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Preface

T his thesis is prepared under the joint supervision between Patricia Bassereau at
Institut Curie and Gregory A. Voth at the University of Chicago. I started a
Ph.D. in Chemistry at the University of Chicago in August 2010. In September 2012, I
enrolled in the Ph.D. program in Physics (Ecole doctorale: Matiere Condensée et In-
terfaces, later renamed to Physique en Ile de France) at University of Paris Diderot
(Paris 7). The two universities signed a dual sponsorship agreement (fr. co-tutelle),
granting me a Ph.D. degree from each institution upon completion of the program.
Due to the volume of the thesis, we split it into two tomes, wherein this tome
presents the work predominately carried out at Institut Curie. Each of the two man-
uscripts has an extended summary of the accompanying manuscript. Considering
that the biological systems are the same, there is an unavoidable resemblance in the
introductions of the two theses. Analogously, the text of both theses will resemble
articles we published or those currently in preparation. In particular, there are two
published articles and one review paper that report the results of this thesis (Renard
et al., 2015; Simunovic and Bassereau, 2014; Simunovic et al., 2015). There are two
other research articles and two reviews currently in preparation. From the work of
the accompanying thesis, there are four published articles (Simunovic et al., 2013a;
Simunovic et al., 2013b; Simunovic and Voth, 2012, 2015). In addition, two research
articles and one book chapter are currently in preparation.



1. Introduction

M embranes are ubiquitous in living systems. They function to compartmentalize
the cell and its organelles, but also serve as mechanical support for proteins
that control cellular trafficking and signal transduction (Alberts et al., 2014). Owing
to the way membranes are assembled into lipid bilayers spanning microns in length
and molecular width, they behave as elastic and highly dynamic molecular sheets
(Goetz et al., 1999). Membrane’s innate multiscale nature is further evident in the lo-
cal interplay between proteins and lipids that drives the large-scale membrane re-
modeling characterized by an impressive array of morphologies (Lipowsky, 1991).
These properties allow biological membranes to take part in several important cellu-
lar processes, as their restructuring is key to enabling communication between cells,
formation of organelles, trafficking, division, and cell migration (McMahon and Gal-
lop, 2005). The most notable sculptors of membranes in the cell are members of the
Bin/Amphiphysin/Rvs (BAR) protein family (Dawson et al., 2006; Mim and Unger,
2012; Qualmann et al., 2011; Rao and Haucke, 2011). The characteristic structural fea-
ture of these proteins is an intrinsically curved domain that peripherally adheres to
the membrane surface. Based on the shape of this domain, they are subdivided into
classic BAR (or N-BAR if they also contain an N-terminal amphipathic helix), F-BAR,
and I-BAR proteins. The spectrum of their abilities is highly diverse and it can most
broadly be split into sensing and generating membrane curvature. As sensors, they
get recruited to curved compartments in the cell where they stabilize highly curved
surfaces. Additionally, they contain domains that target specific lipids and proteins,
so their supplementary role is to recruit other proteins to the active site. As remodel-
ers, they directly alter the architecture of the membrane, which serves to activate a
variety of cellular process.

Recent studies have demonstrated that BAR domain proteins may even pro-
mote a change in the topology of the bilayer (Boucrot et al., 2012; Simunovic et al.,
2013a), hence implicating them in membrane fission. For these reasons, the interac-
tion between BAR proteins and the membrane can be described with a rich configu-
rational phase diagram (Simunovic and Bassereau, 2014). Despite the tremendous
research efforts, it is still unclear precisely when and to what extent the cell uses
these various capabilities of BAR proteins to perform cellular functions. In fact, their
role in endocytosis, an intensely studied membrane-remodeling process, has for a
long time been controversial (Kirchhausen, 2012). This fact, together with the incred-
ibly complex and multiscale behavior of membranes, makes the research on protein-
mediated membrane-reshaping phenomena extremely challenging.

The aim of this thesis is to explore the configurational space of membrane re-
modeling, with an emphasis on BAR proteins. Chapter 1 gives a background and the
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Figure 1.1.1: Structure of membrane lipids. Shown are three main groups of lipids
that make up the cell membrane: phospholipids, glycolipids, and cholesterol.

biological context of the problem of membrane remodeling in cells. Chapter 2 de-
scribes the particular aims of the thesis and shows in detail the applied methodolo-
gy. Chapter 3 is an extended summary of the work from the accompanying thesis. In
Chapters 4-6, I will present our efforts in understanding the full range of capabilities
of BAR proteins and elucidate the mechanism by which they carry out specific steps
in a newly discovered endocytic pathway. In particular, in Chapter 4, I will show our
work on understanding how curvature-generating proteins form polymeric scaffolds
around membrane tubules and the role of protein’s subdomains in this process,
namely the amphipathic helices. In Chapter 5, I will discuss the mechanism of fission
of scaffolded membrane tubules, induced by external pulling force, a mechanism we
believe to be key in endophilin-mediated endocytosis. In Chapter 6, I will present the
experimental evidence that shows that BAR domain itself can very efficiently sense
membrane curvature, rebutting published research on this question. Finally, in Ap-
pendix I, I will show that membrane morphology can be affected by isotropic parti-
cles of vastly different sizes (namely, calcium ions), demonstrating that curvature
can be induced by a much more general mechanism than typically considered in the
literature.
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1.1. Chemistry of lipid membranes

1.1.1) Molecular structure of lipids. Lipids are naturally occurring macromolecules
that serve three principal purposes in organisms (Alberts et al., 2014). First, due to
their reduced state, lipids are very efficient at storing energy. For example, the com-
plete oxidation of a fatty acid lipid produces double the amount of energy than
burning the same mass of carbohydrates or proteins. Secondly, several lipids have
been identified as primary or secondary messengers in many signal transduction
and molecular recognition processes. Some of these signaling events include the ac-
tivation of G-protein-coupled receptors or nuclear receptors. Finally, and likely the
most recognized role of lipids is forming membranes, a microscopic structure that
separates the cell from the environment and compartmentalizes its organelles (Al-
berts et al., 2014; van Meer et al., 2008).

Lipids comprise a myriad of diverse molecules. There are three major groups
of lipids in membranes: phospholipids, glycolipids, and cholesterol. Many other
molecules are categorizes as lipids, such as fats, waxes, sterols, vitamins, etc. (Berg et
al., 2002). Phospholipids are composed of an alcohol backbone, either glycerol or
sphingosine, which make phosphoglycerides and sphingolipids, respectively. This
backbone binds fatty acids and a phosphate that is typically derivatized with other
alcohols (Fig. 1.1.1). The source of diversity of lipids comes from the length and satu-
ration of the fatty acid chains and the composition of the alcohol on the phosphate.
Most common alcohol moieties of phospholipids include choline, ethanolamine, ser-
ine, glycerol, and inositol, which then form phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), phosphatidylserine (PS), diphosphatidylglycerol (PG),
and phosphatidylinositol (PI) (Fig. 1.1.1). At neutral pH, this moiety determines the
molecule’s net charge. PS, PG, and PI have a single negative charge, whereas PE and
PC are zwitterionic, meaning that they contain the same amount of positive and
negative charge, making them net neutral. In phosphoglycerides, there are two satu-
rated or cis-unsaturated fatty acid chains attached to the glycerol, forming diacyl-
glycerol. In sphingolipids, sphingosine is attached to a single saturated or trans-un-
saturated fatty acid, making ceramide. Most common sphingolipids are sphin-
gomyelins (SM) that contain either choline or ethanolamine attached to the phos-
phate. Glycolipids contain sugars in their structure. In animal cells, glycolipids are
similar in structure to sphingolipids, except that instead of the phosphate group,
they have a saccharide moiety directly attached to the ceramide backbone. Finally,
cholesterol belongs to a group of steroids, structurally very different from other
lipids. Its rigid backbone comprises four hydrocarbon chains, derivatized on the one
end with a short hydrocarbon chain, and a hydroxyl group on the other. The mol-
ecule is oriented such that its hydroxyl group is aligned with the phosphate group of
other lipids (Berg et al., 2002; van Meer et al., 2008) (Fig. 1.1.1).
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1.1.2) Self-assembly of lipids. From the chemical point of view, lipids are either hy-
drophobic (e.g. cholesterol, fatty acids) or amphipathic molecules (e.g. phospho-
lipids and glycolipids). Hydrophobicity is the propensity to repel water. Despite its
name (Greek 00w = water and ¢pofog = fear), hydrophobic interactions are not ex-
plicit repulsions between a hydrophobic moiety and water molecules. During solva-
tion, water molecules surround the solute because they are attracted to it, thus low-
ering enthalpy. Considering that water molecules also readily form hydrogen bonds,
an ordered network will form around the solute, hence unfavorably lower the en-
tropy. When in contact with an apolar molecule, on the other hand, there are two op-
tions: water can either solvate the molecules thus separate the solutes, or it can get
excluded from the space between two solutes, in which case the solute molecules
will be attracted to one another (Fig. 1.1.2, A). Either way, enthalpy is unchanged as
water does not interact with apolar molecules. Hence, the resulting configuration is
determined by entropy, which favors the case in which water molecules are more
disordered. Hydrophobic interactions are therefore the effective attractions between
apolar molecules that result from this entropically-driven effect (Atkins and de
Paula, 2010). Amphipathic molecules possess both a polar and an apolar moiety in
their structure. A major consequence of such chemistry is that amphiphiles can parti-
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Figure 1.1.2: Structure of lipid assemblies. (A) Illustration of the hydrophobic effect.
The exclusion of water molecules from the interface of two apolar molecules increas-
es the entropy, AS, while keeping the enthalpy the same. Red lines represent water
molecules, grey dotted lines hydrogen-bonds, black dots are apolar molecules. (B)
Structure of lipid phases. Red and white spheres represent hydrophilic head groups,
grey and yellow cylinders represent hydrophobic tails. Adapted from wikipedia and
(Tresset, 2009) (C) Phase diagram of monooleil/water system. Redrawn from (Qiu
and Caffrey, 2000). HII represents hexagonal II phase, Ia3d and Pn3m are cubic
phases, 1, and 14 are, respectively, liquid ordered and liquid disordered phases.
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tion organic molecules from water, essentially enabling the molecular complexity of
life (Atkins and de Paula, 2010).

When phospholipids are mixed with water, their hydrophobic parts will stick
to one another, whereas the hydrophilic moieties will be solvated by water. There
are several geometries that can accommodate such chemistry (Ashrafuzzaman and
Tuszynski, 2012). The most relevant to biology is a lipid bilayer. In this configura-
tion, lipids either form planar or spherical surfaces (vesicles, liposomes) (Fig. 1.1.2,
B). The bilayers can form a regular stack with a smectic order, called lamellar phase.
The way lipids are organized in the plane can affect their fluidity. We distinguish
three phases of bilayer membranes (in the decreased order of fluidity): liquid disor-
dered (la), liquid ordered (l,), and gel or solid phase (van Meer et al., 2008). Among
non-lamellar phases, most common ones are: micelle (a spherical monolayer),
hexagonal (a micellar tubule), and cubic phases (a complex three-dimensional lipid
array interlaced with water tunnels) (Seddon, 1990; Tresset, 2009). The non-lamellar
phases are further subdivided into two types based on the orientation of the hy-
drophobic tail of lipids. Type I phases are characterized by having an oil-in-water
topology. In this configuration, the hydrophobic tails are oriented toward the center
of the lipid structure, with the hydrophilic ends facing the bulk of the solution. Type
IT phases, also known as inverted phases, have the opposite, i.e. water-in-oil topolo-
gy and are typically arranged into stacks (Fig. 1.1.2, B) (Seddon, 1990). Figure 1.1.2, C
shows an experimentally determined phase diagram of a monooleil/water mixture,
which has a particularly rich phase diagram, where we can see how phases depend
on water content and temperature (Qiu and Caffrey, 2000).

1.1.3) Phase separation. Some lipids have a propensity to form certain phases as a
result of their shape. For example, the hydrophilic head group in PE is much smaller
compared to the lipid chain, resembling a cone. Conical lipids will be more likely to
form a type II micellar or hexagonal phase than cylindrical lipids (Israelachvili et al.,
1980). Moreover, an enrichment of conically shaped lipids in one leaflet of the mem-
brane will impose a curvature stress in the bilayer. We will discuss this topic in much
greater detail later (van Meer et al., 2008). The composition of the lipid chain may
determine the fluidity of the lamellar phase. Most phospholipids will have at least
one cis-unsaturated chain, rendering them more difficult to vertically stack in a bi-
layer and will typically form lg domains. Single-chain lipids and lipids with unsatu-
rated or long chains, such as sphingolipids will more easily stack against one anoth-
er and form 1, domains. Single-chain lipids are also more prone to forming micelles,
because single-chain lipids will repel each other less at the center of the micelle than
double-chain lipids. In reality, predicting the steady-state assembly of lipids is not
straightforward, especially for complex lipid mixtures. The practical consequence is
that reconstituting membrane systems in vitro may often lead to unforeseen struc-
tures, such as multilamellar vesicles, gel phase bilayers, and other morphologies.
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All known lipid bilayers can transition into gels at sufficiently low tempera-
tures, known as the lipid melting temperature. At certain conditions, complex mix-
tures can separate their lipid components into different phases. The simplest system
with coexisting micron-sized domains are ternary composition membranes, com-
posed of: 1), lipids with a high melting temperature, 2), lipids with a low melting
temperature, and 3), cholesterol (Baumgart et al., 2003; Dietrich et al., 2001; Sam-
sonov et al., 2001; Veatch and Keller, 2003). Examples of low-melting-point lipids are
dioleoylphosphatidylcholine (DOPC), with two 18-carbon-long cis-unsaturated lipid
chains, and dilauroylphosphatidylcholine (DLPC), with two short saturated 12-car-
bon-long chains, both of which have a stronger preference for an lg phase. Lipids
such as dipalmitoylphosphatidylcholine (DPPC), with two saturated 16-carbon-long
chains, distearoylphosphatidylcholine (DSPC), with two saturated 18-carbon-long
chains, and SM, with a long single-chain ceramide, all prefer the 1, phase (Fig. 1.1.3).
Cholesterol partitions into the 1, phase and enhances the formation of micron-sized
domains because its rigid structure likely restricts the diffusion of lipids.

Domains in ternary giant unilamellar vesicles (GUVs) can be readily visual-
ized with fluorescence microscopy. Such experiments revealed that micron-sized
domains persist on time scales of minutes (Baumgart et al., 2003; Veatch and Keller,
2003). Binary mixtures can also phase separate, but into much smaller domains, 80—
200 nm in size. These smaller domains are detected with molecular-level techniques,
such as NMR, and they are especially stable near the miscibility critical point
(Feigenson, 2006; Ipsen et al., 1987; Veatch et al., 2004). The coupling between the

‘% Cholesterol
%? Lo = Id 1.0

crystals
xé%“’ﬁw

"if”ﬁm osy

%‘h“ 00 01 02 03 04 05 06 07 08 09 10
S,[ DOPC DSPC

Figure 1.1.3: Phase separation. (A) Illustration of some lamellar phases: La =14, Lp =
gel, LB = gel with tilted acyl chains; Lo =1,. (B) Phase diagram of the ternary DOPC/
DSPC/cholesterol mixture. (C) Fluorescence images of ternary mixtures GUVs color-
coded by their corresponding places in the phase diagram in B. The mixture also
contains a small percentage of lipid dyes that preferentially partition into the I,
(green) and l4 (red) phase. Adapted from (Feigenson, 2006).
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scales in domain formation is unclear. Considering that the temperature at phase
separation is close to physiological, it has been largely hypothesized that domain
phase separation could have a significant functional role in the cell. Given the large
research efforts in elucidating this problem, the literature has given these domains a
special term: lipid rafts. I will return to this topic as part of biological context in sec-
tion 1.3.

1.1.4) Lipid mobility. Lipid diffuse laterally in the bilayer, making the membrane
fluid. The lateral diffusion coefficient is on the order of ~ 1 um?/s, thus we can esti-
mate that it only takes a second for a lipid to traverse the entire surface of a micron-
sized cell, such as bacteria. Lipids also freely rotate within the bilayer. On the other
hand, migration from one leaflet to another, known as flip-flop, is extremely slow, on
the order of days. The exception is cholesterol that rapidly translocates. Cells have
developed specialized proteins, namely flippases, that mediate the ATP-dependent
lipid flip-flop in the cell (Alberts et al., 2014; Lodish, 2008). The structure of lipids af-
fects their lateral mobility in the same way it controls their phase behavior. For ex-
ample, it has been found that lipids in the phase-separated ternary bilayers —com-
posed of DOPC, SM, and cholesterol—have a ~ 3-fold slower diffusion coefficient in
the 1, than in the 14 phase (Dietrich et al., 2001; Filippov et al., 2004). Again, the easier
lateral packing of 1, lipids increases the van der Waals interactions among the sur-
rounding lipids (Atkins and de Paula, 2010), slowing down the mobility. Another
study has shown that adding cholesterol to DOPC bilayers (a low-melting-point
lipid) decreases the diffusion coefficient linearly with cholesterol content, however
no effect was observed when adding cholesterol to SM bilayers (high-melting-point
lipid) (Filippov et al., 2003). Cholesterol does not influence lipid diffusion in 14 or 1,
phases in ternary mixtures (DOPC/SM/cholesterol) (Filippov et al., 2004). These re-
sults again point to the likelihood of lipid rafts and their potential role in biology as
regulators of cellular function. Membrane curvature also modules the lateral diffu-
sion of lipids. In particular, the mobility of lipids decreases approximately twice in
highly curved tubular membranes compared to planar membranes (Domanov et al.,
2011) and ~ 2.5 times slower in membrane junctions (Simunovic et al., 2013a).

1.2. Physics of lipid membranes

Structural features of lipid bilayers are observable at multiple scales. They can span
microns in lateral dimensions to form elastic sheets governed by macroscopic me-
chanics. At the same time, the cross-section of a lipid bilayer is orders of magnitude
smaller, with only two molecules making up its thickness. This aspect demands a
molecular point of view when studying any interactions with the membrane. The
hydrophobic repulsion at the water-lipid tail interface gives rise to line tension that
minimizes the edge of a bilayer, whereas the surface tension tends to minimize its
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area. This process competes with elastic energy induced by bending the membrane.
As a result of these opposing forces, biological membranes form a remarkable range
of geometries. From the physical point of view, the behavior of the membrane is of-
ten explained by considering it to be a thin elastic sheet, without accounting for the
molecular structure or the local composition inhomogeneities (Brown, 2008;
Lipowsky, 1991). However, biological membranes are far more complex. First, they
are fluid, which makes them much more flexible than solid elastic objects. Second,
membranes contain hundreds of different components, so predicting its actual phase
behavior is nearly impossible. Finally, cell membrane is not at equilibrium, making
the thermodynamic treatment all the more difficult. Surprisingly however, the elastic
description of the cell membrane has been remarkably successful in explaining the
physical basis of large-scale membrane behavior and it has provided a very useful
analytical framework for analyzing and understanding the experimental data
(Brown, 2008).

1.2.1) Elastic energy of the membrane. Pioneering theoretical description of the
membrane came in the 1970s, when Canham and Helfrich explained the shape of red
blood cells by calculating the bending energy (Fvend) of a thin elastic sheet (Canham,
1970; Helfrich, 1973). We now call this equation the Canham-Helfrich Hamiltonian
and it can be written as:

F.. =IdA{%“(cl+cz—co)2+KGclcz] (Eq.1.2.1)

In this expression, c1 and c2 are the principal curvatures of the membrane having the
surface area A. The principal curvatures of a plane are the minimum and the maxi-
mum curvatures of an intersection between the surface and a perpendicular plane at
a point of observation. The first summation term in Eq. 1.2.1 represents the elastic
response of a bent surface from its equilibrium mean curvature, called the sponta-
neous curvature, co. The second summation term is the elastic response from gener-
ating Gaussian curvature in the surface. The resistance to bending is measured with
the bending and the saddle splay modulus, km and «g, respectively. See Fig. 1.2.1 for
illustration of bending versus other types of strains, further discussed below.

The two types of curvatures are mathematically different in so that mean cur-
vature is the linear component of curvature whereas Gaussian curvature is its qua-
dratic component. As such, with small deformations, the linear term will be more
dominant. Precisely, they are defined as:

H = %(c1 +c,), (Eq. 1.2.2)
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Figure 1.2.1: Elastic deformations of the membrane. The arrows represent the di-
rection of the stress, resulting in different strain responses: bending, stretching, and

shear.

K =cc, (Eq. 1.2.3)

where Hy, and K are, respectively, mean and Gaussian curvatures. Practically, the
two curvatures can be distinguished based on the way they are perceived and mea-
sured. Mean curvature is defined by external observation of a surface embedded in
some space and its sign is assigned by convention. Gaussian curvature is an intrinsic
measure of curvature and may be perceived if sitting on the object itself. Hence, its
value depends on the distances measured on the surface, independent of how they
are embedded in space (Kiihnel, 2002).

We define positive mean curvature if the membrane curves toward the bind-
ing object (e.g. a protein) and negative otherwise (Fig. 1.2.2). The sign of Gaussian
curvature depends on the shape of the object itself. A sphere is characterized by hav-
ing both principal curvatures positive (and equal), therefore K > 0. Conversely, a
saddle will have one positive and one negative principal curvature, therefore K < 0.
Finally, cylinders have one positive curvature, while the other is zero, making K =0
(Fig. 1.2.2). Evidently, we need both curvatures to describe the geometry of a mem-
brane and determine the energy required to deform a membrane from its sponta-
neous shape. For example, if a membrane is shaped into a saddle of equal magni-
tudes of principal curvatures, its mean curvature will be zero, while its Gaussian
curvature will not. Such shape is found, for example, at the base of membrane buds
formed in clathrin-mediated endocytosis. The inverse case is for a cylinder, a ubiqui-
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mean curvature N
positive

Gaussian curvature zero

negative

Figure 1.2.2: Membrane curvature. From left to right: sphere, cylinder, saddle, sphe-
rocylinder (may represent a step in endocytosis). Surfaces are color-coded based on
mean (top row) and Gaussian (bottom row) curvatures. Note, mean curvature of a
saddle is zero only if both principal curvatures have the same magnitude (not the
case in this figure).

tous membrane shape in the cell, where Gaussian curvature is zero and mean curva-
ture is positive (McMahon and Gallop, 2005). Figure 1.2.2 shows three basic mem-
brane shapes, including a complex shape resembling a vesicle budding off a surface,
color-coded based on both types of curvatures. Of note, Gauss-Bonnet theorem states
that if in the course of shape changes the topology or the boundaries of the mem-
brane patch remain unchanged, the integral accounting for the Gaussian curvature is
constant. Therefore, we frequently omit the Gaussian curvature contribution from
the Helfrich Hamiltonian.

Bending modulus of lipid membranes is in the range from 1 to 100 kgT, where
kg is the Boltzmann constant and T the thermodynamic temperature. To illustrate the
high bending elasticity of lipid membranes, consider polyethylene (e.g. a plastic
bag), which has a hundred times higher bending modulus. Bending modulus of very
stiff materials, such as brass, is another hundred times higher (Sackmann, 1994). For
membranes, the bending modulus is dependent largely on the lipid composition. In
the case of PC lipids, increasing the length of a saturated or a monounsaturated
chain from 13 to 22 carbon atoms increases the bending modulus from 13 to 30 kgT.
The value significantly drops to 10 ksT for cis-polyunsaturated PC lipids (18-20 car-
bon atoms) (Rawicz et al., 2000). Cholesterol has for a very long time been thought to
stiffen the membrane by ordering the lipid chains, however recent work has shown
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Table 1.2.1: Elastic constants for some bilayer membranes.

composition DOPC DOPC/chol SOPC SOPC/chol (1:1) red blood cell
Km 16 15 (for 2:1 mix) 22 60 44
KA 310 890 (for 1:1 mix) 290 1985

that cholesterol has an effect only on lipids with fully saturated chains (Pan et al.,
2008).

We can determine the membrane bending modulus by observing the macro-
scopic fluctuations of lipid vesicles, using flickering spectroscopy (Brochard and
Lennon, 1975; Pecreaux et al., 2004) or the microscopic fluctuations of supported bi-
layers with X-ray and neutron scattering (Daillant et al., 2005; Salditt, 2005). Another
way of measuring the elasticity of membranes is by observing the response of lipid
vesicles to deformation, using micropipette aspiration (Evans and Rawicz, 1990), ex-
trusion of a membrane tether (Derenyi et al., 2002; Hochmuth and Evans, 1982;
Hochmuth et al., 1982), or by applying an external electric field (Kummrow and Hel-
frich, 1991). Bending modulus can be deduced from computational simulations of
lipid membranes, by applying the same relations as used in flicker spectroscopy
(Boek et al., 2005; Lindahl and Edholm, 2000) or by calculating the strain response
upon external stress (den Otter and Briels, 2003; Farago and Pincus, 2004; Harman-
daris and Deserno, 2006). Table 1.2.1 lists mean bending moduli, that show typical
values for lipid bilayers, along with trends of adding cholesterol. The values pre-
sented were measured by vesicle-aspiration techniques and are taken from (Evans,
1983; Marsh, 2006).

Saddle splay modulus, kg, is notoriously difficult to determine (Marsh, 2006).
The measurement would need to involve monitoring a shape transition in which
both the topology and the boundaries of the bilayer change, such as membrane fis-
sion or fusion, which are typically highly dynamic processes. For this reason, there
are only a few measurements of this elastic parameter on lipid bilayers (Baumgart et
al., 2005; Hu et al., 2012; Lorenzen et al., 1986). Deserno and coworkers recently de-
veloped an interesting simulation approach, in which they let a circular cap sponta-
neously close into a sphere (Hu et al., 2012). The dynamics of this process depends
on the interplay of the two elastic parameters and, knowing xm, k¢ can accurately be
extracted. In their work, they found that «¢ is negative and has a magnitude very
similar to km (—kc/km = 0.90-1.05).

Spontaneous curvature, co, is another intrinsic mechanical measure of the
membrane and it represents its resting mean curvature. Strictly, a bilayer with sym-
metric and laterally homogenous composition in both leaflets, in the absence of ex-
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ternal influence, will have cp = 0. To generate curvature in a resting membrane, an
asymmetry needs to be brought into the system. The asymmetry may be supplied by
1), the difference in lipid composition between the two leaflets, 2), by introducing an
asymmetrically shaped object into the membrane, and 3), by exposing the bilayer on
each side to solutions containing different compositions of a), ions, b), particles, or c),
proteins (Lipowsky and Dobereiner, 1998). There are other ways of generating
membrane curvature, such as with external pulling force or by crowding. We will
discuss the mechanism of generating membrane curvature in more detail in Section
1.3.

There are two additional parameters in the elastic energy of the membrane
that come as Lagrange multipliers when constraining the area and the volume (Miao
et al., 1994).

F.=0dA, (Eq. 1.2.4)
E/olume = ApJ. dV 7 (Eq 125)

where 0 and Ap=p, ,—p, are the membrane tension and the pressure difference
across the bilayer, respectively. They both represent the resistance to deformation ei-
ther in the area or in the volume. While surface tension plays a very important role
in membrane-remodeling phenomena, the pressure difference is typically consid-
ered vanishing and so Eq. 1.2.5 is rarely included in the total energy of the mem-
brane. Membrane tension is related to the stretching modulus of the membrane, an
intrinsic elastic parameter, via:

_x, A4 Eq.1.2.6
o=K, A (Eq )

where x4 is the stretching or the area compressibility modulus, A and Ap are the cur-
rent and the equilibrium area, respectively. This mechanical parameter may be ob-
tained by monitoring the expansion of lipid vesicles with micropipette aspiration at
high tension. The values obtained were around 240 mN/m and, unlike the bending
modulus, they did not significantly depend on the length or the saturation of lipid
chains (Rawicz et al., 2000). See Table 1.2.1 for some representative values, taken
from (Rawicz et al., 2008). The maximum a bilayer membrane can be stretched be-
fore it undergoes lysis—or break—is ~ 1-3%, corresponding to tensions between 1
and 30 mN/m, depending on composition (Olbrich et al., 2000; Rawicz et al., 2008).

Bending and stretching moduli are related through membrane thickness () as
(Rawicz et al., 2000):
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K, =K,—. (Eq.1.2.7)

Due to their fluidity, membranes do not have a static shear strain and so
shearing—applying a force parallel to a surface (Fig. 1.2.2)—does not contribute to
the total free energy. Shear strain is important in the case of gel-phase bilayers or in
biological membranes in contact with the cytoskeleton. Membranes have a shear vis-
cosity, which is a dynamic property measuring the stress as a response to a differ-
ence in shear rate. Shear viscosity is a result of the friction between the two layers
(den Otter and Shkulipa, 2007).

Finally, by combining the contributions from bending, stretching, and pres-
sure, Helfrich Hamiltonian of a vesicle (Fy) becomes:

F, = jdA{%“(cl +e,—c,) +KGc1c2}+ajdA+Apjdv . (Eq. 1.2.8)

1.2.2) Thermal fluctuations. According to (Brochard and Lennon, 1975), as early as
1890 the researchers observed a breathing or flickering motion of red blood cells un-
der a light microscope. Interestingly, in later years, this observation was often at-
tributed to active enzymatic processes on the cell membrane. We understand today
that the phenomenon is purely physical and is a consequence of random thermal
fluctuations which give rise to undulatory motions of the membrane. Brochard &
Lennon have measured this motion in red blood cells and theoretically predicted
near-micron fluctuation wavelengths in the limit of negligible tension, which is why
we are able to observe flickering of tensionless red blood cells or GUVs with light
microscopy (Fig. 1.2.3, A) (Brochard and Lennon, 1975; Pecreaux et al., 2004).

To describe these motions it is easier to reformulate the Helfrich Hamiltonian
by using the Monge gauge parameterization that simplifies the calculation of curva-
ture (Fig. 1.2.3, B). In this representation, the membrane surface is written in terms of
a height function (i(x,y)) from a reference plane (typically the midplane of the mem-
brane), parameterized by x and y, i.e., u(x,y,h(x,y)). It is important that the surface
has no overhangs, meaning that the projection on the surface is unique. Alternative-
ly, one can use a rotated base plane or, for example, parameterize the surface with
spherical coordinates. Using Monge gauge, we can calculate the surface element as
(Brown, 2008; Chaikin and Lubensky, 2000):

dA = dxdy\1+(9h/3x) +(0h 1Dy)’ . (Eq. 1.2.9)
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Figure 1.2.3: Thermal fluctuations. (A) Left: A fluctuating GUV with its contour
highlighted in green. Scale bar is 5 um. Adapted from (Pecreaux et al., 2004). (B) A
fluctuating surface, color-coded based on the height from the surface midplane, as in
the Monge representation of the membrane. (C) Applying tension on a fluctuating
membrane (arrows represent the direction of the stress). Initially membrane tension
is in the entropic regime (top two cartoons). Additional stress shifts the membrane in
the enthalpic regime (bottom two cartoons). All membrane cartoons contain the
same number of lipids.

From this expression it turns out that the local mean curvature at any point in the
low-gradient approximation, i.e. Vi <1, is simply:

2 2
H, :%(%+%J=%V2h. (Eq. 1.2.10)

By analyzing the geometry of the surface compared to its projection, we can rewrite
the tension in the Monge representation as:

_ 2
%:l_cos(pz%:%(wl){ (Eq. 1.2.11)
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where ¢ is the angle between the surface element and the base plane. Neglecting
Gaussian and spontaneous curvatures, we write the Helfrich Hamiltonian, Fy, as:

Fy = %L[xm (V) +o(Va)' ], (Eq. 1.2.12)

where A, again, is the area, although strictly it is the projected membrane area onto
the base plane. For simplicity in calculation, we turn to reciprocal space by carrying
out a Fourier expansion:

h(r)=Y h(q)e™, (Eq. 1.2.13)

where r=(x,y) and q=(q,,q,) are the real-space and reciprocal-space vectors, re-

spectively, g being the wave number. The Helfrich Hamiltonian becomes:

Fy=om (k,a' +0q" (@), (Eq. 1.2.14)
244

where,

h(@)=[ drh@me™. (Eq. 1.2.15)

Now, we calculate the thermal average of h(q)? by applying the equipartition theo-
rem, (F)=1k,T, on individual Fourier amplitudes (so-called g-modes), yielding a

fluctuation spectrum:

L’k,T
k. q'+oq”’

(In(af*) = (Eq. 1.2.16)

where L is the length of a square membrane patch and the angular brackets repre-
sent ensemble average.

Based on Eq. 1.2.16 we can distinguish two g-regimes. In the case of low sur-
face tension (g > \/o/Kk, ), the fluctuation spectrum is in the g regime and so the

long wavelengths are dominant. We can estimate the root-mean-square amplitude
(hrws) in this regime by summing over g, which gives (Lindahl and Edholm, 2000):

’k.T
s = /8'37;;’% ) (Eq. 1.2.17)
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Evidently, increasing the stiffness of the membrane decreases its undulation ampli-
tude. We can therefore estimate for a membrane patch with 20 um length (typical
membrane size in experimental systems) the amplitude of fluctuations to be 0.3 um,
a wavelength accessible to light microscopy. Taking a much smaller membrane
patch, such as one used in simulations, significantly decreases this amplitude. In par-
ticular, a 100 nm by 100 nm membrane patch will yield an amplitude of only 1.6 nm.

In the case of a high surface tension (g < \/o/k,, ), the 4% term dominates, and

we can estimate:

k! ln£ (Eq. 1.2.18)

Prnas ~ P a
where a4 is the diameter of a lipid molecule. Plugging in the same values for the hy-
pothetical large-scale experimental system above (L =20 um, 2 =0.5 um, ¢ = 0.1 mN/
m), the amplitude becomes only 12 nm.

Analogously, we can sum over g in Eq. 1.2.16 to describe the fluctuations in
the membrane area (Brown, 2008):

A_

(A-A)) 4 TZ (Eq. 1.2.19)
A Kud' +Gq

(A-4) kT (7°/d+0/K,’ (Eq. 1.2.20)
A, 8nk, \ 7 /A+o/k, )

Again, we can distinguish two regimes. In the limit of vanishing tension, the excess
area reduces to:

<A_A0>N kT (E)
yR—v— In| = . (Eq. 1.2.21)

Under low tension, i.e. when we stretch the membrane on the scale much larger than
molecular, but still smaller then the system size (x,7° / L’ << 0 <<k, 7’/ a*), the for-

mulation becomes:
A_ 2
< A0A0> - SkBT 1n("m”; j (Eq. 1.2.22)
K, oa

and so as fluctuations are suppressed, the projected area logarithmically increases
with tension (Evans and Rawicz, 1990). At high tension, we can apply elastic theory
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as in Eq. 1.2.6 to calculate the excess area. The low-tension regime is also called the
entropic regime, because with applying tension we are unfolding the membrane
without inducing any in-plane stretching. The latter regime is the enthalpic regime
where we indeed stretch the membrane and affect the non-bonded interactions
among lipids (Fig. 1.2.3, C) (Evans and Rawicz, 1990). Combining the two regimes,
we obtain the expression:

— 2
A-4) kT 1n(Km”; j+i. (Eq. 1.2.23)
A, 8k oa K

m

The presented formulation accounts for the total area of the membrane, which, in
one part, is stored in the optically resolved fluctuations and, in other part, in short
scale fluctuations not visible with optical microscopy. Fournier and coworkers pro-
posed an effective Hamiltonian that integrates out these short scale fluctuations,
therefore defining an effective membrane tension related to the optically resolved
area. This measure is more appropriate for interpreting micropipette aspiration ex-
periments (Fournier et al., 2001).

Strong undulations affect the mechanical properties of the membrane. We can
write the general expression for the effective modulus (km.efr) as (Helfrich, 1998; Peliti
and Leibler, 1985):

A-A
g =Kn| I— , Eq. 1.2.24
Km,e K [ a AO j ( q )

where a is a numerical factor. Interestingly, different theoretical treatment of the
membrane led to qualitatively different consequences for the effective bending
modulus. Peliti and Leibler demonstrated that thermal fluctuations decrease the ef-
fective bending modulus (with a = 3), reasoning that fluctuations make the mem-
brane more crumpled and corrugated, thus easier to bend (Peliti and Leibler, 1985).
Conversely, Helfrich finds the opposite effect of thermal fluctuations (with a = -1),
arguing that fluctuations induce the crinkling of the membrane, which stiffens it
(Helfrich, 1998).

1.2.3) Non-thermal fluctuations. To end this subchapter, it is worth mentioning that
cellular processes at the macroscopic level can also be governed by stochastic forces
that are not thermal in origin. An example are stochastic forces coming from the cy-
toskeleton, as a collective motion of molecular motors. These forces induce non-
thermal, directed motion in the cell and are thought to enhance the transport of vari-
ous components in the cytoplasm, such as vesicles, mitochondria, and signaling pro-
teins (Guo et al.,, 2014). It is important to note that the pulling and pushing action of
actin filaments on the membrane are most prevalent form of active fluctuations. Typ-
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ically, it is assumed that thermal fluctuations dominate all other random forces on
the membrane, and this assumption seems valid in many cases. However, Prost and
Bruinsma have shown that in membranes coupled to an active process, at larger
length scales, the fluctuations are actually dominated by the non-equilibrium noise
(Prost and Bruinsma, 1996). The activity of ion channels, for instance, can give rise to
non-equilibrium fluctuations, as shown experimentally (Girard et al., 2005, Man-
neville et al., 1999).

1.3. Remodeling biological membranes

1.3.1) The “real” cell membrane. The theoretical modeling outlined in the previous
section treats the membrane as a thin elastic sheet, subjected to thermal fluctuations,
and ignores any in-plane inhomogeneities. It provides an excellent understanding of
the equilibrium shapes and phase behavior of membranes, which makes them flexi-
ble barriers between the cell or its organelles and the surrounding medium. Howev-
er, biological membranes are not at equilibrium. They house active processes such as
the translocation of molecules across the bilayer or the redox reactions in oxidative
phosphorylation, the key metabolic pathway in the cell (Berg et al., 2002). Another
source of complexity of cell membranes is their composition, as illustrated in Fig.
1.3.1, A.

Lipids are not evenly distributed among organelles and the composition even
differs between the leaflets of the same bilayer (except in the endoplasmic reticulum)
(Holthuis and Levine, 2005; van Meer et al., 2008). The asymmetry in composition is
crucial to achieve specific functions localized to the particular segment of the cell.
Lipids are initially synthesized primarily in the endoplasmic reticulum, Golgi appa-
ratus and the lipid droplets. Then, they are selectively transported to their designat-
ed leaflet, primarily via vesicular trafficking, although new hypotheses are emerging
in the field of lipid transport (van Meer et al., 2008). The outer leaflet of the plasma
membrane is primarily composed of PC and SM lipids, whereas the inner leaflet con-
tains mostly PE and PS lipids (Fig. 1.3.1, B) (Cooper, 2000). Another constituent of
the inner leaflet is a family of PI lipids, notably phosphatidylinositol 4,5-bisphosh-
phate (PIP2), a lipid used in this study. Chemically, PIP; is doubly phosphorylated
on the inositol ring, giving it high charge density (Fig. 1.3.1, C). This lipid partici-
pates in a number of signaling events, binding to G-protein-coupled receptors. It also
specifically binds to some protein domains, promoting the recruitment of proteins to
the membrane, for example in endocytosis (see Section 1.4) (Alberts et al., 2014;
Cooper, 2000; McLaughlin and Murray, 2005).

So far, we only discussed lipids as membrane constituents. In fact, cell mem-
branes on average contain only 50% lipids by mass, the rest mostly being made up of
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Figure 1.3.1: Cell membrane. (A) A cartoon of a cell membrane depicted with vari-
ous types of lipids, proteins and the cytoskeleton. Taken from wikipedia. (B) The
asymmetry in composition of the plasma membrane. The number fraction of indi-
vidual lipid species is exaggerated. (C) Molecular structure of PIP».

proteins (Alberts et al., 2014). The two extreme examples are the inner mitochondrial
membrane, which contains ~ 80% proteins, while the myelin membrane contains
only ~ 20% proteins. The high protein content in mitochondria is a result of the ox-
idative phosphorylation machinery that takes place in this organelle, whereas the
high lipid amount in myelin serves to electrically isolate the nerves from their envi-
ronment (Lodish, 2008). Cell membrane is also in contact with the cytoskeleton,
which imparts mechanical properties and may influence the behavior of the mem-
brane.

A highly celebrated view of the cell membrane is the fluid mosaic model,
proposed by Singer and Nicolson in 1972 (Singer and Nicolson, 1972). The model
sees the membrane as a liquid two-dimensional bilayer with proteins embedded
among lipids at low concentrations (Fig. 1.3.1, A). The fundamental aspects of the
model are correct, but over the years it has been elucidated that the membrane is
structurally much more complex and it is far from being a static macromolecular as-
sembly (Goni, 2014). The novel view of the membrane includes many more trans-
membrane and peripherally bound proteins and it accounts for those that only tem-
porarily bind (such as BAR proteins). It is also suspected that other lipid phases, be-
sides the 14 phase, exist in the cell. Furthermore, the existence of phase separation in
vitro has stimulated numerous studies trying to capture the aforementioned lipid
rafts in the cell. Lipid rafts remain a very attractive notion, since phase separation in
the cell could potentially segregate certain lipids from others (Simons and Ikonen,
1997; Simons and van Meer, 1988). This process would potentially form active do-
mains, enhancing signaling, endocytosis, exocytosis, fusion, etc. Although their exis-
tence, size, lifetime, and role in biology are continuously being unveiled (Lingwood
and Simons, 2010; Simons and Sampaio, 2011), it is not entirely clear whether they
are formed by equilibrium thermodynamics or by active processes (Feigenson, 2006;



27

U endocyg O @O

e
e O

0 lipid dropletsO

o O endosome

O r;ifochondrion
microvili and cilia
Golgi

00

endocytosis

Figure 1.3.2: Curvature in the cell. A simplified cell model, highlighting various
cellular membranes that are highly curved and where active processes occur due to
curvature (red circles). Scale is exaggerated for clarity. ER - endoplasmic reticulum.

Jacobson et al., 2007, Munro, 2003; Sens and Turner, 2011; Turner et al., 2005; van
Meer et al., 2008).

1.3.2) Generating membrane curvature — theory. The fluid mosaic model is con-
cerned mostly with membrane composition at small scales and it neglects a very im-
portant aspect of cell membranes — presence of highly curved geometries. Figure
1.3.2 illustrates the morphological complexity of various cellular membranes. Mem-
brane curvature has been widely accepted to play significant roles in the cell and it
is, in fact, the central topic of this thesis. Some cellular junctions, such as microvili,
are permanently curved. Another example is the endoplasmic reticulum, which has
a particularly complex shape, composed of a three-dimensional network of tubules.
On the other hand, some parts of cell membranes only temporarily adopt curvature.
Transiently generating curvature is key to carrying out many important functions,
such as endocytosis, vesicular trafficking, or in the formation of dynamic filopodia
(McMahon and Gallop, 2005).

Thermal fluctuations have the energy of the order of 1 kgT. Considering that
the bending modulus of the membrane is usually an order of magnitude higher,
fluctuations are insufficient to induce permanent curvature in the membrane. There
are multiple ways to generate curvature and the resulting geometry is likely a com-
bination of several of these mechanisms. Originally, Helfrich and Canham explained
different membrane morphologies solely by varying the spontaneous curvature
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term, and so their model is often referred to as the spontaneous-curvature model
(Canham, 1970; Helfrich, 1973). Another theory, called the bilayer-couple model,
was subsequently proposed, where the shapes are calculated by fixing the difference
in areas between the two leaflet (Heinrich et al., 1993). Both of these theories yield
many of the experimentally observed shapes of vesicles, however neither of the two
approaches explains correctly the transition pathways or some more complex mem-
brane geometries. A way to unite the two theories into a more flexible model is by
including the spontaneous curvature and allowing the tensile forces to asymmetri-
cally dilate the two leaflets. The free energy contribution from the change in the dif-
ference in area between the two leaflets, Feq, can be described as elastic (Miao et al.,
1994), therefore:

K T ; ; 2
F :_ad Aln—out _ in-out E . 131
W=t (AT A (Eq.1.3.1)

where A™" and A" are the differences in areas of the two leaflets at a given step
and at equilibrium, respectively, k.4 is the area difference modulus (theoretically es-
timated to be comparable in magnitude to km), d is the separation between the mono-
layers modeled as thin sheets, and A, as before, is the area of the membrane. The
area difference between the two layers can be related to the total mean curvature (i.e.
local curvature multiplied by the total area) of the membrane by geometric consider-
ations:

A" = Ad(c,+¢,). (Eq. 1.3.2)

The total energy for a vesicle experiencing shape changes is then given by adding
Eq. 1.3.1 to Eq. 1.2.8 (and omitting the Gaussian curvature contribution), which gives
the area-difference elasticity model (Kralj-Iglic et al., 1996; Svetina and Zeks, 1989):

Kgy T
2 Ad’

Fy=| dA{%“(C. +c,—¢, )2}+ (Am—ay) +o [dA+Ap[av . (Eq. 1.3.3)

Moreover, spontaneous curvature is not a constant; rather, it is affected by the
asymmetric binding of particles, ions, or proteins. At the molecular level, we can vi-
sualize that particles tilt the surrounding lipid head groups and this way induce
curvature. When the density of particles is low —therefore they do not interact with
one another—we assume that the spontaneous curvature is linearly dependent on
the amount of bound particles:

N
Co.e = 20T (Eq. 1.3.4)
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where ¢ is the area density of bound particle i, N the total number of particles, and ¢
the intrinsic spontaneous curvature of the bound particles (Callan-Jones and
Bassereau, 2013; Leibler, 1986). This intrinsic curvature is the effective curvature a
single particle would impart on the membrane at equilibrium and does not necessar-
ily reflect the actual shape of the bound particle. In Eq. 1.3.4 we added a subscript to
the total spontaneous curvature to distinguish particle-imposed curvature from the
spontaneous curvature of a bare membrane, co. Leibler included the contribution
from this interaction into the Helfrich Hamiltonian as a linear contribution to the to-
tal free energy, according to:

F, = jdA{’%m(c, +c,— 60)2:‘—A¢(c] + c2)+%bw¢\2 +f[¢]} : (Eq. 1.3.5)

In Eq. 1.3.5 the first term is the elastic bending energy as before, where ¢ is often
taken as zero, considering that studied membranes typically have equal lipid com-
position in the two layers. Second term is the curvature-coupling term, where A is
the coupling strength. The last two terms account for the diffusion of bound parti-
cles, with b being a phenomenological parameter and f[¢] has the shape of a Lan-

dau mean-field energy. Again, we can minimize this Hamiltonian by constraining
the surface and the volume (and the difference in leaflet areas), which will add
membrane tension and pressure difference in the calculation.

A different expression for the spontaneous curvature, which only depends on
the bound densities of particles, is given by Lipowsky and Dobereiner:

k,T
4

m

Cy =

(P~ P0) (Eq. 1.3.6)

where d, as before, is the separation between two monolayers, ¢out and ¢in are the
respective concentrations on the outer and the inner layer. By applying the Lang-
muir adsorption isotherm, which relates the bulk concentration (C) to the bound
concentration (¢) of particles via the equilibrium coefficient K4, we obtain:

kT de,.. Cou=Cir (Eq. 1.3.7)
Kd

Cy =

where ¢max is the maximum bound density of particles (Lipowsky, 2013; Lipowsky
and Dobereiner, 1998).

1.3.3) Generating membrane curvature — examples. Let us now examine the most
important mechanisms of generating curvature in the cell.
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A) Lipid composition. We already discussed that the three-dimensional
shapes of some lipids may induce curvature. For example, cylindrical lipids will re-
pel one another due to their large head groups (Fig. 1.3.3, left). To alleviate steric
stresses, the layer containing these lipids will expand, which in turn results in posi-
tive spontaneous curvature. In a cell membrane, it is possible to enrich one layer
with cylindrical lipids by way of protein-mediated flip-flop or by chemically modify-
ing lipids by enzymes. For example, sphingomyelinase cuts off the phosphate head
group from SM, enriching the ceramide content in the leaflet exposed to this en-
zyme. Ceramide is shaped like an inverted cone, with tail groups bulkier than the
head group. Therefore, ceramide dilates the opposite layer, inducing negative spon-
taneous curvature and tubulation, which has been experimentally demonstrated
(Holopainen et al., 2000).

Another way of generating curvature with lipid composition is by phase sep-
aration, as illustrated in Fig. 1.3.3, left. Each phase will have an edge energy, propor-
tional to the length of the phase boundary. This energy and its conjugate, line ten-
sion, is the one-dimensional equivalent of the surface energy and its conjugate, sur-
face tension. To minimize the total length of edges, domains will coarsen and ulti-
mately coalesce into two distinct domains (Baumgart et al., 2003). At this point, there
is a competition between bending, line tension, and surface tension. For instance, if
line tension dominates, the edge will tend to be as small as possible, which can be
achieved by budding out one of the domains. Budding, on the other hand, is op-
posed by the bending energy. Numerous free-energy minimization and Monte Carlo
simulation efforts have been carried out to understand the morphological conse-
quences of phase-separated vesicles. They have resulted in a very rich shape behav-
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Figure 1.3.3: Coupling of lipid composition and membrane curvature. Mecha-
nisms of generating membrane curvature: by asymmetrically introducing lipids
(left) and phase separation (center). Lipid sorting of a membrane with mixed and
symmetric composition. Curvature is induced by depositing a membrane on a
curved substrate. Top right shows the shapes of individual lipids, from top to bot-
tom: lipid typically in l4 phase, lipid with large head group, lipid typically in I,
phase, lipid with small head group.
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ior of such systems. The ultimate consequence, i.e., the stabilization of finite-size
domains, budding transitions, or the number of buds per vesicle seems dependent
on the size of domains, the elastic properties of the membrane (namely, the bending
moduli of individual domains), as well as surface and line tension (Funkhouser et
al., 2010; Hu et al., 2011; Li et al., 2013; Rim et al., 2011; Semrau et al., 2009; Sens and
Turner, 2006; Taniguchi, 1996; Taniguchi et al., 2011; Ursell et al., 2009).

B) Transmembrane inclusion. Proteins that span both leaflets of the mem-
brane are called transmembrane proteins. Transmembrane proteins are expected to
induce spontaneous curvature if they perturb one layer more than the other, which
is the case for conically shaped proteins, like the blue protein in the cartoon in Figure
1.3.4. Examples of proteins with conical transmembrane domains are the nicotinic
acetyl receptor (Unwin, 2005) and voltage-gated potassium channel (Mackinnon,
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Figure 1.3.4: Coupling of membrane inclusions and curvature. Left: generating
membrane curvature by (A) transmembrane proteins and (B) amphipathic helices.
Conical transmembrane proteins and amphipathic helices induce curvature by
asymmetrically tilting the neighboring lipids. Cylindrical transmembrane proteins
may hypothetically induce curvature by steric clashes of bulky ligands. Right: sens-
ing membrane curvature by (A) transmembrane proteins and (B) amphipathic he-
lices. In both cases, the membrane contains symmetric composition therefore spon-
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2004). Theoretically, we can treat the inclusion of proteins via the spontaneous cur-
vature term as before, although it may be necessary to include structural and me-
chanical parameters of the protein itself, such as rigidity (Aimon et al., 2014). Hypo-
thetically, cylindrical transmembrane proteins can be expected to induce curvature if
they are attached to bulky ligands. Such ligands would tend to separate the proteins,
easily achieved by budding or tubulation, illustrated by the yellow protein in Figure
1.3.4 (Johannes et al., 2014; McMahon and Gallop, 2005). The interaction among lig-
ands can also be explained in terms of entropic pressure, which is described below.

C) Shallow insertion. Some proteins and their domains partially penetrate
into the bilayer, which can induce significant stress on the binding leaflet (Fig. 1.3.4,
B, left). Chemically speaking, in order not to get absorbed by the hydrophobic core
of the bilayer, domains that shallowly insert into the bilayer need to be amphipathic,
so that one side of the molecule attracts hydrophobic lipid tails, whereas the other is
bound to the hydrophilic head group. Many cytosolic and peripherally binding pro-
teins contain amphipathic helices. Apolipoproteins, for example, solubilize lipids,
including cholesterol, for their transport through blood (Walther and Farese, 2009;
Wilson et al., 1991). Another large group of proteins that insert into the lipid bilayer
is a family of antimicrobial peptides. Their insertion into the lipid core can reduce
line tension, promoting the formation of pores. Antimicrobial peptides have an im-
portant immunological role as they attack bacteria (Brogden, 2005). Many proteins
involved in endocytosis contain amphipathic helices, implicated in various forms of
membrane remodeling (Boucrot et al., 2012). The curvature-coupling of amphipathic
helices is one of the research topics of this thesis and will be detailed later.

Theoretical investigation has shown that the degree of insertion is the key pa-
rameter in determining the effective spontaneous curvature of the membrane
(Campelo et al., 2008; Zemel et al., 2008). Moreover, the relationship between spon-
taneous curvature and insertion depth is not trivial. Insertion at a depth of approxi-
mately one third of the thickness of one layer induces maximum curvature. With fur-
ther insertion, the magnitude of spontaneous curvatures decreases and reverses sign
at two thirds layer thickness (Zemel et al., 2008). According to these calculations,
shallow insertions markedly increase the effective bending modulus for very thin
bilayers to as much as 150 kgT. The elasticity of bilayers structurally similar to cell
membrane is much less sensitive to insertion, although it is affected, especially at the
insertion depth that produces maximum curvature (Zemel et al., 2008). Importantly,
these predictions have not yet been quantified experimentally.

D) Adhesion. Membrane deformation by peripherally bound objects is likely
the most difficult mechanism to rigorously explain from the theoretical point of
view. It is also the mechanism that has received significant attention from the biolo-
gists and physicists in different contexts. Early experiments with nanoparticles
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Figure 1.3.5: Membrane adhesion and entropic pressure. (A) Left: Generating
membrane curvature by adhesive interactions of spherical particles (that include
ions) and BAR proteins. Note, how BAR proteins were purposely placed close to
the neck of the induced bud based on results from molecular dynamics simulations
(Simunovic et al., 2013b). Right: Sensing positive mean curvature by BAR proteins
and hypothetically by adhesive particles (the latter has not been demonstrated yet).
The cylindrical curvature was depicted on purpose, as BAR proteins did not show
preference for curvature of small tethered liposomes (see text). (B) Generating cur-

vature by entropic pressure created by a two-dimensional gas of tethered particles
(green).

bound to GUVs have demonstrated that few particles on the membrane will as-
sociate and induce moderate curvature (Koltover et al., 1999). A myriad of theoreti-
cal studies followed, which have shown that nanoparticles may induce both small
and very large deformations. The magnitude of deformation as well as curvature-in-
duced aggregation of particles depends on a number of parameters, but mostly on
the particle-membrane interaction strength, bending modulus, and membrane ten-
sion (Saric and Cacciuto, 2013). Although rarely viewed this way in literature, bind-
ing of proteins can in fact be examined similarly to binding of nanoparticles. Proteins
are certainly more complex, 1), because they are comparable in size to membrane
thickness, 2), their shape is not simple, 3), the way they interact with the membrane
is typically multimodular, and 4), proteins may undergo conformational changes.
That said, experimental studies combined with analytical theory have been able to
condense these complexities into generic parameters, such as spontaneous curvature,
and successfully relate the experimental observations with physical models (Callan-
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Jones and Bassereau, 2013). BAR proteins are especially challenging to theorists, as
they often have both the shallow insertion domains and the adhesive component,
therefore it is difficult to succinctly describe all these interactions. Recent computa-
tional studies were successful in accounting for this complexity by the anisotropic
modeling of the protein, demonstrating the remodeling prowess of BAR proteins
(Kabaso et al., 2012; Ramakrishnan et al., 2013; Simunovic et al., 2013a; Simunovic et
al., 2013b). Figure 1.3.5, A illustrates the generation of membrane curvature by adhe-
sive particles and molecules.

E) Entropic pressure and crowding. We discussed that transmembrane pro-
teins may recruit bulky molecules to the surface that form steric repulsions, which
will drive positive curvature to alleviate the stress. In a similar way, it has been pro-
posed that curvature may be generated by entropic pressure created by crowding.
This hypothesis was first computationally demonstrated by calculating the morpho-
logical effect of grafted polymers on the membrane. Binding of such chains does not
fall into any of the aforementioned categories of inducing curvature. Therefore, a
new mechanism was proposed in which the loss of conformational entropy creates a
heterogeneous pressure field that can deform the underlying soft surface (Fig. 1.3.5,
B) (Bickel et al., 2001; Breidenich et al., 2000). The calculations were later experimen-
tally demonstrated by tethering DNA and proteins on the membrane (Nikolov et al.,
2007; Stachowiak et al., 2012). In the latter experiment, the authors hypothesize that
molecules tethered to the membrane collide with one another, thus forming a two-
dimensional gas-like phase above the membrane plane. Thus created pressure can
impart a bending moment across the separation distance and generate curvature
(Stachowiak et al., 2012). The authors claim that crowding is especially relevant in
the context of the insertion mechanism. According to theoretical predictions, a com-
plete membrane coverage by amphipathic helices is required for the insertion mech-
anism to have a large-scale effect (Campelo et al., 2008). Such concentrations are un-
likely realizable in cells, therefore crowding is an attractive alternative explanation
how proteins containing such modules induce curvature at lower densities. Kozlov,
McMahon and coworkers disagree with this assessment. They provide experimental
evidence where the same concentration of bound proteins induced a large-scale
shape change only in the case of the protein that shallowly inserted into the mem-
brane. Furthermore, they cast doubt on the physiological relevance of the lipid com-
position in the work by Stachowiak et al, as this composition had been previously
shown to readily undergo remodeling. They also hypothesize that in cells the en-
tropic pressures would cancel out, since both sides of the cell are likely equally
crowded. Hypothetically, if by virtue of an active mechanism certain proteins would
get locally crowded, they would cease to freely diffuse and hence could not behave
like a two-dimensional gas above the surface (Kozlov et al., 2014). As will be shown
in this thesis, increased concentrations of BAR proteins inhibit the movement of both
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the proteins and the lipids underneath, therefore generating the entropic pressure
does not seem very likely in the case of BAR proteins.

F) Coating and scaffolding. Some proteins form a three-dimensional network
that can impart its shape, like a mold, on the membrane. For example, BAR proteins
and dynamin constrain the membrane in the tubular form (Fig. 1.3.6 A, right),
whereas COPI, COPII, and clathrin constrain the membrane in the spherical form
(Fig. 1.3.6, A left) (Johannes et al., 2014; McMahon and Gallop, 2005). It is important
to note that BAR proteins are often described to generate curvature either via am-
phipathic helices or as tubular scaffolds. Tubular scaffolds stabilize curved geome-
tries and can even fix the radius of the tubule, but such structures form post facto,
they do not generate initial curvature. Therefore, neglecting the fact that BAR pro-
teins act as adhesive particles on the membrane is incorrect. In other words, BAR
proteins induce curvature of flat membranes by adhesive interactions, whereas after
if forms a coat, it remodels the membrane by way of altering the radius of membrane
tubules, which resist the rigid scaffold. I will further discuss the molecular details of
dynamin, clathrin, and BAR-mediated curvature in the Section 1.4.

G) Molecular motors. Membrane curvature can be induced by external pulling
force (Fig. 1.3.6, B). Such forces are generated by the cytoskeleton machinery and
molecular motors. For example, the polymerization of actin filaments gives rise to
many curved cellular geometries, such as filopodia, pseudopodia, and axonal
growth cones (Sheetz, 2001). In vitro reconstitution has demonstrated that molecular
motors, such as kinesins and myosins, can attach to the membrane and extrude a
nanotube, by moving along the cytoskeletal filaments (Koster et al., 2003; Roux et al.,
2002). Considering that the force generated by single molecular motor proteins is on
the order of 1 pN, it seems that the collective action of multiple motors is responsible
for generating membrane tubules (Leduc et al., 2004). It has been speculated that
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Figure 1.3.6: Shaping the membrane by molds and external force. (A) Molding the
membrane by external structures, such as coats (left) and scaffolds (right). (B) Cre-
ating membrane tubes with external force, such as with molecular motors.
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actin polymerization has a role in endocytic events (McMahon and Gallop, 2005) and
we will show here the role of actin and molecular motors in generating external force
that directly contributes to fission of membrane nanotubes (see Chapter 5).

1.3.4) Sensing membrane curvature — lipid and protein sorting. In the previous
section, we discussed how asymmetric binding generates membrane curvature.
Now, we reverse the argument, i.e. we explore how curvature affects the lateral or-
ganization of the membrane. If certain lipids or proteins, due to their shape, induce
curvature instabilities in the membrane, it seems likely that they would prefer to as-
semble in curved regions, even if curvature was formed by some other means. Con-
sider a curved membrane composed of conical and cylindrical lipids, homogeneous-
ly distributed between both layers. In the absence of external forces, the bilayer will
not have spontaneous curvature and so it will, competing with surface tension, re-
main as flat as possible. If we externally induce positive curvature in the region of
the membrane, cylindrical lipids in that region will no longer pack ideally as their
contact surface will reduce compare to a flat membrane. As a result, we may expect
the cylindrical lipids to migrate to the flat areas of the membrane, whereas the coni-
cal lipids will move to the curved regions. This process is termed lipid sorting and is
illustrated in Fig. 1.3.3, right. Another way to minimize bending energy is by recruit-
ing lipids with a lower bending modulus in the regions of higher membrane curva-
ture (Callan-Jones and Bassereau, 2013).

Interestingly, theoretical calculations have demonstrated that any enthalpic
gain by lipid sorting is insufficient to overcome the benefit of mixing entropy, there-
fore lipid sorting mechanism seemed irrelevant in cells (Derganc, 2007). That said, it
has been experimentally demonstrated on membranes comprising SM, DOPC, and
cholesterol that this barrier can in fact be overcome, albeit when the composition is
close to a demixing point. In this regime of the phase diagram, there are short-range
interactions among different lipid species that enhance the enthalpic attraction (Sorre
et al, 2009; Tian et al., 2009). A recent study using a bilayer deposited over a
nanoparticle-covered flat surface, has demonstrated that single-chained lipids enrich
in regions of high curvature even at low percentage (i.e. far from demixing) (Black et
al., 2014). The authors suggest that the additional contribution to demixing in their
case is provided by the high concentration of lipid packing defects on spherically
curved membranes, which recruit single-chained lipids. Lipid sorting has been dis-
covered in bacterial cells by identifying an enrichment of cardiolipin, a lipid with
nonzero spontaneous curvature, at the highly curved bacterial poles. The authors
also show that the organization of individual lipids at low percentage was unaffect-
ed by curvature, implicating again the importance of short-range interactions in off-
setting the high cost of mixing entropy (Renner and Weibel, 2011).
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Analogously, we may expect that proteins that induce curvature will get sort-
ed in curved membrane regions (Fig. 1.3.4, right). Indeed, ample experimental evi-
dence has demonstrated the enrichment of BAR proteins on membrane nanotubes
formed by external force. Curvature sorting has been confirmed with quantitative
experiments for a range of proteins, which we group according to the way they in-
teract with the membrane: 1) dynamin — interacts with the membrane as a coat
(Roux et al., 2010); 2) syndapin and CIP4 (F-BAR proteins) — interact with the mem-
brane via adhesive interactions and also form a coat on membrane tubule (Frost et
al., 2008; Ramesh et al., 2013); 3) amphiphysin and endophilin (N-BAR proteins) —
interact with the membrane via adhesive interactions, shallow insertions, and scaf-
folds (Heinrich et al., 2010; Mim et al., 2012; Sorre et al., 2012; Zhu et al., 2012); 4)
epsin — interacts with the membrane via a shallow insertion (Capraro et al., 2010);
and 5) KvAP — conically shaped transmembrane protein (Aimon et al., 2014). Here,
I have only highlighted proteins that have been studied on membrane nanotubes.

Some proteins (e.g. endophilin) have been shown to preferentially bind to
smaller vesicles. In fact, conflicting evidence was found using an assay with tethered
small vesicles by Stamou and coworkers. Their finding is that amphipathic helix mo-
tifs are solely responsible for sensing membrane curvature, unlike the adhesive and
coating BAR domains that in their assay were not enriched on small vesicles (Bhatia
et al., 2010). The role of adhesive and coating protein domains in curvature sensing
therefore remains and open question and we explore this issue quantitatively in
Chapters 4 and 6.

As we just discussed, analytical theory and numerical simulations predict that
nanoparticles may induce membrane curvature at large scales, despite not being an-
isotropic or forming large-scale assemblies that can mold membrane shape. Analo-
gously to proteins, we may expect that membrane-adhered particles would also
preferentially bind to curved surfaces (Fig. 1.3.5, A). The most generic explanation is
that the repulsive interactions between particles (e.g. due to charge or excluded vol-
ume) would drive them to regions that have a higher surface area to volume, such as
cylinders. To the best of my knowledge, this hypothesis has not been tested.

It is generally difficult to separate the discussion of generating curvature and
curvature-based sorting of lipids and bound proteins. Any particle present in the
membrane in the regime that induces curvature, will at the same time attract other
curvature-sensing components and the two effects (generating vs. sensing) will en-
hance each other. Moreover, if we create curvature externally, curvature-sensing par-
ticles will be enriched in curved regions even in the low-density regime (where the
particles do not induce curvature) or if they are symmetrically bound to both leaflets.
This way, locally the particles will reach the curvature-generating regime and again
the system gains both effects.
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1.3.5) Membrane tension. We already discussed surface tension in the context of
membrane theory. Membrane tension is a difficult concept to define in simple and
generic terms. Nevertheless, it is a very important mechanical effector of membrane
remodeling in the cell and we briefly revisit it here. Most broadly, membrane tension
relates to the lateral stress imposed on the membrane, resulting in a strain character-
ized by the change in membrane area. If we minimize the Helfrich bending energy
by constraining the total membrane area and the total volume, membrane tension
comes out as the Lagrange multiplier of the fixed area. More often, we treat mem-
branes as (moderately) compressible, where the contribution to the free energy from
area expansion is considered to be elastic, as thoroughly discussed above. Lipowsky
has recently demonstrated that no matter if we consider the membrane as compress-
ible or not, we obtain the same expression. More precisely, membrane tension de-
rived as a Lagrange multiplier by minimizing the bending free energy at constant
volume and constant area is identical to the tension derived by minimizing the com-
bined bending and stretching free energy at constant vesicle volume (Lipowsky,
2014), i.e.

_ (IFAV)) _ A=A
= (7% )V—K‘A A (Eq. 1.3.8)

As a side note, Lipowsky also proposed an intrinsic tension scale of curvature
elasticity, termed the spontaneous membrane tension, oo. This measure arrises in the
cases where the membrane has a high spontaneous curvature, but experiences exter-
nal constraints (e.g. large volume of GUVs) that preclude it to attain this curvature.
Spontaneous tension seems to provide the scale of actual membrane tension in some
vesicle morphologies and possibly account for spontaneous tubulation of supported
bilayers exposed to adsorbing particles. Its expression has been estimated as:

0, =2K, . (Eq. 1.3.9)

Understanding membrane tension is further complicated by the ambiguity in
the definition of surface area. Lipid membranes undergo thermal fluctuations and
so their apparent, or macroscopically observed area is smaller than their actual, mi-
croscopic area. We already discussed how applying lateral stress on the low-wave-
length fluctuating membrane initially flattens out the undulations (the so-called en-
tropic regime) before stretching the membrane (the so-called enthalpic regime).
Based on this fact, we can define tension as conjugate to the actual area, and sepa-
rately, tension as conjugate to the projected area. There is another parameter with
the dimension of membrane tension in the denominator of the fluctuation spectrum.
Fournier & Barbetta have carefully derived the relationship between the three mea-
sures of membrane tension and concluded that they are in fact all different, within
the thermodynamic limit and in the entropic regime (Fournier and Barbetta, 2008).
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Understanding this distinction is crucial when measuring tension. Flickering spec-
troscopy measures the tension-like coefficient in the fluctuation spectrum, mi-
cropipette aspiration experiments measure the projected-area tension, whereas the
stress tensor calculated in computational simulations measures the total-area ten-
sion.

Let us first consider two more complications relevant to the cellular environ-
ment. First, the theoretical treatment that we have so far reported neglected the pos-
sibility of lipids leaving or entering the bilayer in a non-steady state manner (Rao
and Sarasij, 2001). Brown, in his review, reflects on this issue and states that changes
in membrane area are unlikely in the cells, as they can withstand stretching of only a
few percent before rupture. Instead, the change in area is likely due to the change in
the lipid amount and so “we should interpret ¢ as a chemical potential rather than a
true surface tension” (Brown, 2008). While I disagree with this statement, consider-
ing that Brown neglected the important entropic regime and the fact that cells have
plenty of membrane reservoir in folds (Gauthier et al., 2012), nonequilibrium pro-
cesses surely can affect effective membrane tension. For example, Bassereau and
coworkers have demonstrated that a fusion-triggered uptake of lipids into GUVs re-
duces their effective tension, even leading to negative values (Fig. 1.3.7) (Solon et al.,
2006). This type of process may be very relevant in phenomena that involve the
changing of the bilayer topology, such as membrane fusion and fission.

Figure 1.3.7: Curvature instabilities induced by lipid uptake. Shown is a time
lapse of a negatively charged GUV in contact with positively charged small vesi-
cles, t=0s (a), 10 s (b), 15 s (c), 45 s (d). The vesicle transforms from tense, via large
fluctuations and tubulations (see panel c, left), and equilibrates again into a tense
state. Scale bar: 10 um. Taken from (Solon et al., 2006)
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The second complication is when membranes are in contact with a surface.
Adhesion gives rise to another tension term which scales as the adhesion energy per
area (Gauthier et al., 2012). Such cases are actually quite relevant in cells. The cy-
toskeleton acts as an adhesive wall that provides additional tension to the membrane
and can even control the fate and dynamics of membrane-remodeling processes,
such as endocytosis and exocytosis (Auth et al., 2007; Fournier et al., 2004; Gauthier
et al., 2012; Sheetz et al., 2006). When measuring the tension of cell membranes, it is
difficult to separate the adhesive tension from the in-plane tension, defined earlier.
By measuring membrane tension in cells lacking the cytoskeleton, Sheetz calculated
that the contribution to tension from adhesion in cells can be as much as 75%
(Sheetz, 2001).

To summarize, we can attempt to answer the main question of this section:
what is membrane tension in cells? Effective tension in the cell membrane is a com-
bination of 1), in-plane tension (or the bilayer tension), effectively induced by the
osmotic difference across the bilayer and the fluctuations, and 2), adhesion to the cy-
toskeleton (Fig. 1.3.8). The highest measured tension in cells is 0.45 mN/m in motile
keratocytes (Lieber et al., 2013). To gain some reference, compare this value to the
limit of the entropic regime (~ 0.1 mN/m) and the aforementioned lysis tension (~ 10
mN/m). Generally, membrane tension in cells is considered to be low, which is at-
tributed mostly 1), to the presence of membrane folds (Raucher and Sheetz, 1999)
and 2), to caveolae, 60-80 nm wide membrane invaginations replete with SM, choles-
terol, and caveolin proteins (Sinha et al., 2011). Both of these membranous structures
basically act as tension-stats of the cell, since frequent membrane-remodeling phe-
nomena in which microscopic chunks of membrane are cut out (e.g. endocytosis)
would otherwise create deadly fluctuations in the tension (Gauthier et al., 2012). Of
note, caveolae also mediate an endocytic pathway, outlined in the next subchapter.
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Figure 1.3.8: Sources of membrane tension in the cell. Apparent membrane ten-
sion is a sum of the in-plane tension generated by the difference in osmotic pres-
sures across the bilayer and the adhesion energy per area provided by the cy-
toskeleton.
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Despite these works, there is evidence that membrane tension could vary
across different areas of the cell, due to tight junctions and diffusion barriers (Li et
al., 2002). One may also conceive that diffusion barriers or interleaflet frictional
forces would create a sufficient timescale at which local membrane tension could be
temporarily induced to affect cellular phenomena. It is known that high membrane
tension inhibits endocytosis and tubulation (Dai and Sheetz, 1995; Shi and Baumgart,
2015). In the accompanying thesis, we discovered that surface tension has a much
deeper effect, altering the geometry and the strength of protein-protein interactions
and the geometry of protein association.

1.3.6) Cytoskeleton and molecular motors. Cytoskeleton refers to different types of
filamentous networks of proteins that span the cytoplasm. They provide the me-
chanical support for cells and are responsible for their shape and deformation. There
are three types of protein filaments that make up the cytoskeleton: 1), actin-based
filaments (or microfilaments), composed of polymers of actin subunits and of many
associated proteins that influence their organization and dynamics, 2), intermediate
filaments, comprising dozens of different types of proteins, and 3), microtubules,
composed of polymerized tubulin. Numerous molecular motors interact with the
cytoskeleton. The forces they produce drive active processes at different length
scales. At very large scales, the cytoskeleton is responsible for the motility of cells
and is crucial in cell division. As discussed above, cytoskeleton also interacts with
the membrane, modulating membrane tension but also generating specialized mem-
branous shapes, namely cilia, flagella, filopodia, lamellipodia, and podosomes (Al-
berts et al., 2014). At the more molecular scale, cytoskeleton takes part in generating
membrane tubules, essential for the traffic of vesicular transport intermediates be-
tween organelles. Dynamic tubular networks are also part of the structure of the en-
doplasmic reticulum, Golgi apparatus and endosomoes (Leduc et al., 2010).

Microtubule filaments are polarized, meaning that they posses a plus end,
which grows toward the cell periphery, and a minus end, situated near the center of
the microtubular assembly. In general, molecular motors move along microtubules
directionally. For example, in intracellular transport, kinesins are plus-end directed
motors, whereas dyneins operate toward the minus end (Granger et al., 2014). Actin
polymerization also produces a directed force, by adding monomers and growing
toward the extremity in contact with membrane, and its activity is indispensable in
clathrin-dependent endocytosis in yeast and it is a major factor in endophilin-medi-
ated endocytosis in mammalian cells. The latter mechanism is part of the results of
this thesis and will be discussed in Chapter 5.
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1.4. Endocytosis & BAR proteins

Endocytosis is cell’s way of internalizing nutrients and various functional molecules.
This mechanism is quite different from diffusion through the bilayer, which takes
place either passively, where molecules freely migrate between the lipids or actively,
mediated by transmembrane protein channels. In endocytosis, the membrane en-
gulfs the incoming cargo in a vesicle that subsequently pinches off toward the cyto-
plasm. Thus encapsulated material enters the endosomal pathway where it is taken
to various parts of the cell. Textbooks usually distinguish two types of endocytosis
based on the size and type of the incoming cargo. Phagocytosis is the internalization
of microorganisms and dead cells, usually carried out by specialized cells, such as
macrophages as part of the immune response. Pinocytosis is the uptake of much
smaller cargo, typically proteins, and this process is carried out by virtually every
eukaryotic cell (Alberts et al., 2014). Sometimes, pinocytosis is separated from classic
endocytosis as the process by which only liquids and cargo not connected to the
membrane get internalized in the cell. We focus on the classical endocytosis, a mech-
anism by which cargo that initially gets recruited to the membrane is taken into the
cell and discuss mechanisms involved in this pathway.

Evidently, endocytosis requires efficient way of generating membrane curva-
ture, which is achieved by a machinery of proteins. Among these proteins are the
aforementioned clathrin, BAR proteins, and epsins. Molecular motors and other pro-
teins that generate force, such as actin and dynamin, also take important parts, espe-
cially in the final stages of endocytosis. Clathrin-mediated endocytosis has for a long
time been considered the major pathway of entering into the cell. However other,
often much faster, clathrin-independent routes have recently begun to emerge, such
as the endocytic pathway studied in this thesis.

1.4.1) Clathrin-mediated endocytosis. The highly recognizable image associated
with clathrin-mediated endocytosis is a membrane vesicle enclosed by a cage-like
polymeric assembly of clathrin. The basic unit of the cage is the so-called clathrin
triskelion (Fig. 1.4.1, A) (Kirchhausen, 2000). Clathrin does not interact directly with
the membrane; instead, it requires adaptor proteins, such as AP2, to link them to the
endocytic site. Many other proteins were identified to participate in endocytosis,
such as epsin and BAR proteins, which couple with membrane curvature, and dy-
namin, which cuts off the endocytic vesicle from the underlying membrane. Deter-
mining the precise role of each protein is very challenging due to the dynamic and
highly variable variable nature of this process (Johannes et al., 2014; Kirchhausen,
2009; Lundmark and Carlsson, 2010; McMahon and Boucrot, 2011; Saheki and De
Camilli, 2012; Taylor et al., 2011).

One of major controversies surrounding clathrin-mediated endocytosis is the
mechanism of generating membrane curvature. Most prominent candidates are BAR
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Figure 1.4.1: Scheme of events in clathrin-mediated endocytosis in yeast. (A) All
proteins are present at the endocytic site, but actin. Clathrin binds to the flat mem-
brane, but does not form a lattice. (B) Actin polymerization triggers membrane
bending. (C) Clathrin forms a lattice. Taken from (Kukulski et al., 2012).

proteins and epsins, because they possess strong curvature-generating capabilities,
much stronger than one would expect of a clathrin coat. Indeed, many studies iden-
tified F-BAR proteins at the early endocytic sites and for this reason they are de-
scribed as initial curvature generators (Henne et al., 2010; McMahon and Gallop,
2005). However, according to a recent study, clathrin polymerization alone is suffi-
cient to induce budding of liposomes, although the physics driving this process was
not explained (Dannhauser and Ungewickell, 2012). The role of other BAR proteins
in endocytosis has also been recently brought into question, in light of a variety of
generic ways one can induce membrane curvature (Kirchhausen, 2012). Another ar-
gument against the importance of BAR proteins is evidence that synaptic vesicle en-
docytosis is only mildly affected after knocking out endophilin or amphiphysin (Sa-
heki and De Camilli, 2012). Other studies have shown contrasting results, where
deleting endophilin or disrupting its ability to bend the membrane had a much more
detrimental impact on functionality of synaptic vesicles (Bai et al., 2010; Verstreken
et al., 2002). Therefore, challenging the importance of BAR proteins in clathrin-medi-
ated endocytosis is premature. Actin is another variable effector in this process. It is
indispensable in yeast, which lacks dynamin, whereas mammalian cells only recruit
actin polymerization when membrane tension is high (Boulant et al., 2011).

Recent development of the correlative fluorescence and electron microscopies
has allowed to probe clathrin-mediated endocytosis at very high spatial and tempo-
ral resolutions. Using this method, Briggs, Kaksonen and coworkers have identified
the sequence of events in clathrin-mediated endocytosis in yeast (Kukulski et al.,
2012). They found that F-BAR, epsin, and a fully assembled clathrin coat initially
bind to a flat membrane, but do not curve it. Bending takes place only after the onset
of actin polymerization. Budding is presumably followed by the rearrangement of
the clathrin coat (Fig. 1.4.1). Finally, ~ 9 s after the the initiation, fission takes place.
The mechanism of fission has not been elucidated, although actin and two am-
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Figure 1.4.2: Endocytosis. Depicted are three endocytic pathways with key ingre-
dients. The list of proteins involved is by no means comprehensive.

phiphysin proteins, Rvs161 and Rvs167 were found to be key (Kukulski et al., 2012).
Another study has also implicated Rvs161, Rvs167, together with an F-BAR protein
Bzz1 in fission in clathrin-mediated endocytosis in yeast (Kishimoto et al., 2011). This
fact will be important in Chapter 5, where we demonstrate how BAR-protein scaf-
folds can promote fission of membrane tubes.

1.4.2) Clathrin-independent endocytosis. There are two key challenges in elucidat-
ing clathrin-independent mechanisms. First, usual method of identifying novel
clathrin-independent pathways is by perturbing the function of clathrin, which may
have unexpected consequences on the homeostasis of proteins and lipids in the cell.
Second, there are no clear biochemical markers or conserved membrane morpholo-
gies in these pathways for straightforward identification (Doherty and McMahon,
2009). For these reasons, clathrin-independent endocytosis is much less understood.

Proteins of the caveolin family mediate caveolar endocytosis (Fig. 1.4.2). This
process internalizes diverse cargo, such as lipids, albumin, and pathogens, however
it is often redundant to other mechanisms. The morphology of the membrane is a
60-90 nm flask, called caveola, that detaches from the underlying membrane in a
dynamin-dependent manner (Mayor et al., 2014). As mentioned in the previous sec-
tion, endophilin, an N-BAR protein, has been implicated in clathrin-dependent
pathway but its role has been controversial. A recent work has elucidated that en-
dophilin in fact controls a distinct pathway, independent of clathrin, but dependent
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on dynamin and actin (Fig. 1.4.2) (Boucrot et al., 2015; Renard et al., 2015). This
pathway takes place at the leading edge of cells and is very fast (~ 1 s), which is why
it is termed fast endophilin-mediated endocytosis. Moreover, it drives the internal-
ization of several G-protein-coupled receptors, various receptor tyrosine kinases,
and it is hijacked by Shiga and cholera bacterial toxins (Renard et al., 2015). The mol-
ecular and physical mechanism of fission in fast endophilin-mediated endocytosis
has been studied in Chapter 5 of this thesis.

1.4.3) BAR proteins: structure, assembly, and curvature coupling. The superfamily
of BAR-domain proteins has been implicated in many important cellular tasks, from
generating membrane curvature and maintaining complex membranous geometries,
to helping assemble multiprotein machineries in a number of membrane-remodeling
phenomena (Qualmann et al., 2011). These proteins contain variable modules,
wherein the crescent-shaped BAR domain is present in all members. The membrane-
binding region of this domain is lined with positively charged residues, so they are
highly reliant on negatively charged lipids, such as PS or PIP.. Most BAR proteins
also contain amphipathic helices that enhance their curvature-sensing and generat-
ing capabilities. The first high-resolution structure was determined for amphiphysin,
which showed that the functional form of BAR proteins is a dimer and that its bind-
ing to the membrane of cells or vesicles induces large-scale tubulation (Peter et al.,
2004). Recently, by specific recruitment of BAR proteins to cellular compartments,
Inoue and coworkers demonstrated that BAR proteins indeed are active curvature
generators of plasma and organelle membranes (Suarez et al., 2014).

Based on the shape of the BAR domain, we divide them into: classical BAR/N-
BAR, F-BAR, and I-BAR proteins (Figure 1.4.3). N-BAR proteins are classical BAR
proteins with an amphipathic helix at each of their N-termini in the dimer. Virtually
all classical BARs are N-BAR proteins, except for a few, such as arfaptin and centau-
rin. Notable N-BAR proteins include amphiphysin and endophilin. They are struc-
turally very similar, except that endophilin contains two additional small amphi-
pathic helices, termed insert helices. A recent study has shown that every known
member of the sorting nexin (SNX) family, involved in the endosomal sorting of pro-
teins, is an N-BAR domain protein (van Weering et al., 2012). All BAR/N-BAR pro-
teins induce and stabilize positive membrane curvature, generating tubules with di-
ameters ranging from 20 to 60 nm (Qualmann et al., 2011). F-BAR proteins, such as
FCHo2 implicated in early stages of clathrin-mediated endocytosis (Section 1.4.1),
are characterized by longer and typically shallow BAR domains. They also interact
with positive membrane curvature, inducing tubules with diameters from 60 to 100
nm. F-BARs do not contain amphipathic helices, although some members, like syn-
dapin, display short loops that can wedge into the bilayer. Syndapin, like endophilin
and amphiphysin, has been found in later stages of clathrin-mediated endocytosis
indicating that it couples with higher curvature, unlike other F-BAR proteins (Qual-
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Figure 1.4.3: BAR proteins. Ribbon representation of selected BAR proteins. From
left to right: endophilin A1 (PDB ID: 1ZZW), FCHo2 (2V00), IRSp53 (2YKT).
Structures are color-coded by monomer. Maroon arrows represent N-termini of
each monomer, i.e. the sites of amphipathic helices that were not resolved with X-
ray diffraction.

mann et al., 2011; Rao and Haucke, 2011). Conversely, I-BAR proteins induce nega-
tive curvature, therefore resulting in membrane invaginations. Some members con-
tain amphipathic helices, like ABBA, although others, e.g. missing-in-metastasis
(MIM), and IRSp53, do not (Mattila et al., 2007). There are other minor classifications,
such as PH-BAR and PX-BAR, typically subclassified under classical BAR domain,
and pinkBAR which displays a straight BAR domain (Mim and Unger, 2012). Figure
1.4.3 displays representative BAR proteins.

The curved shape of BAR proteins provides an intuitive understanding of
why they couple with membrane curvature, although the mechanism of generating
and sensing curvature is much more complex than simple shape arguments. The
way they interact with the membrane is a combination of shallow insertion, adhe-
sion, and in some cases, scaffolding. A recent study by Bassereau and coworkers, us-
ing membrane nanotubes tethered to GUVs, has revealed that the way N-BAR pro-
teins interact with membranes depends on their surface density. In the low-density
regime (up to a few percent surface coverage), proteins do not reshape the mem-
brane, but they are readily recruited to membrane nanotubes. Conversely, at higher
densities, they impart a strong morphological effect on the membrane. Therefore, N-
BAR proteins predominantly act as curvature sensors at low protein densities and as
curvature manipulators at high densities (Sorre et al., 2012). Chapter 3 will outline
the results from the accompanying thesis where we will discuss the assembly of N-
BAR proteins at the molecular resolution and how it is affected by protein density
and mechanical properties of the membrane.

BAR proteins also contain modules involved in the recruitment of other pro-
teins or specific lipids. Src homology 3 (SH3) domain, present in endophilin and
amphiphysin, specifically binds to the proline-rich domain in dynamin, helping to
recruit it to the endocytic site (Meinecke et al., 2013). Pleckstrin homology (PH) do-
main specifically binds to PI lipids and can thus participate in various signaling
events. This domain is part of a plethora of different proteins, including some BAR
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proteins, namely centaurins. Phox homology (PX) domain targets phosphatidylinosi-
tol 3-phosphate (PI3P), a singly phosphorylated PI, and it is part of many proteins,
including the SNX family (Teasdale and Collins, 2012).

1.4.4) Amphipathic helices in BAR proteins. We discussed that a shallow insertion
into the membrane is theoretically predicted to induce appreciable spontaneous cur-
vature, attaining a maximum effect at the insertion depth of approximately one third
of a lipid layer (Section 1.3.3). In proteins, this mechanism is achieved by an amphi-
pathic helix that is thought to exist as a random coil in solution. Upon interacting
with lipids, it folds and aligns its long axis parallel to the plane of the membrane
(Drin and Antonny, 2010). To understand their role in curvature-related phenomena,
we ask two important questions.

First, are amphipathic helices able to induce large-scale membrane remod-
eling? It has been demonstrated in vitro that epsin, that binds to PIP,-containing
membranes via an amphipathic helix, drives the formation of tubules with a diame-
ter of ~ 20 nm (Ford et al., 2002). By contrast, a different in vitro study has shown that
the amphipathic helix from an N-BAR protein BRAP, that as wild type readily gen-
erates membrane tubules, efficiently binds to the membrane but cannot remodel it
(Fernandes et al., 2008). The authors categorically excluded amphipathic helices to
contribute to membrane bending in BAR proteins. This conclusion may be overly
simplified, as multiple curvature-generators could enhance each other’s activity in
non trivial ways. For example, a recent study employing electron paramagnetic res-
onance demonstrated that the amphipathic helices of endophilin insert deeper into
tubular membranes than small vesicles, promoted by tighter packing of the crescent
BAR domain on membrane tubules (Ambroso et al., 2014). This study did not ex-
plain the curvature-generating role of amphipathic helices, but it showed that coop-
erative binding of different modules can alter their combined activity in a way dif-
ferent than the sum of its parts.

Second, can amphipathic helices sense membrane curvature? It turns out
that many amphipathic helices indeed bind better to membranes with higher curva-
ture. For example, it has been shown in bacterial cells that an amphipathic helix pro-
tein SpoVM localizes to membranes with higher curvature (Ramamurthi et al., 2009).
Antonny and coworkers showed that the amphipathic helical domain ArfGAP1,
called APLS motif, has a higher affinity to smaller liposomes. Their work demon-
strated that curvature-sensing by amphipathic helices is key in regulating the trans-
port of vesicles from the Golgi to the endoplasmic reticulum. Moreover, they pro-
posed that APLS motif prefers curvature by way of sensing lipid packing defects,
parts of the membrane where the hydrophobic core of the bilayer is exposed to the
solvent (Bigay et al., 2003; Pranke et al., 2011). The same curvature-sensing mecha-
nism was attributed to alpha-synuclein, an amphipathic helix protein whose aggre-
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gation has been linked to Parkinson’s disease (Nuscher et al., 2004). Based on all-
atom computer simulations, Voth and coworkers have shown that highly curved
membranes promote the coarsening of packing defects that facilitate the folding of
an amphipathic helix (Cui et al., 2011). More recent computer simulations have
demonstrated the dynamics of packing defects sensing by amphipathic helices (Van-
ni et al., 2014; Vanni et al., 2013). As mentioned previously, epsin also binds to the
membrane via an amphipathic helix and its preference to curvature has been
demonstrated in tether-pulling experiments in vitro (Capraro et al., 2010). By con-
trast, magainin 2, which is an antimicrobial peptide and an amphipathic helix, does
not strongly sense membrane curvature (Wieprecht et al., 2000).

Stamou and coworkers developed an assay in which vesicles of different size
were tethered to an inert substrate via streptavidin-biotin bonds. By incubating BAR
proteins with small vesicles and measuring the relative fluorescence signal of pro-
teins compared to lipids, they found that BAR proteins cease to sense curvature
when their amphipathic helices are mutated or deleted. They categorically conclude
that BAR domain in BAR proteins cannot sense curvature; instead, this task is solely
carried out by the amphipathic helices. While their findings show unexpected cou-
pling of BAR domains with curved membranes, their conclusion will be shown to be
partially fallacious in this thesis. Chapters 4 & 6 will highlight these results as well as
a possible explanation for the observed discrepancies among different experimental
systems. Taken together, it seems that the multimodular interaction of BAR proteins
with membranes makes it incredibly challenging to isolate the contribution of each
effect. For these reasons, the particular roles of BAR proteins and epsins in endocy-
tosis has remained a mystery for a number of years.

1.4.5) Endophilin. Endophilins were originally discovered as SH3-containing pro-
teins (Chen and Antonarakis, 1997). Based on their colocalization with endocytic
proteins, they were renamed to endophilins (Micheva et al., 1997). The functional
unit, like in the great majority of BAR proteins, is a homodimer, wherein each
monomer contains an N-BAR domain and a C-terminal SH3 domain. There is a short
variable domain between the N-BAR and the SH3 domains. In addition to two N-
terminal helices per dimer, unlike amphiphysin, there are two short helices under-
neath the concave surface of the protein dimer, termed insert helices (Gallop et al,,
2006; Masuda et al., 2006; Weissenhorn, 2005).

There are several known isoforms of endophilin: A1, A2, A3, B1, and B2. Al is
specifically localized in the brain, whereas other A variants are found across the or-
ganism. As previously discussed, endophilins have been implicated in clathrin-me-
diated endocytosis. In particular, A variants are active in synaptic vesicle endocyto-
sis, contributing to various stages of the process, such as the formation of clathrin-
coated pits, recruitment of dynamin, and narrowing of the tubular neck, although its
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precise role remains unclear (Kjaerulff et al., 2011). Endophilin A2 drives the afore-
mentioned distinct endocytic pathway (Boucrot et al., 2015; Renard et al., 2015). En-
dophilins B are more prominently recruited to membranes of organelles, rather than
the plasma membrane. Endophilin B1 was found to be crucial in triggering apoptosis
and its role has been linked to the formation of autophagosomes, an organelle that
translocates cellular components for degradation (Kjaerulff et al., 2011). In healthy
cells, it was found to stabilize the mitochondrial tubular network (Karbowski et al.,
2004).

To recapitulate from previous sections, in terms of its interactions with the
membrane, endophilin has been found to: 1), sense tubular and spherical curvature,
2), generate tubules from vesicles and various cellular membranes, 3), promote the
vesiculation of small vesicles.

1.4.6) Centaurin. There are six genes encoding centaurin proteins in mammals,
which have four domains in common: a BAR domain, a PH domain, Arf-GAP (ADP-
ribosylation factor GTPase-activating protein) and Ank (ankyrin repeat) domains
(Jackson et al., 2000). Their BAR domain comes without amphipathic helices.

Recently, a structure of 31-centaurin (also known as ACAP1) was determined
by X-ray diffraction and it showed a BAR domain with a ~ 40 nm intrinsic radius of
curvature (compare to ~ 20 nm for endophilin and 60 nm for F-BAR protein FBP17)
(Pang et al., 2014). It has been previously shown that the binding of [32-centaurin
(ACAP2) is sensitive to the liposome size and that it tubulates liposomes and mem-
branes in overexpressing cells. Importantly, deleting the PH domain strongly affect-
ed the binding of 32-centaurin, but did not completely abolish the curvature-sensing
activity. Also, PH domain alone, despite binding to the membrane, did not induce
tubulation (Peter et al., 2004).

A recent study on the structure of B1-centaurin showed an apparent contra-
diction. PH domain of 1-centaurin displays a short, 7-residue-long loop that, ac-
cording to the authors, inserts into the membrane and is solely responsible for im-
parting curvature (Pang et al., 2014). While this finding possibly points to a more
versatile role of PH domains, the authors’ conclusion that BAR domain is irrelevant
for membrane curvature is erroneous. In their study, they make conclusions based
on the membrane phenotype after mutating either the PH or BAR domain, but fail to
recognize that mutations that disrupt the tubulation activity, also disrupt the bind-
ing to the membrane itself, an obviously crucial step in affecting membrane curva-
ture. They implicate the importance of BAR domain in helping the entire protein
pack around the tubule based on cryo-electron microscopy imaging, however it is
important to be very cautious when drawing conclusions from a crystal-like assem-
bly that heavily exceed the physiologically attainable concentrations of proteins. The
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conservative conclusion is that PH domain, as shown by McMahon and coworkers,
is crucial for the recruitment of centaurins to the surface of the membrane, by inter-
acting with PIP», and, possibly, it attributes to membrane curvature. We will assess
the curvature-generating capabilities of 32-centaurin in Chapter 4 and quantify its
curvature sensing in Chapter 6.

Centaurins have been implicated in endosomal trafficking and in regulating
the remodeling of the actin cytoskeleton (Jackson et al., 2000; Randazzo et al., 2000).
Their Arf-Gap component helps regulating the ADP ribosylation factors and some
centaurins have been linked to a variety of cellular signaling pathways. 31-centaurin
was also implicated as a clathrin coat complex in endocytic recycling (Li et al., 2007),
whereas the Arf-GAP and Ank domains of 32-centaurin are essential in the neurite
outgrowth (Kobayashi and Fukuda, 2012). Whether centaurins participate in mem-
brane-remodeling phenomena is yet to be revealed.

1.4.7) Epsin. Epsins have several domains: an epsin N-terminal homology (ENTH)
domain, which binds to the membrane, and a C-terminal domain that binds clathrin
and clathrin adaptors (Chen et al., 1998; Ford et al., 2002). The 17 N-terminal
residues of epsin become folded into an amphipathic helix when in contact with
PIP,. Epsin contains clathrin-adaptor-binding domains and so it recruits the clathrin
machinery to the endocytic sites, although unlike clathrin adaptors, it is thought to
drive the initial curvature in clathrin-mediated endocytosis (Ford et al., 2002). The
remodeling power of epsin has been proven in vitro. It is still unclear how these pro-
teins associate on the membrane, despite some evidence that they aggregate prior to
inducing tubulation (Yoon et al., 2010). A recent study in mouse cells has revealed
that epsin helps recruit actin to clathrin-coated pits, which generates force for the
formation of vesicles. Additionally, knocking out epsin precludes these cells from
dividing correctly, which could indicate an important link between epsin and the
actin cytoskeleton (Messa et al., 2014). Finally, a study showed that epsin, just like
endophilin, due to the insertion into the bilayer, promotes the fragmentation of small
vesicles, hence implicating their role in membrane fission. We will study the fissio-
genic capabilities of epsin 1 in Chapter 5 and its interaction with tubular membranes
in Chapter 4.

1.5. Membrane fission

The final step in endocytosis is the complete detachment of the endocytic vesicle
from its underlying membrane, termed membrane fission. In fission, the membrane
bilayer is cut into two distinct membranes, therefore, unlike in budding and tubula-
tion, the topology of the bilayer changes. Fission is a very important biological
process, as it underlies all trafficking events that involve the membrane. However,



51

due to its highly dynamic nature, it is not understood as well as curvature-instability
phenomena. Many proteins have been implicated in fission. Most notable example is
dynamin, which terminates clathrin-dependent endocytosis. The model in which
dynamin takes the energy from GTP-hydrolysis to induce a strong constriction is
very attractive as it provides an intuitive understanding how fission may occur at the
molecular level: the stability of the bilayer structure is compromised by squeezing.
However, fission is a more complicated mechanism and cells likely have various dif-
ferent fission pathways. Yeast cells, for example, do not use dynamin, so a power
stroke mechanism cannot be used to explain how tubules are cut in their case. In-
stead, as mentioned previously, yeast cells use actin and likely BAR proteins. As will
be demonstrated in this thesis, although dynamin improves the efficiency of en-
dophilin-mediated endocytosis, the fission step can in principle occur with any pro-
tein that produces an external force, such as actin polymerization or molecular mo-
tor dynein. Let us first consider the theoretical requirements for membrane fission
then list ways membrane fission could be achieved in the cell.

1.5.1) Hemifission intermediate. Membrane fission, just like budding and tubula-
tion, is driven by the opposing mechanical and chemical forces. Fission produces
two membrane components, each having a smaller area and a different curvature
than the original membrane. For example, if starting from a planar membrane and
producing a vesicle or starting from a vesicle and producing two smaller vesicles,
the curvature of the resulting membranes is higher. Therefore, fission pays the price
of mean bending energy and, hence higher xn disfavors fission. At the same time,
the lipid interconnectivity is rearranged, which will affect the contribution to the free
energy from Gaussian curvature. The total integral of the Gaussian bending energy
yields: F; =27k, , where y =2(N(compartments)— N (holes)). In the case of endocyt-

ic fission, y =2, therefore, more negative values of xc will favor fission. Strictly, fis-
sion will affect the enthalpic contribution to the free energy due to the change in
lipid-lipid interactions and also the entropy, as lipids upon fission have a smaller dif-
fusion space. Finally, membrane and line tension will affect the likelihood and
timescale of fission, and whether it is favored or disfavored will depend on the
shape of the intermediate state.

The so-called hemifusion or hemifission intermediate, in which the two bilay-
ers fuse together in the course of fission, is preferred as it does not involve the open-
ing of large pores that would leak out the vesicle material (Fig. 1.5.1) (Kozlov et al.,
2010). Kozlovsky and Kozlov proposed a model in which they calculated the total
bending energy of 1), the membrane consisting of a constricted neck connected to a
vesicle of radius rves, 2), the hemifission intermediate, and 3), the two separated
membranes. They found that the first energy strongly depends on the radius of the
aperture between the neck and the vesicle ., and jumps to ~ 100 kgT at rap <5 nm (7ap
is measured from the bilayer midplane). The hemifission energy shows a critical be-
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Figure 1.5.1: Fission via hemifission intermediate. (A) Time sequence (from left to
right): bud of radius R, vesicle connected to the surface via a neck, hemifission
state, separated vesicle. (B) The detailed geometry of the constricted neck (with
aperture radius, rap, and neck radius, rmeck (top) and the hemifission state (bottom).
(C) The critical aperture radius, rap*, as a function of the vesicle radius, R. Adapted
from (Kozlovsky and Kozlov, 2003).

havior, where at the critical neck radius, r.p*, the membrane will form the hemifis-
sion state. The energy of the separated membranes is always lower than the hemifis-
sion energy, therefore, as long as the hemifission state is attained, fission will spon-
taneously occur. They found that r,,* increases with rves, with approximately 5 nm
for a 20-nm vesicle (Kozlovsky and Kozlov, 2003). Interestingly, the authors find that
even a small magnitude of positive spontaneous curvature increases the critical aper-
ture radius, hence favors fission.

While, this model provides an excellent quantitative understanding of ener-
gies leading to membrane fission, the authors neglected key parameters such as the
effect of the proteins on the elastic moduli. Furthermore, in many cases, the initial
shape of the membrane may not necessarily be a catenoid with a zero mean curva-
ture; rather, it could be a tubule. The tubular morphology is extremely important for
the endocytosis mechanism studied in this thesis, where BAR proteins form a scaf-
fold stabilizing the cylindrical membrane geometry. Finally, it is very important to
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point out that literature frequently quotes the article by Kozlovsky and Kozlov, stat-
ing that the neck radius needs to collapse to 3 nm to reach the hemifission state (for
example: (Cocucci et al., 2014; Morlot et al., 2012; Morlot and Roux, 2013)). As I have
explained above, Kozlovsky and Kozlov calculate the aperture radius to be ~ 5 nm
for the vesicle radius of ~ 20 nm, which yields a neck radius of 7ap*/rves = 1.3 nm, in-
stead of the quoted 3 nm (Fig. 1.5.1). Furthermore, this result is sensitive to the bilay-
er thickness, spontaneous curvature, and the bending moduli of the membrane,
which depend on the lipid composition and the bound protein. It is also likely that
including membrane tension would alter this result, which is especially important
for the mechanism of tension-sensitive dynamin-induced fission (see more below).

1.5.2) Defect nucleation. Although we expect that endocytic fission proceeds
through a hemifission state to prevent leakage, it is worth mentioning the lysis
mechanism, in which fission is induced by open an unhealable hole in the mem-
brane. As we mentioned in Section 1.3, the stretching of the membrane is counteract-
ed by the membrane tension. It has been shown that the tension at which the mem-
brane ruptures is between 1 and 30 mN/m and it largely depends on composition
(Evans et al., 2003; Olbrich et al., 2000). Evans and coworkers found that the tension,
at which most vesicles burst, slowly rises with how fast the membrane was brought
to lysis tension. This behavior is consistent with the cavitation theory in which the
membrane ruptures at tension above the cavitation barrier. However, if tension is
increased very rapidly, the lysis tension grows exponentially with the tension in-
crease rate. Under this regime, the limiting step of rupture is the creation of a defect
(Fig. 1.5.2, A). In sum, tensile fission occurs in two steps: 1), nucleation of normally
present membrane defects, 2), nucleated defects become an unstable hole. The nucle-
ation of defects requires a nonzero membrane tension and the defect density increas-
es with increased membrane tension. In addition, the experiments predict very small
size of rupture pores (~ 1 nm width) with lifetimes of ~ 0.1 s to 10 s (Evans et al,,
2003; Evans and Smith, 2011). Therefore, it is possible that endocytic fission, especial-
ly when dealing with morphologies more complex than a spherical vesicle connected
via a short cylindrical neck, involves several molecular mechanisms, including defect
nucleation.

1.5.3) Line tension. We discussed in Section 1.1.3 that mixed lipid can membranes
undergo phase separation, which gives rise to line tension at the domain boundary.
Thus created edge energy generates a budding instability and can even lead to fis-
sion provided sufficiently narrow bud neck. It has been demonstrated that phase-
separated GUVs may, at a high surface to volume ratio, spontaneously separate into
two vesicles of distinct phases (Baumgart et al., 2003). Analogously, Bassereau, Goud
and their coworkers experimentally demonstrated that, after triggering phase sepa-
ration in membrane tubules extruded by external force, the tubules rapidly break at
the interface of the two phases (Fig. 1.5.2, B) (Roux et al., 2005). Allain and coworkers
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Figure 1.5.2: Mechanisms of membrane fission. (A) Two regimes of membrane ly-
sis due to tension. Adapted from (Evans et al., 2003). (B) Fluorescence time se-
quence of fission of phase-separated nanotubes (top). Tube radius as a function of
its profile (bottom) at different bending moduli. Adapted from (Allain et al., 2004).
(C) Fission of membrane nanotubes induced by dynamin upon GTP hydrolysis.
Adapted from (Morlot et al., 2012). (D) Fragmentation of small vesicles by shallow
insertions of amphipathic helices. Left: phase diagram as a function of protein con-
centration and the ratio of scaffolding (BAR) domains versus amphipathic helices.
Right: Representative proteins (top) and the morphological consequences of their
binding to the membrane (bottom).

calculated the shape at the interface of a phase-separated tube, by employing a
Hamiltonian that contained separate bending and surface tension terms for the two
phases, plus line tension at the interface, and an external force that keeps the mem-
brane tubular. They found that in the absence of line tension, the radius between the
phases increases almost smoothly from the phase with a higher to the phase with a
lower mean bending modulus. Line tension squeezes the interface down to vanish-
ing radius for very high line tension. Interestingly, the difference in Gaussian bend-
ing rigidities of the two phases creates an instability for a nonzero neck radius (Fig.
1.5.2, B) (Allain et al., 2004). A similar result was obtained years before by MacKin-
tosh and coworkers, where they calculated the stability of a tubule bridging two
vesicles, i.e. a membrane dumbbell (Chen et al., 1997). They evaluated the contribu-
tion of the Gaussian curvature. The important difference is that they considered the
membrane had a perfectly miscible binary composition, hence there is no line ten-
sion, but the two components had different Gaussian moduli. By applying the elastic
energy and including a coupling between the local lipid composition and the Gauss-
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ian curvature, the tubule may become unstable and spontaneously lead to fission if
the minor lipid component favors positive Gaussian curvature (Chen et al., 1997).
Both results demonstrate that the minimum requirements for fission is a two-com-
ponent system with different elastic properties that may —but do not need to—phase
separate.

1.5.4) Tubule constriction. Dynamin is the most notable protein to modulate fission
in endocytosis. It is a relatively small GTPase that assembles into a helical oligomer
and forms a coat around a tubular membrane. The stiffness of the dynamin coat in-
duces membrane curvature by way of imposing a 10-nm radius of the tubule, inde-
pendently of its equilibrium radius set by tension equilibrium (Morlot and Roux,
2013). It is widely believed that GTP hydrolysis induces a conformational change in
dynamin, which significantly constricts the membrane tubule, to radii small enough
to induce fission via a hemifission state (Roux et al., 2006; Sweitzer and Hinshaw,
1998). The constriction hypothesis has been challenged on multiple occasions, espe-
cially since high-resolution imaging showed that maximum constriction by dynamin
is ~ 5 nm (Zhang and Hinshaw, 2001), most likely insufficient to cross the hemifis-
sion barrier. Recent experimental work by Roux and coworkers has shown that fis-
sion takes place at the edge of the dynamin polymer (Fig. 1.5.2, C). Based on this re-
sult, the authors propose that the mismatch in the mechanical properties of the coat-
ed and the bare tubular segments accumulates significant stress at the dynamin
edge, which reduces the hemifission barrier, and not the constriction underneath the
coat per se. They also find that increased membrane tension contributes to the lower-
ing of the energy barrier (Morlot et al., 2012). Kirchhausen and coworkers have im-
aged clathrin-mediated endocytosis in live cells and identified that dynamin prefer-
entially assembles into dimers counting 13 or 14 dimers typically involved in fission
(Cocucci et al., 2014).

The model proposed by Roux and coworkers is compatible with the theoreti-
cal models derived for multicomponent membranes (Allain et al., 2004; Chen et al,,
1997), as the lipids underneath the rigid dynamin coat can effectively be thought of
as a membrane component with different elastic properties than the uncoated lipids.
As a reminder, these models explain fission as an interplay of mismatch in Gaussian
bending moduli of the two components, surface tension and, in the case of phase
separation, line tension. They do not include an intermediate hemifission state. Thus,
it is important to note that fission can be explained and modeled without this hemi-
fission step.

1.5.5) Shallow insertion. McMahon, Kozlov and coworkers have shown that N-BAR
proteins or epsin induce the fragmentation of small vesicles (200 nm in diameter)
(Boucrot et al., 2012). The vesiculation positively correlates with the number of am-
phipathic helices per protein and is inhibited by the scaffolding BAR domain. They
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developed an analytical model in which they differentiate the scaffolding mecha-
nism from shallow insertions by amphipathic helices and analyze their effect on the
funnel shape of the membrane that is predicted to precede fission. Such morphology
is characterized by having a large membrane midplane area, compared to the outer
areas of the membrane. Shallow insertion expands the outer area, therefore destabi-
lizes the shape of the funnel, leading to fission. Scaffolding by BAR proteins, on the
other hand, do not alter the area of the outer membrane surface and inhibit fission.
This mechanism could be extended to the observation of why the insertion of a hy-
drophobic loop of a PH domain critically impacts dynamin-mediated fission (Kozlov
et al., 2010; Ramachandran et al., 2009).



57

2. Aims and Approaches

B roadly, the main aim of this thesis is understanding the way peripheral mem-
brane proteins interact with membrane curvature and elucidate their function
in cellular processes. We have already mentioned specific aims in Introduction,
when discussing the background of a particular cellular phenomenon. Let us reca-
pitulate all the specific aims here.

1) We will study the way endocytic proteins, namely BAR proteins and epsin,
modulate membrane curvature. We will explore the dynamics by which they assem-
ble into tubular coats, and the way they affect the mechanical properties of the
membrane (Chapter 4).

2) We will investigate if BAR proteins and epsin can induce fission of mem-
brane tubules in the context of a newly discovered clathrin-independent endocytic
mechanism and explore the potential cooperative action of BAR proteins and molec-
ular motors (Chapter 5).

3) We will explore the specific contribution of the scaffolding BAR domain
versus amphipathic helices in: scaffolding (Chapter 4), fission (Chapter 5), and sens-
ing membrane curvature (Chapter 6).

4) Finally, we will expand our study of membrane modulators to explore the
more generic mechanism of inducing spontaneous curvature by studying the inter-
action of lipid membranes with calcium ions (Appendix I).

The main scientific method of this study is reconstituting biological systems in
vitro, by building minimal systems that reproduce a measurable effect. In other
words, we study a cell phenomenon (e.g. endocytosis) by isolating a desired aspect
of this phenomenon (e.g. membrane fission) and constructing a simple and control-
lable system. The disadvantage of such approach is that we neglect the important
collective effect of numerous components and the complex modulation achieved by
an interplay of various components. However, the significant advantage of this ap-
proach is that we carefully control many important parameters; namely, protein con-
centration, lipid composition, surface tension, membrane geometry. By systematical-
ly varying these parameters, we investigate the full range of protein-membrane in-
teractions, which would otherwise be masked in complex and noisy systems (e.g., a
cell).

GUVs are particularly attractive membrane models since they are big enough
(5-50 um in diameter) to be resolved by optical microscopy. They are also amenable
to micropipette-aspiration techniques and manipulation by optical tweezers which
can be used to modulate the mechanics and geometry of the membrane. Further-
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Figure 2.1.1: Preparation of GUVs. Left: Teflon electroformation chamber for pre-
paring GUVs on Pt-wires. Image taken from (Sophie Aimon, PhD thesis, 2012).
Scale bar: ~ 2 cm. Right: Epifluorescence image of GUVs composed of 80% egg-PC
and 20% cholesterol prepared with electroformation on ITO plates. Scale bar: 5 um.

more, observing single vesicles at a time lets us correlate the amount of bound pro-
teins or particles with the morphological or mechanical effect on the membrane.

2.1. Experimental membrane models

2.1.1) Reagents. Total brain extract (131101P), L-a-phosphatidylinositol-4,5-bispho-
sphate (PI(4,5)P2, 840046P), 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC),
1,2-dioleoyl-sn-glycero-3-phosphatidylserine (DOPS), 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamine-N-[biotinyl(polyethyleneglycol)-2000] (DSPE-PEG(2000)-biotin), and
1,2-dioleoyl-sn-glycero-3-phospho-L-serine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(NBD-PS) were purchased from Avanti Polar Lipids. BODIPY-TR-C5-ceramide,
BODIPY-FLC5-hexadecanoyl-phosphatidylcholine (HPC*), TR-1,2-dihexadecanoyl-
sn-glycero-3-phosphatidylethanolamine (DHPE*), BODIPY-FL C5-ganglioside GM1
(GM1*) were purchased from Molecular Probes. All reagents used to make buffers
and -casein from bovine milk (>99%) were purchased from Sigma-Aldrich. Poly-
styrene streptavidin-coated beads (diameter 3.2 pum) were purchased from Bangs
Laboratories. We obtained the proteins from our collaborators Harvey McMahon
(Cambridge) and Ludger Johannes (Institut Curie), further specified in Chapter 4.

2.1.2) Preparation of GUVs. Electroformation is the most common way of preparing
GUVs (Angelova et al., 1992). The method has gained considerable traction since it
only takes 1-3 h to produce vesicles, much faster than ~ one day required to produce
GUVs by spontaneous swelling of a rehydrated lipid film (Reeves and Dowben,
1969). The method accelerates the swelling of vesicles using an alternating current
(AC), however the theory behind the process is not well understood (Meleard et al.,
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2009). For some time, the key disadvantage of the method was the inability to grow
GUVs in buffers that contain physiological ionic strength. This obstacle was over-
come by applying a weaker current at higher frequency (Montes et al., 2007). Fur-
thermore, it has been shown that growing GUVs at higher frequency works much
better on Pt-wires (Fig. 2.1.1., A) than on semi-conductive plates coated with indium
titanium oxide (ITO) (Mathivet et al., 1996).

We used both ITO plates and Pt-wires to prepare GUVs. When using ITO
plates, first, lipid mix dissolved in chloroform at 1 g/L. was deposited on the conduc-
tive side of two ITO plates (PGO, Iserlohn, Germany). The lipids were deposited in a
snake-like pattern to make the film as thin and unilamellar as possible. In our case,
we spent approximately 10 puL of the lipid mix per ITO plate of dimensions 4 cm by
10 cm. The ITO plates were dried under vacuum for about an hour. Then, they were
fixed at a distance of ~ 1-2 mm, sealed by a putty sealant (Vitrex), hydrated with 200
mM sucrose, and finally attached to a function generator under a sine AC current, at
1V (peak to peak) and 10 Hz. We grew vesicles containing up to 20% net charge for
one hour, whereas those containing 30% net charge for 45 min. Importantly, we
could not use ITO plates to grow DOPC-containing GUVs that had more than 20%
DOPS unless we added DOPE at a fraction matching DOPS (e.g. DOPC:DOPS:DOPE
= 1:1:1 molar ratio). In addition, we could not grow vesicles composed of the total
brain extract and PIP; on ITO plates. After growth, the GUVs were identified under a
phase-contrast light microscope (Fig. 2.1.1, B) and ~ 10 puL was collected from GUV-
rich regions.

GUVs with a composition of ~ 95% total brain extract and 5% PIP> (molar ra-
tios, molar mass of the extract approximated at 800 g/mol) were grown on Pt-wires
at near-physiological salt conditions. The lipid mix was deposited onto a pair of Pt-
wires, in drops separated by 0.5 cm (total ~ 4 pL). The wires were dried under vacu-
um for 30-60 min then hydrated in a solution of 70 mM NaCl, 100 mM sucrose, and
10 mM tris, at pH = 7.4. We then applied a sine AC current through the Pt-wires at
500 Hz and 280 mV. The GUVs were grown overnight in the fridge (4 °C). While, the
composition of the solution inside GUVs could be different, deviations from these
optimized conditions typically resulted in: low GUV yield or too many small, multi-
lamellar, non-fluid, and tense vesicles, etc. In addition, these conditions produce
GUVs that gain excess surface area within 15 min of being collected, ideal for mi-
cropipette-aspiration experiments. Importantly, we disconnected the wires just prior
to each experiment, collected GUVs directly from the wires using a pipette (~ 10 uL
of final solution per droplet of the lipid mix), transferred them on ice and used as
soon as possible. We did not use GUVs for more than 4 h.

2.1.3) Preparation of SUVs. SUVs, or small unilamellar vesicles, were used for C-po-
tential measurements and for the subsequent preparation of supported lipid bilay-
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ers. First, a lipid mix (at 1 g/L) was completely dried under nitrogen in a glass vial,
by rapidly rotating the vial to evenly spread the lipids on the bottom and the walls.
The total mass of dried lipids was ~ 1 mg. The mix was hydrated in 1 mL of 200 mM
sucrose then shaken for an hour at 37 °C. The hydrated lipids (in a reinforced glass
vial) were subjected to five rounds of flash freezing in a cold bath (prepared by
dropping a block of dry ice in ethanol) then rethawing. Then, the thawed lipids were
extruded through a 100-nm polycarbonate filter 21 times. We expect that hydrating
in solutions of low ionic strength inhibits the formation of multilamellar charged
vesicles due to lower screening.

2.1.4) Making supported bilayers. SUVs formed in Section 2.1.3 were deposited onto
a plasma-cleaned coverslip at ~ 0.5 g/L then washed with buffer (100 mM NaCl and
10 mM tris buffer, pH = 7.4), making sure the surface does not get exposed to air. The
principle of the method is the following: cleaning the coverslips in the plasma oven
under vacuum makes the glass surface very hydrophilic due to ionization. SUVs ad-
here extremely well to the glass which causes them to burst and turn into a planar
bilayer.

2.1.5) Making tensionless tubules from multilamellar sheets. We deposited a drop
of a lipid mix containing 95 % total brain extract and 5 % PIP, onto an acid-cleaned
glass slide. The deposit was dried for an hour under vacuum then rapidly hydrated
with a solution of 100 mM NaCl and 10 mM tris buffer (pH = 7.4). This process cre-
ates multilamellar sheets with many tensionless tubules emanating from the edges.
We observed the edges of the sheet with differential interference contrast microscopy
before and after adding the protein (to a bulk concentration of 5 uM) for up to 30
min.

2.2. Microscopy and optical tweezers

2.2.1) Optical microscopy. An optical microscope relies on lenses to magnify an il-
luminated sample (Mertz, 2010). Lenses are typically housed in an objective, charac-
terized by two parameters: numerical aperture and magnification. The maximum
resolution of optical microscopy (Rmax) is given by the Abbe criterion:

R - 0.614 ,
N,

a

(Eq. 2.1)

where N, is the numerical aperture, given by N, =nsin@, n being the index of refrac-
tion, 0 half the maximum angle at which light can enter or exit the objective, and A
the wavelength of light. Rmax of a fluorescence microscope is ~ 250 nm. This value is
often termed the diffraction limit, representing the minimum distance at which two
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objects should emit light in order to be separately resolved. Therefore, resolution can
be improved (i.e. Rmax is low) by making A low, while making n and 0 high (Mertz,
2010).

Bright field microscopy is the simplest optical microscopy technique in which
light is transmitted through the sample and collected at the objective. Denser or
stained areas of the system will absorb more light, providing a contrast that allows
us to observe the sample. Phase contrast microscopy takes advantage of that fact
that transparent objects with different thickness or refractive indices alter the phase
of diffracted light. The optics is set up so that it manipulates the diffracted and non-
diffracted light, increasing the contrast of transparent objects. In differential inter-
ference contrast microscopy the optics is assembled in a way to be sensitive to re-
fractive index gradients of different areas of a specimen. It works by, first, passing
the light through a polarizing filter, which orients the electromagnetic waves in one
plane. Next, the light is bifurcated and separated by a distance equal to objective
resolution. After passing through the sample, the light beams coalesce, however due
to the differences in refractive indices within the sample, there are amplitude varia-
tions between the two beams that cause a strong contrast.

2.2.2) Fluorescence microscopy. Fluorescence microscopy is a type of optical mi-
croscopy where, instead of magnifying objects based on different absorptions of re-
flections of visible light, it excites fluorescent molecules and captures their emitted
fluorescence. The basic setup is an epifluorescence or a wide-field microscope.
Here, a filter is placed after a high-intensity illumination lamp (e.g. mercury arc
lamp) that selectively lets pass only a narrow range of wavelengths. The light is then
directed toward a dichroic mirror that reflects beams of certain wavelengths, while
letting others pass through. In this case, the mirror reflects the excitation light, which
then irradiates the sample. Fluorescence molecules absorb excitation light and,
through the phenomenon of fluorescence, emit light of lower energy, hence higher
wavelength. The emitted light passes through a dichroic mirror, which can filter out
any non-absorbed excitation light (same as above), and then goes through the emis-
sion filter, which eliminates any other background light, not coming from fluores-
cent molecules. The caveat of this setup is that the entire visual field of the sample is
illuminated creating a lot of noise in imaging. In confocal microscopy, spatial filter-
ing eliminates the light outside the thickness of the focal plane (~ 100 nm) which ef-
fectively increases the resolution and the contrast. The basic configuration compris-
es a point illumination and a pinhole placed in front of the detector, in an optically
conjugated plane. The depth of the image can be changed by altering the focus,
which gives a three-dimensional image of the sample.

Super-resolution microscopy is a technique that makes use of different tim-
ing of emission of two fluorophores so to separately localize them even if they are
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within the diffraction limit (Gould and Hess, 2008; Hell and Wichmann, 1994). The
two most common variations of this method are the photo-activated localization mi-
croscopy (PALM) (Betzig et al., 2006; Hess et al., 2006) and stochastic optical recon-
struction microscopy (STORM) (Rust et al., 2006). Both techniques are based on ap-
plying an activation laser at low power, which stochastically triggers the emission of
a small percentage of molecules. Ideally, the fluorohpores remain in the active state
for one to three imaging frames then either get bleached (used in PALM) or deacti-
vated (used in STORM). The sample is observed over time then the image is recon-
structed by combining all the localization points.

2.2.3) Optical tweezers. Optical or laser tweezers (also referred to as optical trap) are
a microscopic manipulation technique that can be used to exert and measure molec-
ular forces in the range from 0.1 to 100 pN (Ashkin et al., 1986; Neuman and Nagy,
2008). Tweezing objects with light works in the following way: a laser beam is fo-
cused so that its center is brighter than its edges. In contact with object that reflects
or refracts light, it gains momentum, but due to the conservation of motion, the ob-
ject receives equal and opposite momentum. The total force on the object can be de-
composed into two orthogonal components: the attractive component which is a re-
sult of the strong electric field gradient toward the center of the beam, polarizing the
molecules, and a scattering force that acts in the direction of the beam. If the gradient
force is higher than the scattering force, the objects are stably trapped. Due to the
scattering force, objects are trapped slightly outside the center of the beam. The trap
acts like a spring, so in the limit of small displacements, the restoring force is linear
with displacement.

2.3. Tether-pulling experimemt1

2.3.1) The microscope. Tether-pulling experiments were carried out on a Nikon
TE2000 inverted microscope equipped with an eC1 confocal system (Nikon). There
were two laser lines operating at A = 488 nm and A = 543 nm (Fig. 2.3.1, A). The opti-
cal path was supplemented with optical tweezers, induced by a 5 W ytterbium fiber
continuous wave laser emitting infrared light (A > 1070 nm; IPG GmBH Germany)
(Fig. 2.3.1, B). We used two high-aperture objectives: an oil-immersion (100 times
magnification, N, = 1.3) and a water-immersion (60 times magnification, N, = 1.27)
objective.

2.3.2) Micropipette aspiration. Aspiring GUVs with a micropipette achieves 1) im-
mobilizing the membrane for confocal imaging, and 2) setting membrane tension by

1| am extremely grateful to Coline Prévost who taught me everything there is to know about tether-pulling exper-
iments and their analysis.
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Figure 2.3.1: Experimental setup. (A) Optical path of the microscope. Optical trap
(laser tweezer) is achieved with a 1070-nm continuous wave laser (port #1), bright
field microscope uses near-infrared light (port #2), while confocal microscopy uses
visible light (port #3). Taken from (Sorre et al, 2009), Fig. S1. (B) Scheme of the opti-
cal trap used in this thesis. Taken from Benoit Sorre, PhD thesis, 2010. (C) Photo-
graph of the microscopy stage, showing the experimental chamber mounted on an
objective (center), with the aspiration pipette on the left and the injection pipette on
the right.

varying the aspiration pressure. We can calculate the membrane tension via the
Laplace equation (Kwok and Evans, 1981):

r

(Eq. 2.2)

where 0 is membrane tension, Ap is the hydrostatic pressure, and rp, and rves are, re-
spectively, radii of the aspiration pipette (at the exit) and the vesicle. Note that this
formula requires that the length of the aspirated membrane be at least r, (Kwok and



64

Evans, 1981), therefore in the analysis, we eliminated all data points that did not
meet this requirement.

Micropipettes were prepared using a borosilicate glass capillary (with internal
and external radii of 0.7 mm and 1 mm, respectively; Harvard Apparatus). The capil-
lary was pulled using a pipette puller (Sutter instrument P-2000) then the shape of
the pipette exit was refined with a microforge (MF-800, Narishige, Japan) so to set
the pipette diameter at 5-7 um. The aspiration pipette was filled with buffer contain-
ing 5 g/L B-casein, to passivate the glass capillary surface. The pipette was then con-
nected to a water tank, which controls the aspiration pressure. To calculate the hy-
drostatic pressure, we first set a zero-pressure. To do that, we observed the pipette
under the bright field microscope, set it next to a visible object (such as a colloidal
bead) then adjusted the aspiration until there was no net movement of the colloidal
bead at the pipette exit. With subsequent aspiration, we calculated Ap according to:

Ap = p(H,0)gAn(H,0), (Eq. 2.3)

where p(H;O) is water density, ¢ the Earth’s gravitational acceleration, and Ah(H>O)
the height of the water tank (compared to the zero position). The height difference
was varied up to ~ 5 cm, corresponding to ~ 500 Pa.

2.3.3) Experimental protocol. The experimental chamber was constructed by attach-
ing two coverslips onto a custom built metal frame (Fig. 2.3.1, C) so that the two cov-
erslips are separated by ~ 2 mm. The experimental chamber and the aspiration
pipette were filled with a 5 g/L solution of (-casein (dissolved in 100 mM NaCl, 10
mM tris, pH = 7.4) so to minimize the adhesion of lipids to the glass surface. The tip
of the aspiration pipette (connected to a water tank as described above) was brought
inside the experimental chamber with an x-y-z micromanipulator. In addition to the
micromanipulator, the horizontal position of the aspiration pipette was controlled
with a piezoelectric actuator (Physik Instrumente). Casein was incubated for 30 min.
The chamber was then rinsed several times and filled with the experimental solution.
In case of GUVs made out of lipid brain extract doped with 5% PIP,, we used an ex-
perimental solution composed of 100 mM NaCl and 40 mM glucose (buffered with
tris to pH = 7.4). Importantly, the ionic strength of solutions used to grow GUVs (in-
side GUVs) and for tether-pulling experiments (outside GUVs) was confirmed to be
within 10 mOsm using an osmometer (Loser, Germany) to avoid osmotic shock.
Then, we added a fractionate amount of polystyrene beads. Another pipette was
filled with the solution of a curvature-active molecule (e.g. protein), as outlined in
individual chapters. Usually, only the tip of the injection pipette was filled by suc-
tion, then the back of the pipette was filled with mineral oil, leaving no air inside.
The vesicles were left to deflate for 10-30 min after which we sealed the chamber
with mineral oil to prevent evaporation.
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Figure 2.3.2: Tether-pulling experiment. Confocal fluorescence (left) and bright
field (right) images of a tether pulled from an aspired GUV. F = force, 0 = mem-
brane tension, OT = optical trap. Scale bar =5 um.

GUVs with enough excess area (i.e., those with visible undulations) were as-
pired in a micropipette (Cuvelier et al., 2005; Kwok and Evans, 1981). Note, each
time before aspiring a GUV, we re-adjusted the aspiration pressure to zero (as de-
scribed above). Then, we trapped a bead in the optical trap. We gently tethered the
GUYV to the bead and pulled back, forming a tubular membrane between the GUV
and the bead (Fig. 2.3.2). Subsequently, we injected the desired solution with another
pipette in the close proximity of the tether (Fig. 2.3.2, left) at a pressure of 1-2 Pa.
During the experiment, we would set the aspiration pressure, record the bright field
microscopy image at 30 frames per second (Fig. 2.3.2, right) and take several images
with the confocal microscope. After several minutes, we would change the aspira-
tion pressure and repeat the procedure. Typically, we would do a set of measure-
ments before and another set after injection to see the effects on the same vesicle. Of
note, the direction of aspiration pressure (increase or decrease) is irrelevant (see the
control experiment in Chapter 4).

2.3.4) Force measurement and calibration. We measured the force based on the
movement of the trapped bead. Assuming that the trap behaves as a Hookean elastic
spring, the force may be written as:

F=ky(a—a,), (Eq. 2.4)

where F is the force on the optical trap, kor is the trap stiffness, a and ao are the cur-
rent and the equilibrium positions of the bead, respectively. We measured the bead
position simply by monitoring the movement of the center of the bead from the
bright field microscopy images. We used a camera to record the images, with pixel
size of 0.1355 um (before 1 May, 2013) and 0.154 um (after 1 May, 2013).
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Figure 2.3.3: Calibration of the optical trap. Plots of force (F) and trap stiffness (k)
as a function of the displacement of the bead (shown is a representative example).
Linear fit of the force versus displacement yields the trap stiffness ~50 pN pm™' W
1. Power of the laser in both plots: 1.9 W. Measured 15 pm above the bottom cover-
slip.

We calibrated the stiffness of the trap by observing the displacement of the
bead from its equilibrium position upon applying a viscous force.? According to the
Stokes” law of viscous drag:

F,=6mnrv, (Eq. 2.5)

where F, is the viscous force, ] the viscosity of the solution, r the radius of the bead,
and v the velocity of the bead relative to the fluid. We created a viscous force by ap-
plying a triangle wave of varying amplitude to the piezo actuator, which dragged
the stage (i.e., the fluid inside the chamber). The measured output force was propor-
tional to the applied velocity and the slope of the plot gives the stiffness of the trap
(Neuman and Block, 2004) (Fig. 2.3.3, left). We confirmed that the stiffness does not
appreciably change over a range of displacements up of 0.3 um (Fig. 2.3.3, right). We
repeated the measurement several times over the past three years, yielding (all in pN
um™ W1): 50 (before January 2013), 45 (January 2013 - 18 March 2013), 53 (18 March
2013 - 1 May 2013), 47 (1 May 2013 - January 2015).

2.3.5) Fluorescence measurement. We used confocal microscopy to measure the flu-
orescence intensity of fluorescent dyes present in the GUV. We acquired images in
the red and the green channels, with a ~ 1 s delay in acquisition time between the
two channels. For the green channel, we excited the system using a 0.2 mW laser at
488 nm, whereas for the red channel, we used a 0.03 mW laser at 543 nm.

2 Many thanks to Coline Prévost with whom | worked on calibrating the trap and to Feng Tsai and David Saletti
who performed the final measurement.
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Figure 2.3.4: Fluorescence measurement. Yellow lines are the central lines in fluo-
rescence measurements. Plot shows fluorescence intensity profile along the tubule
line and 30 horizontal pixel lines above and below. The final fluorescence intensity
is the maximum in shown plot minus the average in intensity of the top ten lines of
the whole image. The yellow line in the vesicle was first flattened then the analysis
was carried out as on the tubule.

To quantify the fluorescence on the tubule, we drew a line along the length of
the tubule, then measured the intensity in pixels along the drawn line, plus thirty
horizontal lines of pixels above and below. Next, we averaged the intensities in each
horizontal line and selected the maximum of the average intensities (Fig. 2.3.4). The
result was the maximum average intensity minus the background, calculated as the
average intensity of the ten outermost horizontal lines of pixels in the original image.
We measured the fluorescence intensity on the vesicle in the same way, except that
we created the initial line by unwrapping the contour of half of the vesicle.?

2.3.6) Calibration of the tubule radius and protein areal density. The radius of the
tubule (r) is set by the membrane tension and it can be derived from the Helfrich
Hamiltonian (see the details in Chapter 4): r=F/(4nc). Force, F, represents the

tether-retraction force, i.e. the point force experienced by the bead in the optical trap.
Considering that curvature-active molecules likely affect the tether-retraction force
(F), we require an independent measurement of the radius of the tubule. As the
tubule radius is narrower than the confocal slice thickness, the total intensity of the
tubule per unit length is proportional to the circumference, implicitly radius. The
fluorescence intensity of the tubule can be calibrated against its radius by measuring
the radius of the tubule of a reference membrane (i.e., in the absence of curvature
generators) from the tether-retraction force. Then, we rescale the fluorescence inten-
sity to match this radius at the same membrane tension, i.e:

3 The indispensable Matlab code used to analyze the fluorescence was written by Gil Toombes and Coline
Prévost.
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I
r=C (Eq. 2.5)

where [; and Iyes are the fluorescence intensity of the tubule and vesicle, respectively,
and C is the calibration factor, previously determined as 200+50 (Sorre et al., 2012)
and later a similar value was obtained by Sophie Aimon in the group (Aimon et al.,
2014). Note, we normalize the fluorescence intensity of the tubule by the intensity of
the vesicle, as the precise amount of labeled lipid in the membrane is not the same in
each experiment.

To measure the density of proteins bound to the membrane, we applied a
previously developed quantification protocol (Galush et al., 2008; Sorre et al., 2012).
The method is based on calibrating the density of the protein by relating its fluores-
cent intensity to the intensity of another fluorescent molecule, for which we can easi-
ly quantify the amount. For the reference fluorophore, we used a fluorescent lipid
HPC*. We can write the areal density of the desired fluorophore on the GUV (¢ ves)
in terms of HPC* as:

(pHPC* ves
¢i,ves = ’ . (Eq 26)
Ii,b/IHPC*,b

We correct the areal density by the ratio of intensities of the measured fluorophore
and HPC* in bulk, I;u/Ixpc+p, considering that the two fluorophores do not necessari-
ly emit the same intensity at the same concentration. Hence, first we determined the
ratio of fluorescence intensities between Alexa488 (bound to a protein) and HPC* in
bulk (dissolved in mineral oil), yielding I;v/Inpc:p= 0.91+0.05. Next, we measured the
fluorescent intensity of GUVs composed of egg-PC and HPC* at mole fractions x =
0.01%-1%. We assume that the incorporation of the fluorescent lipid into the GUV is
stoichiometric. If we assume that the area per lipid is 0.7 nm?, the number of HPC*
per um? per leaflet is 1.43 million multiplied by x. As expected, fluorescence intensi-
ty linearly depended on the HPC* concentration (Fig. 2.3.5), i.e.,

Pupcsyes = Al HPC* ves / (Eq 2.7)

however the slope of intensity with respect to HPC* amount (A) depends on the se-
lected detector sensitivity (i.e.,, gain) and the applied neutral density (ND) filter.
Therefore, we repeated the experiment at various different gains and ND filters (see
Fig. 2.3.5 for example and Table 2.3.1 for all measured values for A).

Finally, to calculate the areal density of proteins on the vesicle, we determined
the number of Alexa488 fluorophores per molecule of the protein, by measuring the
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Figure 2.3.5: Surface density calibration. Relating fluorescence intensity to the
concentration of HPC* in bulk (left), in GUVs, and of Alexa488 in bulk (right). Table
1 shows the reciprocal slope of the plot in the center. In shown experiments, we
used a gain of 110 and ND8 and ND4 filters.

absorbance using a nanodrop. The number of fluorophores per protein (nr) were cal-
culated according to the formula suggested in the Molecular Probes manual:

n = A4ss /8488 , (Eq. 2.8)
(Azso -0.1 1A488 )/8280

where Asgs and Azgp are the absorbance values per unit length at 488 nm and 280 nm,
respectively, €483 and e2g0 are the molar absorption coefficients of Alexa488 and the
protein, respectively. We calculated the molar absorption coefficients of the proteins
by using an online server (http://web.expasy.org/protparam/), which gave 26 930 M™
cm™ for B2 centaurin (BAR and PH domains). We obtained n¢ = 1.3 (per protein
monomer). Note, considering there is only one cysteine per monomer, it appears
that 30% of label molecules bound in non-specifically. Therefore, to calculate the are-
al density of BAR/N-BAR protein dimers, we used the following formula (where the
factor 2 accounts for the dimer):

Al
BAR,ves (Eq 29)

Ppar yves = 091X—2an .

Table 2.3.1:* Calibration of HPC* density in the GUV. Shown are values
of A (in ym=2) for a given gain and ND filter filter. Values were obtained by
taking a reciprocal slope of the center plot in Fig. 2.3 4.

gain

80 90 100 110 120 130 140

ND4 & ND 8 103.7 38.2 175 841 4.8 3.4 1.1

ND 8 424 172 8.0 5.9 2.9 1.6

“Fluorescence intensities of HPC* in bulk and GUVs were analyzed by
Coline Prévost.
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Figure 2.4.1: Pulling tethers with kinesin. (A) Photograph of the experimental

chamber. Scale bar ~ 2 cm. (B) Scheme of the assay. Biotinylated kinesins bind
streptavidin in solution, which serve as anchors to biotin in the GUV. Adding ATP
initiates the walk of kinesin along microtubules polymerized on the glass surface
(green lines), forming membrane tubules. Scheme taken from (Leduc et al 2010).

For the moment, we are unable to accurately measure the number of Alexa488 per
endophilin A2 N-BAR domain, as it does not contain any tryptophan residues, nec-
essary for efficient excitement at 280 nm. Considering that the labeling procedure
was the same as with centaurin and that both constructs contain one cysteine per
monomer, we can assume a comparable binding efficiency.

2.4. Pulling tethers with molecular motors

Proteins, kinesin and biotinylated tubulin, were previously prepared and kindly
provided by Jean-Baptiste Manneville. All proteins were stored at —-80 °C. We follow
previously described protocols for the extrusion of tubules from GUVs (Leduc et al.,
2010; Leduc et al., 2004).

2.4.1) Polymerization of microtubules. 50 puL of tubulin (~10 uM) was incubated at
37 °C for 15 min, which induces their polymerization. Then, we added 2 uL of 1 mM
taxol (diluted in water) to 50 uL of tubulin. Taxol acts to stabilize the microtubules.
We centrifuged the mix for 15 min at 37 °C, at a speed of 70 000 rpm (ultracentrifuge,
rotor TLA-100). We removed the supernatant and resuspended the sediment in 50
uL BRB (25 pL of 4X BRB, 75 uL H>O, 3 pL of 1 mM taxol). We let the microtubules
incubate for at least one day and we used them no more than 3 days after prepara-
tion.

2.4.2) Coupling kinesin to microtubules. First, we washed a glass slide with ethanol
and water. We cut small rectangular pieces of parafilm, adhered them to the glass
slide edge-to-edge, spaced at ~ 0.5 cm. Then, we covered the glass slide with an un-
washed coverslip (directly from the box). We placed the assembled chamber on the
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hot plate (100 °C) for ~ 30 s, melting the parafilm that, after cooling, acted as a
sealant (Fig. 2.4.1, A). Thus formed assembly has several small experimental cham-
bers, of volume ~ 5 uL.

We filled the chamber with 5 uL polymerized microtubules and kept for 15
min at room temperature. Then, we incubated 5-10 uL of biotinylated kinesin (~ 10
uM) with 5 pL streptavidin (at comparable concentration as kinesin) for 15 min on
ice. During incubation of kinesin, we first rinsed the experimental chamber (contain-
ing microtubules) with ~ 10 uL of buffer composed of: 97 uL of 50 mM imidazole
(dissolved in 7 g/L casein) and 3 uL of 1 mM taxol, buffered to pH ~ 7. Importantly,
the rinsing was done as carefully as possible, as fluxes in the chamber cause the
polymerized microtubules to desorb from the glass. We incubated for 5 min at room
temperature. Next, we rinsed (again, very carefully) with ~ 10 pL of buffer composed
of: 96.5 uL of 50 mM imidazole, 0.5 uL of 1 M DTT, and 3 pL of 1 mM taxol, buffered
to pH ~ 7. We incubated for another 5 min. Finally, we injected the chamber with 5
uL kinesin that has been incubating with streptavidin. We incubated for at least 10
min. Note, this incubation step can be prolonged for a couple of hours if desired.

2.4.3) Motor-induced tether-pulling assay. To initiate the motors, we rinse the
chamber with 10-15 pL motility buffer, composed of: 89 uL experimental buffer (in
our case, 40 mM glucose, 100 mM NaCl, and 10 mM tris, at pH=7.4), 0.5 uL of 1 M
DTT, 3 uL of 1 mM taxol, 2 uL of 100 mM ATP (freshly prepared), 3 uL of 4X oxygen
scavenger (freshly prepared). In case the experimental buffer does not contain glu-
cose, it needs to be added to the mix (2.5 puL of 1 M solution).

Immediately after rinsing, 1-2 pL of highly concentrated solution of GUVs
(that need to contain a fractionate amount of biotinylated lipids) is added to the ex-
perimental chamber. The GUVs are directly collected from the GUV-rich areas in the
Pt-wire chamber. It is possible to spin down the vesicles (at 1000 rpm, 90 s), however
we did not notice a difference in yield. After introducing GUVs, we tilt the chamber
at 45° for one minute to help sediment the vesicles then mount it on the objective
(Fig 2.4.1, A). We imaged as soon as possible. Note, that excessive exposure to fluo-
rescent excitation can abort the motors due to oxidation. Figure 2.4.1, B shows a
scheme of the assay.

2.5. Molecular dynamics simulations

Theoretical approaches to studying biological phenomena have seen appreciable ad-
vancements in the past decade, allowing detailed structural and thermodynamic de-
scriptions of fundamental cellular processes, such as protein folding, lipid vesicle
formation, or large-scale structural rearrangements of macromolecules. The observa-
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Figure 2.5.1: CG models. (A) Atomic (left) and the three-site CG (right) representa-
tion of the lipid. The circled atoms in the middle comprise the corresponding CG
sites in the CG model. Lower-case f are forces on each atom, whereas upper-case F
represent averaged forces on each CG site. (B) Membrane tubule constructed from
the CG lipid coated with a 26-site CG N-BAR domain. Shown is the initial configu-
ration of a simulation with 5% N-BAR coverage. N-BAR model is magnified on the
right. Scale bars are 10 nm and 3 nm (inset).

tion of dynamics of biological systems at high resolution is still beyond the reach of
most available experimental techniques, making computational methods irreplace-
able in modern chemical and biophysical research. Such methods predict the behav-
ior of atoms and molecules by making use of various theories that describe their in-
teractions, such as quantum mechanics, Newtonian dynamics, or macroscopic me-
chanics. The choice of theory depends on the resolution we wish to simulate and the
computational limitations. For example, in all-atom molecular dynamics (MD) simu-
lations, each atom (or a small subset of atoms) is represented with a sphere of certain
size, charge, etc. The total energy is calculated based on the interactions between
each atom, usually derived from quantum mechanics or adapted from thermody-
namic experiments. After calculating the total force experienced by each atom, their
movement is simulated by using Newton’s laws (van Gunsteren et al., 2006). How-
ever, at present, such simulation approach is very expensive if the system exceeds a
million atoms, roughly corresponding to a large protein surrounded by a box of wa-
ter.

Enhanced sampling and coarse-graining strategies provide a way of accessing
larger time and length scales, while ensuring that the behavior of such processes is
well described (Ayton and Voth, 2009). As we aimed to simulate the collective be-
havior of N-BAR proteins on the membrane, we required to simulate many protein
molecules at longer time scales. Hence, we used coarse-grained (CG) MD simula-
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tions. In CG models many atoms are clumped together into a single sphere (i.e., CG
site), therefore significantly reducing the number of degrees of freedom. There are
two opposite ways of obtaining such models: the bottom-up approach, in which
forces are estimated from all-atom simulations, or ad hoc, where the interactions are
approximated by matching some experimental observations (Ayton and Voth, 2009;
van Gunsteren et al., 2006).

2.5.1) CG models. To model the lipid bilayer, we used a previously developed sol-
vent-free three-site lipid model (Srivastava and Voth, 2013). One site represents the
hydrophilic head group, whereas the other two represent the hydrophobic tails of a
lipid, as depicted in Figure 2.5.1, A. The interaction among CG sites were calculated
in a bottom-up way, by averaging forces from an all-atom simulation of a lipid bilay-
er, supplemented by analytical functions for regions of the configurational space
poorly sampled in all-atom simulations (Izvekov and Voth, 2005; Srivastava and
Voth, 2013). In CG simulations, we only accounted for the forces between lipid sites
that were within 2 nm.

A previously developed model of an N-BAR domain of endophilin A1 was
used. The model comprises 26 CG sites (Fig. 2.5.1, B), where the intraprotein interac-
tions were modeled as harmonic bonds by using the elastic network model (Mim et
al., 2012), whereas protein-protein and protein-lipid interactions were modeled with
a Lennard-Jones potential (Ayton et al., 2010). The Lennard-Jones parameters used
were 1.8 kcal/mol well depth at 1.5 nm between sites representing amphipathic he-
lices and lipid head groups, 0.2 kcal/mol at 1.5 nm for other protein sites and the
lipid head group, and 0.24 kcal/mol at 2 nm for all protein-protein interactions.
These parameters were derived by combining previous free-energy simulations (Ay-
ton et al., 2010) and by estimating the binding energy from a previously published
Langmuir adsorption isotherm (Sorre et al., 2012).

2.5.2) Simulation parameters. We simulated lipid bilayer tubules coated with N-
BAR domains at 5 to 40% surface coverage. A tubule, 150 nm in length and 20 nm in
diameter of the outer layer, was created by patching a cylinder surface with a small
equilibrated planar bilayer. This method was developed for reconstructing CG struc-
tures of membranes from the continuum-mechanics simulations (Lyman et al., 2011).
Alternatively, initial membrane structure can be assembled by geometrically placing
lipids with an estimated spacing based on the known area per lipid. The advantage
of patching a cylindrical frame with small patches of bilayers is in shortening the
equilibration time. We enclosed the tubule inside a simulation box in a way that it
interacts with its periodic images in the z-directions, leaving at least 50 nm of space
in the x- and y-directions (Fig. 2.5.1, B). The tubule interacted with itself across peri-
odic boundaries in the z-direction, virtually making it infinite in length.
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To equilibrate the structure, first, we ran energy minimization then several
MD simulations with time steps increasing from 1 fs to 10 fs (total of ~ 600 000 time
steps). We ran the simulations at constant NVT conditions (V being the volume of the
box, N being the number of molecules in the box, and T the temperature of the ther-
mostat, set at 300 K). Next, we placed a desired density of CG N-BAR domains on
the surface of the tubule, either randomly or in a closely packed arrangement. We
repeated the equilibration as above. Then, we carried out production run simula-
tions for ~ 30 million time steps at a time step of 12 fs for all simulation systems (see
Chapter 4). Note that in CG MD simulations, the unit of the time step corresponds to
Newtonian dynamics, but not necessarily to the actual simulated time. Typically, the
simulated time is much larger than the time set by the integrator.
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3. Self-assembly of BAR proteins (summary of the
University of Chicago Ph.D. work)

or completeness, let us briefly summarize the result of the accompanying the-
F sis. There, we combined CG MD and continuum mechanics simulations with
various microscopy imaging techniques to investigate the assembly of N-BAR pro-
teins on the membrane and the mechanism by which they generate curvature. For a
complete description of these results, please refer to the accompanying thesis or the
papers references in this chapter.

Our simulation approach can be described as multiscale, as we employed a
variety of different resolutions (implicitly levels of theory) where we used the infor-
mation from one level to obtain crucial modeling parameters in the other. At the CG
level, we used the same lipid and protein models as described in Section 2.5.1. Im-
portantly, such highly coarse model allowed us to simulate very large scale systems.
To the best of our knowledge, our work is the first to simulate protein assembly on a
membrane systems of optically resolvable size. In particular, there were two mem-
brane systems: a planar membrane, infinite via periodic boundary conditions, and a
large vesicle (200-300 nm in diameter). We simulated the motion of particles using
MD, as described in Section 2.5.2.

Even with CG MD simulations, we are still limited in the system size and the
time scales we can simulate. To explore the dynamics at longer scales, we used con-
tinuum-mechanics simulations. In this model, the basic element is a particle contain-
ing information on lipid and protein compositions (i.e., a field variable). The total
energy of each particle is a combination of the Helfrich Hamiltonian and the phe-
nomenological Landau energy. The former contains bending and curvature-coupling
terms, similar to theories outlined in the Introduction, whereas the latter depends on
the variation in the lipid and protein compositions.

Finally, we used microscopy techniques to image large-scale protein organiza-
tion on the membrane. In particular, we used super-resolution STORM microscopy
to observe the assembly of various BAR proteins on LUVs tethered to an inert sur-
face. On the other hand, we used atomic force microscopy to study the organization
of various BAR proteins on supported lipid bilayers. Please, refer to the accompany-
ing manuscript for experimental details.

3.1.1) Self assembly of N-BAR proteins. We ran CG MD simulations of N-BAR do-
mains on planar bilayers and on vesicles at surface densities of 4-20%. We found that
N-BARs readily aggregate on the membrane, forming long linear chains and mesh-
es (Fig. 3.1.1, A). Considering that there are no strong explicit protein-protein attrac-
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Figure 3.1.1: Linear aggregation and meshing N-BAR domains. (A) Final snap-
shots of CG MD simulations with N-BARs on a lipid vesicle (left) and planar bilay-
er (right). Percentages denote surface coverage of proteins. The two images on the
right adapted from (Simunovic et al, 2013b). (B) Free energy of polymerization (Fp)
as a function of the distance between the aggregate and the incoming protein (d), as
depicted in the image above the plot. N denotes the number of N-BARs in the total
aggregate (including the incoming N-BAR).

tions in the model, it appears that the interactions are mediated solely by membrane
curvature. Indeed, using umbrella-sampling calculations, we found that there is a
very high free energy gain of adding an N-BAR domain to an already formed linear
aggregate, computed to be 12 kgT. Moreover, the interaction length scale was very
large, around 10 times that of the Debye length (Fig. 3.1.1, B). This work has been
published in (Simunovic et al., 2013b)

Next, we assessed the existence of such aggregates by using atomic force mi-
croscopy. In particular, we imaged supported bilayers (composed of 30% DOPS and
70% DOPC), incubated with ~ 100 nM endophilin Al or 32 centaurin. The proteins
were kindly provided by Carsten Mim and Vinzenz Unger (endophilin Al) and
Emma Evergren and Harvey McMahon (2 centaurin). We observed very similar as-
sociation behavior, resolving very long strands on the surface of the membrane upon
adding the proteins (Fig. 3.1.2, A). Interestingly, the aggregates were spaced at a
much larger distance in experiments, at 200-500 nm, compared to ~ 40 nm observed
in simulations of vesicles. To better understand the interactions between lines of pro-
tein aggregates, we used CG MD simulations to calculate the free energy of interac-
tion between two lines of N-BARs of varying length. We found that there is a very
strong membrane-mediated repulsion of two linear protein polymers, acting at a
striking distance of ~ 50 nm, and even higher in the case of longer polymers (Fig.
3.1.2, B). These calculations help explain the much larger separation between lines
that we observe in experiments on supported bilayers.
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Figure 3.1.2: The repulsion of N-BAR lines. (A) Atomic force microscope image of
a supported lipid bilayer (70% DOPC, 30% DOPS) incubated with 140 nM N-BAR
domain of endophilin Al. Color scheme on the right represents the height from the
surface. (B) Free energy (F) as a function of the distance between two lines of N-
BAR aggregates (d). Clearly, with increased aggregate length, the repulsion is
sensed at much larger distance. Legend shows the number of N-BARs in each line.

Linear aggregation could have important biological implications. By aggre-
gating this way, as opposed to forming isotropic aggregates, proteins can get recruit-
ed to membrane-remodeling sites much more rapidly and from long distances.
Moreover, protein meshing could serve to immobilize the membrane-remodeling
sites and control the size of the forming endocytic bud (Simunovic et al., 2013a;
Simunovic et al., 2013b).

3.1.2) Self-assembly and membrane mechanics. In addition to inducing significant
local curvature, proteins also induce strong stress variation in their vicinity (Fig.
3.1.3, A). Therefore, we asked the opposite question: do mechanical properties of the
membrane change the way proteins associate? To test this hypothesis, we conducted
CG MD simulations on planar bilayers at varying membrane tensions. It turns out
that membrane mechanics strongly affects the protein association. In particular, in-
creased membrane tension 1), changes the geometry of assembly of N-BAR domains,
and 2), inhibits protein-protein interactions (Fig. 3.1.3, B). We quantified these
changes by carrying out free-energy calculations, which showed that increased ten-
sion permits a wider angle of dimerization (Fig. 3.1.3, C). These results indicate that
any variations in local membrane tension could quantitatively, but also qualitatively,
affect membrane-remodeling phenomena. For example, rapid endocytic or exocytic
events could transiently alter membrane tension, faster than it can be recovered with
membrane folds. Moreover, in endophilin-mediated endocytosis, actin polymeriza-
tion can also locally increase tension, thus affecting the way endophilin associates on
the membrane. This work has been published in (Simunovic and Voth, 2015).
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Figure 3.1.3: Membrane tension affects protein assembly. (A) Lateral pressure

profile (piat), averaged around each protein (d - distance from the center of mass of
the protein). (B) Free energy of polymerization (Fp) as a function of the distance (d)
between the incoming protein and the linear chain, at different membrane tensions
(0). (C) Snapshots from CG MD simulations at different tensions, indicated in each
panel. Top left image adapted from (Simunovic et al, 2013b), the rest adapted from
(Simunovic and Voth, 2015).

3.1.3) The formation of reticular membranes. Cryo-electron imaging of small vesi-
cles incubated with large amounts of endophilin* indicated that vesicles undergo
complex transitions. To study the morphological consequences of vesicles at higher
protein densities, we combined continuum-mechanics with CG MD simulations of
300-nm-wide vesicles, coated with > 50% N-BAR domains. Indeed, these simulations
revealed an entirely different molecular mechanism on the membrane, marked by a
transformation of the entire vesicle into a network of tubules (Fig. 3.1.4, A). It ap-
pears that the strong in-plane stress variations causes the bilayer structure to break.
CG MD simulations showed that the proteins arrange into a nematic assembly and
drive the folding of the membrane into tubules (Fig. 3.1.4, B). Our collaborators,
Carsten Mim and Vinzenz Unger (Northwestern University) reconstructed a 3D to-
mogram from electron microscopy imaging of vesicles incubated with a high density
of N-BAR domains, which confirmed the existence of a tubular network (Fig. 3.1.4,
B, top left). These results point to a potential important role of N-BAR proteins in
forming and stabilizing reticular membrane structures (Simunovic et al., 2013a). This
mechanism —although likely not used by endocytosis—could be very important in
the formation of reticular structures that have been shown to rely on BAR proteins,

4Cryo-electron microscopy was done by Carsten Mim in the lab of Vinzenz Unger, Northwestern University.
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Figure 3.1.4: The formation of tubular networks. (A) Time lapse of a continuum-
mechanics simulations of a vesicle immersed in a quasi-particle solvent. Particles
are colored based on the density of proteins, from low (blue) to high (red). Adapt-
ed from (Simunovic et al, 2013a) (B) Top left: cryo- electron tomography of the N-
BAR-coated tubular network (segmentation of the cryo-EM tomogram). Bottom:
time lapse of a CG MD simulation of N-BARs on lipid vesicle at 90% density. The
scale bar corresponds to CG MD simulations and the tomogram (not the magnified
inset). Adapted from (Simunovic et al, 2013a).

such as T-tubules (requiring amphiphysin) and mitochondrial tubular networks (re-
quiring endophilin B). At the same time, this study has also confirmed that N-BAR
domains have the capability to induce a topological change in the membrane (i.e.,
membrane fission), setting an important precedent for the study of fission induced
by endophilin in Chapter 5. This work has been published in (Simunovic et al,,
2013a)
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4. Scaffolding membrane tubules by proteins

T he crescent shape of BAR proteins lets intuit that they interact with curved
membranes (see Section 1.4). Indeed, many studies have revealed that BAR
proteins are enriched on curved membranes and that they induce spontaneous tubu-
lation of the membrane if recruited at sufficiently high areal density (Callan-Jones
and Bassereau, 2013; Peter et al., 2004). Cryo-electron microscopy imaging has sug-
gested that a densely packed assembly of BAR proteins (~ 100% surface coverage) on
the membrane may help stabilize tubular geometry (Frost et al., 2008; Mim et al.,
2012). Fluorescence microscopy, on the other hand, has shown that tubules may be
stabilized at much lower densities (~ 30%) (Sorre et al., 2012), however the dynamics
of formation of protein scaffolds has not been shown. Therefore, our aim was to elu-
cidate the mechanism by which proteins form scaffolds on membrane tubules. In
particular our goal is to explore how the binding of proteins couples to the morpho-
logical and mechanical properties of the membrane and shed light on the molecular
aspects of this process.

4.1. In vitro reconstitution

4.1.1) The composition of the membrane. One of major issues when reconstituting
protein-membrane system is finding a membrane composition that will 1), faithfully
represent a cell membrane, and 2), consistently recruit proteins on the surface. BAR
domain does not have a preference for specific lipids, however its membrane-bind-
ing surface is lined with positively charged residues. Therefore, it requires negative-
ly-charged lipids to bind to the membrane (Mim and Unger, 2012; Qualmann et al.,
2011). As mentioned in the introduction, some BAR proteins have a PH domain, and
so these proteins need PIP; lipids as well. We chose to work with a lipid composition
derived from the total brain extract, commonly known as the Folch extract. This
composition, being a natural extract and not a synthetic composition, more faithfully
represents a cell membrane and it is very commonly used in biology (Bhatia et al.,
2009; Boucrot et al., 2012; Peter et al., 2004; Takei et al., 1999). Furthermore, our expe-
rience showed that this composition (doped with 5% PIP>) recruited every mem-
brane-binding protein that we tested (endophilin, centaurin, sorting nexin 9, M1 pro-
tein of the influenza virus). I remind the reader that we could not produce these
GUVs using electroformation on ITO plates (see Section 2.1.2), however growing
them on Pt-wires overnight in the fridge and in ~ 100 mM NaCl buffer yielded a
good amount of vesicles.

The actual composition of the brain extract is variable and it contains over
eighty different types of lipids. A study using high accuracy mass spectrometry has



81

shown that the porcine brain extract contains mostly PC lipids (approximately 40
types), then various amounts of PE, PS, SM, and lysophosphatidylcholine (Yu et al.,
2006). They did not report the presence of PI or cholesterol, possibly because the
amount was below the chosen detection limit. Therefore, we doped the lipid extract
with 5% PIP,, as often done in membrane studies using Folch liposomes (Boucrot et
al., 2012).

4.1.2. The mechanics of the membrane. Considering the complicated nature of the
composition, we first examined the viability of these GUVs. First, we tested the me-
chanical properties of the membrane by carrying out tether-pulling experiments in
the experimental buffer and in the absence of any curvature-generating molecules
(for details of the setup see Section 2.3). Figure 4.1.1. shows an experiment on a GUV
where we initially stepwise increased membrane tension, then repeated the mea-
surements by decreasing membrane tension, all while injecting a (non-curvature-ac-
tive) buffer solution. As expected, with increased membrane tension, the tether-re-
traction force increases while the radius of the tubule decreased (Fig. 4.1.1). More-
over, we confirmed that the values of force and radius are not appreciably affected
by the direction of change of membrane tension (Fig. 4.1.1, black versus grey dots).
This measurement implies that the bilayer is fluid, as any change in tension prompts
the lipids to flow between the vesicle and the tubule, otherwise the force and the ra-
dius would remain unaltered.

To calculate the bending rigidity, we start with the Helfrich Hamiltonian:
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Figure 4.1.1: The fluidity of the membrane. Shown are tether-retraction force, F
(left) and tubule radius, r (right) as a function of membrane tension for a single
GUV composed of the total brain extract and 5% PIP>. The experiment was per-
formed by, first, stepwise increasing membrane tension, o, (black dots) then step-
wise decreasing it (grey dots). Then, we injected the experimental buffer with 0.15
uM inactive protein (i.e. did not bind to the membrane), first stepwise increasing o
(blue triangles) then again decreasing it (light blue triangles). There is almost com-
plete superposition. Note, in the first measurement (black dot that deviates), the
tubule was not in focus.
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H, :5(1—ij A+GA—fL (Eq. 4.1)

r R,

where H, is the total free energy of the tubule, k is the membrane bending rigidity, r
and Ry are, respectively, the mean and the spontaneous radii of curvature, i.e. the
reciprocal mean and spontaneous curvature. A and L are, respectively, the area and
the length of the tubule, and f is the pulling force on the membrane (Derenyi et al.,
2002; Kwok and Evans, 1981). At equilibrium, » becomes the tether radius (denoted
or R) and the force becomes the aforementioned tether retraction force (F). To com-
pute R and F, we minimize H; with respect to L and R (Derenyi et al., 2002), i.e.
d0H,/0R=0 and dH,/JdL=0, yielding:

2
F=27 20k + 5 —2mx L = 2n20% — 270 (Eq. 4.2)
RO RO RO

1_29, ¢ (Eq. 4.3)

The equations reveal that the curvature and the retraction force of the tubule scale as
square root of membrane tension. Fitting the model to our data gives x. Considering
that we measured the radius from the fluorescence intensity and not from the force
(see Section 2.3.6), we have two independent measurements of « (Fig. 4.1.2). Fitting
the force equation (Eq. 4.2) to our data yields « = 46.1+4.5 kT (mean+SD) (N =45, N
— number of experiments), whereas fitting to the tubule radius measurements
yields x = 57.4+3.4 kBT (N = 36). In both cases, ks is the Boltzmann constant and T
thermodynamic temperature (300 K). Although, these values are higher than typical
values of synthetic phosphatidyl lipid vesicles (~ 20 kgT), they are comparable to the
rigidity of red blood cell (43 kgT) (Evans, 1983). Moreover, it is not surprising to find
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Figure 4.1.2: Mechanics of the membrane. Shown are fits of Eq. 4.2 (left) and Eq.
4.3 (right) to our data. Number of independent vesicles: 45 (left), 36 (right). Tubule
radius was measured from the lipid fluorescence.



83

a higher x value, considering that the mixture contains SM lipids and lipids with
chains of varying lengths and saturation (Rawicz et al., 2000; Yu et al., 2006).

According to Eqgs. 4.2 and 4.3, in the absence of spontaneous curvature, the
offset of the force and the radius should be zero. Fitting yields offsets of (6.8+1.7)x10"
Snm™! (Eq. 4.2) and (3.9+4.1)x10° nm ™ (Eq. 4.3), corresponding to spontaneous radii
of curvature 150 nm and 250 nm, respectively. A positive offset in the force indicates
a negative radius of spontaneous curvature. We note that we systematically observe
a positive offset in the force, regardless of lipid composition (except for the case of an
uncharged membrane, see Appendix I). We hypothesize two possible sources for the
offset in force of the charged membranes. First, if there is a difference in salt concen-
tration in the inner and the outer buffer, the repulsions of charged head groups are
less screened in the leaflet exposed to a buffer of higher ionic strength. As a result,
the membrane would tend to curve toward the leaflet with less screening to alleviate
charge repulsions, hence generate spontaneous curvature. Indeed, in our case, the
NaCl concentration inside the GUVs is generally ~ 30 mM lower than the experimen-
tal buffer, which is a result of optimization of conditions.

Other possible contributions to the offset are the insertion of Na" between the
lipid head groups (see Appendix I), an asymmetry in composition between the two
leaflets, and adhesion of the membrane to the glass surface. However, considering
the size of a BAR protein like endophilin or centaurin (~ 12 nm), we can neglect the
membrane spontaneous curvature of the membrane relatively to that of the protein.

4.1.3) Phase behavior of the membrane. Considering that the total brain extract con-
tains many lipids of varying chains, it is possible that our GUVs could undergo
phase separation (see Section 1.1.3.). We tested the phase behavior of our model
membrane by using fluorescent lipids known to partition into different phases. In
particular, we doped the membrane with GM1* (at 1% molar fraction), a lipid equal-
ly distributed between 1, and 14 phases, and DHPE* (at 0.5% molar fraction), a lipid
that strongly favors the 14 phase. Of note, the same lipid dyes were previously used
in studying the curvature sorting of lipids (Sorre et al., 2009).

Using confocal microscopy, we observed a homogenous distribution of the
two fluorescent lipids in all imaged GUVs (N = 16) (Fig. 4.1.3, A). It appears that the
membrane composed of the total lipid brain extract and 5% PIP, does not phase sep-
arate. Next, we tested if we can trigger the separation with curvature. We measured
the fluorescent intensity of the two dyes in the tubule, relative to the vesicle, at dif-
ferent membrane tensions (implicitly curvatures). The relative ratios of the two dyes
is termed the sorting ratio, s:
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Figure 4.1.3: Phase behavior of the membrane. (A) Homogeneous distribution of
the lipid dyes in total lipid brain extract vesicles (left) compared to the phase-sepa-
rated ternary vesicle (right). The images of the phase-separated vesicles adapted
from (Sorre et al, 2009). (B) The absence of lipid sorting of total lipid brain extract
vesicles. Tubule radius calculated from the force and sorting is adjusted by the po-
larization factor. Shown is representative of four different experiments.
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(Eq. 4.4)

where I; and Iyes are the fluorescence intensities of individual dyes (as indicated in
the superscript) in the tubule and vesicle, respectively. Ps is the polarization factor,
which takes into account the polarization of the excitation light (Sorre et al., 2009).
As shown in Figure 4.1.3, B, neither labeled lipid gets enriched in the tubule with in-
creased curvature, which indicates that the membrane is not close to a demixing
point (Sorre et al., 2009). We measured Ps as the relative ratio of intensity of one dye
over the other (in the absence of sorting). Pr depends on lipid composition, and for
the total brain extract it measures 2.1+0.3 (mean+SD, N = 4). This value is consistent
with previous measurements for SM-containing ternary composition GUVs (Sorre et
al., 2009).

Based on the observed mechanical and phase properties, we conclude that
our GUVs are viable model systems of a fluid membrane.

4.1.4) Proteins. We used various curvature-generating proteins in this study, whose
biological relevance is described in the Introduction (Section 1.4). Namely, we stud-
ied:
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1) endophilin A2 (unlabeled mouse full length and labeled rat N-BAR do-
main)

2) endophilin A2 with truncated N-terminal helices (unlabeled mouse full
length)

3) endophilin A2 E37K, D41K (labeled rat N-BAR domain)

4) B2 centaurin (labeled human BAR + PH domains)

5) epsin 1 (unlabeled full length)

Proteins 1, 3, 4, and 5 were synthesized and kindly provided by Emma Ever-
gren and the lab of Harvey McMahon (Cambridge University), protein 2 was synthe-
sized and kindly provided by Henri-Francois Renard and the lab of Ludger Johannes
(Institut Curie). Alexa488 maleimide, which binds to the cysteines in the protein, was
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Figure 4.1.4: X-ray and homology modeling structures of proteins used in the
study. (A) Homology modeling of N-BAR domain of endophilin A2. (B) Homology
modeling of BAR and PH domains of 32 centaurin. For A and B: proteins viewed
from the side (top) and above the membrane surface (bottom). (C) Endophilin A2
E37K, D41K (mutated residues colored yellow). (D) Crystal structure of the ENTH
domain of epsin 1 (PDB ID: 1EDU). Blue and orange color-coding based on
monomer; red: N-terminal helices; black: PH domain.
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used as the fluorescent label. Please, refer to Section 2.3.6 for measurements of label-
ing efficiencies.

To gain a better understanding of the molecular structure of these proteins,
we used Swiss-Model (swissmodel.expasy.org) to construct 3D models of our pro-
teins based on X-ray structures of their closest homologues. To model the N-BAR
domain of rat endophilin A2, we used rat endophilin A1l as the homologue (PDB ID:
2C0B), whereas for the modeling of human 32 centaurin (BAR + PH domains), we
used the structure of (31 centaurin as the homologue (PBD ID: 4NSW). To remind the
reader, endophilins belongs to N-BAR proteins, while centaurins belong to the clas-
sical BAR domain family. A noteworthy difference between the two proteins, be-
sides lacking the N-terminal amphipathic helices, is that BAR domain of 32 centau-
rin displays a much shallower curvature than the BAR domain of endophilin A2
(Fig. 4.1.4).

4.2. Tubulation of the membrane

Let us start with simply observing the morphology of the membrane after binding of
the protein. We incubated BAR proteins with GUVs at bulk protein concentrations of
0.5-3 uM. Note that all protein concentrations are expressed per monomer. By ob-
serving the labeled proteins with confocal microscopy, our first observation is that
both endophilin and centaurin readily bind to brain extract vesicles (Fig. 4.2.1). After
~ 15 min of incubation, most vesicles displayed a dramatic morphological change,
marked by large-scale tubulations of the vesicle surface (Fig. 4.2.1, A). Similar mem-
brane remodeling has already been reported with other BAR proteins and epsin
(Ambroso et al., 2014; Peter et al., 2004; Saarikangas et al., 2009; Sorre et al., 2012;
Takei et al., 1999; Yoon et al., 2010).

We observed spontaneous tubulation of both the N-BAR domain and the full-
length endophilin A2 (Fig. 4.2.1, A and C). Next, we observed the tubulation in time
by directly injecting endophilin on 1), a supported lipid bilayer®, and 2), in the vicini-
ty of the aspired GUV. Seconds after injection, the tubules emerged homogeneously
on the vesicle surface (Fig. 4.2.1, A and C). We then incubated 2 centaurin with gi-
ant liposomes. Interestingly, 32 centaurin also induced large-scale tubulation, just as
observed with endophilin (Fig. 4.2.1, B). Of note, a prior study has shown that over-
expression of this protein in cells leads to the massive tubulation of the plasma
membrane (Peter et al.,, 2004). Apparently, the insertion into the lipid bilayer by
amphipathic helices is not a required part of the mechanism for large-scale mem-
brane remodeling.

5 Many thanks to Marta Bally who taught me how to make and image supported lipid bilayers and for doing most
of the bilayer experiments in this thesis with me.


http://swissmodel.expasy.org

87

N

£90s

™ el

Figure 4.2.1: BAR proteins induce tubulation of the membrane. (A) Spontaneous
tubulation induced by full-length endophilin A2 from the GUV (left) and the sup-
ported bilayer (right) at bulk protein concentration of 2 uM. The experiments with
supported bilayers were done with Marta Bally. (B) Spontaneous tubulation in-
duced by (32 centaurin (2 uM). (C) Spontaneous tubulation of an aspired GUV in-
jected with N-BAR domain of endophilin A2 at 2 uM in the pipette. GUVs com-
posed of the total lipid brain extract + 5% PIP,, supported bilayer composed of 30%
DOPS, 70% DOPC. In A, fluorescence comes from labeled lipids; in B and C, shown
is the overlay of lipid (red) and protein fluorescence (green). Scale bar: 5 um.

4.3. Dynamics of scaffolding

Next, we investigated the way proteins interact with curved membranes by injecting
them in the vicinity of tubules pulled from GUVs at concentrations in the pipette of
1-5 uM (see Section 2.3 for the details of the experiment). The actual concentration of
the protein in the vicinity of the GUV is lower than the pipette concentration due to
dilution. We traced the fluorescence intensity of Alexa488 bound to a protein from
the pipette exit to the base of the pulled tubule (Fig. 4.3.1) and found an average di-
lution factor of 2.0 (N = 3). Considering that, in most cases, we quantify the bound
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Figure 4.3.1: Dilution of injected proteins. Measuring the reduction in fluores-
cence intensity of Alexa488 (bound to (32 centaurin) from the injection pipette exit
to the base of the tether (yellow line).

density of the protein on the membrane (as outlined in Section 2.3.6), knowing the
precise effective bulk protein concentration is not important.

4.3.1) Decrease of force. We found that after the injection of the proteins, there is a
marked decrease in the tether-retraction force. Furthermore, in many cases, en-
dophilin A2 and 82 centaurin caused buckling of the tubule, whereby the tubule no
longer exerted force on the trapped micron-sized particle (Fig. 4.3.2). This observa-
tion indicates that proteins take over for the optical trap in stabilizing the curved
membrane. The formation of protein scaffolds was previously demonstrated for
some N-BAR and F-BAR proteins by using the same setup as we use here, and also
by using cryo-electron microscopy (Frost et al., 2008; Mim et al., 2012; Ramesh et al.,
2013; Sorre et al., 2012).

Epsin 1 did not induce the buckling of tubules, however its binding markedly
lowered the tether-retraction force (Fig. 4.3.2). In general, the reduction in the re-
modeling force indicates that it becomes less difficult to bend the bilayer toward the
protein-binding leaflet. Therefore, it appears that all three proteins: endophilin A2,
B2 centaurin, and epsin 1 induce positive spontaneous curvature and thus con-
tribute to the stability of the cylindrical membrane geometry. This result is consistent
with the observed outward spontaneous tubulation of membrane tubules (Section
4.2 and Fig. 4.3.2).

4.3.2) Endophilin scaffold initiates at the neck of a membrane tubule. Before exam-
ining the mechanical effect on the membrane by protein scaffolds, we took a closer
look at the way endophilin proteins bind to a membrane tubule. Based on confocal
imaging, endophilin initially binds to the neck of the pulled tether, either at the in-
terface with the GUV or at the interface with the optically trapped bead (Fig. 4.3.3,
A). To specify, endophilin first bound to the GUV interface in the great majority of
cases (53 out of 59 experiments). Out of those 53 cases, it simultaneously also bound
to the interface at the bead in 27 experiments. In the four out of six negative cases,
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Figure 4.3.2: Curvature-generating proteins reduce the tether-retraction force.

Measuring force (F) in time (t) after the injection of proteins at pipette concentra-
tions of 1-5 uM on extruded membrane tubules (left) and final confocal microscopy
snapshots (right). Tested proteins: endophilin A2 (endo), B2 centaurin (centa), and
epsin. Buffer represents the control where the buffer was injected. Fluorescence
comes from labeled lipids. Scale bar: 3 um. OT = optical trap.

endophilin appeared to bind homogeneously along the tubule. Granted, in those
cases the initial binding could have been recorded insufficiently fast. In the two re-
maining negative cases, the protein was observed to first bind in a region other than
the interface.

Based on these observations, it appears that endophilin is selective toward
highly negative Gaussian (or saddle-like) curvature, which is in agreement with the
CG MD simulations described in Section 3.1.1 (Simunovic et al., 2013b). Endophilin
immediately forms a scaffold, which elongates continuously along the tubule, until it
covers it partially or fully (Fig. 4.3.3, A, B). The first sign that a scaffold has formed is
a clear reduction of the lipid fluorescence intensity underneath the protein (Fig. 4.3.3,
A, lipid channel). This observation implies a constriction of the tubule radius, which
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Figure 4.3.3: Scaffolding by endophilin A2. (A) Protein initially binds to the necks
of the tube (at the GUV and at the bead). It forms a scaffold, constricting the tubule,
then continuously elongates until completely covering the tubule. White circle =
OT. (B) A kymogram, showing the scaffold growth from the GUV to the bead.
Lipid and protein channels are overlaid. The plot shows tether-retraction force (F)
as a function of time (t). The x-axis of the kymogram coincides with the x-axis of
the plot. C) Time lapse of a striation pattern induced by endophilin. For all: scale
bar is 2 um, GUV = giant unilamellar vesicle, OT = optical trap, endo = endophilin
A2 WT. In all, t = 0 marks the time when protein was detected on the tubule.

has previously been observed with BAR domain proteins, although never in a dy-
namic way (Renard et al., 2015; Sorre et al., 2012).

By comparing the force plot with the confocal images, we see that the binding
and constriction are concurrent with the drop in the tether-retraction force (Fig. 4.3.3,
B). A fully covered tubule imposes no force on the optical trap and undergoes buck-
ling, as shown in Fig. 4.3.2. Similarly to experiments with the tubulation of the
membrane, we observed no difference in the tubule-binding behavior between the
tull-length and the N-BAR domain of endophilin A2.

Interestingly, at higher injected concentrations (> 3 uM), endophilin initially
formed a striated pattern on the tubule, marked by a brief (a few seconds) beading
instability (Fig. 4.3.3, C, top row, observed in six experiments). The striation rapidly
coarsened leading to an elongation of the scaffold from both necks of the tubule.
This behavior is reminiscent of the way dynamin binds to membrane tubules, al-
though with some differences (Morlot et al., 2012; Roux et al., 2010). Both endophilin
and dynamin form a temporary striated pattern on the tubule, however endophilin
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seems to form a somewhat more evenly spaced clusters than dynamin, based on our
observations compared to figures in (Morlot et al., 2012; Roux et al., 2010). In both
cases, however, the shape of the tubule underneath the striated protein resembles a
beading instability (Fig. 4.3.3, C). Moreover, dynamin induces an appreciable effect
on the force only when it fully covers the tubule, whereas in our case, the force is re-
duced as soon as endophilin initiates the scaffold.

Two theoretical works may help in understanding our observations. In the
first, Gov and coworkers have developed a theory to explain the binding of dy-
namin. They used the standard Helfrich Hamiltonian, complemented with various
terms describing the binding and mixing of the protein, as well as curvature cou-
pling of dynamin oligomers (Shlomovitz et al., 2011). Interestingly, they showed that
higher protein concentrations induce a uniformly unstable tubule, i.e. a bifurcation
in the tubule radius at a given tension (Fig. 4.3.4, A blue and pink lines). In other
words, the tubule can adopt two radii at the same tension: a wider tubule poorly
bound by the protein and a narrow tubule, much closer to Cp, enriched with the pro-
tein. Apparently, this transient state leads to a dynamic instability that promotes a
local condensation of the protein, which in our case is the step clearly evident in Fig.
4.3.3., A. The calculations also predict an energy barrier between two polymerized
protein domains, which could explain the metastable striated pattern of binding, as
seen in Fig. 4.3.3., C. The theory behind our case would be more complicated, as the
non-polymerized BAR proteins also couple with curvature (see Chapter 6 and e.g.
(Sorre et al., 2012)) and the fact that protein scaffolds inhibit the lipid flow (see Chap-
ter 5), however it seems that our observations are aligned with their predictions.

Another theoretical study, conducted by Lorman, Parmeggiani and coworkers
showed that if including the often neglected energy contribution due to a pressure
difference across the membrane to Eq. 4.1, the shape of the tubule shows various
structural instabilities (Fig. 4.3.4, B), including buckling and beading (Monnier et al.,
2010). Furthermore, they showed that the instabilities of the bare membrane control
protein adhesion to the tubule. Their model predicts that the most stable configura-
tion of the tubule is that where the proteins are evenly spaced along the tubule. Al-
though we do not observe resonance modes of bare tubules, adding the protein
could either change the resonance wavelength, making them visible, or induce the
required pressure difference to generate theoretically predicted instabilities. For ex-
ample, compare the wave-like instability (Fig. 4.3.4, B, panel b) with Fig. 4.4.1, A, fi-
nal snapshot. Also, compare their predicted beading instability (Fig. 4.3.4, B, panel d)
with our observed instability in Fig. 4.3.3, C. It is not clear, however, if the wave-
lengths of instabilities from their calculations are sufficiently long to induce micron-
sized separation between protein domains.
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Figure 4.3.4: Tubular instabilities previously predicted by theory. (A) Uniform
tubule radius, Rm, versus membrane tension, o, for different bulk dynamin concen-
trations: high (blue), intermediate (purple), low (yellow), no protein (green). At
high concentrations, there is a bifurcation of the tubule radius. Adapted from
(Shlomovitz et al., 2011). (B) Low-energy modes of the tubule: buckling (a), wavy
(b), stretched (c), beading (d). Taken from (Monnier et al., 2010).

Both of these theoretical works, the previous experimental works on dy-
namin, and the behavior of endophilin shown here, demonstrate that membrane
fluctuations may appreciably affect the spatial localization of proteins on curved
membranes, despite strong protein-membrane interactions (Shlomovitz et al., 2011).

4.4. The role of subdomains in scaffolding and mechanically affect-

ing the membrane

BAR proteins are generally believed to induce curvature 1), by adhesive interactions
via its positively charged BAR domain and 2), by shallow insertion of amphipathic
helices (Bassereau et al., 2014). The relative contribution of these effects is still debat-
ed, especially when it comes to the mechanism of sensing curvature and scaffolding.
Therefore, we aimed to examine how amphipathic helices affect the dynamics of
scaffolding membrane tubules. 32 centaurin provides good testing ground as it is
one of few BAR proteins that naturally comes without amphipathic helices (see Fig.
4.1.4 for the image of the protein’s structure).

Contrary to endophilin, centaurin bound homogeneously along the length of
the tubule, with no detectable preference to the neck (Fig. 4.4.1). Nevertheless, as
shown before, there was reduction in the tether-retraction force during binding (Fig
4.3.2), often leading to a buckling instability (Fig. 4.4.1, A, top). Furthermore, binding
of the protein changed the radius of the tubule, even though the aspiration pres-
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Figure 4.4.1: Scaffolding by endophilin versus centaurin. (A) 32 centaurin binds
homogeneously along the tubule (red: lipids; green: protein). Plots show dilation of
narrow tubules induced by a scaffold of 2 centaurin (top: fluorescence intensity, I,
of 2 centaurin on the tubule; bottom: tubule radius, r, deduced from lipid fluores-
cence). (B) The mechanics of the reference membrane (composition: total brain ex-
tract doped with 5% PIP,, N = 45) and after the formation of scaffold by endophilin
A2 WT (endo WT, N =7) and 32 centaurin (centa, N = 5). F measured from the opti-
cal trap, r from the lipid fluorescence.

sure—implicitly tension—remained the same. Figure 4.4.1 (bottom) shows an exam-
ple where binding of 32 centaurin dilated a 30-nm tubule by ~ 20 nm. Clearly, (32
centaurin forms a supramolecular network that actively reshapes the membrane, just
like N-BAR proteins.

Next, we measured the mechanical properties and compared them to the ref-
erence membrane. In the presence of the protein, the mechanics of the membrane is
drastically changed, due to the imposed scaffold by both endophilin and centaurin.
In particular, the tether-retraction force is significantly lowered for all tested mem-
brane tensions (Fig. 4.4.1, B, top). At the same time, the tubule radius is fixed, regard-
less of membrane tension (Fig. 4.4.1, B, bottom). Interestingly, the tubule scaffolded
by centaurin is approximately four times wider than the one scaffolded by en-
dophilin (precisely, 42.5 nm and 10 nm, respectively, see Table 4.4.1).

At this point, let us revisit the mechanical properties of the membrane. As
shown in Eq. 4.2, the force has a square-root dependence on membrane tension.
How about in the presence of a protein scaffold? Based on a model that has previ-
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Table 4.4.1: Radius (r) of scaffolded tubules deduced by fluorescence.
Mean=SD (N measurements).

endo WT endo AHO  endo E37K, D41K centa epsin

r(nm)  9.8:2.8 (10) 21.4+11.6(7)  19.9+3.0(7)  42.57.0 (5) *

*epsin did not display constant radius

ously been developed in our group (Sorre et al., 2012), it turns out that in case of a
fixed tubule radius, the force linearly depends on the membrane tension:

F=2nR (0-0,) (Eq. 4.4)

where R is the scaffold radius and oy is the tension where the tether-retraction force
vanishes. First, we check the logarithmic dependence of force on tension. Indeed, the
bare membrane shows a nearly square-root dependence on membrane tension, with
the log-log slope of 0.4 (Fig. 4.4.2). As expected, the log-log slope for both endophilin
A2 and (32 centaurin, in the case where their density is high, is nearly one (~ 0.9). Fit-
ting our data for endophilin to Eq. 4.4 yields Rsc = 8.0+0.7 nm, which is in very good
agreement with the scaffold radius measured from lipid label fluorescence. The fit-
ted value for centaurin, 13.1+1.8 nm, is surprisingly small compared to the measured
radius of the scaffold. We hypothesize that, while the scaling behaves according to
previous predictions, the model developed for amphiphysin is unable to fully cap-
ture the behavior of centaurin. A more rigorous derivation, which will include ex-
plicit protein-protein interactions and the internal structural parameters of the pro-
tein and its scaffold, is currently underway by our collaborators, Andrew Callan-
Jones (Paris 7) and Jacques Prost (Institut Curie). We also note that insufficient sam-
pling could contribute to the error as well. The most important conclusion is that

log[F / pN]

-2.5 -1.5 -0.5

log[o/ (mN m-1)]_

Figure 4.4.2: Scaling of force on membrane tension. Linear fit yields: for bare
membrane (grey): 0.41+0.02 and 2.1+0.03 (slope and y-offset); for endophilin A2
scaffold (orange): 0.90+0.08 and 1.85+0.10; and for B2 centaurin scaffold (blue):
0.88+0.12.
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BAR proteins without amphipathic helices can, just as N-BAR proteins, form rigid
scaffolds that strongly determine the shape of the membrane.

The results shown in Fig. 4.4.1 represent data in which the tubule was con-
stricted along the entire length and displayed a monotonous dependence of the force
with membrane tension. I note that these results correspond to the high-density
regime reported for amphiphysin (Sorre et al., 2012). To specify, there were a total of
72 experiments for endophilin and six cases of centaurin in which we observed the
scaffold formation, evidenced by the clear change in tubule radius. We systematical-
ly measured F versus o in 26 cases for endophilin and six cases for centaurin. Out of
those cases, seven cases of endophilin and five cases of centaurin displayed the de-
pendence as in Fig. 4.4.1.

We observed two other scaffolding regimes, primarily for endophilin. In one,
there was an incomplete formation of the scaffold, characterized by a non-vanishing
constant force, observed in 13 cases of endophilin. In the other case type, the entire
tubule was covered by the scaffold and the tubule persistently buckled preventing
the force to rise from zero, regardless of increased tension. This regime was observed
in six cases of endophilin and one case of centaurin. Both case types are likely a con-
sequence of kinetic trapping due to rapid squeezing of the water and the free mem-
brane upon initial tubule constriction. Interestingly, such kinetic trapping has been
predicted in passing in the theoretical work explaining dynamin binding (Shlo-
movitz et al., 2011). In fact, we often observed that the membrane tubule following
the wave of the growing scaffold get significantly deformed (see e.g. Fig. 4.3.3., A)
which can trap the protein growth to fully cover the tubule. Furthermore, as will be
explained in Chapter 5, protein scaffolds inhibit lipid dynamics, which can signifi-
cantly slow down the tension equilibrium. At present, we do not explore these
regimes as they do not directly pertain to our aims or the conclusions that we draw
in this chapter.

Despite observing centaurin to form scaffolds just as endophilin, we still can-
not rule out amphipathic helices in endophilin to be the key contributor to scaffold-
ing. To address this issue, the labs of Harvey McMahon and Ludger Johannes con-
structed two endophilin mutants. In the first, they truncated the N-terminal amphi-
pathic helix of the full-length endophilin A2. In the second, they mutated one gluta-
mate and one aspartate from the membrane-binding region of endophilin A2 N-BAR
domain into lysines (E37K, D41K). This reversal of charge enhances the binding of
the BAR domain to the membrane and it does not affect the N-terminal helices. This
way, we can compare the influence of affecting both the amphipathic helix and the
BAR modules in endophilin. Interestingly, both variants bound to the tubule starting
from an interface, in the same manner as WT (Fig. 4.4.3). In the case of the charge re-
versal mutant, we observed the striated pattern binding as with the WT. Unfortu-
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Figure 4.4.3: Amphipathic helices do not determine the location of binding in
endophilin. Shown are force plots (white marker) overlaid on kymograms (red
marker) of lipid fluorescence of a membrane tubule during the binding of en-
dophilin variants. Endo AHO = endophilin A2 with truncated N-terminal helices;
endo mut = endophilin A2 E37K and D41K.

nately, labeling the the helix-deletion mutant was unsuccessful, therefore we do not
know whether that protein also binds in a striated pattern or not. Nevertheless, we
could observe that both variants formed a scaffold, evidenced by the total decrease
in the force (Fig. 4.4.3, A).

It appears that, indeed, the amphipathic helices are not necessary for the
formation of the scaffold nor for the preferential binding to the tubular neck. Never-
theless, the amphipathic helix is important. Truncating the N-terminal helices
strongly impairs the protein’s binding ability, requiring a seven-fold increase (com-
pared to WT) in the bulk concentration to achieve the formation of the scaffold. The
poor binding is also evident from the very long time scale at which we observed the
force decrease during scaffold formation, compared to the wild type or the mutant
(Fig. 4.4.3). Furthermore, both variants significantly changed the radius of the scaf-
folded tubule, where in the absence of N-terminal helices, the protein displays a
much wider range of tubular radii. Precisely, we measured a scaffold radius of
21.4+11.6 nm (meantSD) for the helix-deletion mutant and 19.9+3.0 nm for the
charge-reversal mutant (Table 4.4.1).

Finally, we tested the full-length epsin 1, another important endocytic protein,
believed to initiate membrane bending in clathrin-mediated endocytosis (see Section
1.4). To remind the reader, epsin does not contain a BAR domain; instead, it binds
and bends the membrane via an amphipathic helix. Similarly to centaurin, we could
not observe the constriction to start from the neck; rather it appeared homogenous
along the tubule length. Unlike endophilin and centaurin, the force never reached
zero and so we never observed buckling. However, there was a strong mechanical
effect, characterized by a systematic reduction in both the force and the radius for a
wide range of membrane tensions (Fig. 4.4.4). These observations indicate that
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Figure 4.4.4: Epsin alters membrane curvature and mechanics. Shown are the de-
pendence of force and tubule radius after injecting epsin 1. As there was no label
on the protein, we only recorded cases where we observed the reduction in the
force (N =5).

epsin, hence implicitly amphipathic helices, may in fact remodel the membrane,
albeit without forming a rigid scaffold.

We hypothesize, based on our observations, that a strong constriction induces
a pressure perturbation across the bilayer, leading to tubular instabilities, as dis-
cussed in (Monnier et al., 2010; Shlomovitz et al., 2011). Considering that centaurin
imposes a relatively wide tubular radius, it does not display a beading instability. It
seems that the structure of endophilin has evolved to induce a very strong constric-
tion and hence strong tubule perturbations. Amphipathic helices are not required to
form a scaffold, although for endophilin, they are crucial in recruiting it to the mem-
brane. They also enhance the spontaneous curvature and help rigidify the scaffold,
as evidenced by the wide distribution of tubule radii in the absence of helices. This
conclusion is aligned with previous electron microscopy imaging and CG MD simu-
lations (Mim et al., 2012). On the other hand, BAR domain appears crucial in form-
ing the scaffold itself, possibly as a combination of membrane-mediated curvature
attraction and ordered packing on the surface.

4.5. Molecular structure of protein scaffolds

4.5.1) Areal density of proteins. Electron microscopy imaging and CG simulations
(see Chapter 3) have revealed that at very high protein to lipid ratios, BAR proteins
form highly ordered and densely packed assembly (Frost et al., 2008; Mim et al.,
2012; Simunovic et al., 2013a). Fluorescence microscopy experiments, on the other
hand, have shown that the density of the N-BAR protein amphiphysin in the regime
where it forms a scaffold was ~ 5000 um™ on the tubule (Sorre et al., 2012). Following
the same quantification protocol (see Section 2.3.6), we found a similar areal density
of B2 centaurin dimer on the scaffolded tubule, 7400+1800 um™. If approximating
the area of a 2 centaurin dimer, based on homology modeling (see Section 4.1), to
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Figure 4.5.1: Molecular density of scaffolds. (A) Plot showing the recruitment of
2 centaurin (centa) on the membrane tubule (green), reaching ~35% surface cover-
age and on membrane vesicle (green), constant at ~ 1%. Confocal images show the
strong enrichment of centa on the tubule, compared to the vesicle. (B) Formation of
a scaffold of endophilin A2 (endo) on the tubule, with an undetectable amount of
proteins on the vesicle.

be 50 nm?, the fraction coverage of a scaffolded tubule is ~ 35%. This result indicates
that proteins do not need to be tightly packed to mold the membrane. Furthermore,
we found a wide range of areal densities on the vesicle that can give rise to the for-
mation of a scaffold on the membrane, although if the density exceeds ~ 3000 um™, it
systematically leads to scaffolding. Precisely, in experiments depicted in Fig. 4.4.1, B,
we measured areal density on the vesicle to be 3600830 um™ (18% coverage) for 32
centaurin dimer. These observations are consistent with the density-dependent be-
havior of amphiphysin (Sorre et al., 2012). Based on our observations, it appears that
BAR proteins do not need to be densely packed to induce remodeling. We remind
the reader from Chapter 2 that we are presently unable to determine the labeling ef-
ficiency of the N-BAR domain of endophilin A2 as the protein lacks tryptophan
residues needed for spectrophotometric measurement at 280 nm. Considering that it
has been already demonstrated that the density of an N-BAR scaffold is ~ 25%, re-
peating this measurement for endophilin A2 is not crucial.

Strikingly, in some cases, we observed the formation of a scaffold at very low
densities of the protein on the vesicle. Figure 4.5.1, A shows an example where (32
centaurin covered only 1% of the vesicle but as much as 40% of the tubule. To quan-
tify, we only observed this behavior in two out of 16 cases in which there was low
density binding on the vesicle (see Chapter 6). As the scaffold only formed near the
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end of the experiment, we did not count those two cases in the data of Fig. 4.4.1. For
endophilin, on the other hand, the effect was much stronger. We observed cases
where the amount of endophilin on the vesicle was undetectable, yet it formed a
scaffold on the tubule. The scaffold was evidenced by strong constriction, visible
growth of the scaffold and the concurrent vanishing of the force, finally followed by
buckling (Fig. 4.5.1, B). To specify, there were 21 out of 72 aforementioned cases of
endophilin scaffolds in which we measured the protein fluorescence. Out of those 21
cases, a complete scaffold formed in four cases and an incomplete one in two cases,
while keeping an extremely low or undetectable amount of protein on the vesicle.
The reason why we emphasize these experiments is that very little protein on the
underlying flat membrane can form scaffolds on tubules, which implies that they can
have a much stronger membrane-remodeling role in low-concentration environ-
ments.

4.5.2) Simulations of N-BAR assembly on tubules. Fluorescence imaging provided
insights into the density of proteins on scaffolded tubules, but it would still be valu-
able to understand the way proteins are assembled in this configuration at molecular
resolution. We used CG MD simulations of the N-BAR domain of endophilin on a
lipid bilayer tubule (see Section 2.4). To briefly recapitulate, in CG modeling, mole-
cules are represented at a resolution much lower than atomistic, which makes it
tractable to simulate mesoscopic biomembrane systems at long (i.e., microsecond)
time scales. MD simulations integrate the motion of particles based on Newtonian
dynamics, giving insights into time-dependent movement of proteins on the mem-
brane. Each lipid was represented with three CG sites (hydrophilic head group and
two hydrophobic chains) (Srivastava and Voth, 2013), while the N-BAR domain was
represented with 26 sites using elastic-network modeling as described previously
(Ayton et al., 2010). We have employed the same model in elucidating the self-as-
sembly of N-BAR proteins of flat membranes and vesicles, described in the accom-
panying thesis (Simunovic et al., 2013a; Simunovic et al., 2013b; Simunovic and Voth,
2015). Here, we created a lipid bilayer cylinder, 20-nm in diameter and 150-nm in
length, connected in z-direction with its periodic boundary images (thus virtually
infinite in length). We placed N-BAR domains on the membrane surface at 5%, 10%,
and 40% coverage, starting either from a random or tightly packed configuration. We
carried out ~ 30 million simulation time steps, roughly equivalent to a microsecond
time scale. We note that in CG simulations it is impossible to determine the actual
time.

We observed that, regardless of the initial assembly of proteins and the pro-
tein density, N-BAR domains readily interacted with one another along their longi-
tudinal axis (Fig. 4.5.2). Curiously, this arrangement resembles linear aggregation, as
we demonstrated on flat membranes and vesicles (Simunovic et al., 2013b). On flat
membranes and quasi-flat vesicles, linear aggregates interconnect into meshes. On
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Figure 4.5.2: Assembly of N-BAR domains on membrane tubules. Shown are
snapshots of CG MD simulations of lipid bilayer tubules coated with three differ-
ent N-BAR densities (as indicated). Each density shows the starting (left) and final
(right) configuration.

tubules, on the other hand, their assembly results in a helix (Fig. 4.5.2, right snapshot
of each panel). From our simulations, we measure the angle of the helical turn with
respect to the tubule axis to be 30°. We also count 7-8 N-BAR domains in a full heli-
cal turn, with the helix pitch averaged at 18.3 nm (Fig. 4.5.3, A).

At 35% density, the proteins form a continuous helix in which proteins remain
with the same neighbors throughout the simulation. Figure 4.5.3 B plots a minimum
distance between two N-BAR domains from neighboring helical turns, showing that
the proteins gradually transform from a close assembly (as depicted in Fig. 4.5.2,
penultimate panel) into a helix at ~ 15 million time steps, after which the helical pitch
remains constant. We also measured the dimerization kinetics to show that the pro-
teins do not exchange neighbors over the course of a simulation (Fig. 4.5.3, C).

What is particularly interesting is that, at low densities, the proteins still form
helical assemblies with the same ~ 30° angle. An alternative assembly would be a
continuous helix with a greater angle, however we never observed such structure.
Instead, the proteins locally assemble. We note that the dimerization is more dynam-
ic, evidenced by the breakage and reformation of local helices, as shown by the ky-
mogram in Fig. 4.5.3, D.
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Figure 4.5.3: The formation of an N-BAR domain helix. (A) Structural properties
of the helix from a CG simulation at 35% N-BAR density. (B) The distance between
two representative N-BAR domains showing the convergence to the helical pitch
distance. Taken from CG simulation at 35% density. (C) Dimerization kymogram
showing the dimerization dynamics of two N-BAR domains as part of the helix at
35% density. M: monomer, D: dimer. (D) Polymerization kymogram, showing the
dynamics of helix formation in a simulation at 12% density. Numbers on the y-axis
represent the number of N-BAR domains in the helix.

In our study, we start with a radius of the tubule that has little mismatch with
the scaffold radius, so to overcome computationally intractable timescales of the ini-
tial tubule constriction. Therefore, we simulated a steady-state configuration of the
proteins on tubular membranes. A recent computational study has used rods of ad-
justable intrinsic curvature bound to a quasi-continuum membrane model to show
the interaction of curved particles on wider tubules (Noguchi, 2014). They demon-
strated that, if rods are highly curved, the tubule may undergo a phase separation
marked by a condensation of the protein and a tubule constriction (Fig. 4.5.4). If
starting from a vesicle, rods aggregate, leading to disc-like and tubular deforma-
tions, morphologically similar to another recent quasi-continuum simulation study
(Noguchi, 2014; Ramakrishnan et al.,, 2013). Both works have shown that the an-
isotropy of bound particles is key in inducing membrane instabilities, in line with

the CG MD simulations presented in the accompanying manuscript (Simunovic et
al., 2013b).

However, in a quasi-continuum simulation, the harsh coarse-graining has
taken away the molecularity of the system, therefore it is difficult to estimate the ef-
fective protein to lipid ratio in the equilibrated structures. It is also plausible that
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Figure 4.5.3: Phase separation of curved rods bound to a quasi-continuum mem-
brane simulated by (Noguchi, 2014). Shown are snapshots from simulations at
17% surface coverage of rods with progressively increasing membrane sponta-
neous curvature and the actual intrinsic curvature of rods. Taken from (Noguchi,
2014).

their work, especially the results in Fig. 4.5.4 (Noguchi, 2014), show a metastable
state after which the proteins will equilibrate into a much less dense structure.

Based on the striking similarity with the density of proteins measured in fluo-
rescence microscopy experiments and our CG MD simulations, we propose that the
equilibrated molecular structure of BAR proteins on the membrane is a helical
arrangement, that follows a linear aggregation of proteins on the tubule. This struc-
ture clearly opposes highly densely packed (~ 100%) arrangements proposed based
on cryo-electron microscopy imaging, however it seems much more likely consider-
ing that 1), it has been observed under more physiological protein concentrations
and dynamic conditions (i.e., not frozen), and 2), our proposed structure permits the
binding of other proteins on the tubule (such as dynamin), which is required for
most types of endocytosis.
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5. Fission of membrane tubules by BAR proteins and
molecular motors

I n the last step of endocytosis, the continuous surface of the lipid bilayer breaks,
allowing the nascent bud to detach from the underlying membrane. This process,
termed membrane fission, is less understood than other membrane-remodeling phe-
nomena because it is fast and dynamic. We discussed in the Introduction (see Section
1.5) that in clathrin-mediated endocytosis, dynamin polymerizes on the neck of the
endocytic bud, constricting it until it breaks. The constriction happens after a con-
formational change of dynamin, triggered by GTP hydrolysis (Roux et al., 2006). A
recent work has demonstrated that membrane fission may be promoted in a nu-
cleotide-independent manner, by shallow insertions of amphipathic helices into the
bilayer (Boucrot et al., 2012). As part of this thesis, we show that endophilin can, in
addition to generating curvature and stabilizing highly complex membrane struc-
tures, mediate a dynamic fission mechanism, likely as part of a fast clathrin-inde-
pendent endocytosis (Boucrot et al., 2015; Renard et al., 2015). In this process, en-
dophilin cooperates with actin and dynamin to efficiently internalize various cargo,
such as signaling proteins and bacterial toxins. These results open routes for investi-
gating novel ways to cut the membrane, i.e., an alternative pathway to what has ex-
tensively been ascribed to clathrin and dynamin. A most exciting implication is the
relationship of curvature-inducing proteins and molecular motors, proteins that
supply external pulling force in the cell. Our collaborators, Ludger Johannes, Harvey
McMahon, and their coworkers, have investigated this mechanism in the cells,
whereas our aim is to build a minimal model system, so to understand molecular
mechanism and the underlying physics that drives this phenomenon.

5.1. Endophilin drives clathrin-independent endocytosis of bacterial
toxins

In this section, I will present the results of cell biology experiments, carried out by
Henri-Frangois Renard in the lab of our collaborator Ludger Johannes (Institut
Curie). These in vivo experiments are complementary to my in vitro work, presented
in this chapter, and they were carried out at the same time. For the experimental de-
tails of in vivo experiments, I direct the reader to our joint publication (Renard et al.,
2015).

It has been previously shown that bacterial toxins, namely Shiga toxin and,
often, cholera toxin, get internalized into the cell in a clathrin-independent manner
(Romer et al., 2007), however which protein machinery mediates this process was



104

1007
— 75 T r—
: -e 4. ~ i : . - - - 5
Yot g Alaa ot | RAeh el & 507
” ' S
L
CTxB-A555 -
STxB-Cy3 - ' - - ; . . . 25
0O 10 20 30 40 50 60 70 80
STxB/CTxB structures that colocalize
with endoA2 (% of total) oLk . I [INIE
I
B <4um 4-40pum >40pum
Tubule length
o _ perturbation
é + :l' b I none
S| - - I [ ] endo
: ; ; , , [C] endo + actin
0 5 10 15 20 25 B endo + actin + dynamin

Tubule length (um)

Figure 5.1.1: Endophilin-mediated endocytosis of bacterial toxins. (A) Co-local-
ization of endophilin A2 (EndoA2) and Shiga toxin (STxB) or cholera toxin (CTxB)
in cells. (B) STxB-induced tubule length in cells expressing and not expressing en-
doA2. (C) Frequency distribution of tubules according to length for four conditions
shown in the legend. All panels adapted from (Renard et al, 2015).

not known. By studying the endocytosis of the two toxins in mammalian cells using
confocal microscopy, our collaborators observed that endophilin A2 colocalizes with
the very early invaginations of the plasma membrane induced by the toxin (Fig.
5.1.1, A). Moreover, upon depleting the cell of endophilin A2, Shiga toxin formed
tubular and ten-fold longer invaginations in the cell membrane, measured by confo-
cal and electron microscopies (Fig. 5.1.1, B). The frequency of these tubules was
comparable to the amount of toxin-induced invaginations observed in the presence
of endophilin A2, which implies that endophilin A2 could have a role in cutting tox-
in-containing tubules. They then measured the amount of internalized toxins as a
function of endophilin A2 content. For this purpose, mutated versions of Shiga and
cholera toxins, which become sulfated in in the Golgi apparatus, were used, because
subsequently the sulfation level can be measured with radiography (Lauvrak et al.,
2004; Mallard et al., 1998). They found that a stronger depletion of endophilin A2 re-
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sulted in the lower amounts of trafficked toxins into the cell, which means that en-
dophilin A2 is indeed key for the uptake of Shiga and cholera toxins.

Importantly, there was only weak colocalization of endophilin A2 with
clathrin or its adaptor AP2. As mentioned in the Introduction, a study by McMahon
and coworkers showed that endophilin drives its own very fast endocytic pathway,
taking place at the leading edge of a cell (Boucrot et al., 2015). They found that many
proteins take advantage of this endocytic route, especially several G-protein-coupled
receptors, various receptor tyrosine kinases, and, as shown by the lab of Ludger Jo-
hannes, Shiga and cholera toxins.

Next, they investigated the interplay of endophilin A2 and other fission fac-
tors, which have been previously demonstrated to play roles in the uptake of Shiga
toxin. It appears that actin also colocalized with the Shiga toxin invaginations, both
in the presence and the absence of endophilin. Apparently, endophilin A2 is not re-
quired to recruit actin to the membrane. Depolymerization of actin by latrunculin-A
resulted in a similar increase in the length of toxin-induced tubules, which indicates
that actin contributes to the efficiency of endocytosis, independently of endophilin
A2. Moreover, they found that dynamin behaves in the same manner and provides
an additional independent contribution to the probability of fission of toxin-contain-
ing tubules. By binning the tubule lengths into short (< 4 pum), intermediate (440
um), and long (> 40 um), they found that depleting the cell of a), endophilin A2, b),
endophilin A2 and actin, and c), endophilin A2, actin, and dynamin, progressively
increases the length of tubules from a) to c) (Fig. 5.1.1, C). This result shows that the
three proteins act independently from one another in membrane fission, but their
joint activity significantly enhances the efficiency of endocytosis.

Another way to test the importance of individual components is by measur-
ing protein biosynthesis after the infection by Shiga toxin. They found that cells de-
pleted of one of the three key components showed a weak protection against Shiga
intoxication. By contrast, shutting down the activity of all three components induced
an appreciable defense against intoxication, so much that five-fold concentration of
Shiga toxin was required to achieve the same inhibited level of protein biosynthesis
as in control conditions. Taken together, endophilin A2 is key for clathrin-indepen-
dent endocytosis of bacterial toxins, however it does not seem to be sufficient for an
efficient internalization of cargo into the cells. We investigate the physical role of
endophilin in endocytosis and how other protein modules may contribute to its
mechanism in the following sections.
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5.2. Membrane fission by insertion depends on membrane topology

We have already demonstrated in Chapter 4 that endophilin can induce the sponta-
neous tubulation of flat membranes and that it forms rigid scaffolds which dictate
the radius of tubules. However, in light of the results obtained on the activity of en-
dophilin in the endocytosis of bacterial toxins in vivo, the important question re-
mains: can endophilin induce fission? As already mentioned in Section 1.5, a study
showed that epsin and various N-BAR domain proteins induce the fragmentation of
~ 200-nm-wide liposomes, composed of the total brain extract and 5% PIP, (Boucrot
et al.,, 2012), the same composition used here. The extent of fragmentation directly
correlates with the number of amphipathic helices per protein and seems inhibited
by the crescent BAR domain. At the same time, our combined computational simula-
tions and electron microscopy imaging (see Chapter 3) showed that N-BAR domains,
at high bound densities, induce a transformation of small lipid vesicles into a net-
work of tubules. As this process requires breakage of the bilayer topology
(Simunovic et al., 2013a), it is another evidence that N-BAR proteins may promote
membrane fission.

However, in the great majority of experiments described in Chapter 4, we did
not observe spontaneous fission of membrane tubules induced by endophilin A2
(only 3 fission events, N = 72), 32 centaurin (only 1 fission event, N = 16), or epsin 1
(no fission events, N = 6). These three proteins represent well the family of endocytic
proteins as they display different structural characteristics. As a reminder, en-
dophilin A2 contains both the scaffolding BAR domain and the amphipathic helices
(two N-terminal and two small insertion motifs), 32 centaurin comprises only the
scaffolding domain, while epsin 1 has an amphipathic helix, but no scaffolding do-
mains.

Is it possible that we did not observe fission because of initial conditions of
the membrane? In the described experiments we accessed a wide range of tubular
radii (10-120 nm) and surface tensions (0.001-0.4 mN/m). We also tested the interac-
tion of endophilin with tensionless membrane tubules, in case any non-vanishing
membrane tension could preclude static fission. We created a tensionless membrane
by rapidly hydrating a lipid film, a process which makes multilamellar sheets with
emanating tubules® (see Section 2.1.5). We observed the edge of lipid sheets with dif-
ferential interference contrast microscopy, in the same manner as it was used to ob-
serve tubules cut by dynamin (Roux et al., 2006). Again, we did not observe scission
when adding endophilin A2 at bulk concentrations of ~ 5 uM, for up to 30 min (Fig.
5.2.1). Hence, it seems unlikely that membrane fission was precluded by not meeting
the required geometric or mechanical conditions, namely the curvature of tubules
and tension.

6 Many thanks to Laura Picas for showing me how to make multilamellar lipid sheets.
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Figure 5.2.1: The absence of fission of tensionless tubules. Differential interfer-

ence contrast microscopy images of multilamellar bilayer sheets (composed of the
total brain extract + 5% PIP>) incubated with 5 uM full length endophilin A2. No
change in tubule length or amount observed in 30 min of imaging time. Scale bar
approximately 5 um.

What is the origin of this apparent discrepancy? Our hypothesis is that the
initial topology of the membrane could be crucial in determining whether the inser-
tion leads to membrane fission or the stabilization of curvature, at least on the time
scale of minutes. The previously proposed model predicting vesiculation upon shal-
low insertion is valid at equilibrium (Boucrot et al., 2012), which may take a long
time to achieve. Metastable states could also exist that were not previously consid-
ered. In other words, by having proteins interact with already formed membrane
tubules, we may trap the system behind a very large energy barrier. Hence, the
membrane stays in the cylindrical geometry for the time scale of our experiment (15—
30 min), significantly longer than endocytosis (~ 1 s). Other factors could contribute
to the metastability of the system, such as the influence of the protein scaffold on the
mobility of lipids, which we explore below.

We also hypothesize that there could be a fundamental difference in the way
proteins interact with the spherical than the cylindrical geometry. In fact, it has been
shown using electron paramagnetic resonance that endophilin partitions deeper into
the bilayer when bound on tubules, compared to small vesicles (Ambroso et al.,
2014). Consequently, the tubules are additionally stabilized by the BAR domains,
whereas the vesicles predominantly interact with the proteins via amphipathic he-
lices (Fig. 5.2.2). Another way of looking at the problem is by considering that the
cylindrical geometry of the tubules permits efficient packing of the crescent BAR
domain. By contrast, packing of the BAR domain on spherical surface leaves defects
(described in mathematics by the hairy ball theorem), which would have a destabi-
lizing effect.
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Figure 5.2.2: Binding of N-BAR proteins to tubules and vesicles illustrated by
(Ambroso et al, 2014). N-BAR proteins predominantly bind to vesicles via amphi-
pathic helices, which can induce vesiculation as shown in (Boucrot et al, 2012).
Binding on tubules, however, is stabilized by protein scaffolds. Adapted from
(Ambroso et al, 2014).

5.3. External pulling force induces fission of endophilin-scaffolded
membrane tubules

We found that it is indeed possible to induce fission with endophilin, but only after
supplying external pulling force on the tubule. We conducted the experiment by
first, injecting the protein in the vicinity of a tubule at concentrations 1-5 uM in the
pipette, as in Chapter 4. After the scaffold has formed, we remove the injection
pipette. Then, using the piezo-electric actuator, we apply a pulling force opposite in
direction of the trapped bead at constant velocity, thereby increasing the length of
the tubule. In the case of endophilin A2, fission took place in the great majority of
experiments (40 fission events, N = 43) when pulling at velocities of 50 to 8000 nm/s.
In many experiments, just prior to fission, we observed the formation of domains,
marked by significantly diminished fluorescence intensity in both the lipid and pro-
tein fluorophores (Fig. 5.3.1). The radius of the dim segments is difficult to quantify
as the intensity in those regions is at the limit of detection, but we can assume that
the radius is below the radius of the scaffolded tube (i.e., << 10 nm, see Chapter 4).

Based on confocal microscopy imaging, we believe that fission took place ei-
ther at these narrow segments, either at the interface of the GUV and the tubule, or
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Figure 5.3.1: Fission of tubules scaffolded with endophilin A2 by external
pulling force. Confocal images showing events just prior to fission on two different
examples. The radius of the tubule (the measurable thick part) in both cases is ~10
nm (note, absolute fluorescent intensity between the two examples is different due
to different imaging gains). The thin patch is too faint for quantitative fluorescence
measurements.

at the interface between the tubule and the bead. We note that with our scanning
confocal microscope we were imaging at a rate of no faster than ~ 3 images per sec-
ond, limiting the precise determination of where the tubule broke.

We hypothesize two possible scenarios that would lead to a localized reduc-
tion in fluorescence with elongation: 1), the tubule gets squeezed in these segments
or 2), a pore opens up and so we are imaging a single bilayer patch bridging the
tubular structures. Both scenarios would hypothetically result in fission with further
elongation. In the former case, considering the low radius of these domains (<< 10
nm), it is likely that continuous elongation would reduce the radius in those junc-
tions down to ~ 3-5 nm, an estimated radius for crossing the fission barrier (Allain et
al., 2004; Kozlovsky and Kozlov, 2003). In the latter case, proteins could lower the
line tension of the formed pores, thus extending its lifetime. In a process of pore nu-
cleation and with tubule elongation, pores could grow in size comparable to the
tubule radius, hence induce fission. We do not attempt to resolve the molecular de-
tails of this mechanism as it is too dynamic for any high-resolution technique. More-
over, the multi-second timescale of this process makes it intractable for CG MD sim-
ulations. We focus on elucidating the steps leading to fission and understanding the
mechanism from a macroscopic point of view.

To gain a quantitative insight into this fission mechanism, we monitored the
tether-retraction force during elongation. First, we conduct several controls by
pulling the tubule in the absence of the protein. First, we pulled the tether at a mod-
erate rate of 0.3 um/s, at different membrane tensions. The force was fairly constant
even at high tension (Fig. 5.3.2, A, left). When pulling a higher rate of 1.3 um/s, at a



110

60 o (mN/m) 80
.y 0.020.11M0.15

0 20 40
t(s)

Figure 5.3.2: Control: elongating bare tethers at high rate. (A) Tubule retraction
force, F, as a function of time, f, upon pulling of an already formed tether at 0.3 pm
s7!, at indicated membrane tension, ¢. (B) Pulling at 1.3 um s™ (another example) at
0.08 mN/m. (C) Rapid and repeated elongations at ~ 20 um s at 0.08 mN/m, where
the vesicle was brought back-and-forth (see below). The force reacts to pulses (as
the lipids cannot equilibrate so fast) but rapidly equilibrates if ceasing to pull. The
tether did not break after 12 such pulses. Time stamp in fluorescent images corre-
sponds to the time in the plot above. Scale bar: 10 um.

moderate tension of ~ 0.1 mN/m, we observed only a slight increase in the force of ~
8 pN over 40 s (Fig. 5.3.2, B). Some increase in the force is expected due to friction
between two membrane leaflets, which dominates lipid diffusion typically at high
pulling rate (Evans and Yeung, 1994). Finally, to test the resilience of the bare tether,
we subjected it to harsh pulses in which we repeatedly pulled the vesicle at a rate of
~ 20 pm/s then brought it back, immediately followed by another pull (see confocal
images in Fig. 5.3.2, C). We repeated the pull-retract cycle 12 times and did not ob-
serve fission (Fig. 5.3.2, C). The force significantly fluctuated, likely 1), because the
rapid elongation gives rise to a stick-slip mechanism (Ashok and Ananthakrishna,
2014), and 2), due to the aforementioned friction (Evans and Yeung, 1994).

By contrast, elongating tubules scaffolded by proteins significantly increased
the retraction force up until the breakage point (Fig. 5.3.3, A). Moreover, the magni-
tude of the increase in force (i.e., AF = Fpreak—Fo) scaled with the velocity of pulling
(Fig. 5.3.3, B). A linear interpolation of the log-log plot of AF versus v reveals a slope
of 0.43, indicating that the magnitude of force increase at breakage point scales as a
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Figure 5.3.3: The increase in tether-retraction force during elongation of scaffold-
ed tubules. (A) Tubule retraction force, F, as a function of time, t, upon pulling
tubules scaffolded by endoA2 WT at different pulling rates, v. (B) Log-log plot of
the magnitude of force increases at fission (Fr—Fo) versus v. The slope of the linear
interpolation is 0.43. (C) An example of fission, showing confocal images of the
protein channel and the corresponding force measurements. v = 0.8 um/s, ¢ = 0.1
mN/m.

square root of the pulling velocity (Fig. 5.3.3, B). Figure 5.3.3, C shows the confocal
images of the protein with the corresponding force measurements, in the course of
pulling leading to membrane fission, revealing that the protein is generally present
on the newly extruded segment of the tubule.

The positive correlation between the force and the pulling rate implies a type
of frictional force may be at play, likely between the protein scaffold and the under-
lying lipids. This behavior is further evident by slow relaxation of the force (~ -0.5
pN/s) observed when ceasing to pull the tubule before the breakage (Fig. 5.3.4, A).
Based on previous work, we speculate that the force relaxation comes from two
sources. The slow time scale could be determined by the rate at which BAR proteins
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Figure 5.3.5: Timescale of fission. Fission time (#,) inversely correlates with pulling
rate, v (left) and weakly with vesicle tension, oy (right).

cross the barrier between the vesicle and the tether (Datar et al., 2015) and, possibly,
additional similar time scale at which the scaffold forms. A fast relaxation time scale
could directly come from friction, as was observed in GUVs doped with small
amounts of oil (Campillo et al., 2013). In the work with interstitially inserted oil, the
friction hypothetically comes from the interaction between the two leaflets, whereas
in our case, the dissipative force is likely between the scaffold and the tubule.

The slowest elongation that led to fission in our case was 50 nm/s. Elongation
at 20 nm/s resulted in a very slow increase in force and we could not observe fission
in 150 s (Fig. 5.3.4, B). Likely, pulling at 20 nm/s is slow enough to allow for the pro-
teins to cross the barrier and form a scaffold, thus continuously stabilize the tubule.
Therefore, it is important to understand if forces generated in the cell are sufficient to
create pulling velocities that overcome this threshold. We examine this issue in Sec-
tion 5.6 below.

0 50 100
t(s) t(s)

Figure 5.3.4: Force behavior during elongation of endophilin scaffolded tubule.

(A) Slow recovery of the force after an elongation pulse at ~ 0.5 um/s. Values above
the plot indicate the corresponding tubule length. (B) Elongation at 20 nm/s, with
no fission observed in 150 s.
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We also observed that the time from activating the pulling force until fission
inversely correlated with the pulling velocity (Fig. 5.3.5, left). Importantly, the mag-
nitude in force increase at the breaking point did not seem to be greatly affected by
tension in the vesicle (Fig. 5.3.5, right). We note that the time it takes for the mem-
brane to break will also be affected by the way the tubule is pulled. If the external
pulling force is briefly interrupted (as in Fig. 5.3.4, A), the time will most likely in-
crease. It is possible that the weak correlation between tension and breakage time is
due to the fact that tension in the vesicle is no longer connected to the tension in the
tubule. We check the lipid diffusion behavior next.

5.4. Endophilin scaffold forms a lipid mobility barrier

To examine if the protein scaffold affects the dynamics of lipids, we measured the
fluorescence recovery after photobleaching (FRAP). If the mobility of bleached com-
ponent is unperturbed, then the fluorescence rapidly recovers due to mixing of the
bleached and unbleached markers. In the experiment, the lipid fluorophores in the
tubule ~ 10 um in length were bleached by imaging only the tubule region at full
laser power (generally, around ten images at a rate of 3 images s™!; note that more
than ten images runs the risk of photooxidation). Immediately after bleaching, the
laser power was brought down and the system (vesicle + tubule) was imaged as de-
scribed in Chapter 2.

We first checked the mobility of lipids in the reference membrane. We ob-
served that the fluorescence recovery of bare tubules was indeed fast (< 5 s), hence
demonstrating the free diffusivity of lipids in the absence of protein (Fig. 5.4.1, A).
Conversely, in the presence of a scaffold formed by N-BAR domain of endophilin
A2, the recovery was extremely slow. Precisely, the fluorescence intensity reached
50% of its reference value after ~ 90 s (Fig. 5.4.1, A).

We note that measuring photorecovery is in our case limited by the faint fluo-
rescence signal of the lipid, as the tubule underneath the scaffold is strongly con-
stricted. For this reason it is also impossible to quantitatively determine the diffusion
coefficient, but our fluorescence measurement clearly shows that the mobility is sig-
nificantly impeded. Another way to determine the diffusion dynamics is by observ-
ing the relaxation of the tubule radius after manually changing membrane tension.
In case of freely diffusing lipids, the tubule radius will rapidly adjust to the mem-
brane tension in the vesicle (as measured in Figs. 4.1.1 and 4.1.2). The most instruc-
tive cases for this analysis are those in which the scaffold only partially covered the
tubule, as shown in Fig. 5.4.1, B (top). Considering that the tubular segment barely
covered with the protein has a strong lipid fluorescence signal, it allows for a better
quantification. We changed the tension in steps then measured the fluorescence in-
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Figure 5.4.1: Protein scaffold forms an diffusion barrier. (A) Confocal images after
bleaching the bare (left) and protein-scaffolded tubule (right). Bottom: fluorescence
intensity (I;) of the scaffolded tubule (normalized by the pre-bleaching value) as a
function of time (t) of photo recovery. (B) Fluorescent image of a tube with coexist-
ing scaffolded and non-scaffolded domains. Inset shows overlaid green (N-BAR
domain) and red (lipid) channel. Graph shows the relative fluorescent intensity,
normalized by the vesicle intensity, (Ir) on the non-scaffolded domain (black dots)

and theoretically predicted for a bare membrane at the corresponding tension in
the GUV (grey dots).

tensity along the tubule. As expected, the scaffolded part of the tubule had fixed
lipid intensity, corresponding to ~ 10 nm in radius. However, over the course of
minutes, the intensity of the non-scaffolded segment was also unchanged for all test-
ed membrane tensions in the vesicle. For example, at high tension (0.16 mN/m), the
fluorescence intensity was ~ 3 times higher than theoretically expected at this tension
based on Eq. 4.2 (Fig. 5.4.1, B, black versus grey dots). This observation confirms that
the scaffold sets a diffusion barrier preventing the lipids to freely flow between the
vesicle and the non-scaffolded segment. In other words, BAR domain scaffolds de-
couple the lipids in the tubule from the vesicle reservoir, thus the tension in the
tubule is likely different from the one in the vesicle. This observation can also ex-
plain the weak correlation of the tubule breakage time with the vesicle tension (Fig.
5.3.4, right).
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5.5. Molecular motors have sufficient pulling force to drive fission
mediated by endophilin scaffold

A recent work has shown that a molecular motor dynein supplies the force that
forms very long tubular invaginations in the clathrin-independent endocytosis of
bacterial toxins (Day et al., 2015). However, an important question still remains: are
forces supplied by motors sufficient to induce fission of membrane tubules cov-
ered by endophilin scaffolds? To answer this question, we reconstitutes a minimal
system composed of the membrane, endophilin A2, and a molecular motor. We
chose to work with kinesin, as we have previously used this molecular motor in ex-
truding membrane tethers from GUVs (Leduc et al., 2010; Leduc et al., 2004; Roux et
al., 2002). In the assay (see Section 2.4 for experimental details), kinesin motors bind
to GUVs via streptavidin-biotin bonds. Then, powered by ATP hydrolysis, they walk
along microtubules, thus extruding a membrane tether from a GUV (schematized in
Fig.2.4.1, B and shown in Fig. 5.5.1, A).

This assay is technically challenging since it requires the precise timing of
mixing the individual components and of imaging. The motors only work for up to
15 min after adding the motility buffer. However, not all vesicles are going to display
motor activity, since some vesicles may get tethered by the motors and some could

A C

B

LLLALLLLLLRLLLLLL
[ LLLLLLLERRRNL
T ETTTRITATIN

Figure 5.5.1: Kinesin motors pull tubules from brain extract GUVs. (A) Time
lapse of tubule extrusion, with the start time taken within ten minutes of injecting
GUVs. Scale bar: 2 um. (B) Kymogram (split into six lines, with each line indicating
the time of the first image), showing the growth of the tubule in the GUV in A. The
total vertical length in each segment is 3.55 um. (C) Another example with many
extruded tubules, taken the day following the experiment. The chamber was sealed
with putty sealant and kept in the fridge overnight. In all: fluorescence comes from
labeled lipids.
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be too tense. Furthermore, the oxidation of fluorescent labels induced by excessive
fluorescence imaging inhibits kinesin, providing an additional technical constraint.
From our experience, the most optimal conditions for observing tether extrusion by
motors is to rapidly locate a vesicle deformed by pulling (usually shaped like a rug-
by ball) and conduct imaging at the lowest laser power that provides sufficient con-
trast. Then we start the experiment over in a different chamber.

First, we tested the viability of the assay in the absence of BAR proteins. We
added the kinesin motors to the polymerized microtubules, introduced the motility
buffer and, minutes after, we added the freshly collected GUVs (at ~ 20% total vol-
ume of the chamber). We let the vesicles sediment for a minute then started imaging.
We confirmed that kinesin successfully extract tubules from brain extract vesicles.
Figure 5.5.1, A and B shows the dynamics of tubule extrusion from a GUV within 10
minutes after injecting the vesicles into the chamber. In that example, the tubule
ceased to grow after 3.5 minutes. We also confirmed the kinesin activity by imaging
the chamber after ~ 30 min (up to the following day), where we observed many
tubules extruded from many vesicles (such as represented in Fig. 5.5.1, C). Hence,
our model membrane is viable for the molecular motor assay.

Next, we introduced endophilin A2 into the system. Again, the challenging
part was timing the injection of the protein. In the experiments, we first mixed the
kinesin with the microtubules and the motility buffer, as before, introduced GUVs
minutes thereafter. After letting sediment for one minute, we injected endophilin A2
(20% of the total chamber volume, at concentration 8 uM, setting the total bulk con-
centration at ~ 3 uM). As a result, we observed the fission of tubules mediated by
kinesin. Figure 5.5.2 shows three experiments where we observed fission after the
binding of endophilin (indicated by the strong fluorescence signal) on motor-in-
duced growing tubules. Due to technical challenges of the experiment, the fission
events were not readily (and easily) observed, however they were reproducible.”

Working with Jean-Baptiste Manneville, we carried out further confirmation
of fission of motor-pulled tubules by quantifying the frequency and morphological
characteristics of tubules after 30 minutes of reaction time, in a similar way as we
have done for in vivo experiments shown in Fig. 5.1.1. Similarly to cells in which the
activity of endophilin A2 was perturbed, we observed an appreciable decrease in the
the number of GUVs when endophilin was present (Fig. 5.5.3, top). In particular, ap-
proximately half the vesicles showed tubulation and each tubulated vesicle only had
about half the number of tubules than the control (Fig. 5.5.3, bottom). Moreover, the
length of pulled tubules was almost half the value in the absence of the protein. All

7| am grateful to Jean-Baptiste Manneville who taught me the motor assay and for collecting important data after
my departure from Paris. In particular, he contributed to data shown in Fig. 5.5.2 (center and bottom) and Fig.
5.5.8.
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Figure 5.5.2: Fission of tubules mediated by kinesin observed in time. Shown are
time lapse images of three different experiments. Arrows point to fission locations
just prior to break. Third example shows two breakage events of a branched tubule.
Overlaid fluorescence of lipid label (red) and protein label (green). Center and bot-
tom images were contributed by Jean-Baptiste Manneville.

of these results indicate that endophilin induces membrane fission. Interestingly, we
also observed fewer branches, likely indicating that tubules broke from networks
and not just from the GUVs.

Let us clarify the apparent inconsistency in the observation that endophilin
induces reduction of tubules, when BAR proteins are known and well demonstrated
to induce spontaneous tubulation, including in this thesis. Note, tubules induced by
endophilin, and other BAR proteins, are short, floppy and they usually cease to grow
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Figure 5.5.3: Steady-state observations of membrane fission mediated by kinesin
and endophilin. Shown are representative images of vesicles in the presence of ki-
nesin and ATP without endophilin A2 (- endoA2) and in the presence of 2.5 um
endophilin A2 (+ endoA2). Fluorescence comes from labeled lipids. Scale bar: 20
um. Plots show quantification of the frequency and morphological characteristics
of tubules in the control (kinesin + ATP) and in the presence of endophilin A2 (ki-
nesin + ATP + endoA2). Observations taken after 30 min of reaction time. Con-
tributed by Jean-Baptiste Manneville.

after about a minute (Fig. 4.2.1). By contrast, tubules pulled by kinesin are long, they
follow the polymerized microtubules, thus usually crawl on the surface, and they
appear tense since they are anchored to a moving motor (Fig. 5.5.1). Therefore, al-
though endophilin spontaneously forms tubules, likely contributing to our mea-
sured residual tubulation (Fig. 5.5.3, bottom), such tubules do not preclude us to
conclude that endophilin induced fission of kinesin-pulled tubules. Our steady-state
quantification of membrane tubules, as done in Fig. 5.5.3, has been done in an equiv-
alent way in cell experiments by our collaborators (Section 5.1).

We conclude that molecular motors have sufficient pulling force to induce
fission of membrane tubules scaffolded by BAR proteins.
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5.6. The role of protein subdomains in fission of scaffolded tubules

Are amphipathic helices crucial in fission mediated by protein scaffolds? We have
already demonstrated that they are not key in forming scaffolds, although they are
important for the binding and quantitatively influencing membrane remodeling (see
Chapter 4). We tested the two endophilin mutants used in Chapter 4: 1), the N-ter-
minal-helix-deletion mutant, and 2), the stronger binder via the BAR domain (i.e,
E37K, D41K). Both mutants were able to mediate fission by external pulling force. To
specify, we observed 6 fission events for the truncation mutant (N = 6) and 12 fission
events for the stronger binder (N = 13, in the negative case, the bead was ejected).
Moreover, the stronger binding mutant generated a higher force increase when
pulled at the same rate as the wild type, whereas the truncation mutant induced a
significantly lower force increase (Fig. 5.6.1, A). The data on the truncation mutant is
limited as it was very difficult to recruit the protein to the membrane, especially in
the scaffolding regime.

Likely, the adhesion strength of the protein scaffold on the tubule affected the
friction coefficient and thus it increased the breakage force. Along the same lines,
removing the insertion module, significantly decreased the force generated by
pulling, as the friction between the scaffold and the underlying lipids is in that case
much lower. An important conclusion from these experiments is that amphipathic
helices are not required to induce dynamic fission, but they significantly contribute
to the fission force. These experiments also demonstrate that the key prerequisite is
the formation of a scaffold.

To test the specificity of endophilin in this mechanism, we tested two other
proteins, as in Chapter 4, 32 centaurin and epsin 1. We observed five fission events
for the scaffold formed by (32 centaurin (N = 8, in the three negative cases the bead
was ejected from the trap) (Fig. 5.6.1, B, left). As a reminder from Chapter 4, we
could not confirm that epsin 1 forms a rigid scaffold as the radius of the tubule—al-
beit affected —was not completely independent of the vesicle tension. Nevertheless,
epsin-coated tubules also promoted fission by elongation. Specifically, we observed 4
fission events (N =7, in two negative cases the bead was ejected). In the case of epsin,
we only counted the cases where we observed the decrease in the force upon injec-
tion, as there was no fluorescent label on the protein. Interestingly, in some cases (for
both proteins), we observed the formation of faint tubular segments prior to fission
just like with endophilin (see Fig. 5.6.1, B, top right image).

In the tested range of pulling rates (~ 0.5 um/s), 32 centaurin and epsin 1 had
a comparable magnitude of force increase, which was somewhat lower than for en-
dophilin A2. Precisely, the average AF for 2 centaurin and epsin 1, respectively,
were 20+8 pN and 21+6 pN (at average pulling rates of 0.4+0.08 um s and 0.5+0.01
um s~!, N = 3 in both cases). Compare with a somewhat higher value of 31+1 pN for
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Figure 5.6.1: The influence of subdomains on membrane fission by BAR proteins.
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(A) Magnitude of force increase at fission at a given pulling rate is different for dif-
ferent endoA2 mutants. WT = wild type, mut = E37K, D41K (stronger binding to
the membrane), AHO = endoA2 with truncated N-terminal helices. The lines are
added through the points to guide the eye. (B) Dynamic fission induced by left: 32
centaurin (centa), at v = 0.5 um/s, 0 = 0.04 mN/m, AF = 32 pN, and right: epsin 1, at
v=0.5 um/s, 0 =0.01 mN/m, AF =11 pN.

endophilin A2 in the same range of puling rates (0.5£0.1 pum/s, N = 5). Interestingly,
the time required for fission (in the same range of pulling rates) is significantly
longer for (32 centaurin (92+30 s) and epsin 1 (101441 s), as compared to endophilin
A2 (2511 s). The shorter time of fission by endophilin is likely because in the case of
endophilin the tubules start from a much lower radius.

5.7. The proposed mechanism and biological implications

We propose the following mechanism of pulling-force-induced fission. Once pro-
teins form a scaffold, they impede the movement of lipids between the tubule and
the membrane reservoir (GUV or, in the case of cells, the plasma membrane). This
decoupling gives rise to local membrane tension in the tubule. Pulling the tubule re-
sults in the increase in force, as a consequence of friction between the scaffold and
the underlying lipids. At the same time, there is an increase in tension of the tubule,
leading to its constriction and, ultimately, fission. Fission could either be due to the
formation of a hemifission state or, alternatively, pores that, stabilized by the pro-
teins, nucleate until they become large enough to break the membrane.

Based on our experiments, the mechanism appears generic and the key pre-
requisite is the formation of a scaffold. However, endophilin seems especially tuned,
as it generates very high spontaneous curvature, strongly constricts the tubule to a
consistently low radius, and seems to very efficiently inhibit lipid diffusion. The
combined effect is priming the membrane tubule for fission. Although we have ob-
served fission with other proteins, such as the BAR protein centaurin and the ENTH
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domain protein epsin, the timescales at which they operate are likely too slow to be
relevant for the fast clathrin-independent endocytic pathways.

We are still tasked to devise a physical model that can quantitatively explain
our data; namely, the square-root scaling of breakage force and pulling rate. In addi-
tion, we are left to understand the dependence of the breakage time on a), pulling
rate and b), membrane tension. This work is currently underway by our collabora-
tors Jacques Prost (Institut Curie) and Andrew-Callan Jones (Paris 7).

The most exciting prospect of our results is the discovery that molecular mo-
tors possess the sufficient pulling force to break a membrane tubule. This finding
opens novel routes for future investigation, as there could be many unexplored
mechanism in the cell that involve molecular motors and curvature-generating pro-
teins. Moreover, the fast nature of endophilin-mediated endocytosis is most likely a
result of the very generic mechanism of membrane fission, potentially caused by
several different protein modules. By contrast, clathrin-mediated endocytosis heavi-
ly relies on the recruitment of dynamin to complete the process. We hope our results
will inspire future work in this direction. For example, the next step is testing the in-
fluence of the lipid composition. We hypothesize that endophilin scaffold will im-
pede the diffusion of some lipids less efficiently than of others. Recent work has
shown that BAR proteins induce the clustering of PIP; on flat (Zhao et al., 2013) and
tubular membranes (Picas et al., 2014). PIP; sequestration could have important dy-
namic consequences on the fission process. We also predict that, in the course of
tubule elongation, there could be rearrangement of lipids. If the composition con-
tains lipids of different tail lengths and saturation, a rearrangement can create do-
mains with a mismatch in elastic properties, which, as theoretically predicted (Chen
et al., 1997), would further promote tubule fission.
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6. Sensing curved membranes at low protein densi-
ties

P revious two chapters discussed cases in which BAR proteins formed a rigid
scaffold on membrane tubules, imparting a strong morphological and mechani-
cal effect. We have also seen in Chapter 5 that in the course of scaffold formation,
endophilin and 32 centaurin are enriched on membrane tubules compared to the
quasi-flat surfaces of the vesicles, giving first indication that these proteins sense
membrane curvature. By using the same tether-pulling assay, recent studies have
demonstrated the curvature-sensing capability of several BAR proteins, which in-
clude: N-BAR proteins endophilin Al (Zhu et al., 2012), amphiphysin (Heinrich et
al., 2010; Sorre et al., 2012), and BIN1 (Wu et al., 2014); F-BAR protein syndapin 1
(Ramesh et al., 2013); and I-BAR protein IRSp53 (Prévost et al, unpublished results).
A contradictory study hypothesized that the BAR domain itself is not responsible for
sensing of curvature, despite its crescent shape (Bhatia et al., 2010; Bhatia et al,,
2009). The assay of that study is based on imaging a large number of tethered small
vesicles at the same time then correlating the size of each vesicle with the fluores-
cence intensity of bound proteins. The assay showed an enrichment in the bound
protein for all tested BAR proteins that were either known to contain an amphipathic
helix or the authors suspected might have insertion motifs. Curiously, they found no
quantitative difference in the magnitude of enrichment between very different BAR
proteins: endophilin (N-BAR), FCHo2 (F-BAR) and MIM (I-BAR), concluding that
their BAR domain does not influence curvature sensing. Disrupting amphipathic he-
lices seemed to have eliminated the curvature sensing power of BAR proteins. They
also did not detect enrichment of IRSp53 (I-BAR without amphipathic helices) on
positively curved vesicles (Bhatia et al., 2009).

However, they find 2 centaurin, a BAR protein without amphipathic helices,
to be enriched on smaller vesicles, in contradiction to their own hypothesis. The au-
thors attempt to reconcile this observation with a possibility that centaurin has a pu-
tative amphipathic helix. This prediction is inconsistent with a subsequent structural
study of B1 centaurin where the only insertion motif was attributed to a very small
loop belonging to the PH domain (Pang et al., 2014). Interestingly, the PH domain
itself does not display curvature-sensing properties (Bhatia et al., 2009; Peter et al.,
2004), keeping the mystery around this issue. The aim of this chapter is to quantify
curvature sensing by [32 centaurin, as a member of the classical BAR domain family,
and explore the mechanical effect of this protein under conditions where it does not
form a scaffold.
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6.1. BAR proteins sense tubular membrane curvature regardless of
amphipathic helices

We tested the behavior of proteins under conditions where they do not form a rigid
scaffold on the tubule, which is achieved by injecting the protein at lower bulk con-
centration (0.1-1 uM). According to a previous study, the formation of a scaffold by
an N-BAR protein amphiphysin is triggered when its density on the vesicle exceeds
~ 1000 um™ (Sorre et al., 2012). We have demonstrated a similar density-dependent
behavior for both endophilin A2 and 32 centaurin in Chapter 4, although recall there
are cases in which very little density on the vesicle led to the formation of a rigid
scaffold. Clearly, both proteins are potent sensors of membrane curvature.

First, let us test whether (32 centaurin displays curvature sensing power at low
bound densities and if it gets sorted as observed with N-BAR, F-BAR, and I-BAR
proteins. Figure 6.1.1. shows an example of 32 centaurin, along with an example of
endophilin A2—which is expected to sort—demonstrating that centaurin indeed
gets enriched on highly curved membranes. We quantified the enrichment as the rel-
ative ratio of the fluorescence intensities of the protein on the tubule compared to the
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Figure 6.1.1: BAR proteins are sorted on curved membranes. An example with (A)
2 centaurin (centa) and (B) the N-BAR of endophilin A2 (endo) under the regime
where they do not form a scaffold. Scale bar: 2 um. (C) Sorting coefficient (s) as a
function of membrane curvature (c), which is calculated from lipid fluorescence.
(D) Tether-retraction force (F) as a function of membrane tension (¢), comparing
the cases in A, B, and C to the measured force in the presence of the scaffold (ref).
Reference shows scaffolds from both endophilin and centaurin.
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vesicle, normalized by the fluorescence of lipids, otherwise known as the sorting co-
efficient:

Ip,l /Ip,ves

S = .
Il,t/Il,ves

(Eq. 6.1.1)

I is the fluorescence intensity while subscripts p, 1, t, and ves represent, respectively,
protein, lipid, tubule and vesicle. We observed that both proteins get progressively
more enriched with increased curvature of the tubule (Fig. 6.6.1, C). To confirm that
we are not observing a regime under which a scaffold forms, we compared the force
at a given membrane tension for the two displayed cases and the scaffolding regime
from Chapter 5 (grey dots). Evidently, the force is appreciably higher and it clearly
has a different scaling with respect to membrane tension (Fig. 6.1.1, D). Recall from
Chapter 4 that in the presence of a scaffold, the force becomes linearly dependent on
tension.

Next, we quantified the sorting coefficient for all cases of low-density binding
of B2 centaurin. Importantly, as we have mentioned previously, it is imprecise to
compare experiments according to the concentration of the protein in the surround-
ing medium as not every vesicle will have identical composition, and hence the same
amount of bound protein. The strength of our assay, compared to steady-state ob-
servations of many small vesicles at a time, is that we can compare our results based
on the bound protein density. We binned the sorting coefficient data into different
vesicle-bound regimes. We find that the magnitude of sorting is inversely propor-
tional to the protein density on the vesicle, which is consistent with studies of other
BAR proteins (Fig. 6.1.2, A).
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Figure 6.1.2: Magnitude of sorting depends inversely on protein bound density.
Sorting coefficient of (A) B2 centaurin (centa) and (B) the N-BAR of endophilin A2
(endo) as a function of tubule curvature (measured from labeled lipid
fluorescence). Data points are binned based on the protein density on the vesicle.
Total number of independent experiments: N =16 (A) and N =4 (B).
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Previously, two sorting regimes were found for endophilin Al which differed
based on the bulk protein concentration (Zhu et al., 2012). Recently, a quantitative
relationship was established between the bound density of IRSp53 and its sorting on
the tubule (Prévost et al, unpublished results), displaying similar qualitative depen-
dence as we observe for centaurin. We repeated the same quantification of sorting
for endophilin A2 and also found that the sorting coefficient inversely correlates
with the bound density (Fig. 6.1.2, B). We warn the reader that for densities below
100 um™, there is very low signal-to-noise ratio in the fluorescence intensity on the
vesicle, hence the sorting coefficient may be highly uncertain.

Based on these results, it appears that proteins with a classical BAR domain,
namely (32 centaurin, also get sorted on membrane curvature. This observation is in
line with the observed sorting of centaurin on small vesicles (Bhatia et al., 2009).
Considering that centaurin BAR domain does not have amphipathic helices, we con-
clude that amphipathic helices are not required for sensing of membrane curva-
ture nor for sorting. That said, we point out that the work by Stamou and coworkers
shows that endophilin with a mutation in the N-terminal helix does not get enriched
on smaller vesicles (Bhatia et al., 2009). Unfortunately, despite laborious attempts,
synthesizing endophilin A2 without the N-terminal helix was extremely challenging
and we were ultimately unsuccessful in producing a fluorescently labeled protein.
Nevertheless, we have shown in Chapter 4 that the deletion mutant still forms a scaf-
fold on the membrane, strongly constricting the tubule underneath. We posit that
such a formation would require the protein to first act as a curvature sensor, so to get
strongly enriched on the tubule. Granted, endophilin still has small amphipathic he-
lices at the center of the membrane-BAR interface, which could contribute to sensing.
Therefore, we cannot make a strong conclusion based on experiments on endophilin
alone.

We also note that it has been shown with electron paramagnetic resonance
that the BAR domain in N-BAR proteins strongly interacts with tubular membranes
(Ambroso et al., 2014), substantiating our hypothesis. Moreover, I-BAR protein IR-
Sp53, that does not carry any amphipathic helices, gets sorted on (negative) mem-
brane curvature (Prévost et al, unpublished results). The same study shows that an I-
BAR protein ABBA, which contains an N-terminal amphipathic helix, may also sense
positive in addition to negative curvature, albeit weakly (Coline Prévost, PhD thesis,
Paris). Finally, we remind the reader that epsin, a protein that binds to the mem-
brane solely via an amphipathic helix, also gets enriched on membrane tubules
(Capraro et al., 2010).

The BAR domain binds stronger to tubular curvature likely as the shape of
the protein permits more interaction with the curved membrane. Along the same
lines, BAR domain should then sense spherical curvature much less than tubular, if
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at all. Unlike BAR domains, amphipathic helices sense lipid packing defects, which
are known to increase in curved membranes (Cui et al., 2011), both spherical and
tubular. This hypothesis could explain the reason why mutating the N-terminal am-
phipathic helix in endophilin significantly diminishes its enrichment on small vesi-
cles (Bhatia et al., 2009). We cannot rule out the possibility that single-point muta-
tions in the helix may induce some other pathological behavior, such as aggregation,
misfolding, protein docking geometry, or conformational change, which would alter
its binding power to the membrane. Taken together, we propose that the BAR do-
main and amphipathic helices both contribute to the curvature sensing power of
BAR domain proteins. At least one of the two modules is required, but neither is
essential.

6.2. Membrane mechanics at low protein density

We saw in Chapter 4 that the scaling behavior of both endophilin and centaurin
when forming a scaffold are consistent with previously developed model, however
the quantitative discrepancy between the radius measurement and the model predic-
tion demands a more rigorous approach. Before such model becomes available, let
us test our data against two recent thermodynamic models, developed by Andrew
Callan-Jones (Paris 7) for the study of IRSp53 (Prévost et al, unpublished results) and
amphiphysin (Sorre et al., 2012). The full Hamiltonian of the tubule, Fi, can be writ-
ten as:

F = 27rRLBch2 +%f¢t(c—‘cp|)2 +f +fm}, (Eq. 6.2.1)

where L and R are the length and radius of the tubule, respectively, c is the curvature
of the tubule, c;, is the intrinsic curvature of the protein, xn is the bending modulus
of the bare membrane, kK is the elastic constant conjugate to the energy penalty of
having a mismatch between membrane curvature and c,, and ¢ is the protein densi-
ty on the tubule. We warn the reader that we often report ¢ values in reciprocal
square nanometers, however in all expressions they are used as areal fractions (tak-
ing the maximum coverage to be 20 000 um™2). Finally, f; and fn are free energy con-
tributions due to, respectively, in-plane stretching and protein mixing entropy,
whose expressions are detailed in (Prévost et al, unpublished results). These terms
depend on the lipid and the protein density allowing us to relate protein bound den-
sity with membrane curvature. The solution to the full expression is too complex to
be found analytically, but in the limit of low protein density on the vesicle, it simpli-
fies to:
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K 1,
Efvexp{kjp( |cp|—5c ﬂ (Eq. 6.2.2)

(ves is the protein density on the vesicle, Ap is the area of the protein (~ 50 nm?). The
ratio of the protein on the tubule and the vesicle is essentially the sorting coefficient,
experimentally determined by using Eq. 6.1.1. Interestingly, this equation predicts a
non-monotonous dependence of sorting on membrane curvature. In other words,
BAR proteins will become more and more enriched as curvature is increased, but up
until a point. Beyond this optimal curvature (cp), proteins desorb from the tubule.
Indeed, experiments on IRSp53 clearly show this behavior (Prévost et al, unpub-
lished results). In the case of centaurin, we also observed a reduction in the tubule
concentration at tubule curvatures > 0.04 nm™. However, the sorting coefficient mea-
sured for centaurin is very high—approximately six times higher than for am-
phiphysin (Sorre et al., 2012) and four times higher than IRSp53 at the same density
and tubule radius. Hence, it is possible that with increasing curvature, we cross into
a higher density regime. We note that in the low-density cases where we reached
high enough curvatures, the difference between the maximum and minimum pro-
tein density on the vesicle is ~ 25%. For this reason, we do not bin the results based
on individual vesicles; rather, we separate the data based on the measured protein
density on the vesicle. Interestingly, the earlier of the two models predicts a linear
dependence of sorting on curvature and it fit very well in the case of amphiphysin. It
turns out that in the case of protein scaffolds that constrict the tubule to a narrow ra-
dius, the left branch of the non-monotonous function (Gaussian) is almost linear. If
we revisit Fig. 6.1.1, it indeed appears that the sorting for endophilin (panel C, bot-
tom) may indeed be approximated with a linear function, whereas for centaurin it
cannot. Therefore, for sorting data, we used the more recent model.

We binned the data, according to protein density on the vesicle, into four
groups: 1), 6518 um™2 (~ 0.5%), 2), 16540 pm=2 (~ 1%), 3), 450+90 um™2 (~ 2.5%), and
4), 900+260 pm™2 (~ 5%). Fitting Eq. 6.2.2 to our sorting data yields values for the two
free parameters: Cp and & . For Cp, we obtain: 1), 0.043+0.003 nm™, 2), 0.054+0.004 nm
1, 3), 0.048+0.017 nm™?, 4) 0.042+0.003 nm™!, while for ¥ fitting gives: 1), 21.8+2.9 kgT,
2), 12.6+1.7 ksT, 3), 12.4+7.6 ksT, 4), 9.5+1.4 ksT (Fig. 6.2.1). Finally, we average these
parameters for the four different densities, yielding: ¢, = 0.047+0.006 nm™, corre-
sponding to the intrinsic radius of curvature of 21 nm. This radius is three times
greater than the intrinsic radius of curvature measured for amphiphysin (Sorre et al.,
2012), which is consistent with the four times larger radius of scaffolded tubules im-
posed by centaurin. Averaging K over four different measurements gives 14.1+5.3

ksT.

There is no clear way to simplify in analytical terms the dependence of force
on the protein bound density from Eq. 6.2.1. Therefore, we use the expression de-



128

A

cp(um‘2) «<100 *100-250 250-550  550-1300 B 0 <100 *100-300

ves

Figure 6.2.1: Mechanics of the membrane at low density of f2 centaurin. (A) Sort-
ing coefficient, s, as a function of tubule curvature (c). Lines represent fitting of Eq.
6.2.2 to data from a total of 16 experiments. Fitting parameters are written in the
text. (B) Low protein density induces a decrease in force (F) at the same membrane
tension (0), compared to the bare membrane. Lines represent fitting of Eq. 6.2.3 to
data from a total of 10 experiments. (C) Fitting Eq. 6.2.5 to data derived from a total
of 10 experiments with ¢ves < 300 um™. Tubule radius, r, measured from lipid label
fluorescence.

rived in the study of amphiphysin (Sorre et al., 2012). There, it has been shown that
under low protein density, the force depends on the square root of membrane ten-
sion, with an offset that increases with protein bound density, i.e.,

F=2r2x 40 +F,, (Eq. 6.2.3)
Fy, = F,, —27Kkc,f,- (Eq. 6.2.4)

Note, here we have manually inserted Fop, as the offset in force measured for
the bare membrane (see Chapter 5), «es is the effective bending modulus, not pre-
cisely the same measure as in Eq. 6.2.2. Clearly, even the low-density presence of the
protein on the vesicle will change the offset in the force, and it should be linear with
increased ¢ves > 0. Indeed, plotting the force for the same cases as above reveals that
the force decreases compared to the bare membrane (Fig. 6.2.1, B). Fitting Eq. 6.2.3 to
our data yields the difference in the force offset (relative to the bare membrane off-
set) of AFg =-3.1 pN (¢ves < 100 pm™2) and AF = 4.6 pN (¢Pves < 100-300 um2). We
now calculate the average intrinsic curvature by using xm of the bare membrane
measured from force in Chapter 4 (average from two independent measurements =
51.5 kgT) and the measured force offset reduction. Plugging in Eq. 6.2.4 and averag-



129

ing the two values yields 0.39+0.11 um™, corresponding to a radius of curvature of
2.6 nm. Note, this value is significantly lower than obtained in sorting measurement
and certainly lower than the radius of the centaurin scaffold (~ 40 nm), indicating
that this model does not capture a more complex behavior of centaurin, such as pro-
tein-protein interactions. It is also highly plausible that Fo, also depends on ¢yes.

We can also determine the intrinsic curvature of the protein from the tubule
radius, independently of the force, as those are measured from the fluorescence in-
tensity of lipids. We remind the reader, we cannot use the force measurements as the
force is affected by protein binding. Fitting Eq. 6.2.5, derived in (Sorre et al., 2012):

R= &z K_m 1—
V20 VZG

to our measurements of the tubule radius (for all cases ¢ves < 300 um™2), gets ¢p = 0.04

Aplccp2
7 P | (Eq. 6.2.5)
B

nm™, corresponding to radius of intrinsic curvature of 25 nm (Fig. 6.2.1). This value
is in excellent agreement with data obtained from sorting.

The results presented in this chapter demonstrate well that a classical BAR
domain, is both a strong sensor and a strong inducer of membrane curvature, de-
spite not having amphipathic helices. We have also seen in Chapter 5 that this pro-
tein forms rigid scaffolds at sufficiently high densities, equivalently to N-BAR pro-
teins. To corroborate this conclusion, we measured the force imposed by an N-ter-
minal helix deletion mutant of endophilin A2. Unfortunately, as the mutant does not
contain a fluorescent label, we cannot determine its bound density and hence the
spontaneous curvature. Nevertheless, the reduction in the force (Fig. 6.2.2, A) and
the change of slope when fitting Eq. 6.2.5 (Fig. 6.2.2, B) clearly show that this mutant
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Figure 6.2.2: Endophilin A2 without amphipathic helices induces a mechanical
effect at low density. Shown are measurements of the force (F) and tubule radius
(r) as a function of membrane tension (o) from six different experiments where we
did not observe the formation of a scaffold based on clear tubule constriction. Fit-
ting Eq. 6.2.3 yielded a —4.1 pN difference in offset from the bare membrane. Fitting

Eq. 6.2.5 yields a slope of 17.2 nm (mN m™)"/2,
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imposes (positive) spontaneous curvature, reaffirming the conclusions on the addi-
tive role of amphipathic helices made in Chapters 4 and 5.
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7. Conclusions

et us revisit the results of this thesis in its entirety and discuss the broader im-

L plications of our work. We will also propose directions for further research and
methodology development. Considering that the two theses intertwine through a
common biological problem, this chapter serves as a conclusion to both manuscripts.

The mechanism of membrane remodeling is deeply rooted in physics, which
is why it equally fascinates biophysicists and biologists. The sheer scale of mem-
brane-related phenomena demands a multiscale and a multidisciplinary approach.
Why is that so? The protein-membrane interactions at the molecular scale usually
have a profound and very long-range influence on the macroscopic morphology and
the mechanics of the membrane. To access a fuller scope of protein-induced mem-
brane remodeling, we combined various theoretical and experimental techniques.

The theoretical and simulation approach that I employed was based on the
multiscale paradigm developed in the Voth group and specifically for studying pro-
tein-mediated membrane remodeling (Ayton and Voth, 2009). Figure 7.1.1 illustrates
the modeling strategy in which the information from one resolution (level of theory)
is passed into another. The model used in our CG MD simulations, the key simula-
tion technique in this thesis, was derived from information obtained in atomic-level
simulations (Fig. 7.1.1, left) (Ayton et al., 2010; Srivastava and Voth, 2013). Its high
level of coarseness permits simulating very large systems, while keeping the quasi-
molecular level of detail. This model significantly expanded the capabilities of MD
techniques, allowing us to simulate vesicles big enough to be resolved by optical mi-
croscopy using reasonable computational power (Fig. 7.1.1, center). The information
from CG simulations, combined with a variety of experimental observables (such as
elastic constants), was used to parameterize the continuum-membrane model (Fig.
7.1.1, right). Such model, although operating at a similar length scale as the CG
model, may access much larger time scales due to its less demanding computation.

The characteristic feature of our multiscale paradigm is the static passage of
information from one resolution to another. That is, each level of theory is simulated
on its own and the information obtained is used for a subsequent simulation at an-
other level of theory. A more advanced approach envisioned for the future—and
substantially more challenging—is to pass information on the fly. One possibility is
to perform a multiresolution simulation, in which a small subset of the system is
simulated at a higher resolution than the rest. This case is limited by the difficulty of
correctly simulating the boundary between the two levels of resolution. Such ap-
proach has been very successful in connecting atomic with quantum-mechanical cal-
culations (so-called QM-MM). Second approach is to carry out a number of time
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Figure 7.1.1: The multiscale simulation approach. Shown are three levels of reso-
lution (theory): atomic (left), coarse-grained (center), and continuum (right), and
the flow from one simulation to the other. Atomic simulations provide interaction
parameters for the coarse-grained, which in turn help model the continuum model.
Finally, via a reverse mapping procedure, the continuum simulation serves to cre-
ate a starting configuration of a coarse-grained model.

steps at lower resolution, use the obtained information to build a higher-resolution
system, simulate it for a number of steps then repeat. The difficulty here is in finding
physical parameters that can correctly be passed between resolutions. In one project
of this thesis, we used the latter approach by mapping the CG model onto a continu-
um model, essentially skipping the long time of equilibrating a reticular membrane
(Fig. 7.1.1, right). We have only made one such pass across resolutions (from lower to
higher). It would be highly valuable to devise a way to seamlessly switch between a
CG and a continuum simulation.

BAR proteins control membrane-remodeling phenomena to ensure that they
take place correctly and efficiently. An important issue in the field is understanding
the underlying mechanism by which these proteins rapidly find one another on the
membrane. Our CG MD simulations of large vesicles revealed that BAR proteins as-
semble into linear aggregates on the membrane. Such anisotropically ordered aggre-
gation, as opposed to isotropic clustering, permits a much faster association of pro-
teins from longer distances. Indeed, our free-energy calculations showed that the
two BAR proteins see each other from a significant distance, ~ 10 times the distance
of ionic interactions. Moreover, their membrane-mediated interaction strength is
very high, on the order of 10 kgT. Figure 7.1.2 demonstrates the self-assembly of N-
BAR proteins and their coupling with membrane curvature.

Linear aggregation has been previously predicted using continuum and qua-
si-continuum models (Dommersnes and Fournier, 1999; Saric and Cacciuto, 2012),



133

linear aggregation percolation tubulation

+N-BARs| &' %

3| —P | +N-BARs
gradually
il Y o P14
1 5 gi 4 +N-BARs
,.,.f‘i‘i )g : ) rapidly
= g 3
+ tension + tension

Figure 7.1.2: The assembly of N-BAR proteins and membrane reshaping. At low
densities, proteins form linear aggregates (blue box). Further binding leads to
meshing (green box). With further protein binding there is tubulation (purple
boxes), either continuously and at long time scales (top, taken from (Noguchi,
2015)), or with breaking the bilayer topology with rapid adhesion of proteins to
the membrane (bottom). Increasing membrane tension initially alters the mode of
assembly then completely inhibits protein-protein interactions (yellow boxes).

where it was shown to be entirely driven by the underlying membrane as a conse-
quence of anisotropic interactions. Our observations are in line with these predic-
tions, as we see that the level of aggregation is dependent on the magnitude of im-
posed local curvature. Moreover, we measured a strong anisotropic curvature field
near the protein. Interestingly, when starting from a flat membrane, we see proteins
to readily aggregate in areas of negative curvature. On the first thought, this obser-
vation is contradictory with the well demonstrated fact that N-BAR proteins get en-
riched on areas of positive mean curvature. A closer inspection shows that N-BAR
domains form a line of saddle-like (negative Gaussian) curvature, as is found at the
neck of buds and tubules. Therefore, it seems that their alignment is well suited for
the subsequent remodeling. In fact, our experiments, where we injected N-BAR pro-
teins in the proximity of tubules extracted from GUVs, showed that in most cases the
binding and scaffolding initiates from the neck of the tubule. Arguably, these find-
ings indicate the curvature preference of N-BAR proteins.

We were never able to actually simulate the step in which tubules emerge
from the surface for a simple reason — this process takes seconds, as confirmed by
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experiments in this thesis. While it is difficult to calculate the actual time of a CG MD
simulation, we estimate that the upper bound of our CG model is on the order of mi-
croseconds. A recent simulation study, using a quasi-continuum model, which can
access much larger time scales, has demonstrated a mechanism by which the assem-
bly of curved particles on the membrane can lead to tubule formation (Noguchi,
2015). Although there are some differences in the morphological transitions that they
propose, it is exciting that they also observe linear aggregation and meshing as a
common step prior to remodeling.

Self-association of N-BAR proteins largely depends on their bound density.
We found that low protein densities (< 10%) will always lead to long strings of ag-
gregates on tensionless membranes. Increasing protein density increases the distrib-
ution of dimerization angles and promotes the formation of meshes or networks. It
turns out that the percolation density (i.e., the surface density of proteins at which a
continuous network forms) is in the range of 10-15%. Curiously, in our experiments
we find that the same vesicle-bound density of BAR proteins (3000 proteins um=, or
15%) induces a change in the way membrane force scales with membrane tension.
The change in scaling indicates that protein-protein interactions become significant
at the macroscopic scale. We suspect that at percolating density, both protein and
lipid mobility should be affected. Therefore, we propose an experiment of measuring
lipid and protein diffusion with FRAP. To find the percolating density, BAR proteins
would be gradually titrated on the supported lipid bilayer until, hypothetically, a
change in mobility of one or both components would be observed. Again, a spheri-
cally or cylindrically curved surface may need to be crucial for the mesh formation.

Furthermore, we found that the protein association depends on membrane
mechanics as well. Considering that the protein-protein interactions are driven by
the underlying membrane, it is expected that increasing membrane tension will de-
crease the distance (1) at which they see one another, simply based on the natural
length scale of the membrane, A=/k,, /o . This relation predicts very well the pro-

tein-protein interaction dependence on membrane tension, but only for two particles
and usually at high tensions. Interactions at low non-vanishing tensions and when
dealing with multiple proteins is more complex. First, at low, but non-vanishing,
tension, the interaction length scale is much stronger than predicted, likely due to
strong curvature coupling, but possibly also due to membrane fluctuations. Second,
increasing tension, while decreasing the protein-protein interaction strength, also
changes the geometry of their assembly. Our phase diagram has shown that linear
aggregation can take place along the long axis of symmetry of N-BAR domains, but
also along the short axis, as observed by (Noguchi, 2015). We show that the way pro-
teins interact also depends on the bending modulus and the aspect ratio of the pro-
tein, which means that our calculations can roughly predict the assembly of other
BAR proteins and their association on membranes of different composition.
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Linear aggregation has not been yet experimentally found, except in one in-
stance, where the authors observed one-dimensional ordering of spherical particles
on vesicles (Koltover et al., 1999). We were successful in capturing lines of proteins
on supported lipid bilayers using AFM. Initially, we were surprised to see extremely
long lines (~ 5 pm) spaced by 100-500 nm, which is an order of magnitude larger
than what we saw in CG MD simulations. Seeking out an explanation for this dis-
crepancy, we found, using free energy simulations, that there is a very strong mem-
brane-mediated repulsion between lines of protein aggregates. Moreover, two lines
can sense each other at strikingly long distances, ~ 50 nm, and this length scale in-
creases with increased length of protein aggregates. Therefore, it is expected that if
proteins have sufficient space (which they do on supported bilayers), linear aggre-
gates will align to be parallel to one another. Recall also that increased tension
breaks meshes initially into linear aggregates (Fig. 7.1.2), therefore the non-vanishing
tension of supported bilayers could give rise to the predominant linearization. Note
that the magnitude of membrane tension of supported bilayers is non-vanishing due
to the adhesion to the surface, however we created bilayers with a high excess of
lipids which helps lower the tension as much as possible. We used a multimode
AFM instrument that takes > 5 min to acquire an image, therefore limiting us to
steady-state observations and lower imaging resolution, due to stage drift or advec-
tion of the protein assembly. A part of future research will be using much faster
AFM instruments to capture the dynamics of protein assembly.

On geometrically confined membranes, such as on vesicles, the repulsion of
protein lines should result in the formation of networks or meshes. We have shown
such behavior with CG MD simulations, however we are yet to capture such an as-
sembly in vitro. We have made preliminary experiments by using super-resolution
imaging of BAR proteins incubated with small vesicles tethered on an inert flat sur-
face. We have managed to resolve some images that indicate mesh formation, how-
ever the highly crowded field of fluorescent molecules makes it very difficult to con-
clusively determine their steady-state assembly. Moreover, our imaging method
heavily relies on the fact that fluorophores remain in place for the entire length of
imaging (i.e. 10 min), which makes it exceptionally difficult to resolve structures at
the level of a single protein or even an aggregate, in case it is highly mobile. Never-
theless, our preliminary results are promising and hopefully will inspire further im-
provement in this direction.

In case of a rapid recruitment of N-BAR proteins on the membrane and at
high densities (such as on highly charged membranes), we have demonstrated that
an alternative mechanism of tubulation takes place. Here, the topology of the bilayer
breaks, followed by the nematic assembly of proteins, which then drive the folding
of tubules. As a result, a spherical vesicle transforms into a network of tubules, re-
sembling reticular membranes found throughout the cell. Such mechanism is unlike-
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ly relevant for endocytosis, however its elements could help explain the way an-
isotropic interactions cause the formation of reticular structures in endoplasmic
reticulum (Shibata et al., 2010) or T-tubules, wherein the latter mechanism actually
comprises an N-BAR protein amphiphysin (Lee et al., 2002). More importantly, this
mechanism, together with experiments in the lab of Harvey McMahon (Boucrot et
al., 2012) sets a precedent that N-BAR domains have membrane-fissiogenic capabili-
ties.

The ability of N-BAR proteins to participate in fission is of key importance in
understanding the mechanism of newly discovered endophilin-mediated endocyto-
sis (Boucrot et al., 2015). Initially, we believed that endophilin could perform fission
on its own, especially at high bound densities, however our experiments on mem-
brane tubules showed just the opposite — BAR proteins stabilize tubules at suffi-
ciently high densities (Renard et al., 2015). Our conclusion, inspired by recent elec-
tron paramagnetic resonance experiments (Ambroso et al., 2014), is that BAR pro-
teins interact differently with tubules than with spherical membranes. We propose
that at high densities BAR proteins assemble into a continuous network that ideally
packs on a tubular configuration. CG MD simulations showed that BAR proteins
form a helix, packing 7-8 domains per helical turn on 20-nm-wide tubules. Interest-
ingly, the helix becomes continuous at 35% surface coverage, which is precisely the
areal density of centaurin in the scaffold and a similar value has previously been
found for amphiphysin (Sorre et al., 2012).

It turns out that endophilin requires external pulling force to mediate fission
of membrane tubules. We have shown that during the course of external pulling of
BAR-scaffolded tubules, membrane-remodeling force increases up until the tubule
breaks, indicating a dissipative force between the protein scaffold and the underly-
ing lipids. Moreover, protein scaffolds inhibit free flow of lipids between the tubule
and the vesicle. Therefore, it seems that with pulling, the tension in the tubule rises,
which can leads either to a diminished radius or to pore nucleation, both of which
would eventually break the membrane. Importantly, the formation of a protein scaf-
fold is the most important prerequisite for such fission mechanism. Our collabora-
tors have seen that the endophilin-mediated endocytosis of bacterial toxins indeed
largely relies on molecules that could provide external force, namely actin and
dynein. These observations open many routes for future exploration. First, a theoret-
ical model needs to be developed to show the dependence of force and the timing of
fission on the pulling rate. This study is currently underway by our collaborators
Jacques Prost and Andrew Callan-Jones. Further, we are interested in understanding
how membrane composition affects this mechanism. It is conceivable that certain
lipids from such a complex mixture could be recruited to certain interfaces (e.g. be-
tween the scaffold and the bare tubule or at the GUV-tubule interface) in the course
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of pulling and thus contribute to fission. Varying the structure of lipid chains and its
quantitative consequence on fission would elucidate this behavior.

While we were exploring the fissiogenic properties of endophilin, we also de-
scribed the way BAR domains scaffold membrane tubules in a dynamic way. As we
have already mentioned, endophilin strongly favors the neck of tubules, indicating
its proclivity to negative Gaussian curvature. Interestingly, we also observed that as
it binds and initially constricts membrane tubules, there is a very long-range repul-
sion between protein clusters, driving them to bind in an evenly spaced striated pat-
tern. This phenomenon has so far only been observed for dynamin and it has been
predicted in two theoretical papers. We did not observe such behavior with centau-
rin. We believe that a strong constriction is required to induce a sufficient pressure
perturbation across the bilayer to induce long-range interaction along the tubule. As
centaurin forms a scaffold four times larger in diameter than endophilin or dynamin,
it does not give rise to such behavior. The energy gained by a growing scaffold over-
comes the repulsion between clusters and so the scaffolds rapidly coarsen. Interest-
ingly, as the scaffold elongates and continuously constricts the tubule underneath, it
pushes the lipids, sometimes creating kinetic barriers, which are evident by the ar-
rest of scaffold growth partway along the tubule. We did not observe this behavior
with centaurin, again consistent with its much wider scaffold radius than en-
dophilin. Curiously, this behavior has not been reported for amphiphysin, although
previously in those experiments, the protein was typically added at high tension
(i.e., low radius), therefore the pressure perturbation was weak. Furthermore, the
bending modulus of our membrane model was significantly higher which serendipi-
tously increased the timescale of membrane remodeling. Figure. 7.1.3 schematizes
the proposed mechanism of endocytosis mediated by endophilin.

Finally, we addressed the importance of amphipathic helices versus BAR do-
mains in curvature sensing and scaffolding. A previous study has concluded that
amphipathic helices are solely responsible for sensing positive curvature. By con-
trast, this study, together with a recent study from our lab on IRSp53 (I-BAR protein
without helices) (Prévost et al, unpublished results), show that centaurin and IRSp53
are sensors of curvature. In fact, we find that centaurin has a 3-5-fold higher sorting
ratio than any BAR protein tested so far. We believe that both BAR domain and the
amphipathic helix can sense membrane curvature, wherein BAR domain likely does
not sense (or does not sense well) isotropically curved (i.e. spherical) surfaces (Bhatia
et al.,, 2010). In continuation, both centaurin and endophilin with a truncated N-ter-
minal helix readily form rigid scaffolds on membrane tubules. Although we did not
have a fluorescent marker on the endophilin deletion mutant—precluding us from
measuring the sorting coefficient—the fact that it formed a rigid scaffold likely indi-
cates that the protein is also a curvature sensor. It seems infeasible that a protein that
does not sense curvature could get sufficiently enriched on the tubule to form a scaf-
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Figure 7.1.3: Scheme of endocytosis of cargo mediated by BAR proteins. (A) The
binding of cargo. (B) The formation of an N-BAR protein network with concurrent
recruitment of cargo (e.g. bacterial toxins) on the other side. (C) Tubulation and
scaffolding by N-BAR domains. Elongation of the cargo-containing tubule (fluo-
rescence: green - protein; red - lipid). (D). Activation of actin polymerization lead-
ing to fission and the release of encapsulated cargo into the cell lumen. In images,
the cargo and actin are added by hand, they were not present in simulations or
experiments.

fold. In conclusion, both protein domains (BAR and amphipathic helices) are sen-
sors of cylindrical membrane curvature, wherein BAR domain is key for the forma-
tion of a rigid scaffold on membrane tubules. Amphipathic helices are a), key in
helping recruit the protein to the membrane (especially spherical); b), they greatly
enhance the curvature-generating power of the protein; and c), they rigidify the scaf-
fold.

Continuing on this line of work, it is still necessary to demonstrate that there
is a difference in binding of the BAR domain versus amphipathic helices to spherical
and cylindrical membranes. CG MD simulations would be ideally suited for this
task, however our current model is too coarse to simulate the insertion into the bi-
layer properly. In principle, we can apply our CG approach to model a molecule at
any resolution, hence the next step is making a higher-resolution amphipathic helix
model and, if needed, a higher-resolution lipid model. In addition, we need to sepa-
rate the electrostatic contribution to properly model amphipathic interactions. This
work is planned in the Voth group in the next few years.
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In light of growing complexity of BAR protein interactions, it would be valu-
able to develop a curvature assay with a high throughput. For example, a bilayer
supported over a microfabricated surface that features all types of curvature: cylin-
drical, spherical, saddle-like, would greatly help in elucidating the remaining un-
clear aspects of curvature coupling of a variety of proteins.

Another potential course of investigation is toward understanding an unre-
solved, albeit fascinating question: how do proteins find one another at the right
place at the right time? The first step is studying the action of multiple proteins at a
time, both in vitro and in silico. We have already performed several preliminary ex-
periments with endophilin and centaurin injected at the same time at the same con-
centration (N = 7). In those experiments, the tubule became covered with either one
or the other protein. In one experiment, we applied external pulling force for a short
time then let go. This process triggered a segregation of large protein domains on the
tubule followed by spontaneous fission. Future experiments and simulations could
investigate if BAR proteins with different intrinsic curvatures help in regulating the
timing and localization of recruitment. Take sorting nexins for instance, a family of
proteins that participate in endosomal trafficking. The family comprises a dozen and
possibly more proteins, all with differently curved BAR domains (van Weering et al.,
2012). Building on this work, it would be very interesting to study the interaction of
BAR proteins with other endocytic proteins, such as dynamin or actin to help under-
stand equivalent in vivo experiments (Daumke et al., 2014; Meinecke et al., 2013).
Moving toward systems that are more complex is the necessary next step in getting
closer to understanding how proteins regulate membrane curvature in the cell. Nev-
ertheless, minimal model systems are still irreplaceable as they abstract a biological
problem to access its underlying physics.
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Annexe (Appendix) I
Screening calcium-induced spontaneous curva-
ture of lipid membranes

Mijo Simunovic,*® Ka Yee C. Lee” and Patricia Bassereau®

Lipid membranes are key regulators of cellular function. An important step in membrane-related
phenomena is the reshaping of the lipid bilayer, often induced by binding of macromolecules.
Numerous experimental and simulation efforts have revealed that calcium, a ubiquitous cellular
messenger, has a strong impact on the phase behavior, structural properties, and the stability of
membranes. Yet, it is still unknown the way interactions of calcium with lipids affect their macro-
scopic mechanical properties. In this work, we studied the interaction of calcium ions with mem-
brane tethers pulled from giant unilamellar vesicles, to quantify the mechanical effect on the
membrane. We found that calcium imposes a positive spontaneous curvature in negatively
charged membranes, contrary to predictions we made based on the proposed atomic structure.
Surprisingly, this effect vanishes in the presence of physiologically relevant concentrations of

sodium chloride. Our work implies that calcium may be a trigger of membrane reshaping only at

high concentrations, in a process that is robustly screened by sodium ions.
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Introduction

Calcium ion is a major signaling species that takes part in
numerous cellular processes'”. It significantly alters the
local electrostatics of macromolecules and, by doing so, it
can trigger a conformational change in some proteins'® ¥
Being a powerful cellular messenger, its equilibrium cyto-
solic concentration is kept four orders of magnitude lower
than outside the cell, at ~ 100 nM‘". Calcium also interacts
with lipid membranes, which may drive large-scale mor-
phological transformations, such as membrane fusion®.

The effect of calcium on lipid membranes has been
studied for decades. Early on, it was shown that calcium
couples with the phase behavior, structural properties, and
the stability of bilayers®”. More lately, tremendous exper-
imental and simulation efforts have been taken to elucidate
the interactions of calcium with lipid bilayers, in light of
significantly varying views on the precise atomic aspects of
this phenomenon® ?. This variation is often attributed to
the measuring methodology or experimental conditions,
such as the concentration of calcium or other ions®.

Studies on monolayers composed of phosphatidylinosi-
tol 4,5-bisphosphate (PIP,) revealed that ions have a

marked effect on the organization of lipids. Specifically,

monovalent cations induce the expansion of PIP, monolay-
ers, while divalent cations compress them”. The same
authors did not observe an appreciable effect of Na“ on
phosphatidylserine (PS) monolayers, although others have
reported a reduction of lipid area upon Ca®" binding to PS-
containing bilayers® 'V, Simulations have shown that Na"
penetrates deep into the bilayer(12'14). Calcium ions, on the
other hand, seem to be coordinated at the level of the phos-
phate group in both PS and PIP, membranes"'> '©. This
structural arrangement and the reported dehydration of the

bilayer upon calcium binding® '”

most likely results in the
tighter packing of lipids leading to a reduction in the lipid
area.

Binding of calcium may even drive the formation of
heterogeneities in the lateral composition of the membrane.
In particular, studies have shown calcium-induced cluster-
ing of PIP, in monolayers and bilayers composed of phos-
phatidylcholine (PC) and PIP,!'" ' Moreover, calcium
causes demixing of PS-containing monolayers at lower
lateral pressure''?.

In light of the numerous effects calcium can impart on
the membrane, it is expected that its binding leads to mac-
roscopic changes in the structure of the bilayer. However, it
is still unclear whether Ca®" affects the mechanical and
morphological properties of the membrane, such as bending
rigidity or the spontaneous curvature. Cell membranes in
great part comprise PC and PS lipids, especially in the cyto-
solic leaflet!™, therefore it is of key importance to under-
stand all aspects of how this ubiquitous signaling ion inter-
acts with PS-containing membranes. Our aim in this work
is to investigate and quantify the mechanical effect of Ca*
ions on mixed PC/PS model membranes.



Results and Discussion

A membrane at equilibrium will take a shape that corre-
sponds to its spontaneous curvature. If a bilayer has homo-
geneously distributed lipids and equal composition in both
layers, its spontaneous curvature is zero. Binding of parti-
cles may impose an asymmetry in the bilayer that leads to a
nonzero spontaneous curvature!'”. We define positive cur-
vature when the membrane curves toward the binding leaf-

let and negative otherwise (Fig. A1A).

Fig Al (A) A scheme of a lipid bilayer with positive (left) and negative
(right) spontaneous curvature (c¢). Na” dilates the lipid leaflet and is expected
to induce positive curvature, while Ca’>* compresses lipids and so it should
induce negative curvature. (B) A scheme of a tether-pulling experiment.
Aspiration pipette controls membrane tension (o), while the remodeling
force (F) is measured from the displacement of the bead in the optical trap.
We use another pipette to inject Ca>*. (C) Dilution of the injected solution
from the injection pipette exit to the base of the membrane tether, measured
from fluorescence intensity of a labeled molecule. The plot shows one out of
three measurements.

Based on experimental and simulation evidence, mono-
valent cations insert between the lipids and dilate the mem-
brane. Considering that, this way, lipids prefer to be further
apart from one another, we expect this process to induce a
positive spontaneous curvature (Fig. A1A, left). Converse-
ly, as calcium contracts the lipid bilayer, it could lead to
negative spontaneous curvature where lipids in the calcium-
binding leaflet are closer to one another (Fig. A1A, right).

To study this effect, we used a giant unilamellar vesicle
(GUV) as a model membrane. By changing the pressure in
the aspiration micropipette holding the GUV, we control its
surface tension. We used a micron-sized bead, trapped with
optical tweezers, to pull a tether from the GUV. Based on
the movement of the bead, we track, in time, the retraction
force of the tether. This force effectively represents the
remodeling force of the membrane. Finally, with another
pipette, we inject a Ca®" solution in the vicinity of the sys-
tem (Fig. A1B). We refer the reader to our previous work
where we have shown that this method is very sensitive to
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detecting spontaneous curvature, evidenced by a sudden
change in the tether-retraction force upon the injection of
curvature-inducing molecules®® 2V,

An important advantage of injecting calcium solution
directly onto the GUV and not pre-incubating the GUV is
that we can compare the behavior in the absence and the
presence of the ion on the same vesicle. Additionally, high
bulk Ca®" concentrations would induce undesirable fusion
between vesicles. However, the concentration inside the
pipette is not the same as the concentration in the vicinity of
the membrane tether due to dilution. Therefore, we first
determined how much of the injected solution is diluted.
We injected a fluorescent marker linked to a membrane-
binding protein and measured the fluorescence intensity
from the exit of the injection pipette to the GUV (see Mate-
rials and Methods). We found that the concentration of the
injected solution is on average halved at the tether-GUV
interface (Fig. A1C) and so, in the following calculations,
we corrected the bulk calcium concentrations accordingly.

We carried out experiments on three different lipid
compositions: 1) DOPC; 2) DOPC:DOPS (9:1); and 3)
DOPC:DOPS (8:2). We did not test membranes with higher
net charge, as physiologically relevant concentration of PS
lipids is in the 10-20% range®®. Unexpectedly, the tether
retraction force did not deviate when injecting 10 mM Ca?"
on a 20% DOPS GUV (Fig. A2A). In addition, we could
not observe a difference in the retraction force compared to
a bare membrane at a wide range of surface tensions, up to
0.2 mN/m (Fig. A2B). To ensure that Ca*" binding is not
dependent on the direction of change of membrane tension,
we confirmed that the forces superimpose whether stepwise
increasing or decreasing tension (Fig. A2B, red and maroon
dots). If binding of Ca*" would induce negative curvature,
the bilayer would tend to curve away from the binding leaf-
let and thus oppose the positive curvature of the membrane
tether. Hence, we would expect an increase in the tether
retraction force.

Moreover, nonzero spontaneous curvature would affect
the equilibrium radius of the pulled tether, compared to a
reference membrane at the same membrane tension. We
computed the radius of the tether from the measured lipid
fluorescence intensity (see Materials and Methods) and
found no difference in the presence or absence of Ca’" on
20% PS membranes (Fig. A2B).

Before discussing the implications of these results, we
quantify the mechanical properties of the membrane. First,
we derive the relationship between force, radius, and ten-

sion from the Helfrich Hamiltonian?:

2
k(1 1
H=—|—-——| A+0A-
" 2(r R, JE

(A1)
H, is the total free energy of the tether, x is the membrane
bending rigidity, » and R, are respectively the mean and the
spontaneous radii of curvature, 4 and L are respectively the



area and the length of the tether, and f'is the pulling force
on the membrane. At equilibrium, » becomes the tether ra-
dius (R) and the force becomes the aforementioned tether
retraction force (F). To compute R and F, we minimize H,

8Ht/8R=O and

with respect to L and R®), ie.

8Ht /dL=0 , yielding,

1
F =2n~2Kk0 — 2m<R— (A2)
0
1_ 2 1 e
R x R/

The equations reveal that the tether curvature and the
tether-retraction force scale as square root of membrane
tension. Fitting the model to our data gives x and R,. Con-
sidering that we measured the radius from the fluorescence
intensity, we have two independent measurements of x and
Ry. We note that we cannot predict the direction of curva-
ture from Eq. A3 since R, appears as a square.

Just like in the two GUVs presented in Figure 2 (A and
B), we did not detect an appreciable difference in the radius
or the force in the presence of up to 50 mM Ca®" for any of
the three membrane compositions, at a relatively wide
range of membrane tensions, up to ~0.3 mN/m (Fig. A2C).
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Fig A2 The mechanics of DOPC and DOPC/DOPS membranes in the pres-
ence of NaCl and Ca”". (A) F as a function of time (¢) during injection of 10
mM Ca* to a DOPC:DOPS = 8:2 GUV in 100 mM NaCl buffer. (B) F and R
as a function of ¢ for a DOPC:DOPS = 8:2 GUV in 100 mM NaCl buffer
(different example from A). First, the measurement was done in the absence
of Ca*>" (black dots) by stepwise increasing ¢. Then, ¢ was reduced to a min-
imum and the measurement was repeated with 10 mM Ca’" (maroon dots).
Finally, continuing to inject, the measurement was repeated, but the tension
was stepwise reduced (red dots). (C) Uncharged membrane displays no
spontaneous curvature (top), while charged membranes show weak negative
spontaneous curvature (centre and bottom). The injection of 5, 10, or 50 mM
Ca®" does not have any detectable mechanical effect (due to the absence of
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effect, we combine data points from all three Ca®" concentrations for each
composition). Top: 100% DOPC (N = 3), centre: DOPC:DOPS = 9:1 (N =
3), bottom: DOPC:DOPS = 8:2 (N = 10). Refer to Table Al for fitting pa-
rameters.

Interestingly, even in the absence of Ca®', charged
membranes displayed low negative spontaneous curvature.
Precisely, Ry, obtained from force measurements (Eq. A2)
for reference 10% and 20% DOPS membranes, measured to
be —120 nm and -200 nm, respectively (Table Al). We
hypothesize two possible sources of the spontaneous curva-
ture of charged membranes. First, the internal solution of
vesicles is composed of pure sucrose, whereas the vesicles
are immersed into a 100 mM NaCl buffer. Therefore, the
repulsions of charged PS head groups are much less
screened on the inner than the outer leaflet. As a result, the
membrane tends to curve inward to alleviate this effect,
hence generating negative curvature. Another possible con-
tribution to spontaneous curvature is the insertion of Na"
into the bilayer. A shallow insertion (just below the phos-
phate, Fig. A1A) would induce positive curvature, similar
to the effect amphipathic protein helices have on the mem-

brane??.

Deeper penetration into the hydrocarbon core
may, however, reverse the sign of curvature, as predicted
by theory®®. Considering that the effect is quite weak and
is not affected by Ca®',

It is still puzzling that Ca®', even at 50 mM does not

we did not pursue its precise source.

impart any effect on 20% DOPS membranes. All experi-
ments so far were performed in a 100 mM NaCl solution. If
Na' indeed inserted deeply into the bilayer, as predicted by
spontaneous curvature, it would be difficult to displace it
with other ions.

We therefore repeated the experiment with 20% DOPS
in the absence of NaCl. In this case, we observed a signifi-
cant effect at 50 mM Ca*"
the tether radius. Surprisingly, however, both force and

to both the retraction force and

radius decreased compared to the reference membrane (Fig.
A3). It appears, contrary to our predictions based on the
atomic structure, Ca®" generates positive membrane curva-
ture, i.e. bends the bilayer toward the binding leaflet. Fitting
Eq. A2 to the data yields reverse and approximately twice
the magnitude of spontaneous curvature (Ry = +110 nm)
than the reference membrane in NaCl (Table A1).

It is generally assumed that the spontaneous curvature
scales with the surface coverage of curvature-inducing par-

ticles®>2®. We can write this expression as:

L ==X, (A4)
R() RO

where ]~?O
to the binding particle) and x is the molar area fraction of
bound Ca*"
isotherm:

is the effective spontaneous curvature (intrinsic

. To calculate x, we use the Langmuir adsorption



(A5)

where C is the bulk ion concentration and K the equilibrium
binding constant. Taking K = 650 M, as previously meas-
ured on 20% DOPS membrane®, we obtain x.—somy = 0.97.
Therefore, Ro for Ca** binding to 20% PS membranes is
107 nm, or 29 nm if calculated from fluorescence (the cor-
responding  effective  spontaneous  curvatures are
0.009:£0.009 nm-", or 0.035+0.0005 nm-" if calculated from
fluorescence).

0.4 0 0.1

0 0.2
0'2 (mN m-1)12

0.2
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Fig A3 Ca’' induces spontaneous curvature in the absence of NaCl. Fitting
Eq. A2 (left) and Eq. A3 (right) to data obtained from DOPC:DOPS = 8:2

membrane in the presence of Ca’" at 5 mM (N = 3) and 50 mM (N = 4).
Refer to Table A1 for fitting parameters.

Lower concentration of Ca?" (5 mM) induces five times
lower, albeit still positive, curvature (Ry = +540 nm). Com-
pared to the size of the membrane, this value of spontane-
ous curvature is negligible and unlikely affects the mor-
phology of the membrane. We list Ry and x from all exper-
iments in Table A1l.

The observed positive spontaneous curvature is incom-
patible with our initial predictions based on lipid area con-
traction induced by Ca®" and with the proposed atomic co-
ordination of Ca®" with the phosphodiester group(g’ 1.27.28)
It seems that drawing an analogy with amphipathic protein
helices, which insert below the phosphate, may be inaccu-
rate. Instead, it is more likely that the strong repulsion be-
tween Ca’' ions, brought by their high charge density, be-
comes even stronger upon lipid area contraction. The per-
turbation is alleviated by generating positive curvature
which will push Ca®" ions apart.

Taken together, we learn that NaCl strongly screens any
mechanical effect on the membrane, even at 50 mM Ca>". It
has been reported that Na" competes with divalent cations

for the binding on PS-containing membranes®

and, even on
100% PS membranes, it can replace Ca’" to a great
extent®. To test the extent of electrostatic screening by
NaCl, we performed {-potential measurements on small
liposomes composed of 20% DOPS. We offset the concen-
tration of salts with glucose to prevent the osmotic shock.
We find, in the absence of NaCl and Ca®', the potential to

be —57.6£2.4 mV (mean+SD), however note that in the
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absence of electrolytes, this measurement is uncertain. In
the presence of NaCl, due to electrostatic screening, there is
a decrease in magnitude with increased NaCl concentra-
tions (Fig. A4), measuring —69.6+3.6 mV (0.075 mM
NaCl), —62.5+2.1 mV (0.75 mM NacCl), =59.4+1.9 mV (10
mM NacCl), and —52.4+1.9 mV (20 mM NaCl), in good
agreement with previously reported values®™ **. In the ab-
sence of NaCl, the {-potential continuously rises with the
concentration of Ca?*, measuring —30.4+£0.9 mV (0.05 mM
Ca?"), —22.5+1.4 mV (0.5 mM Ca*"), —=10.9+0.5 mV (5 mM
Ca?"), and 0.7£0.7 mV (20 mM Ca*") (Fig. A4).

Finally, we measured the {-potential in the presence of
both ions. At 0.05 mM Ca’’, we measured —46.6+3.4 mV
(10 mM NacCl) and —49.6+3.2 mV (20 mM NaCl), whereas
at 5 mM Ca?' the values were —13.4+0.8 mV (20 mM
NaCl) and —16.7£3.5 mV (40 mM NaCl) (Fig. A4). It
therefore appears that NaCl screens Ca®" relatively well at
low concentrations (200400 NaCl/Ca®" molar ratio). At
high Ca”" concentrations (4—8 NaCl/Ca®" molar ratio) the (-
potential is also lower compared to NaCl-free conditions,
however the screening effect is much weaker.

0 | .
0.01 0.1 1 ®10: - 100
< - @ NaCl (no Ca?*)
> -25 ° o ® Ca®* (no NaCl)
\E, ® NaCl
- (+0.05 mM Ca*)
Nr-50 “ e NaCl
® o (+5 mM Ca®")
e
-75
¢ (mmol L)

Fig A4 (-potential measurements of small liposomes (DOPC:DOPS = 8:2),
as a function of salt concentration. Blue and red dots are measured in NaCl
or Ca®", respectively. Green and yellow dots are measured in NaCl at a con-
centration indicated on the x-axis and it additionally contains, respectively,
0.05 or 5 mM Ca®",



Table A1 Fitting parameters obtained from all experiments (mean+SD).
Top values were obtained from force measurements using Eq. A2,
whereas parenthetic values were obtained from fluorescence measure-
ments using Eq. A3 and, in case of the radius, have an ambiguous sign.
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DOPC 10% DOPS 20% DOPS 20% DOPS, no NaCl
no Ca + Ca®' no Ca + Ca”' no Ca + Ca®' +5mM Ca**  +50 mM Ca*’
1/Ry  1/3600+6E-5 1/350+2E-3 —1/120+4E-3  —1/60+8E-3 —1/200+5E-3 —1/160+6E-3  1/540+2E-3 1/110+£9E-3
(U/nm) (1/100£1E-3) (1/5042E-3) (L/160£7E-4) (1/9046E-4)  (1/50+4E-4)  (1/60+4E-4) (1/S049E-5)  (1/30+5E-4)
K 25.1+1.4 29.9+7.0 27.1£5.1 20.0£3.9 18.9+3.4 23.4+4.5 20.8+1.9 19.9+2.9
(ksT)  (22.2+1.5)  (263£3.4)  (9.7£0.7) (9.9412)  (124%1.1)  (13.0£1.2)  (15.0+0.5) (7.7£0.7)
remodelling. Specialized proteins, such as those containing
scaffolding domains, take the role of membrane sculptors, as
Conclusions they are specifically targeted to membrane remodeling
- (31,32)
sites .

Our single-vesicle essay shows that Ca>" jons induce posi-
tive spontaneous curvature on negatively charged mem-
branes. We propose that the repulsion between Ca”* jons
drives the membrane to curve outward, as to minimize their
interactions. We also speculate that if Ca>* potentially drives
the formation of PS domains, locally concentrating explicit
charge would additionally result in positive spontaneous
curvature. Our simple model predicts that Ca*" induces a
positive radius of curvature on membranes with 20% net
charge, with the magnitude of ~110 nm. This magnitude of
curvature scales linearly with the bound coverage of Ca?",
which depends on the bulk concentration and the amount of
charged lipids in the bilayer. We note that there is a quanti-
tative discrepancy between the calculated spontaneous cur-
vature from independent force and fluorescence measure-
ments. Both of these measurements have limitations, espe-
cially at high tension, where the radius is very thin and the
force is very high, so it is difficult to predict which meas-
urement provides a more accurate estimate of spontaneous
curvature. Nevertheless, both measurements show qualita-
tively the same behavior in the presence and absence of
NacCl, although fluorescence measurements systematically
predict a lower radius of curvature.

What could be the consequences for a cell membrane? In
cells, the concentration of Ca*" is very tightly controlled.
While extracellular solution contains ~2.5 mM Ca2+, the
cytosolic concentration of Ca®' is normally kept at only na-
nomolar. It seems unlikely that Ca*" would induce a me-
chanical effect on a membrane of a quiescent cell. However,
during various signaling events, its concentration may jump
orders of magnitude and, combined with lipid clustering and
area contraction, Ca>" could sufficiently locally cover the
membrane to induce budding and tubulation. Such conse-
quences would be undesirable in signal transduction phe-
nomena. Na' ions completely inhibit the curvature effect of
Ca>". Considering that our electrokinetic measurements re-
vealed that Ca”" still alters the electrostatic environment of
the membrane, curvature screening is not a consequence of
electrostatic screening. Instead, we propose that the tight
binding and deep insertion of Na" into the bilayer may serve
as a very robust protection mechanism against nonspecific

We hope our work will provide a better understanding of
the extent of Ca’' ions affecting membrane mechanical
properties at relevant concentrations of charge in the mem-
brane and in the presence of physiological ionic strength.

Materials and Methods

Reagents. 1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phosphatidylserine
(DOPS), and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-
2000] (DSPE-PEG(2000)-biotin) were purchased from
Avanti Polar Lipids. BODIPY-TR-CS5-ceramide was pur-
chased from Molecular Probes. All reagents used to make
buffers and B-casein from bovine milk (>99%) were pur-
chased from Sigma-Aldrich.

Preparation of GUVs. GUVs were prepared by
electroformation on indium tin oxide glass®®. DOPC and
DOPS were mixed at desired molar ratio (see Results &
Discussion) to which we added 0.5% BODIPY-TR-C5-
ceramide and 0.03% DSPE-PEG(2000)-biotin (both molar
percent). We smeared 10 pL of the mix (at 3 g/L) on each of
the two slides of indium tin oxide glass, dried the film under
vacuum for at least 1 h, then hydrated with sucrose. GUVs
were grown under a sine voltage (1 V, 10 Hz) for approxi-
mately 1 h. The sucrose concentration was adjusted for each
experiment so that the molalities of solutions inside and
outside GUVs match.

Tether-pulling experiment. We followed the pro-
cedure described elsewhere®® 2", The experimental chamber
and the aspiration pipette (~ 5 pm in diameter at the tip)
were immersed for 30 min. in a solution of B-casein (5 g/L,
dissolved in 100 mM NaCl, 10 mM HEPES) to minimize
the adhesion of lipids to the glass surface. The chamber was
then filled with the experimental solution (for experiments
containing NaCl: 100 mM NaCl and 10 mM HEPES at pH =
7.4, and glucose to offset the molality inside GUVs; for
saltless experiments: glucose with equal molality as the su-
crose inside GUVs). Another pipette was filled with 10, 20,
or 100 mM CaCl, (see Text) and offset if necessary with
glucose to match the molality of the experimental solution.
The chamber was sealed with oil after ~ 10 min. to prevent
evaporation. GUVs with enough excess area to form an as-
piration tongue®* *> were aspired in a micropipette. Mem-
brane tension was controlled via the aspiration pressure,



using the Laplace relation: O = 0.5Aprp /(1 - rp /rv),

where Ap is the hydrostatic pressure, r, and r, are radii of
pipette and the vesicle, respectively®®. A tether was created
by bringing in contact the GUV with a streptavidin-coated
polystyrene bead, ~ 3 um in diameter (Spherotec), trapped
with optical tweezers. We measure the tether retraction

force as: F'= k(a - aO) , where « is the actual and g, the

equilibrium position of the bead, tracked with bright field
microscopy, k is the stiffness of the trap, calibrated using the
viscous drag method®®. Typical measurement was per-
formed by stepwise increasing the aspiration pressure and
measuring the force and fluorescence for several minutes at
each pressure. The measurement was then repeated by ap-
proaching the injection pipette and injecting Ca*, by either
starting over from low pressure or reducing stepwise from
high pressure. The direction of pressure did not affect the
results (see Text). In experiments with no NaCl, we could
only measure the steps after injecting Ca”", as the streptavi-
din-biotin interactions require the presence of ions. We con-
ducted experiments by injecting 100 mM Ca®" (in the pi-
pette, see above for the dilution factor) and incubating the
vesicles with 5 mM Ca?". We measured the radius of the

tether using the following relationship: R = CfI ¢ / ]V,

where [, and [, are the lipid fluorescence intensities of the
tether and vesicle, respectively, and Cs = 200+50 is the cali-
bration factor deduced previously@®.

We determined the dilution of the injected solution
by injecting ~2 uM Alexa488 from a similar distance and
injection pressure (10-20 Pa) as in all experiments with
calcium. Alexa488 was bound to a membrane-binding pro-
tein, B2 centaurin, kindly provided by Harvey McMahon.
We then measured the decrease in fluorescence intensity as
a function of the distance from the pipette (three measure-
ments). Keep in mind that assuming the same dilution factor
for Ca®" as for the marker likely overestimates the near-
vesicle concentration, considering that Ca®’ has a lower
hydrodynamic radius and it would diffuse out faster than the
fluorescence marker. Taking the upper-limiting case ensures
we do not overestimate the effect we quantify.

Preparation of small liposomes. The lipid mix
composed of DOPC:DOPS (4:1, molar ratios), was dried
under nitrogen to obtain 1 mg of dry mass. The mix was
hydrated in 1 mL sucrose then freeze-thawed five times,
followed by extrusion through a polycarbonate filter with
pores 100 nm in diameter. We confirmed the final size of
liposomes to be 106+7 nm (N = 4) with dynamic light scat-
tering.

{-potential measurements. We used a Malvern
Zetaseizer NanoZS (Malvern Instruments Ltd.) to measure
the electrophoretic mobility, which was converted to (-
potential using Henry’s equation §=3U77/<25f) @7 where u

is the electrophoretic mobility, # viscosity of the solution, &
the dielectric constant, and f Henry’s function, calculated as

@9 f=1+O.5[1+(2.5/la[1+2[“])]73, where a = 100

nm was taken as the particle radius of curvature and A is the
inverse Debye length, calculated as:

m . L .
A= '2;:1 ezzizni/grSOkBT . N is the number of ionic species, e

is the elementary charge, z; and n; are charge number and
amount of ion i, respectively, ¢ and gy are the relative and
vacuum electric permittivity, kg is the Boltzmann constant,
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and T the thermodynamic temperature®”. For the case of
pure glucose = 1.0 was approximated. All measurements
were taken three times.
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ABSTRACT

Many biological phenomena are accompanied by the change in shape of the cell
membrane. This process is often mediated by curvature-generating proteins, most
notably by those containing one of many BAR domains. At the same time,
membrane curvature controls the way proteins interact with one another and so it
acts as a vital signaling mechanism in the cell. In our work, presented in two theses,
we combine theoretical modeling, high-resolution imaging, and quantitative
microscopy techniques to study the assembly of BAR proteins on the membrane and
its influence on membrane shape and mechanics. Our simulations elucidate the
molecular mechanism underlying the self-assembly of BAR proteins on the
membrane and the way their collective behavior affects the large-scale membrane
reshaping. Experimental biophysical methods demonstrate a novel mechanism of
membrane fission mediated by BAR proteins and molecular motors. It also
quantifies how the formation of protein scaffolds alters the mechanical behavior of
the membrane. These results are essential for understanding a newly discovered
pathway of endocytosis, mediated by a BAR protein endophilin. Our combined
theoretical and experimental approach gives vital clues on how the mechanical
properties of the membrane may regulate protein dynamics in living cells.

RESUME

De nombreux phénomenes biologiques s'accompagnent de déformations de la
membrane cellulaire. Ce processus est souvent induit par des protéines, tout
particulierement par des protéines possédant un des différents domaines BAR. Dans
le méme temps, la courbure membranaire controle 'interaction entre protéines, donc
elle représente un mécanisme essentiel de signalisation dans la cellule. Dans mon
travail, présenté en deux theses, je combine la modélisation théorique, 'imagerie a
haute résolution, et la microscopie quantitative pour étudier l'assemblage des
protéines a domaine BAR sur les membranes et leur influence sur la forme et la
mécanique membranaire. Mes simulations expliquent le mécanisme moléculaire
sous-jacent de l'auto-assemblage des protéines BAR et la facon dont leur
comportement collectif affecte le remodelage de la membrane a grande échelle.
Grace a des expériences de biophysique, j'ai pu mettre en évidence un nouveau
meécanisme de fission des tubules membranaires induit par des protéines BAR et des
moteurs moléculaires. J'ai également étudié la formation de structures en "scaffold"
par ces protéines et comment elles modifient le comportement mécanique de la
membrane. Ces résultats sont essentiels pour comprendre la voie d'endocytose,
découverte récemment, qui est controlées par une protéine BAR, I'endophiline. Mon
travail qui combine théorie et expériences propose des explications sur la maniere
dont les propriétés mécaniques de la membrane peuvent réguler la dynamique des
protéines dans la cellule.



