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New Insights into BAR Domain-Induced Membrane Remodeling
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ABSTRACT Mesoscopic simulations and electron microscopy of N-BAR domain-induced liposome remodeling are used to
characterize the process of liposome tubulation and vesiculation. The overall process of membrane remodeling is found to
involve complex couplings among the N-BAR protein density, the degree of N-BAR oligomerization, and the membrane density.
A comparison of complex remodeled liposome structures from mesoscopic simulations with those measured by electron micros-
copy experiments suggests that the process of membrane remodeling can be described via an appropriate mesoscopic free
energy framework. Liposome remodeling more representative of F-BAR domains is also presented within the mesoscopic simu-

lation framework.

INTRODUCTION

The membrane remodeling capacity of the Bin/amphiphysin/
Rvs (BAR) protein domain (1-11), a crescent-shaped homo-
dimer with a number of highly conserved, positively charged
residues on its concave surface, is believed to involve both the
molecular structure (2,3) and charge distribution (4) of the
BAR domain. This domain preferentially binds to regions
of specific membrane curvature in negatively charged mem-
branes and has been proposed to act as a curvature sensor
in vivo (1,3). In vitro, N-BAR domains (a BAR domain
plus an N-terminal amphipathic helix) can remodel liposomes
into narrow tubules (3,5,8). Theoretical studies predict that
N-terminal amphipathic helices alone can bend membranes
(12), a result that had been previously shown by large-scale
molecular dynamics (MD) simulations (10). Experimentally,
however, there is still debate (13) on this issue.

It is possible that N-BAR domains sense curvature via
density variations on the membrane surface (14), in that
the N-terminal amphipathic helices seek out low-density
regions of the outer bilayer leaflet, which facilitate partial
helix insertion into the bilayer leaflet. Membrane bending
is highly correlated with outer leaflet dilation, as well as
inner leaflet compression, and thus the curvature sensing
ability of N-BAR domains could be more of a result of helix
insertion being facilitated by transient low density regions of
the outer bilayer leaflet (e.g., from membrane undulations
and other distortions).

Liposome remodeling has also been found to be dependent
on the bulk concentration of N-BARs in the surrounding
solvent (1), deforming liposomes into buds at low N-BAR
concentrations, tubules at intermediate concentrations, and
small vesicles at high concentrations (1). This result sug-
gests that under some conditions liposome remodeling may
involve the collective organization of many N-BAR proteins,
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similar to that observed in coarse-grained simulations of
membrane remodeling by protein inclusions (15).

Tubulation of liposomes has also been observed with
F-BAR domains (EFC Extended FCH) (5-7), where the
tubulated structures can possess a structured F-BAR coat
(6). However, the diameter of the F-BAR coated tubules
was almost three times that observed with N-BARs. It was
also observed that F-BARs can form small clusters on
membrane surfaces, further indicating that a collective olig-
omerization (6) (i.e., the ensemble effect) is possible. F-BAR
binding and remodeling occurs in two distinct stages where
F-BAR oligomerization is required for tubulation to proceed.
It is reasonable to propose that, at least under certain condi-
tions, a similar mechanism may exist for N-BARs, where
striations on tubules have been observed (8). To keep the ter-
minology clear, from this point forward, the term ‘“domain”’
will be dropped when referring to the BAR protein dimer;
instead, only the term “BAR”, or “BARs”, will be used.
When appropriate, the term BAR alone will refer to both
N-BARs and F-BARs.

Electron microscopy (EM) is a valuable tool to investigate
membrane remodeling processes on a molecular level
(1-8,16), as EM is presently the only technique that can image
membrane-binding proteins in their native environment. EM
has helped to identify membrane-modulating domains of
various proteins, e.g., dynamin (17) and the BAR-domain
family proteins. These proteins sometimes assemble in a
highly ordered fashion, causing liposomes to form membrane
tubules. Frost et al. exploited this property to reconstruct cryo
electron micrographs of the F-BAR domain of FBP 17 bound
to the membrane bilayer (6). The F-BAR domain forms
helical oligomers on the surface of membranes, which is
a crucial ability for this domain to modulate membranes as
discussed earlier. Impairment of the self-assembly through
point mutations impairs tubule formation (6). Yet, it remains
to be seen whether this property holds true for all BAR
proteins or if it is different for each subfamily.
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Explaining N-BAR remodeling from a theoretical view-
point requires, at a minimum, incorporating the anisotropic
nature of the BAR domain into the model. BARs will prefer-
entially bend membranes along certain directions (9,10). The
observed striations on tubules (8), along with results from MD
and CG simulation (9,10,18), indicate that N-BARs bend
membranes most strongly in a direction almost (but not quite)
along the long axis of the BAR. When strongly oligomerized,
entire mesoscopic regions of a membrane can be sculpted
along a direction associated with the oligomer structure (11).

Theoretically, the problem of anisotropic inclusions in
membranes has received relatively little attention (19-22).
Distinct from isotropic membrane inclusions that can result
in an isotropic spontaneous curvature, anisotropic inclusions
couple to membrane curvature depending on their relative
orientation to the membrane. This effect was first proposed
by Fischer (19), and subsequent models were developed
and analyzed (20-22). The resulting membrane model for
anisotropic inclusions is different from the original Helfrich
model (23), which was based on rotational invariance. The
model for anisotropic inclusions contains both a mean and
deviatoric contribution to the energy, and both must be con-
sidered. The deviatoric contribution is not a topological
invariant as with the Gaussian modulus that appears in the
Helfrich model (22) and, as such, the traditional Helfrich
model cannot be applied directly.

We have developed a discrete mesoscopic quasiparticle
approach, denoted the elastic membrane version 2 (EM2)
model (24), that was originally designed to give a discrete
representation of a Helfrich model for membrane bending
(23) under certain deformations. The quasiparticles are not
directly related to molecules, but are more abstracted objects
having length scales at ~5—10 nm. BAR remodeling phe-
nomena can also be examined using EM2 (11), where
explicit N-BARs interacting with the membrane surface are
modeled via an additional spontaneous curvature which
captures the average behavior of collections of N-BARs in-
teracting with the membrane. We have further developed
quasiparticle methodologies to model membrane composi-
tion superimposed on discrete membrane models (25,26),
where the discrete membrane plays a dual role both in
defining the surface of the membrane as well as acting as
the computational template on which to evaluate the locally
varying membrane composition using, for example, a Landau
model for the composition (27,28). If a mesoscopic solvent is
included (24), this approach can be further extended to
model solute (e.g., BAR) density variations in the sur-
rounding media.

In our previous work, the spontaneous curvature field
arising from the locally averaged effect of the BAR domains
on the membrane could be isotropic or anisotropic (11). The
formulation with the anisotropic spontaneous curvature was
able to locally bend a membrane along a specific direction
depending on the directionality of the field, exactly as that
studied theoretically (19-22). It was observed that vesicula-
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tion at high densities only occurred when the isotropic
spontaneous curvature model was used (corresponding to
isotropic arrangements of N-BARs), whereas tubulation
required anisotropic spontaneous curvatures (corresponding
to some degree of average alignment of N-BARs) (11).
However, the requirement for two distinct models suggested
that a further refinement of the approach was required to
describe the full range of membrane remodeling with a single
underlying model. The original work also imposed a constant
N-BAR density on the bilayer, did not allow for a locally
varying lipid composition, and the membrane bending
modulus was taken to be constant.

A more refined mesoscopic model should allow for
a spatially varying N-BAR density (reflecting local varia-
tions in N-BAR density in the solvent and on the membrane
surface), as well as a spatially varying lipid composition. An
important consequence of N-BAR binding is a preferred
local coordinate frame on the membrane and the more
refined model includes the effect of N-BARs both explicitly
through the deviatoric contribution and implicitly by allow-
ing the spontaneous curvature to depend on N-BAR density
(11). This article will therefore examine N-BAR mediated
liposome remodeling by combining our generalized EM2
membrane model (11) with a spatially varying N-BAR and
membrane composition (25,26). Both N-BARs and the
larger F-BARs will be considered. Importantly, a direct com-
parison with recent electron microscopy experiments will
also be given. The next section will highlight the discrete
mesoscopic model and provide details of the electron mi-
croscopy experiments. The simulation results, and a compar-
ison with electron microscopy experiments, will then follow.

METHODS
Discrete mesoscopic model

In our previous work (11,24-26), a continuum membrane model was subse-
quently discretized into quasiparticles to provide a more computationally
flexible and efficient approach. Here, the discrete form will be used from
the outset to highlight key components of the generalized anisotropic
EM2 membrane model. It can be shown using a similar analysis as was
previously used (24) that when the N-BAR density is constant on the
membrane surface, the discrete EM2 model with an anisotropic spontaneous
curvature maps over to the anisotropic inclusion model proposed in the liter-
ature (19-22). Specific mathematical details of the model are provided in the
Appendices.

The full mesoscopic system consists of a discrete EM2 membrane consist-
ing of N quasiparticles immersed in Ng solvent quasiparticles. The total
number of quasiparticles in the system is Ng = Ng + N. With the anisotropic
spontaneous curvature model, each EM2 quasiparticle contains an in-plane
n" vector that gives the local directionality of the spontaneous curvature,
along with a membrane normal vector, €. Superimposed only on the
EM2 membrane is an additional membrane composition variable, ¢y, that
models the local net negative lipid charge density in the membrane. This
component of the model is motivated by experimental evidence that the
positively charged arch of the BAR interacts with negatively charged lipids
(1,4) and thus incorporates the effect of, for example, protein-mediated lipid
sequesterization (4,29-31) into the mesoscopic model. Other more compli-
cated composition variables could, in principle, also be incorporated. The
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TABLE 1 Physical description of the different terms in the

mesoscopic model, Eq. 1

Term Free energy component contribution

Hg Free energy cost arising from a spatially varying BAR density,
given by ¢g.

Hgvmp  Elastic (i.e., quadratic) membrane bending free energy.

Hy Free energy cost of variations in the membrane lipid

composition, given by ¢y

Hsm Free energy contribution arising from the coupling
of the BAR density and membrane lipid composition
(i.e., ¢p and ¢y, respectively).

Ho Explicit oligomerization free energy. Accounts for the possibility
that BARs may oligomerize in the process of membrane
tubulation and is motivated by the experimental observation of
striations on amphiphysin N-BAR (8) and F-BAR tubules (6).

solvent is modeled with smooth particle applied mechanics (SPAM)
(32-35), as previously done to model flagellar filaments (36). Superimposed
on both the mesoscopic solvent and EM2 membrane is an additional N-BAR
density variable ¢g, which describes local enhancements or depletions of
N-BAR density in both the surrounding solvent and on the liposome surface.

The total free energy of the discrete N-BAR/membrane system is given by

H = Hs + Hgmy + Hy + Hsm + Ho, (D

where the discrete energy, H, originates from a continuum level free energy
difference model, and thus each term in Eq. 1 can be related to a specific free
energy component of the system. The physical significance of each term in
Eq. 1 is summarized in Table 1 and discussed in the Appendices. Specific
values of various coefficients that appear in each of the terms are given in
Table S1 in the Supporting Material. Both ¢ and ¢y evolve as the
membrane structure remodels, using a SPAM (32-35) discretized version
of Landau-Ginzburg dynamics (25,26,37-39). As such, both Hg and Hy
in Eq. 1 are discrete versions of Landau models for the N-BAR density
(27,28) and membrane composition (25,26).

A number of new features are also included in this model, and these are:

1. The membrane bending modulus increases with increasing BAR density
on the liposome surface as one would expect physically.
2. The magnitude of the spontaneous curvature increases with BAR density.

Local curvature direction
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3. BAR binding on the membrane can occur via two different mechanisms,
denoted as intrinsic curvature coupling (IC), and composition coupling
(CC). IC causes N-BAR density to accumulate on the membrane in
regions where the local curvature of the membrane matches the local
anisotropic spontaneous curvature that is generated by the BAR density.
This type of curvature coupling is related to differing interaction propen-
sities for the N-BAR amphipathic helices with the membrane surface.
Indeed, this curvature-sensing property can also be interpreted as density
coupling (14) within the EM2 model. The bending energy of the EM2
membrane arises from the interaction between membrane normal vectors,
Q; however, this energy can also be generated via two effective mem-
brane sheets separated by a membrane thickness, & (40,41), where,
upon bending, the outer leaflet dilates, whereas the inner one compresses.
Furthermore, it can be shown that changes in the local mean curvature in
the EM2 membrane are proportional to inverse density changes in the
effective outer leaflet of the membrane. This point is elaborated further
in Appendix A. CC causes N-BAR density to accumulate in regions
with a high negative lipid charge density, and is motivated by the concept
of protein-induced electrostatic lipid sequestration (4,29-31). Combina-
tions of IC and CC are also obviously possible. The type of coupling,
either IC or CC, will determine the functional form used for Hs y; this
is further discussed in Appendix B.

4. The local spontaneous curvature is related to the bulk density of N-BARs
through the spontaneous curvature magnitude, denoted Cy. It has a
maximum value of Cy 4 gar, @ = N, F, which is the maximum possible
membrane curvature for a specific (N or F) BAR/membrane system at the
molecular scale. In the case where & = N, Con-par is found from MD
simulations of single N-BAR remodeling (9,10). When a = F, Co p.gar
is obtained in this article from experimental observations (5,7) but could
also be obtained from MD simulations.

The general behavior of the present mesoscopic model can be demon-
strated by examining the remodeling of a square patch of EM2 membrane.
Fig. 1 a depicts a snapshot of an atomistically detailed, putative N-BAR olig-
omer structure that is similar to one proposed recently (18) but is of a larger
lengthscale. The yellow arrow designates the direction of the anisotropic
spontaneous curvature induced by the oligomerized N-BAR protein coat.
Fig. 1 b demonstrates how the effect of the oligomerized protein is incorpo-
rated into the EM2 model. An initially flat square patch of EM2 membrane
(with dimensions roughly 250 nm?) is prepared with a constant N-BAR
density and membrane composition. A corresponding anisotropic sponta-
neous curvature field as in Fig. 1 a is superimposed and is also shown by

FIGURE 1 (a) Snapshot of a putative N-BAR oligomer-
ization structure on an atomistic membrane. (b) Square slab
of EM2 membrane, 250 nm? in area, and is prepared with
a constant N-BAR density and membrane composition.
Panels b-1-6 follow the membrane through the remodeling
process. The arrows designate the local spontaneous
curvature directions; the intersecting lines show the local
curvature directions on the EM2 membrane.



BAR Domain-Induced Membrane Remodeling

the yellow arrows in Fig. 1 b-1. The lines on the membrane are the in-plane
EM2 n" vectors that designate the local direction of the anisotropic sponta-
neous curvature (see Appendix A). If image in Fig. 1 a is overlaid onto Fig. 1
b-2, it can be seen that the EM2 n” vectors describe the average orientational
arrangement of an array of well-aligned N-BARs on the membrane surface.

From the initial conditions Fig. 1 b-1, the membrane immediately begins
to curl (Fig. 1 b-2) and rolls up (Fig. 1 b-3). In Fig. 1, b-4—b-6, the initially
flat membrane remodels into a tubule, where the curvature fields wrap
around the center of the tubule and are more isotropically arranged at the
ends. The closed tubule ends are generated by an isotropic spontaneous
curvature, which the EM2 model can generate via an isotropic arrangement
of EM2 n" curvature field vectors.

Electron microscopy

Electron microscopy (EM) is an important experimental technique that can
image remodeling membrane structures in vitro (1-8,16). The early reticula-
tion stage of remodeling, where the liposome is initially perforated and
tubulated, is examined and the resulting EM images are then compared
with the outcomes of the mesoscopic simulation. It should be noted that at
least in terms of the early reticulated structures, as long as the membrane
composition was kept constant, very similar results were obtained whether
endophilin or amphiphysin N-BARs were used. As such, results from
both systems will be compared with the mesoscopic simulation results.
Some experimental details are given below.

Protein purification

cDNA fragments encoding rat endophilin A1 (1-247) and rat amphiphysin
(1-247) were subcloned into pGEX6P-1 (Amersham Biosciences, Piscat-
away, NJ) via polymerase chain reaction. Fusion proteins were bacterially
expressed and purified first on a GST-glutathione affinity column. The
GST tag was cleaved, followed by gel filtration chromatography in buffer.
Aliquots of 5 mg/mL (endophilin NBAR) protein and 2 mg/mL (amphiphy-
sin 1 N-BAR) were stored at —80°C.

Liposome preparation and tubulation in vitro

For all experiments, synthetic lipids were used (Avanti, Alabaster, AL). For
the tubulation experiments, two lipid mixtures (w/w) were prepared: 80%
DOPS, 20% DOPC (endophilin N-BAR) and 75% DOPS, 25% DOPE,
5% Cholesterol (amphiphysin N-BAR). These mixtures were dried under
a stream of argon with gentle vortexing in glass vials, redissolved in absolute
hexane, dried with argon again, and desiccated under high-vacuum for 1 h.
Lipids were then hydrated with buffer (50 mM K-glutamate,10 mM
Tris/HCI 1 mM EGTA, pH 7.5) and sonicated and used immediately or
stored in aliquots at —80°C. Liposomes (0.1-0.25 mg/mL) were equilibrated
at room temperature before adding the protein at a lipid/protein ratio (w/w)
of 1.4:1 (endophilin N-BAR) or 1:1 (amphiphysin N-BAR).

Electron microscopy imaging

The tubulation reaction was screened using 1% uranyl acetate-stained
samples and a Tecnai 12 microscope (Philips, FEI, Eindhoven, The
Netherlands) operating at 120 kV.

RESULTS AND DISCUSSION

Tubulation and vesiculation in N-BAR mediated
membrane remodeling

Experimentally it is observed that N-BARs can tubulate lipo-
somes at low/moderate N-BAR concentration, whereas
vesiculation is observed at high concentration (1). A series
of 200 ns in duration mesoscopic simulations were per-
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formed at 308 K on a 250-nm-diameter EM2 liposome to
examine this behavior (keeping in mind that the coarse-
grained simulation timescales reported here correlate with
much larger physical timescales). A snapshot of the initial
liposome is given in Fig. S1 in the Supporting Material.
The observed behavior over a range of spontaneous curva-
ture magnitudes, C, as well as IC and CC coupling strengths
was examined.

Fig. 2 a shows liposome tubulation and vesiculation with
IC. Recall that IC states that BAR domains bind onto regions
of the membrane with a specifically lowered effective outer
membrane leaflet density. Images 1-4 show that the tubula-
tion behavior in the IC model transitions over to vesiculated
structures at the highest value of C,. The average tubule
diameters from the simulation in images 2 and 3 are at
~25-33 nm, which agrees well with experimental findings
(1,6).

Fig. 2 b shows the final structures obtained from pure CC
whereas Fig. 2 ¢ gives results for a combined IC-CC, which
was obtained by summing and averaging Egs. 6 and 8. Recall
that CC is electrostatically motivated, i.e., N-BARs bind onto
regions of the membrane with enhanced negative charge.

A standard mean curvature coupling model (denoted
HC) (25,26) was also explored and the results are shown
in Fig. 2 d. With HC, N-BAR density was drawn to regions
of the membrane with higher mean curvatures, regardless of
the ideal intrinsic curvature for a particular N-BAR system.

Pure CC resulted in tubulation over a range of coupling
strengths (i.e., as shown by images 1-3 in Fig. 2 b). When
IC and CC were combined (Fig. 2 c), the resulting structures
exhibited both interconnected motifs, single tubules, and
some vesiculated structures. The tubulated structures under
HC are shown in Fig. 2 d, and tend to exhibit octopus-like
structures, with tentacles emanating from bodies that corre-
spond to regions of low curvature acting as connecting or
bridging regions of high curvature. By comparing with
experimental EM images as is done in the next section, it
becomes possible to better determine which of these
membrane-remodeling mechanisms is likely to be most
important.

N-BAR tubulation: mesoscopic simulation
and electron microscopy

A comparison between remodeled structures obtained from
mesoscopic simulations of an initial 500-nm-diameter lipo-
some (under IC and with C, = 0.08 nm™ ') with electron
micrographs was carried out. In addition to IC, the effect of
the explicit oligomerization energy, Hp, with an interaction
strength, Ao, was explored. Again, the explicit oligomeriza-
tion energy models the direct oligomerization of N-BARs
via their N-terminal helices, and is motivated by the observa-
tion of distinct striations on tubule structures (6,8).

In Fig. 3, the blue and white images are depicted at the
same length scale as the electron micrographs, whereas the
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FIGURE 2 Tubulation and vesiculation of an EM2 liposome. The N-BAR
spontaneous curvature magnitude is given in the far left column, starting
from Co = 0.09 nm™', then Co = 0.10 nm™', Co = 0.11 nm™', and
Co = 0.15 nm™~". Panel a employs IC, panel b employs CC, panel ¢ uses
a combined 50:50 superposition of IC and CC, and panel d is for HC.

smaller pink/amber images are shown at a smaller length
scale to save space. Fig. 3 a shows a weak-reticular remod-
eled liposome that was obtained with Ag = 0. Strongly tubu-
lated regions exhibit a distinct striation pattern from the EM2
curvature fields, suggesting a highly ordered and dense
region of N-BARs. When correlated with the low effective
outer leaflet membrane density as shown in the correspond-
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ing pink region of the smaller liposome image on the left, the
overall picture is one where highly ordered, high density
NBAR striations are coupled with low density regions of
the outer membrane leaflet. The electron micrograph in
Fig. 3 a shows a similar structure, where the striated tubules
are bridged by less ordered regions.

When the oligomerization energy was increased to Ag =
5 amu (nm/ps)2 (~2 kgT), amore ordered and tubulated struc-
ture was obtained in Fig. 3 b. The reticular structures shown in
the yellow box in the simulation result and in the electron
micrograph are surprisingly similar in terms of both tubule
diameter and the structure of the holes. The simulation results
suggest that the N-BAR oligomerization is also highly corre-
lated with the N-BAR and membrane outer leaflet density.

The final image in Fig. 3 ¢ shows results for a solvent-free
tubulation simulation with Ag = 10 amu (nm/ps)2 that was
simulated for >2000 ns. The solvent-free simulation used
the adsorbed N-BAR density found from a fully solvated
200-ns simulation to save computer time. The membrane
composition, however, continued to evolve on the membrane
surface in this simulation. The slow annealing of the reticular
structures, seen in the images in Fig. 3, @ and b, indicates that
with even longer simulations this system could tubulate into
distinct strands. Both low and high N-BAR density regimes
are still observed, and the oligomerization pattern is highly
correlated with the membrane outer leaflet density. The
low-density N-BAR regions seem to exist where the tubules
unfold into a more open structure. A strikingly similar
behavior is observed in the experimental EM images.

The overall combination of the mesoscopic simulation and
experimental EM images suggests that the degree of N-BAR
oligomerization, as well as the annealing of the tubulation
process, can result in a wide array of remodeled structures.
It should be noted that the electron micrograph in Fig. 3 ¢
was obtained with amphiphysin N-BAR domains, whereas
the others were obtained with endophilin N-BAR domains.
The reticulated and webbed EM results exhibit morphologies
that are typical of those observed under various experimental
conditions and are representative of liposomes at different
stages of remodeling. They also clearly mirror the simulation
results under similar conditions. Experimentally, conditions
that result in the reticulated structures for both systems
are quite similar (e.g., the lipid/protein ratio (w/w) is 1.4:1
for the endophilin N-BAR vs. 1:1 for the amphiphysin
N-BAR). The present EM2 model with a spatially varying
N-BAR composition cannot, however, readily detect the
small differences in amphiphysin and endophilin remodel-
ing, so a more refined approach that can incorporate finer
oligomerization features and BAR binding details will be a
target of future research.

Mesoscopic simulation of F-BARS

F-BARs can remodel membranes into large tubules with
diameters in the range of 57-85 nm in vitro, almost three
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times that of N-BARs (5,6). In contrast to N-BARs, distinct
membrane binding and remodeling stages are observed,
where F-BARs oligomerize into a highly ordered protein
coat around the membrane (6). This result suggests that an
additional underlying coupling may be present.

As before, the key parameter in the mesoscopic model is
the spontaneous curvature magnitude, C,, based here on
experimental observations of the curvature of a single
F-BAR (5,7) along with the tightly packed F-BAR oligomer
coats recently observed (6). Values in the range of Cy =
0.034 nm~" were used, corresponding to the spontaneous
curvature magnitude generated by a tightly packed coat of
F-BARs on the liposome surface.

Several values of the parameters Cy and Ao were tested
under various IC and CC coupling strengths. Strong lipo-
some tubulation was not observed until the oligomerization
strength was sufficient. Fig. 4 shows the end result of a final
solvent-free simulation of an F-BAR coated liposome with
an initial diameter of 500 nm (following the same protocol
that was previously used). The average diameter of the tubu-
lated structure was at ~69 nm, in agreement with the range of
experimentally measured tubule diameters (6).

It should be noted that in the absence of the oligomeriza-
tion energy in Eq. 11, the tubulation process was drastically
inhibited. N-BARs generate a strong anisotropic sponta-
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FIGURE 3 A comparison of structures obtained from
simulation (left panel) and experimental electron micro-
graphs (right panel). The boxes select out similar structural
motifs found in both the simulations and experiment.
Density variations in the effective outer leaflet of the
EM2 membrane are shown in the smaller images (pink/
amber online); where the pink regions have a lower outer
bilayer leaflet lipid density. The N-BAR oligomerization
fields as given by the EM2 n' vectors are shown in the
larger images (blue-white online); darker regions have
a relatively larger N-BAR density. In panels a—c, IC was
used and the oligomerization strength, Ao, was varied as
in Eq. 11. Image ¢ was obtained by removing the meso-
scopic solvent after 200 ns of mesoscopic simulation and
continuing the simulation in a solvent-free mode. The elec-
tron micrographs in panels @ and b correspond to endophi-
lin whereas panel ¢ is amphiphysin N-BARs. Virtually
indistinguishable tubule diameters were found for both
systems.

neous local curvature that can, by itself, indirectly facilitate
the recruitment of additional N-BAR density to generate
tubulation. However, the F-BARs, due to their larger size
and much smaller intrinsic curvature, require an additional
energetic contribution in the form of an oligomerization
energy in order for tubulation to proceed, in agreement
with experimental observations (6).

SUMMARY AND CONCLUSIONS

Membrane remodeling is driven by the coupling between the
N-BAR density, oligomerization, and membrane curvature
(density). When all the components can interact, both tubu-
lation and vesiculation can be observed. At a moderate
N-BAR density, organized domains of highly ordered
N-BARs can develop on the liposome surface and then tubu-
late in a coordinated fashion, where regions with low N-BAR
density can act as remodeling buffer zones. At high N-BAR
densities, the domains remodel before they can organize; the
liposome is vesiculated, and the resulting structures stabilize
as best they can.

A comparison with experimental EM images indicates that
certain forms of the EM2 model can reasonably describe at
least the early stages of remodeling (i.e., reticular structures).
The inclusion of an explicit oligomerization energy,

Biophysical Journal 97(6) 1616—1625
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FIGURE 4 Final F-BAR tubulation structure from the EM2 model based
on Eqgs. 1 and 11, with parameters chosen for F-BARs. An initial 500-nm-
diameter liposome was used.

motivated by the observation of higher order organization
visualized by distinct striations on real tubules, further
captures some of the observed structural motifs found in
the electron micrographs.

This mesoscopic model was also extended to examine
membrane remodeling by other BARs, namely F-BARs. It
was found that an additional oligomerization energy was
required to enable remodeling in this case, supporting the
idea that with F-BARs, distinct binding and remodeling
mechanisms exist.

APPENDIX A: DISCRETE EM2 MODEL MEMBRANE

A more complete description of the EM2 model can be found elsewhere
(11,24); here some important points are highlighted. The EM2 membrane
consists of pairwise interacting EM2 quasiparticles separated by a distance
rij = |ry| = |ri-rj| as shown graphically in Fig. S2, a and b. Each quasipar-
ticle has two unit vectors—a membrane normal vector, €,, and an orthog-
onal in-plane vector, nl, a = i, j. The small angle between the two normal
vectors is Q; ® Q; = cos(66;). The energy of the EM2 membrane composed
of N quasiparticles relative to a flat reference state is given by

1 N
Hoe =5 > Au, )
i=1 j=#i
Tij <rc
where the pair interaction between quasiparticles, Au;;, is given by
o 4kc (¢B,ia d)B,j)
pAN c,i

Au

ij

601' 2
(,,J — Cojij(Pg.i» Pn,» Tijs n/, nJT)) )
ij
3)

The forms of Eqgs. 2 and 3 are the same as was previously used (11) except
that here the bending modulus k. of the membrane, as well as the anisotropic
spontaneous curvature between i and j, Cojj, is dependent on the local
N-BAR density for the pair of quasiparticles, ¢, ¢p; (see Appendix B).
In Eq. 3, pa is the initial area density of the membrane and in practice,
N¢;, is the average number of j quasiparticles found about an i quasiparticle
within the cutoff radius, r.. Referring to Fig. S2 a, 66;j/rj =
1/Ry = ¢jj océpij’- !, is the local curvature between the pair and 6ij1 is the
local pair density change of the effective outer leaflet of the EM2 membrane.
The spontaneous curvature between the pair of EM2 quasiparticles, Cojj,
depends not only on the local N-BAR density, but also on the local in-plane
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vectors 0/, an. The functional form for this interaction was previously given

in Ayton et al. (11) and is also given in Eq. 4 in the next Appendix.

APPENDIX B: COUPLING BAR DENSITY WITH
MEMBRANE COMPOSITION

The behavior of the composition variables is the following: The BAR
density field variable ¢p has a value ¢g = —1 in regions with the highest
BAR density relative to the bulk density and ¢g = 1 at the lowest. The
BAR density is explicitly included in both the discrete solvent as well as
on the EM2 membrane surface. Likewise, the membrane composition has
¢m = —1 in regions with an enhanced negative lipid charge density relative
to the average charge density over the membrane surface. Several important
features of the model are as follows:

Increased N-BAR density on the liposome surface
may enhance the rigidity of the membrane

This effect is included by modulating the bending modulus, k., of the
membrane with the BAR density. The following model is proposed: with
¢ = 1/2(¢pi+¢s, ), and ¢g;, ¢p; defined in Appendix A, the bending
modulus is k.(¢pp) = kco - nkco ¢B, Where k. is the bending modulus of
a pure membrane (10 kg7 was used and is reasonable for most DOPS/
DOPC lipid-containing membranes) and 7 was given a value of 0.5-2 for
¢ < 0 and was zero otherwise. Note that since ¢g < 0 corresponds to an
increase in N-BAR density, the bending modulus increases as more
N-BAR density is accumulated, as would be expected. The assumption
that the overall bending modulus is larger originates from the intrinsic stiff-
ness of the BAR protein and the fact that the structure of the membrane is not
compromised upon binding; however, there could be scenarios for other
proteins where the bending modulus could become less (e.g., protein-
induced membrane lysis). The bending modulus was assumed to not be
altered by variations in the lipid composition ¢y, although in principle it
could be. The underlying lipid mixture here is thought to mirror that typi-
cally used in experiment (1,4,6,31,42), and in that case, it is not clear how
relatively small local variations in the negative lipid density would alter
the bending modulus.

Increased local N-BAR density may increase the
local spontaneous curvature

The spontaneous curvature will locally increase if the local density of N-
BARs is enhanced. The spontaneous curvature between a pair of EM2 quasi-
particles i and j is thus expressed as

. Ir,.
Cojj (¢B,i7 ¢g js Tijs n;rv nJT) = Co fp, (¢B,i7 ¢Bj)§|:(rij * niT)z

+ (8 - “fﬂ S

where fy, (é5, #p ;) accounts for local increases in N-BAR density due to
N-BAR binding on the liposome and is chosen to be

0 ¢g>0

f¢B (¢B‘,ia¢B‘j) = {_¢B Q’)BSO . (5)

It was found that systems with strongly bound BAR densities had ¢g ~ —1
with little or no density for ¢g > 0 and thus the behavior of fy, for ¢g >
0 was not overly important. This particular model biases the strength of
the spontaneous curvature to regions with relatively high BAR density; other
similar forms (e.g.,fp, = 1 — (¢p + 1)/2) were explored but had no observ-
able effect on the membrane remodeling. The final term in Eq. 4 was that
used in Ayton et al. (11).
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N-BAR binding on the membrane can occur via
two different mechanisms and accounts for the
Hs y contribution to the free energy in Eq. 1

The IC model is given by
N
Ic  _ H H 2
Hyn = Z P8, |:AM — Ay Acij] ) (6)
i=1

where the average square of the curvature difference about a single EM2
quasiparticle is Ac?j and is expressed as

N
— 1
ci j#i
rij<rc

60 ?
r_..u - C0<ij (¢B7ia ¢B,ja rij> n;l"’ nJT)) . (7)

ij

In Eq. 6, Aﬁ is a positive coupling constant that attracts N-BAR density
uniformly over the membrane (values in the range of 0.05-0.1 kgT
were used). It is electrostatic in origin, as the liposome surface has a net
negative charge density, whereas the underside of the arch of the BAR is
positive. The next coupling term, AE, is related to the BAR composition
dependence of the bending modulus, i.e., AEocnkc_o (values at ~2.5—
5 amu nm* ps 2 were used). The important point is that the relative strength
of Aﬁ over AE will determine whether or not N-BAR density will locally
accumulate in some region on the liposome surface. The values used in
the simulations were such that N-BAR density would accumulate in some
regions of the membrane surface, but not others when combined with the
other interactions in Eq. 1. This particular coupling will be the strongest
when 66;; /7= Co jj(¢p.i> PB j» Tijs n/, an), that is, when the local membrane
curvature matches that of the anisotropic spontaneous curvature generated
by the BAR domain density. It can also be interpreted as being the strongest
when the effective outer membrane leaflet density has decreased to match
that desired by the BAR density, e.g., via N-terminal amphipathic helix
insertion.

The physical motivation behind the mathematical form for IC in Eq. 6 can
be understood as follows: The term HLG(which is a free energy) will be
minimized when 1), a high N-BAR density is present (¢g ~ —1); and 2),
Acizj is as small as possible, which occurs when the membrane curvature
matches the local anisotropic spontaneous curvature.

The CC model is given by

N
Hgi/[ = - Z AmCe (¢B,i):M (¢M,i)7 3)

i=1

where

1
4% (¢B,i) = E(d)B‘i - 1) —&o
" ©)
CM(d’MAi) = §(¢M,i - 1) - Co

and ) is a constant and values of Ay, in the range of 0.05-0.10 amu (nm/ps)2
were sufficient to induce N-BAR density accumulation on the lipo-
some surface. The physical motivation for Eq. 8 is that the N-BAR
density couples to the bilayer composition such that regions with an enhanced
N-BAR density (i.e., with ¢g = —1 and therefore a correspondingly large
positive charge density) are drawn to regions with an enhanced negative
charge density (i.e., with ¢y = —1), regardless of the local curvature.

APPENDIX C: SPATIALLY VARYING BAR DENSITY
AND MEMBRANE COMPOSITION

The discrete forms of Hg and Hy in Eq. 1 are given by

1623
Ng 2 6 )
HS - Z %(quBﬁi)?_FaB d)g’l + ¢;1
l;l Ez 2 (10)
H = Z:l TM(VqﬁM‘i)i +V(éus)

The corresponding continuum expressions can be easily found using stan-
dard techniques (24,26). The free energies associated with the spatially
varying BAR density and membrane composition, ¢g and ¢y, are described
by Landau models (25-28,39,43-45) (i.e., a phenomenological free energy
model of the system containing an effective energy functional that is
expressed in terms of an order parameter, ¢, where local fluctuations in ¢
are allowed according to their statistical weight. Physically, this type of
approach can describe local mesoscopic length scale variations in both the
N-BAR and lipid composition). In the case of the BAR density, an adsorp-
tion model mirroring that proposed by Widom as given in Peliti and Leibler
(28) was used (although other models could be incorporated). The
membrane composition model was that previously used in Ayton et al.
(26) and follows from previous work (25,43), with the exception that here
a single well potential is used; V(py;) = ameyy;/m with m = 10 and
ay = ag = 0.001 amu (nm/ps)2 (other values of ay; and ag were also tested).
The motivation for this form draws from the highly miscible lipid mixtures
used in experiment (1,6); other powers, e.g., with m = 6-12, were also
tested. The exact power and value of ay; are not overly important at this
stage, as it models the distribution of negatively charged species in a highly
miscible mixture; a similar situation applies for ag. The membrane compo-
sition component is only resolved on the surface of the membrane, as was
done in our previous work (25,26). As such, the membrane is modeled as
an undulating thin surface immersed in a solvent. It should be noted that
a chemical potential model could also capture the N-BAR density adsorp-
tion, and the solvent-free approach used in some of the simulations here
follows from this idea. Our choice to include an explicit surrounding meso-
scopic solvent allows for future studies of the behavior of the N-BAR
density in close proximity to the liposome surface.

The SPAM (32-35) discretized version of Landau-Ginzburg dynamics
(37-39) was that previously developed in our group (25,26). Analytic solu-
tions for Landau-Ginzburg dynamical models have a long history (see, e.g.,
(45-47) for some notable examples). However, the aim of this work is not to
seek an analytic solution for the model, but rather to employ a discrete
approach that can readily be applied to give an efficient and flexible numer-
ical solution over a broad range of conditions that can also be compared to
experimental EM results. It should be noted that the time evolution of the
mesoscopic system is highly accelerated and can possibly even explore
different pathways, etc., compared to atomistic systems.

APPENDIX D: OLIGOMERIZATION ENERGY

The oligomerization energy, Ho in Eq. 1 models scenarios where the BAR
domains oligomerize on the liposome surface. The following minimalist
model is thus proposed:
N N 1
T T\»

Ho = > Aofo(dui du)(nf +mf)’. (A1)
=1 j*i
rij<re

N —

1

Here Ag is the coupling coefficient, with values of zero (i.e., no oligomer-
ization energy) to 5—-15 amu (nm/ps)z. The function fo (¢5 ;, ¢5 j) models the
BAR density composition dependence. Taking clues from the experiments
in Frost et al. (6), the following functional form is proposed:

1 ¢B,i < _0.87 d)B,j < —-0.8

fO(¢B‘i’¢BJ) = { 0 otherwise (12)
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The oligomerization energy component is also assumed to only be active
above a critical BAR density on the liposome. The next term, %(an . an)",
models the oligomerization process, where v is an integer (v = 2 was
used here and reflects the symmetry of a single BAR). Physically, the math-
ematical form of Eq. 11 models the oligomerization process in that Hg is
minimized when fo = —1 and when }(n{ e n]')" is large. This situation
occurs when there is a locally high density of BARs on the liposome surface

and when, on average, the BARs are highly aligned.
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