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The endosomal sorting complex required for transport (ESCRT) machinery is an evolutionarily conserved

membrane remodeling complex that is used by the cell to perform reverse membrane scission in essential

processes like protein degradation, cell division, and release of enveloped retroviruses. ESCRT-III, together with

the AAA ATPase VPS4, harbors the main remodeling and scission function of the ESCRT machinery, whereas

early-acting ESCRTs mainly contribute to protein sorting and ESCRT-III recruitment through association with

upstream targeting factors.

ESCRT  membrane scission  reverse topology

1. Introduction

Eukaryotic cellular membranes are highly dynamic entities that undergo continuous remodeling, fusion, budding,

and fission events that are essential to cell and tissue viability. The endosomal sorting complex required for

transport (ESCRT) machinery has been identified as a key player in an increasing number of these membrane-

remodeling events. ESCRTs have the unique ability to catalyze membrane fission from within membrane necks, in

opposition to the well-characterized formation of coated vesicles, where fission occurs from the vesicle neck

exterior . This ‘reverse’-topology membrane scission constitutes the primary biochemical function of ESCRTs and

allows the constriction and scission of membrane necks and the repair of membrane fenestrations; for example,

when the plasma membrane is punctured or damaged. Over the past recent years, a myriad of cellular functions

for the ESCRT machinery have been described. Functions range from the formation of multivesicular bodies

(MVBs) in the endosomal sorting pathway , virus budding , and cytokinetic abscission , to nuclear envelope

surveillance and reformation , autophagosome closure , and plasma-membrane  and lysosome

membrane repair . ESCRT biology and functions are described in detail in comprehensive reviews 

. 

2. Membrane Remodeling by ESCRTs

Found in  Archaea  , ESCRTs are highly conserved through evolution. Here the main focus is on

mammalian cells and yeast, where the ESCRT machinery comprises four multimeric protein core complexes

termed ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, plus the AAA ATPase VPS4 and additional accessory

proteins (Table 1). Bacteria and Archaea express ESCRT-III proteins but lack ESCRT-0, -I, and -II components 

; HRS and STAM (ESCRT-0) are not found in plants, but ESCRT-I to -III are conserved .
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Table 1. ESCRT complexes and their protein subunits in yeast and humans.

Alternative protein symbols are shown in parentheses.

Most ESCRT-mediated functions require a topologically equivalent reverse membrane remodeling for their

completion. In addition, ESCRTs can carry out normal topology scission, from the outside of membrane necks 

. ESCRTs constitute, therefore, a highly versatile remodeling machinery, and their mechanism of action has

attracted a great deal of research efforts over the past years.

Complex S. cerevisiae H. sapiens

ESCRT-0
Vps27 HGS (HRS)

Hse1 STAM1, STAM2

ESCRT-I Vps23 (Stp22) TSG101

  Vps28 VPS28

  Vps37 (Srn2) VPS37A/B/C/D

  Mvb12 MVB12A/B, UBAP1, UBA1L, UMAD1

ESCRT-II Vps22 (Snf8) EAP30 (SNF8)

  Vps25 EAP20 (VPS25)

  Vps36 EAP45 (VPS36)

ESCRT-III Did2 (Vps46, Chm1) CHMP1A/B

  Did4 (Vps2, Chm2) CHMP2A/B

  Vps24 (did3) CHMP3

  Snf7 (Vps32, Did1) CHMP4A/B/C

  Vps60 (Chm5) CHMP5

  Vps20 (Chm6) CHMP6

  Chm7 CHMP7

  Ist1 IST1

ESCRT-associated Vps4 VPS4A/B (SKD1)

  Vta1 VTA1 (LIP5, DRG-1)

  Bro1 (Vps31) ALIX (PDCD6IP), HD-PTP (PTPN23)

  Doa4 UBPY, STAMBP
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Normally localized in the cytoplasm, ESCRT subunits are sequentially recruited by site-specific adaptor proteins to

different membranes. For instance, ESCRT-0 is essential for consecutive recruitment of other ESCRT components

to the endosomal membrane in multivesicular body biogenesis ; CEP55, SEPT9, and additional pathways

recruit ESCRT-I to intercellular bridges to facilitate cytokinetic abscission ; and viral Gag proteins recruit

ESCRT-I in retroviral egression from the plasma membrane . Recruited early-acting ESCRT factors initiate

membrane bending and nucleate the assembly of the downstream ESCRT-III components. ESCRT-III forms a

membrane-interacting oligomeric filament that is thought to mediate the membrane remodeling event, eventually

resulting in scission . Not all ESCRT-mediated biological processes require all complexes, but ESCRT-III and

VPS4 appear to be universally required.

2.1. ESCRT-III Structure and Assembly

There are eight ESCRT-III proteins in yeast, and twelve in humans, named charged multivesicular body proteins

(CHMPs) (Table 1). CHMP4/Snf7, CHMP3/Vps24, and CHMP2/Vps2, together with VPS4/Vps4, were shown to be

indispensable components of the filaments that mediate membrane remodeling . CHMP7 performs

specialized functions in nuclear envelope reformation and repair , whereas CHMP5 remains poorly

characterized. Structural work revealed that all CHMP proteins share a core structure that is thought to adopt two

different conformations, known as open or closed  . In their closed state, they form a four-helix bundle, with α1

and α2 helices forming a long hairpin, the shorter helices α3 and α4 packed against the hairpin, and helix 5 folding

back and packing against the closed end of the helical hairpin, as shown by the crystal structures of CHMP3 

and IST1 . In their open state, helices α2 and α3 merge, disrupting the interaction between helix α4 and the

hairpin, as shown for CHMP1B  and truncated forms of CHMP4 . An intermediate, semi-open

conformation, has also been described for yeast Vps24 . Importantly, ESCRT-III proteins in all three

conformations seem to be able to assemble into filaments . However, these filaments might show

different abilities in membrane binding and flexibility . Whereas the closed conformation does not display

membrane binding interfaces  and is thought to result in more rigid filaments, the more extended open

conformation displays extended membrane-binding interfaces, appears to be in the polymerization-competent state

, and forms highly flexible filaments , which would potentially allow the binding to membranes of a

wide range of curvatures.

In general, ESCRT-III polymers are curved and flexible, and most possess a membrane-binding interface . They

often form copolymers with other ESCRT-III subunits and can take a variety of shapes on membranes in vitro and

in vivo, including rings, spirals, helices, and cones . These morphologies have been well characterized

in recent years through structural biology approaches, cryo-electron microscopy, and atomic-force microscopy 

. Interestingly, recent data have shown that the ESCRT-I complex can also form helical filaments ,

suggesting that early -acting ESCRT factors might not merely be bridging adaptors, but can also be involved in

membrane deformation and ESCRT polymerization.

2.2. The Role of VPS4
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ESCRT-III-mediated processes crucially rely on the activity of the AAA ATPase VPS4, the only known ATP-

consuming factor in the membrane-scission reaction mediated by ESCRT . VPS4 is recruited to membranes in

order to translocate and unfold ESCRT-III components ; this process is mediated through the binding of

microtubule interacting and trafficking (MIT) domains to MIT-interacting motifs (MIMs) in ESCRT-III proteins .

VPS4 function is essential to recycle ESCRT-III filaments and ensure high cytosolic levels of ESCRT-III monomers.

Importantly, it also allows the remodeling of the ESCRT-III filament during pre-scission stages (  and Section

2.3 below) and increasing evidence suggests that VPS4 can additionally play a more active and mechanical role in

membrane constriction and scission .

2.3. Mechanism of ESCRT-III Membrane Remodeling

In the last few years, a great deal of research work has been performed in order to understand how membrane

constriction and scission is mediated by the ESCRT-III machinery (reviewed in ). Important advances in

the field were achieved by using in vitro reconstitution studies using purified ESCRT subunits .

These allowed investigation of the structures, molecular properties, and interplay of various ESCRT-III filaments.

Models for ESCRT-III-mediated membrane scission have been divided into three main categories : in the

classic ‘dome’ models ESCRT-III polymerizes forming a spiraling membrane-bound filament with consecutively

narrower rings, and opposing membranes are brought together by fusion on top of a constricted cone or dome,

with the narrow end of the cone either pointing towards the vesicle or towards the cytoplasm ; in the

‘buckling/unbuckling’ models mechanical forces provided by tension-driven transitions between planar and helical

ESCRT-III filament configurations allow tubule extrusion  or vesicle release ; finally, in the ‘protomer

conversion’ models, filament constriction occurs in response to Vps4-mediated subunit turnover  or incorporation

into the filament of additional ESCRT-III subunits with different properties ; this can change filament’s curvature

and rigidity, leading to a rapid structural change and subsequent membrane neck constriction. The proposed

models are not mutually exclusive and, in fact, recent studies have culminated in a unifying model that combines all

these mechanisms to explain constriction and scission of membrane necks by ESCRTs .

Pfitzner et al. reconstituted ESCRT-III-Vps4 assembly on supported bilayers, liposomes, and within membrane

tubules, and analyzed ESCRT-III subunit binding and release, membrane deformation, changes in ESCRT-III

filament orientation, and ESCRT-induced membrane fission . As a result, they proposed a mechanism of

stepwise changes in ESCRT-III filament structure and mechanical properties via exchange of the filament subunits

to catalyze ESCRT-III activity (Figure 1). In this model, the upstream ESCRT machinery nucleates Snf7, which

polymerizes forming a single-stranded filament. This filament is thought to form first because it binds well to flat

membranes and can be nucleated by early-acting ESCRT complexes in vivo . The Snf7 filament then

recruits a second filament containing the Vps2-Vps24 pair, which together recruit a third filament comprising Vps2

and Did2; Vps2-Did2 in turn recruits and is finally replaced by the Did2-Ist1 pair. The different biophysical

properties of each ESCRT-III subunit results in heteropolymers that differ in their assembly, disassembly, recruiting,

and membrane deformation properties. Vps2-Vps4 filaments have higher affinity for Snf7 filaments, whereas Vps2-

Did2 filaments bind best when Snf7 and Vps2–Vps24 filaments are already present, explaining the recruitment

order. Conversely, Vps2–Did2 filaments recruit Vps4 depolymerization activity better, which favors ESCRT-III
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disassembly. As mentioned above, Vps4 binds most ESCRT-III subunits and mediates their extraction and

exchange, which is necessary for successful narrowing of the neck . Moreover, Vps4 disassembles ESCRT-

III filaments with different efficiencies, in the order Vps2-Vps24 > Snf7 > Vps2-Did2 > Did2-Ist1. This results in a

unidirectional reaction pathway (Figure 1). Interestingly, the different filaments also show distinct membrane

deformation activities. The exchange of Vps24 for Did2 bends the polymer-membrane interface, triggering the

transition from flat spiral polymers to helical filaments and driving the formation of membrane protrusions. This

ends with the formation of a tight Did2-Ist1 helix that constricts the tubule and is shown to be able to promote

fission when bound on the inside of membrane necks. Vps4 activity is required not only for constriction but also to

complete scission, probably playing a role in fission beyond the establishment of the Did2/Ist1 polymer.

Figure 1. Model for membrane constriction and fission driven by ESCRT-III filament assembly and disassembly.

The figure illustrates the sequential recruitment of ESCRT-III components, polymerization, and replacement of

different filament subunits driven by Vps4, resulting in constriction and final scission of the membrane (adapted

from ).

With this model Pfitzner et al. established the common principles of a general mechanism by which ESCRT-III

remodels membranes: a sequence of subunit exchanges that switches the architecture and mechanical properties

of ESCRT-III filaments. The ESCRT field seems now to be converging on this consensus mechanistic model.

Additional recent work has provided for the first time direct evidence of spontaneous Snf7 spiral buckling using HS-

AFM approaches . However, further investigations will be necessary to answer some of the key questions that

still remain open. For instance, cryo-EM of scission-capable complexes in the reverse topology process is needed

to fully understand the ESCRT mechanism. It is also essential to clarify how the same complex (Did-Ist1) can

induce fission in different orientations, assembling around or inside membrane necks . Studies using high

spatial resolution to address the directionality of filament growth will also be of interest. It is also worth considering
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that, like in dynamin-mediated membrane fission , additional external forces, including cargo crowding, might

also be required to finalize the progression from highly constricted membrane structures towards fission.
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