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ABSTRACT Protein-mediated membrane remodeling is a ubiquitous and critical process for proper cellular function. Inverse
Bin/Amphiphysin/Rvs (I-BAR) domains drive local membrane deformation as a precursor to large-scale membrane remodeling.
We employ a multiscale approach to provide the molecular mechanism of unusual I-BAR domain-driven membrane remodeling
at a low protein surface concentration with near-atomistic detail. We generate a bottom-up coarse-grained model that demon-
strates similar membrane-bound I-BAR domain aggregation behavior as our recent Mesoscopic Membrane with Explicit Pro-
teins model. Together, these models bridge several length scales and reveal an aggregation behavior of I-BAR domains. We
find that at low surface coverage (i.e., low bound protein density), I-BAR domains form transient, tip-to-tip strings on periodic
flat membrane sheets. Inside of lipid bilayer tubules, we find linear aggregates parallel to the axis of the tubule. Finally, we
find that I-BAR domains form tip-to-tip aggregates around the edges of membrane domes. These results are supported by
in vitro experiments showing low curvature bulges surrounded by I-BAR domains on giant unilamellar vesicles. Overall, our
models reveal new I-BAR domain aggregation behavior in membrane tubules and on the surface of vesicles at low surface con-
centration that add insight into how I-BAR domain proteins may contribute to certain aspects of membrane remodeling in cells.
SIGNIFICANCE Our study aims to understand inverse Bin/Amphiphysin/Rvs (I-BAR) protein organization at realistic
lower surface coverage before large-scale deformation and how existing global curvature affects organization. First, we
model I-BAR protein assembly on tubular and vesicular membranes using coarse-grained models. Our separate bottom-
up and top-down models both show that I-BAR domains form local deformations that couple to the global membrane
curvature to form long axial aggregates tubules and end-to-end rings on small vesicles. Second, we observe novel
membrane remodeling behavior of the I-BAR domain of IRSp53 in in vitro fluorescence experiments showing that the
I-BAR domain forms rings around lipid bilayer deformations. Together, we experimentally observe a new I-BAR-driven
remodeling phenomenon on vesicles and provide a potential explanation using our coarse-grained models.
INTRODUCTION

The cell membrane is composed of a variety of lipids, pro-
teins, and small molecules and creates a barrier between the
inner workings of the cell and the extracellular matrix. This
complex barrier is a highly dynamic surface that typically
prefers to be locally flat. Throughout many biological pro-
cesses, large deformations are required, and peripheral
membrane proteins facilitate this ubiquitous process. A va-
riety of proteins bind to the membrane and generate
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membrane curvature. One such family of proteins that cause
large-scale deformation through cooperative action is the
Bin/Amphiphysin/Rvs (BAR) domain superfamily. BAR
domains are banana-shaped homodimers known to bind to
lipid bilayers and generate curvature through electrostatic
interactions and, in some cases, amphipathic helical inser-
tions into the membrane (1–3). BAR domains have diverse
functionality because each member of the superfamily gen-
erates a variety of positive or negative curvatures.

IRSp53 is a member of the inverse BAR (I-BAR) domain
family of the BAR domain superfamily. These proteins
generate negative principal curvature and are key to the for-
mation of cellular protrusions (e.g., filopodia) (4–7). I-BAR
domains are proposed to act through a scaffolding
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mechanism that generates local curvature on lipid mem-
branes, leading to I-BAR domain aggregation and subse-
quent formation of microns-long protrusions (8–11).
Interestingly, in vitro experimental data regarding the
I-BAR domain of IRSp53 have indicated a preference for
low curvature commensurate with its intrinsic curvature
(12). The aggregation and collective behavior that drives
membrane deformations, and potentially gives rise to sort-
ing in membrane tubules, is therefore of significant biolog-
ical interest.

I-BAR domains have been the subject of several compu-
tational and theoretical studies (13–17), with varying de-
grees of accuracy. I-BAR domain-mediated membrane
remodeling spans many length scales, from nanometer-scale
local interactions between individual I-BAR domains and
lipid headgroups to the micron-scale deformations collec-
tively induced by many I-BAR domains. The multiscale na-
ture of membrane remodeling has led to a range of studies
from recent atomistic simulations exploring the behavior
of small I-BAR domains with relatively high accuracy to
simulations modeling the collective effects of tens of
I-BAR domains at the mesoscale. However, these previous
studies lack the connection and correspondence between
the two scales; this disparity could result in coarse-grained
(CG) or mesoscopic models that are inconsistent with atom-
istic simulations (18). For example, CG simulations can as-
sume that membrane-bound I-BAR domains have the same
intrinsic curvature as the crystal structure, but recent all-
atom simulations show that the curvature of an I-BAR
domain decreases (i.e., I-BAR domain flattens) when bound
to the membrane (17). Assumptions like this can cause
disagreement between the all-atom and CG resolutions, re-
sulting in different mechanisms of membrane remodeling.

Here, we use a multiscale approach combining CG and
mesoscopic models (specifically, Mesoscopic Membrane
with Proteins (19) [MesM-P]) to understand the organization
of I-BARdomains onmembranes of various geometries (18).
This multiscale approach is uniquely suited to capture pro-
tein-mediated membrane remodeling because it incorporates
the interplay between near nanometer to several micron-
length scales. Broadly speaking (18), CG models can be
derived from finer resolution, atomistic simulations (bot-
tom-up), or by specifically reproducing experimental observ-
ables (top-down). Here, the former approach is adopted such
that our protein CG model reproduces structural fluctuations
observed in atomistic simulations, whereas our lipid CG
model recapitulates the properties of a representative lipid
bilayer membrane. Additionally, the MesM-P model, which
is a lower resolution than the CGmodel, can be used to simu-
late significantly larger systems while remaining consistent
with the membrane-bound protein aggregation behavior of
our CG model. Together, these models span near atomistic
to mesoscopic length scales, and the agreement of the two
models (parameterized using separate methodologies) indi-
cates the robustness of the CG phenomena we observe. We
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apply these models to understand the aggregation behavior
of I-BAR domains on flat sheets that mimic the surface of
giant unilamellar vesicles (GUVs), membrane tubules, and
spherical membrane vesicles. We focus primarily on lower
density surface coverage.

Our results show that both I-BAR domain models form
local membrane troughs on flat sheets, and when I-BAR
domains are on membranes with global curvature, the
I-BAR domains orient to minimally perturb the membrane.
We predict tip-to-tip string aggregates in tubule-shaped
membranes and rings at the base of bulges on the surface
of vesicles. Although the CG lipid and MesM-P models
bear some differences, the behavior observed using the
two models (each consistent with biologically relevant prop-
erties) is qualitatively similar. Both models show qualita-
tively similar behavior on surfaces with positive Gaussian
curvature, providing a consistent mechanism for the forma-
tion of novel, low curvature deformations surrounded by
I-BAR domains on GUVs.
MATERIALS AND METHODS

CG model details

The model consists of two components: a highly CG lipid bilayer and a CG

IRSp53 I-BAR domain as shown in Fig. 1 A. The highly CG lipid bilayer

was parameterized using a hybrid multiscale coarse-graining approach.

The hybrid parameterization supplemented multiscale coarse-graining

forces from atomistic simulations with analytical CG potentials to describe

the short-range interactions, which has been described previously (20). The

CG model was simulated in the Large-scale Atomic/Molecular Massively

Parallel Simulator simulation engine (21).

The CG IRSp53 I-BAR domain model was parameterized from atom-

istic simulation to reproduce the atomistic structure fluctuations (e.g.,

intrinsic curvature fluctuations), which we expect to be critical to the

membrane remodeling process. The atomistic simulations were composed

of a lipid bilayer, IRSp53 I-BAR domain (Protein Data Bank: 2YKT (22)),

and water using the CHARMM36 force field (23–25). The initial config-

uration of the membrane was first generated from Chemistry at Harvard

Macromolecular Mechanics – Graphical User Interface (26–30) and

equilibrated using the corresponding scheme and the Groningen Machine

for Chemical Simulations simulation engine (31). The membrane

was composed of 75% 1,2-dioleoyl-sn-glycero-3-phosphocholine, 20%

1,2-dioleoyl-sn-glycero-3-phosphoserine, and 5% phosphatidylinositol-

4,5-diphosphate (PI(4,5)P2). Then, the I-BAR domain was added to the

simulation cell, and the hydration layer was increased with 150 mM

NaCl using Groningen Machine for Chemical Simulations tools (31).

The I-BAR domain was simulated with the membrane for 300 ns, and

the final 100 ns were used to determine the mapping and parameterization

of intraprotein forces. The map from atomistic to CG was found using

essential dynamics coarse-graining (32), which divides the protein along

its primary sequence. The essential dynamics coarse-graining protocol

map is determined by finding divisions in the primary sequence that pre-

serve the dynamics of the protein (i.e., the large amplitude motions within

a CG bead are minimized, and the motion between beads are maximized).

The divisions in the primary sequence are given in the Supporting

Materials and Methods. Effective harmonic potentials were used for intra-

protein interactions, with the parameters determined using a heteroge-

neous elastic network model (33). The spring constants and equilibrium

distances are fit to reproduce the mapped structure and fluctuations

from an atomistic molecular dynamics trajectory and are provided in

the Supporting Materials and Methods.
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FIGURE 1 Side-by-side image of CG and

MesM-P models, snapshots of flat sheet configura-

tions. (A) Shown are the side (left) and top (right)

view of an overlay of CG I-BAR domain (orange,

red) and the secondary structure of each monomer

(cyan and blue) and an overlay of MesM-P I-BAR

domain (yellow) and a space filling representation

of each monomer. The attractive and excluded vol-

ume CG beads colored in red and orange, respec-

tively, are shown, along with the definition of the

longitudinal and transversal dimensions of the

I-BAR domain. (B) Shown is a snapshot of 5, 10,

and 20% coverage of a 100 nm by 100 nm flat sheet

with single I-BAR domain highlighted with a red

box. (C) Shown are MesM-P snapshots of 5, 10,

and 20% coverage of a 100 nm by 100 nm with a

single I-BAR domain highlighted with a red box.

To see this figure in color, go online.
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The direct protein-protein interactions were purely repulsive to capture

the excluded volume of each I-BAR domain. Additional screened electro-

static interactions between I-BAR domains were investigated in the

Supporting Materials and Methods and reinforce the aggregation behavior

due to purely membrane-mediated attraction. The effective potential be-

tween the CG beads of the protein and the headgroup beads of the CG lipids

was modeled as a 10-6 shifted force Lennard-Jones potential (34). At the

CG resolution, the effective potential between the protein and lipid mem-

brane is, by its nature, a simplification of the complex electrostatic interac-

tions at the atomistic protein-membrane interface and is meant to capture

the local membrane deformation driven by an isolated, atomistically

resolved I-BAR domain (17). As further mechanistic studies of local mem-

brane deformation by I-BAR domains are performed, the CG interactions

could be refined to better reproduce the complex nature of membrane

remodeling. Without an exhaustive study of I-BAR domain membrane re-

modeling at a finer resolution, the effective attraction strength was taken

as a parameter, and its effect on local deformation was quantified by a

comparison to previous atomistic simulations (17).

Mesoscopic membrane simulations with explicit
proteins

Here, we used a reduced and scaled-down version of the recent MesM-P

model (19) that relies on a discretized formulation of membrane elastic the-

ory (35). In the original model, the membrane is represented as a collection

of quasiparticles�7 nm in diameter. Each quasiparticle describes a patch of

lipid bilayer given its position and momentum with additional scalar fields

to represent local protein concentration and lipid composition. As a result,

MesM-P allows for efficient modeling of large-scale membrane shape

changes, protein binding and unbinding, and their interplay on nearly exper-

imental length and timescales (19).

In this work, we use only the elastic component of the MesM-P model

that describes three-dimensional membrane undulations and bending

(i.e., without using mesoscopic solvent or implicit variables describing

the local protein concentration and lipid composition). Instead, we use an

approach similar to the CG model and include explicit very highly CG rep-

resentations of I-BAR proteins, which are modeled as five-bead linear

chains with varied sizes shown in Fig. 1 A. The size variation of the beads

is included to, in part, reproduce the shape of an I-BAR domain. For the

membrane, we also use smaller sized beads of �3 nm, which is consistent

with the width of I-BAR. We have used Lennard-Jones-like shifted force
4-2 potentials for membrane-protein interactions with various strengths

(34). The MesM-P model was simulated in the Large-scale Atomic/Molec-

ular Massively Parallel Simulator simulation engine (21).

The final set of simulations utilizes a guiding potential to replicate mem-

brane configurations seen in the in vitro experiments. The flower petal struc-

ture in the latter (see Results) is likely caused by I-BAR domain-driven

membrane remodeling. This full phenomenon is not observable with the

MesM-P model due to the use of periodic boundaries to describe the surface

of a GUV. Instead, the flat sheet is deformed using a spherical guiding po-

tential. The membrane is initially flat, and the guiding potential is moved

toward the surface to create a membrane deformation similar to the defor-

mations made by CG I-BAR domains on small vesicles and the accompa-

nying in vitro experiments.

More details and the parameters of each computational model are given

in the Supporting Materials and Methods.
Reagents

Total brain lipidextract (131101P), brainL-a-PI(4,5)P2 (840046P), and1,2-dis-

tearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-

2000] (880129P) were purchased from Avanti Polar Lipids (Alabaster, AL).

BODIPY-TR-C5-ceramide, (BODIPY-TR ceramide, D7540), BODIPYFL

C5-hexadecanoyl phosphatidylcholine (D3803), and Alexa Fluor 488

(AX488) C5-Maleimide were purchased from Invitrogen (Carlsbad, CA).

GloPIPs BODIPY TMR-PtdIns(4,5)P2, C16 (C45M16a) was purchased

from Echelon Biosciences (Salt Lake City, UT). b-Casein from bovine

milk (>98% pure, C6905) and other reagents were purchased from Sigma-

Aldrich (St. Louis, MO).
Protein purification and labeling

Recombinant mouse IRSp53 I-BAR domain was purified and labeled with

AX488 dyes as previously described (9).
GUVs preparation and observation

For all experiments, GUVs composed of brain total lipid extract (36)

supplemented with 5 mole percentage (mol%) brain PI(4,5)P2,

0.2 mol% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[bio-

tinyl(polyethyleneglycol)-2000], and 0.5 mol% BODIPY-TR ceramide
Biophysical Journal 117, 553–562, August 6, 2019 555
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were prepared by electroformation on platinum electrodes overnight at

4�C in a physiologically relevant salt buffer. The salt buffer outside

GUVs was 20 mM Tris (pH 7.5), 60 mM NaCl, and 100 mM sucrose.

The salt buffer inside GUVs was 20 mM Tris (pH 7.5), 60 mM NaCl,

and 100 mM glucose.

GUVs were incubated with IRSp53 I-BAR domain at a bulk concentra-

tion of 0.02–0.1 mM for at least 30 min at room temperature before obser-

vation. For all experiments, microscope slides and coverslips were washed

with water and ethanol followed by passivation with a b-casein solution at a

concentration of 5 mg/mL for at least 5 min at room temperature. GUVs

were observed by Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan)

equipped with Yokogawa CSU-X1 confocal head, 100� CFI Plan

Apo VC objective (Nikon), and QuantEM:512SC camera (Photometrics,

Tucson, AZ).
RESULTS

Planar membranes

First, we compared the two modeling approaches by separate
simulations of both I-BAR domain models on tension-free,
periodic flat lipid bilayers at various I-BAR protein surface
densities. Infinite flat sheets are a close approximation to
the surface of GUVs that have quasinull local curvature.
The CG and MesM-P simulations demonstrated a preference
for forming relatively linear aggregates, as shown in Fig. 1, B
and C, respectively.

At low surface coverage, transient short linear strings of
I-BAR form in both the CG and MesM-P models (Fig. 1).
As surface coverage increases from 5 to 20%, the transient
linear strings change into crowded strings in which each
I-BAR domain of the linear aggregate can switch orientation
from one neighbor to another. We observe comparable
behavior in both models, indicating our results are robust
with respect to model resolution.

Next, we investigated the effects of protein-lipid interac-
tion on protein organization and curvature generated. The
effective protein-lipid interaction be changed in an in vitro
experiment by changing the local concentration of nega-
tively charged lipids or phosphoinositides. Fig. 2 shows final
protein configurations using a constant coverage of 10% as a
A

B
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function of protein-lipid interaction strengths. In Fig. 2, we
observe that at increased protein-lipid interactions strength,
significantly more curvature is generated, and linear aggre-
gates are much more likely to form. It is reasonable to
expect that, as the local curvature increases, the subsequent
aggregation also increases, given the nature of membrane-
mediated protein interactions (37). In the CGmodels param-
eterized here, membrane-mediated interactions between
proteins can broadly be defined as effective protein interac-
tions caused by perturbations to the membrane after protein
binding events. The response of the membrane to protein
binding (e.g., induced curvature or dampened fluctuations)
results in an effective protein interaction that drives mem-
brane aggregation (38,39). In fact, we demonstrate here
that membrane-mediated interactions are sufficient for pro-
tein aggregation (40–42).

We calculated themeanprincipal curvature generatedon the
x and y axes for each model to further quantify the effects of
interaction strength on I-BAR domain organization. Both
models exhibit curvature parallel and perpendicular to the lon-
gitudinal axis of the I-BAR domain (see Fig. 1 A). In the pres-
ence of thermal fluctuations, deformation along either axis
results in transient Gaussian curvature and variations in the
principal curvature. Plots of mean principal curvature are
shown in Fig. 2 B, corresponding to the snapshots of Fig. 2
A. With weak protein-lipid interactions, we see little to no ag-
gregation, and the I-BAR domains are disordered. With inter-
mediate interactions, we find that there are linear aggregates
and the mean curvature driven by isolated I-BAR domains to
be around 0–0.5 10�1/nm, similar to the curvature observed
near a single I-BAR domain in atomistic simulations (17).
With stronger protein-lipid interactions,weobservedcomplete
linear aggregate formation and significantly more membrane
deformation than atomistic simulation of isolated I-BAR do-
mains, which is to be expected. The local membrane deforma-
tion is crucial to understanding I-BAR domain curvature
sensing, and so in the following sections,we address howglob-
ally curved surfaces affect the aggregation of I-BAR domains.
FIGURE 2 Effect of I-BAR-lipid interaction

strength on local membrane curvature generation

at 10% coverage. (A) Shown are snapshots of CG

model with increasing interaction strength between

attractive I-BAR CG beads and lipid head bead.

From left to right: the strengths increase from 0.5,

1.0, to 1.5 kcal/mol. (B) Mean curvature was calcu-

lated as a function of the position on the membrane

for the snapshots in (A). To see this figure in color,

go online.
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Tubular membranes

We mimicked the experimental conditions of Pr�evost et al.
(12) by simulating each I-BAR domain model inside of a
membrane tubule. In the experiments, tubules are formed
by pulling on a micropipette-aspirated GUV using optical
tweezers, with the curvature of the tubule controlled using
the applied pressure in the pipette. In the tubule simulations,
the surface tension is initially zero as the radius and length
of the tubule are allowed to equilibrate before I-BAR do-
mains are introduced to the system and, subsequently, bind
to the lipid bilayer. After this initial equilibration, the length
of the tubule is then held constant with the radius allowed to
fluctuate as we seek to understand I-BAR organization in
tubules pulled from GUVs, which are not tension free.

To understand the nature of the curvature-sorting property
of the I-BAR domain, we probed the I-BAR domain organi-
zation inside tubules with two different radii. Interestingly,
CG simulations at these lower surface coverages produced
A B

E

F

C

FIGURE 3 Tubule snapshots and time series of ordering with the z axis. (A) Sh

(C) 10% and (D) 20% surface coverage in a �50-nm radius tubule (left CG sna

order parameter for various bound densities and tubule radii. (F) Shown is a nor

z axis for various bound densities and tubule radii. To see this figure in color, g
rather linear aggregates of I-BAR along the major axis of
the tubule (Fig. 3). We quantified the ordering between pro-
teins by plotting the probability density of the order param-
eter, S ¼ (3cos2q � 1)/2, where q is the angle formed
between the long dimension of two I-BAR domains. The
bimodal probability densities indicate that perpendicular
(S ¼ �0.5) and parallel (S ¼ 1) aggregates are extremely
prevalent, as shown in Fig. 3 E. As the tubule radius is
increased from 25 to 50 nm, however, we noticed an
increased stability of the perpendicular aggregates. The
increased stability of parallel aggregates in the narrower
tubule is likely due to the coupling between the curvature
generated by each I-BAR domain and the inherent curvature
of the tubule itself. We quantified ordering due to tubule
radius by plotting the probability of the linearity shown in
Fig. 3 F. Linearity is defined as the cosine of the angle
formed by each I-BAR domain and the axis of the tubule
(i.e., the z axis). Linearity is 0 when the protein is
D

own is 10% and (B) 20% coverage in a periodic�25-nm radius tubules and

pshots, right MesM-P snapshots). (E) Shown is a normalized histogram of

malized histogram of cosine of the angle formed by a single protein and the

o online.
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perpendicular to the axis of the tubule and 1 when parallel to
the axis. Fig. 3 F shows that the protein has a significant
preference for the axial direction in the narrower tubules
(i.e., perpendicular or spiral aggregates are less likely as
I-BAR domains prefer axial aggregation). Axial aggregates
are preferential because CG I-BAR domains form local
membrane troughs, and the axial orientation requires less
membrane deformation than the perpendicular direction.
In other words, the trough formed by a single I-BAR domain
is more stable when formed in the axial direction, and as
I-BAR domains aggregate, they are already axially aligned.
FIGURE 4 Curved membrane snapshots. (A) Shown is CG organization

on a 200-nm diameter vesicle at �10% coverage. In the red box, liner ag-

gregates of I-BAR domain organized around the base of a membrane bulge

are shown. (B) Shown is MesM-P organization around a�325-nm diameter

dome at �10% coverage. Black scale bar represents 15 nm. To see this

figure in color, go online.
Spherical membranes

Weinvestigated surfaceswithglobalGaussiancurvature toun-
derstand how I-BAR protein bind and induce large-scale
deformation. Considering the limits and boundary conditions
of the two simulation models, we used two separate ap-
proaches to approximate the surface of a GUV; we simulated
a small CG vesicle of 200-nm diameter and a large MesM-P
sheet with the curvature driven by a guiding potential. The ap-
proximationsmadehere are necessary to construct simulations
that are more computationally tractable than a complete GUV.
These simulations test the stability of both linear I-BARaggre-
gates on surfaces that display positive Gaussian curvature.

The aggregation behavior of CG I-BAR shows significant
deformation of the surface of small vesicles surrounded by
I-BAR domains. The linear aggregates form strings on the
membrane and form bulges out of the membrane with
I-BAR on the periphery. Next, we employed the MesM-P-
based approach, which used a guiding potential (see Sup-
porting Materials and Methods) to drive Gaussian curvature,
and the organization of I-BAR domains is investigated.
These simulations probe the aggregation behavior on the
surface of a deformed vesicle with quasinull local curvature.
When the membrane is perturbed into a �325-nm diameter
dome structure with a spherical guiding potential, I-BAR
domains preferentially sort to the edge of the surface, form-
ing a tip-to-tip ring as shown in Fig. 4 B. The preference for
a tip-to-tip ring can be understood again as a way for the
I-BAR domains to lie in a membrane trough; the edge of
the dome structure is the region of the membrane that
requires minimal perturbation to form a trough.
Experimental results

Finally, we experimentally studied the I-BAR-driven protein-
membrane deformations on a GUVusing fluorescence micro-
scopy. We found that upon binding to phosphatidylinositol
4,5-biphosphate-containing GUVs, IRSp53 I-BAR domain
deforms the GUV membranes into tubular invaginations to-
ward the interior of the GUVs, where the I-BAR domain
decorates the inner surface of the tubules (Fig. 5, A and C),
as previously reported (9,43). The bulk of the I-BAR
domain fluorescence, as seen in the maximal projections in
558 Biophysical Journal 117, 553–562, August 6, 2019
Fig. 5 C, is inside of the invaginated tubules. This observation
shows that the I-BAR domains are enriched in the tubules
compared to rather flat GUV membranes, consistent with
the previous study (12). Moreover, we observed that the
invaginated tubules are localized at the intersections of
the membrane indentation (i.e., the inward deformation of
the circular cross section of the GUV) (Fig. 5 A, arrows).
Besides tubulation, to our surprise, we observed that the
I-BAR domain deforms GUV membranes into bulges where
the I-BAR domain accumulates around their bases, which
appear as local indentations. The bulges vary in size from a
few microns in Fig. 5 B to a few hundred nanometers in
Fig. 5 D. Many bulges with accumulated I-BAR domains
produce a ‘‘flower-like’’ structure, as shown in Fig. 5, B
and D. This behavior appears to be quite similar to that
predicted by the simulations shown in Fig. 4 B.
DISCUSSION

In this article, we utilized a combined multiscale simulation
and experimental approach to understand I-BAR domain
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FIGURE 5 IRSp53 I-BAR domain induced flower-like GUV mem-

branes. (A and B) Shown are the representative confocal images of a

GUV in the presence of IRSp53 I-BAR domain. Confocal images were

taken at the equator of the GUV (A) and at the top of the GUV (B). Arrows

in (A) indicate some membrane indentations. (C) Maximal intensity projec-

tion of the same GUV is shown in (A) and (B). (D) Maximal intensity pro-

jection of a flower-like GUV in the presence of IRSp53 I-BAR domain is

shown. Protein concentrations are as follows: (A–C) 0.02 mM (70% unla-

beled and 30% AX488-labeled I-BAR domain) and (D) 0.1 mM AX488-

labeled I-BAR domain. Scale bars, 5 mm. To see this figure in color, go

online.

Organization of I-BAR Proteins
organization at low surface coverage on lipid bilayers
in vitro. We showed that I-BAR domains at a low surface
coverage prefer to organize into axial aggregates inside
membrane tubules and organize around the periphery of
membrane bulges on simulated vesicles and experimentally
imaged GUVs. Using separate and complementary CG and
mesoscopic approaches to capture protein shape and mem-
brane curvature, we find evidence for robust levels of
I-BAR organization. We find transient linear strings at low
protein density on the membrane surface through a purely
membrane-mediated attraction. As each I-BAR domain de-
forms the membrane locally, multiple I-BAR domains are
attracted to generate long troughs on the surface of GUVs,
inside of tubules, and on 200-nm diameter vesicles. We
modeled a variety of geometries to approximate the funda-
mental conditions and curvatures found in experiments,
especially in GUVs, as shown in Fig. 5. When the mem-
brane has inherent curvature (i.e., is not locally flat), both
the CG and MesM-P I-BAR domain models couple to the
curvature of the membrane and preferentially orient to mini-
mally deform the membrane. The minimal perturbation re-
sults in axial aggregates in tubules and rings around
membrane bulges.
I-BAR domains form axial aggregates at low
coverage

The aggregation behavior shown in the vesicle and tubule
simulations suggest a mechanism by which tubules are initi-
ated. Areas where multiple I-BAR aggregates contact are
the regions of highest curvature in the flat membrane sheet
simulations shown in Fig. 2 B and in the 200-nm vesicle
simulations shown in Fig. 4 A. In the simulation models pre-
sented here, the effective attraction between the ends of
I-BAR domains is membrane mediated such that the
coupling of curvature minimizes the system free energy.
In a more realistic bilayer, such as the in vitro assays pre-
sented here, the positively charged ends of I-BAR domains
could also be electrostatically attracted by the clustering
of negatively charged lipids (e.g., phosphatidylinositol
4,5-biphosphate). After the initial nucleation of the tubule,
it is unclear how the growth is driven. Although the models
here show that the axial aggregate is the preferred orienta-
tion, further studies (e.g., simulations of nascent tubules or
experiments investigating the orientation of the I-BAR do-
mains at a moderate density inside tubules) will be required
in the future to fully elucidate the tubulation mechanism.

The axial aggregates of I-BAR domains inside tubular
membranes seen in our simulations are unexpected. We
find that I-BAR domains organize such that the grooves in
the membrane formed by I-BAR domains produce minimal
deformations of the membrane, resulting in long axial
troughs that are parallel to the tubule axis. At the surface
densities simulated here, the differences between tubule
radii most notably affects the orientation of the individual
I-BAR domains and the propensity for axial aggregates to
form. Our results suggest that the preferred curvature of
I-BAR domains may arise from the balance between ener-
getic preference of axial aggregates, which minimally per-
turb the membrane, and entropic penalty due to reduced
rotational freedom inside of the tubule.

As protein surface density increases, we would expect
that the axial aggregates would instead form the proposed
perpendicular aggregates (14,15), similar to those formed
by other members of the BAR family (44–47). At high sur-
face densities, the properties of a single I-BAR domain
would also be different because of the presence of the neigh-
boring I-BAR domains, and the resultant local deformation
caused by each I-BAR domain could change from the
deformations generated by the current model. Given the
computational cost of resolving many I-BAR domains at a
finer resolution, the current model parameterization also
does not take into account direct interactions between
Biophysical Journal 117, 553–562, August 6, 2019 559
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neighboring I-BAR domains (except excluded volume), and
therefore, high density conditions are outside of the scope of
this model. We also note that axial aggregates are in contrast
to previous computational studies of I-BAR domains
(14,15) that show perpendicular aggregates inside of mem-
brane tubules, but these previous studies used models unlike
the models presented here. Among the several differences
including membrane representation and protein-membrane
interactions, the CG I-BAR model used in this work repro-
duces the properties of a single, isolated, and atomically
resolved I-BAR domain, which flattens when bound to the
membrane and is outside the curvature ranges previously
studied. Our model shows a new phenomenology because
our multiscale approach considers I-BAR domain properties
outside the scope of the previous models to date.
I-BAR domains aggregate around bulges on
vesicular membrane at low coverage

We experimentally revealed low curvature bulges that are
surrounded by I-BAR domains at their bases, shown in
Fig. 5, B and D. Low surface coverage membrane remodel-
ing of this kind has not been shown before to our knowledge.
In addition, in the simulations, we observed consistent ag-
gregation behavior of I-BAR domains on the surface of
small vesicles and around the base of preformed membrane
bulges in planar membranes. The bulges due to I-BAR
domain aggregation here bear a striking resemblance to
the deformation modeled by endophilin Bin/amphiphysin/
Rvs domains (42) and spherical nanoparticles (48,49).
This common phenomenology suggests that the formation
of membrane bulges are not specific to I-BAR domains
but are the result of emergent phenomenon due to linear ag-
gregation. Furthermore, Fig. 4 A shows significant deforma-
tion of the surface of small vesicles similar to the
experimental images shown in Fig. 5 B, although on a
smaller length scale. As these simulated vesicles are 100
times smaller than the experimentally relevant vesicles
shown in Fig. 5, we also employed the MesM-P-based
approach using a spherical guiding potential to form a
‘‘dome’’ structure with Gaussian curvature on a planar mem-
brane. When the membrane is perturbed into a �325-nm
diameter dome, which is much closer to the size of the mem-
brane bulges shown in Fig. 5 D, I-BAR domains aggregate
around the edge of the surface, forming a tip-to-tip ring,
as shown in Fig. 4 B. This result is striking because it resem-
bles the CG result at a shorter length scale, in which
Gaussian curvature was generated on a small vesicle as
well as the experimental result that shows significant aggre-
gation around the large indentations created by the mem-
brane-bound I-BAR domains.

The phenomenological similarities between I-BAR
domain aggregation around the small bulge on the CG
vesicle, tip-to-tip ring around the preformed dome on the
MesM-P sheet, and the aggregation at the periphery of
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flower-like membrane structures in experimental images
suggest a common driving force acting at different length
scales. In the case of the simulations, I-BAR domains bind
to the membrane and generate local deformation that
leads to aggregation. Given the similar phenomenology,
we suggest that the bulges seen in this experiment are a
minimally perturbative conformation due to I-BAR domain
aggregation.
CONCLUSION

Our multiscale modeling approach captures the local
behavior of an isolated, membrane-bound I-BAR domain
of IRSp53 and is used to model I-BAR domains on lipid bi-
layers of various geometries and scales to micron-size sys-
tems. We demonstrate that lipid bilayer geometry is an
important factor in I-BAR domain aggregation. At low sur-
face coverage, we show that I-BAR domains generate local
troughs, leading to transient tip-to-tip aggregates on flat sur-
faces, and the preference for trough formation leads to string
aggregates along the long axis of tubules and a ring of
I-BAR domains at the base of membrane bulges on the sur-
face of vesicles. The aggregation behavior demonstrated in
the CG and MesM-P simulations provides a mechanism for
the intriguing low curvature membrane bulges that we
observe experimentally.
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