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Abstract
Multivesicular bodies (MVBs) are endosomes that have internalized portions of the limiting
membrane into the compartment, thereby forming intralumenal vesicles. This vesicle formation is
unusual in that it is directed away from the cytoplasm, which requires a unique mechanism unlike
any mechanism described for other vesicle formation events. The best contenders for the
machinery that drives MVB vesicle formation are the ESCRT protein complexes. However,
increasing evidence suggests that lipids may play a key role in this membrane-deformation
process. This review attempts to combine the seemingly contradictory findings into a MVB
vesicle formation model that is based on a lipid-driven and ESCRT-regulated mechanism.

Introduction
Multivesicular bodies are late endosomal structures formed when portions of the limiting
membrane invaginate and bud into the lumen of the compartment to form intralumenal
vesicles (ILVs). During this process, a subset of transmembrane proteins and lipids are
sorted into these vesicles. Upon fusion with lysosomes/vacuoles, the ILVs are exposed to the
hydrolytic lumen of the compartment, causing the degradation of both ILV cargo proteins
and lipids [1,2]. Therefore, the MVB pathway represents a major transmembrane protein and
lipid turnover system in eukaryotic cells. For the majority of membrane proteins studied, the
sorting into lumenal vesicles of MVBs is effected by ubiquitination, the addition of the small
protein ubiquitin to lysine residues of target proteins. These ubiquitin tags are recognized by
a group of protein complexes collectively called ESCRTs (Endosomal Sorting Complex
Required for Transport), which bind to ubiquitinated cargoes and ensure their proper sorting
into the forming ILVs [3–5]. Four distinct ESCRT protein complexes have been identified,
each orchestrating a discrete step in MVB vesicle formation. ESCRT-0, together with flat
clathrin coats, forms a protein network on endosomal membranes, capturing ubiquitinated
cargo proteins and initiating their sorting into the MVB pathway [6–9]. ESCRT-I binds to
both ESCRT-0 and to ubiqutinated cargo proteins, suggesting that it functions as an
additional cargo sorting system [10–13]. ESCRT-I also interacts with ESCRT-II [14,15],
which is important for downstream ESCRT-II functions, specifically in initiating ESCRT-III
recruitment and assembly [16–18]. ESCRT-III is comprised of several subunits, a subset of
which forms linear polymers that have been implicated in cargo trapping, membrane
deformation and vesicle abscission [19–24]. The final step of MVB vesicle formation
requires the Vps4 complex. This ATPase dissociates ESCRT-III, which is essential for the
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recycling of the ESCRT machinery for subsequent rounds of sorting and may also be
involved in the scission of the forming vesicle [21,25–27].

Several recent reviews have highlighted structural elements of the ESCRT machinery and
how they function in MVB sorting, cytokinesis, viral budding and autophagy [5,28–32].
This review will focus on a major, unresolved issue within the MVB field: the physical
mechanism of MVB vesicle formation. For simplicity, this review will use yeast
nomenclature when referring to ESCRT factors.

Different mechanisms for ILV formation?
Several models have been proposed that attempt to explain how endosomal membranes
deform away from the cytoplasm and detach in order to form ILVs [3,33–36]. These
different models are based on seemingly contradictory observations from both in vivo and in
vitro experiments. For example, studies in yeast have established an essential role for the
ESCRT machinery in ILV formation [37,38]. Mammalian cells, however, have been shown
to maintain the ability to form ILVs in the absence of key ESCRT components [39].
Furthermore, melanosomes and exosomes (endosomal structures with MVB-like
morphology) have been shown to form independently of ESCRT function [40,41]. These
observations led to the conclusion that higher eukaryotes utilize the established ESCRT
system as understood in yeast, and possibly additional ESCRT-independent pathways to
form ILVs. These ‘unconventional’ pathways seem to be driven by the presence of certain
lipids, such as lysobisphosphatidic acid (LBPA) and ceramides. These lipids might organize
into specialized endosomal regions that, simply because of the local lipid composition, bend
inward and ultimately form vesicles. In vitro studies supported this notion by demonstrating
that only a pH gradient across the membrane is required to form ILVs in LBPA-containing
liposomes [42]. The observation that lipids are sufficient for ILV formation poses two
important questions: (1) do cells indeed employ different mechanisms to form ILVs and (2)
if this is not the case, what is the contribution of the ESCRTs to ILV formation?

A problem with testing any model involving ILV formation is the lack of the proper tools
for studying membrane-based systems. Although we are able to analyze the overall lipid and
protein composition of an organelle, current methods are incapable of discerning the
composition of small, specialized regions of organelle membranes in vivo. Furthermore, in
vitro systems that attempt to recapitulate membrane-based reactions are difficult to control
and are likely to produce artifacts. Thus, it is difficult to determine the contributions of
proteins in membrane-based cellular functions, a quandary not unique to the MVB field.
This problem is further compounded by the fact that most in vivo observations of membrane
morphology changes (tubulation, vesiculation, fusion) can be mimicked in vitro in the
absence of proteins, simply with liposomes containing the proper lipid composition.
Proteins, therefore, seem to be inessential in inducing many membrane topology changes;
they seem to function mainly in ensuring specificity and efficiency of membrane-based
reactions. Similarly, the ESCRTs may not drive MVB vesicle formation but could serve to
ensure proper composition of the vesicles (i.e. containing the proper cargo) in addition to
coordinating the overall maturation of the endosome. In support of this model, a study in
mammalian cells found that the absence of the ESCRT machinery did not block the
formation of MVB vesicles, but resulted in impaired cargo sorting into ILVs and variations
in ILV number and size [39]. Other studies have questioned the necessity of key ESCRT
factors in ILV formation. In yeast, for example, overexpression of ESCRT-II partially
suppresses the MVB defect of an ESCRT-I mutant strain, demonstrating that ESCRT-I is
not an essential factor in MVB cargo sorting and vesicle formation [16]. In mammalian
cells, ESCRT-II, but not ESCRT-I, has been shown to be dispensable for the downregulation
of MVB cargoes, arguing that ESCRT-II is a non-essential MVB factor [43]. Finally,
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genomic analyses of protozoan parasites indicate that these organisms express homologues
of the ESCRT-III subunits and Vps4, but none of the genes encoding ESCRT-I or ESCRT-II
[44].

ILV formation is lipid-driven
Based on the published data, it seems plausible that all observed cases of ILV formation rely
principally on lipid-driven mechanisms, and that the ESCRTs, in the case of MVB sorting,
function in regulating the lipid-based reaction and coupling it to cargo sorting. These two
mechanistic facets yield MVB vesicles that are uniform in size and contain the appropriate
membrane proteins destined for degradation. ESCRT-independent ILV budding reactions,
such as those observed during maturation of melanosomes, might be the consequence of
specialized cargo proteins that self-organize, together with the appropriate lipids, in order to
form vesicles.

A recent publication seems to challenge this lipid-driven mechanism of ILV formation. This
in vitro study used giant unilamellar vesicles (GUVs) and purified proteins in order to
identify the essential factors involved in ILV production [45]. These experiments found no
particular lipid to have an essential role in ILV formation. On the contrary, recombinant
ESCRT-I and ESCRT-II together were implicated in driving membrane deformation, while
ESCRT-III was shown to be important for abscission of the forming vesicles. This GUV-
based assay, however, was not able to recapitulate cargo sorting into ILVs. Furthermore, the
ILVs formed in the assay were not uniform, and roughly ten-fold larger than MVB vesicles
found in vivo. These discrepancies between the in vitro and in vivo systems are indeed
significant and could indicate the lack of an important factor in the in vitro assay, such as a
specialized lipid domain within the GUV membrane.

Though the in vitro assay of Wollert et al. was unable to fully reconstitute MVB vesicle
formation [45], the experiments provided important insights into the mechanism of vesicle
budding. A key observation from the in vitro system involved the position of the ESCRT
factors with respect to the forming ILVs. All of the ESCRTs were shown to remain at the
bud neck and did not enter the forming vesicle. This suggests that the ESCRTs, unlike COP
and clathrin coats, are not physically inducing the deformation of the membrane; rather, they
likely function in stabilizing the neck that forms as a consequence of a lipid-driven, inward
budding reaction. This stabilization role of the ESCRTs might support vesicle formation by
capturing intermediates and thus inhibiting the reversal of the membrane budding reaction.
The localization of the ESCRTs to the bud neck is consistent with the in vivo observation of
ESCRT recycling (as opposed to entrapment of ESCRTs inside the ILVs) and explains how
the large ESCRT protein complexes, which are in the size range of the final vesicle (~25 nm
in yeast), are able to support vesicle formation.

ESCRT-III and Vps4: the membrane fission machinery
Homologues of Vps4 and ESCRT-III subunits function in archaea to orchestrate the
membrane fission reaction that completes cell division [46–48]. Similarly mammalian
ESCRTs function in the final steps of cytokinesis [49–51]. Furthermore, many enveloped
viruses require these late-acting ESCRT factors to detach newly formed virus particle from
the host membrane (reviewed in [29]. These observations strongly suggest a role for
ESCRT-III and Vps4 in the final step of MVB vesicle formation: scission of the vesicle
neck.

ESCRT-III subunits have been shown to assemble into large filamentous structures in vitro
[19,21,23]. In vivo, artificially high levels of the ESCRT-III subunit Snf7 cause the
formation of curved polymeric spirals on membranes [20]. These Snf7 spirals are able to
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induce negative curvature in the underlying membrane, giving rise to membrane tubules that
are extruded away from the cytoplasm. This effect of ESCRT-III polymers on membranes
can result in ILV formation, as was shown in another GUV-based in vitro assay [24].
Contrary to this idea, a recent in vitro study contends that ESCRT-III is not involved in
deformation of the membrane, but exclusively in the scission of the bud neck [45]. This
argument was based on the observation that, when added to the GUVs, ESCRT-III was
recruited to the ESCRT-I/ESCRT-II-containing necks of forming vesicles. This recruitment
resulted in the scission of vesicles from the limiting membrane. Studies in yeast, however,
have shown that ESCRT-III facilitates the localization of the deubiqutinating enzyme Doa4
to MVBs, where this enzyme removes the ubiquitin tag from cargo prior to sorting into
forming ILVs [52–54]. These data indicate that ESCRT-III acts earlier in the vesicle
formation process, at a point when cargo is still accessible for Doa4. Thus, the in vitro assay
may have revealed only the essential function of ESCRT-III in ILV formation: facilitating
vesicle release. Because cargo sorting was not recapitulated in the in vitro assay, additional
ESCRT-III functions with regard to vesicle composition might have been missed. Similarly,
the in vitro study might have missed some of the subtler functions of the ATPase Vps4. In
the in vitro assay, Vps4 seemed to act solely in the disassembly and recycling of ESCRT-III
following completion of ILV formation [45]. However, electron microscopy studies in yeast
revealed that deletions of Vps4 co-factors that are known to negatively impact Vps4 activity
resulted in enlarged MVB vesicles, suggesting that Vps4 plays an active role in the
formation of ILVs [38]. This observation could be explained by a model in which the
disassembly function of Vps4 drives the constriction of ESCRT-III polymers, ultimately
resulting in the scission of the bud neck. Alternatively, Vps4 might be involved during
ESCRT-III assembly, assisting the formation of the proper ESCRT-III structure.

A model for ILV formation
Taking into account all the published data, a model for ILV formation emerges that
combines lipid-driven membrane deformation with ESCRT-mediated specificity and
efficiency. In this model, endosomal membrane constituents spontaneously form specialized
lipid domains (or lipid rafts) with unique local composition. Studies on endosomal
membranes have suggested that late endosomes contain lipid rafts rich in cholesterol and
sphingomyelin [55], and might also contain LBPA and phosphatidylinositol-3-phosphate
(PI-3P). MVB vesicles have been shown to be enriched in cholesterol and LBPA, consistent
with the idea that ILVs are formed from these lipid rafts [56,57]. The model predicts that
ESCRT-0 binds to the lipid rafts and sorts ubiquitinated membrane proteins into these
domains (Figure 1A, step 1). Then, driven by the unique lipid composition and possibly the
pH gradient across the membrane, the lipid-cargo domain deforms and invaginates (Figure
1A, step 2). The presence of certain lipids (including PI-3P), ubiquitinated cargoes and the
curved membrane topology recruits ESCRT-I and ESCRT-II, which assemble into a
network that stabilizes the membrane neck and prevents the reversal of the membrane
deformation (Figure 1A, step 3). ESCRT-II present in this network will recruit Vps20 and
Snf7, subunits of the ESCRT-III complex that will polymerize and recruit Doa4 for cargo
deubiquitination (Figure 1A, step 4). Together with the remaining two subunits, Vps2 and
Vps24, the forming ESCRT-III polymer further stabilizes and narrows the neck of the
forming vesicle. Recruitment of Vps4 results in the fully assembled ESCRT-III – Vps4
scission machinery (Figure 1A, step 5) that releases the vesicle from the limiting membrane.
Furthermore, Vps4 disassembles the ESCRT-III polymer and recycles the subunits for
further rounds of vesicle formation (Figure 1A, step 6).

A simplified version of this system is found in protozoan parasites that lack all ESCRT
factors except ESCRT-III and Vps4 (Figure 1B). In these organisms, ESCRT-III assembles
without the upstream ESCRT machinery on the neck of spontaneously forming vesicles.
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ESCRT-III stabilizes the neck and, together with Vps4, drives abscission of the vesicle.
However, because cargo sorting does not occur, the vesicles contain a random set of
endosomal membrane proteins. This system, with its lack of specificity, seems to be
sufficient in an organism that, as a parasite, is not energy limited.

ESCRT-independent vesicle formation is found in melanosomes, which are specialized
endosomal/lysosomal structures present in pigment cells that exhibit MVB-like morphology.
The melanosomal protein Pmel17 contains a lumenal domain that allows for its localization
to ILVs in the absence of the ESCRT machinery. This model of ILV formation predicts that
Pmel17 self-organizes with the proper lipid to form a specialized domain within pre-
melanosomal membranes. These domains invaginate and pinch-off, driven by the properties
of both the lipids and Pmel17 (Figure 1C).

Finally, cells mutated for key ESCRT factors are still able to form ILVs, simply because the
lipid domains present in the endosomal membrane are able to spontaneously deform and
detach from the limiting membrane. However, this vesicle formation is inefficient, due to
the reversibility of membrane deformation, and is not coupled to cargo sorting. Furthermore,
the ILVs resulting from this spontaneous reaction are not uniform in composition and size.

Concluding remarks
In short, the question ‘Which ESCRT components are necessary for ILV formation?’ is not
the right question, as the ESCRTs themselves are not essential for the deformation of the
membrane or the fission of the vesicle neck. However, the ESCRTs regulate ILV formation
by ensuring the specificity and efficiency of this reaction. Most importantly, the ESCRTs
link ILV formation with protein sorting and thus allow proteins to enter ILVs without the
need for a specialized lipid interaction domain. Future ESCRT studies will need to account
for an additional member of the ESCRT machinery, the endosomal membrane and its sub-
domains.
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Figure 1.
Models for ESCRT-dependent and independent mechanisms of ILV formation. The
deformation of the membrane is mainly driven by the formation of a membrane domain with
a unique lipid composition and is supported by the pH gradient across the endosomal
membrane. (A) ESCRT-0 sorts ubiquitinated cargo proteins into the lipid domain. The neck
of the forming vesicle is first stabilized by ESCRT-I and ESCRT-II. The neck is further
narrowed by the formation of ESCRT-III. The recruitment of the Vps4 complex to ESCRT-
III initiates the scission of the vesicle neck and the disassembly of the ESCRT-III complex.
(B) Protozoan parasites lack ESCRT-I and ESCRT-II and thus exhibit a simplified MVB
vesicle formation that may not include sorting of ubiquitinated cargoes. (C) Melanosomes
and exosomes exhibit ESCRT-independent ILV formation that is dependent on self-
organizing lipid and cargo domains.
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