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ABSTRACT The endosomal sorting complex required for transport (ESCRT) machinery carries out the membrane scission
reactions that are required for many biological processes throughout cells. How ESCRTs bind and deform cellular membranes
and ultimately produce vesicles has been a matter of active research in recent years. In this study, we use fully atomistic mo-
lecular dynamics simulations to scrutinize the structural details of a filament composed of Vps32 protomers, a major component
of ESCRT-III complexes. The simulations show that both hydrophobic and electrostatic interactions between monomers help
maintain the structural stability of the filament, which exhibits an intrinsic bend and twist. Our findings suggest that the accumu-
lation of bending and twisting stresses as the filament elongates on the membrane surface likely contributes to the driving force
for membrane invagination. The filament exposes a large cationic surface that senses the negatively charged lipids in the mem-
brane, and the N-terminal amphipathic helix of the monomers not only acts as a membrane anchor but also generates significant
positive membrane curvature. Taking all results together, we discuss a plausible mechanism for membrane invagination driven
by ESCRT-III.
SIGNIFICANCE Using atomistic simulations, we demonstrate that a key component (Vps32) of the ESCRT-III complex
features intrinsic bending and twist, which suggests that the accumulation of bending and twisting stresses as the filament
elongates on the membrane surface likely provides the driving force for membrane invagination. The simulations also
demonstrate that the N-terminal helix of Vps32 drives the formation of local positive mean curvature, which balances the
negative curvature of invagination produced by the spiral scaffold. The study illustrates how molecular simulations can be
used to identify protein mechanical properties and protein-membrane interactions that are critical to the generation of
large-scale membrane deformations, and the approach is applicable to other membrane remodeling processes.
INTRODUCTION

Cell membranes adopt a broad range of shapes to facilitate
the specific functions of various membrane compartments
(1,2). For example, protein-induced membrane bending
and remodeling drives numerous biological processes
including cell division, growth, and cell-cell communication
(3–8). The endosomal sorting complex required for trans-
port (ESCRTs) proteins are cytosolic factors that are
involved in fundamental cellular processes including organ-
elle biogenesis (9,10), sorting cargo into intraluminal vesi-
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cles of multivesicular endosomes (11–13), cytokinesis
(14–16), plasma membrane and lysosome repair (17–19),
and the formation and scission of intraluminal vesicles
(20–23), among many others (24–32). ESCRTs are of
particular interest because the membrane curvature they
induce results in budding away from the cytoplasm (Fig. 1
a), which is topologically opposite as compared to the ves-
icles formed by other proteins such as clathrin, COP-I,
and COP-II (24,33–37). The core ESCRT machinery is
composed of five complexes: ESCRT-0, -I, -II, and -III
and the Vps4 AAA ATPase. During intralumenal vesicle
formation at multivesicular endosomes, ESCRT-II provides
the architecture that directs ESCRT-III assembly, which
functions together with Vps4 to trigger membrane remod-
eling (28,30,38). ESCRT-III complexes are heteropolymers
of multiple subunits, including Vps20, Vps32, Vps24, and
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FIGURE 1 (a) Schematic showing Vps32, major component of ESCRT-

III, polymerizes into spiral structure that lies in the inside of the membrane

invagination, opposite in topology to other proteins involved in vesicle for-

mation, such as clathrin, dynamin, and CHMP1B (45). (b) An electron mi-

croscopy image illustrates the spiral structures formed by ESCRT-III (23);

the scale bar represents 50 nm.

Mandal et al.
Vps2, which assemble into conformationally dynamic as-
semblies that can appear as striking spiral structures
(23,25) at the membrane surface (Fig. 1 b).

The mechanisms by which the ESCRT-III polymers
induce membrane deformation and ultimately membrane
fission remain unclear, and several hypotheses have been
put forward (25,39). Fabrikant et al. (40) analyzed the ener-
getics of membrane scission for the ‘‘Dome model,’’ in
which the authors proposed that ESCRT-III complexes
self-assemble into a dome-like structure within a preformed
membrane bud, generated by another ESCRT-III subunit.
The outer surface of the dome has a strong affinity to mem-
branes containing anionic lipids, which results in narrowing
of the membrane neck and ultimately leads to membrane
fission. Another recently proposed framework is commonly
referred to as the membrane buckling model (41). In this
scenario, ESCRT-III spiral polymers act as deformable
springs, which accumulate strain by lateral compression
while growing in a confined area. The out-of-plane buckling
of the spiral generates the invagination of the membrane;
subsequently, as a result of interactions with other
ESCRT-III subunits or the Vps4 ATPase, the spirals disas-
semble, leading to release of the stored elastic energy that
enables vesicle scission (23).

The essential element of the discussed mechanistic
models concerns the interplay of mechanical deformation
of the filament and membrane deformation mediated by
protein-membrane interactions. Therefore, to further
examine these competing mechanistic ideas, it is essential
to characterize the mechanical properties of the ESCRT-III
filament, the filament-membrane interface, as well as inter-
actions and local membrane deformations that stabilize this
interface. For example, it is of interest to establish whether
the filament has any significant intrinsic tendency to bend
and twist, which potentially modifies the protein-membrane
interface (42); if so, accumulation and release of mechanical
strain as the filament continues to grow on the membrane
surface might constitute an important driving force required
for membrane deformation during the fission process.
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Such information, however, is not explicitly available
from experimental studies because of the lack of high-reso-
lution characterization of the filament on the membrane sur-
face. For example, several high-resolution crystal structures
are available for the key component of the ESCRT-III fila-
ment (43,44); in particular, Tang et al. (44) determined an
active conformation of the ESCRT-III subunit, Vps32, at a
resolution of 1.6 Å without the autoinhibitory C-terminal
tail. The arrangement of the protein in the crystal lattice pro-
vides hints for the protein-protein interactions that stabilize
the filament structure; locations of patches of cationic amino
acids also lead to concrete hypotheses regarding the protein-
membrane interface, which was supported by mutagenesis
studies. However, whether the proposed protein-protein
and protein-membrane interface remain stable under the
physiological condition requires an explicit examination.
Moreover, the mechanical properties of the filament and
local membrane deformation coupled with filament-mem-
brane interaction are not available from these previous
studies.

In this work, using Vps32 as the key ESCRT-III compo-
nent, we employ atomistic molecular dynamics (MD) simu-
lations to address these key unanswered questions. First, we
investigate protein-protein interfaces in one-dimensional
filament structures in solution and also identify the residues
that are responsible for the structural stability of the fila-
ment. We then analyze the mechanical properties of the
one-dimensional filament, including the intrinsic bend and
twist, and compute the relevant elastic moduli; the results
can be used as a benchmark for developing coarse-grained
models at either particle or continuum levels that aim to pre-
dict the interaction between the filament and lipid mem-
brane at much longer length scales. Next, we study the
filament-membrane interface using a Vps32 trimer model
and identify structural motifs that stabilize the protein-mem-
brane interface as well as the local membrane deformation
induced by the protein binding. Taking all the results
together, we discuss a plausible mechanism for membrane
invagination driven by a spiral Vps32 filament.
METHODS

The protein monomer structure is based on the crystal structure of

Vps32 determined by Tang et al. (44) (Protein Data Bank: 5FD7); as dis-

cussed further below, the Vps32 structure was chosen over the CHMP1B

system (45) because CHMP1B filaments interact with lipid membranes

with the opposite binding topology. The coordinates of the a0 helix (res-

idue no. 1–11) and those for residues 12–18 and residues of 141–150 of

the a4 helix (see sequence listed in Fig. 2 a) are not available in the

crystal structure. The missing coordinates for these residues are gener-

ated using a homology model with the Chimera software (46). This

modeled protein monomer is then used to generate one-dimensional

filament structures containing six monomers based on the lattice param-

eters in the crystal structure (Fig. S1; (44)).These protein filament

models are used to investigate the stability of the protein-protein

interface in aqueous solution and scrutinize the potential protein-mem-

brane interfaces. While building those models, the a0-helix, which is



FIGURE 2 (a) The amino acid sequence and the number of residues in

different helices of the Vps32 protein. The crystal structure of the Vps32

protein in the (b) folded and (c) extended configuration is shown. (d) Shown

is the modeled structure of full-length Vps32 used in the current simulation,

which includes residues 1–17 and 140–150, which are missing in the crystal

structure. To see this figure in color, go online.
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amphipathic in nature, is oriented such that it does not overlap with the

neighboring proteins and is available for anchoring the filament on the

membrane surface (see below).

Fully atomistic molecular dynamics (MD) simulations are performed to

study the structural and mechanical properties of the protein filaments in so-

lution. A one-dimensional protein filament is placed at the center of the

simulation box. The protein is then solvated using TIP3P water molecules

(47). The protein monomer has a total charge of þ1 unit, thus Cl� ions are

added to achieve overall charge neutrality. Additionally, appropriate

numbers of Naþ and Cl� ions are added to maintain the physiological

salt concentration of 150 mM. Periodic boundary conditions are employed

along all three principle directions. The CHARMM36 force field (48) is

used to describe all the components throughout this work. The particle

mesh Ewald (49) method is used to compute electrostatic interactions,

and a switching function is used to reduce the van der Waals force smoothly

to zero between 1.0 and 1.2 nm. The solvated system is first energy mini-

mized using the conjugate gradient method to remove bad contacts between

the solute and solvent atoms. This step is followed by a short NVT simula-

tion in which a harmonic restraint is initially applied to the protein atoms

and then gradually released during the course of the equilibration. This

NVT-equilibrated system is then subject to NPT equilibration at the atmo-

spheric pressure and 303 K temperature, during which no atoms are

restrained. The pressure and temperature of the system during equilibration

are controlled by a Berendsen barostat (50) with a time constant of 5 ps and

a velocity-rescale thermostat (51) with a time constant of 1 ps, respectively;

during the production run, the Berendsen barostat is replaced by the Parri-

nello-Rahman barostat (52) with a time constant of 1 ps. The LINCS algo-

rithm (53) is used to constrain covalent bonds involving hydrogen atoms to

enable an integration time step of 2 fs. All simulations are performed using

the GROMACS simulation package (54).

For the analysis of a protein-membrane interface, a protein trimer is

placed at 1.1 nm from the top of a lipid membrane composed of 70%

zwitterionic POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) and
30% anionic POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine)

lipids. We consider two different protein orientations: one with the a1 helix

closer to the membrane surface and another with the elongated helix

composed of a2 and a3 helices closer to the membrane surface to investi-

gate the favorable protein-membrane interface. To help better sample pro-

tein insertion and equilibrate lipid distributions around the protein, the

protein-membrane simulations are performed in three steps. First, a protein

trimer is placed on top of a highly mobile membrane mimetic model (55)

membrane with a 1.7 times higher area-per-lipid value and equilibrated

for 75 ns under the constant area condition. The protein readily inserts

into the membrane in this step, which is followed by 75 ns of standard

NPT equilibration. In the final stage, the organic solvent, 1,1-dichloro-

ethane, in the highly mobile membrane mimetic model is removed and

the short lipid tails are regrown to their full length using CHARMM-GUI

(56–58). Then the entire system is equilibrated for another 75 ns at the at-

mospheric pressure and 303 K temperature using a Parrinello-Rahman

barostat and Nose-Hoover thermostat, respectively. The details of the sys-

tem sizes for different simulations are summarized in Table S1.
RESULTS

Protein-protein interface in the filament assembly

The crystal structure used here (44) indicates a highly
elongated (or open) conformation of the Vps32 monomer
that differs significantly from a homology model proposed
by Henne et al. (59), in which Vps32 adopts a compact
configuration consisting of four a-helices (Fig. 2, a and
b). The a1- and a2-helices are similar in both the compact
and open structures. However, a2- and a3-segments are
distinct a-helices in the compact configuration, whereas
they are combined into an extended single helix in the
open conformation. In solution, Vps32 is conformationally
dynamic and the structure interchanges between the
compact and open forms (44). The observation that Vps32
adopts the open conformation in the crystalline state sug-
gests that this conformation is also featured in the Vps32
filament in solution. This is supported by the observation
that all monomers in the periodic one-dimensional filament
model remain in the open conformation throughout the
100-ns-long simulation (Fig. 3 a).

To scrutinize the protein-protein interface in the one-
dimensional filament, we calculate the interhelix distances
between neighboring monomers. As shown in Figs. 3 b
and S2, distances between each pair of the neighboring
a1-, a2-, and a3-helices are close to a constant value of
3.0 nm, suggesting that the core structure of the filament
is rigid. However, the a4-helices are flexible, and their posi-
tions in the filament are not well defined. The a4-helix
randomly binds with the neighboring a4 helices during the
course of the simulation as highlighted in Fig. 3 a; as a
result, the distance between neighboring a4-helices varies
significantly between 2 and 5 nm (Figs. 3 b and S2).
Evidently, a4-helix does not contribute to the stability of
the one-dimensional Vps32 filament.

The a0-helices maintain the helical structure and orient
freely throughout the simulation without binding with
neighboring monomers; this is consistent with their
Biophysical Journal 118, 1333–1343, March 24, 2020 1335



FIGURE 3 (a) An equilibrated structure of a

one-dimensional Vps32 filament, which contains

six protein monomers and is periodic along the x di-

rection. (b) Examples of distances between two

neighboring a4-helices and the distance between

two neighboring a1-helices (black) as functions

of simulation time are shown. See the main text

for details. (c) Hydrophobic and electrostatic inter-

actions between neighboring monomers (see the

main text for details) are shown. Gray, red, and

blue represent the hydrophobic, negatively

charged, and positively charged residues, respec-

tively. To see this figure in color, go online.
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expected role in membrane anchoring as discussed below.
Therefore, the filament is largely stabilized by interactions
among the neighboring a1-, a2-, and a3-helices, which
feature both hydrophobic and electrostatic contacts as
illustrated in Fig. 3 c: hydrophobic residues Met87, Ile94,
Ala97, Leu101, and Met104 of a2 strongly interact with
the hydrophobic residues Met107, Met114, Ile117, and
Leu121 of a3 of the neighboring monomer, and positively
charged residues Lys21, Arg25, and Lys36 of a1 and
Lys69 of a2 interact with the negatively charged residues
Glu85, Glu88, Glu95, Glu102, and Glu109 of a2 of the
neighboring monomer.
Filament mechanical properties

To probe the intrinsic bend and twist of the Vps32 filament,
we simulate a finite filament consisting of 21 monomers.
As shown in Fig. 4 a, the equilibrated filament structure
exhibits a significant degree of twist (�11�) and bending,
�20� along the ‘‘in plane’’ (xz plane) and �44� along the
‘‘perpendicular plane’’ (xy plane) of the filament (see Ap-
pendix I); the estimated radius of curvature for the central
part of the filament is 30.5 5 9.6 nm (see Fig. S10), which
falls in the range estimated in experiments based on electron
microscopy images (23,41,59). The elastic moduli for
stretch, bending, and twist (torsion) are computed using
the law of equipartition of energy, which was used recently
to compute mechanical properties of an actin filament (60).

The elongation or stretch modulus of the one-dimensional
filament is �0.16 � 10�2 N/m, which is �30 times lower
than that of an actin filament (�4.4 � 10�2 N/m) (61), sug-
gesting that the Vps32 filament is much more flexible than
the actin filament. The Vps32 spirals should be radially
compressible because of this relatively high flexibility, as
observed in the experiment (41). The torsional or twist
modulus of the filament is �0.8 � 10�25 N , m2 , rad�1,
which is �40 times higher than that of an actin filament
(�0.2 � 10�26 N , m2 , rad�1) (62). The high value of
the twist modulus is due to the larger protein-protein inter-
face, which is stabilized by strong electrostatic and hydro-
phobic interactions as discussed earlier. The bending
modulus of the filament (�0.1 � 10�25 N , m2 , rad�1)
is approximately one order of magnitude lower than that
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of an actin filament (�0.7 � 10�25 N , m2 , rad�1) (63).
The lower bending modulus of the Vps32 filament is consis-
tent with its lower persistence length (�260–800 nm) esti-
mated from the experiment (23,41) as compared to an
actin filament (�17 mm) (64). The spontaneous bending
helps drive the filament to adopt a spiral configuration as
observed in a transmission electron microscopy image of
the filament (23).
Membrane-protein interface

The Vps32 trimer remains stable and is readily absorbed on
the membrane surface as shown in Fig. 5 a. Each monomer
maintains its elongated open form similar to the crystal
structure and solution simulations. Independent simulations
are carried out keeping the elongated a2- and a3-helices
closer to the membrane surface in one case and with the
a1-helix closer to the membrane surface in the other case
(Fig. S3, a and b). Although the protein trimer remains ad-
sorbed on the membrane surface in both simulations, the
binding is visibly stronger when the elongated a2- and
a3-helices are in contact with the membrane as reflected
by the considerably larger number of protein-membrane
contacts (Fig. S3 c). This finding is consistent with the
recent experimental result of Buchkovich et al. (65) that
the mutation of cationic residues in a1 to anionic amino
acids led to minor decrease in the membrane-binding activ-
ity of Vps32; this is expected because a1-helices are not in
contact with the membrane as they remain on top of the
a2-helices (Fig. 5 b). By contrast, charge inversion of
cationic residues in the a2- and a3-helices, including
Lys60, Lys64, Lys68, Lys71, Lys79, Lys112, and Lys115,
led to significantly decreased membrane-binding activity
of the Vps32 filament; these residues are indeed in close
contact with the membrane in the preferred protein-mem-
brane interface observed in the current MD simulations
(Fig. 5 d).

For the remaining two a-helices, a0 and a4, experimental
results (65) suggested that the a0-helix is required for mem-
brane binding of Vps32; deletion of the N-terminal helix
completely abolished the ability of Vps32 to bind to the
membrane. As discussed above, the a0-helix does not
engage in interaction with other protein motifs and therefore



FIGURE 4 (a) Top (top) and side (bottom) view

of an equilibrated protein filament that contains 21

protein monomers without periodicity along x. (b)

A zoomed-in view for a few monomers to illustrate

the twist in the filament is shown. (c) Stretch, twist,

and bending moduli of the filament computed as

functions of sampling window duration (see Ap-

pendix I) are shown. To see this figure in color,

go online.
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is readily available for membrane binding. As shown in
Fig. 5 c, all three amphipathic a0-helices are inserted into
the membrane such that the hydrophobic residues of a0

pack well with the hydrophobic core of the membrane, in
agreement with the experimental observation. By contrast,
as shown in Fig. 5 e, only one out of three a4-helices is ad-
sorbed on the membrane surface during the simulation;
qualitatively similar behaviors are seen in two other inde-
pendent MD simulations. Therefore, the interaction between
a4 with the anionic membrane is not as strong as those of
the a2- and a3-helices, probably because of the presence
of negatively charged residues (Asp127, Glu128, Asp131,
Glu132, Glu135, Glu138, Asp141, Glu142, and Asp145)
in a4.

In the crystal structure, favorable electrostatic interac-
tions between the negatively charged residues of a4 and
positively charged residues of a2 stabilize the two-dimen-
sional structure shown in Fig. S4. In the presence of a mem-
brane surface, however, the positively charged lysine
residues 64, 68, and 71 of a2 are adsorbed on the membrane
surface as shown in Fig. 5 d and also suggested by Buchko-
vich et al. (65). Thus, these lysine residues are not available
for bridging between protofilaments in a membrane envi-
ronment, suggesting that alternative two-dimensional struc-
tures such as spiral filaments are favored on the membrane
surface; as discussed in (23), the distance between neigh-
boring protofilaments is also likely longer than what the
crystalline environment implies because of the presence of
the a5-helix. We also investigated if the a4-helices of one
protofilament can bind to the a1-helices of the neighboring
protofilament because the latter do not bind to the mem-
brane surface. As shown in (Fig. S5), after equilibration,
several a4-helices move away from the a1-helices, suggest-
ing that interaction between them is not strong.
Protein-induced membrane curvature

Generation of intralumenal vesicles requires maintaining
a balance of competing positive and negative membrane
curvatures (59,65). The membrane curvature at the bottom
and inside of an invagination is negative, but the membrane
curvature at the rim of the invagination is positive. Buchko-
vich et al. (65) proposed that the helical nature of the
ESCRT-III can stabilize the negative curvature of an invag-
ination and thus the insertion of its N-terminal amphipathic
containing hydrophobic residues should promote a
competing or opposing positive curvature. To verify this hy-
pothesis, we carry out simulations to investigate if the N-ter-
minal of Vps32 is capable of generating local positive
curvature in the membrane.

As discussed in previous work (66), periodic boundary
conditions discourage membrane curvature development
with small membrane patches. Therefore, we adopt a mem-
brane ribbon protocol (66) (see Fig. S6) that features only
periodicity in the y direction, whereas membrane edges
are formed in the x direction; the length of the x dimension
is taken to be substantially longer, �32.5 nm, which allows
membrane bending without significant end effects.

During the simulation, the membrane ribbon gradually
adapts a positively curved structure within 20 ns (Fig. 6 a,
top/bottom), and the curvature is maintained for the rest
of the 85 ns simulation. The curvature formation is likely
due to insertion of the amphipathic a0 helices inside the
membrane as suggested by Zimmerberg and Kozlov (67).
Unlike the BAR proteins, which induce membrane curva-
ture mainly because of their intrinsic concave morphologies,
the amphipathic helices induce curvature by directly inter-
acting with lipids and changing their packing and orienta-
tion with respect to the membrane surface. The nature of
the membrane curvature (i.e., positive or negative curvature)
depends on the chemical nature of the amphipathic helix as
illustrated in Fig. 6 b. If the hydrophilic interactions are
stronger than the hydrophobic interactions, then the hydro-
philic part remains close to the membrane surface to gain
access of the hydrophilic lipid heads and solvent, with the
hydrophobic part inserting shallowly into the membrane to
interact with the hydrophobic lipid tails. In this scenario,
the proximal lipid tails change their orientation such that a
Biophysical Journal 118, 1333–1343, March 24, 2020 1337



FIGURE 5 (a) An equilibrated structure of a

Vps32 trimer (represented in ribbon) absorbed on

the membrane surface. (b) The a2- (green) and

a3- (brown) helices are adsorbed on the membrane

surface; only phosphorus atoms of the lipid heads

are shown for clarity. For the analysis of an alterna-

tive binding mode, see the Supporting Materials.

(c) a0-helices (white and green spheres) of the

trimer are inserted into the membrane. The hydro-

phobic residues (white spheres) are closer to the

membrane center compared to the hydrophilic

residues (green spheres), which are closer to the membrane top surface. (d) The positively charged lysine residues 60, 64, 68, 71, 79, 112, and 115 (blue

spheres) are strongly adsorbed on the membrane surface. (e) Only one of the three a4-helices (red) is adsorbed on the membrane surface, which is represented

by phosphorous atoms (bile color). To see this figure in color, go online.
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positive mean curvature is formed as shown in Fig. 6 b (top).
However, if the hydrophobic interactions are much stronger
than the hydrophilic interactions, then the helix enters much
deeper inside the membrane and lipid molecules change
their orientations toward a negative mean curvature as
shown in Fig. 6 b (bottom); note that the latter scenario
was discussed mainly with theoretical analyses (68,69)
rather than direct experimental observation. As shown in
Fig. 5 c, the hydrophilic residues of Vps32 a0-helices
remain close to the membrane surface; thus, the hydropho-
bic residues also remain relatively far from the membrane
center. Hence, the mechanism shown at the top of Fig. 6 b
applies, leading to a positive mean curvature as indeed
observed in the membrane ribbon simulations.

To further verify that the positive membrane curvature
generated by the Vps32 protein is mainly due to the inser-
tion of its amphipathic a0-helix, several control simulations
are carried out; these include a membrane ribbon without
any protein and a simulation with the same Vps32 trimer
on top of a membrane ribbon but with the a0-helices
removed. As shown in Fig. 6 c, the protein-free membrane
ribbon features a flat profile on average, and the trimer
without the a0-helices also features a substantially reduced
curvature compared to the original trimer model. These
observations further validate the simulation protocol and
support the critical role of the a0-helices in generating the
local positive mean curvature.
DISCUSSION

The simulation results show that the a0-helices indeed spon-
taneously insert into the membrane because of their amphi-
pathic nature. The hydrophobic residues of the inserted
a0-helices perturb the tail orientations of the proximal
lipids, causing a pressure imbalance between the two leaf-
lets that leads to a strong local positive curvature on the
membrane; this is consistent with the hypothesis (65) that
the ESCRT-III N-terminal helices generate positive curva-
ture to balance the negative curvature of invagination pro-
duced by the spiral scaffold.

Based on these findings, we propose a plausible mecha-
nism for how ESCRT-III filament formation drives mem-
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brane deformation (Fig. 7). As the filament initially grows
on the membrane surface into a circular ring, the local pos-
itive curvature generated by the a0-helices might induce a
negative curvature at the center of the circular ring. To
test this hypothesis, we have performed a pair of exploratory
simulations for a larger membrane ribbon with two protein
trimers on top and separated by a certain distance:
�25 nm in one case and �50 nm in the other, which can
be considered as two ends of the chord of a circular ring
(Fig. 8, a and b). Because of the much larger system sizes,
only 20 ns of simulations have been collected for each
case, and much longer simulations likely require coarse-
grained simulations, which we will report separately.

These exploratory simulations nevertheless provide inter-
esting hints: when the distance between the trimers is rela-
tively short (�25 nm), the positive mean curvature
generated by one trimer compensates the positive mean cur-
vature generated by the other, leading to flattening of the
region between the two trimers (Fig. 8 a). As the distance
between the trimers is increased to �50 nm, a negative
mean curvature is induced at the center as a combined effect
of two positive mean curvatures generated by the individual
trimers (Fig. 8 b), suggesting that a complete circular ring
would likely generate a stronger negative mean curvature
(Fig. 8, c and d), a result in fact supported by a continuum
mechanics analysis (see Appendix II). We note that the
amount of lipids encircled by the ring of diameter
�50 nm corresponds to a �12-nm-radius vesicle, which is
the typical size of vesicles generated by ESCRT-III poly-
mers as observed in yeast (25).

As the filament continues to grow, it spontaneously gener-
ates a twist in the structure as revealed in our simulations.
The intrinsic twist in the filament causes the cationic mem-
brane-binding interface formed by Lys60, Lys64, Lys68,
Lys71, Lys79, Lys112, and Lys115 residues to gradually
move away from the membrane surface as can be visualized
in Fig. S7. Because the twist modulus of the filament is high,
as discussed above, the filament no longer grows on a flat
membrane surface; rather, it bends down the membrane to
achieve a more energetically favorable membrane-filament
interface. Because of the relatively low bending modulus of
the filament and strong filament-membrane interaction, the



FIGURE 6 (a) Initial configuration of the Vps32

trimer-membrane complex for membrane curva-

ture simulation (see the main text for details). A

significant positive mean curvature is generated

in the membrane by the protein. (b) A schematic

diagram of the positive (top) and negative (bottom)

mean curvature formation mechanism is shown.

The green, blue, and red colors represent the lipid,

hydrophilic part of the amphipathic object, and hy-

drophobic part of the amphipathic object, respec-

tively. (c) Shown is the z position of the

membrane midplane (averaged along the y direction) as a function of the x position showing large mean curvature in the presence of the Vps32 trimer,

much less curvature when a0-helices are removed from the protein, and no curvature in the absence of the protein on the membrane surface. See the

main text for details. To see this figure in color, go online.
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filament prefers to grow in a three-dimensional (3D) helical
spiral, which creates the neck of the invagination (Fig. 7 c).

The typical distance between the neighboring helical
turns of the spiral is lower than 20 nm (23); hence, the local
positive curvature generated by an individual helical turn is
cancelled out by the neighbors, thereby generating a flat
neck of the invagination as shown in Fig. 8 c. However, a
positive membrane curvature should still exist at the rim
of invagination because the local effect of the outermost he-
lical turn cannot be completely cancelled out. This positive
membrane curvature at the rim stabilizes the invagination by
balancing the negative mean curvature generated by the 3D
spiral scaffold.
FIGURE 7 A cartoon representation of a plausible mechanism of mem-

brane curvature development catalyzed by Vps32 filaments. (a) Initial

adsorption of Vps32 induces local positive curvature because of the inser-

tion of the N-terminal helix; (b) adsorption of a ring of Vps32 polymers in-

duces a negative curvature at the center of the circular ring; (c) as the Vsp32

filament continues to elongate, bending and twisting deformations of the

filament lead to the formation of a three-dimensional (3D) helical spiral

that creates the neck of the invagination.
In summary, we have performed MD simulations to study
atomistic resolution structural properties of a Vps32 fila-
ment and its mechanical properties, which were not readily
available from experiments. Vps32 adopts an open configu-
ration in the filament assembly in solution, and the filament
is stabilized by both electrostatic and hydrophobic interac-
tions across the monomer-monomer interface. The filament
prefers to bind with the membrane via elongated a2- and
a3-helices rather than via a1-helices, likely because of the
larger number of positively charged lysine residues present
in the former. The N-terminal helices serve the dual role of
anchoring the protein on the membrane surface and gener-
ating a local positive mean curvature in the membrane.
The protofilament exhibits an intrinsic bend and twist, and
the competition between these mechanical deformations
and protein-membrane bending constitutes an important
driving force for the membrane deformations required for
the ESCRT-driven vesicle fission process.

We end by highlighting that we have focused here on a
single-component filament model consisting of yeast
Vps32 (snf7p). Thus, the results regarding protein-protein
interaction in the filament and protein-membrane interac-
tions are likely different from those of other ESCRT-III sub-
units. For example, another well-characterized ESCRT-III
protein, CHMP1B/Did2, was shown to feature much more
extensive protein-protein interactions in the copolymer
formed together with IST1 (45). However, it is well appre-
ciated that CHMP1B and Vps32 differ in many respects.
Most notably, Vps32 functions during inward membrane
FIGURE 8 Exploratory atomistic simulation of membrane deformation

with two Vps32 trimers separated by (a) �25 nm and (b) �50 nm on a

membrane ribbon. (c and d) Results of a continuum mechanics analysis

that illustrate the effect of two filaments separated by different distances

on the shape of the membrane are shown; the spontaneous curvature is

zero outside of the region of the filament, shown here in red. See Appendix

II for details. Three-dimensional (3D) rendering is done using the software

package MayaVi(74). To see this figure in color, go online.
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FIGURE 9 A schematic showing different vectors for calculating bend

and twist angles of the filament. The a-helices in each monomer are shown

schematically as rectangles with the same color coding as Fig. 2. To see this

figure in color, go online.
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bending, whereas CHMP1B has largely been implicated in
outward membrane bending (45). Therefore, they likely
feature different protein-protein and protein-membrane in-
teractions. Additionally, Vps32 filaments have been shown
to be highly dynamic, capable of undergoing rapid subunit
exchange (70). Thus, the head/tail type of protomer binding
mode studied here appears to be more consistent with such
inherent dynamics, as compared to the tight interlocking
arrangement involving six protomers as observed for
CHMP1B (45). Finally, we note that recent studies (71,72)
suggested that Vps32 filament alone did not appear to
generate major membrane curvature, whereas copolymers
with other ESCRT components led to remarkable 3D helical
membrane tubes. However, our previous work (38) demon-
strated that ESCRT-II/Vps20-nucleated Vps32 polymers
strongly prefer association with highly bent membranes
over flat membranes. These contrasting findings emphasize
how various factors, including protein concentration and
filament nucleation, may influence the membrane curvature
sensing and membrane remodeling activities of ESCRT
polymers, clearly warranting further analysis. Along this
line, going beyond the single-component filament model
analyzed here represents an exciting challenge that almost
certainly requires an integrated experimental and computa-
tional approach.
APPENDIX I: CALCULATION OF PROTOFILAMENT
MECHANICAL PROPERTIES

The relevant mechanical properties are analyzed using the simulation of a

restraint-free and finite protofilament consisting of 21 monomers (see

Fig. S8 for the simulation setup).

The extensional spring constant is calculated using the equipartition

theorem. A small fluctuation, l, around the equilibrium length, hLi, of the
filament generates a restoring force, F ¼ � Kextðl =hLiÞ, where Kext is

the extensional spring constant or stretch modulus per 1 mm length (60)

(Kext ¼ kextðhLi =1 mmÞ, where Kext is the normally defined extensional

spring constant). The restoring energy is defined by Eext ¼ � R
Fdl0 ¼

Kextl
2=2hLi. Using the equipartition theorem, Kexthl2i=2hLi ¼ kBT=2, giv-

ing rise to Kext ¼ hLikBT=hl2i, where hl2i ¼ hðLðtÞ � hLðtÞidtÞ2idt and kB is
the Boltzmann constant. The sampling window duration is dt and h/idt
denotes the average over a time ðt � dt =2 < t < t þ dt =2Þ.

For a small twist in the filament, qt, the restoring torque, t ¼ �
Ktorðqt =hLiÞ, where Ktor is the torsional or twist modulus per unit length

(60) (i.e., Ktor ¼ ktorhLi, where kext is the normally defined torsional spring

constant). The restoring torque energy is defined byEtor ¼ � R
tdqt

0 ¼
Ktorq

2
t =2hLi. Using the equipartition theorem, Ktor ¼ hLikBT=hq2t i, where

hq2t i ¼ hðqtðtÞ � hqtðtÞidtÞ2idt. Similarly, the bending modulus is Kbend ¼
hLikBT=hq2bi, where hq2bi ¼ hðqbðtÞ � hqbðtÞidtÞ2idt.

The twist or torsional angle, qt, of the filament is defined as the angle

between two vectors Vp
t1 and Vp

t2, which are yz-plane projections of vectors

Vt1 and Vt2 (defined below), respectively (Fig. 9, illustrated using cartoon).

The filament can bend along the plane containing the proteins and along

the plane perpendicular to it as well. Thus, to calculate the in-plane bending

modulus, we define the bending angle qb as the angle between xz-plane

projections of two vectors Vb1 and Vb2 (Fig. 9), defined below. Similarly,

for the perpendicular-plane bending modulus, the bending angle qb is

defined as the angle between xy-plane projections of two vectors Vb1 and

Vb2 (Fig. 9). For the filament, Vt1 is defined from the center of a3-helix
1340 Biophysical Journal 118, 1333–1343, March 24, 2020
to the center of a2-helix of a monomer; Vt2 is an analogous vector but

defined in the opposite direction; that is, it is defined from the center of

a2-helix to the center of a3-helix of another monomer (Fig. 9). The vector

Vb1 is defined as joining the center of a2- and a3-helices of a monomer and

the center of corresponding helices in the neighboring monomer. The time

series for the twist and bending angles are shown in Fig. S9. The moduli are

calculated for different sampling window durations, dt¼ 5, 10, and 20 ns, to

check for convergence.
APPENDIX II: MEMBRANE WITH LINES OF
SPONTANEOUS CURVATURE

We consider the Helfrich energy (73) describing the energetics of a lipid

bilayer initially in the shape of a rectangular sheet of length 2L and width

2W as follows:

E ¼
Z
U

B

2
ð2H � C0Þ2 þ BkG dS; (A1)

where 2H ¼ c1 þ c2 is the mean curvature and kG is the Gaussian curvature,

U denotes the membrane surface, and dS is the surface area element. We

parameterize the surface by arclength s˛½�L;L� in the bx direction and

y˛½�W;W� in the by direction, and we denote the membrane position by

Xðs;yÞ ¼ ðXðsÞ;yÞ, with Xð0Þ ¼ 0. C0 is the spontaneous curvature, which

we will assume to be zero outside of two thin parallel bands aligned with theby axis, each placed a distance S away from the center of the sheet at s ¼ 0.

Given that the membrane is thin, we expect it to be roughly inextensible;

thus, we conveniently define the tangent angle fðsÞ such that Xs ¼
cosðfÞbxþ sinfðsÞby. Then 2H ¼ fs (and kG ¼ 0 in two dimensions). In

this case, the energy may be written as follows:

E ¼
ZL

�L

B

2
ðfs � C0ðsÞÞ2 ds: (A2)

Avariational derivative of the energy with respect to f reveals the simple

expression at equilibrium as follows:

fss �C0
0ðsÞ ¼ 0: (A3)

The membrane is now assumed to be flat far from the region of forcing,

which requires the application of a moment at the far edge (s ¼ L). The
boundary conditions for the above are then fð0Þ ¼ 0 (by symmetry) and

fðLÞ ¼ 0. The resulting solution is



FIGURE 10 Predicted membrane shapes for two different values of S/L

with c0 ¼ � 1. To see this figure in color, go online.
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fðsÞ ¼ fð0Þ þ
Z s

0

C0ðs0Þ ds0 � s

L

Z L

0

C0ðsÞ ds: (A4)

If the support of the spontaneous curvature is very small, the mathemat-

ical idealization C0ðsÞ ¼ c0dðs � SÞ, where d is the Dirac delta function,

results in a very clean result. In this case, we have fs ¼ 0 for ss S, and

½fs�S ¼ c0, where ½fs�S ¼ fsðSþÞ � fsðS�Þ is the jump in fs at s ¼ S, re-

sulting in the following:

fðsÞ ¼
� �c0s=L; s < S
�c0s=Lþ c0; s > S

: (A5)

We have recovered an intuitive result: the energy-minimizing membrane

shape is that of two circular regions (with constant bending moment) glued

together. This configuration distributes the bending moment evenly

throughout each section. Clamping at the far end, and the curvature at the

point S, dictates whether the point s ¼ 0 is above or below the region of

forcing: simple geometry indicates that the crossover value of S is L/2.

Fig. 10 displays the resulting physical shapes for two different filament lo-

cations (S=L ¼ 0:2 and S=L ¼ 0:8) with c0 ¼ � 1, and indeed we see that

the effects on the membrane depend on the position of activity, as observed

in the MD simulations (Fig. 8, a and b).
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25. Schöneberg, J., I. H. Lee, ., J. H. Hurley. 2017. Reverse-topology
membrane scission by the ESCRT proteins. Nat. Rev. Mol. Cell Biol.
18:5–17.

26. Alonso YAdell, M., S. M. Migliano, and D. Teis. 2016. ESCRT-III and
Vps4: a dynamic multipurpose tool for membrane budding and scis-
sion. FEBS J. 283:3288–3302.

27. Christ, L., C. Raiborg, ., H. Stenmark. 2017. Cellular functions and
molecular mechanisms of the ESCRT membrane-scission machinery.
Trends Biochem. Sci. 42:42–56.

28. Hurley, J. H., and P. I. Hanson. 2010. Membrane budding and scission
by the ESCRT machinery: it’s all in the neck. Nat. Rev. Mol. Cell Biol.
11:556–566.

29. Morita, E., L. A. Colf, ., W. I. Sundquist. 2010. Human ESCRT-III
and VPS4 proteins are required for centrosome and spindle mainte-
nance. Proc. Natl. Acad. Sci. USA. 107:12889–12894.

30. Henne, W. M., N. J. Buchkovich, and S. D. Emr. 2011. The ESCRT
pathway. Dev. Cell. 21:77–91.

31. Henne, W. M., H. Stenmark, and S. D. Emr. 2013. Molecular mecha-
nisms of the membrane sculpting ESCRT pathway. Cold Spring
Harb. Perspect. Biol. 5:a016766.

32. Frankel, E. B., and A. Audhya. 2018. ESCRT-dependent cargo sorting
at multivesicular endosomes. Semin. Cell Dev. Biol. 74:4–10.

33. Schmid, S. L. 1997. Clathrin-coated vesicle formation and protein sort-
ing: an integrated process. Annu. Rev. Biochem. 66:511–548.

34. Rodal, S. K., G. Skretting, ., K. Sandvig. 1999. Extraction of choles-
terol with methyl-b-cyclodextrin perturbs formation of clathrin-coated
endocytic vesicles. Mol. Biol. Cell. 10:961–974.

35. Brodsky, F. M., C. Y. Chen, ., D. E. Wakeham. 2001. Biological bas-
ket weaving: formation and function of clathrin-coated vesicles. Annu.
Rev. Cell Dev. Biol. 17:517–568.

36. Aniento, F., F. Gu, ., J. Gruenberg. 1996. An endosomal beta COP is
involved in the pH-dependent formation of transport vesicles destined
for late endosomes. J. Cell Biol. 133:29–41.

37. Wieland, F., and C. Harter. 1999. Mechanisms of vesicle formation: in-
sights from the COP system. Curr. Opin. Cell Biol. 11:440–446.

38. Fyfe, I., A. L. Schuh,., A. Audhya. 2011. Association of the endoso-
mal sorting complex ESCRT-II with the Vps20 subunit of ESCRT-III
generates a curvature-sensitive complex capable of nucleating
ESCRT-III filaments. J. Biol. Chem. 286:34262–34270.

39. Agudo-Canalejo, J., and R. Lipowsky. 2018. Domes and cones: adhe-
sion-induced fission of membranes by ESCRT proteins. PLoS Comput.
Biol. 14:e1006422.

40. Fabrikant, G., S. Lata, ., M. M. Kozlov. 2009. Computational model
of membrane fission catalyzed by ESCRT-III. PLoS Comput. Biol.
5:e1000575.

41. Chiaruttini, N., L. Redondo-Morata, ., A. Roux. 2015. Relaxation of
loaded ESCRT-III spiral springs drives membrane deformation. Cell.
163:866–879.

42. Harker-Kirschneck, L., B. Baum, and A. E. �Sari�c. 2019. Changes in
ESCRT-III filament geometry drive membrane remodelling and fission
in silico. BMC Biol. 17:82.

43. McMillan, B. J., C. Tibbe, ., S. C. Blacklow. 2016. Electrostatic in-
teractions between elongated monomers drive filamentation of
Drosophila shrub, a metazoan ESCRT-III protein. Cell Rep.
16:1211–1217.

44. Tang, S., W. M. Henne, ., S. D. Emr. 2015. Structural basis for acti-
vation, assembly and membrane binding of ESCRT-III Snf7 filaments.
eLife. 4:e12548.

45. McCullough, J., A. K. Clippinger, ., A. Frost. 2015. Structure and
membrane remodeling activity of ESCRT-III helical polymers. Sci-
ence. 350:1548–1551.

46. Yang, Z., K. Lasker, ., T. E. Ferrin. 2012. UCSF Chimera, MODEL-
LER, and IMP: an integrated modeling system. J. Struct. Biol.
179:269–278.
1342 Biophysical Journal 118, 1333–1343, March 24, 2020
47. Jorgensen, W. L., J. Chandrasekhar,., M. L. Klein. 1983. Comparison
of simple potential functions for simulating liquid water. J. Chem.
Phys. 79:926–935.

48. Best, R. B., X. Zhu,., A. D. Mackerell, Jr. 2012. Optimization of the
additive CHARMM all-atom protein force field targeting improved
sampling of the backbone 4, j and side-chain c(1) and c(2) dihedral
angles. J. Chem. Theory Comput. 8:3257–3273.

49. Darden, T., D. York, and L. Pedersen. 1993. Particle mesh Ewald: an N
log(N) method for Ewald sums in large systems. J. Chem. Phys.
98:10089–10092.

50. Berendsen, H. J. C., J. P. M. Postma, ., J. R. Haak. 1984. Molecular
dynamics with coupling to an external bath. J. Chem. Phys. 81:3684–
3690.

51. Bussi, G., D. Donadio, and M. Parrinello. 2007. Canonical sampling
through velocity rescaling. J. Chem. Phys. 126:014101.

52. Parrinello, M., and A. Rahman. 1981. Polymorphic transitions in single
crystals: a new molecular dynamics method. J. Appl. Phys. 52:7182–
7190.

53. Hess, B., H. Bekker,., J. G. Fraaije. 1997. LINCS: a linear constraint
solver for molecular simulations. J. Comput. Chem. 18:1463–1472.

54. Berendsen, H., D. van der Spoel, and R. van Drunen. 1995. GRO-
MACS: a message-passing parallel molecular dynamics implementa-
tion. Comput. Phys. Commun. 91:43–56.

55. Ohkubo, Y. Z., T. V. Pogorelov,., E. Tajkhorshid. 2012. Accelerating
membrane insertion of peripheral proteins with a novel membrane
mimetic model. Biophys. J. 102:2130–2139.

56. Jo, S., T. Kim, ., W. Im. 2008. CHARMM-GUI: a web-based graph-
ical user interface for CHARMM. J. Comput. Chem. 29:1859–1865.

57. Jo, S., J. B. Lim, ., W. Im. 2009. CHARMM-GUI membrane builder
for mixed bilayers and its application to yeast membranes. Biophys. J.
97:50–58.

58. Qi, Y., X. Cheng, ., W. Im. 2015. CHARMM-GUI HMMM builder
for membrane simulations with the highly mobile membrane-mimetic
model. Biophys. J. 109:2012–2022.

59. Henne, W. M., N. J. Buchkovich, ., S. D. Emr. 2012. The endosomal
sorting complex ESCRT-II mediates the assembly and architecture of
ESCRT-III helices. Cell. 151:356–371.

60. Matsushita, S., T. Adachi, ., M. Sokabe. 2010. Evaluation of exten-
sional and torsional stiffness of single actin filaments by molecular dy-
namics analysis. J. Biomech. 43:3162–3167.

61. Kojima, H., A. Ishijima, and T. Yanagida. 1994. Direct measurement of
stiffness of single actin filaments with and without tropomyosin by
in vitro nanomanipulation. Proc. Natl. Acad. Sci. USA. 91:12962–
12966.

62. Prochniewicz, E., N. Janson, ., E. M. De la Cruz. 2005. Cofilin in-
creases the torsional flexibility and dynamics of actin filaments.
J. Mol. Biol. 353:990–1000.

63. Kamm, R. 2015. Chapter 2.2: mechanics of the cytoskeleton. https://ocw.
mit.edu/courses/biological-engineering/20-310j-molecular-cellular-and-
tissue-biomechanics-spring-2015/readings/MIT20_310JS15_Kamm2.2.
pdf.

64. Gittes, F., B. Mickey, ., J. Howard. 1993. Flexural rigidity of micro-
tubules and actin filaments measured from thermal fluctuations in
shape. J. Cell Biol. 120:923–934.

65. Buchkovich, N. J., W. M. Henne,., S. D. Emr. 2013. Essential N-ter-
minal insertion motif anchors the ESCRT-III filament during MVB
vesicle formation. Dev. Cell. 27:201–214.

66. Wu, Z., and K. Schulten. 2014. Synaptotagmin’s role in neurotrans-
mitter release likely involves Ca(2þ)-induced conformational transi-
tion. Biophys. J. 107:1156–1166.

67. Zimmerberg, J., and M. M. Kozlov. 2006. How proteins produce
cellular membrane curvature. Nat. Rev. Mol. Cell Biol. 7:9–19.

68. Campelo, F., H. T. McMahon, and M. M. Kozlov. 2008. The hydropho-
bic insertion mechanism of membrane curvature generation by pro-
teins. Biophys. J. 95:2325–2339.

http://refhub.elsevier.com/S0006-3495(20)30107-7/sref25
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref25
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref25
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref26
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref26
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref26
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref27
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref27
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref27
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref28
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref28
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref28
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref29
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref29
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref29
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref30
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref30
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref31
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref31
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref31
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref32
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref32
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref33
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref33
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref34
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref34
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref34
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref35
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref35
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref35
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref36
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref36
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref36
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref37
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref37
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref38
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref38
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref38
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref38
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref39
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref39
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref39
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref40
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref40
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref40
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref41
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref41
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref41
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref42
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref42
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref42
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref42
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref42
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref43
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref43
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref43
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref43
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref44
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref44
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref44
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref45
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref45
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref45
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref46
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref46
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref46
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref47
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref47
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref47
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref48
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref48
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref48
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref48
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref49
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref49
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref49
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref50
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref50
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref50
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref51
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref51
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref52
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref52
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref52
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref53
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref53
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref54
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref54
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref54
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref55
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref55
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref55
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref56
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref56
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref57
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref57
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref57
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref58
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref58
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref58
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref59
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref59
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref59
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref60
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref60
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref60
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref61
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref61
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref61
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref61
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref62
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref62
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref62
https://ocw.mit.edu/courses/biological-engineering/20-310j-molecular-cellular-and-tissue-biomechanics-spring-2015/readings/MIT20_310JS15_Kamm2.2.pdf
https://ocw.mit.edu/courses/biological-engineering/20-310j-molecular-cellular-and-tissue-biomechanics-spring-2015/readings/MIT20_310JS15_Kamm2.2.pdf
https://ocw.mit.edu/courses/biological-engineering/20-310j-molecular-cellular-and-tissue-biomechanics-spring-2015/readings/MIT20_310JS15_Kamm2.2.pdf
https://ocw.mit.edu/courses/biological-engineering/20-310j-molecular-cellular-and-tissue-biomechanics-spring-2015/readings/MIT20_310JS15_Kamm2.2.pdf
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref64
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref64
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref64
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref65
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref65
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref65
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref66
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref66
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref66
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref66
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref67
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref67
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref68
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref68
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref68


ESCRT-III/Membrane Interactions
69. Cui, Q., L. Zhang, ., A. Yethiraj. 2013. Generation and sensing of
membrane curvature: where materials science and biophysics meet.
Curr. Opin. Solid State Mater. Sci. 17:164–174.

70. von Filseck, J. M., L. Barberi,., A. Roux. 2019. Anisotropic ESCRT-
III architecture governs helical membrane tube formation. bioRxiv
https://doi.org/10.1101/716308.

71. Bertin, A., N. de Franceschi, ., P. Bassereau. 2019. Human ESCRT-
III polymers assemble on positively curved membranes and induce
helical membrane tube formation. bioRxiv https://doi.org/10.1101/
847319.
72. Helfrich, W. 1973. Elastic properties of lipid bilayers: theory and
possible experiments. Z. Naturforsch. C. 28:693–703.

73. Ramachandran, P., and G. Varoquaux. 2011. Mayavi: 3D visualization
of scientific data. Comput. Sci. Eng. 13:40–51.

74. Pfitzner, A.-K., V. Mercier, and A. Roux. 2019. Vps4 triggers
sequential subunit exchange in ESCRT-III polymers that drives
membrane constriction and fission. bioRxiv https://doi.org/10.1101/
718080.
Biophysical Journal 118, 1333–1343, March 24, 2020 1343

http://refhub.elsevier.com/S0006-3495(20)30107-7/sref69
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref69
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref69
https://doi.org/10.1101/716308
https://doi.org/10.1101/847319
https://doi.org/10.1101/847319
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref72
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref72
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref73
http://refhub.elsevier.com/S0006-3495(20)30107-7/sref73
https://doi.org/10.1101/718080
https://doi.org/10.1101/718080


Biophysical Journal, Volume 118
Supplemental Information
Molecular Simulation of Mechanical Properties and Membrane Activ-

ities of the ESCRT-III Complexes

Taraknath Mandal, Wilson Lough, Saverio E. Spagnolie, Anjon Audhya, and Qiang Cui



Table S1: Summary of MD simulations conducted for Vps32 filament models and their
interaction with lipid membrane

System Number of Total number Simulation
(X ⇥ Y ⇥ Z nm3) proteins and of atoms time (ns)

lipids
1-D filament structure 6 protein monomers 99,267 100
(17.7 ⇥ 5.3 ⇥ 10.8)

2-D filament structure (two configurations) 12 protein monomers 100,077 100
(17.7 ⇥ 5.3 ⇥ 10.8)

1-D filament mechanical properties 21 protein monomers 617,044 140
(68. 7⇥ 8.4 ⇥ 10.6)

Protein-membrane interface with HMMM model
(four configurations) 3 proteins + 360 lipids 277,914 75
(14. 6⇥ 14.6 ⇥ 14.8)

Protein-membrane interface with full lipid modela

(four configurations) 3 proteins + 646 lipids 270,932 140
(15. 4⇥ 15.4 ⇥ 11.1)

Membrane curvature simulation with full protein 3 proteins + 1172 lipids 491,638 85
(32.2 ⇥ 14.4 ⇥ 10.9)

Membrane curvature simulation without protein 1172 lipids 484,399 85
(32.2 ⇥ 14.4 ⇥ 10.9)

Membrane curvature simulation without ↵0 helix 3 proteins + 1172 lipids 491,131 85
(32.2 ⇥ 14.4 ⇥ 10.9)

Membrane curvature simulation with two trimers 6 proteins + 2584 lipids 950,196 20
(61.5 ⇥ 14.4 ⇥ 11.0)

Membrane curvature simulation with two trimers 6 proteins + 4484 lipids 1,872,098 20
(108.0 ⇥ 14.4 ⇥ 12.5)

a. To set up the system, simulations with the HMMM model (the row above) was first conducted at low lipid

density or high area/lipid condition to better sample protein insertion and equilibrate lipid distributions

around the protein. The full lipid model was then generated by re-growing the tails of the equilibrated

HMMM lipids using CHARMM-GUI. The system is then replicating twice along the X and Y directions.

Then using VMD, the final full lipid model was generated keeping a single protein trimer and desired number

of lipids such that the ratio of POPC:POPS lipids is ⇠70:30 with the same number of POPC/POPS lipids

in both leaflets.
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Figure S1: The initial structure of a one-dimensional Vps32 filament, which contains 6 protein 
monomers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2: Average distances between the neighboring !", !#, !$ and !% helices in a one-
dimensional Snf7 filament from molecular dynamics simulations. The distance between 
neighboring !% helices may significantly vary.   
 



 
 
 

 

 
Figure S3: (a) Equilibrated protein-membrane interface structure with (a) the elongated !# and !$ 
helices facing the membrane surface and (b) with the !" helices facing the membrane surface.  
Gray, blue, green, brown and red color represent the !&, !", !#, !$, !% helices, respectively. Water 
and ions are removed for clarity. (c) Black and red plots represent the number of protein atoms 
within 6 Angstrom from the membrane surface when the elongated !# and !$ helices and the !" 
helices are in contact with the membrane, respectively. 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
Figure S4: Equilibrated two-dimensional filament structure sampled after 100 ns MD simulations 
with the initial configuration taken as the same in the crystal structure. Black dotted circles 
highlight the binding of !% helices (red) of a protomer with the !# helices (green) of the 
neighboring protomer.  
 
 
 
 
 
 
 



 
 
Figure S5: Equilibrated two-dimensional filament structure sampled after 100 ns MD simulations 
when the initial structure is built such that the !% helices of one protofilament are in contact with 
the !" helices of the neighboring protofilament. Black dotted circles highlight that many of the 
!% helices (red) of a protomer do not bind with the !" helices (blue) of the neighboring 
protomer.  
 

To build the initial configuration illustrated in Fig. S5, we first take a unit cell containing 
a single protein with the crystal structure information (Tang et al. eLife 2015; 4:e12548). Then 
restraining !& !" !# !$ helices, we rotate the !% helix in the unit cell such that it remains close 
to the !" helix of the neighboring protomer when the unit cell is replicated. The two-dimensional 
structure is then generated by replicating the unit cell. 



 
 
 
 

 
 
 
 
 
 
 
 
 
Figure S6: Preparation of the membrane ribbon system. (a) Snapshot of the simulation box 
containing the protein trimer. (b) The system is replicated twice to generate a longer simulation 
box along X; the two protein trimers at the ends are removed, leaving only one trimer in the middle. 
(c) Some lipids from both ends are removed to break the membrane periodicity along the X 
direction. Water and ions are not shown for clarity. 
 
To generate the membrane ribbon, first we take an equilibrated structure of protein adsorbed on 
the membrane surface (Fig. S6a), which is then replicated twice keeping the original structure at 
the center. Two protein trimers at the sides are then removed (Fig. S6b). Finally, some lipid 
molecules are removed from the two ends such that (i) the ratio of the POPC:POPS lipids is ~70:30 
and (ii) the numbers of POPC and POPS lipids in both leaflets are the same. The box length along 
the X direction is taken to be larger than the membrane length to break the membrane periodicity. 
However, continuity of the membrane along Y is maintained (Fig. S6c). To investigate the role of 
protein or the !& helices in membrane bending (see main text), either the protein trimer or the !& 
helices are removed from the structure shown in Fig. S6c.  
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7: The equilibrated structure showing the intrinsic twist present in the filament. The 
positively charged Lys60, Lys64, Lys68, Lys71, Lys79, Lys112, and Lys115 residues that form 
the cationic surface are marked by pink color.   
 
 
 
 
 
 
 
 



 

 
 
Figure S8: Various steps for simulating a finite filament. (a) First, a one-dimensional periodic 
filament with 24 monomers is built. (b) The periodic filament is simulated for 60 ns. (c) Three 
monomers from the equilibrated periodic structure are removed to break the periodicity of the 
filament. (d) Finally, the non-periodic 21-monomer-long filament is simulated for 80 ns. Water 
and ions are removed for clarity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S9: Variation of twist/torsion and bending angles of the 21-monomer-long filament 
during the MD simulation. 



 
 
Figure S10: Estimate of radius of curvature of the ESCRT-III filament from MD simulations. 
The filament structure (e.g., shown in Fig. 4 of the main text) is projected on to the XY plane 
(the initial filament in oriented along X and lies in the XZ plane), and the traces for centers of 
mass of the monomers in the central part of the filament are used to estimate the radius of 
curvature; only the seven monomers in the central part were used to avoid end effects. The 
average radius of curvature is 30.5+-9.6 nm.  
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