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Helical Structures of ESCRT-III
Are Disassembled by VPS4
Suman Lata,1 Guy Schoehn,1,2 Ankur Jain,3* Ricardo Pires,1 Jacob Piehler,3
Heinrich G. Gőttlinger,4 Winfried Weissenhorn1†

During intracellular membrane trafficking and remodeling, protein complexes known as
the ESCRTs (endosomal sorting complexes required for transport) interact with membranes and
are required for budding processes directed away from the cytosol, including the budding of
intralumenal vesicles to form multivesicular bodies; for the budding of some enveloped
viruses; and for daughter cell scission in cytokinesis. We found that the ESCRT-III proteins
CHMP2A and CHMP3 (charged multivesicular body proteins 2A and 3) could assemble in
vitro into helical tubular structures that expose their membrane interaction sites on the outside
of the tubule, whereas the AAA-type adenosine triphosphatase VPS4 could bind on the inside
of the tubule and disassemble the tubes upon adenosine triphosphate hydrolysis. CHMP2A
and CHMP3 copolymerized in solution, and their membrane targeting was cooperatively enhanced
on planar lipid bilayers. Such helical CHMP structures could thus assemble within the neck of an
inwardly budding vesicle, catalyzing late steps in budding under the control of VPS4.

ESCRT (endosomal sorting complexes re-
quired for transport) complexes 0, I, II,
and III and accessory proteins regulate

cell surface receptor sorting into intralumenal
endosomal vesicles, generating multivesicular
bodies (MVBs) (1–3). ESCRTs are also re-
cruited during budding of some enveloped vi-
ruses (4) and cytokinesis (5, 6), processes that
are topologically similar to vesicle budding
into endosomes.

Yeast expresses six ESCRT-III–like proteins
(7), whereas mammalian cells express 10, known
as charged multivesicular body protein (CHMP)
1 to 6 (8). C-terminally truncated CHMP3 has
a four helical bundle core and two regions that
are important for CHMP polymerization and
membrane targeting (9). CHMPs exist in an

auto-inhibited state in the cytosol (10, 11); re-
moval of autoinhibition induces membrane tar-
geting (9, 12, 13) and ESCRT-III assembly into
a putative protein lattice (1, 2). Overexpression
of SNF7/CHMP4 in mammalian cells produces
filaments that induce outward buds in the pres-
ence of catalytically inactive VPS4 (14), but
little is known about heteromeric polymerization
by ESCRT-III proteins.

The recruitment of the AAA-type adenosine
triphosphatase (ATPase) VPS4 is essential for
the termination of the budding process and cat-
alyzes disassembly of the complex (2, 15, 16).
The central role of ESCRT-III and VPS4 in all
known ESCRT-catalyzed budding events is fur-
ther underlined by the inhibitory effects of domi-
nant negative mutants of ESCRT-III (8, 9, 17, 18)

and VPS4 (2, 5, 18) on MVB formation, HIV-1
budding, and cytokinesis.

Yeast Vps2p (CHMP2) and Vps24p (CHMP3)
form a subcomplex (7) consistent with the het-
erodimerization potential suggested by the CHMP3
crystal structure (9). Such subcomplexes may
thus represent the building blocks for polymer-
ization. We set out to study the interactions and
polymerization mode of CHMP2 and CHMP3
in vitro. Interactions between full-length auto-
inhibited CHMP3 and CHMP2A could not be
detected, and so both proteins were produced as
C-terminal truncations (fig. S1A; CHMP2ADC
and CHMP3DC) in their proposed activated forms
(9, 10, 13). Whereas CHMP3DC was monodis-
perse in solution (9), CHMP2ADC fused to the
maltose binding protein (MBP) formed monomers
and concentration-dependent aggregates (fig.
S1B). Co-incubation of monomeric CHMP2ADC
and CHMP3DC led to the formation of oligomers,
migrating to the bottom fraction of a sucrose
gradient (Fig. 1A).CHMP2ADCandCHMP3DC
assembled into long tubular structures (Fig. 1B),
with the majority of the particles revealing a di-
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Fig. 1. CHMP2ADC-CHMP3DC polymer formation. (A) Sucrose density
gradient analysis of CHMP2ADC-CHMP3DC complex formation. (B) Negative
staining EM of tubular structures formed by CHMP2ADC and CHMP3DC.
Negative staining EM (C) of CHMP2ADC and (D) of CHMP2ADC after removal
of MBP. Scale bars indicate 100 nm; inset scale bars, 50 nm.
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Fig. 2. Cryo EM of CHMP2DC-CHMP3DC (A) tubes and (B) tubes after removal
of MBP from CHMP2ADC. Scale bars, 100 nm. (C) The EM reconstruction model
showing the 45 Å width of the helical structure produced by the CHMP lattice
(top view).

Fig. 3. CHMP2ADC-CHMP3 tube disassembly by
VPS4B. (A) Negative staining EM of tubes formed
by CHMP2ADC and CHMP3. Sucrose gradient
analysis of (B) CHMP2ADC, (C) CHMP3, (D)
VPS4B, (E) CHMP2ADC-CHMP3-VPS4B complex
formation, and (F) CHMP2ADC-CHMP3-VPS4B
complexes after incubation with ATP Mg2+. (G)
Negative staining EM of CHMP2ADC-CHMP3 tubes
revealing VPS4B on the inside. Radial density
profile (H) of a CHMP2ADC-CHMP3-VPS4B and (I)
of CHMP2ADC-CHMP3 tubes calculated across the
cross section of the tube. (J ) Negative staining EM
after adding ATP Mg2+ to CHMP2ADC-CHMP3-
VPS4B tubes. (K) Disassembly of fluorescein-
labeled CHMP2ADC-CHMP3 tubes measured by
change in emission intensity upon addition of HBS
(magenta), 10 mM VPS4B (blue), 10 mM VPS4B
plus 100 mM AMP-PNP Mg2+ (green), 5 mM VPS4B
plus 50 mM ATP Mg2+ (black), and 10 mM VPS4B plus
100 mM ATP Mg2+ (red). (Inset) The fluorescein-
labeled CHMP2ADC and CHMP3 visualized on an
SDS–polyacrylamide gel. Scale bars, 100 nm.
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ameter of ~ 40 nm and a small fraction showing
deviations up to 70 nm in negative staining electron
microscopy (EM).

Although neither CHMP3, CHMP3DC, nor
CHMP2A formed higher-order oligomers on their
own, CHMP2ADC sedimented in a sucrose gra-
dient (fig. S1C) and formed ringlike structures
(Fig. 1C). Removal of MBP produced particles
with inner and outer diameters of ~12 nm and
~30 nm, respectively. Increased aggregation upon
MBP cleavage and the exclusive face-up orien-
tations (Fig. 1D) hindered determination of the
ring thickness.

Cryo-EM of the CHMP2ADC-CHMP3DC
polymer showed tubes with a fuzzy surface (Fig.
2A). Removal of MBP from CHMP2ADC ren-
dered the surface smooth, revealing striations
perpendicular to the longitudinal axis of the tube

(Fig. 2B). Because image analyses of MBP-cleaved
tubes was hindered by their aggregation, we ap-
plied the iterative helical real space reconstruc-
tion algorithm (19) to reconstruct volumes from the
tubes containing MBP attached to CHMP2ADC
(20). The 32 Å pitch of the helical assembly was
determined by the Fourier transform of the images
(20). The calculated helical structure contains 16.57
repeating units per turn, with inner and outer di-
ameters of 43 nm and 52 nm, respectively (Fig.
2C). The CHMP2A-CHMP3 dimer model could
fit into the repeating unit of the EM map (20) (fig.
S2, A to D), exposing the membrane targeting
surface to the outside and the VPS4B interaction
site toward the inside of the tube (fig. S2, D and E).

The organization of the CHMP2ADC-
CHMP3DC polymer did not indicate how other
CHMPs could participate in the same polymer.

In fact, monomeric CHMP4BDC did not integrate
into CHMP2ADC-CHMP3DC tubes (fig. S3) de-
spite similarities in polymerization (14). Although
CHMP4 may participate in CHMP2A-CHMP3
tube formation as a CHMP4-CHMP6 subcomplex
(7), different ESCRT-III complexes may be formed
in vivo that interact (7) and act sequentially.

Because the VPS4B-CHMP interaction re-
quires an intact C terminus (21, 22), we used full-
length proteins for tube formation. Whereas
CHMP2ADC and CHMP3 formed similar tubes
to those formed with CHMP3DC (Figs. 1B and
3A), combinations of CHMP2A and CHMP3
and CHMP2A and CHMP3DC did not polym-
erize. In sucrose gradient centrifugation, isolated
forms of CHMP2ADC, CHMP3, and VPS4B
floated at similar positions (Fig. 3, B to D), con-
sistent with monomeric or dimeric VPS4B in
the absence of adenosine triphosphate (ATP)
(23). Mixing all three proteins recruited them to
the pellet fraction, corroborating the CHMP3-
VPS4B interaction (Fig. 3E). Negative staining
EM of the CHMP2ADC-CHMP3 tubes assem-
bled in the presence of VPS4B revealed additional
electron-dense material along the longitudinal
axis of the tubes (Fig. 3G). Radial density pro-
files of cross sections obtained by cryo-EM (fig.
S4B) showed a broad central peak, confirming
the VPS4B presence inside the tubes, followed
by a sharp peak corresponding to the CHMP lat-
tice and a smaller peak corresponding to MBP
attached to CHMP2ADC (Fig. 3H and fig. S4D).
In contrast, in cross sections of tubes without
VPS4B (fig. S4A), the central peak of the den-
sity profile did not rise above the background
signal (Fig. 3I and fig. S4C). Thus, VPS4B used
CHMP2ADC-CHMP3 tubes as a scaffold for as-
sembly, which apparently produced disordered
VPS4B oligomers in the absence of ATP. Addition
of ATP and Mg2+ to the CHMP2ADC-CHMP3-
VPS4B tubular structures induced disassem-
bly of the tubes (Fig. 3, F and J). Incubation of
fluorescein-labeled tubes (fig. S5) with buffer,
VPS4B, or VPS4B plus adenylyl-imidodiphosphate
(AMP-PNP) Mg2+ showed no change in emission
intensity as a function of time (Fig. 3K). In con-
trast, dequenching, indicating disassembly, was
measured as an increase in emission intensity
when the tubes were incubated with VPS4B plus
ATP Mg2+ (Fig. 3K). Thus, VPS4B induced
tube disassembly in vitro.

CHMPs are selectively targeted to cellular
membranes (7, 13, 24), which requires an ex-
tended basic surface in case of CHMP3 (9). With
reflectometric interference spectroscopy (RIfS)
(20), CHMP2ADC, CHMP3DC, and their com-
plex showed no notable mass deposition (<0.10
ng mm–2) on silica-supported bilayers composed
of 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPC) lipids (Fig. 4A). However, CHMP3DC
bound to 1,2-dioleoyl-sn-glycero-3-phosphoserine
(DOPS):SOPC bilayers (fig. S6) with an equi-
librium binding amplitude (Geq) of 1.08 ng mm–2

and dissociated with a rate of (kd) ~ 0.3 s−1,
whereas CHMP2ADC (4 mM) showed a Geq of

Fig. 4. CHMP protein membrane interaction. (A) Binding curves measured by RIfS on a SOPC bilayer:
MBP (black), CHMP3DC (magenta), CHMP2ADC (green), and CHMP2ADC-CHMP3DC (blue). (B) Binding
curves measured by RIfS on a DOPS:SOPC bilayer: MBP (black), CHMP3DC (magenta), CHMP2ADC
(green), and CHMP2ADC-CHMP3DC (blue). Protein injections were followed by injection of 1 M NaCl in
HBS. CHMP2ADC-CHMP3DC tubes (C) with and (D) without MBP attached to CHMP2ADC. (E) CHMP2ADC-
CHMP3DC tubes assembled in the presence of SOPC LUVs. (F) CHMP2ADC-CHMP3DC tubes assembled in
the presence of 0.5 mg ml–1 (left) and 1.5 mg ml–1 (right). SOPC:DOPS LUVs are shorter, (G) reveal single
helical coils, and (H) are often cone-shaped. Scale bars, 100 nm.
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1.36 ng mm–2 and a kd of 0.081 s−1 (Fig. 4B).
When the two proteins were mixed, a Geq of
5.95 ng mm–2 was reached. An apparent kd >
0.0008 s−1 was determined by fitting a mono-
exponential function to the dissociation phase,
which is 3 and 2 orders of magnitude lower as
compared with the single proteins (fig. S7). Both
SOPC and DOPS:SOPC bilayers showed no in-
teraction with the control protein MBP (Fig. 4,
A and B). Dissociation of bound CHMP2ADC and
CHMP3DC in Hepes buffered saline (HBS) con-
taining 1 M NaCl revealed a kd ≥ 1 s−1, which was
much faster than dissociation in HBS alone. In
contrast, the CHMP2ADC-CHMP3DC polymer did
not dissociate with a higher rate (kd ≤ 0.00046 s−1)
in the presence of 1 M NaCl (fig. S7), indi-
cating resistance to change in ionic strength.
Once assembled on membranes, CHMP2ADC-
CHMP3DC did not exchange with soluble or
membrane-bound CHMP3DC (fig. S8). Thus,
CHMP2A-3 complexes assembled on membranes
in vitro in the absence of CHMP4-6 subcomplexes,
even though yeast Snf7-Vps20 (CHMP4-6) com-
plexes may recruit Vps2-Vps24 (CHMP2A-3)
complexes to membranes in vivo (7).

To assess the influence of CHMP2ADC-
CHMP3DC tubes on membrane shapes, we
used large unilamellar vesicles (LUVs) com-
posed of DOPS:SOPC. LUV incubation with
either CHMP2ADC or CHMP3DC had no ef-
fect on their floatation in sucrose gradients (fig.
S9, A and B), whereas preformed CHMP2ADC-
CHMP3DC tubes restricted LUV floatation to
the middle of the gradient (fig. S9, C and D).
Negative staining EM confirmed CHMP2ADC-
CHMP3DC tube membrane interaction via their
outer surfaces (Fig. 4, C and D). However, no
systematic remodeling of the LUV membranes
was observed. Potential membrane remodeling
by the CHMP copolymer or vice versa was fur-
ther explored by assembling the polymer in
the presence of LUVs. Although CHMP2ADC-
CHMP3DC assembly in the presence of SOPC
LUVs had no effect on tube morphology (Fig. 4E),
the presence of DOPS:SOPC LUVs produced
shorter tubes (Fig. 4F), displaying loose helical
coils (Fig. 4G) and cone-shaped tubes that ap-
peared closed at the narrower end (Fig. 4H). Thus,
this suggests a mechanism where lipid interac-
tion affects CHMP polymerization.

Because modified VPS4 and CHMP3 exert
dominant negative effects on HIV-1 budding
(8, 9, 17, 25) and cytokinesis (6, 18), CHMP2A-
CHMP3-VPS4 complexes may catalyze a common
step such as membrane fission. The CHMP2A-
CHMP3 polymer presents a membrane binding
topology that is inverse to that of dynamin mem-
brane complexes (26), which catalyze endocytot-
ic vesicle abscission (27). ESCRT-III coupled to
VPS4 may exert a similar role in budding pro-
cesses directed away from the cytosol. Thus, we
propose that a helical CHMP2A-CHMP3 poly-
mer assembles on the inside of a membrane bud,
which may induce membrane deformation, lead-
ing to constriction and eventually abscission when

coupled to VPS4 activity, the only energy-providing
candidate in the pathway (2, 15) (fig. S10).
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A Neoplastic Gene Fusion Mimics
Trans-Splicing of RNAs in Normal
Human Cells
Hui Li,1 Jinglan Wang,1 Gil Mor,2 Jeffrey Sklar1*

Chromosomal rearrangements that create gene fusions are common features of human tumors.
The prevailing view is that the resultant chimeric transcripts and proteins are abnormal,
tumor-specific products that provide tumor cells with a growth and/or survival advantage. We show
that normal endometrial stromal cells contain a specific chimeric RNA joining 5′ exons of the
JAZF1 gene on chromosome 7p15 to 3′ exons of the Polycomb group gene JJAZ1/SUZ12 on
chromosome 17q11 and that this RNA is translated into JAZF1-JJAZ1, a protein with anti-apoptotic
activity. The JAZF1-JJAZ1 RNA appears to arise from physiologically regulated trans-splicing
between precursor messenger RNAs for JAZF1 and JJAZ1. The chimeric RNA and protein are
identical to those produced from a gene fusion found in human endometrial stromal tumors.
These observations suggest that certain gene fusions may be pro-neoplastic owing to constitutive
expression of chimeric gene products normally generated by trans-splicing of RNAs in
developing tissues.

Recurrent, specific gene fusions arising
from chromosomal rearrangements are
characteristic features of many neoplasms,

especially those having hematopoietic and mes-
enchymal origins (1–6). In most fusions, recom-

bination occurs within introns that interrupt the
coding sequences, giving rise to the expression of
chimeric proteins (2). The prevailing view is that
the chimeric proteins resulting from chromosom-
al rearrangements are entirely abnormal and have
neoplastic effects leading to the growth and/or
survival advantage of cells containing them.

An observation that seems at odds with this
view is that chimeric mRNAs identical to those
derived from fusion genes can often be detected
in low abundance by reverse transcription–

1Department of Pathology, Yale University School of Medicine,
New Haven, CT 06520, USA. 2Department of Obstetrics and
Gynecology, Yale University School of Medicine, NewHaven, CT
06520, USA.
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