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including at least one member of both the CHMP2
and CHMP4 protein families, and that different mem-
bers within each of these two families can function
redundantly.

In these screens, we found that two core ESCRT-III
subunits, CHMP6 and CHMP3, are dispensable for
HIV budding, although their homologs play essential
roles in yeast MVB biogenesis. These results indicate
that the connections between different ESCRT factors
probably differ between yeast and man. For example,
the yeast CHMP3 homolog (Vps24p) creates an essen-
tial bridge between CHMP2 (Vps2p) and CHMP4
(Snf7p), whereas mammalian CHMP4 proteins interact
directly with CHMP2 [41]. This interaction appears to
alleviate a strict requirement for CHMP3 in HIV-1
budding (Fig. 1).

It has generally been assumed that the different
human ESCRT-III proteins and their isoforms func-
tion similarly in MVB vesicle formation to their coun-
terparts in the yeast system [36,44]. However,
systematic RNAI depletion experiments of CHMP pro-
teins have not yet been performed, due at least in part
to the absence of a facile, sensitive assay for measuring
mammalian MVB vesicle formation.

VPS4

VPS4 enzymeys; belong to the AAA-ATPase (ATPases
associated with a variety of cellular activities) protein
family. The VPS4 proteins function to disassemble
ESCRT-III polymers and thereby recycle them to par-
ticipate in multiple rounds of membrane fission [1,2].
VPS4 binds LIPS, which serves as an activator of
VPS4 assembly and ATPase activities {45,46]. VPS4
enzymes are evolutionally conserved, and there is a
single Vps protein in yeast (Vpsdp) but two VPS4 pro-
teins in humans (VPS4A and VPS4B). VPS4 enzymes
all contain an N-terminal microtubule interacting and
transport (MIT) domain connected by a linker to a
canonical ATPase cassette [47,48]. The VPS4 MIT
domains bind to sequence elements known as MIMs
(MIT interacting motifs), located at or near the C-ter-
mini of ESCRT-III proteins [49,50]. MIT-MIM inter-
actions link the VPS4 proteins and their ESCRT-III
substrates and are required to releasc ESCRT-III poly-
mers from the membrane.

In HIV-1 budding, depletion of either VPS4A or
VPS4B alone has only a modest (~50%) inhibitory
effect, whereas co-depletion of both VPS4A and
VPS4B  dramatically inhibits budding (> 95%)
[44,51]. This synergistic inhibition indicates that
VPS4A and VPS4B function redundantly in HIV bud-
ding (Fig. 1).
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Co-depletion of VPS4A and VPS4B also inhibits
ligand-dependent EGFR degradation [51], although
the effects of depleting each VPS4 isoform individually
are not yet known. However, single depletions of
either VPS4A or VPS4B have quite a dramatic inhibi-
tory effect on cytokinesis/cell division [42], suggesting
that each of the VPS4 isoforms performs a non-redun-
dant function in this pathway (Fig. 1).

Another MIT domain containing AAA-ATPase,
Spastin, has been reported to interact with CHMPI
and function in cytokinesis [52,53]. The function of
Spastin has been implicated in cytoskeletal rearrange-
ment and dynamics, via microtubule severing. It is not
surprising if Spastin may specifically function in cyto-
kinesis, by coordinating both microtubule severing and
membrane abscission at the midbody.

Other MIT domain proteins

In addition to VPS4 and Spastin, several MIT-
domain-containing proteins have been reported to be
involved in the ESCRT pathways. Two ubiquitin
hydrolases, UBPY and AMSH, previously identified as
binding partners for the STAM-HRS complex [54,55],
have recently been shown to possess MIT domains
and to use them to interact with specific ESCRT-III
proteins [56-58]. Both UBPY and AMSH have deubig-
uitinating enzyme activities and are thought to modu-
late the modification levels of ubiquitylated target
proteins within ESCRT pathways [59-62].

Another MIT domain protein is calpain-7, one of
the cysteine proteases of the calpain superfamily. The
MIT domain of calpain-7 associates with CHMP1 and
IST1 [63]. However, the role of calpain-7 in cytokinesis
is not fully understood. The yeast ortholog of calpain-
7, Rim13, regulates proteolytic activation of the tran-
scription factor Rim101, a pH-responsive zinc finger
transcription factor [64,65]. Interestingly, several bio-
chemical and genetic experiments have revealed that
Rim101 activation is dependent on ESCRT factors
[66]. It is therefore conceivable that calpain-7 functions
in activation of unknown membrane associated tran-
scription factors that may be activated by the ESCRT
pathway in mammalian cells [67].

Conclusion

Comparative studies of ESCRT function during MVB
biogenesis, enveloped virus budding and cytokinesis
have begun to elucidate the complexity of the ESCRT
pathway. However, additional functional studies are
required to elucidate the exact roles of different
ESCRT factors and their selective requirements for
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different biological processes. The ESCRT pathway
has been linked to several important classes of human
diseases, including tumorigenesis, neurodegeneration
and infectious disease, and an improved understanding
of the differential requirements for ESCRT factors
may therefore assist in the development of therapeutic
agents with minimum adverse effects.
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