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Abstract Proteins of the ESCRT (endosomal sorting
complex required for transport) complex function in
membrane fission processes, such as multivesicular body
(MVBs) formation, the terminal stages of cytokinesis, and
separation of enveloped viruses from the plasma mem-
brane. In mammalian cells, the machinery consists of a
network of more than 20 proteins, organized into three
complexes (ESCRT-I, -II, and -III), and other associated
proteins such as the ATPase vacuolar protein sorting 4
(Vps4). Early biochemical studies of MVBs biogenesis in
yeast support a model of sequential recruitment of ESCRT
complexes on membranes. Live-cell imaging of ESCRT
protein dynamics during viral budding and cytokinesis now
reveal that this long-standing model of sequential assembly
and disassembly holds true in mammalian cells.

Keywords ESCRT machinery - Viral budding -
Cytokinesis - Live cell imaging

Introduction

The mammalian ESCRT machinery mediates membrane
curvature and fission processes, such as the genesis of mul-
tivesicular bodies (MVBs) from late endosomal membranes
and budding of enveloped viruses from the plasma membrane.
They are also involved in two different stages of cell division:
the separation of the two daughter cells during the late steps of
cytokinesis and centrosome maintenance [1-3]. Cytokinesis,
virus budding, and MVB biogenesis involve membrane sep-
aration. At the end of the separation process, the two
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membranes remain connected by a thin ‘neck’ whose severing
depends on ESCRT proteins (Fig. 1). The role played by
ESCRT proteins in centrosome duplication remains to be
determined.

Since its discovery in Saccharomyces cerevisiae in 2001
[4], the ESCRT pathway has been intensively studied. Over
500 papers have been published on the structure and function
of the different proteins of the network, and these data have
been compiled in dozens of excellent reviews (see references
[5-8] for recent ones). Biochemical studies of MVB biogen-
esis in yeast support a model of sequential recruitment of
ESCRT complexes at the site of membrane fission. Direct
evidence for such dynamic recruitment was lacking until four
live-cell imaging studies revealed the kinetic of ESCRT
assembly and disassembly during viral budding and cytoki-
nesis [9—12]. These recent studies are the focus of this review.

Overview of the mammalian ESCRT machinery
composition and function

The mammalian ESCRT machinery is composed of three
multiprotein complexes, termed ESCRT-I, -II, and -III, asso-
ciated with proteins such as Alix, IST1, the ATPase Vps4 and
its cofactor Lip5. The machinery is recruited at sites of function
by direct interaction with specific adaptor proteins, such as Hrs
for MVB biogenesis and Gag proteins for retroviral budding.
The centrosomal protein Cep55 is another of these adaptor
proteins and, as for Hrs and Gag, recruits the ESCRT
machinery by direct interaction with ESCRT-I proteins.

The mammalian ESCRT-I complex is composed of five
proteins: TsglO1, Vps28, Vps37, MVBI12, and UBAPI
[13—18]. The soluble form of the complex contains a single
copy of each of the different subunits [16, 19]. Tsgl01
links membrane-bound proteins, such as Gag and Hrs, to
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Fig. 1 Requirement of ESCRT complexes for MVBs biogenesis,
viral budding, and cytokinesis. ESCRT proteins mediate membrane
fission events such as MVBs biogenesis, viral budding, and late stages
of cytokinesis. Despite similar membrane topology, these processes
differ in their requirements for the three ESCRT complexes. The
ESCRT-II complex is dispensable for HIV-1 budding and its role in
cytokinesis is not well defined

the downstream complexes ESCRT-II and -III. Alix, which
is often classified as an ESCRT-I-associated protein, is
composed of three distinct domains: an N-terminal Brol
domain, a coiled-coil V domain, and a C-terminal proline
rich domain (PRD) [20-22]. The Brol domain, which folds
into a banana shape, is a good candidate for induction of
the negative curvature required for virus and MVBs bud-
ding [20-24]. It interacts with C-terminal residues of the
ESCRT-III Chmp4 proteins [25]. The central domain of
Alix folds into a V-shaped structure and is involved in
interactions with retroviral Gag proteins [21, 22]. The PRD
interacts with several cellular factors including Tsg101 and
Cep55 [1, 2, 22, 26-28].

Endosomal sorting complex required for transport-II can
be isolated as a stable, soluble complex composed of three
proteins: EAP30, EAP20, and EAP45. Endosomal sorting
complex required for transport-Il proteins bind to one
another, interact with Tsgl01, and with the ESCRT-III
Chmp6 [29]. Therefore, they likely function as a linker
between ESCRT-I and -III. However, certain ESCRT-
mediated processes, such as HIV-1 budding, do not require
ESCRT-II [29] (Fig. 1), suggesting that the entire ESCRT-
II complex is dispensable in this context and that some
other links between ESCRT-I and -III complexes exist.
In vitro analyses using purified proteins and giant unila-
mellar vesicles show that the combination of purified
ESCRT-I and -II trigger the formation of MVB-like buds,
even at concentrations that are below physiological con-
centrations in yeast [30]. Endosomal sorting complex
required for transport-I and -II colocalize almost exclu-
sively to the necks of such buds and seem to act by
stabilizing the bud neck.
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The core of the mammalian ESCRT-III complex is
composed of 11 charged MVB proteins (Chmp) and of the
associated protein IST1. Charged multivesicular body
protein proteins are grouped into seven families based on
primary sequence similarities (Chmp 1 to 7). They share
structural features allowing them to cycle from a resting
closed conformation to an activated open one [31, 32]. This
conformational change triggers polymerization at the site
of membrane fission into membrane detergent-insoluble
helical filaments with dome-like caps [10, 33-35]. The
assembly of such dome-like filaments would trigger
membrane constriction, leading to extreme narrowing of
the bud neck at the top of the dome and eventually mem-
brane severing [6, 34]. This dome-like model is particularly
appealing since it has been validated by computational
approaches [36]. The accessory protein IST1 binds to
Vps37, Chmpl, and also to Vsp4 and its cofactor LIPS [37,
38], possibly consolidating the interaction between the
ESCRT-I complex and the downstream ESCRT-III and
Vps4 complexes.

Vacuolar protein sorting 4, the only enzyme in the
ESCRT machinery, is recruited by ESCRT-III/Chmp1-3
[39, 40]. Vacuolar protein sorting 4 is a type 1 AAA
ATPase that assembles into a double-ringed complex with
six subunits per ring [41-46]. Early yeast studies showed
that expression of Vps4 proteins lacking ATPase activity
triggers the formation of enlarged endosomal structures
called class E compartments from which ESCRT com-
plexes are unable to dissociate [47, 48], suggesting that
Vpsd catalytic activity is required to recycle ESCRT
complexes from site of membrane fission. Indeed, disas-
sembly and recycling of the ESCRT machinery by Vps4
have been reconstituted in vitro [30, 33, 49-51]. The Vps4-
cofactor Lip5 stimulates subunit assembly and ATPase
activity [52, 53]. Structural and cryo-electron microscopy
(EM) studies [41-46] suggest a model in which the ESCRT
machinery is recycled after being pulled trough the central
pore of the Vps4 dodecameric ring, releasing them as
soluble molecules into the cytosol. Therefore, Vps4 recy-
cling might participate in membrane scission per se by
gradually forcing ESCRT-III filaments through its central
pore. Consistent with this model, in the presence of a
dominant negative version of Vps4 [47, 48], ESCRT pro-
teins accumulate at the sites of retrovirus budding but are
unable to catalyze the fission reaction [11].

Therefore, ESCRT-I and ESCRT-II complexes probably
function as linker and stabilizer molecules, but might also
be responsible for the membrane curvature leading to neck
formation, while ESCRT-III complex functions more
directly in membrane fission. In addition to its recycling
function, Vps4 might also play an active role in membrane
fission. Consistent with a key role for the ESCRT-III and
Vps4 subunits in membrane fission per se, an ESCRT
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machinery, composed of homologues of ESCRT-III and
Vps4, is capable of mediating cell division in one phyla of
Archaea [54-56]. Moreover, the presence of a functional
ESCRT apparatus in such prokaryotic organisms that lack
endomembrane structures suggests that the ancestral
function of the ESCRT pathway is to mediate cell division,
and that the pathway has evolved to diversify in other
cellular functions in Eukaryotes.

Yeast biochemical data define the model of sequential
recruitment of ESCRT complexes on membranes

Protein sorting along the endocytic pathway requires their
sequestration within MVBs. These vesicles are generated
by invagination of the limiting membrane of late endo-
somes and bud into the lumen of the organelle [57]. Mature
MVBs subsequently deliver their content to the lumen of
lysosomes by fusing with lysosomal membranes. Proteins
are then degraded by hydrolytic enzymes [58].

Biochemical and immunofluorescence studies of MVBs
biogenesis in yeast have defined the long-standing model
of the sequential recruitment of ESCRT complexes on
membranes. First, microscopy showed that deletion of the
Vps4 gene triggers the formation of aberrant endosomal
structures on which ESCRT components are sequestered
[47, 48]. Therefore, ESCRT proteins are transiently asso-
ciated with endosomal membranes and their dissociation
from these membranes is dependent on Vps4. Loss of
ESCRT-I or ESCRT-II functions impair formation of
MVBs, which leads to the accumulation of endosomal
cargo in aberrant class E compartments. The ESCRT-I
phenotype is partially suppressed when ESCRT-II is
overexpressed but the reverse is not true, suggesting that
ESCRT-I functions upstream of ESCRT-II. In a Vps44
context, immunofluorescence experiments revealed that
mutation in ESCRT-II genes dramatically affected the
endosomal accumulation of ESCRT-III proteins, suggest-
ing that ESCRT-II regulates the formation of a
membranous ESCRT-III complex [47, 48]. Consistent with
this, subcellular fractionation assays showed that, in the
absence of ESCRT-II, -III proteins remain in a soluble
cytoplasmic fraction and do not accumulate into these
aberrant endosomal membranes. Based on these early
studies, it was proposed that the ESCRT machinery
assembles onto membranes in an orderly fashion, with
ESCRT-I complex recruited first and ESCRT-III complex
recruited last and that the disassembly of the machinery is
mediated by Vps4 [4, 47, 48].

More recently, similar biochemical and immunofluo-
rescence microscopy techniques were exploited to
determine the sequence of ESCRT-III subunits recruitment
on yeast MVBs [59]. Vacuolar protein sorting 20, Snf7,

Vps24, and Vps2 form the core of the yeast ESCRT-III
complex; they are homologs of the human proteins Chmp6,
Chmp4, Chmp3, and Chmp2, respectively. C-terminal GFP
fusions of these four ESCRT-III subunits were generated
by chromosomal integration. As in mammalian cells [27,
32, 60], ESCRT-III-GFP exhibited a dominant-negative
phenotype, triggering the accumulation of the fusion pro-
teins on aberrant endosomal structures. Analysis of the
location of these ESCRT-III-GFP subunits by microscopy,
in the presence of absence of the other three ESCRT-III
core proteins, revealed which ESCRT-III subunits locali-
zation on endosomes is dependent on other ESCRT-III
subunits presence. For instance, Vps20/Chmp6-GFP
localized to the cytoplasm and to endosomes, without the
need of the other ESCRT-III subunits, while Snf7/Chmp4—
GFP localization on endosomes was dependent on Vps20/
Chmp6 [59]. Such analysis demonstrated that the ESCRT-
IIT complex assembles in a sequential manner on endo-
somal membranes and that Vps20/Chmp6-dependent
recruitment of Snf7/Chmp4 may be the first step in the
formation of the ESCRT-III complex on membranes.
Consistent with this, velocity sedimentation centrifugation
and cross-linking experiments on membrane or cytosol
fractions revealed that the cytosolic Snf7/Chmp4 sediments
in a low molecular weight fraction (M, < 156 kDa) that did
not crosslink and that membranous Snf7/Chmp4 sediments
in a large fraction (about 450 kDa) that crosslinked into a
stable complex [59]. These results suggest the existence of
two Snf7/Chmp4 pools: a cytoplasmic one and endosomal
one which is part of a 450-kDa complex. Therefore, Vps20/
Chmp6 functions as a nucleator, which is required to
induce Snf7/Chmp4 oligomerization on endosomes. Using
similar approaches, it was shown that recruitment on
endosomes of Vps2/Chmp2 and Vps4 depend on Vps24/
Chmp3 [59]. Therefore, by contrast to ESCRT-I and -II,
which are recruited to membranes as pre-formed com-
plexes, the ESCRT-III components are recruited in a
sequential manner to endosomes where they will assemble
in a 450-kDa stable complex.

Altogether, these yeast MVB studies suggest that the
interaction between ESCRT complexes and endosomal
membrane is highly dynamic. However, such studies did
not resolve the kinetics of ESCRT assembly and disas-
sembly. Until recently, there was no direct observation
available to support the model of sequential recruitment of
ESCRT proteins at site of membrane fission.

Dynamics of ESCRT protein recruitment
during cytokinesis

As during MVBs biogenesis and viral budding, a thin
membrane tubule must be severed from within during the
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final abscission step of cytokinesis [61]. The center of this
thin membrane tubule is a dense protein-rich ring-like
structure called the Flemming body. This ring is sur-
rounded on each side by compact microtubule bundles that
run parallel to the membranes. The Flemming body and the
two microtubule bundles define the midbody. Centrosomal
protein 55 is one of many residents of the midbody [62]
and is required for midbody organization and for the
completion of cytokinesis [63—65].

Dynamic of abscission

Time-lapse imaging of cells expressing fluorescently tag-
ged version of o-tubulin enables to investigate the temporal
kinetic of abscission, based on midbody-associated
microtubule disassembly [66]. This approach was exploited
in Madin—-Darby canine kidney cells (MDCK) and in HeLa
cells to show that abscission starts with the gradual nar-
rowing of one microtubule bundle and ends with its
complete disassembly; a process that lasts approximately
20 min. Disassembly of the first microtubule bundle and
membrane severing are well synchronized and occur at the
constriction zone, where the intracellular bridge is at its
thinnest [9, 10, 67]. The second microtubule bundle dis-
assembles around 20 min later. Abscission consists
therefore on two sequential cuts on each side of the mid-
body [9, 10, 67].

ESCRT protein requirements for cytokinesis

In 2007, yeast two-hybrid assays and proteomic analyses
revealed that Alix and TsglO1 bind a series of proteins
involved in cytokinesis, including Cep55. Small interfering
RNA (siRNA) approaches have shown that both Tsgl01
and Alix are required for midbody abscission. Furthermore,
overexpression of YFP-TsglOl and YFP-Alix fusion
proteins, which act as dominant-negative proteins, increa-
ses the number of multinucleated cells, reflecting a defect
in cytokinesis [1, 2]. Endosomal sorting complex required
for transport-II subunits localize to centrosome [29, 68],
but depletion of the ESCRT-II subunit EAP20 do not lead
to significant cytokinesis defects [2]. The role of ESCRT-II
in cytokinesis remains therefore to be determined (Fig. 1).
Depletion of the 11 different human Chmp proteins
inhibited abscission [3], implying non-redundant role for
individual ESCRT-III in cytokinesis. Over-expressing
fluorescent-tagged version of Chmp4 isoforms identified
Chmp4c as the most potent inhibitor of cytokinesis [1, 2,
69]. More evidence supporting the essential role of ESC-
RT-III in abscission is provided by the cytokinetic defects
in cells expressing an Alix mutant lacking the Chmp4-
binding site [1, 2, 69]. The ESCRT-III-associated protein
IST1 plays a functional role in abscission since its
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depletion causes daughter cells to remain connected
through their midbody for a prolonged period of time
before eventually re-uniting into multinucleated cell [37,
38]. Vacuolar protein sorting 4 ATPase activity is also
required for efficient cytokinesis since expression of a
dominant-negative version of Vps4 results in a dramatic
increase in the percentage of cells arrested in telophase
with multiple nuclei [2].

Localization of ESCRT proteins at the midbody

Epifluorescence microscopy revealed that the tagged ver-
sion of Tsgl01, Alix, and Cep55 localized to the Flemming
body, so is endogenous Alix [1, 2, 63—-65]. C-terminally
flag-tagged Chmp2A, Chmp4A, and Chmp5 proteins are
also recruited to midbodies during cell division but they
localized into two distinct rings, one on either side of the
Flemming body (Fig. 2). Endogenous Vps4 also forms
discrete bands on either side of the midbody. Its recruit-
ment was only observed when the midbodies were
particularly thin, suggesting that Vps4 may only be
recruited at the final stages of cytokinesis [3]. IST1 local-
ization at the midbody during cytokinesis matches that of
Vps4 [37, 38].

Structured illumination microscopy of cells expressing a
low level of fluorescently tagged version of ESCRT pro-
teins revealed the layout of ESCRT proteins at the midbody
in finer details [9, 10]. Alix and Cep55 accumulate in the
core of the midbody whereas Tsgl01 localizes in two
distinct, hollow rings located on each side of the midbody
centre. In early stage intercellular bridges, Chmp4b,
Chmp6, and Chmp2a also localize in two distinct ring-like
structures located on each side of the midbody center
(Fig. 2), but these were located further away from the core
of the midbody. These observations were confirmed for
endogeneous Chmp4b and Chmp2b proteins [10]. Such
layout suggests an orderly recruitment. In thinner, later-
stage intercellular bridges, ESCRT-III extended toward the
constriction zone (Fig. 2).

Electron tomography analysis of the intercellular bridge
revealed that the constriction zone is spanned by 17-nm-
wide helical structures [10] (Fig. 2). These structures do
not assemble in the absence of ESCRT-III complex and are
therefore probably made of polymerized ESCRT-III pro-
teins. Such helices might generate the contractile force to
progressively narrow the membrane tube of the intercel-
lular bridge until abscission occurs.

Dynamics of ESCRT protein recruitment
The dynamic of ESCRT protein recruitment during cyto-

kinesis was recently analyzed by imaging live cells
transiently or stably expressing low level of fluorescently
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Fig. 2 Localization of ESCRT proteins at the midbody. Top panels
show the distribution of ESCRT-III proteins at the midbody of
dividing HeLa cells stably expressing GFP-Chmp4b (green, mid
stage) or GFP—-Chmp?2a (green, late stage). Samples were stained with
anti-o-tubulin antibodies (red) and observed with an epifluorescence
microscope. Deconvolved optical sections acquired at the center of
the vertical dimension of the cell are shown. Middle panels electron
tomography of high-pressure frozen cells reveals cortical filaments at

Late stage
Microtubules ESCRT-III

Constriction Midbody Constriction
zone zone

constriction zone of mid- and late-abscission stages. The smaller
images are enlarged views of two z-sections of the above corre-
sponding images. Scale bar 100 nm. Bottom panels three-dimensional
reconstructions of early and late-stage abscission structures. Red
microtubules, green 17-nm-diameter filaments, gray midbody, yellow
plasma membrane, white balls open microtubule ends, blue balls
closed microtubule ends. Scale bars 200 nm. Middle and bottom
panels were reproduced from reference ten with permission
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tagged version of ESCRT-III and «-tubulin [9, 10]. In
MDCK cells, CepS5 and its binding partner MKLP1 were
present at the core of the midbody from the start of cyto-
kinesis and remain there during the entire cytokinesis
process [9] (Fig. 3). Their levels increased moderately
around 90 min before the first microtubule severing and
then stabilize. By contrast, Tsgl101 is recruited in the mid-
phase of cytokinesis, around 60 min before completion of
abscission and its level steadily rises until the end of the
process [9]. Charged multivesicular body protein 4b is also

(W ESCRT-II filaments

A
| | Cepss O ESCRT-I

v
‘. Vps4

Microtubule bundles

Y

Constriction Constriction

Midbody
zone zone

Fig. 3 Kinetics of ESCRT protein recruitment during cytokinesis.
Cep55 and its binding partners are recruited first at the midbody and
remain there during the entire cytokinesis process. ESCRT-I and
associated proteins, such as Tsg101 and Alix, are recruited in the mid-
phase of cytokinesis, and their level steadily rises until the end of the
process. ESCRT-III are also recruited in the mid-phase of cytokinesis
at the midbody, at around the same time as Tsg101. In the late phase,
their levels increased dramatically and their localization extends
toward the first constriction site, where they probably polymerize into
helical filaments. ESCRT-III peak level is concomitant with an acute
decrease in microtubule diameter and is followed by Vps4 recruit-
ment. ESCRT-III redistribution leads to membrane severing and
separation of the two daughter cells
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recruited in the mid-phase of cytokinesis at the midbody, at
around the same time as Tsgl01, then its level reaches a
plateau until a second recruitment step occurs in the late
phase of cytokinesis. This second wave of recruitment
probably corresponds to the Chmp4b pool that accumulates
further away from the core of the midbody, at the con-
striction site. Charged multivesicular body protein 4b
reaches its peak level approximately 15 min before the
completion of abscission and is followed by an acute
decrease in microtubule diameter that ends in membrane
severing. Vacuolar protein sorting 4 recruitment and peak
level are occurring closer to the completion of abscission,
with an average of 10-min delay compared to Chmp4b
recruitment and peak [9].

In HeLa cells, Cep55 was recruited to the midbody
60 min before the first microtubule bundles disassembly,
and its concentration continues to increase until 10 min
prior to abscission [10]. Alix recruitment at the midbody
occurs approximately 10 min after that of Cep55 and
continues to accumulate until few minutes before abscis-
sion. Charged multivesicular body protein 4b was present
at very low level within early stage intercellular bridges.
Then, 40 min before disassembly of the first microtubule
bundle, its levels increased dramatically and its localization
extend toward the constriction site [10]. Therefore, as in
MDCK cells, Cep55 is recruited to the midbody before
Alix and Chmp4b.

These data clearly demonstrate that the ESCRT proteins
are sequentially recruited at the midbody (Fig. 3).

Chmp4c controls the abscission checkpoint

Timing is crucial for proper abscission, yet very little is
known about the mechanisms that control it. Based on the
observation that Chmp4c-depleted cells exhibited a low
number of cells connected by midbodies, Carlton and
colleagues [70] investigate the possibility that midbodies
were resolved faster in cells lacking Chmp4c. Indeed,
depletion of Chmp4c, but not Chmp4-a or -b, reduced
abscission time by approximately 30 min and over-
expression of GFP-Chmp4c resulted in an abscission
delay. Comparison of Chmp4 sequences revealed a
Chmp4c-specific insertion that resembles canonical phos-
phorylation sites. Interestingly, the kinase Aurora B, whose
activation delays cytokinesis [67] is able to phosphorylate
Chmp4c at this specific site, which is also required for
Chmp4c localization at the Flemming body [70]. More-
over, Aurora B inhibitor reduced Chmp4c phosphorylation.
Altogether, these compelling data suggest that Aurora
B-dependent phosphorylation of Chmp4c directs it to the
Flemming body, a recruitment that leads to abscission
delay, possibly by preventing assembly of a productive
abscission complex [70].
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Therefore, individual ESCRT-III proteins have special-
ized into specific function in the late stage of cell division:
Chmp2, Chmp3, and Chmp4a/b are probably responsible
for the formation, within the intercellular bridge, of helical
filaments whose constriction leads to narrowing and
severing [10, 33, 51, 71, 72], whereas Chmp4c ensures that
the timing of these events are correct [70]. Ordered
recruitment of ESCRT-III proteins at site of membrane
fission may have facilitate such specialization.

Dynamics of ESCRT protein recruitment during virus
budding

Retroviral assembly is a highly regulated process that
requires the viral structural components, as well as some
key cellular factors, such as ESCRT proteins, to converge
to the correct cellular site at the correct time. HIV-1 virions
assemble into a ~ 100-nm-diameter particle containing few
thousand Gag proteins [73], one 20th of which are Gag—Pol

TIME 0 25

proteins [74], 8—10 envelope trimers [75] and two copies of
the viral genome [76] (Fig. 4).

The assembly process is orchestrated by the polyprotein
Gag whose expression is sufficient to generate defective
viral-like particles (VLPs) that are morphologically indis-
tinguishable from the immature virions produced by
infected cells [77]. Gag contains four domains that become
cleaved from each other upon the action of the viral pro-
tease; a process that happens during or shortly after
assembly and leads to the formation of mature particles
[78]. The N-terminal matrix (MA) domain targets Gag to
the inner leaflet of the plasma membrane, the capsid (CA)
domain drives Gag multimerization, the nucleocapsid (NC)
domain packages the dimeric RNA genome and the
C-terminal p6 region recruits ESCRT complexes for par-
ticle release [78].

The very first stage of assembly occurs in the cytosol
with the recognition of the genomic RNA by low-order
multimer Gag proteins [79] via direct interaction between
NC and highly structured sequences located in the

My
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A ESCRT-II
NC filaments
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Fig. 4 Kinetic of ESCRT protein recruitment during retroviral
assembly and budding. Retroviral assembly is a highly regulated
process that requires the viral structural components, such as Gag and
envelope, as well as cellular factors, such as ESCRT proteins, to
converge to the correct site at the correct time. Assembly is initiated
at the plasma membrane by few Gag molecules associated to the viral
genome (not represented) and is completed by the recruitment of
thousand more Gag molecules. The whole assembly process, from the
detection of the first few Gag molecules to end of Gag recruitment,
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assembly of ESCRT-III
components
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takes an average of 10 min. Alix progressively accumulate at viral
assembly sites, coincident with the accumulation of Gag, and is not
recycled after assembly. In contrast, ESCRT-III and Vps4 are
recruited when assembly is completed and are recycled. They stay
on average 2 min at site of budding. The four Gag subunits, matrix
(MA), capsid (CA), nucleocapsid (NC) and p6 become cleaved from
one another upon the action of the viral protease—a process that
happens during or shortly after assembly and leads to the formation of
mature infectious virions
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5'-untranslated region of the genomic RNA [80]. The Gag-
RNA complex then traffic to the plasma membrane where
its interaction with the membrane triggers higher order Gag
multimerization and subsequent particle assembly and
release [79, 81-85].

ESCRT proteins requirements for HIV-1 budding

Divergent enveloped viruses, such as Filoviruses,
Rhaboviruses, Herpesviruses, Paramyxoviruses, and Are-
naviruses exploit the ECRT machinery to bud off the
plasma membrane [86-88]. Endosomal sorting complex
required for transport proteins are recruited at site of
budding via direct interaction with so-called late domain
motifs that lie within viral structural proteins. There are
three known types of late domain that recruit ESCRT
proteins via direct interactions. PTAP and YPDL sequen-
ces recognize TsglOl [89, 90] and Alix [22, 27, 60],
respectively, both of which interact with ESCRT-III pro-
teins [27, 91]. PPXY motifs interact with ubiquitin ligases,
such as WWP-1 [92], which connect with the class E
machinery through ubiquitin chains linked to any viral or
cellular substrates within the machinery [93, 94]. Arrestin-
related trafficking (ART) proteins might also be involved
in PPXY-dependent viral budding, by linking ubiquitin
ligases to ESCRT-I component. Alternatively, consistent
with a role for ubiquitin in PPXY-dependent viral budding,
ubiquitination of ARTs by ubiquitin ligases might trigger
the recruitment of the ESCRT machinery on PPXY motifs
[95].

The HIV-1 main structural protein, Gag, possesses a
PTAP motif that acts as major late domain by recruiting
Tsgl01 [89, 90, 96]. Two accessory late domains, which
recruit Alix, are found in Gag p6 [60] and in the zinc
fingers of NC [97-99]. Depletion and over-expression off
Tsgl101, Vps28, Vps37, and MVBI12 inhibit HIV-1 infec-
tivity and induce viral assembly defects, including aberrant
virion morphologies and altered viral Gag protein pro-
cessing [15, 16, 18, 26, 89, 90], demonstrating that these
four members of the ESCRT-I complex play a functional
role in virus release. By contrast, efficient siRNA depletion
of UBAPI does not alter significantly HIV-1 budding [19].
HIV-1 release and infectivity were not reduced either by
depletion of EAP20/ESCRT-II [29], suggesting that ESC-
RT-II complex is dispensable for HIV-I budding.
Therefore, the recruitment of ESCRT-III by HIV-1 remains
unclear. Alix could well be the protein bridging ESCRT-I
and -III components, since it interacts with both Tsgl01
and CHMP4 isoforms [25, 27]. However, Alix clearly plays
a minor role in HIV-1 release since its depletion barely
affects virion release [27, 100]. Consistent with this,
expression of a Chmp4b variant lacking Alix binding site
in cells silenced for endogenous Chmp4b has a mild effect
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on the efficiency of HIV-1 release [101]. However, in an
artificial system where HIV-1 Gag Tsgl01 binding site is
mutated, Alix over-expression potently rescues the release
defect of mutants [22, 102], demonstrating that Alix can
support HIV-1 budding. This effect of Alix depends on its
interaction with the LYPx,L. motif in p6, confirming that
this motif constitutes a functional late domain. The Brol
domain of Alix also interacts with NC zinc fingers and
mutations that interfere with this interaction lead to a
phenotype that resembles that of L domain mutants [97, 99,
103]. In this case, the Alix Brol domain is interchangeable
with widely divergent Brol domains [97]. Therefore, the
exact role of Alix in HIV-1 budding remains to be clearly
defined, and so is the molecular basis for ESCRT-III
recruitment.

Over-expression of most ESCRT-III proteins as fusion
proteins drastically inhibits HIV-1 release [27, 60, 91],
suggesting a requirement for budding. However, over-
expression can lead to sequestration of ESCRT proteins on
endosomal membranes and therefore might have an indi-
rect effect on viral release. siRNA approaches have
recently allowed a fresh look at the requirement of indi-
vidual ESCRT-III proteins for budding [101]. Depletion of
any individual Chmp protein had a weak effect on the
efficiency of viral release, suggesting functional redun-
dancy amongst the Chmp family members. By contrast,
when cells were co-depleted of Chmp2 or Chmp4 family
members, HIV-1 release was largely inhibited. Moreover,
the function of Chmp4 and Chmp?2 in release depends on
their direct interaction. Co-depletion of other Chmp family
members had only minor effects on HIV-1 release. The
associated ESCRT-III protein IST1 plays no direct role in
HIV-1 budding [37, 38].

Altogether, these studies demonstrate that a subset of
ESCRT proteins, including ESCRT-I, Chmp2, and Chmp4
families, constitute the minimal ESCRT requirement for
HIV-1 release.

Localization of ESCRT proteins at site of viral budding

In cells stably expressing low level of GFP—Chmp4b, GFP—
Chmp4c or Chmplb—GFP and transiently transfected with
HIV-1 Gag and Gag-mCherry, only few percent of fluo-
rescent virions were associated with ESCRT proteins at a
giving time. When a catalytically inactive version of Vps4
was added in the system, GFP-ESCRT-III proteins were
detectable at more than 75 % of fluorescent virions [11].
These results indicate that the association between the
Chmp proteins and Gag are transient, but stabilized when
Vpsd activity was inhibited. Immuno-EM analysis of
ESCRT protein distribution within the neck of budding
virions are not available. However, ring-like striations can
be observed within the membrane stalks of budding viruses
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arrested by dominant-negative Vps4 proteins. These stria-
tions probably represent trapped ESCRT machinery, since
they are not detectable within the stalks of viruses lacking
late-domains [91]. Moreover, EM images of budding viri-
ons in Chmp2a/b-depleted cells reveal ring-like electron-
dense structures within the membrane neck of virions that
fail to separate from the producer cells [101]. Charged
multivesicular body protein 4 is known to form circular
filaments [71] and these structures probably represent
Chmp4 filaments that have not yet been recycled. There-
fore, Chmp4 is recruited prior to Chmp2 at site of viral
budding and Chmp2 is required for Chmp4 recycling,
probably by recruiting Vps4. These EM and epifluores-
cence analysis suggest that the recruitment of ESCRT-III
proteins by Gag is transient and ordered.

Dynamics of HIV-1 and EIAV assembly

The HIV-1 main structural protein, Gag, possesses a PTAP
motif that acts as major late domain by recruiting Tsg101
[89, 90, 96], whereas the Gag protein of Equine infectious
anemia virus (EIAV), a lentivirus that infects horses [104],
encodes a YPDL late domain motif, which binds Alix with
high affinity [60]. The assembly of HIV-1 and EIAV VLPs
is driven by Gag proteins and takes place at the plasma
membrane [83-85]. By using fluorescently tagged deriva-
tives of Gag and total-internal-reflection fluorescent

-0.1 0 2.5 5 7.5 10

microscopy (TIRFM) techniques, the kinetics of HIV-1 and
EIAV assembly have been elucidated [11]. Total-internal-
reflection fluorescent microscopy results in a selective
excitation of fluorophores within 100 nm of the coverslip
[105], therefore minimizing photodamage to the cell and
maximizing the signal over background of fluorophores at
the cell surface. Total-internal-reflection fluorescent
microscopy is a powerful tool to study events that occur at
the plasma membrane, including retroviral assembly.
TIRFM approaches revealed that the fluorescent intensity
generated by Gag during the genesis of VLPs, represented
by a punctum, increases steadily over the diffuse Gag
background until it reaches its peak of intensity and
remains stable (Fig. 5) [11, 81, 106]. Quantification of Gag
proteins proximity by FRET demonstrates that Gag
become more and more closely packed within virions as
assembly proceeds [106]. Fluorescence recovery after
photobleaching analysis showed that Gag recruitment into
nascent virions becomes irreversible once it reaches a
plateau [106], indicating the end of the assembly process.
Such techniques have allowed the direct observation of the
genesis of thousand of individual virions in real time, from
initiation to completion of assembly. Virions appear indi-
vidually at the plasma membrane, and an average of 9 min
is required to complete the assembly of a single HIV-1
VLPs [106]. Importantly, viral particles generated in the
context of a full viral genome, in which GFP is inserted
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Fig. 5 Typical recruitment of Alix and Chmp/Vps4 during equine
infectious anemia virus assembly. HeLa cells stably expressing GFP
tagged version of ESCRT proteins, such as Alix (top panels) or
Chmp/Vps4 (bottom panels) were transfected with HIV-1 Gag/Gag-
mCherry and observed under TIR-FM beginning at 6 h post-
transfection. Each set of images illustrates the recruitment of ESCRT

Time (min)

proteins during the genesis of an individual virion. The time ‘zero’ is
set to correspond to the initial Gag detection. Fields are
2.5 x 2.5 um. The plots represent the fluorescence intensity in
arbitrary units emitted by GFP-ESCRT protein (black) and by Gag-
mCherry signals (grey) associated with the assembly of an individual
virion over time
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into the flexible C-terminus of the matrix region of Gag,
assemble with broadly similar kinetics [106, 107]. Simi-
larly, EIAV Gag assembly was completed in a mean of
11.5 min [11].

One caveat into using the very first detectable Gag
signal over background as a reference for the start of
assembly is that this measurement is dependent on the
resolution of the microscope used. Visualization HIV-1
genomes using a technique involving an RNA binding
protein, from the bacteriophage MS2, fused to GFP [108]
have allowed a better resolution of the very first step of
viral assembly [81]. MS2—-GFP-bound genomes that sub-
sequently initiate VLP assembly were detectable in the TIR
field on average 5 min before detectable levels of Gag
accumulated on this Gag-RNA subvirion complex. There-
fore, HIV-1 assembly, from genuine initiation (i.e., the
docking of a small number of Gag proteins associated with
the genome), to end of Gag recruitment is completed on
average within 14-15 min [81].

Such dynamic studies of retroviral assembly provide a
model system to dissect the recruitment of ESCRT proteins
at sites of membrane fission.

Dynamics of ESCRT protein recruitment

Over-expression of fluorescently tagged forms of ESCRT
proteins can be deleterious to cell physiology and virion
release [18, 27, 60, 109, 110] and was therefore a potential
limitation for live-cell analysis of ESCRT-dependent pro-
cesses. This limitation was bypassed by generating cell
lines stably expressing low level of fluorescent version of
these proteins [11]. In these cell lines, GFP-tagged ESCRT
proteins exhibited similar localization as their endogenous
counterpart: they accumulated at midbody during cytoki-
nesis and were recruited to class E compartments induced
by expression of a catalytically inactive Vps4. The
expression level of GFP-tagged ESCRT proteins in the
stable lines was close to the expression level of the native
protein and consistent with this, cell division and viral
release were not affected. Monitoring the recruitment of
ESCRT proteins during the assembly of HIV-1 and EIAV
by time-lapse TIRFM microscopy using these cell lines
revealed two completely different types of recruitment for
ESCRT proteins at the site of viral budding [11].

Alix and EIAV Gag protein signals were perfectly
synchronized during assembly, increasing in perfect cor-
relation and reaching a plateau at the same time (Fig. 5).
This suggests that the amount of Alix that is recruited at
EIAV assembly site is proportional to the number of Gag
(Fig. 4). Once viral assembly was completed, Alix did not
dissociate from EIAV VLPs, which is consistent with the
detection of Alix in purified EIAV and HIV-1 virions [60,
91]. By contrast, the amount of Alix and Tsgl01 that are
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recruited at HIV-1 assembly site is under the detection limit of
the TIR microscope, suggesting a different mechanism of
ESCRT-I recruitment by HIV-1 Gag. This is agreement with
the estimation of the numbers of ESCRT-I components
incorporated into highly purified HIV-1 from infected T-cells.
On average, 5-25 Vps28 molecules are incorporated into each
virus particle [18] and since ESCRT-I complex is a 1:1:1:1
heterotetramer [16], the amount of Tsg101 per HIV-1 particles
is in the same order of few molecules.

The recruitment of Chmp and Vps4 proteins differs from
that of Alix. Chmp1b, Chmp4a, Chmp4c and Vps4 were only
transiently recruited to HIV-1 and EIAV assembly sites
around the time that Gag protein accumulation is completed,
most often in a single pulse (Fig. 5) [11]. In contrast to Alix,
the Chmp and Vps4 proteins behave as if some triggering
event concomitant to the completion of viral assembly causes
their rapid and transient recruitment. This trigger could be
accumulation of a threshold number of Alix molecules, or
perhaps a critical degree of membrane curvature, also induced
by Alix. Charged multivesicular body proteins and Vps4
remained detectable at the site of budding for an average of
2 min and, in most cases, were completely recycled [11].
Similar transient recruitment of Vps4 at sites of HIV-1 bud-
ding was observed in cells overexpressing GFP—Vps4 [12].
However, in this case, Vps4 remained at site of budding for
shorter periods of time (35 sec on average).

By averaging the data for all assembly events observed
[11], Chmp and Vps4 seemed to be recruited at the same
time. However, a small delay between Chmp and Vps4
recruitment is likely because Vps4 is recruited by Chmp
proteins [39, 40, 91].

Unlike for cytokinesis studies, the delay between
recruitment of ESCRT proteins and membrane fission
remains difficult to measure in the context of viral budding.
Imaging HIV-1 particles generated with Gag fused to a
GFP variant whose fluorescence is diminished at acidic pH
[111] has been used to identify which viral particles have
pinch off the cell membrane at a given time [106].
Unfortunately, the experimental settings of such approach
do not allow dynamic studies. Based on the intuitive
assumption that the motility of particles might increase
once scission has occurred, increase in particle mobility has
been used to measure the time between ESCRT protein
recruitment and membrane fission, leading to an estimate
of 15 min between the two processes [12]. However, such
increase in motility after assembly was rarely observed,
which is in agreement with the results obtained with the pH
sensitive GFP variant revealing that virions do not move
away from the site of assembly, after budding at the
interface between the cell ventral surface and the coverslip
[106]. This lack of motility after budding is probably due to
the action of cell surface adhesion molecules, or to the
physical constraints impose by the small space between the cell
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and the coverslip. The rare cases of virion motility increase
observed after assembly [12] might then represent endocytosis
events of fully assembled virions. Therefore, the delay between
recruitment of ESCRT proteins and viral budding remain
unknown. However, since the recruitment of the proteins that
are responsible for membrane fission is concomitant with
completion of assembly and, because they remain, on average,
~?2 min at the site of assembly, one can hypothesize that
budding occurs rapidly after completion of assembly.
Altogether, these live cells studies of ESCRT proteins
recruitment at viral assembly sites have revealed two com-
pletely different behaviors of ESCRT proteins, suggesting a
model in which progressive accumulation of early players,
such as Alix, to a threshold level triggers the rapid and tran-
sient recruitment of ESCRT-III and Vps4 proteins (Figs. 4, 5).

Conclusions

Since the discovery of the ESCRT machinery more than
10 years ago, much indirect evidence for a sequential
recruitment of ESCRT proteins at sites of action have been
collected trough biochemical and fixed cell microscopic
studies of yeast MVB biogenesis, and more recently trough
SIM and EM analysis of ESCRT localization at the mid-
body and at viral assembly sites in mammalian cells. This
model is now very well supported by live cell studies of
ESCRT assembly and disassembly during retroviral bud-
ding and cytokinesis. ESCRT-mediated processes are
indeed very dynamic: early players, such as ESCRT-I and
Alix, which might be responsible for membrane curvature
and membrane neck formation, accumulate progressively,
until the process is advanced enough to trigger the rapid
and transient recruitment of late players, such as ESCRT-
IIT and Vps4 proteins, which carry out membrane scission
and protein recycling.

Finer analysis would come from monitoring fluores-
cently tagged versions of a couple of ESCRT components
in a single cell, which is technically challenging because it
requires the generation of cell lines stably expressing few
fluorescent proteins and microscopic settings that would
separate correctly these signals.
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