View metadata, citation and similar papers at core.ac.uk

brought to you by

provided by Elsevier - Publis!

Biophysical Journal Volume 105 August 2013 711-719 711

Protein-Mediated Transformation of Lipid Vesicles into Tubular Networks

Mijo Simunovic,” Carsten Mim,*$ Thomas C. Marlovits, ! Guenter Resch, ¥ Vinzenz M. Unger,*$
and Gregory A. Voth'™

TDepartment of Chemistry, Institute for Biophysical Dynamics, James Franck Institute, and Computation Institute, The University of Chicago,
Chicago, lllinois; ¥Department of Molecular Biosciences and $Chemistry of Life Processes Institute, Northwestern University, Evanston, lllinois;
TResearch Institute of Molecular Pathology, Vienna, Austria; and !'Institute of Molecular Biotechnology, Austrian Academy of Sciences, Vienna,
Austria

ABSTRACT Key cellular processes are frequently accompanied by protein-facilitated shape changes in the plasma mem-
brane. N-BAR-domain protein modules generate curvature by means of complex interactions with the membrane surface.
The way they assemble and the mechanism by which they operate are largely dependent on their binding density. Although
the mechanism at lower densities has recently begun to emerge, how membrane scaffolds form at high densities remains
unclear. By combining electron microscopy and multiscale simulations, we show that N-BAR proteins at high densities can trans-
form a lipid vesicle into a 3D tubular network. We show that this process is a consequence of excess adhesive energy combined
with the local stiffening of the membrane, which occurs in a narrow range of mechanical properties of both the membrane and the
protein. We show that lipid diffusion is significantly reduced by protein binding at this density regime and even more in areas of
high Gaussian curvature, indicating a potential effect on molecular transport in cells. Finally, we reveal that the breaking of the
bilayer topology is accompanied by the nematic arrangement of the protein on the surface, a structural motif that likely drives the

formation of reticular structures in living cells.

INTRODUCTION

Remodeling of cellular membranes is intimately associated
with many biological phenomena. This process is possible
due to a highly dynamic relationship between proteins and
lipids, which allows membranes to form an impressive vari-
ety of shapes to divide, migrate, communicate with other
cells, initiate organelle biogenesis, and enable trafficking
(1,2). Recent progress in experimental and theoretical meth-
odologies has allowed us to understand the way proteins
sense and generate curvature and thus form crucial parts
of the complex cellular machinery (3). The membrane
remodeling superfamily of Bin/Amphiphysin/Rvs (BAR)-
domain proteins has been implicated in many important
cellular tasks, most notably clathrin-mediated endocytosis
(4-6). They are best known for their preferential binding
to curved membranes and their ability to form and stabilize
membrane tubules (7-11). These crescent-shaped proteins
contain variable modules, wherein the BAR domain is
responsible for their membrane-bending function (7). It is
important to note that their functional variability arises
from the difference in shape of BAR domains. Although
the magnitude of intrinsic curvature of these domains is
not directly imprinted on the lipid bilayer, in complex
ways it determines the final shape of the membrane.
F-BAR proteins (such as FCHo2) are characterized by
having the lowest positive intrinsic curvature, thus inducing
the formation of tubules of large diameters (60—-100 nm)
(11). BAR/N-BAR-containing proteins (such as endophilin,
amphiphysin, centaurin, and sorting nexins) induce a higher
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curvature when binding to the membrane, with tube diame-
ters measuring from 20 to 60 nm (7,12). Conversely, [-BAR
proteins (e.g., missing in metastasis) induce negative
curvature resulting in membrane invaginations (viewed
from the protein) (13).

Most BAR protein dimers contain two or more amphi-
pathic helices at their N-termini. The shallow insertion of
this structural motif into the bilayer is thought to be a key
mechanism in curvature generation, complementing ionic
interactions between the membrane and the proteins (14).
Recent experiments imply that BARs have a more involved
role than just shaping the membrane, since proteins contain-
ing amphipathic helices induce appreciable vesiculation
(15,16). This finding implicates N-BAR proteins, and
especially endophilin, to have a role in membrane fission.
At the same time, experimental and theoretical reports
have provided important insights into the physical mecha-
nism underlying N-BAR-induced membrane remodeling.
Fluorescence microscopy revealed two distinct mechanisms
that depend on the bound density of the protein (17). In the
low-density regime (<4% bound density) proteins do not
interact, and their mode of action is only sensory.
Conversely, at higher densities, the results suggested that
proteins aggregate and even form lateral scaffolds on the
membrane tubes (9). Recent simulations have revealed a
surprising mechanism of curvature generation at densities
up to ~20% (M. Simunovic, A.S., and G. A. Voth, unpub-
lished). It was shown that highly anisotropic interactions
between N-BAR proteins and the surface of the membrane
lead to curvature-driven linear aggregation of proteins.
This process induces budding of the membrane, with the
protein molecules mostly concentrated in the necks of
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emerging buds. Considering the complexity and the
seemingly disparate nature of the published experimental
evidence, the precise role of BAR proteins in each step of
endocytosis and the full extent of their remodeling capabil-
ities is still a matter of active research.

The sheer scale of dynamic biological phenomena such
as protein-induced membrane remodeling demands a multi-
disciplinary approach. Here, we combine coarse-grained
(CG) molecular dynamics (MD), mesoscopic quasiparticle
simulations of vesicles, and electron microscopy (EM) to
study membrane remodeling under the high-density regime
of N-BAR proteins. CG MD simulations provide insights
into the remodeling dynamics at molecular resolution,
thus allowing the observation of protein assembly and the
mobility of lipids in the course of the reshaping (18,19).
Mesoscopic simulations, on the other hand, access much
larger time- and lengthscales, necessary for a systematic
analysis of the quasiequilibrium remodeled structures under
varying conditions (20,21). Finally, EM imaging provides
qualitative clues into the consequences of protein-mem-
brane interactions at very long timescales in vitro (9). In
our previous work, we reported the formation of complex
tubular structures induced by endophilin, although the
work at the time was limited to a qualitative description
(20). Here, we present what is to our knowledge a novel
N-BAR remodeling phenomenon in which the proteins
induce a reticulation of lipid vesicles into a network of
interconnected tubules. We describe the shape changes of
vesicles upon binding of proteins at both molecular and
mesoscopic resolutions. Additionally, we quantify the
mechanical effect of high-density binding on the membrane
and its effect on lipid mobility. Finally, we propose a mech-
anism for the observed vesicle transformation.

MATERIALS AND METHODS
MD simulations

A previously developed three-site hybrid CG model was used for the lipid
bilayer (22). The modeling combines forces from the bottom-up multiscale
CG method with analytical functions to cover poorly sampled regions of the
configurational space (22-24). The forces between lipids were used in a
tabular form with a 2 nm cutoff distance. A 26-site N-BAR-domain model
was used with intraprotein interactions modeled as harmonic bonds (9),
whereas protein-protein and protein-lipid interactions were modeled with
a Lennard-Jones potential (25). The Lennard-Jones parameters used were
1.8 kcal/mol well depth at 1.5 nm between sites representing amphipathic
helices and lipid headgroups, 0.2 kcal/mol at 1.5 nm for other protein sites
and the lipid headgroup, and 0.24 kcal/mol at 2 nm for all protein-protein
interactions. These parameters were derived by combining previous free-
energy simulations (25) and the binding energy from fluorescence experi-
ments (17). For simulations of transformations of vesicles, we coated a
spherical vesicle with N-BAR proteins at 10%, 50%, and 90% coverage.
The simulations were carried out under constant NVT conditions (V being
the volume of the simulation box), with the thermostat set to 300 K
(coupling constant, 67, 7 = 49 fs). Configurations for reticular liposomes
were recreated from mesoscopic simulations as previously described
(26). In the procedure, the surface of the membrane was triangulated
with vertices lying at membrane quasiparticles. The triangulated regions
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were then filled with patches of preequilibrated CG membrane. Subse-
quently, the recreated CG membrane was coated with CG proteins to the
desired surface density. Simulations were carried out at four surface den-
sities: 0%, 50%, 90%, and 95%. All simulations were run for 2—-6 million
CG time steps with a time step up to 0.47 in the LAMMPS (27) MD
package.

For lateral pressure calculations, the stress tensor was rotated into a refer-
ence frame with the 7’ axis parallel to the membrane normal and the x" axis
parallel to the principal direction of curvature. The components of the stress
tensor (0,—y.y,) were calculated with LAMMPS. The normal and principal
vectors were calculated using the maximum entropy approach (28). The vol-
ume (V) was approximated with a double tessellation method as A*2. Finally,
the lateral pressure on lipid i (pj,;) Was calculated according to Eq. 1,

1 1
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Lipid diffusion rates (D) were calculated from 3D mean-square displace-
ments, according to Eq. 2. For overall lipid diffusion rates, the value was
averaged over all lipids in the system, whereas for calculations of diffusions
of confined lipids, a cutoff distance of 1.5-2.5 nm (from either the protein or
a point on a membrane) was used.

1 1 Neut
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It must be noted that the timescale of CG MD simulations is not well
defined relative to real (actual) time given the degrees of freedom elimi-
nated in going to the CG model. Therefore, in this work, relative diffusion
rates, and not absolute rates, are compared.

Mesoscopic simulations

The details of the model and the simulation method can be found elsewhere
(20,21). Briefly, the elastic continuum membrane is discretized into quasi-
particles and immersed into a mesoscopic solvent. The discretization allows
for large-scale restructuring, thermal fluctuations, and a more flexible
computational approach. Each particle has superimposed a field variable
describing the composition of proteins, whereas membrane particles have
additionally superimposed the composition of lipids. Composition field var-
iables are molar fractions of 1), N-BAR proteins and 2), negatively charged
lipids, ranging from —1 to 1 (representing 0% and 100%, respectively). The
motion of particles is controlled with smooth-particle applied mechanics
(29), where the composition field variable evolves according to the
Landau-Ginzburg equation (30). The initial composition on each particle
was randomly assigned from —1 to 1, except for particles inside the vesicle,
where the protein concentration was set to zero. The effect of the protein on
the membrane is modeled through a composition-dependent bending
modulus (local stiffening induced by the protein) and by coupling the local
membrane curvature with the spontaneous anisotropic curvature (cy')
generated by the protein. Nematic protein assembly may be favored by
including an additional oligomerization parameter. We demonstrate later
that the vesicle transformation occurs even in the absence of this parameter
but may facilitate tubule formation for lower intrinsic curvatures (20). The
total energy is thus a sum of membrane bending energy, energy arising
due to changes in lipid and protein compositions, the interaction energy
between the membrane and the protein, and oligomerization energy. All
simulations were carried out at 300 K, starting from spherical liposomes,
with a lengthscale of each quasiparticle in the range 5-10 nm.

Protein purification and liposome preparation

Rat endophilin A1, rat amphiphysin 1, and the N-BAR domain of rat endo-
philin (amino acids 1-247) were purified as previously described (9). In all
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experiments, synthetic lipids were used (Avanti, Alabaster, AL). The
various lipid mixtures prepared were (w/w) 80% dioleoylphosphoserine,
20% dioleoylphosphocholine (for remodeling with endophilin N-BAR
EM cryotomograms), 50% dioleoylphosphoserine, 45% dioleoylphosphoe-
thanolamine, and 5% cholesterol (in all remodeling assays). The large uni-
lamellar vesicles were synthesized as before (9). Liposomes (0.1-0.25 g/L)
were equilibrated at room temperature before adding the protein at a lipid/
protein (w/w) ratio of 1.4:1 (endophilin, endophilin N-BAR) or 1:1
(amphiphysin).

EM imaging and image processing

Negative stain images were recorded using samples stained with 1% uranyl
acetate with Tecnai 12 microscope (FEI/Philips, Eindhoven, The
Netherlands) at 120 kV. Images of unstained samples were acquired at a
temperature of —170°C with a Tecnai F20 Twin transmission electron
microscope at 120 kV. Images were recorded with a Tietz F415 4k x 4k
pixel CCD camera using the Leginon data collection software (31) at nom-
inal magnifications of 29,000 and defocus values of —1.5 um to —2 um.
Electron cryotomography was performed on an FEI F30 Polara (FEI/
Philips, Eindhoven, The Netherlands) and Gatan 4k x 4k pixel CCD cam-
era. The images used in the figures were contrast-enhanced to increase
visibility of fine molecular features. Tomograms were reconstructed and
segmented with the IMOD package (32). Visualization of EM images
and optical density analysis was performed with ImageJ (33).

RESULTS AND DISCUSSION

Very high bound density of N-BAR domains
induces a topological transformation
of a lipid vesicle

In tubulation assays, the interaction between N-BAR-con-
taining proteins and lipid vesicles leads to the formation
of tubules that grow in the orientation of the protein bound
to the lipid surface (7,8,17). This process is generally de-
picted as a transformation in which the tubules continuously
emerge from the membrane. We previously observed the
formation of a series of seemingly connected tubules
when incubating N-BAR proteins with large liposomes
(20). Although it was not apparent from EM imaging
at the time, our mesoscopic simulations suggested that
these morphologies could be obtained via the topological
breaking of the bilayer structure. To understand the struc-
tural and physical properties of membranes after N-BAR
binding at the molecular level, we carried out CG MD
simulations of infinite flat membrane sheets composed of
CG lipids coated with high densities of N-BAR domains.
It has been shown (M. Simunovic, A. S., and G. A. Voth,
unpublished) that at up to ~20% surface-bound densities,
proteins induce the formation of membrane-bud-like struc-
tures. At this density regime, the average bending energy
per lipid linearly increases, whereas above 20% it remains
constant. This surprising finding indicates that in addition
to density-dependent remodeling found for very low
(<4%) and intermediate densities (10—30%), lipid mem-
branes show distinct morphologies and behavior at high
densities of bound N-BAR proteins. Previously published
experimental evidence (15) and the aforementioned CG
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simulations suggest that N-BAR proteins induce buds with
diameters almost an order of magnitude larger than the
size of the protein. Since the energetic cost of forming a
vesicle bud is on the order of 8xr, (k being the bending stiff-
ness), bud formation on a typical lipid membrane would
require an energy of 250 kg7. A membrane patch that can
accommodate a typical N-BAR-induced bud is approxi-
mately two orders of magnitude larger in area than the
single protein (4000 nm? in our simulations). Assuming
that the binding energy of N-BARs to the membrane is
10 kgT (17), overcoming that predicted cost would be
equivalent to a coverage of ~25%. Our current simulations
at higher densities suggest that steric clashes between
proteins inhibit further bending (Fig. 1 A, inset). The large
excess interaction energy at these concentrations may thus
be used to compress the membrane and overcome the
hydrophobic forces keeping the bilayer topology intact.
The lateral pressure profile around the protein reveals
insights into the stretching dynamics of the membrane
(Fig. 1 A). As previously reported, when the density is low
enough that the proteins do not interact (<4%), the bilayer

A

50

-50
-150
-250

FIGURE 1 Topological transformation of lipid vesicles induced by
N-BAR proteins. (A) Average lateral pressure profile (per lipid) as a func-
tion of the distance from the center of mass of the protein (d). (Right inset)
crowded surface of the membrane at 55-60% protein coverage. (Bottom
inset) CG representation of an N-BAR domain (blue, amphipathic helices).
There were no lipids at d < 3 nm of the protein’s center of mass. (Values for
1-20% were taken from M. Simunovic, A. S., and G. A. Voth (unpub-
lished)). (B) The evolution of the protein density field variable during the
course of four mesoscopic simulations initiated with different spontaneous
curvatures, ¢ ! The variable ¢p represents the molar fraction of the protein
on the quasiparticle. (C) The migration of the N-BAR protein from the
solvent to the vesicle (blue, low protein density; gray, intermediate
protein density; red, high protein density). Snapshots were taken at
0 (left, pg = ~10%), 2000 time steps (middle, pg = ~80%), and 20,000
time steps (right, ¢g = ~98%).
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is strongly locally constricted. Analytical calculations
predict that higher densities should alleviate the stress
imposed by a single protein molecule (34). Our simulations
confirmed this prediction, showing that at 20% coverage,
aggregate formation alleviates membrane stiffening by
150 bar/lipid. The very high-density regime (~65%)
further alleviates the absolute maximum pressure, but only
moderately (by 50 bar/lipid) compared to the low-density
regime (Fig. 1 A).

In light of our observations, we consider two possible
remodeling mechanisms for membrane tubule formation:
1), continuous tubulation, and 2), topological vesicle trans-
formation. In the former, local linear aggregation and the
formation of meshes induce convex budding on the surface
of the membrane. The accumulation of the protein starts at
the neck of the forming bud and, as additional proteins bind,
they coat and elongate the extending tubule (9,15). On the
other hand, when the protein covers large portions of the
membrane surface, it impedes continuous transformation
and, instead, breaks the bilayer topology.

A combined analytical theoretical and experimental study
predicts that amphipathic helices are key elements of mem-
brane fission (15), so one may expect endophilin (containing
four helices) to more efficiently reticulate the vesicle than
amphiphysin (containing only two). In our experiments,
both endophilin and amphiphysin were able to form tubular
networks, with no appreciable difference in the structure of
reticular liposomes (Fig. S1 in the Supporting Material).
Apparently, two amphipathic helices in the N-BAR domain
are sufficient for binding to high coverage and for subse-
quent fission. In addition, we confirm that the protein does
not require other domains for reticulation, as an isolated
N-BAR domain from endophilin efficiently transforms the
vesicles (Fig. S1, left).

There are two conceptual barriers to understanding the
binding of N-BAR proteins at sufficiently high densities to
promote topology breaking. 1), Given that the N-BAR
domains are highly charged, how can they overcome the
strong electrostatic repulsion to cover most of the vesicle
surface? It is known from experiments with lipid vesicles
that binding of charged colloidal nanoparticles never leads
to the maximum coverage (35). Further binding is prevented
by either the repulsion of bound colloids or the formation
of charged domains serving to neutralize their counterions
(36). In our experiments, we overcome this problem by
using high charge (>50% phosphoserine lipids), which
increases the effective binding affinity of the protein. 2),
How can a topological transformation take place if initial
binding triggers a continuous tubulation of the membrane?
It would be necessary for the proteins to bind faster than
membrane remodeling. In our mesoscopic simulations
(20,21), we traced the evolution of the composition field
variable (i.e., local protein molar fraction) as it migrates
from the solvent to the liposome. Topological remodeling
occurred (Fig. 1 B) after the protein composition on the
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membrane reached an average of >90%. Strong binding
(>80%) is already achieved in 2000 simulation time steps.
By 6000 time steps the vesicle begins to remodel, forming
a fully reticular structure at 20,000 time steps. These simu-
lations reveal that during the initial binding, proteins rapidly
aggregate (Fig. 1 C, middle). The long linear aggregates
observed at initial stages of our simulations are in agreement
with curvature-driven self-assembly observed in our CG
MD simulations at lower bound densities and to studies of
vesicle-particle systems (37). After aggregation, the rapid
full binding leads to a topological change and an increased
density of the protein in the vicinity of the vesicle (Fig. 1 C).
Recent simulations of anisotropic curvature inclusions on a
triangular membrane model (38) resulted in tubular aggre-
gates similar to those in this study (Fig. 1 C, middle), which
in that case led to continuous tubulation, albeit at lower
bound densities. Considering that such models preclude
the breaking of the membrane, topological transformations
could not have been observed.

The dynamics of the transformation of a lipid
vesicle into a continuous tubular network

To study the morphology of the reticular liposome, we
carried out CG MD simulations of spherical vesicles
200—300 nm in diameter, which are at least an order of
magnitude larger than the protein’s intrinsic curvature. To
evaluate the effect of protein density on the mechanism of
membrane remodeling, we initially coated 10%, 50%, and
95% of the surface with N-BAR proteins. At 10% density,
linear aggregation occurred as previously described. We
used the trajectories of this system for subsequent diffusion
calculations (see next section). At 50% protein density, the
vesicle exhibited low-frequency undulating motions sugges-
tive of structural instabilities. In addition, long lateral
tubular domains and large buds were formed on the surface
(Fig. 2 A). Similar to what we observed in flat sheet simula-
tions, steric restraints prevented the N-BAR proteins from
forming meshes, precluding the emergence of perpendicular
buds that we observed in lower-density simulations. Early
in the simulation, there was temporary poration of the
bilayer that quickly healed before the undulations began.
The formation of pores may be explained as a consequence
of temporary reduction in the area/lipid, which is subse-
quently compensated by opening pores before the vesicle
volume can be adjusted. In this regime, the binding energy
appears to be too low to induce permanent topological
changes in the membrane. By contrast, in simulations with
N-BAR density at >90% coverage, the vesicle underwent
a lasting topological change. First, pores form rapidly across
the surface of the vesicle (Fig. 2 B, I and 2). These pores
then serve as folding sites where the membrane bends into
tubules (Fig. 2 B, 2 and 3). Finally, significant line tension
along the region of the topological break, together with
the energy from protein binding, leads to the formation of
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FIGURE 2 Vesicle remodeling under the high-density regime of N-BAR
proteins in CG MD simulations. (A) Instabilities and lateral tubulations
induced by proteins at 50% coverage. (B) Reticulation induced by the pro-
tein at 90% coverage as a sequence in time. Insets depict the highly aligned
assembly of the protein at a tubular junction and on the tubule. The scale bar
does not refer to the structures magnified in the inset.

a closed-surface reticular vesicle. The trajectories from both
CG MD and mesoscopic simulations show that reticular
liposomes form by a topological change rather than by a
continuous transformation of the membrane. In addition,
both simulations show a comparable number of intertubular
junctions (~10 for a 200 nm vesicle), and the tube diameters
(ranging between 15 nm and 25 nm, average ~17 nm) are in
agreement with EM images (Fig. S1). From a molecular
point of view (CG MD simulations), the protein molecules
strongly align during tubule formation, with an angle of
~60° between the main axis of the protein and the axis of
the tube (Fig. 2 B, 3, inset). This structural arrangement
agrees well with previous fluorescence microscopy, EM
imaging, and CG simulations (9,17,39), demonstrating
that protein scaffolds stabilize long membrane tubules.
Our simulations starting from spherical vesicles indicate
that these highly static protein arrangements form during
membrane breaking and before the formation of the tubules
(Fig. 2 B, 2). In contrast to the static local protein structure,
mesoscopic simulations show that the reticular structure
itself is highly dynamic at longer timescales. The tubules
continuously change size, detach from junctions, and rejoin,
forming new tubules.

To verify our hypothesis that the EM images represent
2D projections of tubular networks, we carried out a 3D
reconstruction of cryotomograms of transformed vesicles.
To facilitate the reconstruction, we incubated vesicles with
only the N-BAR domain of endophilin, analogous to our
CG MD simulations. The tomogram (Fig. 3 A) confirms
that vesicles comprise a series of interconnected tubules.
It is interesting that both planar and spherical subdivisions
coexist in the reconstructed structure, consistent with the
simulations. Within the planar section, the junctions are

FIGURE 3 Structure and dynamics of the reticular liposome. (A) Cryo-
electron tomography of the N-BAR-coated tubular network (segmentation
of the cryo-EM tomogram). (B) CG MD simulation of the molecular recon-
struction of the reticular liposome coated with 90% protein density. (C) CG
MD simulation of the molecular reconstruction at 50% protein density.
The structure depicts widened and shorter tubes. (D) Optical density
plot revealing the alignment of N-BAR proteins on a junction similar to
that found in CG MD simulations (inset). (E) CG MD simulation of a retic-
ular liposome with all N-BARs removed. The vesicle undergoes pearling
instabilities.

spaced evenly, indicating that, as seen in CG MD simula-
tions, these arrays may precede the interconnected tubular
structure (Fig. 3 A).

Despite the fast transformation, the full maturation of
formed tubules into a steady-state closed surface structure
is computationally a very slow process (in experiments it
occurs on the order of seconds), requiring well beyond the
10 million CG time steps in our simulations. For this reason,
we recreated final reticular structures at molecular resolu-
tion by mapping CG lipids onto the final configuration of
a mesoscopic membrane model (26). Consequently, we
effectively achieve the molecular resolution of the mem-
brane remodeling process at experimental timescales.

During the course of the CG MD simulation of the recon-
structed reticular liposome, the morphological features
and the integrity of the CG reticular vesicle remained
unchanged, with the tube diameter staying in the same
range, averaged to ~20 nm. N-BAR proteins appear to
specifically align in the junction regions, characterized by
pronounced Gaussian curvature (Fig. 3, B and C), likely
arising from the highly anisotropic interactions between
the protein and the membrane. Complementary to our
simulations, the electron micrographs of the reticulated
liposomes show striated patterns along these junctions
(Fig. 3 D). The radial distribution of the optical density in
these junction regions showed that the spacing between
proteins is 5.1 *= 1.9 nm, in good agreement with the
spacing seen on N-BAR-coated tubules. This observation,
together with our CG MD simulations, is strong evidence
that N-BAR domains exist as multimeric (nematic) assem-
blies at high-density binding.

Biophysical Journal 105(3) 711-719
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The homogenous coverage of proteins could be a conse-
quence of steric interactions, although such interactions
would not necessarily lead to aligned protein assemblies.
To test the effect of protein density on the morphology of
the tubular network and its assembly, we carried out a CG
MD simulation starting with the reticular structure at
~50% coverage. In the course of the simulation, the tubules
widened to diameters of 19-29 nm, with an average of
24 nm (Fig. 3 C). The effect of protein density on tube radius
is in excellent agreement with microscopy experiments (17).
Interestingly, our simulations show that while the tubes are
no longer fully coated at these lower protein concentrations,
the proteins still fully cover tubular junctions (Fig. 3, C and
D). Next, we studied the evolution of the reticular liposome
with all the N-BAR proteins removed. In the absence of
the protein, the structural integrity of the reticular liposome
becomes compromised. The tubes widen to 30-70 nm in
diameter, leading to pearling instabilities and tube buckling,
with the size of individual pearls measuring 30-80 nm
(Fig. 3 E). In reality, we suspect that spontaneous detach-
ment will occur at very long timescales, considering
the high binding constant and the slow unbinding rate of
N-BAR proteins (17).

Protein binding and remodeling affect lipid
diffusion rates in a density-dependent manner

Localization of transmembrane and membrane-associated
proteins is dependent on lateral diffusion, implying that
factors influencing the mobility of lipids may play an impor-
tant role in biological processes (40—44). It has been shown
that in areas of high curvature, the diffusion rate of lipids
in bilayer membranes is reduced (42). In addition, changes
in membrane density, especially crowding, have a marked
effect on lipid lateral dynamics (43,44). Given the inter-
esting morphology of our system, it is valuable to investi-
gate how protein binding and aggregation and membrane
remodeling affect lipid mobility in CG simulations.
Although in principle we would like to determine lateral
diffusion of lipids, in practice it is difficult to define this
value in highly remodeled systems. We analyzed simula-
tions of spherical and reticular systems by measuring the
mean-square displacement of lipids under various condi-
tions and calculating their 3D diffusion rates. Considering
that it is not known how the dynamics in CG simulations
compares to real dynamics, we compared the calculated
diffusion rates to the mobility of lipids in simulations of
an unbound liposome.

At low densities of bound N-BARs (~10% coverage), the
average lipid mobility is somewhat attenuated (0.90 times
the value of free lipids) (Table S1 and Fig. S2). The diffusion
rate of lipids around the protein is only moderately reduced
from the overall diffusion at this density (0.88 times the
value of free lipids), most likely due to the presence of local
regions of increased curvature induced by the proteins. At
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high densities (~50%), the overall lipid diffusion rate is
decreased by 20% compared to that of free lipids. The
decrease is even more pronounced for lipids interacting
with the protein, which diffuse 35% more slowly than the
reference value. Considering that beyond 20% bound den-
sity, the average curvature of the system remains constant
(therefore not a curvature effect), the binding of N-BAR
proteins at high densities directly affects the fluidity of the
membrane. This observation complements the pressure
analysis, in which a stiffening of the membrane was
observed in the presence of the protein, both contributing
to the breaking of the bilayer topology.

To further differentiate between the effects of protein
binding and membrane curvature, we measured the mobility
of the proteins in geometrically confined areas of the mem-
brane. The diffusion rates of tubular lipids not interacting
with the protein were reduced by 33%, quantitatively in
striking agreement with the experimentally measured reduc-
tion of 33-40% (42). The diffusion rate of tubular lipids
in direct contact with the N-BAR proteins was reduced
even further to 60% of the reference value. Furthermore,
lipid motion is highly hindered in domains of high Gaussian
curvature (Fig. 3, D and E), with the average diffusion rate
dropping to 40% of the reference value. Such curvatures are
found in many areas of the cell, specifically at the base of
endocytic buds where the dynamics of proteins is especially
complex during signal transmission among neurons.

These results illustrate the complex interplay between
protein binding and membrane remodeling in determining
the rate of lipid diffusion and the associated biological
functions. Perhaps surprisingly in all density regimes the
difference between the reference diffusion rate and the
overall average rate of lipid diffusion is larger than the dif-
ference between the average rate of diffusion and the rate for
lipids directly interacting with the proteins. This suggests
that membrane curvature is a more direct determinant of
lipid mobility than is protein binding or aggregation, an
effect that seems to be maximized in the case of regions
of high Gaussian curvature.

The transformation of vesicles into a tubular
network is defined by a narrow phase space

To understand the precise set of conditions that leads into
the formation of tubular networks, we carried out a series
of mesoscopic simulations, altering variables controlling
the mechanical properties of the membrane, structural
and physical parameters of the protein, and the way the
two interact. We tested the following parameters: 1),
bending stiffness (5-50 kg7); 2), intrinsic curvature
(cy ! = 3-100 nm); 3), protein-protein interaction (0—1
amu (nm/ps)z); and 4), the level of membrane stiffening
induced by the protein (n = 0-2.5), where membrane was
stiffened according to k(@p) = k(1 — neg,).To quantify
the time progress of the transformation and structurally
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define its final configurations, we defined an order parameter
T, (level of tubulation (Eq. 3)). This parameter borrows
from the theory of nematic crystals by making use of the
orientation of the dipoles, superimposed on the membrane
quasiparticles that describe the direction of the bilayer. It
measures the extent to which the structure of the membrane
has turned from a nontubulated into a tubulated state, on a
scale from O to 1.

Igh 1 S 3(Q-0) -1
LN, 2 2 @

i=1 J=Lrij<reu

Here, Q is a vector normal to the membrane, N represents
the number of quasiparticles, r is the distance between par-
ticles, i and j denote the particles, and the subscript cut
denotes values within a designated cutoff distance.

In the tested range of mechanical variables, we identified
three distinct equilibrium states of the vesicle: 1), buckling
and bud formations; 2) irregular reticulation; and 3), reticu-
lation. Fig. 4 depicts a phase diagram relating the mechan-
ical properties of the membrane and the protein to the
morphological consequences of (N-)BAR protein binding.
Small values of the order parameter (7,, < 0.3) represent
vesicle budding (Fig. 4, squares). Intermediate values of
the order parameter (7, ~ 0.7) represent irregular reticular
vesicles (Fig. 4, diamonds). Structurally, these vesicles
contain irregularly shaped tubules, a smaller number of
junctions (usually half that of fully reticular vesicles) and
exhibit slower remodeling dynamics (by a factor of 2-5).
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FIGURE 4 Phase diagram for the topological transformation of 250 nm
vesicles. In the diagram, each symbol (square, diamond, and triangle) rep-
resents an independent mesoscopic simulation for which the equilibrium
structure (budding, irregular reticul, reticul) was determined based on the
value of T,. k denotes bending stiffness and ¢; ! intrinsic curvature. Boxed
is the comparison at k = 10 kgT (lane a) for other tested parameters: 100 nm
vesicle (lane b), oligomerization energy from O to 1 amu (nrn/ps)2 (lane c),
no membrane stiffening (n = 0) (lane d), and strong membrane stiffening
(n = 2.5) (lane e).
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Finally, large values of the tubulation order parameter (7,
~ 0.85) represent a fully reticular vesicle (Fig. 4, triangles).
Fig. S3 depicts the evolution of the order parameter for
three distinct vesicle states. Fully reticular structures are
prevalent at values of bending stiffness typical for most
lipid bilayers (5-15 kgT). As the bending stiffness increases,
the occurrence of remodeling was significantly decreased,
with no remodeling observed above k = 20 kgT. Irregular
reticular structures are observed only in a small part of the
phase diagram when the interacting particles (proteins) do
not have a large enough intrinsic curvature (c;') to cause
a fully reticular structure. Higher intrinsic curvatures repre-
sent BAR proteins with more curved shape and/or higher
number of amphipathic helices. As the bending stiffness
decreases, higher intrinsic curvatures are required for topo-
logical transformation (0.15 nm ! threshold for 5 kgT,
0.12 nm ™' for 10 kg7, and 0.09 nm ™" for 20 k7). These
results complement our assumption that a moderate stiff-
ening of the membrane aids in the topological transforma-
tion. On the other hand, it is also difficult to induce
curvature in membranes that are too stiff. The inset in
Fig. 4 (lane e) confirms that very high local stiffening
precludes the formation of reticular structures. At high
intrinsic curvatures, the topological transformation is also
prevented. Based on the rate at which the protein concen-
tration field variable evolves, an increase in intrinsic curva-
ture slows down the binding of the protein (Fig. 4). This
feature arises because the model assumes that proteins
bind by coupling to local curvature of the membrane.
Curvature sensing and sorting has been well described for
N-BAR and F-BAR proteins in fluorescence microscopy
experiments (17,45). Even in the absence of such interac-
tions, the intrinsic curvatures beyond 0.4 nm ™' (radius <
2.5 nm) are smaller than the bilayer thickness itself and
would act on completely different scales. As a consequence,
in this region of the phase space, only budding is observed,
as a consequence of low-density binding and nonspecific
interactions with the membrane. Taken together, topological
transformations of lipid vesicles take place in a very narrow
range of structural and mechanical parameters of the mem-
brane and its interacting proteins. For most experimental
lipid membranes, we expect the formation of the tubular
network by proteins that induce spontaneous curvatures on
the order of 0.12-0.20 nm ', values typical for N-BAR
proteins. Considering the minimal parameterization of the
protein in our mesoscopic simulation, the phase diagram
indicates that membrane reticular structures could be
engineered with high-affinity particles exhibiting the same
range of intrinsic curvatures. We hope our work can inspire
research in that direction.

CONCLUSIONS

One of the greatest feats that a eukaryotic cell can perform is
the formation and maintenance of specialized membranous
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structures. Many organelles and cellular structures contain
highly reticular membrane segments, including the trans-
Golgi network, the endoplasmic reticulum, and the trans-
verse tubular system in the muscle cell (1). The formation
of T-tubules, for example, requires amphiphysin, impli-
cating N-BAR proteins in this process. It is becoming
increasingly clear that these proteins have a diverse set of
membrane remodeling capabilities, and our study points to
their potential key role in forming and maintaining complex
cellular structures. In these processes, a precise, and most
likely protein-controlled, scission of the membrane would
be required to prevent an uncontrolled influx of solutes
into the cell. Our study demonstrates that the interaction
of lipid vesicles and the N-BAR domains of endophilin
present a minimal system to create complex reticular
morphologies as found in living cells. We show that
high-density surface binding, facilitated by large local
protein concentrations and elevated membrane charge, are
prerequisites for transforming a vesicle into a tubular
network. Highly anisotropic interactions between N-BAR
proteins and the membrane drive protein aggregation, gener-
ating the initial curvature of the membrane. Local stiffening
occurs as a result of protein binding and the significantly
decreased mobility of lipids in the necks of membrane
buds. As more proteins bind, the excess adhesive energy,
combined with this local stiffening, causes the breaking
of the bilayer topology. Both simulations and electron
tomograms indicate that a preformed nematogenic phase
of N-BAR proteins drives the subsequent tubulation and
the stabilization of tubular structures. It is possible that
these ordered assemblies are the actual deployable units
for tubule formation in cells. Our hypothesis aligns well
with the possibility that N-BAR proteins form linear
aggregates before curvature generation. These linear aggre-
gates could serve as nucleation sites for the formation of
nematogenic constructs at much higher concentrations.
Finally, our study adds to the recent discovery of N-BAR
domains as being potential fissiogenic proteins (15). As
such, they are able to penetrate and reseal the membrane,
a prerequisite for the formation of a multitude of vital
cellular structures.
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