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ABSTRACT

The Endosomal Sorting Complex Required for Transport (ESCRT)-III mediates membrane
fission in fundamental cellular processes, including cytokinesis. ESCRT-III is thought to form
persistent filaments that over time increase their curvature to constrict membranes. Unexpectedly,
we found that ESCRT-IIl at the midbody of human cells rapidly turns over subunits with
cytoplasmic pools while gradually forming larger assemblies. ESCRT-II1 turnover depended on
the ATPase VP34, which accumulated at the midbody simultaneously with ESCRT-111 subunits,
and was required for assembly of functional ESCRT-III structures. In vitro, the Vps2/Vps24
subunits of ESCRT-III formed side-by-side filaments with Snf7 and inhibited further
polymerization, but the growth inhibition was alleviated by the addition of Vps4 and ATP. High-
speed atomic force microscopy further revealed highly dynamic arrays of growing and shrinking
ESCRT-III spirals in presence of Vps4. Continuous ESCRT-I11 remodeling by subunit turnover
might facilitate shape adaptions to variable membrane geometries, with broad implications for

diverse cellular processes.

INTRODUCTION

The Endosomal Sorting Complex Required for Transport-111 (ESCRT-111) promotes membrane
fisson from the inner side of membrane necks in various cellular processes', including the
biogenesis of multivesicular bodies?, cytokinetic abscission®’, nuclear envelope sealing®™,
plasma membrane repair*?, HIV budding™'*, and exosome or microvesicle shedding™™"’. ESCRT-
[l forms polymers that are thought to constrict membrane necks until they split’*®, but the

mechanism underlying constriction is unknown.

ESCRT-III is evolutionary conserved from humans to archaea, and is composed of four
structurally related core subunits with distinct functions’®?’. Budding yeast Vps20 (human
homolog is CHMP6) functions as a nucleation factor, Snf7 (human homolog CHMPA4 has three
isoforms, A-C) serves as a main polymer subunit, Vps24 (CHMP3 in humans) and Vps2
(CHMP2A and B isoforms in humans) inhibit Snf7 polymerization®®*? and recruit the ATPase

0,31,33—38. How

Vps4, which is thought to predominantly disassemble ESCRT-IIl polymers®
different ESCRT-1I1 components coordinately assemble and remodel polymer structures has

remained unclear.

Purified ESCRT-II1 subunits polymerize into filaments that form spirals on flat membranes or
helices on membrane tubes®****, ESCRT-III also forms filament spirals and helices in intact
cells*®4 and it is required for the assembly of large filament helices that constrict the

intercellular bridge during cytokinetic abscission®.
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Prevailing models propose that ESCRT-111 mediates membrane fission by sequential assembly of
distinct subunits®?*%, whereby late-binding Vps2/Vps24 (CHMP2/CHMP3) subunits might
form a rigid dome-shaped scaffold to guide attached membranes towards the fission site®® or
induce changes in the curvature of pre-assembled Snf7 filament spirals to promote membrane
neck constriction*. These models rely on the sequential addition of distinct subunits and the
persistence of ESCRT-III polymers, yet this has not been directly observed under physiological
conditions. We hence set out to systematically quantify the assembly kinetics, dynamics, and

structure of ESCRT polymersin live human cells and in an in vitro reconstitution system.

RESULTS

ESCRT-I11 assemblies continuously turn over their subunitswith the cytoplasm

To investigate the dynamics of ESCRT-III polymers at the abscission site, we generated stable
Hel a cell lines expressing fluorescently tagged subunits. We found that CHMP4B tagged with
GFP via a long flexible linker (Localization and Affinity Purification tag, LAP) and expressed
close to endogenous levels® did not perturb abscission (Fig. 1a). To probe the functionality of
LAP-tagged CHMP4B, we depleted endogenous CHMP4B in wild-type HelLa cells or in HelLa
cells stably expressing siRNA-resistant mouse CHMPAB-LAP (Supplementary Fig. 1a).
Cytokinetic abscission was substantially perturbed upon depletion of endogenous CHMP4B in
wild-type Hel a cells, but was not affected in mouse-CHMP4B-LAP-expressing Hel a cells (Fig.
1a), validating the functionality of CHMP4B-LAP.

We next investigated the dynamics of midbody-localized ESCRT-III by fluorescence recovery
after photobleaching (FRAP) experiments. Unexpectedly, we found that CHMP4B-LAP rapidly
re-accumulated at the midbody following photobleaching (Fig. 1b, ¢ and Supplementary Video
1). A single exponentia function constrained to initial fluorescence values did not fit the FRAP
kinetics (Fig. 1c), indicating the presence of two populations of CHMPA4B-LAP with distinct
residence times at the midbody. We determined the residence times for the two midbody-
localized fractions by a double-exponential fit (Fig. 1b, h, i). A highly mobile fraction of 64 + 6%
(mean + SEM, as in the rest of the paper, if not otherwise noted) of CHMP4B-LAP had a
residence time of 19.5 £ 2.7 s, whereas a stably-bound fraction of 36 + 2% had a residence time
of 716.0 £ 91.3 s. Modeling the stably-bound fraction as completely immobile also yielded a
good approximation (Supplementary Fig. 1b, ¢). Importantly, both methods of model fitting

yielded consistent values for the fraction and residence time of the highly mobile pool
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(Supplementary Fig. 1d). Thus, the majority of CHMP4B-LAP molecules at the midbody
continuously turns over with a cytoplasmic pool — at a rate up to two orders of magnitude faster

than the macroscopic accumulation of ESCRT-I11 at the midbody*®.

ESCRT-III initially localizes within two cortical regions adjacent to the midbody, which later
constrict to split the plasma membrane®®. Photobleaching of CHMP4B-LAP prior to or during
constriction stages revealed similar recovery kinetics (Fig. 1b, d, e, and Supplementary Video 1),
indicating that midbody-localized ESCRT-II1 dynamically turns over subunits with cytoplasmic

pools during its macroscopic accumulation and constriction.

We next investigated the localization and dynamics of other ESCRT-III subunits. We tagged
human CHMP2B, CHMP3 and CHMP4B with the same design used for tagging mouse
CHMP4B. All three LAP-tagged ESCRT-III subunits localized to the midbody (Fig. 2f, g, and
Supplementary Video 2) and did not perturb abscission (Supplementary Fig. 2a-d). CHMP2B,
CHMP3, and CHMP4B subunits accumulated at the midbody with indistinguishable kinetics
(Fig. 2f, g, and Supplementary Video 2). Hence, ESCRT-III assembles at the midbody with a

fairly constant proportion of different core subunits during the progression of abscission.

We next probed the dynamics of human CHMP2B, CHMP3, and CHMP4B at the midbody.
FRAP experiments showed that all three subunits had highly mobile fractions with residence
times similar to mouse CHMPA4B (Fig. 1h, i, and Supplementary Fig. 2g-i). We noticed somewhat
variable kinetics at late stages of FRAP recovery, which resulted in inaccurate fitting of single
exponential functions (Supplementary Fig. 2e-g). Given the technical difficulty to accurately
measure long residence times, the relevance of the observed variations remains unclear.
Importantly, however, all FRAP experiments consistently show that highly mobile fractions of
CHMP2B, CHMP3, and CHMP4B dynamically turn over with similar residence times. Overall,
our experiments show that ESCRT-111 forms highly dynamic assemblies at the midbody.

Dynamic subunit turnover in ESCRT-111 assemblies dependson VP34

We wondered if VPS4 could be responsible for ESCRT-III turnover, as it is the only known
nucleotide hydrolase in the ESCRT-IIl pathway®®. VPS4 was previously detected at the
midbody only during late stages of abscission®, which would be inconsistent with its contribution
to the high ESCRT-III turnover observed during early stages. However, previous measurements
of VPS4 accumulation were based on overexpression from a viral promoter®, which could limit
its detection at the midbody owing to high cytoplasmic background. We thus re-examined VPS4
accumulation in cells stably expressing LAP-tagged murine VPS4B from its endogenous
promoter (Supplementary Fig. 3a). In these cells, VPSAB-LAP indeed accumulated at the
midbody simultaneously with CHMP4B-LAP (Fig. 2a, b, and Supplementary Video 3). Thus,

4
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VP34 is present at early stages and could contribute to ESCRT-II1 dynamics throughout the entire

abscission process.

To investigate the role of VPS4 in ESCRT-III dynamics, we depleted both isoforms VPS4A and
VP34B in CHMP4B-LAP-expressing cells using RNAI. Depletion of endogenous VPS4A/B to
undetectable levels at 48 h after SSIRNA transfection (Supplementary Fig. 3b) substantially
reduced the amount of CHMP4B-LAP at the midbody (Fig. 2c, and Supplementary Fig. 3c).
FRAP experiments revealed that under this condition, CHMP4B-LAP turnover at the midbody
was almost completely suppressed (Fig. 2e, f). We considered that this phenotype may arise from
the strong reduction of the cytoplasmic CHMP4B concentration, owing to the accumulation of
ESCRT-IIl a endosomes upon complete VPS4 depletion*”* (Fig. 3c, d). However, partial
depletion of VPSAA/B at 20 h after SSRNA transfection also reduced the fluorescence recovery
after photobleaching (Fig. 2e, f) without atering the cytoplasmic CHMPA4B-LAP concentration
(Fig. 2c, d). The cytoplasmic levels of CHMP2B-LAP or CHMP3-LAP were also not affected
upon partial VPSAA/B depletion (Supplementary Fig. 3d, €). Furthermore, microinjection of
recombinant human CHMP4B protein into telophase cells resulted in rapid accumulation at the
midbody in control cells, but a much slower rate in VPS4A/B-depleted cells (Supplementary Fig.
4). Together, these experiments show that VP34 is required for dynamic turnover of ESCRT-I1I
at the midbody.

VP isrequired for constriction of theintercellular bridge

We next studied how VPS4 contributes to abscission. RNAi depletion of VPSAA/B delayed
abscission and frequently caused cleavage furrow regression (Fig. 3a, b). These abscission
failures did not occur in cells stably expressing murine VPSAB-LAP, which is resistant to sSiRNA
targeting human VPS4A/B (Fig. 3b, and Supplementary Fig. 3a), validating that this phenotypeis
caused by on-target depletion. To gain further insight into the underlying defect, we investigated
the ultrastructure of intercellular bridges in cryo-immobilized tel ophase cells. Most of the control
cells contained constriction zones adjacent to the midbody with regularly spaced 17 nm diameter
filaments and compressed bundles of microtubules (Fig. 3c; 4 out of 7 cells), as previously
observed®. After partial VPS4A/B depletion at 26 h after SRNA transfection, only a small
fraction of cells had 17 nm filaments (Fig. 3d; 4 out of 27 cells), and narrow constriction zones
were never observed. Together, these data indicate that VPS4 is required for the formation and
constriction of afunctional ESCRT-II1 apparatus at intercellular bridges.

Vps2 and Vps24 inhibit Snf7 polymerization in vitro
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The high ESCRT-III dynamics in cells prompted us to dissect the specific contribution of each
subunit in vitro. As purified human ESCRT-II1 proteins are difficult to spontaneously polymerize
on flat membranes under physiological concentrations®, we considered to use the evolutionarily
conserved budding yeast proteins. We first tested whether budding yeast Snf7 (homolog of
human CHMP4) can in principle recapitul ate the cellular dynamics observed for human proteins
and therefore expressed a LAP-tagged version in Hela cells. Budding yeast Snf7-LAP
specificaly localized to the midbody during abscission and rapidly recovered after
photobleaching similar to human and mouse CHMP4B-LAP (Supplementary Fig. 5a-d),
validating the use of yeast proteins for in vitro analysis of ESCRT-II1 dynamics.

Previous work showed that Snf7 spontaneously polymerizes on membrane covered areas of
coverslips to form large patches composed of densely packed filament spirals™. We studied patch
growth Kinetics only in central areas of membrane-covered regions, as patches stop growth at the
edge of membrane-covered regions (Supplementary Fig. 5e-g). We first investigated how Vps24
(homolog of human CHMP3) and Vps2 (CHMP2) affected the kinetics of Snf7 polymerization.
We therefore incubated supported lipid bilayers with fluorescently labeled Snf7 until patches
formed and then simultaneously added Vps2 and Vps24 (Fig. 4a, b, and Supplementary Video 4;
22 min). Following rapid binding, Vps2 and Vps24 suppressed patch growth and strongly
reduced further accumulation of Snf7 in patches (Fig. 4c, d, and Supplementary Fig. 6a-cC).
Sequentia injection of Vps2 and Vps24 into the fluid chamber further showed that these subunits
depend on each other in their Snf7 growth-inhibitory function (Fig. 4e, Supplementary Fig. 6d, €,
and Supplementary Videos 5 and 6). Thus, prolonged phases of ESCRT-I11 assembly, as observed
during cytokinetic abscission*®, are not recapitulated by mixed solutions of Snf7, Vps2, and
Vps24.

The inhibition of Snf7 patch growth by Vps2/Vps24 could be caused by lower rates of Snf7
subunit accumulation or by an increase of the Snf7 dissociation rate. To investigate this, we
incubated supported lipid bilayers with fluorescently labeled Snf7 until patches formed and then
washed out soluble Snf7. We subsequently added fluorescently labeled Vps2 and Vps24, which
enriched at the edge of the patch, where newly growing Snf7 filament spirals localize™ (Fig. 4f,
g, and Supplementary Video 7). Snf7 remained stably bound to patches throughout the entire
imaging period, indicating that Snf7 polymers have extremely low intrinsic subunit dissociation
rates irrespective of their association with Vps2 and Vps24. The inhibition of Snf7 patch growth
imposed by Vps2 and Vps24 is thus independent of Vps4 and caused by a reduced rate of Snf7

subunit incorporation.

Vps2 and Vps24 form filament bundleswith Snf7
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We next investigated if growth inhibition by Vps2 and Vps24 could arise from an ultrastructural
change in ESCRT-III polymers. Transmission electron microscopy showed that Snf7 aone
polymerized on liposomes to form one-start spirals containing a single 4.5 nm wide filament,
which occasionally paired between neighboring turns (Fig. 5a, b), as previously observed®. When
Vps2 and Vps24 were added after Snf7 polymerization, filaments appeared double-stranded and
neighboring spira turns occasionally bundled to form quadruple strands with an approximate
width of 15 nm (Fig. 5c, d) — close to the width of ESCRT-II1-dependent filaments observed at
the abscission site in vertebrate cells* (Fig. 5¢c-f; compare Fig. 3c). Given the one-start single-
stranded geometry of Snf7 spirals prior to addition of Vps2/Vps24, the paired filaments likely
represent lateral copolymers of Vps2/Vps24 along Snf7.

To further characterize the morphological changes of Snf7 filaments upon addition of Vps2/24,
we visualized ESCRT-II1 assemblies by high-speed atomic force microscopy (HS-AFM) (Fig.
5g). sSnf7 aone formed spirals with pronounced filaments, but subsequent addition of
Vps2/Vps24 induced a compact disc-like morphology (Fig. 5g-i). This is consistent with a
filament thickening and bundling limiting access of the AFM tip in between neighboring spiral
turns. Together, these data suggest that V ps2/V ps24 might reduce the rate of Snf7 polymerization

through the formation of bundled filaments.

Vps4 induces subunit turnover and net growth of ESCRT-I11 assembliesin vitro

In cells, Vps2 and Vps24 are both present in the cytoplasm, raising the question of how ESCRT-
11 polymerization is sustained over prolonged periods. Our in vivo observations imply the
possibility that Vps4 might leverage Vps2/Vps24-mediated growth inhibition by ESCRT-III
turnover. To explore whether Vps4 promotes ESCRT-III turnover in vitro, we separately
measured ESCRT-111 subunit association and dissociation kinetics. We first determined the rate
by which Vps4 disassembles Snf7 patches in the absence of Vps2 and Vps24. We polymerized
Snf7 on supported lipid membranes, washed out soluble Snf7, and then added Vps4 and ATP.
This did not cause detectable disassembly of Snf7 patches even at very high Vps4 concentrations
(Fig. 6a, b), indicating that Vps4-mediated Snf7 depolymerization strictly depends on
Vps2/V ps24, as shown before®’. We thus quantified the rate of Vps4-mediated ESCRT-111 patch
disassembly in presence of Vps2 and Vps24. We first polymerized Snf7 patches on supported
lipid membranes, then removed the soluble pool of Snf7, and subsequently added a mix of
fluorescently labeled Vps2 and unlabeled Vps24, Vps4, and ATP. Vps2 first bound to Snf7
patches and subsequently partially disassembled together with Snf7 (Fig. 6¢, d, Supplementary
Fig. 7a, b, and Supplementary Video 8). Thus, Vps4-mediated Snf7 depolymerization is fast

enough to account for dynamic turnover of its homolog CHMP4B at the midbody in human cells.
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To characterize the Snf7-disassembly process at the molecular level, we visualized morphol ogical
changes of individual ESCRT-III spirals by HSAFM. We polymerized Snf7 patches on
supported lipid bilayers, then added Vps2 and Vps24, and subsequently washed out the soluble
components. We then added Vps4 and ATP and acquired HS-AFM movies, which showed that
ESCRT-IIl spirals reduced their diameter (Fig. 6e, f, and Supplementary Video 9). When
omitting ATP from the reaction, Vps4 did not disassemble ESCRT-III spiras (Fig. 69, and
Supplementary Video 10), confirming that ESCRT-III disassembly is an energy-consuming
process. Given that the ESCRT-I11 spirals did not depolymerize below a certain diameter, these
data suggest that Vps4 mediates Snf7 filament disassembly predominantly from the outer regions
of spirals, whereby inner spiral segments are refractory to disassembly.

We next tested whether Vps4 can mediate Snf7 turnover in vitro. For this purpose, we used Snf7
subunits labeled with two distinct fluorophores. We first incubated supported lipid bilayers with
AlexaFluor-488-labeled Snf7 until patches formed and then added Vps24 and Vps2 to inhibit
further patch growth (Fig. 7a-c, see 0 - 45 min, and Supplementary Video 11). We then
exchanged the soluble pool of Snf7-AlexaFluor-488 with Snf7-Atto-647N while maintaining
Vps2 and Vps24 in the reaction. At this point, we also added Vps4. Snf7 polymer patches
maintained constant size and did not incorporate Atto-647N-Snf7, presumably because ATP was
not yet present (Fig. 7a-C, see 45 - 54 min). Indeed, subsequent ATP addition caused dissociation
of AlexaFluor-488-Snf7 from patches, but also concomitant binding of Atto-647N-Snf7 (Fig. 7a
C, see 54 - 88 min). Thus, an ATP-dependent activity of Vps4 promotes not only disassembly of
ESCRT-I11 but also the formation of new ESCRT-I11 polymers on membranes.

Interestingly, Vps4 and ATP also restored the macroscopic growth of Snf7 patches despite the
continued presence of Vps2 and Vps24 (Fig. 7a, b, see 58 - 88 min, and Supplementary Video
11). We thus tested if a solution containing Vps4, ATP, and all three ESCRT-III subunits
supports nucleation and growth of ESCRT-III polymers as observed in vivo. Strikingly, this
combination resulted in efficient nucleation and growth of ESCRT-III patches, in contrast to a
mix that lacked Vps4 (Fig. 7d, €). Furthermore, the net ESCRT-I11 assembly rate increased with
higher concentrations of Vps4 (Supplementary Fig. 7c). Thus, Vps4 promotes net growth of
ESCRT-I11 assembliesin presence of growth-inhibiting Vps2 and V ps24 subunits.

Vps4 induces dynamic growth and shrinkage of ESCRT-111 filament spirals

To study Vps4-mediated polymer remodeling at the molecular level, we visuaized ESCRT-III
spirals by HS-AFM. We assembled Snf7 spirals on supported lipid bilayers and then added Vps2,
Vps24, Vpsd4, and ATP. This induced a drastic reorganization of ESCRT-III polymers:

preexisting spirals reduced their size, while many new spirals nucleated and grew in between the

8
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original spirals (Fig. 8a, b, and Supplementary Video 12). The innermost parts of ESCRT-III
spirals appeared refractory to disassembly and thus might represent the stably-bound fraction of
ESCRT-IIl observed by fluorescence microscopy. In contrast, pre-existing spirals remained
unchanged in the absence of ATP (Fig. 8c, and Fig. 6g). Thus, Vps4 induces a dynamic steady-
state with both growing and shrinking ESCRT-I11 spirals when Snf7, Vps2, Vps24 are present in

solution.

Furthermore, while ESCRT-III spirals formed an immobile array in the absence of ATP, the
addition of ATP induced substantial lateral mobility of individual ESCRT-III spirals relative to
each other (Fig. 8d-f, and Fig. 6g). Thus, in the presence of Vps4 and ATP, ESCRT-III forms

highly dynamic polymer structures on membranes.

DISCUSSION

Our study shows that membrane-bound ESCRT-III polymers rapidly turn over subunits with
cytoplasmic pools while they assemble into larger structures. The dynamic subunit turnover is
driven by Vps4 and is necessary to sustain efficient net growth of ESCRT-III assemblies in

presence of inhibitory Vps2 and Vps24 subunits.

Most previous models for ESCRT-111-mediated membrane fission imply sequential recruitment of
different ESCRT-III subunits and Vps4 to establish distinct phases of polymer growth,
reorgani zation/maturation, and disassembly®1418212#2283031 - Haowever, our study shows that
different ESCRT-III subunits and VPS4 accumulate at the midbody with indistinguishable
kinetics. This does not rule out sequential subunit binding at the single-filament level, but
indicates that the distinct stages of ESCRT-I11 accumulation, constriction, and disassembly during

abscission cannot be explained by a sequence of subunit binding.

Our findings call for re-interpretation of the terminal phenotype resulting from Vps4 depletion —
the accumulation of ESCRT-I1I polymers in endosomes (termed class E compartment in yeast)
that has led to the model of Vps4 serving predominantly as a disassembly factor 2233 Wwe
show that Vps4 is important for efficient ESCRT-I11 assembly, yet we also note that residual slow
ESCRT-IIl polymerization in the absence of Vps4 is sufficient to ultimately capture al
cytoplasmic subunits in class E compartments — owing to the extremely low intrinsic subunit

dissociation rates.

At the molecular level, Vps4 might promote the net growth of ESCRT-111 assemblies by constant
turnover of Vps2 and Vps24 in side-by-side co-polymers along Snf7 filaments — to create growth-

9
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competent free Snf7 filament tips (Fig. 8g). Furthermore, Vps4 might induce subunit turnover at
the core of ESCRT-III filament bundles, in analogy to interaction of the Vps4 homolog Spastin
with the lattice of microtubules™ (Fig. 8g). In contrast to previous models®*?, however, Vps4 does
not cut an ESCRT-I11 helix during a single definite time point to induce tension release, but rather
continuously remodels filaments. Within bundled filaments, such turnover does not necessarily

lead to a complete breakage of larger structures.

The innermost parts of ESCRT-III spirals appear refractory to disassembly even at high
concentrations of Vps4, suggesting that ESCRT-III interaction with Vps4 might depend on
mechanical stress owing to low filament curvature or on filament polarity. Potential stochastic
fluctuations in subunit turnover rates could then lead to dynamic growth and shrinkage of
ESCRT-I11 spirals.

Vps4-induced subunit turnover in ESCRT-I11 assemblies might directly contribute to membrane
constriction. Indeed, macroscopic shape changes of many other cellular polymer structures
critically depend on dynamic subunit turnover within the constituent filaments, as for example
mitotic spindles™ or actomyosin rings™. In ESCRT-IIl assemblies, Vps4-induced subunit
turnover might facilitate diding of adjacent helix turns, thereby promoting constriction of
mechanically pre-stressed, low-curved filaments into more relaxed high-curvature states®. The
underlying bending forces could be generated by binding of Vps2 and Vps24 to Snf7*, or by
shortening-induced increase of filament rigidity. By revealing dynamic subunit turnover in
ESCRT-III assemblies, our study provides a framework for understanding how this highly

conserved membrane fission machinery adapts to diverse membrane geometries.
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FIGURE LEGENDS

Figure 1 | ESCRT-III assemblies at the midbody dynamically turn over subunitsin early
and late abscission stages. (a) Vdidation of mmCHMPAB-LAP functionality by RNAI
phenotype rescue. Cumulative histograms indicate the duration from complete cleavage furrow
ingression until abscission for wildtype Hela cells and for HelLa cells expressing mmCHM P4B-
LAP at 55-80 h after transfection of sSIRNAs (3 replicates with combined sample numbers of n =
48 for wildtypetsiControl, n = 38 for wildtypetsCHMP4B, n = 60 for mmCHMP4B-
LAP+siControl, and n = 46 for mmCHMP4B-LAP+siCHMP4B). ssCHMP4B (hs) targets only
endogenous human CHMP4B but not mmCHMP4B-LAP. (b) FRAP of mmCHMP4B-LAP at a
Hel a cell midbody at early and late abscission stages, stained with SiR-tubulin. Dashed circles
indicate photobleaching region; time 0 indicates first image after photobleaching. (c-d)
Fluorescence recovery curves for (c) early abscission (n = 18 from 4 replicates) or (d) late
abscission stages (n = 17 from 4 replicates). Single exponential function f(t)=1-e*(-k*t), or
double exponentia function f(t)=A1* (1-eM(-k1*t))+(1-A1*)(1-e(-k2*t)) were fitted to the data
Points and shaded areas indicate mean + SEM of fluorescence; dashed lines indicate fits of single
or double exponential functions. (€) Quantification of highly mobile fractions by fitting double
exponentia functions to data from c, d. Dots represent individual cells. (f) 3D live-cell confocal
microscopy of the intercellular bridge during telophase, in HelLa cells expressing hsCHMP2B-
LAP or hsCHMP3-LAP, respectively, stained with SiR-tubulin. Arrowheads indicate abscission.
(9) Quantification of hsCHMP2B-LAP (n = 17 from 4 replicates), hsCHMP3-LAP (n = 13 from 3
replicates), and hsCHMPA4B-LAP (n = 17 from 3 replicates) accumulation at the midbody. Points
and shaded areas indicate mean + SEM; normalized to intercellular bridge fluorescence after
cleavage furrow ingression, and temporally aligned to abscission (time point 0). (h) Highly
mobile fractions of LAP-tagged ESCRT-III subunits derived from double exponential fits to
FRAP curves asin ¢, d. Each dot represents a single FRAP experiment acquired in 3 replicates;
bars indicate medians. (i) Residence times of highly mobile fractions for cells shown in h. Scale
bars, 1 uminb, f.

Figure 2 | VP is required for ESCRT-II1 accumulation and turnover. (a) Confocal
microscopy of the intercellular bridge in HelLa cells expressng mmCHMP4B-LAP or
mmVPSAB-LAP, respectively, stained with SiR-tubulin. Arrowheads indicate abscission. (b)
Midbody accumulation of mMmCHMP4B-LAP (n = 15 from 3 replicates) or mmVPS4B-LAP (n =
16 from 3 replicates) relative to abscission (time point 0). Points and shaded areas indicate mean
and SEM. (c) Live-cell images of telophase cells expressing mmCHMP4B-L AP after transfection
of a non-targeting control SRNA, or sSIRNAS targeting hsVPSP4A/B after 20 h or 48 h. Insets
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show enlarged midbody regions. The same contrast settings were used for al panels. (d)
Quantification of cytoplasmic mmCHMP4B-LAP levels from data in e, f. Dots represent
individual cells from 3 replicates; bars indicate medians. (€) FRAP curves and double exponential
fits for mmCHMPA4B-LAP at pre-constriction stages transfected with control siRNAs (n = 18
from 3 replicates) or SsIRNASs targeting VPS4A/B (n = 18 for s’VPS4A/B 20h, and n = 17 for
S'VPS4AA/B 48h from 3 replicates). Points and shaded areas indicate mean + SEM. (f) Highly
mobile fractions of mMmMCHMPA4B-LAP determined by double exponentia fits to FRAP curves
shown in e (3 replicates with combined sample numbers of n = 9 for siControl 48h, n = 18 for
SVPHA/B 20h, and n = 13 for siVPS4A/B 48h). Statistica test using the two-sided
K olmogorov—Smirnov test yielded P = 6.562¢e for siControl 48h relative to siVPS4A/B 20h, and
P = 4.021€°® for siControl 48h relative to sVPS4A/B 48h. Dots represent individual cells; bars
indicate medians. Scale bars, 1 umina; 5 umor 1 um (inset) in c.

Figure 3| VP isrequired for constriction of the intercellular bridge. (a-b) Transfection of
siRNAS targeting hsVPS4A/B causes abscission failure in wild-type HeLa cells, but not in HeLa
cells stably expressing mmVPS4B-LAP. (a) Progression from cleavage furrow ingression (time
point 0) until abscission in wildtype HelLa cells at 30-50 h after transfection of indicated SRNAs
(n = 84 for wildtypet+siControl, and n = 80 for wildtypet+siVPS4A/B for 3 fields of view from 2
replicates). (b) Rescue of abscission failure in HelLa cells stably expressing mmVP34B-LAP
(data from a, n = 54 for mmVPS4B-LAP+siControl, and n = 45 for mmVP34B-
LAP+sVPS4A/B). Bars and error bars indicate mean + SEM. (c) Representative electron
micrograph of an intercellular bridge of a control cell (n = 10, out of which 3 cells had filaments
without constriction, and 4 showed filaments with constriction). Arrowheads indicate 17 nm
diameter filaments. (d) Intercellular bridge of a cell 26 h after transfection of VPS4A/B siRNA (n
= 26, out of which 4 cells showed filaments without constriction). Arrowheads indicate 17 nm
diameter filaments. Scale bars, 200 nminc, d.

Figure 4 | Vps2 and Vps24 cooperatively bind Snf7 patches and inhibit ESCRT-III
polymerization. (a) Time-lapse microscopy of ESCRT-III polymerization on supported lipid
membranes in a microfluidic flow chamber. Recombinant Snf7-AlexaFluor-488 was injected at t
= 0 min; Vps2-Atto-565 and Vps24 were added at t = 22 min. (b) Kymograph of a single
ESCRT-III patch from a. (c-d) Quantification of (c) mean fluorescence and (d) patch diameters
from 24 patches (quantified from 4 fields of view within a representative experiment, and
consistent results in 3 additional replicates using differently labeled proteins, e.g. Supplementary
Fig. 6a-c). Curves and shaded areas represent mean £ SEM. (e) Kymograph of an experiment
where Snf7-AlexaFluor-647N was added at t = 0 min, followed by sequential addition of Vps24-
AlexaFluor-488 and Vps2-Atto-565 (representative image from 24 patches within the shown
experiment, and one additional replicate). (f) Kymograph of an ESCRT-III patch, where Snf7-
AlexaFluor-488 was added at t = O min, then washed out during 28-32 min (shaded area),
followed by addition of Vps2-Atto-565 and Vps24 at t = 47 min. The transient increase of Vps2
signal during washout resulted from background ambient light. (g) Fluorescence quantification of
37 patches (analyzed from 4 fields of view within the shown experiment, and 3 additiona
replicates). Curves and shaded areas represent mean = SEM. Scale bars, 5 um in a 5 pm
(vertical) and 5 min (horizontal) in b, e, f.

16



585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

603

604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626

627

628
629
630

Figure5|Vps2 and Vps24 polymerize side-by-side with Snf7 to form filament bundles. (a)
Transmission electron microscopy of Snf7 spirals polymerized on liposomes. Colored overlays
indicate the number of parallel filament strands. (b) Distribution of filament bundle lengths
quantified in 11 spirals (from 3 replicates). (c) Snf7 was polymerized on liposomes, followed by
Vps2 and Vps24 addition. Colored overlaysindicate the number of parallel filament strands. (d)
Quantification of 17 spirals (from 2 replicates). (€) Examples of filament morphologies with
different strand numbers, corresponding to colored overlays used in a-d. (f) Averaged line
profiles across ESCRT-III filament bundles from a-d (n = 3 for 1 strand, n = 8 for 2 strands, n =3
for 3 strands, n = 8 for 4 strands; and n = 3 for 6 strands). Curves and shaded areas indicate mean
+ SEM. (g-i) HS-AFM imaging of ESCRT-II1 polymers on supported lipid membranes. Snf7 was
polymerized on lipid membranes, followed by addition of Vps2 and Vps24 at t = 0. (g) Spiral
morphology before and after addition of Vps2 and V ps24. Green and magenta lines indicate line
profiles used to (h) measure height variability. (i) Height variability was measured as coefficient
of variation aong radial line profiles within spirals before and after addition of Vps2 and Vps24,
respectively, as shown in g, h (n =28 for Snf7, and n= 26 for Snf7+V ps2+V ps24 from 2
replicates). Statistical test using the two-sided Kolmogorov—Smirnov test yielded P = 2.875e-14
for Snf7 relative to Snf7+Vps2+Vps24. Dots represent individual line profile measurements; bars
indicate medians. Scale bars, 50 nmin a, ¢, €, 200 nmin g.

Figure 6 | Kinetics of ESCRT-IIl patch disassembly by Vps4. (a) Kymograph of a
representative patch from time-lapse microscopy of Snf7 patches on supported lipid membranes
in a flow chamber. A solution of Snf7-AlexaFluor-488 was injected into the flow chamber and
incubated until patches polymerized on the membrane. Snf7 was washed out at t = 22 min,
followed by addition of ATP and 8 uM Vps4 at t = 33 min. (b) Quantification of mean
fluorescence of 13 patches as in a (4 different fields of view within the shown experiment, and
one additional replicate). Curves and shaded areas indicate mean + SEM. (c) A solution of Snf7-
AlexaFluor-488 was injected into the flow chamber and incubated until patches polymerized. At t
= 34 min, Snf7 was removed from the solution and Vps2-Atto-565, Vps24, Vps4, and ATP were
injected. (d) Quantification of mean fluorescence of 33 patches from c (4 fields of view within
the shown experiment, and one additional replicate). Curves and shaded areas indicate mean *
SEM. (e-g) Vps4-induced dynamic turnover and lateral mobility of ESCRT-III filament spirals
depends on ATP. (e) HS-AFM imaging of ESCRT-III spirals. Assemblies were generated by
polymerization of Snf7 on supported lipid membranes, followed by addition of Vps2 and V ps24.
After washout of all soluble components, Vps4 was injected. Then, ATP and Mg”* were added,
and imaging was started 22 s later (t = 0). Images represent averages of 2 consecutive time frames
to improve signal-to-noise ratio. (f) Quantification of spiral diameters from f (119 spirals from a
representative experiment, out of 6 independent replicates). Dots represent single spirals; bars
indicate medians. (g) Snf7 was polymerized on supported lipid membranes, followed by addition
of Vps2 and Vps24, and subsequent addition of Vps4, as in Fig. 8a but without ATP. Imaging
was started 30 s after addition of Vps4 (t = 0). Images represent averages of 3 consecutive time
frames. Corresponding spiral diameter quantification is shown in Fig. 8c. Scale bars, 5 pm
(vertical) and 5 min (horizontal) in a ¢; 100 nmine; 200 nmin g.

Figure 7 | Vps4 induces subunit turnover and net growth of ESCRT-III assemblies. (a)
Time-lapse microscopy of ESCRT-III polymerization on supported lipid membranes. Snf7-
AlexaFluor-488 was injected at t = 0 min. Vps2-Atto-565 and Vps24 were added at t = 36 min
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while maintaining Snf7 in the solution. At t = 45 min, Snf7-AlexaFluor-488 was removed and a
mix containing Snf7-Atto-647N, Vps2-Atto-565, Vps24 and Vps4 was added, followed by
addition of ATP at t = 54 min. (b) Kymograph of a single patch from a. (c) Mean fluorescence
quantification of 35 patches (4 fields of view within the shown experiment, and consistent results
in 2 additional replicates using differently labeled proteins). Curves and shaded areas represent
mean + SEM. (d-e) Time-lapse microscopy of in vitro polymerization as in a, but for a mixed
solution containing Snf7-AlexaFluor-488, Vps2-Atto-565, Vps24, and ATP (d) in the presence of
Vps4, or (e) without Vps4. Representative images of 2 replicates per condition are shown. Scale
bars, 10 umina d, € 5 um (vertical) and 5 min (horizontal) in b.

Figure 8 | Vps4 induces dynamic reor ganization of ESCRT-I11 assemblies. HS-AFM imaging
of ESCRT-III polymers on supported lipid membranes. (a) Snf7 was polymerized on supported
lipid membranes, followed by addition of Vps2, Vps24, and Vps4. Then, Mg®* and ATP were
added and imaging was started 5.5 min later (t = 0). Overlays highlight pre-formed spirals (blue)
or newly formed spirals (orange). Bottom panels show a close-up of the nucleation of a new
spiral. Images represent averages of 3 consecutive time frames to improve the signal-to-noise
ratio. Scale bars, 200 nm (top panel) or 5 nm (bottom panel). (b) Quantification of spiral
diameters from a (274 spirals from a representative experiment, out of 3 independent replicates).
Dots represent single spirals; bars indicate medians. (c) Quantification of spiral diameters from
Fig. 6g (175 spirals from a representative experiment, from a total of 6 independent replicates).
Dots represent single spirals; bars indicate medians. (d) Tracking of spiral centers from a. (€)
Tracking as in d, but for an experiment without ATP and Mg® as shown in Fig. 6g. (f)
Quantification of mean velocity of spiral centers from d, e (n = 34 for with ATP, and n = 31 for
without ATP). Statistical test using the two-sided Kolmogorov—Smirnov test yielded P = 4.441e-
16 for spiral velocities in the presence of ATP relative to velocities in the absence of ATP. Dots
represent single tracks, bars indicate medians. (g) Model of dynamic ESCRT-III assembly and
constriction. Vps4 mediates continuous subunit turnover in ESCRT-111 assemblies during growth
and constriction. (1) At the tip, dynamic turnover of growth-inhibitory Vps2 and Vps24 subunits
could sustain extension of inward-curving filaments. (2) At the core of filament bundles, Vps4-
mediated subunit turnover could facilitate diding of neighboring helical turns to promote
constriction.

SUPPLEMENTARY INFORMATION
Supplementary Information includes:
Supplementary Figures 1-8

Supplementary Videos 1-12
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Mierzwa et al., Fig. 1
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Mierzwa et al., Fig. 2
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Mierzwa et al., Fig. 3
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Mierzwa et al,, Fig. 4
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Mierzwa et al., Fig. 5
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Mierzwa et al., Fig. 6
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Mierzwa et al., Fig. 7
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Mierzwa et al., Fig. 8
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