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ABSTRACT Using the endosomal sorting complex required for transport (ESCRT)-IIl membrane remodeling complex as an
example, we analyze three popular coarse-grained models (the regular MARTINI, polarizable MARTINI (POL-MARTINI), and
big multipole water MARTINI (BMW-MARTINI)) for the description of membrane curvature sensing and generation activities
of peripheral proteins. Although the three variants of the MARTINI model provide consistent descriptions for the protein-protein
interface in a linear filament model of ESCRT-III, they differ considerably in terms of protein-membrane interface and therefore
membrane curvature sensing and generation behaviors. In particular, BMW-MARTINI provides the most consistent description
of the protein-membrane interface as compared to all-atom simulations, whereas the regular MARTINI is most consistent with
atomistic simulations in terms of the qualitative sign of membrane curvature sensing and generation. With POL-MARTINI, the
ESCRT-IIl model interacts weakly with the membrane and therefore does not exhibit any curvature-sensitive activities. Analysis
suggests that the incorrect membrane curvature activities predicted by BMW-MARTINI are due to overestimated insertion depth
of an amphipathic helix and incorrect sign for the spontaneous curvature of anionic lipids. These results not only point to ways
that coarse-grained models can be improved but also explicitly highlight local lipid composition and insertion depth of protein
motifs as essential regulatory factors for membrane curvature sensing and generation.

SIGNIFICANCE Coarse-grained models are important to the analysis of membrane curvature sensing and generation by
proteins because of the relevant length- and timescales. Factors that dictate the reliability of their predictions, however,
remain unclear. Using all-atom simulations for an ESCRT-III trimer model as reference, we show that all three variants of
the popular MARTINI model have limitations that impact their quantitative prediction of membrane curvature sensing and
generation. An important mechanistic implication of these observations is that by modulating local lipid composition and
insertion depth of protein motifs, it is possible to qualitatively change the sign for membrane curvature sensing and
generation by the same protein, leading to plasticity and regulation of membrane activity of peripheral proteins.

INTRODUCTION fied and shown to function through a range of mechanisms
(9-12) that include asymmetric insertion into the bilayer,
morphing membrane topology according to protein shape,
lipid modifications, and crowding effects. A recent addition
involves liquid-liquid phase separation of proteins on the
surface of the membrane (13), leading to a local mismatch
of mechanical properties and therefore inward invagination
of the membrane.

Despite progress in the general mechanistic understand-
ing of membrane curvature generation and remodeling, the
situation is often not clear for a specific system because of

Cell membranes adopt various shapes in different organ-
elles, with striking examples that include the membranes
of endoplasmic reticulum (ER), the Golgi apparatus, and
mitochondria (1,2). In addition, membrane shape is remod-
eled in various processes such as endocytosis, virus infec-
tion, cell division, and organelle biogenesis (3-8). To
generate and modulate these unusual shapes and transfor-
mations of membranes, various proteins have been identi-
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the potential contributions from multiple mechanisms.
This is the case for understanding the mechanism in vivo,
which typically implicates multiple proteins that function
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together to regulate the membrane remodeling process. To
tease apart the roles of specific proteins and the interdepen-
dence of the relevant components, including the contribu-
tions of specific lipids, computational studies can provide
valuable insights that complement experimental investiga-
tions. Because of the large length and long timescales of
membrane remodeling processes, it is often necessary to
integrate computations of different scales. For example,
atomistic simulations are most effective at probing local
protein-membrane interactions (14,15) and perturbations
in the local lipid organization that might ultimately lead to
membrane curvature generation or even pore formation.
To explicitly probe membrane curvature or pore formation,
coarse-grained models (16,17), either particle or continuum
mechanics-based ones, are usually required. This naturally
leads to the question of whether predictions from coarse-
grained simulations are robust, i.e., to what degree the qual-
itative features of curvature generation are sensitive to the
details of the coarse-grained model.

On one hand, one might argue that the underlying phys-
ical mechanisms of curvature generation implicate mainly
coarse features such as lipid packing, protein shape, and
conformational entropy associated with disordered protein
motifs. The qualitative features should be adequately
captured by simple physical models and thus ought to be
robust . Indeed, mechanistic insights have been gleaned
for several membrane remodeling problems using elegantly
simple models that employ a small number of beads to
represent the proteins and lipids (18-20). On the other
hand, to make the model system specific, it is likely that
care is needed to reliably describe the protein-membrane
interface, insertion depth of specific protein motifs, and
response of lipid packing to the insertion.

In this study, we compare the membrane curvature
generation behaviors predicted by three variants of the
popular MARTINI model (21) (regular MARTINI (22),
POL-MARTINI (23), and BMW-MARTINI (24,25)) using
an oligomeric model of the endosomal sorting complex
required for transport-IIT (ESCRT-III) complex (26) as an
example. The latter is chosen because we recently conducted
extensive atomistic simulations to characterize the local pro-
tein-membrane interactions (27); a membrane ribbon proto-
col (28) was used to explicitly demonstrate the positive local
membrane curvature induced by the insertion of the N-termi-
nal amphipathic helix. Using these atomistic results as refer-
ence, we find that all three coarse-grained models suffer from
limitations that impact their ability to faithfully describe the
membrane curvature generation activity of ESCRT-III. The
differences in the three models, in fact, help highlight the
contributions of various factors to the sign and magnitude
of generated membrane curvature. All in all, the regular
MARTINI model appears to generate the sign of membrane
curvature most consistent with the atomistic model. There-
fore, we also include its application to further test our previ-
ous hypothesis (27) that whereas ESCRT-III generates local
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positive curvature, the area enclosed by ESCRT-III filaments
develops a negative mean curvature; the combination of these
two effects and the intrinsic twist of the ESCRT-III filament
(20,27,29) can lead to the initiation of the three-dimensional
dome-like structure that ultimately develops into the spher-
ical intraluminal vesicle.

MATERIALS AND METHODS

The atomistic model of the protein monomer (Fig. 1 ¢) is based on the crys-
tal structure determined by Tang et al. (Protein Data Bank: SFD7) (30) for
the Drosophila ESCRT-III subunit, Snf7, at a resolution of 1.6 A without the
autoinhibitory C-terminal tail. The coordinates of the « helix and those for
residues 12—18 and 141-150 are missing in the crystal structure; thus, they
are generated using a homology model as in our previous study (27). The
coarse-grained model (Fig. | d) of the protein monomer is then generated
from the atomistic model using the martinize.py script supplied by the
MARTINI website. An extra elastic network is used to apply harmonic re-
straints between nonbonded beads based on a distance-based cutoff, with
the lower and upper elastic bond cutoffs set to 0.5 and 0.9 nm, respectively,
to include nonbonded beads that fall in the range of the first and second
neighboring shells; the elastic bond force constant is taken to be 500 kJ -
mol ™' - nm 2 To investigate the effect of structural flexibility on pro-
tein-induced membrane curvature, we also perform simulations without
any elastic network, and the results are generally similar (vide infra).

For the analysis of protein-protein interfaces, first a one-dimensional pro-
tein filament (Fig. S1) containing six monomers is built using the crystal
structure lattice parameters (30). The protein filament is placed at the center
of the simulation box and then solvated using different coarse-grained water
models. For the regular MARTINI model (22), 10% antifreezing particles is
added to avoid unphysical freezing of water. Each protein monomer has a
total charge of +1 unit; thus, Cl™ ions are added to achieve overall charge
neutrality. Additionally, appropriate numbers of Na® and Cl~ ions are
added to maintain the physiological salt concentration of 150 mM. Periodic
boundary conditions are enforced along all three principal directions. For
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FIGURE 1 (a) The amino acid sequence and (b) the number of residues
in different helices of the Snf7 protein. (¢) The atomistic structure of the
protein monomer with ribbon representation and (d) the coarse-grained
(MARTINI) version of the protein monomer with van der Waals represen-
tation. To see this figure in color, go online.



the regular MARTINI model, the reaction-field method with a dielectric
constant of 15 is used to compute electrostatic interactions, and a 1.2 nm
cutoff is used for computing the van der Waals interactions. The particle
mesh Ewald method (31) with a dielectric constant of 2.5 is used for elec-
trostatic interactions in the POL-MARTINI model (23), and a 1.2 nm cutoff
is also used for the van der Waals interactions. For the BMW-MARTINI
model (24,25), the particle mesh Ewald method with a dielectric constant
of 1.3 is used for electrostatic interactions and a 1.4 nm cutoff for van
der Waals interactions. The solvated system is first energy minimized using
conjugate gradient to remove any bad contacts between the solute and sol-
vent beads; this is followed by a short NVT equilibration of 500 ps. The
NVT-equilibrated system is then subject to NPT equilibration for 1 us at
303 K and the atmospheric pressure. The temperature and pressure of the
system during equilibration are controlled using a velocity rescale thermo-
stat (32) with a time constant of 1 ps and a Parrinello-Rahman babostat (33)
with a time constant of 5 ps, respectively. A time step of 10 fs is used for
integrating the equations of motion. All simulations are performed using
the GROMACS simulation package (34).

To study the protein-membrane interface, an Snf7 trimer is placed at
~1.5 nm (Fig. S3) from the top of a mixed lipid bilayer composed of
70%  zwitterionic  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 30% anionic 1-palmitoyl-2-oleoyl-glycero-3-phosphoserine
(POPS) lipids built using CHARMM-GUI (35). The trimer is orientated
such that the «, and a3 helices are closer to the membrane surface because
they present the most stable membrane interface in our previous all-atom
study (27). With the coarse-grained models, we note that the Cig tails of
the POPC and POPS lipids are represented by five beads in the BMW-
MARTINI model, unlike the regular MARTINI or POL-MARTINI model
in which these tails are represented by four beads; the extra bead does
not alter the thickness or area per lipid of the bilayer (25). The protein-
membrane complex is then solvated, and Na™ ions are added to balance
the negative charge of the PS lipids. Additional Na* and CI ™~ ions are added
to maintain the physiological salt concentration of 150 mM. The entire sys-
tem is then equilibrated following the protocol mentioned above. To inves-
tigate the effect of insertion depth of the « helices on the protein-induced
membrane curvature with the BMW-MARTINI model (see below in Inter-
play of membrane insertion and monolayer spontaneous curvature), a har-
monic potential is applied on individual « helices so the center of each o«
helix approximately coincides with the center of the top PO, beads of the
bilayer.

To investigate the curvature sensing ability of proteins, we place an Snf7
trimer at the highest or lowest curved region of a buckled lipid bilayer. To
build a buckled bilayer, we first equilibrate a membrane patch composed of
70% POPC and 30% POPS lipids. A force is then gradually applied on the
equilibrated membrane along the X direction until the membrane patch
adopts a sinusoidal shape. This step is followed by a further equilibration
during which the X and Y lengths of the simulation box are held fixed so
that the membrane patch maintains the buckled shape. After removing wa-
ter and ions from this simulation box, the protein trimer is placed at the
highest or lowest curved region of the buckled membrane; the system is
then solvated, and ions are added to maintain 150 mM concentration as
before. The entire system is then equilibrated, keeping the X and Y lengths
of the simulation fixed but allowing fluctuations in the Z dimension. During
production simulations, the protein trimer gradually moves to the preferred
region of the buckled membrane; the speed of the movement, however,
varies substantially among the different models (vide infra).

As part of the analysis, we also compare the spontaneous curvature of the
lipid monolayer (Cy) computed using different models. As discussed exten-
sively in the literature (36), Cy is related to the first moment of the lateral pres-
sure profile (F) as F = —CoK,. = — fom zlpr(z) — pm(2)]dz, in which K. is the
monolayer bending modulus and p7(z) and pn(z) are the tangential and
normal local pressures, respectively. A membrane bilayer patch is first equil-
ibrated using either regular MARTINI or BMW-MARTINI model for coarse-
grained simulations and using the CHARMM36 force field (37) for atomistic
simulations. The local pressure profiles are calculated using the GROMACS-
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LS module developed by Vanegas et al. (38). The lateral pressure profiles are
calculated for individual leaflets, which are then averaged for calculating the
force in the range from O to . The membranes bending moduli are taken
from literature (39). The radius of curvature (R) of the monolayer is related
to the monolayer spontaneous curvature (Co) as Ry = Cyy L

RESULTS AND DISCUSSION
Protein-protein interface in filament assembly

Because the ESCRT-III complex interacts with the membrane
in the form of a protein filament, we first examine the stability
of the protein-protein interface in a filament model in solution
with various coarse-grained models. As shown in Fig. 2, a—c,
all three coarse-grained models studied in this work capture
the stability of the one-dimensional filament as observed in
the atomistic simulations (27). Because the elastic network
model is used in these MARTINI simulations to restrain
only the structure of the protein monomers, the observation
suggests that the MARTINI models adequately describe pro-
tein-protein interactions in the Snf7 filament.

To further scrutinize the protein-protein interaction
sampled by the three coarse-grained models, we calculate
the interhelix distances between neighboring monomers
and compare the results with those obtained from previous
atomistic simulations (27). Figs. 2 e and S2 show that the
distances between each pair of the neighboring o, a5, and
a3 helices are close to 3.0 nm, suggesting that the rigid
core of the filament is maintained in all three coarse-grained
models. The atomistic and all three coarse-grained models
predict that the a4 helix is flexible and randomly binds
with the neighboring a4 helices during the course of the
simulation; as a result, the distances between neighboring
oy helices vary significantly between 1 and 7 nm (Figs. 2
e and S2). The « helices orient freely without any signifi-
cant binding with other motifs; this is consistent with the
expectation that they insert into the membrane (vide infra).

Previous atomistic simulations (27) revealed that the fila-
ment is stabilized by the interactions among the neighboring
ay, o, and a3 helices through both hydrophobic and electro-
static contacts (Fig. 2 f). The hydrophobic residues Met87,
1le94, Ala97, LeulO1, and Met104 of «, bind with the hy-
drophobic residues Met107, Metl14, Ile117, and Leul21
of a3 of the neighboring monomer, and positively charged
residues Lys21, Arg25, Lys36 of «; and Lys69 of «, interact
with the negatively charged residues Glu85, Glu88, Glu95,
Glul102, and Glul09 of «, of the neighboring monomer.
These hydrophobic and electrostatic interactions are also
featured in the coarse-grained models; this is illustrated in
Fig. 2 fusing the regular MARTINI model as an example.

Membrane-protein interface

As discussed above, all three coarse-grained models capture
filament stability as well as the correct protein-protein
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FIGURE 2 Equilibrated structures of one-dimensional Snf7 filament, which contains six protein monomers and is periodic along the X direction sampled
from (a) regular MARTINI, (b) Pol-MARTINI, (¢c) BMW-MARTINI, and (d) atomistic (27) models. (¢) Examples of typical distances between two neigh-
boring a4 helices (red, larger; blue, smaller) and the distance between two neighboring o helices (black) as functions of simulation time. See text for details.
Figure is shown for the regular MARTINI model only, and the other two coarse-grained models have similar features. (f) Hydrophobic and electrostatic in-
teractions between neighboring monomers (see text for details) shown for (leff) regular MARTINI model and (right) all-atom model. Gray, red, and blue
represent the hydrophobic, negatively charged, and positively charged residues, respectively. To see this figure in color, go online.

interface in the filament. However, the protein-membrane
interfaces sampled from these coarse-grained simulations
are strikingly different from each other (Fig. 3, a—c), and
in some cases, the interface differs from the atomistic pre-
dictions (Fig. 3 d). All-atom simulations predicted that the
elongated a, and a3 helices form the preferred membrane-
binding interface; this is consistent with the experimental
findings of Buchkovich et al. (40) that mutation of lysine
residues in this interface to negatively charged residues
significantly decreased the membrane-binding activity of
the Snf7 filament, whereas mutations of cationic residues
on o had a negligible impact. This feature is only captured
by BMW-MARTINI, in which the «; and a3 helices are
readily adsorbed on the membrane surface. By contrast,
with the regular MARTINI and POL-MARTINI, the Snf7
trimer is not well adsorbed on the membrane surface and
adopts a tilted configuration with respect to the membrane
interface (Figs. 3, a and b, and 4). For example, as
shown in Fig. 4, the numbers of close protein-membrane
contacts (within 0.6 nm) with the regular MARTINI and
POL-MARTINI models are substantially lower than those
for BMW-MARTINI. More specifically, the experimental
results of Buchkovich et al. (40) pointed to the following
lysine residues in the a, and 3 helices as implicated in
membrane binding: Lys60, Lys64, Lys68, Lys71, Lys79,
Lys112, and Lys115. Although these lysine residues reside
at the protein-membrane interface predicted by the atomistic
and BMW-MARTINI models (Fig. 3, f and g), the regular
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MARTINI (Fig. 3 e) and POL-MARTINI models sample
those lysine residues far from the membrane surface, clearly
indicating that they fail to capture the correct protein-mem-
brane interface.

The « helix is also essential to the membrane-binding ac-
tivity of the Snf7 protein as suggested by experimental
studies; deletion of the N-terminal helix completely abol-
ished the ability of Snf7 to bind with the membrane (40).
Fig. S4 shows that with the BMW-MARTINI model, all
three « helices are deeply inserted inside the membrane,
and the insertion depth is even deeper than that in atomistic
simulations (27). By contrast, the POL-MARTINI model
shows that the insertion of the « helices is significantly
shallower; only two out of three « helices remain close to
the membrane surface, a result likely due to the tilted orien-
tation of the Snf7 trimer with respect to the membrane inter-
face. The insertion depth of the « helices with the regular
MARTINI model is also not as deep as the BMW-MARTINI
or atomistic models, though all three « helices remain close
to the membrane surface.

The oy helix contains several negatively charged residues,
including Aspl127, Glul28, Aspl31, Glul32, Glul35,
Glul38, Aspl41, Glul42, and Aspl45; thus, it is not likely
to bind with the anionic membrane that contains PS lipids.
Only one out of three a4 helices bind to the membrane sur-
face during the atomistic simulations; qualitatively similar
behavior is seen in the regular MARTINI simulation as
well. However, in the BMW-MARTINI simulations, all
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FIGURE 3 Equilibrated structures of the protein-membrane interface sampled by (a) regular MARTINI, (b) POL-MARTINI, (c) BMW-MARTINI, and (d)
atomistic (27) models. Cyan color represents either PO, beads (coarse-grained models) or P atoms (atomistic model). Gray, blue, green, orange, and red
colors represent the ag, o, ap, a3, and a helices, respectively. Positively charged Lys60, Lys64, Lys68, Lys71, Lys79, Lys112, and Lys115 residues located
in the o, and a3 helices are highlighted for the structures obtained from (e) regular MARTINI, (f) BMW-MARTINI, and (g) atomistic (27) simulations. To see

this figure in color, go online.

three a4 helices are strongly adsorbed on the membrane sur-
face, suggesting a very strong protein-membrane interac-
tion. By contrast, none of the a4 helices are adsorbed on
the membrane surface with the POL-MARTINI model, re-
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FIGURE 4 (Top) Total number of close contacts between the protein
trimer and membrane computed from the last 1 us trajectory of the simula-
tion; the size of the standard deviation is comparable to the symbol size.
Contacts from atomistic simulations are not listed because of the different
model resolutions. (Bottom) The distance of the protein core (center of the
ay, o, and a3 helices) from the top PO, (coarse-grained) or P atom (atom-
istic) layers. The mean distance is calculated by averaging the distances of
the core of the three monomers (time averaged distance for individual
monomer is given in Fig. S4) and the error bars are calculated from the stan-
dard deviations. To see this figure in color, go online.

flecting minimal interactions between the Snf7 trimer and
the membrane.

The robustness of distinct protein-membrane interfaces
sampled in different coarse-grained simulations is
confirmed by performing another set of independent simula-
tions (see Fig. S5). In addition, another set of simulations is
conducted without the elastic network to further investigate
the impact of protein structural flexibility on the protein-
membrane interface. As shown in Fig. S6, the differences
among the three MARTINI models remain the same, con-
firming that the dissimilarity in the protein-membrane inter-
face is intrinsic to the different coarse-grained models and
not affected by the elastic network.

Protein-induced membrane curvature

ESCRT-III proteins generate vesicles through formation of an
intermediate invagination that requires an intricate balance of
competing positive and negative membrane curvatures. In our
previous study (27), we showed that insertion of the « helices
of Snf7 significantly bends a flat semiperiodic membrane rib-
bon toward the outside, suggesting that the N-terminal o he-
lices indeed generate local positive mean curvature. Because
the a helices are observed here to interact with the membrane
differently with the three MARTINI models, it is likely that
the protein-induced membrane curvatures are also different
in the different simulations.

To investigate the nature of the membrane curvature gener-
ated by the protein trimer, we divide the membrane patch into
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I nm X 1 nm grids, and then the Z component of the center of
mass of the PO, beads (coarse-grained simulations) or P
atoms (atomistic simulations) of both leaflets in each grid
is time averaged for the last 1 us (coarse-grained simulations)
or 50 ns (atomistic simulations) of the production run. Such
membrane height data are then used to compute the mean
membrane curvature shown in Fig. 5.

As shown in Figs. 5 a and S7 b (from an independent set
of simulations), the Snf7 trimer generates a positive mem-
brane curvature with the regular MARTINI model, which
qualitatively agrees with the atomistic results (Fig. 5 d).
Despite the regular MARTINI model poorly predicting the
protein-membrane interface, the positive membrane curva-
ture is generated because of the insertion of the « helices
into the membrane. This observation is in line with the re-
sults from our previous all-atom study (27) that curvature
generation was largely dictated by the o« helices. By
contrast, even though the BMW-MARTINI model samples
the protein-membrane interface substantially closer to the
atomistic result, the protein trimer induces a negative mem-
brane curvature with this model (Figs. 5 ¢ and S7 d). With
POL-MARTINI, the protein trimer induces almost no curva-
ture on the membrane (Figs. 5 b and S7 ¢) because the o
helices minimally interact with the membrane, as discussed
above. Finally, as shown in Fig. S8, the distinct nature of the
membrane curvatures from various MARTINI models re-
mains in simulations that do not impose the elastic network

model on the protein.
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Membrane curvature sensing by the Snf7 trimer

A necessary, but not sufficient, condition for a protein to
generate membrane curvature is to preferentially bind to a
curved membrane over a flat membrane (41); if the prefer-
ential binding free energy is larger in magnitude than the
membrane bending energy, curvature can be generated. To
further compare the variants of MARTINI models and
contrast their descriptions of protein-membrane interac-
tions, we next compare their ability to predict the membrane
curvature sensing activities of the Snf7 trimer.

With the regular MARTINI model, as shown in Fig. 6 a
(also see Video S1), the Snf7 trimer spontaneously moves
away from a negatively curved region and climbs up toward
a positively curved region within 900 ns; it remains at the
top for the rest of the 2.5 us simulations. This suggests that
the regular MARTINI model predicts that the Snf7 trimer pre-
fers a positively curved region, which is consistent with the
generation of positive membrane curvature observed in the
previous subsection. With BMW-MARTINI, by contrast, the
Snf7 trimer remains at the negatively curved region
throughout the 5 us MD simulation (Fig. S10). Moreover,
when placed initially at the top of the buckled membrane,
the protein trimer moves spontaneously toward the negatively
curved region (Fig. 6 ¢; Video S2) during the course of 10 us
simulations. These observations suggest that the BMW-
MARTINI model predicts that the Snf7 trimer prefers nega-
tive membrane curvature, again consistent with the generation

: ‘I0.5

=

FIGURE 5 Two-dimensional plots of Snf7-trimer
induced membrane curvature (in nm ') calculated
from (a) regular MARTINI, (b) POL-MARTINI,
(c) BMW-MARTINI, and (d) atomistic (27) simula-
tions. See text for details. To see this figure in color,
go online.




of negative membrane curvature discussed in the last subsec-
tion. With the POL-MARTINI model, when placed initially at
the negatively curved region (Fig. 6 b, top), the protein trimer
initially moves up slightly but then comes back to its initial po-
sition within 4 us of simulation (Fig. 6 b, bottom). However,
when the trimer is initially placed at the positively curved re-
gion of the buckled membrane, it remains there for the entire 2
us simulation (Fig. S10). These observations suggest that with
POL-MARTINI, the Snf7 trimer has no strong preference to-
ward any curved region, likely because of its weak interaction
with the membrane with this model.

Monolayer spontaneous curvature

Another potentially important property to membrane curva-
ture generation is the monolayer spontaneous curvature Cj,.
Accordingly, we have compared Cy computed using the three
variants of MARTINI and atomistic model, and the results for
different lipids are summarized in Fig. 7 and in Table S1. For
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine  (DOPE)
and 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
monolayers, atomistic, BMW-MARTINI, and regular MAR-
TINI models have comparable results that are in fair agree-
ment with experimental values. However, for anionic lipids
such as phosphatidylserine (PS) and phosphatidylglycerol
(PG), BMW-MARTINI predicts a strong negative sponta-
neous curvature that is incorrect in sign and magnitude
compared with the regular MARTINI and atomistic models.
For example, BMW-MARTINI estimates the radius of curva-
ture of the POPS monolayer to be —18 A, whereas it is +89
and +148 A by the regular MARTINI and atomistic model,
respectively.

CONCLUSIONS

Interplay of membrane insertion and monolayer
spontaneous curvature

The simulation results show that even though the protein-
protein interface is correctly captured by all three coarse-
grained models, the protein-membrane interface predicted
by these models are significantly different from each other.

Coarse-grained simulations of membrane

FIGURE 6 Curvature sensing by the Snf7 trimer
in the buckled membrane simulations with the (@)
regular MARTINI, (b) POL-MARTINI, and (c)
BMW-MARTINI models. The initial and final loca-
tions of the Snf7 trimer are shown in the top and bot-
tom panels, respectively. See text for details; for
videos that illustrate the change of protein location
during the simulations, see Supporting material. To
see this figure in color, go online.

These results highlight that a reliable description of electro-
statics is essential to the proper description of protein-mem-
brane interactions in coarse-grained simulations. Along this
line, the BMW-MARTINI model appears most appropriate
as reflected by the observation that it captures the interfacial
electrostatic potential in reasonable agreement with all-
atom simulations and experiment (25), in contrast to the
original MARTINI and POL-MARTINI (23). This is further
supported by recent analysis of cationic nanoparticle-mem-
brane interactions by different groups (42,43).

Moreover, the protein-induced membrane curvature is
also predicted inconsistently by the different MARTINI
models, particularly because the o helices interact with
the membrane differently with these models. The amphi-
pathic helices induce membrane curvature by changing the
lipid packing and their orientation with respect to the mem-
brane surface, as discussed extensively in other curvature
generation systems such as the BAR domain (10,14) and
ArfGAP1 (44). It has been proposed (45) that the sign of
the generated membrane curvature depends on the chemical
nature of the amphipathic helix as illustrated in Fig. 8 a. If
the hydrophilic interactions are stronger than the hydropho-
bic interactions, then the hydrophilic part remains close to
the membrane surface to gain access to the hydrophilic lipid
heads and solvent, with the hydrophobic part inserting shal-
lowly into the membrane to interact with the hydrophobic
lipid tails. In this scenario, the proximal lipid tails change
their orientation such that a positive mean curvature is
formed as shown in Fig. 8 a, top. However, if the hydropho-
bic interactions are much stronger than the hydrophilic in-
teractions, then the helix enters much deeper inside the
membrane, and lipid molecules change their orientations to-
ward a negative mean curvature, as shown in Fig. 8 a, bot-
tom. Because the insertion of the «g helices is much
deeper in the BMW-MARTINI model compared with the
regular MARTINI model, the mechanism proposed in
Fig. 8 a provides a plausible explanation for the generation
and preference to distinct membrane curvatures observed in
those simulations.

To further test this hypothesis, we perform a control simu-
lation with the BMW-MARTINI model in which the «g he-
lices are restrained to insert not as deeply, with an umbrella
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FIGURE 7 The difference between the tangential and normal local pressure as a function of the distance from the bilayer center which is located at z = 0;
the pressure profiles are shown for () DOPE, (b) POPC, and (c) POPS bilayers. The top and bottom panels show the results obtained from the BMW-MAR-
TINI and atomistic model, respectively. The inset in each figure shows the force corresponding to the pressure profile as a function of the distance from the
bilayer center, i.e., F = — fow z2lpr(z) — pa(z)]dz. For the decomposition of the pressure profiles, see Fig. S9. To see this figure in color, go online.

potential applied to the center of the individual « helix rela-
tive to the center of the top PO, layer. Specifically, when the
restrained insertion depth is comparable to that in the atom-
istic simulations, Fig. 8 b shows that the induced negative
membrane curvature indeed decreases significantly
(compare with Fig. 5 ¢). On the other hand, limiting the
insertion depth of the « helices does not completely abolish
the negative membrane curvature formation, suggesting that
other factors also contribute.

As discussed above, BMW-MARTINI also leads to
incorrect spontaneous curvature for anionic lipids such as
PS and PG, which might also contribute to the incorrect
negative membrane curvature generation for the Snf7
trimer predicted by the BMW-MARTINI model. To
confirm this, we repeat the membrane curvature simulation
with the BMW-MARTINI model by changing all the POPS
lipids to POPC lipids. The protein trimer (a, and «g heli-
ces) remain well adsorbed on the membrane surface,
whereas the insertion depth of the «q helices slightly de-
creases compared with the POPC + POPS membrane sys-
tem (Fig. 8 d). As shown in Fig. 8 ¢, the negative
membrane curvature is substantially reduced as compared
with the case with a mixed POPC/POPS bilayer (compare
Figs. 5 ¢ and 8 c¢). Therefore, collectively, the results in
Fig. 8, b and c suggest that the incorrect negative sponta-
neous curvature for anionic lipids and overestimated inser-
tion depth of the amphipathic helices combine to induce a

3218 Biophysical Journal 120, 3211-3221, August 3, 2021

significant negative membrane curvature by the Snf7 trimer
with BMW-MARTINI.

The observation of qualitatively different membrane
curvature sensing and generation behaviors with the three
closely related coarse-grained models highlights that spe-
cific molecular level of detail is indeed important to the
proper description of membrane remodeling activity of
proteins, highlighting the importance of carefully cali-
brating popular coarse-grained models for specific appli-
cations. Along this line, although BMW-MARTINI
generally provides an adequate description of interfacial
electrostatics and therefore the protein-membrane inter-
face, nonpolar terms in this model need to be refined to
correct for the overestimated insertion depth of protein
motifs into the bilayer. Regarding its incorrect sponta-
neous curvature for systems involving anionic lipids, we
have conducted decomposition of the lateral pressure pro-
files into contributions from various energy terms (38) for
the POPC + POPS membrane, without and with the pres-
ence of the ESCRT-III trimer. For homogeneous and
zwitterionic lipid bilayers, Vanegas et al. observed that
the decompositions with BMW-MARTINI best resemble
the atomistic results among the tested coarse-grained
models (38). The results in Fig. S9 further suggest that
one major difference between BMW-MARTINI and
atomistic simulations is the effect of the protein on the
pressure profile in the middle region of the bilayer; the
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missing at the BMW-MARTINI level, and the decompo-
sition analysis highlights the importance of dihedral angle
terms, which are missing in the coarse-grained lipid
models. Therefore, to better describe spontaneous curva-
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ture and modulation of inserted protein motifs, we hy-
pothesize that including explicit dihedral terms that
better describe the anisotropic distribution of lipid tail
beads is an important revision that needs to be explored
systematically in future work.
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FIGURE 9 (a) Initial configuration of four linear protein filament placed on top of the membrane. The configuration of the protein filaments after (») 500 ns
and (c) 2.4 us MD simulation is shown. (d) Side view of the protein-membrane complex at beginning (fop) and end of 2.4 us simulation (bottom). (e) Two-
and (f) three-dimensional color plots of the filament induced membrane morphology. To see this figure in color, go online.
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From a biological point of view, observations from this
work also suggest that by modifying the lipid composition
and insertion depth of protein motifs (46), it is possible to
qualitatively change the sign of membrane curvature
sensing and generation for the same protein; for example,
the fact that deep insertion may lead to the formation of
negative membrane curvature has been proposed with con-
tinuum mechanics analysis (Fig. 8; (45)), but, to the best
of our knowledge, it has not been supported explicitly
with experimental studies. This discussion further suggests
that membrane curvature sensing and generation can be
regulated by perturbing the local lipid composition and/or
insertion depth via additional protein-protein interactions.
The latter might explain the observation that ESCRT-III
complexes, for example, appear to exhibit a considerable
degree of plasticity in terms of binding to membranes
with different signs of curvature (47-49). Therefore, mem-
brane curvature sensing and generation can be particularly
sensitive to the local cellular environment and context.

APPENDIX: CURVATURE GENERATION FOR
MEMBRANE ENCLOSED BY CIRCULAR ESCRT-III
FILAMENTS

As the ESCRT-III filament grows into a spiral, it encloses a large patch of
membrane within an approximately circular area. If each ESCRT-III mono-
mer generates a locally positive curvature due to the insertion of the «q he-
lix, the combined effect of these local positive curvatures at the periphery of
the circular area should induce a negative mean curvature at the center of
the circular area, which, coupled with the intrinsic twist of the ESCRT-III
filament (20,27,29), can develop into a three-dimensional dome structure
that ultimately leads to the formation of an intraluminal vesicle. To test
this hypothesis, we perform a simulation with the regular MARTINI simu-
lation, which, as described in the main text, does not fully capture the pro-
tein-membrane interface yet does correctly predict the sign of local
curvature generation. The typical sizes of the intraluminal vesicles are in
the range of 10-12 nm, which requires encompassment of lipid materials
of a circular area of ~50 nm diameter. Therefore, we place four linear
Snf7 filaments, each of ~50 nm length (containing 17 monomers), on top
of a membrane patch with a dimension of 120 nm x 120 nm (see Fig. 9
a); because it is not straightforward to build a circular or spiral filament,
the four protein filaments are simply arranged in a rectangular shape.
Because of the large system size (~4 million beads), we have only
collected 2.4 us of simulation, which nevertheless provide valuable hints.
The four linear protein filaments gradually evolve into an elliptical config-
uration during the course of the simulation (Fig. 9, b and c¢). It is remarkable
to observe that protein monomers at two corners spontaneously assemble to
form the expected interface as observed in a linear filament (Fig. 2); mono-
mers at the other two corners have not established the expected interface,
and further adjustments are likely needed with longer simulations. The
shape of the filament fluctuates with time because of its flexibility and
bilayer undulations; however, protein monomers at these two corners never
detach from each other, and thus, the four filaments always encompass a
certain area of the lipid membrane. Most interestingly, Fig. 9, e and f
show that the elliptical (almost circular) protein filament indeed induces
a significant negative curvature at the center of the circular membrane patch
and positive curvature at the periphery, confirming the prediction in our pre-
vious study (27). Because the protein-membrane interface is not fully
captured by the regular MARTINI model, the « helices do not gain equal
access to the membrane core and hence the magnitude of the positive cur-
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vature at the periphery is not uniform. We note that the protein filament in-
teracts with its periodic images (see Fig. S11), which leads to a second
negatively curved region with X < 25,40 < Y < 90.
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