1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

N, NIH Public Access

Rrens®

G

3}

Author Manuscript

Published in final edited form as:
Semin Cell Dev Biol. 2010 June ; 21(4): 357-362. doi:10.1016/j.semcdb.2009.11.011.

Multiscale Simulation of Protein Mediated Membrane
Remodeling

Gary S. Ayton and Gregory A. Voth™
Center for Biophysical Modeling and Simulation and Department of Chemistry, University of Utah,
315 S. 1400 E. Rm 2020, Salt Lake City, Utah 84112-0850

Abstract

Proteins interacting with membranes can result in substantial membrane deformations and
curvatures. This effect is known in its broadest terms as membrane remodeling. This review article
will survey current multiscale simulation methodologies that have been employed to examine
protein-mediated membrane remodeling.
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1. Introduction

This review article will survey a number of multiscale simulation approaches that are
capable of examining the process of protein-generated membrane curvature. Protein-
generated, or mediated, membrane curvature will from this point be denoted “membrane
remodeling”.

A number of proteins and protein modules have been targeted as potential membrane
remodelers [1,2], and play key roles in, for example, vesicular transport [3], where coat
complexes containing clathrin and other coat proteins sculpt the membrane in preparation
for the generation of a nascent transport vesicle. Accessory proteins such as amphiphysin,
endophilin and epsin all contain structural elements (e.g., the BAR (Bin/amphiphysin/Rvs)
and ENTH (epsin N-terminal homology) [1] domains) that can bind with the membrane
surface, resulting in significant membrane bending. In particular, the BAR protein domain is
a crescent-shaped homo dimer with several positively charged residues on its concave
surface [4-14] that plays a key role in clathrin mediated endocytosis [1] and other
membrane processes. Both the molecular structural details and electrostatic charge
distribution of the dimer result in BAR domains preferentially binding to regions of specific
membrane curvature, and as such, it has been proposed that at least in vivo BAR domains
can act as a membrane curvature sensor and remodeler [5,6]. In vitro, BAR domains
containing an additional N-terminal amphipathic helix, denoted N-BARs, have been
observed to tubulate liposomes [6-8,15]. Theoretically it has been proposed that N-terminal
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amphipathic helices on their own can result in membrane bending [16]; however,
experimentally this issue is still up for debate [17]. It should be noted that membranes
without proteins are capable of similar remodeling via careful lipid mixing, and such
problems have been studied in membrane biophysics [18], which are beyond the scope of
this review.

Protein-mediated membrane remodeling involves the interaction of proteins with
membranes over multiple time and length-scales. For example, it has been observed with all
atom molecular dynamics (MD) simulation (as shown in image (a-1) of Fig. 1) that protein
mediated local membrane bending can occur over timescales of less than one hundred
nanoseconds [19-22]. Yet experimentally, membrane remodeling of liposomes into tubules
or vesiculated structures can take seconds, even minutes, for a single liposome to remodel
into a tubulated structure [23] (as shown in the electron microscopy (EM) image (d) of
amphiphysin remodeling in Fig. 1, courtesy of V. Unger). The process of membrane
remodeling also can involve proteins in the surrounding solvent and in fact remodeling of
liposomes has been found to be dependent on the bulk concentration of N-BARs in the
surrounding solvent [5], resulting in small buds at low N-BAR concentrations, tubules at
intermediate concentrations, and then small vesicles at the highest concentrations [5].
Intuitively, this observation suggests that there is likely some sort of collective organization
and perhaps even oligomerization of multiple N-BAR proteins over long length and
timescales [10]. Tubulation of liposomes has also been observed with other BAR domains,
for example F-BAR (FCH-BAR) domains, which [8-12] possess an oligomerized F-BAR
coat and whose tubule diameters are almost three times that for amphiphysin and endophilin.

2. Multiscale Nature of Membrane Remodeling

The multiscale aspect of protein mediated membrane remodeling (e.g., as depicted in images
(a-1) through (c-2) of Fig. 1) poses a number of computational and conceptual challenges,
and thus has played a role in the rapid growth in the development of atomic, coarse-grained
(CG) and other multiscale computational methods for biomolecular systems (see Ref. [24]
for a general overview, along with a recent review [25]). A significant amount of effort has
already been devoted to biological membranes (see, e.g., Ref. [26] for an example of an
atomic-scale lipid force field and recent reviews [27,28]), along with the development of
atomic and CG models for proteins and peptides (see recent reviews in Refs. [29-31] for a
more complete description). Theoretically, mesoscopic (or continuum) membrane models
also have a long history beginning with the seminal work of Helfrich [32], along with newer
models that can incorporate the spontaneous curvatures generated anisotropic protein
inclusions [33-36]. Recent work by Brown and co-workers has made significant steps to
present a unified elastic membrane model that can incorporate protein inclusions, Gaussian
curvature effects, bending, and membrane thickness fluctuations [37,38], and has been
directly compared to CG membrane simulation [39]. Computationally, mesoscopic
membrane approaches tie into the upper end of the multiscale simulation approach, as
depicted in images (c-1) and (c-2) of Fig. 1, and again, a number of approaches could be
employed [40-52].

Returning to Fig. 1, the multiscale decomposition for membranes can be roughly divided
into the atomic (A, ns), CG (um, ps), and mesoscopic scales (mm, ms), as illustrated in
images (a-1) to (a-3), (b-1) to (b-4), and (c-1), (c-2) of Fig. 1 for the specific example of N-
BAR domain driven membrane remodeling using the multiscale approaches for N-BARs
developed in our research group [19-21,51-54]. Of course, this decomposition is completely
general, and there are multiple complementary multiscale approaches that can be employed
(e.g., the CG and mesoscopic methodologies mentioned previously and as given in Ref.
[55]). Image (a-1) of Fig. 1 shows the “full resolution” atomic level MD simulation where
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the details of molecular-level interactions are explicitly included. Simulation snapshots of
both amphiphysin (AMPH) and endophilin (ENDO) are shown, where in both cases it is
clear how the single N-BAR domain has locally bent the membrane underneath the “arch”
of the dimer. On this scale, single (or a few) N-BAR domains can bend a lipid bilayer over
relatively short time scales (about 40 ns) [19-21]. Image (b-1) next shows a CG simulation
snapshot of over 2000 CG N-BAR domains (where a single CG N-BAR is shown in image
(b-3)) [56] interacting with an entire liposome composed of systematically derived CG lipids
(with a single CG lipid shown in image (b-2)) [53,54]. This particular CG simulation
employs over half a million CG “sites” (equivalent to about 1011 atoms in total) and is
orders of magnitude faster than an all-atom MD simulation of the same system. In this case,
key interactions in the CG representation were systematically determined from the original
atomic level interactions via the multiscale coarse-graining (MS-CG) methodology [57-61]
for the membrane. The CG approach used for the membrane, denoted the Hybrid Analytic-
Systematic (HAS) method [53,54], further employs a more generic, analytic component to
the CG interaction to model those configurations that were not well-sampled in the original
MD simulation. (It should be noted that other CG models for BAR domains could also be
employed [22,62].) The BAR protein CG model employs a related fluctuation matching
method [63] to define a heterogeneous elastic network model (HeteroENM [56]) for the N-
BAR dimer. The interactions between the membrane and protein are resolved via an inverse
Boltzmann technique [54].

Images (c-1) and (c-2) in Fig. 1 next depict the mesoscopic scale, where the system is
described by new collective variables [48,64,65] which incorporate atomic information (via
coarse-graining) from “the bottom up”. At this scale, various approaches originating from
elastic continuum models for membranes could be employed [37-39,42,45-52]. This final
mesoscopic component of the overall multiscale simulation methodology for membrane
remodeling has the ability to access very long length and times scales and can make direct
contact with experiment [52] (e.g., the EM image (d) in Fig. 1) as will be described in more
detail later.

3. Multiscale Simulation of Membrane Remodeling

In this section, some of our recent multiscale simulation studies pertinent to the problem of
protein mediated membrane remodeling will be discussed in more detail.

3.1 Atomic level molecular dynamics

Atomic MD simulation has proven to be a key starting point in analyzing protein mediated
membrane remodeling. The first simulations by Blood et al. [19], unprecedented at the time,
aimed to reproduce the experimental conditions in Ref. [5] by placing a single amphiphysin
N-BAR domain on an all atom membrane composed of 70%/30%
dioleoylphosphatidylcholine (DOPC)/dioleoylphosphatidylserine (DOPS), all modeled with
the CHARMM 22 and 27 force fields [66,67]. It was found that a single N-BAR domain
(e.g., image (a-3) in Fig. 1) could bend a bilayer over atomic level timescales (i.e., about 40
ns), as shown in image AMPH (a-1) of Fig. 1, where the single amphiphysin N-BAR locally
sculpts the membrane. Further studies [20] explored the role of amphipathic helix insertion,
and similar studies by others [22] were able to reproduce this key atomic level result.

More studies of endophilin N-BAR domains have shown that endophilin’s additional helix
(called the insert helix) under the main arch of the BAR can modulate and significantly
affect the degree of membrane bending [21]. The additional insert helices allow endophilin
to induce larger curvatures compared to an amphiphysin N-BAR via a somewhat different
binding mechanism [68], and in vitro, the tubulated structures generated via endophilin N-
BAR domains generally are smaller in diameter than those generated by amphiphysin N-
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BAR domains [23]. When the additional insert helix is parallel to the other two amphipathic
helices and perpendicular to the main axis of the BAR in the MD simulations, the induced
curvature is found the largest, and almost as large as the local curvature induced by
amphiphysin; a simulation snapshot is shown in image ENDO (a-1) of Fig. 1. The fact that
the local curvature generated by a single endophilin N-BAR is slightly less than with
amphiphysin, while at the mesoscopic level the ENDO tubules have a greater curvature,
points to the importance of a collective interaction and perhaps oligomerization associated
with the N-BAR domains in actual tubulated structures. Interestingly, the smallest curvature
was found when the insert helix was 45 degrees to the long axis, and was in fact less than
that observed with a computational mutant where the insert helix was removed. This result,
that the orientation of the amphipathic helix insertion can have such a large effect on the
magnitude of the induced membrane curvature, again points to amphipathic helix insertion
as a key driving mechanism for membrane remodeling by N-BAR domains. Further work at
the CG and mesoscopic level is required, along with close collaboration with experiment
(e.g., electron paramagnetic resonance (EPR) spectroscopy [69-71]).

3.2 Coarse-grained Simulation

Systematically connecting the atomic level with the CG scale (i.e., path (1) in Fig. 1) can be
accomplished via the MS-CG methodology [24,57-61,72—-77] which gives a framework
whereby CG force fields can be formally constructed from underlying atomic level MD
simulation. The variational aspect of the approach guarantees that MS-CG will give the
optimum force field compared to the exact force field as predicted from the CG potential of
mean force (PMF) [60,61,72,73], for a particular choice of CG basis set, and the given MD
data.

MS-CG has been applied to a wide variety of complex biomolecular systems including
lipids and lipid mixtures [57,58,76], solvent free lipid bilayers [77], monosaccarides [78],
peptides [79,80], and mixed resolution all-atom proteins and CG lipids [81]. Most notably,
the ability of MS-CG to formally remove the surrounding solvent to give a solvent-free
model [82,83] significantly extends the accessible time and length-scales of the simulation.

When combined with highly reduced analytic models for lipids (e.g., a single site ellipsoid
of revolution using the Gay-Berne liquid crystal model [84,85], or perhaps even the shape
based approach proposed recently for lipids [22]), MS-CG can “decorate” the analytic model
force field with atomically obtained information (the so called Hybrid Analytic-Systematic
(HAS) approach as shown in image (b-2) of Fig. 1). HAS has been employed to simulate a
200 nm diameter liposome composed of over half a million CG sites [53] over timescales
such that the fast wavelength undulations could be sampled. The overall CG simulation
approach can further be extended via fluctuation matching [63] and Essential Dynamics
Coarse-graining (ED-CG)[86] to provide a Heterogenous Elastic Network protein model
(HeteroENM) [56] of the membrane proteins such as the N-BAR domain (denoted an ED-
BAR, shown in image (b-3) of Fig. 1).

It should be noted that other recent CG simulations of N-BAR domain induced membrane
remodeling [22,62] have employed both high-resolution [87-89], and low-resolution shape-
based CG schemes [90] (resolved at about 150 atoms per CG site). These CG simulations
were able to examine different spatial arrangements N-BAR domains on rectangular
membrane slabs. This particular CG approach is much more advanced than that employed in
Ref. [40], but still operates well below typical liposome length-scales [5]. A challenge for
any CG simulation is to connect critical CG interactions (e.g., the N-BAR to membrane
interactions) to those as evaluated in the fully atomic system. The approach taken in Refs.
[22,62] assumed a dielectric constant of 1 in the interfacial region between the N-BAR and
membrane, and as such the driving force for the membrane remodeling process at the CG
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scale was largely predetermined in the CG model to arise from electrostatic effects, rather
than by amphipathic helix insertion [16]. Yet, a close analysis of the MD data [19] indicates
that, indeed, there is a non-negligible amount of water in between the N-BAR and
membrane, and therefore, the interaction between the positive residues of the N-BAR and
the negatively charged headgroups should reflect this solvent screened environment. With
the ED-BAR model [54], the N-BAR-membrane interaction strength was estimated from the
PMF obtained from MD data between the charged lipid headgroups and N-BAR residues
under the dimer arch. From this analysis, the interaction strength was found to be too weak
for N-BARs to strongly bind to the membrane via screened electrostatics alone; rather, it
was the amphipathic helices that “dig in” to the lower density regions of the outer membrane
leaflet (as shown in image (b-4) of Fig. 1 which depicts a close-up view of the CG
remodeling of the membrane with over 2000 ED-BARS [54]). In this case, the remodeling is
primarily driven by the CG representations of the amphipathic helices of the ED-BAR,
shown in image (b-3) of Fig. 1. These results overall reflect both the subtle aspects of the
CG simulation as well as the challenges inherent in obtaining a physically accurate picture at
the CG scale.

3.3 Mesoscopic and field-based approaches

Mesoscopic simulation utilizes collective variables to model essential properties of the
system at length-scales beyond the resolution of the individual molecules or even the CG
models. Our approach employs a discretized “quasiparticle” model [48-52] that is designed
to give, under certain deformations, an approximate discrete solution to a corresponding
continuum elastic membrane bending model [32-36]. This discrete mesoscopic quasiparticle
approach, denoted the Elastic Membrane version 2 (EM2) model [49] can be extended to
give a discrete representation of the anisotropic inclusion model [51,52], and when
additional composition fields [48] designed to model both lipid composition and N-BAR
density are included [52], a unified mesoscopic model for large length-scale N-BAR induced
membrane remodeling is achieved. The underlying equations are quite involved and the
reader is pointed to Refs. [48-52] for a more complete description.

An important feature in this computational methodology was the incorporation of the
anisotropy associated with N-BAR domain remodeling. N-BAR domains tend to bend
membranes along certain directions due to their elongated shape [19,20], and as noted in
Sec. 2 a modified reference continuum elastic membrane model should be employed [33-
36] as N-BAR domain binding can break the rotational symmetry implied by the original
Helfrich model [32]. The anisotropic inclusion model proposed in Refs. [33-36] requires
both a mean and deviatoric energetic contribution, where the deviatoric contribution is not a
topological invariant as with the Gaussian modulus that appears in the Helfrich model [36].

The mesoscopic simulations have initially employed a 500 nm in diameter liposome, over
twice the diameter of that used at the CG scale as in image (b-1) of Fig. 1. An anisotropic N-
BAR density field was then allowed to anneal on the surface of the liposome, and the
underlying EM2 membrane, augmented with a spatially varying lipid composition and N-
BAR density, then was coupled with the resulting anisotropic N-BAR curvature fields. The
final simulation results can be seen in images (c-1) and (c-2) in Fig. 1 and are compared to
the EM image (d) (provided by V. Unger). A close inspection of the two simulation
snapshots reveals small white regions (especially in image (c-1)), where the white regions
correspond to regions with a depleted N-BAR density. The striations in the tubulated
structures correspond to the anisotropic N-BAR oligomerization fields which give the
average directionality of adsorbed N-BARs on the membrane surface. The tubulated
structure in image (c-2) has an additional energy term included in the model which accounts
for the explicit oligomerization of N-BARs as has been observed experimentally with F-
BARS [10]. As a result, the striations and N-BAR density are more defined than in image
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(c-1). It should be noted that the resulting diameter of the tubulated structures quantitatively
matches the experimental measurements. The experimental EM image (d) contains a wide
variety of possible structures; this behavior is generated in the simulations by small
variations in, for example, the oligomerization strength, whose magnitude could depend
locally on details of the membrane composition and even the local coupling to the
membrane.

As alluded to in Sec. 2, the end goal of the overall multiscale simulation effort is to modify
path (2) in Fig. 1 to include path (1) and path (3). In this way, information obtained at the
CG level can be used to define, for example, the oligomerization strength of the mesoscopic
model, analogous in spirit to the MS-CG methodology used to derive the CG model from its
corresponding atomic level representation. Work to complete this overall approach is
currently underway.

Conclusions

This review has highlighted the role of multiscale simulation in understanding the process of
protein mediated membrane remodeling. Multiscale approaches should be considered if
protein mediated membrane bending is to be examined such that meaningful connections
with experiment can be made. This review has focused on a “bottom-up” multiscale
approach, where key properties at a higher scale can be systematically derived from the
behavior at lower scales. Arguably, such a bottom-up approach might be framed as a key
defining difference between multiscale “simulation” and “modeling”. The end goal of the
former is to start with molecular scale interactions, systematically propagate them upward in
scale to predict phenomena that were not known in advance. With the proper combination of
all-atom MD, CG simulation, and mesoscopic approaches, it is conceivable that the entire
endocytotic pathway may eventually be studied within a multiscale simulation framework.
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Figure 1.

A schematic of the multiscale characteristics of protein mediated membrane remodeling.
Images (a-1) to (a-3), (b-1) to (b-4), and then (c-1) and (c-2) give simulation snapshots of N-
BAR domain driven membrane remodeling at the atomic, CG, and mesoscopic scales,
respectively. The colored arrows designate different multiscale paths where by the
simulations can ultimately connect with EM imaging (EM image (d) of amphiphysin
tubulation courtesy of V. Unger). Path (1) connects image (a-1), the atomic level, with (b-1)
the CG scale. In this path, lipids (a-2) and proteins (a-3) are systematically coarse-grained
into much simpler objects (b-2) and (b-3), but still retain residual atomic-level information.
An entire 200 nm diameter liposome composed of around half a million CG lipids
undergoing the early stages of remodeling is shown in image (b-1). Path (2) directly
connects the atomic with the mesoscopic scale, and is a methodology sometimes employed.
This path requires fairly extensive phenomenological information. However, as path (2)
connects to image (c-1) and (c-2), the mesoscopic representation, liposome remodeling of
500 nm diameter liposomes can be described over effectively very long (macroscopic)
timescales. It is at this end point that direct comparisons with EM imaging can be achieved
(image d). The two different mesoscopic images, (c-1) and (c-2), give an indication of the
polymorphism of structures that can be generated depending on relatively small variations in
the N-BAR oligomerization energy, and when compared to the ensemble of real
experimental images that can occur in image (d), further demonstrates how complex the
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protein-mediated membrane remodeling process can be. The multiscale path (3) connects
the atomistic scale to the mesoscopic scale via an intermediate CG simulation scale. Here,
long length-scale correlations of entire N-BAR domains (as in image (b-1)) systematically
guide the development of mesoscopic models that then do not have to rely on
phenomenological information. The lower inset, image (b-4) shows a close-up cut-away of
image (b-1), the CG scale, where the membrane is becoming remodeled by CG N-BAR
domains embedding amphipathic helices into the low density regions of the outer CG
bilayer.
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