green), αB (dark green), autoinhibitory 
helix α5 (red) and interaction helix α6 (yellow). The C-termini of ESCRT-IIIs carry 
microtubule-interacting and transport (MIT)-interacting motifs (MIM1, MIM2) that are 
responsible for binding to other components of the ESCRT pathway, such as Vps4. b| 
Crystal structures of ESCRT-III monomers. Color coding same as a. CHMP1B and CHMP4 
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have both been found to adopt open conformations, with helices α2 and α3 merging45, 48. 
Ist1ΔC and CHMP3 are shown in the closed conformations in which they have been 
crystallized44, 46.
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Figure 5. ESCRT-III assembly structures

a| Spirals. i) Cryo-EM of C. elegans CHMP456. ii) Negative-stain EM of CHMP2AΔC 
polymers59. Scale bar: 40nm. b| Tubes and bell shapes. i) Cryo-EM of CHMP2AΔC–
CHMP3 tubes with cones (*) and tubes (∧)59. Scale bar: 40nm. ii) Cryo-EM of CHMP1B62. 
c| Cryo-EM structure of ESCRT-III tubular assembly. i) End-on view of IST1ΔC-CHMP1B 
tube with IST1ΔC in light green and CHMP1B in dark green48. ii) External view of the 
reconstructed helix with IST1ΔC highlighted48. iii) Cutaway view with CHMP1B 
highlighted48. iv) Side view of an IST1ΔC-CHMP1B cone48. Scale bar: 5.1nm. d| EM of 
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ESCRT-III assemblies on membranes. i) TEM of a single Snf7 spiral on a POPC:POPS 
membrane57. ii) CHMP2AΔC-CHMP3ΔC tubes in the presence of SOPC:DOPS58. Tube 
diameter ~55nm. iv) Snf7R52E:Vps24:Vps2 2:1:1 helices assembled on POPC:POPC:PI(3)P 
monolayers52. e| EM of ESCRT-III in cells. i) Anaglyph of plasma membranes from COS-7 
cells expressing CHMP4A24. Scale bar: 100nm. ii) Filament spirals on COS-7 cell 
membranes expressing CHMP4A1-164. Scale bar: 100nm48. iii) HEK293T cells treated with 
Vps4A & Vps4B siRNA accumulate filament-encircled Gag assemblies24. Scale bar: 
100nm. iv) Spirals on COS-7 cells expressing FLAG-CHMP1B48. Scale bar: 50nm. (this 
figure not included in NIHMS version due to third party rights)
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Figure 6. ESCRT complex disassembly

a| The structure of MsVps4 shows how pore structure, nucleotide binding, and 
hexamerization are interconnected. Crystal structure of the MsVps4ΔMIT pseudohexamer 
viewed from two orientations75. The protomers are labeled from A to F and identical 
protomers are represented in the same color, except for protomers B and E, whose small 
ATPase domain is shown in light blue and the large ATPase domain in dark blue. 
Superposition of the three different dimers present in the pseudohexamer and molecular 
interactions at the two different interfaces are shown. b| VPS4 hexamers completely 
disassemble target ESCRT-III subunits by disassembling them through the central pore92.
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Figure 7. Models for ESCRT-mediated scission

HIV-1 Gag (blue) accumulates at the membrane (white), causing initial membrane 
deformation. ESCRT-I/ESCRT-II (green/orange) and ALIX (purple) are recruited by Gag. 
ESCRT-III (yellow) is recruited by ESCRT-II and ALIX, and polymerizes in the bud neck. a| 
“Original” dome model. ESCRT-III polymerizes away from the virion and towards the 
cytosol whilst forming consecutively narrower rings such that the dome tapers to a point in 
the same direction in which it grows. VPS4 (pink) depolymerizes ESCRT-III and scission 
occurs. ESCRTs are retained in the virion. b| Reverse dome model. ESCRTs are released to 
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the cytosol. As compared to the “original” dome model (a), ESCRT-III grows in the same 
direction, but tapers in the opposite direction. It is not clear how this paradoxical mode of 
growth could occur in practice, but it would presumably require active remodeling by VPS4. 
c| Buckling model. As in the reverse dome model (b), ESCRTs are released to the cytosol at 
the end. ESCRT-III polymerizes outward from the virion towards the cytosol, with 
consecutive wider rings. The cone is higher in energy than a flat spiral. Conversion of the 
cone to a spiral releases the tension, but at the cost of creating sharp bends where the virion 
is attached to the plasma membrane. The high energy of these bends is released when the 
virion is severed.
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