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Abstract

Lipid membranes are versatile structures that interact with various kinds of
proteins to maintain the shape and functionality of cells and their organelles. For
example, they are actively involved in the transport of various proteins and other
nutrients in and out of cells. The transport of macromolecules, which cannot dif-
fuse through these bilayer membranes occur through an extensive remodeling of
plasma membrane. This is executed by a designated set of membrane-deforming
proteins, which supply the energy and drive membrane remodeling leading to
formation of cargo-carrying vesicles.

In our study, we focus on the most commonly used transport pathway
termed “Clathrin Mediated Endocytosis”. We use continuum mechanics to study
the equilibrium of lipid bilayers in the presence of three key membrane-deforming
proteins, namely, clathrin, BAR and actin filaments.To the end, we generalize the
theory of lipid membranes to incorporate the anisotropic curvatures generated
by proteins. Our study reveals a protein-induced “Snap-through Instability” that
offsets tension in the lipid membrane and drives vesicle growth. It disentangles
the individual role of key proteins and provides mechanistic insights into funda-
mental debates in the field of cellular transport. Since these proteins (actin and
BAR proteins) are involved in other interfacial rearrangements in cells, our work
could provide new insights into biological processes in cells at-large. Motivated
by the observed instability, we derive the generalized stability conditions for het-
erogeneous lipid membranes. These theories, in the future, can provide physical

insights into the observed instability.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Evolution of life remains the biggest mystery since the beginning of scientific
pursuit by humans. Although the information of life is coded and stored in
nucleic acids, development and evolution of cells and organelles could not have
proceeded with the essential role of cellular membranes. This is evident in the fact
that the most primitive prokaryotic cells, bacteria and archaea have membranes
enclosing the cytoplasm, and the more evolved eukaryotic cells have organelles

and cells bounded by membranes (see Fig. [1.1).

Prokaryotes are Simpler than Eukaryotes I

Kinetochores (celiviose or chain)

s Undulipodium (9+ 2)
=)

Bacterium

PROKARYOTE

Figure 1.1: Schematic of a Prokaryote and a Protozoan, depicting how eukary-
otic cells have evolved to compartmentalize various cellular functions
through organelles bound by membranes. Figure obtained from [1].



Cellular membranes, bounding the organelles and the cells are made up of
amphipathic molecules called lipids. In a typical biological cell, the membranes
are composed of a wide variety of lipids and proteins.. Despite the heterogeneity,
all these lipid molecules have a common structure, a polar head (hydrophilic) and
non-polar (hydrophobic) core. Structure of a commonly observed phospholipid
is shown in Fig. As with other amphipathic molecules, these are arranged in
various ways so as to shield their hydrophobic core from the polar solvent they
are present in, depending on the concentration of these molecules with respect to
the solvent. These lipids can arrange in unilamellar structures such as micelles or
multiple layer stacked on top of each other such as in liposomes or lipid bilayers
as shown in Fig. (1.3). These bilayers have a relatively small thickness of 3-5 nm
and were only imaged after the successful usage of electron microscopes in the

late 1950s.

(IZHZ—N*(CHZ)5:| ~
CHy choline

°
0='|°_0 phosphate

o] L
]

?HZ_?H_CHZ :| glycerol
LO 0 =

hydrophilic head

| |
r (IZ=0 C=0
?Hz CH2

CHp CHp

A © oxygen
!

)
W ®carbon

@ hydrogen
CH fatty
by double acids
C\H bond
CH

2

CH,

hydrophobic tail

L CHs CHs - N

Figure 1.2: Structure of a typical phospholipid with polar choline and phosphate
groups at the head fatty acyl chain in the tail. Obtained from website
of D. Chynoweth, University of Florida.

One of the basic function of a cell is to regulate the synthesis and transport
of proteins within the various organelles. Along with this, the cell controls the
absorption and release of cargo, including proteins, oxygen, water molecules,

charges (ferric, sodium, potassium, calcium, etc.) and other molecules so as to



LALLM Liposome

Micelle

(a) (b) (©

Figure 1.3: (a) Electron micrograph of lipid bilayer [2], (b) TEM of coexisting vesi-
cles and micelles [3] (c) Schematic of Liposomes, Micelles and Sheets
(source: Wikipedia)

maintain the concentration gradient of various molecules across the cell ([4, 5]).
Transport of these molecules through the cell and other organelles, invariably, has
to occur through the lipid membrane.

While some of the molecules like oxygen are small enough to diffuse through
the bilayer and transport of charges such as sodium, potassium and calcium oc-
curs via transmembrane proteins (ion channels) embedded in the lipid bilayer,
bigger molecules like ferric charges bound to proteins called transferrin, low den-
sity lipoprotein (LDL) or the proteins synthesized in the Endoplasmic Reticulum
of the cell, to name a few, cannot penetrate the lipid bilayer. Their transport is
achieved through extreme remodeling of the lipid bilayer, which leads to the for-
mation of a bud, and ends up in a cargo-carrying vesicle that detaches from the
parent lipid bilayer that delivers cargo inside the cytoplasm , as shown in Fig.
This process is called endocytosis. A reverse process, called exocytosis, involves
fusion of vesicles with the cell membrane and is used to deliver cargo out of the

cells.
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Figure 1.4: Schematic for endocytic and exocytic pathways inside a typical mam-
malian cell, ‘R is used to represent the receptor. [6]

1.2 Clathrin Mediated Endocytosis (CME)

The focus of the current study is on gaining mechanistic insights into en-
docytosis. Endocytosis, itself can be of various types namely, Clathrin Mediated
Endocytosis (CME), Caveoli, Macropinocytosis or the Phagocytosis. This classifi-
cation is based on the type of cargo transported and the type of proteins involved
during transport (Fig. [I.5). CME remains the most widely observed pathway with
clathrin as the key protein involved in driving the invagination from an almost
lipid bilayer to a detached vesicle. In mammalian cells, clathrin trimers attach
from the cytoplasmic side and generate spherical vesicles with diameters ranging
from 70 nm to 350 nm. In contrast, in yeast cells, proteins form tubular invagina-
tions which eventually turn into elliptical vesicles with their longest axes around
50 nm in length [7].

CME involves collaborative efforts of more than 60 proteins at a particular

endocytic site. Moreover, most of the key proteins are conserved or have homo-
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Figure 1.5: Schematic of various endocytic pathways in a mammalian cell which
is phagocytosing a budding yeast cell, S.Cerevisiae. Figure obtained

from

logues across all the eukaryotes, thus it is expected that the basic roles of these
proteins are also conserved across various species. Since the genomic structure
of yeast is fully mapped and homologous proteins are involved in mammalian
CME, studies concerning the roles of proteins in yeast CME are used to gain in-
sights into mammalian CME. To study the role or function of a specific protein
involved, cells are genetically mutated so that the concerned protein is knocked
out. Furthermore, colored fluorescence microscopy is used to measure the con-
centration and involvement of each protein at a particular stage of CME. Sections

of cells with endocytic site are viewed under electron microscope to view the lipid



membrane profile. Correlation between the fluorescence microscopy and the elec-
tron microscopy yields the temporal and the spatial insights into the role of each
labelled protein.

CME can be broadly classified into the following four stages:
e Site selection

e Binding of cargo to the receptor on the surface lipid bilayer and that of

receptor to the clathrin coat.

e Budding and maturation of the endocytic vesicle attached to the parent lipid

bilayer via a neck.
e Pinching off of the matured vesicle by proteins responsible for scission.

In the initial stages, proteins like ubiquitin binding protein (Edelp in yeast or
Epsin, Eps15 in mammalian cells) are suspected to break the symmetry of the
bilayer by wedge like insertions which initiates the formation of small buds al-
lowing the other membrane remodeling proteins such as clathrin to bind on [9].
Thereafter, binding of cargo to the receptors on the extracellular side,, triggers
the assembly of clathrin and adapter proteins (APs) from the cytoplasmic side
of the lipid bilayer. Clathrin coat (comprising of clathrin, adapter proteins and
other coat molecules) in mammalian cells deforms the lipid bilayer to reach the
maturation stage as its concentration at the endocytic cite increases. In contrast,
the bilayer remains almost flat in yeast cells even when the clathrin coat has com-
pletely adhered to the lipid bilayer (Fig[1.6). This difference is attributed to the
difference in the tension in the lipid bilayer for the two species. This was proved
by Ayscough and coworkers in a seminal study [10]. The study revealed that
the addition of sorbitol, which lowers the pressure across the cell membrane and

hence lowers the surface tension, allows the clathrin coat to form partial vesicles.



In a recent study, Kirchchausen and coworkers showed that clathrin coat is unable
to form mature vesicles in mammalian cells when subjected to increased tension

either via external stretching or osmotic shock [11]
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Figure 1.6: Schematics of endocytosis in (a) mammalian cells [12] , (b) yeast cells
[13]. Clathrin coat along with adapter proteins is able to form the
vesicle in mammalian cells but unable to do the same in yeast cells

The estimates of membrane tension in mammalian cells range from (0.01 —



0.1) mN/m. The high end of this range is achieved for polarized cells where parts
of plasma membrane are stretched. In yeast cells, tension in the lipid membrane
is estimated to be greater than 0.5 mN/m. But cells are robust entities that adapt
to various environments to ensure uninterrupted transport. For overcoming the
inability of clathrin coat, actin filaments polymerize at the endocytic cite and
drive invagination. Actin involvement in stretched mammalian cells and yeast
endocytosis has been well established by experimental studies ([11}, [14]).

After the vesicle has matured and is attached to the parent lipid bilayer via a
neck, specific scission proteins work with actin to pinch off the vesicle. In mam-
malian cells, dynamin polymerizes in a helical manner and squeezes the neck to
induce fission [15]. In yeast cells, scission is believed to require a collaborative
effort of actin, rod shaped BAR proteins (Rvs 161/167) and dynamin-like protein
Vpsl.

There have been various attempts to classify the roles of individual proteins
for yeast studies. Since disruption of actin does not even lead to budding, it’s role
in scission events cannot be directly predicted. However, mutant studies of BAR
proteins have been used to determine the role of actin in scission. BAR mutant
studies have shown vesicle formation as well as stalling of invaginated vesicles
midway in equal proportions [16]. Only recently, Briggs and coworkers have used
cryogenic tomography studies to reveal that in BAR mutant cells, shallow vesicles
form but they undergo an unexpected rapid transition to form detached vesicles.
Their inability to observe the intermediate stage raises important questions about
the shape transition pathway during CME as a vesicle with a constricted neck is
required to have non-leaky transport.

This forms the basis of our study as we try to combine these experimental
findings from mammalian and yeast cells to shed light on mechanics of CME.

In the subsequent chapters we have tried to elucidate the mechanical role of the



three key proteins - clathrin coat, BAR and actin filaments in countering tension
in the lipid bilayer to form vesicles during CME. We have not explicitly modeled
the scission but have tried to give insights into it based on the in-plane stresses
with the bilayer. We have used continuum mechanics and modeled lipid bilayer
as a two-dimensional surface embedded in 3 dimensional Euclidean space. This
is because lipid bilayer is only 3-5 nm thick and endocytosis involves simulating
the remodeling of lipid bilayer patch of more than 16000 nm? of lipid bilayer for
a duration of around 2 minutes, a computationally expensive task for molecular
dynamics.

A brief outline of the following chapters is as follows. In the second chapter
we will expand on the differential geometry and the mechanics of lipid mem-
branes. The following chapter deals with proposing a mechanical model for me-
chanics of lipid membranes interacting with orthotropic rod like BAR proteins.
The fourth chapter will aim at bridging the gap between clathrin mediated en-
docytosis in mammalian and yeast cells. The mathematical models developed
would be put to use to explain the differences in the roles of clathrin coat, BAR
and actin filaments and how they are coupled to the tension in the lipid mem-
brane. The fifth chapter deals with the stability of lipid bilayer membranes and is

followed by conclusion and scope of improvement.



CHAPTER 2 DIFFERENTIAL GEOMETRY OF
SURFACES AND MECHANICS OF LIPID

MEMBRANES

For the subsequent analysis in this document, we will assume that a two
molecule thick membrane can be considered as thin enough to be represented by
a surface. The natural choice for this surface is the mid-surface, i.e., the inter-
face between two monolayers. Following the principle of continuum mechanics,
which is based on the assumption that each material point represents a large col-
lection of atoms, we assume that each material point on the surface of a lipid
bilayer represents a large number of atoms. At physiological temperatures bilay-
ers are fluidic in nature and the in-plane motion of the lipid molecules entails no
energetic cost. The principles of liquid crystal theory can be used to penalize the
relative mis-orientations of lipid molecules to define the strain energy for a bi-
layer. Such a surface can also be considered as a fluid Cosserat shell. [17, 18, 19].
A general theory of lipid bilayers can be developed based on the following sim-

plifying assumptions

e Lipid molecules are always aligned with the surface normal because of the

packing constraints.

e Director (d) at each point is represented by joining the heads of lipid molecules

from bottom monolayer to the top monolayer.
e The thickness of the lipid bilayer is constant.

e Area of the lipid membrane is assumed to be constant. This is based on the

experiments which reveal that lipid membranes cannot stretch by more than

10



2-3% [20].

These assumptions allow a Cosserat shell to be considered as a Kirchoff Love
Shell, whose equivalence has been proved under the assumptions that the direc-
tor field is aligned with the surface normal and is inextensible [21]]. Further, it is
assumed that the lipid bilayer is a hyper-elastic material. This means that there ex-
ists a scalar potential that represents the energy stored in the lipid bilayer, which
is dependent only on its current state and not the history of deformed states that
led to the current state. We now review the differential geometry of surfaces that

is needed to describe the energy and the equilibrium conditions of a bilayer.

2.1 Differential Geometry of Surfaces

The surface is considered to be a two dimensional Riemannian manifold
embedded in a 3 dimensional Euclidean space. Let (0',6%) be the parameters
describing the surface. Subsequently we will represent the parameter space by
(6%). Here and henceforth, Greek indices represent values {1,2} and Einstein’s
indicial notation is used. This means that any index, if repeated twice, has to be
summed over the possible values in its set. The notations for symbols used in the
text are mentioned in Table

Let the position of each material point on the surface be given by the map
from the parameter space r(0%). The tangent vectors for such a parameterization
are given by

ay = I'y. (2.1)

Above and henceforth, subscripted comma is used to denote the derivative with
respect to parameterizing variables 6%. This map is associated with a metric at

each point on the surface, whose components are given by,
azxﬁ = ay - ag. (2.2)
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We note here that the components of metric are symmetric.
Further, the vectors in the cotangent space to the surface are chosen such that

they map the tangent vectors to the real space and
a"-ag = 5%. (2.3)

Here, 6 represents the Kronecker’s delta function. Thus, using vectors in cotan-
gent space, we get the metric which is inverse to the metric obtained from vectors

in the tangent space and its components are given by,
a*P = a* . aP, (2.4)

The normal to the surface at any material point is given by,

1
n = Ee“ﬁaa X ag, (2.5)

where, ¢*f = ¢*f/.\/a with e*f representing the permutation tensor such that
el = ¢2 =0, ¢2 = —¢® =1 and a = det(aup). Similarly, e, = eu5y/a and
eup = €"P.

For doing calculus on the surface, we need to define the derivatives on the

surface. For any given scalar field ¢(0*) defined on the surface, the change in ¢

along any curve in the surface is
dp = (V@) -dr = ¢,d0%, where dr=a,db". (2.6)
Thus, the gradient of scalar field ¢ is
Vo = pua’. (27)

Similarly, change in a vectorial field v(6%), defined on the surface along a partic-
ular curve is

dv = (Vv)dr =v,df7. (2.8)
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Thus, gradient of a vector field, v(6*), defined on the surface is
Vv=vg® af. (2.9)

Here and henceforth, ® is used to represent the tensor product. Since tangent
vectors a, and n form a basis that spans the 3 dimensional Euclidean space, we
can write,

v=(v-a%)a, + (v-n)n = v%a, + vn. (2.10)
Using the above equation and substituting it in (2.9), we obtain
Vv = {v?‘ﬁaa +0%a, 5+ vn+ vn,ﬁ} ® af. (2.11)
Directional derivative of the tangent vector can be written as
a,p = (agp-a’)ay + (agp-n)n = TzﬁaaY + bapn, (2.12)

where,

Tzﬁ =a’-aygand byg = az - n. (2.13)

Fzﬁ represent the Christoffel symbols and b, are the components of the second

fundamental form. To evaluate n g, we note that

n-n =1, thus
(2.14)

n,lg-n:0.

This means that n g lies in the tangent plane at any given material point and that

it can be written as
ng=(ng-a“)a, = —(n-aj)a, (n-a, =0). (2.15)
These yield the equations of Weingarten, where,

ng = —bgaa. (2.16)
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Using (2.12) and (2.16), we can rewrite (2.11)) as
Vv = (% + ' Ty — vbf)as ® @ + (v, + " bep)n @ a° 2.1
= (vlg — vbglay ® af + (0, + 0" bup)n ® af.
Here we note that the subscripted semi colon ()., is used to denote the covariant
derivative of the quantity within parenthesis, i.e., the derivative with respect to

the metric a,g. Thus, a,4,, = 0. For a scalar field the covariant derivative is same

as the directional derivative. Covariant derivatives of a co-vector is given by,
Vasp = U p — mrgﬁ, (2.18)
a covariant second order tensor is given by,
Agyip = Aayp — AMT% —A Mrgﬁ, (2.19)
and a contravariant second order tensor is given by

Al = A% + AT+ AMTY. (2.20)

Further, the surface Laplacian of a scalar ¢(6*) on the surface is given by
Ap = tr(VV) = tr([pap — 9T gla" @aP). (2.21)
Since, ¢,45 = (¢,);5, We obtain that
Ap = §upa"P. (2.22)

Surface divergence of the vector field v defined on the surface can be written as

(using E17)
V.v =tr(Vv) = v}, —obj. (2.23)

Curvature tensor (b) at any material point is defined as the negative of sur-

face gradient of the normal. Thus,

b=-n,®a" (2.24)
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which can be written using second fundamental form as,
b = bypa® ®aP. (2.25)

Similar to the metric tensor, components of the second fundamental form are
symmetric. The invariants of the curvature tensor are mean (H) and Gaussian

curvature (K) defined as

H = %tr b= %baﬁa“ﬁ K=detb = %5“75ﬁAba5b7A. (2.26)

2.1.1 Compatibility Conditions

We note that,
Top = anp = [ypay + bupn. (2.27)
From equation we note that we cannot choose 4,5 and b,g arbitrarily at each
point on the surface as there are 9 equations with 6 variables (3 each for 4,5 and
byp). Thus, the components of metric tensor and curvature tensor have to satisfy
certain compatibility constraints. The compatibility constraints arise from the fact
that,

n,oc,B = n,ﬁa- (228)
Using the (2.16), we obtain,

n,p = —(bmany),ﬁ = —(bm,ﬁa7 + bm(aj5 . aA)aA) — bm(a% ‘n)n 229
= —(Day,p — baalyg)a” — baybm,
and that,
n g, = —(bgyu — bpal),)a” — bg,bin. (2.30)
From (2.28), and and equating components along a”, we obtain

Bay,p = barl’yg = bpya — bpaTl g 2.31)
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Subtracting b from both sides in above equation, we obtain
g ba Iy ;3 q

bﬂc’)/,ﬁ — b“)\réﬁ — b;wTQﬁ == bﬁ’)/,lx - b)tr)/rﬁéﬁ bﬁ)‘rrya, henCe/ (2 32)

Duyp = Dpoysp-
These are called the Mainardi-Codazzi equations. Further equating the compo-

nents along the normal direction, obtained from (2.29) and (2.30), we get

batyb’y —

T = bg,by. (2.33)

Along with (2.28), compatibility conditions also require that

A py = Aap (2.34)
where,
Ay py = (Fi‘ﬁaA + bagn) 039
= (Tapy + Ty wp)ar + (bupy + Tagbay ) — bygbiyay.
Using similar operations as above, we obtain
s = (Toy 5+ TigThn)ar + (bayp + Doy bag)n — buobja. (2.36)
Equating coefficients of a, in (2.35) and (2.36), we obtain
R3g, = bayby — baghy, (2.37)
where,
Rigy = Tayp — Tapy + Tuplay — DigThg (2.38)

is the Riemann tensor. By equating the normal components of (2.35) and (2.36),

we recover the Mainardi-Codazzi equations. Riemann tensor can be used to write

RQM = aM’(aﬁyaM = a/;Aaw)be’,;
= aMegy e, by bl (2.39)

= aMszem.
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Hence, the Gaussian curvature ‘K’ can be completely described by the metric
tensor a,5. The above equation is called as “Theorem Egregium’ and states that
the Gaussian curvature cannot be changed without changing the components of
the metric tensor, i.e., straining the surface.

The contravariant adjugate of b,z can be written as

b = (a*Pa? — a7a )by, = e1ePTb, . (2.40)

Thus, K = E"‘ﬁbaﬁ. This can be used to write the Cayley-Hamilton theorem in the
form

0P = 2Ha*F — b*P. (2.41)

2.1.2 Green-Stoke’s Theorem

Another useful entity that we will use in the remaining chapters is the Green
- Stokes Theorem, which states that for a surface w bounded by the curve dw and

vector field v(6%),

/w(va)-nda:/ v dr. (2.42)

dw

Curl of a vector field v = v,a7 + vn on a surface is,
Vxv=a"xvy=a"x [(0ya — 0by)a? + (vn + v,b])n]. (2.43)
Thus, the component along normal direction of the curl of vector field is,
(Vxv) n=n-(a" xa")(vya — 0bys) = 7010 = (€70 ) 4. (2.44)

Assuming that the boundary to the surface dw can be parameterized with arc
length ‘s’, we can write dr = tds with T = % as shown in Fig. Arc length
parameterization would mean 7 is a unit vector. In addition, we can define the

unit outward normal v to the boundary at each point such that

v=TXn. (2.45)
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Using the above relation we can write,
v-dr=(v-T)ds =v-(n Xxv)ds. (2.46)

Since, v is completely orthogonal to n, we can write v = v,a*. Thus (2.46) reduces

to
v-dr = (v,a” +on) - (nxa'v,) =v,(a”- e“ﬁaﬁ)vm = "o, 1", (2.47)
From (2.42), (2.44) and (2.47), we obtain,

/(8“707);04 da:/ Vv, ds. (2.48)
w ow

Defining u* = ¢*7v.,, we can rewrite the above equation as

/uf"“ da:/ u*vy ds. (2.49)
w ow

Thus, for any vector field u = u*a, + un, the Green-Stoke’s theorem reduces to

(u-a")pda= | u-vds. (2.50)
J, /

w

ow

v
T

Figure 2.1: The three orthonormal vectors on a boundary dw.

2.2 Mechanics of Lipid Membranes

Canham proposed the quadratic energy density in curvature for modeling
plasma membrane of the red blood cell [22]. Helfrich [23] then proposed the the-

ory for lipid bilayers based on the liquid crystal theory developed by Frank [24],
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under the assumptions described in the early parts of this chapter. A Continuum
mechanics treatment for such surfaces was done by Jenkins [18] and Steigmann
[19], where they showed that the energy functional describing the mechanics of

such surface can be written as

E :/ W*(aqp, baﬁ)da—k/ A(0%)da — pV (w) (2.51)

with W* is the strain energy density in the current configuration, A(6%) is the La-
grange multiplier corresponding to the local area constraint and p is the Lagrange
multiplier corresponding to a constraint on the volume enclosed by the bilayer
surface. Fluidity is accounted through the material symmetry arguments as pro-
posed for a simple fluid (inviscid) by Noll [25]. By considering unimodular map-
pings of the reference surface that do not change the strain energy density for all
admissible deformations, Jenkins and Steigmann showed that the energy density
depends on mean, Gaussian Curvatures and on the areal stretch | (J = Va/A).
Here, ‘A’ represents the determinant of the metric tensor for the reference sur-
face. Thus, in-plane deformations are only described by ], which measures the
areal changes and no cost is required to penalize the shear deformations. Thus,

strain energy density in the current state can be written as
W*(anp, bap) = W(H, K). (2.52)

The quadratic energy density proposed by Helfrich and Canham [22} 23] was
of the form,

W(H,K) = kgH? + kK. (2.53)

Here kg is the mean curvature modulus or the splay modulus, corresponding
to splay deformation of the lipids or the directors on the surface of the lipid
bilayer and k is the Gaussian modulus. This form has been used extensively in the

literature to explain various morphologies of the lipid bilayer. For lipid bilayers
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which exist in closed vesicles, the term corresponding to Gaussian curvature can

be ignored as the Gauss Bonnet theorem states that,

/ Kda = 271)(—/ Ko ds. (2.54)
w ow

where, x represents the Euler-characteristic and depends on the genus for a closed
orientable surface, x, is the geodesic curvature at the edge of the surface. Since
for closed vesicles there is no edge and the cases when surface is not undergoing
any topological change or is not inhomogeneous in the sense that k is uniform, the
contribution from the Gaussian modulus to the energy functional can be ignored.
Similar treatment also applies to surfaces with edges, when the edge has constant
geodesic curvature on its edge, through the course of deformation.

To account for inhomogeneity due to curvature inducing proteins, Helfrich

formulation is generally modified such that,
W = kg(6%)(H — Hp(6%))? + k(6%)K. (2.55)

Here {kp(0*),k(6%)} are the effective mean and Gaussian curvature modulus re-
spectively and Hy(0%) specifies the preferred curvature field on the surface. Since,
the debate regarding the value or the sign of Gaussian modulus has not yet been
settled in the literature, it has mostly been ignored while accounting for the ef-
fects of inhomogeneities. For the sake of generality, we will not restrict to any
particular form of strain energy density to account for inhomogeneity, but in-
stead allow W to have an explicit dependence on the material point concerned
such that W = W(H, K; 6%).

For a strain energy density W(H, K;6%), the variational formulation can be
used to find its extremum which furnishes the equilibrium configuration. The
principle of variation is considered such that for a particular configuration r (6%),
a family of placements is generated by considering an explicit dependence of the

mapping on another parameter € (say), such that r = r(6%;¢). The Taylor series
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expansion of r in € about € = 0, which represents the surface at hand, can be
written as
r(6%e) =r(0") +eu+ O(e). (2.56)

— 90

Defining the variational derivative as () = 5¢ at € = 0, we can write the
first variation (first order variational derivative) of the energy functional defined

in (2.51), as
E— / (WiH + WiK) + (W + A)j /) da — pV. (2.57)

Here H and K are as defined in (2.26)), (Wy, Wk) represent the partial derivatives
of W with respect to H and K respectively. Thus, to compute the first variation of
the energy functional, we require the variations of H, K, J and V.

First variation in tangent vectors is given by

a5 =T (2.58)

The superposed line with a superposed dot, (), is used represent the variational
derivative of the entity (). Since the variational derivative commutes with the
derivative with respect to parameterizing variables 6%, we can write the above
equation as,

Q@ = uy,. (2.59)

Similarly, the first variation of the components of the metric tensor can be written
as

App =y -ag+ay-ap = Uy -ag+a,-Ug. (2.60)

Using the relation,
Ayp = aAyp — a7r15 = baﬁn, (2.61)

we obtain that,

Up = bogn + bygn. (2.62)

21



Since n-n = 1, hence, n-n = 0. Taking the inner product of the above equation

with n, we obtain the first variation

bacﬁ =n- u;txﬁ' (263)
Furthermore, using the relation that aﬁ)‘av 1= oP , We obtain,
= a*5b 1+ aPAo% + atVaPra ), (2.64)

This yields,
a*P = —a‘”aﬁ)‘dﬂ. (2.65)

Hence, using (2.26)) and (2.65), we obtain
2H = —baﬁﬁla‘g + a"‘ﬁfaaﬁ. (2.66)

The first variation in the Gaussian curvature at a material point is given by,

i?,mbﬁy + b,ml'?‘gy B bﬂ()\bﬁﬂz
a a al

2K = %Pt

(2.67)

Using the relations, a = %emeﬁ)‘aﬂ and e*ePr = 52BN — 52A5BY  we obtain

g — 0. (2.68)

Using the above relation, eq. (2.67) can be reduced to the form,
2K = Bt (boc/\bﬁy + boc)tbﬁy) — ayeélvgba/\blgy , (2.69)
which on substituting b*F = e¥¢f7b,.,, yields,
K = —Ka*Pap + 0"Fbyg. (2.70)
First variation of ] (J = v/a/A) is given by (using (2.68)),
Jjooa 1
J

—_ = Z _— Eaaﬁa’“ﬁ’ (2.71)
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and that of the enclosed volume is given by,
V:/ divudV:/ u-nda. (2.72)
Vv w

Now, we decompose the first variation of the position vector, u, into the tangential
and the normal directions to obtain the equilibrium criterion (E = 0) along the

surface and normal to the surface.

2.21 Tangential Variations

For tangential variations, u = ua,, which yields,
_ A A
u, = ugay + (4" by, )n. (2.73)
Using (2.60) and (2.73), we obtain,
aa’B = Ug;p + UBip, (2.74)

which along with (2.63), yields the variation of the components of the second
fundamental form,
baﬁ = u;/};b/\,x + ui&bﬁ,\ + uAbA“;ﬁ. (2.75)

Since b*f is symmetric in & and B, using (2.73), we obtain
b*Payp = 26" uyp. (2.76)

From (2.75)) and (2.76]), we obtain

2H = ubl (2.77)
Using Mainardi-Codazzi equations, the above equation yields
H=u"H,. (2.78)
Since, adjugate of the surface is divergence free (Eﬁxﬁ = 0), we obtain,
0 byp = (upbap + ulphra) b + 1t (b2, 5P . (2.79)
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Using eq. (2.74), we get

a*Payg = 2u,. (2.80)
Hence, from equations (2.79) and (2.80),
K - uaK/a,
. 2.81
i (2.81)
T = u/.,x.

Since u is tangential, V = 0. Using the variations derived in (2.78) and (2.81),

and substituting them to (2.57), we obtain the in-plane equilibrium condition as

E= / {u"‘(WHH,,X + WKK,,X) + uffx(W + )\)} =0. (2.82)
w
Since,
oW
Wg( — WHH,DC + WKK,tX + aw, (2.83)

and from Leibniz rule for covariant derivative, uf (W +A) = (u*(W 4+ A))a —

u*(W + A) 4, we can rewrite the (2.83) as

: oW
E= /w {(u“(W +A))i —u® (A/a + aea> } da. (2.84)

Using the Green’s-Stokes theorem, the first term in the above integral can be

reduced to the edge of the domain (dw), such that

E= / —u* Ay + oW da+ | u“(W+ A)v,ds. (2.85)
w ’ 00* ow

Thus, for equilibrium in the tangential plane of the surface, it is required that,

oW
I

Ag = (2.86)

When the surface is homogenous, the above equation reduces to the criterion that
the surface tension field is constant (A = constant). We will combine the edge
contributions from tangential and normal variations later to get the necessary

forces and moments at the boundary which keep the surface in equilibrium.
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2.2.2 Normal Variations

For normal variations u = u(6*)n. Thus,
u, = (u,-aP)ag + (uy -n)n, (2.87)

which, reduces to

u, = —ub,faﬁ + U N (2.88)

Hence, the first variation of the components of the first and the second funda-

mental forms, with the help of (2.60) and (2.63), are given by

a“ﬁ = —Zubaﬁ (289)

and

[70(‘3 = u;aﬁ — lew\bg. (290)

Furthermore, using we obtain,
b*Payg = —2ub*Fb,g. (2.91)
Using Cayley-Hamilton theorem, we obtain
b*Pbyg = (2HaF — b*F)b, g = 4H* — 2K, (2.92)
and from (2.90), we get

a*Pbyg = a*Pup — u(4H? — 2K). (2.93)

Using (2.91)), (2.92) and (2.93), we obtain the variation of the mean curvature as

2H = Au + u(4H? — 2K). (2.94)

From (2.89)), we obtain

a"Pa,g = —4uH, (2.95)

25



and from (2.90), we obtain
b"Pbyg = b*Pu,p, — 2KHu. (2.96)

Using (2.95) and (2.96), we compute the variation of the Gaussain curvature and

areal stretch as
K =2uHK + u,gb*, /] = —2uH. (2.97)

Furthermore, the variation of the volume is given by

1% :/ uda. (2.98)
w
Thus, for normal variation (2.57) reduces to

w (2.99)
—2uH(W 4+ A)da — p/ uda.
w

Since the metric is covariant constant and the contravariant adjugate is divergence

free, we obtain the following relations using the Leibniz rule,

u;aﬁWHa“ﬁ = (a"‘lSWHu,a);ﬁ + ua”‘ﬁ(WH) Ba — [uaa‘B(WH),ﬁ];a and (2.100)

7,

E"‘ﬁWKu;aﬁ = (E“’BWKMIN);ﬁ + ME“ﬁ(WK) Ba — [uE“ﬁ(WK)Iﬁ];,X. (2.101)

Since the divergence terms can be transformed to integrals on the boundary, using

(2.99), (2.100) and (2.101), we obtain the following condition by setting the first

variation of the energy functional to zero

%AWH + (Wi) o™ + W (2H? — K) +2H(KWg — W) —2HA = p.  (2.102)

The above equation represents the equilibrium criterion in the normal direction

and is commonly termed as the “shape equation” in the literature.
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2.2.3 Boundary Forces and Moments

The boundary terms obtained from the tangential and the normal variations
of the energy functional (Ep) are,
Ep = / {u“(w + A)vy + a”‘ﬁWHu,,xvﬁ - ua“ﬁ(WH),ﬁvﬁ
9w (2.103)
+ E"‘ﬁWKu,avﬁ - E“ﬁ(WK),ﬁuva ds.
A natural choice for the parameter space on the boundary is given by the tangent

vectors T and v (along the curve and normal to it). Thus,
u' = u,t", and Uy = u v, (2.104)

are the derivatives of u along and normal to the curve dw, respectively. Using the

above equation, we can write
Uy = u'Ty + 1y, (2.105)
Using the above relation, the boundary integral in (2.103) can be written as

. 1 ~
Es= [ [(xWe)' = 5vP(Wi) g — PF(Wi) gro]uda

a“’l (2.106)

+ 5 <§WH + KTWK) uyds + ZMWK [T].
w

In the above equation, x; = b,X/;T”‘Tﬁ and T = baﬁr“vﬁ represent the normal curva-
ture in the direction of T and the twist in the surface, respectively. Furthermore,
the curvature in the normal direction v is given by x, = b“ﬁv"‘vﬁ.

Using the relation,

Uy =—-T-w—bv-u, (2.107)

with w being defined such that n = w X n [26], the boundary integral can be

expressed as
EB:/ (Fv+ Frt+ Fyn) -uds — Mt - wds
ow

9w (2.108)
+ Zfi -u;,
i
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where,

M = %WH + x: Wk,
F,F=W+A—x,M,
F.=—1M, (2.109)
E = (tWg)' — %(WH),V (W) 65,

fi = (WK [T] )l-n.

Here M represents the boundary moment per unit length. F,, F, and F; rep-

resent the forces per unit length acting on the boundary along the directions

v,nand T,

respectively. Above f; represents the forces at the corners (if any)

of the boundary and [] represents the forward jump in 7 at the corners of the

boundary.
Table 2.1: Notations
Notation Significance
o* Parameters describing the surface
r(6%) Position vector of the points on surface
ay Tangent vectors to the surface
Anp Components of the metric tensor
a*P Components of the dual metric tensor
P Components of the permutation tensor
P Components of the permutation tensor density
n unit normal to the surface at any given point
b,x/s Components of the curvature tensor
pep Contravariant adjugate of by
Q Reference configuration
w Current configuration

Continued on next page
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Table 2.1: Notations

Notation Significance

Qy Areal domain of actin force in reference configuration

Wy Areal domain of actin force in current configuration

W Strain Energy density in the current configuration

p Transmembrane Pressure

AV Volume enclosed by the membrane

] Areal stretch of the surface

a Determinant of the metric tensor in the current configuration
A Determinant of the metric tensor in the reference configuration

A(6%) Surface tension field

T Unit tangent to the boundary of the surface

v Unit vector normal to T and n at the boundary

M Moment per unit length at the boundary

F; Force per unit length acting on the boundary along the direction
F, Force per unit length acting on the boundary along the direction v
F, Force per unit length acting on the boundary along the direction n

Hp(60*)  Preferred mean curvature field

Dy (6%) Preferred deviatoric curvature field

E, Free energy of the bilayer
Ef Work done by actin forces
A Direction of alignment of BAR protein

Direction perpendicular to A of BAR in tangent plane
KA Normal curvature along direction A

Ky Normal curvature along direction u

Continued on next page
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Table 2.1: Notations

Notation Significance

xS Preferred normal curvature along direction A

K2 Preferred normal curvature along direction u

kg Bending modulus of the bare lipid bilayer

k Gaussian modulus of the bare lipid bilayer

Ro Normalizing radius of curvature

ko Mean curvature modulus of the bare lipid bilayer

kg(6*)  Bending modulus in the clathrin coated domain of membrane.

IA<(9"‘) Gaussian modulus in the clathrin coated domain of membranes.

ki (%) Spatially varying modulus (C*) associated with mean curvature.

ko (6%) Spatially varying modulus (C*) associated with deviatoric curvature.
ks(6%) Spatially varying modulus (C*) associated with Gaussian curvature.
f Force per unit area applied by actin in the current configuration

f Force per unit mass applied by actin

Y Mass per unit area in the current configuration

Lo Mass per unit area in the reference configuration
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CHAPTER 3 ORTHOTROPIC SPONTANEOUS

CURVATURES IN Lirib MEMBRANES

3.1 Introduction

Cellular membranes undergo dynamic remodeling for successful execution
of various processes such as cellular transport, cell mobility, cell division to name
a few [29,130,5} 31,132, 33]. This, in general, entails local bending of the membrane
that could single-handedly or collectively be caused by i) curvature-inducing pro-
teins or lipids, ii) active forces-generating cytoskeletal filaments, and iii) symme-
try breaking enzymes [32,33]. In the existing literature on membrane mechanics,
this bending effect has been modeled on the continuum scale by introducing a
so-called spontaneous curvature field. The application of this concept has ranged
from studies modeling shapes of biological structures such as red-blood cells to
studies modeling processes such as cellular transport [5} 29].

The idea of a spontaneous curvature field is tied to the form of the strain
energy function of a lipid membrane. For the Helfrich model, the strain energy
depends on the local mean curvature and the Gaussian curvature of the sur-
face [23] 34, 35]. For this model with quadratic dependence on mean curvature
and linear dependence on Gaussian curvature, a preferred geometry imposed
by curvature-inducing proteins can be generated by prescribing a resting mean
curvature and a Gaussian curvature. In general, the preferred mean curvature,
called the spontaneous curvature, has been used in the literature to regulate the
membrane geometry by shifting the vertex of the parabolic energy landscape (as-
sociated with the mean curvature) to the prescribed curvature.

This approach works well for proteins that form spherical coats and induce
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an isotropic curvature such as in clathrin. However, BAR proteins impose a cylin-
drical curvature instead of a spherical curvature [36, 137, 38, 39]. Fig. shows
the two types of protein scaffolds and their effect on membrane geometry. As the
normal curvatures along the longitudinal axis and the circumferential direction
of a cylinder are different, spontaneous curvatures generated by such proteins
are anisotropic in nature. As a consequence, the standard Helfrich model is not
equipped to model such membrane-protein interactions because of the inherent

isotropy assumed for its derivation.

(a) (b)

Figure 3.1: Different types of protein scaffolds around the membrane (shown in
red). (a) A spherical scaffold made by proteins such as clathrin, and
(b) a cylindrical scaffold as those made by BAR proteins.

To address this issue, several studies have proposed a modified quadratic
strain energy in different contexts. A generalized energy for membranes where
tilting and chirality of lipids gives rise to anisotropic spontaneous curvatures was
proposed in [40]. In a series of papers, the effect of anisotropic inclusions was
studied via a mismatch tensor that energetically penalized the difference between
the intrinsic curvatures preferred by the inclusions and the local membrane cur-
vatures along the preferred directions [41} 42, 43]. For a nematic membrane made
of rod-like molecules, a strain energy that incorporated spontaneous curvatures

in both the normal curvatures and the twist was proposed in [44]. Models for
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BAR protein attachment that account for membrane-protein electrostatic interac-
tions and symmetry breaking by loop insertion have been reviewed in [45]. In
addition to these works, computational models and all atom molecular dynamics
model have been developed to investigate the interaction of BAR proteins with
the lipid membrane [46| 47, 148, 49| 50, 51, 52} 53]. For an extensive list of theo-
retical and computational studies on membrane-protein interactions, we refer the
reader to [54, 55].

In this chapter, we build upon these works to present a detailed derivation
of a generalized theory to model interactions of a membrane with non-spherical
protein scaffolds. In particular, we derive the Euler-Lagrange equations in a fully
nonlinear setting for an inhomogeneous membrane that is equipped to capture
spatial variations in membrane and protein coat properties. In addition to the
modified shape equation, we present the force equilibrium equation in the tangential
plane that has not been discussed before in the context of orthotropic membranes.
Furthermore, we derive the explicit expressions for forces and moment that act

locally at any arbitrary boundary in such a membrane.

3.2 Strain energy

Lipid membrane and the protein scaffold form a non-standard compos-
ite system. It bears similarity to fiber-reinforced solid materials that exhibit
anisotropy generated by the directionality of the fibers [56]. However, there is a
fundamental difference that distinguishes the two materials. In a fiber-reinforced
material, the fibers are embedded in the matrix and as a result, the fibers get con-
vected with the matrix when subjected to a deformation. In contrast, BAR pro-
teins are not transmembrane proteins and sit outside the outer monolayer. Thus,

while the protein shell is more solid-like, the membrane inside still remains fluid
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allowing lipids to diffuse over the surface. Furthermore, the curvature-inducing
proteins are more dynamic and can diffuse and reorient on the surface and self-
assemble in different configurations depending on their spatial distribution and
membrane geometry. As a result, these proteins cannot be modeled as embed-
ded entities that get convected with a deforming membrane. This fact limits the
use of symmetry arguments in reference configuration typically used to obtain
restrictions on the constitutive functions of fiber-reinforced materials. To circum-
vent this problem, we impose symmetry restrictions in the current configuration,
similar to the approach proposed in [41, 42} 43]. This ensures incorporation of
directional effects from the curvature-inducing proteins without picking-up un-
physical effects due to protein embedding.

Let w be a two-dimensional surface with a non-uniform distribution of cres-
cent or banana shaped bar proteins that prefer anisotropic curvatures. The locus
of points on w is tracked by the position vector r(6#) where 0# (u = 1,2) are
the surface coordinates. The metric and curvature tensor on the surface are com-
puted based on this parametrization as mentioned in Chapter 2. We assume that
the curvatures induced by the proteins depend both on the geometry of the pro-
teins and their local concentrations. The orientation of a protein on the surface
is given by a unit vector A(6#) that is tangential to the 1-D curve that captures
the in-plane protein geometry as shown in Fig. The orientational vector
A and the surface normal n furnish a third orthonormal vector y = n x A which
together form a local triad {A, #,n} at any point on the surface.

Since a membrane behaves as a fluid shell offering bending resistance, the
strain energy function depends on the curvature tensor b. However, unlike the
classical model, for the present case we assume an additional dependance on a
structural tensor

M=AQA—-u®u (3.1)
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to capture the anisotropic spontaneous curvatures generated from membrane-
protein interactions. Such a structural tensor is routinely used to define or-
thotropic symmetry in two-dimensional materials [57]. In the present setting,
we do not resort to a reference configuration and require the model to have or-
thotropic symmetry in the current configuration. This is motivated by the fact
that a banana shaped protein rotated by 180° cannot be distinguished from the
original protein. As a consequence, the normal spontaneous curvatures they gen-
erate are also indistinguishable (Fig. [3.2(b)). As is necessary for any material, we
require the strain energy density W(b, M) to be Galilean invariant. This yields a

list of invariants
I = {tr(b), tr(M),det(b),det(M), tr(Mb) }. (3.2)

Since the second and fourth invariants above are constant scalar fields, the irre-
ducible basis comprises of three elements H, K, and D where H = tr(b)/2 is the
mean curvature, K = det(b) is the Gaussian curvature, and D = tr(Mb) /2 is the
curvature deviator. In addition to H and K present in the Helfrich model, W now
has dependence on a new element D because of the directionality imposed by an
orthotropic protein scaffold.

To get insight into the invariants, we compute them in terms of the local

principal curvatures. In the {a,, ag} and {A, u} bases, they can be expressed as

1

H= 5‘1“%“/3 = (k2 + %) /2,

K= %s"‘ﬁseq’ba@bﬁlp = K\Ky — 72, (3.3)
1

D= ib“ﬁ(/\a/\ﬁ —uuP) = () — Ku)/2,

where,

Ky = baﬁ/\"‘/\ﬁ, Ky = b,xl;y“yﬁ, T= baﬁ)\"‘yﬁ (3.4)

are the normal curvatures along A and p, and the twist, respectively. Above, A*
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(a) (b)

Figure 3.2: Protein attachment on the membrane. a) Orientation of the protein
in the tangential plane, and b) 180" rotation of the protein about the
surface normal leads to an indistinguishable state.

and p“ are the projections of A and u along the tangent vectors with

A*=A.a% and
(3.5)

o

pt=p-a"=(nxA)-a"* = 89“)\‘/’5194,,

where ¢ = a71/2e%, 0 = det(a,p) and e*f is the permutation tensor with
e!? = —¢?! = 1 and zero if « = B. From eq. 3, it is evident that D is the
difference in the normal curvatures along the two orthogonal directions allowing
us to prescribe a new spontaneous curvature Dy that captures the protein-induced
anisotropic curvatures. This is similar to prescribing Hy, the spontaneous curva-
ture associated with the mean curvature in the Helfrich model. Since {H, D}
together uniquely determine {x,,x,} and vice-versa (see eq. , prescribing
{Ho, Do} is analogous to imposing preferred curvatures {9, Kg} in the two di-
rections A and u. In contrast, imposing a set of {Hp, Ko} can lead to infinitely
many combinations of {«, K?l}. Hence, the unique direction of attaching proteins

cannot be deciphered in a model that depends solely on H and K.
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3.3 Variations

Based on the Kirchhoff-Love Shell theory assumptions of constant thickness
and lipids aligned with the normal direction, we write the energy functional ac-

counting for lipid bilayer interacting with orthotropic proteins as:
E— / (W(H, D, K; 6%) + A(6"))da — pV(w), (3.6)
w

with A and p as Lagrange multipliers to constrain the area and volume enclosed
respectively.

We consider a family of surfaces generated by r(6%; €). The virtual displace-
ment of the surface is given by u(6%) = 2r(6 ;€)je=o = T, where the superposed
dot refers to the derivative with respect to the parameter € [27]. Variation of E in
yields

E:/deaJr/w(WJr/\)(]'/])da—pV, (3.7)

where | = v/a/ A is the ratio of the material area after deformation to that before,
and

W = Wy H + WK + WpD. (3.8)
The variations of the mean curvature and the Gaussian curvature are given by

ZH = a"‘ﬁbaﬁ — b“ﬁd“ﬁ,

(3.9)
K= —K(Za/gliaﬁ + E“'Bbalg.
Variation of the curvature deviator, using (3.3)3, can be expressed as
o 1. .
D= E(KA — Ky). (3.10)
Using (3.4), variations of ) and «x, can be expressed as
k) = bupA“AP +2b,6AAP  and
(3.11)

ki = bupp® 1P + 2by gt P
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It is important to emphasize here that there are two mappings from the pa-
rameter space to the current configuration. One is the position field r (6*) and the
other A(6*), which specifies the in-plane orientation of the protein dimers. These
proteins are convected to the surface such that they remain in the tangent plane
of the surface in all configurations. Thus, the variations have to be considered
such that A -n = 0. The superposed dot over the line represents the variation
of the overall quantity. Since, the orientation of protein along the surface is not
convected to the surface, it's component along the surface is assumed to remain

constant while considering the variations such that,
A-azat =0. (3.12)

Hence, the variation of A is completely normal to the surface and can be written
as,

A=A -n)n (3.13)

Similarly, variation of y, is
p=nxA+nxpg=nxA. (3.14)

Since n-n = 1, n is perpendicular to n and lies in the tangent plane. As a
result, n x A is oriented along the normal whose projection in the tangential plane
vanishes.

Thus, using eq. (3.5), eq. 3.13), eq. (3.14) and the relation a* = a*7a,, we

can compute

A =a"T(A-a,) + (A a,)a*? and

(3.15)
= % () + (2 )a.
Substituting (3.11) and (3.15) in (3.10), we can finally obtain
1. ,
D = Sbup(AAP — i 1P) + bug[a*7ay - (APA — ) .16

+a"7ay - (APA — pPp)).
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3.3.1 Tangential Variations

A

For tangential variation u = u"a), we have (chapter 2)

- A
a, = u'lpay, +u'by,n

and

a7 = —a"a7" (ug,p + uyp).

Substitution of (3.17) and (3.18) in (3.15)1 furnishes

A = =Aqa™a" (ugy + ) + a"CuA,.

Since the metric is covariant constant,
cﬂlpuq);g = u:g, and a”‘gug;lp = Uy
Combining (3.19) with eq. (3.20) yields
yao _ Yo
AT = =MV,
Following a similar procedure, we can show

'lX__

it = —pbuly.

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

We employ (3.11), (3.21), (3.22) along with the Mainardi-Codazzi equations, and

the variation of the covariant components of the curvature tensor [27]

bDC‘B — uszﬂﬁ + l/l?‘Bb;?p( + unbr]a;’g

to compute

K)\ — uﬂbaﬁ,ﬂ)\lx)Lﬁ, al’ld K’,{ - uqbzxﬁ,ﬂ.uw‘uﬁ'

(3.23)

(3.24)

Substitution of (3.24) in (3.10) finally furnishes the variation of the curvature de-

viator

D= u”baﬁm()ﬂ"}\ﬁ — uuP)/2.
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Further, we note that since A and u span the tangent plane and are unit vectors,

we can write the contravariant basis such that,

a*=@" - M)A+ (@ - p)p. (3.26)
Thus we obtain,
a*f = AP b (3.27)
Using this we can write,
D = ubygy (2AAP — a*F) /2. (3.28)

Having obtained D, we can now proceed to derive the force equilibrium equation

in the tangential plane. Since V vanishes for tangential variations and J/] = u§7,7

[27], we can write eq. (3.7) as
E— / W — (W + A, |da + / [ (W + A)],da, (3.29)
w w

where

W, = WiH,, + WiK, 57 + WpD,,, + W /36" (3.30)

Making use of H = u"H ,, and K = u"K ,, (derived in Chapter 2) together with eqs.
, B.28), (3.29), (3.30) and the Stokes” theorem, we compute the Euler-Lagrange

equation

Ay = —0W /00" — Wpbug(A“AF),. (3.31)

The above equation allows for the computation of the surface tension field on
the surface. It generalizes the tangential equilibrium equation derived in [27,
18] for homogeneous membranes and in [28] for membranes interacting with
isotropic curvature inducing proteins. The first term on the right is a result of
spatial heterogeneities in membrane properties and holds both for isotropic and
anisotropic membranes. The second term is specific to anisotropic membranes

and is governed by the functional dependence of the strain energy on D and the
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orientation of the proteins. If the membrane is homogeneous and isotropic, right-
hand side would vanish, furnishing a uniform surface tension over the entire
surface. However, if the properties vary spatially or have a directionality, as is
expected in the present context, the right-hand side can be non-zero forcing the

surface tension to evolve over the surface.

3.3.2 Normal Variations

For normal variation u = u(6*)n, we follow a similar procedure. Using eq.

(3.15) and the relations

;:1“ = Uyn — ubfaﬁ, and fop = —2ub,x5, (332)
(from Chapter 2), we derive
A% = ubya*¥A,, and  p® = ubya*tu,. (3.33)

Substituting (3.32) and (3.33) in (3.11), we compute the variations of the normal

curvatures
Kn = [tap + ubyybEJAAP  and
wpT TR (3.34)
Ky = [Uap + ”bﬂwbg]y“yﬁ,
which together with (3.10) yield
D = (uap + ubuy b)) (AAP — ) /2. (3.35)
Substituting (3.35), along with the relations
2H = Au +u(4H* - 2K), j/] = —2Hu
(3.36)

and K = 2KHu + (b*Pu,) 5/

7,
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from chapter 2 in eq. and employing Stokes” theorem, we compute the

associated Euler-Lagrange equation

1 1 1 -
SIWD(VAS — i) + W (AP — i g + A5 W) + (Wic) b

+ Wy (2H? — K) 4+ 2H(KWg — W) — 2HA = p.
(3.37)

This is the modified shape equation in the context of anisotropic membranes. Sup-
pressing the dependence of W on the curvature deviator D, yields the original

shape equation for the isotropic lipid membranes [28)| 26, 27, 18].

3.3.3 Edge conditions

With the Euler-Lagrange equations (3.31) and (3.37) satisfied, the variation of

the energy E for a surface w with a boundary dw reduces to Eg = B; + B, where
B; = /a (W + A)uv,ds (3.38)
w

and . .
B[ [E(WH o) s — 5(Wit)a

— (Wp),a)v"u + (Wib™ + WpA*AP)vgu o (3.39)

— ((Wi) uB* + (WpA*AP) o )vgu | ds.

Similar to the derivation in chapter 2, we re-parameterize the surface at the
edge in terms of arc length and normal to the edge. We define a vector T as the
unit tangent to dw as shown in Fig. by taking the derivative with respect to
arc length parameterizing the boundary dw , T = %. The unit normal to
the boundary lying in the tangent plane to the surface can then be defined by the
vector v = T X n. Using the orthonormality of v and 7, we can decompose the

derivatives u , in (3.39) as u , = Tuu’ + Vo1, where 1 is the derivative along T in

the direction of increasing arclength and u , is the normal derivative along v [26].
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We combine this with u, = —T-w — (kx,v + TT) -u and # = u - n to recast the

edge contributions for a piecewise smooth boundary as

EB:/ (Fvv+FTT+an)-uds—/ Mt - wds
dw dw

(3.40)
+ Zfl' -u;,
i
where ) )
M = Wi + ke Wk + WpA*APuguy — S Wp
FE=W+A—-—x,M
PT — _TM
1 i (3.41)
Fn = (TWK)l — E(WH),V — (WK),ﬁbaﬁl/a
1
+ 5 (Wp) v — (WpA*AP) gve — (WpA*APupmy)f

f; = (Wk[t] + Wp[A*APugry])im.
Square brackets indicate forward jumps in values within the brackets at corners
of the boundary, where there is a jump in 7. Above, M is the bending moment
per unit length, F, is the in-plane normal force per unit length, F; is the in-plane
shear force per unit length, F, is the transverse shear force per unit length and f;
is the force applied at i th corner of dw. As expected, the anisotropic contribution
to the strain energy results in modified expressions for the boundary forces and
moment, furnishing an extension to the edge conditions derived for isotropic

membranes [58, 59, 60, 61]].

3.4 Example

In this section, we test the proposed theory by simulating the constriction
of a cylindrical tubule by an exterior scaffold made of crescent shaped proteins,
such as BAR protein dimers. To this end, we customize the equations derived in

the previous section for axisymmetric surfaces parameterized by meridional arc
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length s and azimuthal angle 6. For such a surface,
r(s,0) =r(s)e,(0) +z(s)k, (3.42)

where r(s) is the radius from axis of revolution, z(s) is the elevation from a base
plane and (e, eg, k) form the coordinate basis. Since (/)% + (z/)?> = 1, we can

define an angle ¢ such that
r'(s) =cosyp and Z'(s) =siny. (3.43)

Above and in the rest of the section, ()’ = 9()/ds. With #! = s and 6 = 6, we can

easily show that

a;=r'e,+7k, a)=rey and
(3.44)

n = —sin(y)e, + cos(¢P)k.
Using and its derivative, we can show that the metric (a,5) = diag(1,1?),
the dual metric (a*f) = diag(1, rlz), and the covariant components of the curvature
tensor (byg) = diag(y’,rsin). Together they furnish the two invariants

2H =y’ + @ and K= H?— (H— (siny)/r)2 (3.45)

The BAR proteins align in a helical pattern on the membrane tubule [38].
The lateral and tip to tip interactions between the dimers help to deform the
underlying membrane [51]. To achieve this efficiently, the BAR proteins maintain
close proximity and orient themselves on the cylindrical surface with low tilt
angle [37] (tilt with respect to the longitudinal axis of the tubule). Thus, for our
simulations, we neglect the small tilt angle and assume a continuous distribution
of crescent shaped dimers aligned in the circumferential direction. As a result,

the two orientation vectors are given by
A= —ep, and pu = cosye,+ sinyk. (3.46)

The corresponding normal curvatures in the two directions become x, = (siny)/r

and x, = . Together, they yield the curvature deviator D = [(siny)/r — ¢']/2.
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We consider an extension of the Helfrich energy W that is quadratic in the
mean curvature H and the curvature deviator D. For the time being, we suppress
the dependence of W on the Gaussian curvature K as the influence of protein coat
on the Gaussian modulus is not yet known. We discuss the possible consequences
of different Gaussian moduli in Section 3.4/1. The generalized form of W can

therefore be written as

W(H, D;s) = ki(s)(H — Hy(s))* + k2 (s)(D — Dy(s))?
X (3.47)
+ 2kia(s) (H — Ho(s)) (D — Do(s)),
where Hy(s) and Dy(s) are the preferred H and D values that arise because of
the anisotropic curvatures generated by the protein scaffold. In addition to the
spontaneous curvatures, we assume the protein scaffold also alters the effective
bending moduli and hence, allow them to vary spatially. In the absence of the
protein coat, the last two terms vanish, furnishing the standard Helfrich energy.
To get some additional insight into the membrane-protein system, we can express

the above energy in terms of the normal curvatures in the A and u directions in

lieu of the mean curvature and the curvature deviator. With the help of (3.3); and

(-3)3, eq. (3.47) can be written as

W = ky(s) (1 — 13(5))2 + ka(s) (1 — x5(s))?

(3.48)
+2k12(s) (k2 — 13(5)) (i — 1 (5)).
The link between the eqs. (3.47) and (3.48) is provided by the relations
ki = k1 +ky + 2k1p, ky = ky +ky — 2k1,
kio = (k1 — ko), (3.49)

Ho = («§ +K2)/2, and Dy = (3 —K2)/2.

In eq. 1} {x9, Kg} and {kq, ko } are the spontaneous curvatures and the bending
moduli along the directions A and p and hence, provide a more intuitive picture

of the effect of the protein scaffold on the membrane in the two directions.
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The shape equation (3.37) for W(H, D;s) and axisymmetric geometry re-

duces to [
p = — +Wg(2H?> —K) —2H(W 4+ A — WpD)
r , (3.50)
(Wp)'cos )
e
r
where
1
L/r= 5[(WH)/ — (Wp)']. (3.51)
The equilibrium equation in the tangent plane (eq. (2.41)) takes the form
AN =-W. (3.52)

We account for the area incompressibility of the membrane by transform-
ing the independent variable from arclength s to area a employing the relation
da/ds = 2mr. In addition, we non-dimensionalize the system of equations and

define
7=r/Ry, Z=2z/Rgy, = a/27'(R02, iy = Roxky,
. = Roxy, H = RoH, D = R¢yD, A = AR¢*/ko,
(3.53)
L = RoL/ko, k1 = ki/ko, ko = ko /ko,
and ]_(12 = f(lz/k().
where Ry is a reference radius of curvature and ko is the bending modulus of the

uncoated membrane.

The uncoated tubule has a uniform circumferential radius (%, = 0.5) with k; = 1,

O:

l_czzl_cu:Oanng:KM

0. We simulate the shape evolution of the tubule for
a sequence of non-uniform protein concentrations (Cy, C;, C3) shown in Fig. 3.3p.
In a realistic setting such a changing spatial concentration would correspond to
a binding-driven accumulation of the protein dimers. Since in the present study
we do not explicitly model the self-assembly dynamics of dimers, we prescribe

the protein concentration field a priori. We cap the concentration to a maximum

value as the protein size and geometry would impose a physical restriction on the
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packing density. We assume that the effective membrane parameters influenced
by the protein coat (Hy, Do, k1,k;) depend linearly on the protein concentration
field (Fig[3.3b). A concentration dependent preferred curvature has indeed been

experimentally observed for the BAR domain attachments [36].
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Figure 3.3: (a) Three prescribed spatially varying protein concentration fields, and
(b) linear dependence of the various protein-induced parameters on
the concentration values

We assume that the protein scaffold prefers a narrower tubule and prescribe
a larger curvature (K?\ = 1) in the circumferential direction and zero curvature in
the longitudinal direction (kg = 0). In the (H, D) framework, these maximum di-
rectional curvatures transform to Hy = 0.5 and Dy = 0.5. These values correspond
to the maximum protein concentration and get scaled by the local concentration
values in the rest of the coated domain. In addition, we assume that the protein
coat results in increased effective bending modulus and set k; = 2, k» = 1 in

the highest concentration region. These parameters, computed from eq. (3.49),
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assume a two times stiffening of the membrane in the A and pu directions. This
choice of parameters is in agreement with a stiffness of 20 & 10 kgT for the BAR
proteins computed by the shape based coarse graining approach [46].

For the above mentioned parameters, we solve the differential equations

(3.43), (3.45)1, (3.50), (3.51) and (3.52) over an area domain varying from 0 to

do = 30 for vanishing transmembrane pressure subject to the boundary condi-

tions
70)=2, z(0)=0, ¥(0)=m/2,

(3.54)
7(ap) =2, ¢(ag) = /2, and A(dp) = 1/16.
The last boundary condition is obtained from the solution of the standard shape
equation to maintain the original cylindrical geometry far away from the protein
coat domain.
The computed tubule geometry and the surface tension field are shown in
Fig As the protein coat continues to grow, the preferred circumferential and
meridional curvatures are effectively imposed and the tubule attains a smaller
radius in the coated domain (Fig. [3.4p). It is important to note that the changes
in the geometry are accompanied by a concomitant change in the surface tension
values shown in Fig. 3.4b. The surface tension profile closely follows the concen-
tration profile. From a far away normalized resting tension of 0.06, the surface
tension increases to 0.27 in the protein coat domain (for C3 concentration field)
leading to an approximate increase by 450%. Such a drastic change in the surface
tension would be specifically relevant to comprehend the role and energetics of
fission proteins that form cylindrical coats. The role of the tangential equilibrium
equation in capturing the spatial variation in the surface tension can thus not be

undermined.
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Figure 3.4: (a) Tubule shapes for the three concentration fields. Red curve is the
protein coated segment while the green curve is the uncoated segment.
(b) Surface tension field for the three geometries.

3.4.1 Effect of Gaussian modulus

In the results presented so far, we have suppressed the role of Gaussian en-
ergy because of lack of experimental/numerical data on an estimate of the Gaus-
sian modulus in the protein-coated domain. If the modulus remains unaffected
by the scaffold, which appears rather non-intuitive, the equilibrium equations
and the boundary conditions remain unchanged and the results presented before
hold. If the modulus changes spatially, like the other bending moduli, it would
affect both the geometry and the membrane stresses. To get a quantitative in-
sight into this effect, we revisit the tubule problem with a modified strain energy
W(H,D,K;s) = W(H, D;s) + k(s) (K — Ko(s)), where the first term is the energy
in eq. and the second term is the contribution from the Gaussian curvature.
Since crescent shaped dimers prefer a cylindrical geometry, we set Ky(s) = 0. In
the uncoated domain, we set k = —ko based on the recent findings of Deserno
and co-workers [62]. In the protein-coated domain, we perform a parametric

analysis and compute the equilibrium solution for a few different values of k. A
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similar approach was adopted by Das et al. to model the impact of Gaussian
modulus on the geometry of a membrane with two distinct phases of lipids [63].
Since the constraint on the Gaussian modulus from the stability condition is not
known for anisotropic membranes at present and will be a subject of future study,
we allow the modulus to span both the positive and the negative regimes. The
tubule shapes and the membrane tension variations for three specific values of
maximum k (k = ko, —ko, —3ko) corresponding to the C3 concentration field are
shown in Fig. The changes in the overall geometry are rather subtle with
minor variations occurring near the membrane-coat interface. The changes in the
membrane tension, however, appear more significant, especially for the positive
value of the modulus. Overall, the variations in the Gaussian modulus do not

alter the qualitative response of the tubule.

3.5 Conclusions

We have derived the generalized theory for lipid membranes that interact
with protein scaffolds inducing anisotropic spontaneous curvatures. In addition
to the mean curvature and Gaussian curvature, the strain energy for a membrane
interacting with a protein scaffold with orthotropic symmetry depends on the
curvature deviator. Inclusion of this new invariant alters both the equilibrium
equations and the edge conditions as shown in this paper. The proposed theory
is equipped to model various kinds of spatial heterogeneities that may arise be-
cause of the membrane-protein interactions. We show the efficacy of the theory
by modeling squeezing of a tubule by crescent shaped proteins. We emphasize
the role of the equilibrium equation in the tangential plane by evaluating the sur-
face tension field on the surface and showing its non-uniform behavior. Since

membrane tension is a critical player in several cellular processes and remains
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Figure 3.5: (a) Tubule shapes for the three prescribed Gaussian moduli for C3
concentration field. Red curve is the protein coated segment while the
green curve is the uncoated segment. (b) Surface tension field for the
three geometries.

an enigma in experimental studies, modeling-based quantitative estimates of ten-
sion can prove to be of vital importance. We model the influence of Gaussian
modulus on the equilibrium geometry and the membrane tension. Although the
influence of protein-coat on the modulus is unknown at present, comparison of
the experimental data on tubule shapes with the simulation results might provide
an avenue to gain insight into the nature of the modulus.

Overall, the proposed framework would be valuable in comprehending bi-
ological phenomena where membrane-protein scaffold interactions play an im-
portant role. This bears special relevance for modeling of endocytic pathways in

yeast and mammalian cells as cylindrical protein coats play a critical role in both
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vesicle formation and fission. Lack of an apt mathematical framework may lead
to erroneous conclusions about the need and roles of different components of the
endocytic machinery. In addition, the proposed framework would form the basis
for formulating a dynamic model to capture self-assembly of such proteins on a
curved surface. This would be critical for understanding curvature-based protein

sorting and localization in cellular membranes.

52



CHAPTER 4 ENDOCYTIC PROTEIN DRIVE
VESICLE GROWTH VIA SNAP THROUGH

INSTABILITY

41 Introduction

As discussed in Chapter 1, CME entails significant local bending of the mem-
brane, transforming an almost planar patch of a bilayer into a spherical vesicle.
This makes CME highly sensitive to the resting tension in the membrane. A
higher tension in a membrane makes a membrane taut, making it harder to bend,
thus, increasing the energetic cost required to form new vesicles. As a conse-
quence, in cells experiencing high membrane tension, such as yeast cells and
mammalian cells with polarized domains or those subjected to increased tension,
actin dynamics has been found to be necessary to provide additional driving force
to successfully complete CME [11], (16, 64, 65| 66| 67, 68]. Although this fact has
been established by seminal experimental studies, how actin forces actually drive
vesicle formation and can facilitate vesicle scission are not well understood. In
addition, the role of another key membrane remodeling protein- the BAR protein,
in overcoming tension has not yet been explored. In this chapter, we pursue a de-
tailed theoretical and computational analysis to unravel some new mechanisms
by which these key endocytic proteins (actin and BAR proteins) offset membrane
tension, drive vesicle growth and assist vesicle scission.

We begin by posing a conundrum. In yeast cells, clathrin, actin and BAR pro-
teins contribute to vesicle formation in different capacities. While the inhibition
of actin polymerization completely arrests endocytosis [16} 165, 67, 68]], the absence

of clathrin and BAR proteins only leads to about 50% and 25% reduction in the
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internalization events, respectively [7, 16,169, 70, 71]. Although a high scission rate
is maintained in BAR mutant cells, there is a fundamental difference between the
shape evolution process in these and the wild-type cells. In the wild-type cells,
a shallow invagination turns into an elongated vesicle with a constricted neck
prior to scission which is successfully imaged in experimental studies (Fig.
[7, 16} 72]. In contrast, such an intermediate shape is not observed in BAR mutant
cells. After a shallow and broad invagination, experimental images are only able
to capture detached vesicles in the cytoplasm (Fig. where lipid membrane is
shown in yellow, clathrin coat in red, actin filaments in blue, and BAR coat in
green) [7]. This is rather intriguing as the existing model of membrane scission
requires lipids to come in close proximity and pass through a hemifission state
prior to scission to avoid any leak during the topological transition [73, 74,75, 76].
How then does a shallow invagination directly transform into a detached vesicle?
We will show in later sections that this conundrum is at the core of the shape-
evolution mechanism in the presence of resting tension in the plasma membrane
and is critical for understanding the roles of actin and BAR proteins in CME.
Several theoretical and computational studies have advanced our physical
understanding of CME in both mammalian and yeast cells [28, [77, 78| [79]. Liu
et al. [77] studied vesicle formation and scission in yeast cells under the action
of curvature-generating proteins and actin filaments. The study highlighted a
critical role of lipid phase boundary-induced line tension in budding and scission.
In a follow-up work, temporal and spatial coordination of endocytic proteins was
studied in an integrated model to simulate endocytosis in mammalian and yeast
cells [78]. The study showed a dynamic two-way coupling between the membrane
geometry and the various biochemical reactions. Agrawal and Steigmann [28],
employed a unified theory of heterogeneous membrane to show that clathrin

coat could drive vesicle formation without assistance from line tension in the
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Figure 4.1: In wild type yeast cells, actin and BAR proteins turn a shallow invagi-
nation into a mature vesicle with a tubular neck. In BAR mutant yeast
cells, the intermediate vesicle with a constricted neck is not observed.

absence of a resting plasma membrane tension. Agrawal et al. studied the roles
of epsin and clathrin in the nucleation of membrane vesicles [79]. Although these
studies have provided fundamental mechanistic insights into CME, the physical
underpinnings of the remodeling mechanism in the presence of tension and the
specific roles played by key proteins in countering tension remain unaddressed.
In this study, we simulate membrane-protein interactions at the continuum
scale to explore the consequences of finite tension. We first model the effect
of actin forces in driving the growth of a shallow clathrin-coated vesicle. We
find that until a critical force is reached, the vesicle undergoes smooth transition.
Once the critical force is crossed, it experiences a snap-through transition that
drastically elongates and squeezes the vesicle. This leads to a significant in-plane
stress in the tubular region of the vesicle that far exceeds the rupture tension.
We then model the effect of BAR proteins. We find that the attachment of BAR
proteins also drives vesicle formation by instability but it is much more gentle

compared to the actin case. To our surprise, we find that after the instability has
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occurred, the dissociation of BAR proteins leads to a larger elongation and growth
of the vesicle. We predict vesicle shapes at different stages of CME which closely
match those observed experimentally in yeast cells. To test the in-plane stress as a
criterion for membrane scission, we simulate the geometries of detached vesicles.
We find that the vesicles in the actin-driven case (in the absence of BAR proteins)
are smaller than the vesicles in the BAR-driven case. In the latter case, the BAR
proteins end up in the vesicle along with the clathrin coat as observed in [7]. We
finally show that the membrane tension is the key parameter that regulates vesicle

morphology.

4,2 The Model

The central feature of our model is that it incorporates protein-induced het-
erogeneities in the membrane in a seamless manner. As was shown in [28) [89],
this generalization has a crucial consequence. It breaks down the well known
requirement that the surface tension has to be uniform in the entire membrane,
as is the case for a homogenous membrane. This feature is very pertinent as
tension and its impact on membrane remodeling are at the center of this study.
The fact that non-uniform tension can exist in the plasma membrane of cells is
supported by experimental studies. The tension-based variation in the roles of
actin-dynamics on the apical and basolateral surfaces of polarized MDHK cells
[11] unambiguously shows that the tensions in the two parts of the same plasma
membrane are different. It is, therefore, extremely crucial to capture the local
variations in surface tension by allowing for heterogeneities in the membrane in
order to model all the nuances of the membrane-protein interactions and their
effect on membrane geometry. An overview of the key physical concepts that

govern membrane-protein energetics is discussed next.
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Figure 4.2: (a) Remodeling mechanisms of the three key endocytic proteins.
Clathrin coat imposes spherical geometry, actin filaments apply forces
and BAR imposes cylindrical geometry onto a lipid bilayer.

i) Lipid Membrane: The lipid bilayer is modeled as a two-dimensional sur-
face embedded in three dimensional space. Since a relative misalignment of the
lipids costs energy, a bilayer offers flexural stiffness. For an isotropic fluid bilayer,
the areal strain energy density depends on the local mean curvature (H) and the
Gaussian curvature (K) of the surface [5), [18] [19, 23| 29, 90]. For our model, we
employ the well known Helfrich-Canham energy density, W = kzH? + kK, where
kg and k are the bending moduli. The values of these parameters and those dis-
cussed later are presented in Table Since a lipid bilayer sustains a very small
areal dilation (less than 2-3%) [5, 20, 29], we assume that any arbitrary patch on
the bilayer surface maintains its area. This results in a Lagrange multiplier field A,
which is well known as the surface tension in the membrane. (Reader is referred
to Table [2.1] for notations)

ii) Clathrin coat: Tri-legged proteins, called triskelions, assemble to form a

clathrin scaffold that imparts a spherical geometry to the underlying bilayer (Fig.
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4.2p). The preferred mean curvature of the sphere, called the ‘spontaneous cur-
vature’, is isotropic in nature. In other words, the curvature induced by clathrin
is identical in all the directions in the tangent plane at any point on the coated
membrane surface. In addition to curvature generation, clathrin scaffold also stiff-
ens the membrane resulting in an increase in the bending moduli of the coated
domain [82]]. These effects manifest themselves in the form of a modified strain
energy density W = kp(H — Hp)? + kK, where Hy is the spontaneous curvature
and {kg, Iéc} are the modified bending moduli.

iii) Actin forces: Polymerizing actin filaments apply a force f on membrane
invaginations. For a point on the surface with a unit surface normal n, projection
of f yields a normal component (f-n)n and an in-plane component f — (f - n)n
(red and blue arrows in Fig. [#.2p). Since the precise architecture of the actin net-
work in the vicinity of the invagination and the resulting forces are not yet well
established, we model a few different forcing scenarios shown in Fig. . In the
first case, we assume that the actin filaments form a branched network and are
connected to a portion of the clathrin coat. HiplR in mammalan cells and sla2p
in yeast cells have been known to establish this clathrin-actin link [14}, 91} 92]. We
assume that the actin filaments apply a vertical distributed load on the invagi-
nation. This is inspired from the model proposed by Idrissi and coworkers [72]
based on their ultrastructural analysis of endocytic profiles obtained using im-
munoelectron microscopy [68]. A similar model was found to be the most likely
driving mechanism when the initial coat fails to deform the membrane signifi-
cantly [8]. In the second case, we assume that the actin filaments form bundles
that apply vertical forces on an annulus at the interface of the clathrin domain and
the uncoated membrane. This model is aligned with the dendritic actin network
with collar-like arrangement observed via high resolution platinum replica elec-

tron microscopy and electron tomography [93]. This is also in agreement with the
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parallel bundled network scenario proposed by Drubin and co-workers [16] and
used in the computational study by Liu et al. on yeast cells [78]. In the third case,
we assume that the actin bundles apply inward acting horizontal forces near the
base of the invagination. This loading condition has been discussed by Collins
et al. [93] and Kirchhausen and co-workers [11] in the context of mammalian
cells. For all the loading conditions, we assume that the downward acting forces
are balanced by equal upward acting forces that impose global force equilibrium.
This should be true in the real scenario as the actin network or bundle has to
take support from some structure to apply forces on to the budding vesicle. A
natural consequence of this condition is that it allows the parent bilayer to main-
tain planar geometry outside the remodeling domain as observed in experimental
images.

iv) BAR coat: BAR dimers are crescent shaped proteins that bend the under-
lying bilayer by forming a cylindrical scaffold (Fig. #.2h). Such a bilayer possesses
local orthotropic symmetry and it’s strain energy depends on an additional phys-
ical parameter D, referred to as the curvature deviator as shown in previous chap-
ter. In addition, similar to the clathrin coat, the BAR coat also stiffens the mem-
brane [51]. To incorporate these effects, we prescribe bending energy which has a
quadratic dependence on D and a corresponding spontaneous curvature Dy. The
resultant strain energy takes the form: W = k{(H — Hy)? + ko(D — Dp)? + k3K,
where {k;,k;} are the modified bending moduli and k3 is the modified Gaussian
moduli.

We combine these contributions from the membrane and the endocytic pro-

teins to construct the total free energy as,
E =E, — Ey, (4.1)
where,
E, = /w[w A (6%)]da — pV(w), 4.2)
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and,

Ef = /w oF(0%) - (r — 19) da = /Q 00F(6%) - (r — 19) dA. 4.3)
In the above equations, A(6*) represents the spatially varying Lagrange multiplier
to prevent the local areal dilation and is termed as the surface tension field. p is
the transmembrane pressure which is the Lagrange multiplier of V, the enclosed
volume by the membrane patch w being studied. For the evolution of shapes
considered in simulations, the volume enclosed by an open patch of membrane is
not conserved. The transmembrane pressure has been set to zero as it is an order
lower than the pressure due to actin filaments. When the rupture stress is reached,
equilibrium shape of the detached vesicle is obtained by preserving the detached
area of lipid membrane and the volume enclosed by the vesicle. Moreover, it is
assumed that the force per unit mass applied by the actin filaments, f, is constant

from the reference to the current configuration.

Table 4.1: Parameters used for simulations

Symbol Significance Value Ref.
kg Bending Modulus of the bare lipid bilayer 20 kgT [80, [81]]
kg Bending modulus of the clathrin coated domain 200 kgT [82]
C Preferred curvature of the clathrin coat 1/50 nm~! [83]
p Transmembrane (Osmotic) pressure in the Yeast 1000 Pa [84]
f Max. force applied by the actin filaments 100 — 200 pN (85 186, 87]
fo Force intensity applied by the actin filaments < 2x10° Pa (85 186, [87]
Hy Preferred mean curvature of the BAR coat 0—(1/30) nm~! [48] [88]
Dy Preferred deviatoric curvature of the BAR coat 0 — (1/30) nm™! [48, 188]
ky Mean curvature modulus of the BAR coat 0-200 kgT [51]
ko Deviatoric curvature modulus of the BAR coat 0-200 kgT [51]
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4.2.1 Variations

Variation of the total free energy of the membrane-protein system can be

written as
E=Ey— (4.4)
where
E, = /w Wda + /w (W+A)(J/])da— pV 4.5)
and

’ (4.6)

] = Va/ A is the ratio of the material area after and before the deformation. We

obtain the equilibrium equations in the tangent plane,
Ay = —0W /00" — Wp(bug(A*AP),) — £ - ay, (4.7)

and along the normal,

1 1 1 -
E[WD(/\“/\ﬁ — 1) o+ EWD(NX/\!S — W UP)bay b + A(5 W) + (Wk),pabP

+ Wy (2H? — K) 4+ 2H(KWg — W) —2HA = p +f-n.
(4.8)

The in-plane component of the force intensity is added to the expression for spa-
tial variation in tension field and the normal component of the force intensity
gets added to the pressure when compared with equilibrium conditions obtained
in and (3.37). Since, the forces being applied by actin are distributed on
the domain of the surface, they do not affect the boundary forces and moment

derived in (3.41)).
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4.2.2 Axisymmetric Deformations

We assume that the deformations during membrane invaginations are ax-
isymmetric. We simplify the equilibrium equations {.7) and for axisymmet-
ric surfaces parameterized by meridional arc length 6! = s and azimuthal angle

62 = ¢. For such a surface,

r(s, @) = r(s)e,(¢) +z(s)k, (49)

where r(s) is the radius from axis of revolution, z(s) is the elevation from a base
plane and (e, ey, k) form the coordinate basis. Since (1')? + (z')? = 1, we can

define an angle ¢ such that
r'(s) =cosyp and Z'(s) =siny. (4.10)

In the above equations, superposed prime represents derivative with respect to
arc length such that, ()’ = d()/9s. For BAR coated domain, we consider a contin-
uous distribution of proteins on the surface with crescent shaped dimers aligned

in the circumferential direction such that,

1
A= M= ey =, p=ay=cos pe, + sin Pk. (4.11)

Same as the example solved in chapter 3, we obtain that

siny

2H = == +¢/,
2D — Slfr”P — ¢, and (4.12)

K= H?— (H — (sing)/r)>.

The normal curvatures «, and «, are (sint)/r and ¢’ respectively. For this
choice of A and p, the shape equation (4.8) for an axisymmetric geometry reduces

to

/ /
p+f-n:L7+WH(2H2—K)—2H(W+/\—WDD)+M, (4.13)
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where

L/r= 3[(Wn)' — (Wp)'] @19

The equilibrium equation in the tangent plane [#.7) takes the form
N=-W —f-aj. (4.15)

The above equilibrium equations (4.13), (4.14), and (4.15) remain valid even

for the uncoated and the clathrin coated domain of the membrane as the effective
membrane properties under the influence of clathrin and BAR proteins and the
forces due to actin filaments, are specified via a hyperbolic tangent function (tanh)
as shown in Fig. This ensures continuity and differentiability of the strain
energy density, W, at the interfaces of the protein coated membrane or the actin

forcing domain. In order to maintain a control over the domains over which
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a
Figure 4.3: Function used to specify domains over which prescribed curvature

and force fields generated key proteins are applied. F(d)= tanh [10(a —
d1)] - tanh [10*(a — ap)] with @, = 2, @ = 5 (for illustration).

clathrin, actin and BAR proteins interact with the membrane, we transform the

independent variable from arclength s to area a with by using the relation da =

27trds.

The strain energy density is considered of the form,

W = ki(a)(H — Ho(a))? + ka(a) (D — Do(a))*. (4.16)
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In the clathrin coated domain k1 = kg, k» = 0 and Dy = 0.The above can also be

written as

W = ky(xp — %)% + ko (1, — Kg)z + 2k1p (1) — &%) (e — Kg). (4.17)

The bending moduli in the {H, D} and the {x,,x,} framework are related by
the following expressions ki = ky = (ki + ko) and ki, = (k; — k). We have
ignored the effect of Gaussian modulus by assuming that the associated modulus
is constant in all the domains (clathrin coated, BAR coated and bare) of the lipid
bilayer and the edge has zero geodesic curvature.

We non-dimensionalize the parameters used to define,
F=r/Ro, Z=12z/Ry, @=a/21tRy?, &)\ = Roky, W = WR¢*/ko,
&y = Roxy, H=RoH, D = RoD, K = R¢’K, A = AR¢*/ko, (4.18)
L = RoL/ko, k1 = k1/ko, ko = ka/ko, 7 = pRo>/ko, = (Ro>/ko)f.
Here, Rp = 25nm is the normalizing radius of curvature and ko = 20kgT is the

normalizing bending modulus. Using the above mentioned normalized parame-

o

ters and defining the partial derivative with respect to @, () = 9() /04, the system

of equations to be solved can be written as

f=siny/7, z=cosy/7, (4.19)
P =R,\/7, (4.20)
L/ = %(VEVH — Wp), (4.21)

pD) — Wp cos P, (4.22)

and

A=-W—% a. (4.23)



In terms of the normalized principal curvatures, Eqs. (4.21)-(4.23) can be ex-

pressed as,

(4.24)
— 285 k1o (fn — &3) + ko (Ry, — kﬁ)]) — Wp cos 1,
. cos )k sin ¢ cos
&, = ( _gb) b ( 1P_3 ‘P), (4.25)
7 7
and
A= — (I_cl(m — &%) — 2ky (Ra — 3K + ko (Ry — &p))* — 2k (Ry, — &)
(4.26)
+2k12(K/\ _KA)(KF Kﬂ) —2k12(7?]/, KV)KA —Zklz(K/\—K/\)Kg),
where,
Wp = (2k; — 2k12) (Rx — &3) + (2k; — 2k12) (K3 — £3)
A . . ) (4.27)
+ (2k12 — 2k2) (Ky — K](/)t) + (2k12 — 2k2)(1%y — T%g),
and
s L 20 ]2(2 _ -0 ]_C12 o 20 IilZ = -0
Ky = oot + 6, — k_z(K” — &) — k_z(K)‘ — i) — k—z(m —&3)- (4.28)

The expressions for the boundary forces and moments reduce to (using

(G4T)),

+ 2kqp (k) — KR)),

(4.29)
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Boundary Conditions:

The system of equations to be solved comprises of six simultaneous ODE’s

#4.19), @.20), @.21), (#.22), and (4.23). We prescribe the following six boundary

conditions at the two ends of the simulation domain as shown in Fig. where

n represents the normal vector to the surface. Parametrization of surface is done
in terms of area rather than arc length to control the area over which clathrin
and BAR proteins attach to the membrane and actin filaments apply force on the
membrane. Directions of increasing area is represented with purple arrow while
direction for increasing theta is represented in green.

i) For the near end ata = 0
F=0, =0 and L =0(due to reflection symmetry about z axis) (4.30)

ii) For the far end at a = a
z=0, =0 and A = Ag(prescribed far end tension) (4.31)

The ODE’s along with the boundary conditions are solved in Matlab using ‘bvp4c

solver’.
02!
O,
1
e -0.2} Fd6_~
) De B n% dz
N —
-0.4] a dr
0.6}
0 05 1 15 2

Figure 4.4: Simulation domain where the boundary conditions are prescribed at
the end points (@ = 0, @ = a).
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4.3 Results

4.3.1 Actin forces drive membrane invagination via instability

We first present the actin-driven growth of a vesicle for loading case I (Fig.
4.2b) in the absence of BAR proteins. We assume an initial invagination has been
created by a clathrin domain of 3200 nm?. This estimate of coat size is based on the
study of Kukulski et al. [7] in which clathrin was found to form a hemispherical

coat on vesicles with an average size of 6400 nm?

. We assume that the resting
tension in the membrane is 0.5 mN /m. This estimate is computed from the Young-
Laplace relation based on an estimated turgor pressure of 1 KPa in yeast cells [84]
which have an average cell diameter of one micron [96]. The vesicle shapes are
computed in response to an increase in the intensity of the actin forces. Such
an increase in the force intensity (force per unit area) is expected to arise from
an increasing filament density which is observed experimentally in the vicinity
of the vesicle [14]. Similar to Oster and co-workers [78], we neglect the pressure
across the membrane as the force intensity due to actin is an order of magnitude
higher than the osmotic pressure.

Fig. presents our first key finding. The top row shows the vesicle mor-
phology at three discrete stages of actin loading. As expected, the invagination
grows as the actin force intensity is increased. The first shape is the initial invagi-
nation driven by the clathrin coat in the absence of actin forces (Fig. £.5p). As the
actin forces are increased, the invagination grows deeper reaching the geometry
shown in Fig. in a continuous manner. However, a further slight increase
in the actin force leads to an unexpected shape change characterized by a drastic
increase in vesicle length and a concurrent reduction in the tubule width (Fig.
4.5¢c). To gain insight into this discontinuous shape transition, we plot the force-

deflection response of the vesicle (Fig. [£.5(d). On the y—axis is the net vertical
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downward force due to actin filaments and on the x—axis is the vertical distance
of the tip of the vesicle from the initial flat configuration. The force-deflection
curve exhibits a classic snap-through instability and comprises of three phases. In
the first phase, the invagination grows monotonically as the force intensity is in-
creased. This branch tracks shape evolution from the geometry in Fig. to Fig.
[d.5pb. After reaching a peak force of about 190 pN, the system jumps to a point
on the third linear branch with a much larger invagination length and positive
slope. This represents the discontinuous transition from the shape in Fig.
to that in Fig. while the intermediate shapes are skipped during the loading
phase. The second branch with a negative slope is unstable and is never realized
by the system. Such a force-deflection response with instability bears some sim-
ilarity to that computed for a tether pulled out of a vesicle by a point force [97]
as shown in Fig However, unlike the force-deflection curve in Fig. this
response exhibits a horizontal third branch. As the pulling force is increased, the
tether elongates linearly till it reaches a critical point, beyond which it undergoes
a first order shape transition and continues to elongate at a constant force. In-
stability leading to morphological changes has also been observed in the context
of closed vesicles. For example, Smith et al. simulated the unbinding of an ad-
hered vesicle under the action of an applied point load and predicted a pathway
that passes through metastable shapes characterized by discontinuous transition
[98]. Agrawal and Steigmann showed that a closed vesicle with a preferred spon-
taneous curvature undergoes a snap-through transition when subjected to point
loads [26]].

The simulated shape just prior to instability is very similar to the shallow
50 nm invaginations observed in BAR (Rvs 161/167) mutant yeast cells by Briggs
and co-workers [7]. In addition, the computed and experimentally measured an-

gles between the membranes (defined in Fig. during the shape evolution
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Figure 4.5: (a) Vesicle shape at vanishing actin force. (b) Vesicle shape prior to
instability. (c) Vesicle shape post instability. (d) Force-deflection plot.
The jump undergone by the vesicle is highlighted with a red arrow.
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Figure 4.6: Force-deflection response in the absence of clathrin coat and counter
forces in the planar membrane adjacent to the vesicle site. Resting
tension in the membrane is 0.5 mN/m.
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presented in Fig. show a very good agreement. As the membranes become
parallel for a cylindrical tubule and the ones where neck has formed, the angle
becomes zero. In contrast, a highly elongated vesicle after the instability pre-
dicted by our model has not been experimentally observed in these BAR mutant
cells. Instead, as mentioned earlier, the experiments report a detached vesicle
directly after a shallow invagination. This leads to a natural question- why is
the computed post-instability shape not seen in experiments? To investigate this
issue, we compute the surface tension and the tangential stress in the vesicle as
it undergoes shape evolution. It should be noted that unlike soap films, the net
tangential stress in bilayer comprises of two components- the surface tension and
the bending-induced stress. The stresses for the shapes just prior to and after
instability are presented in Fig. F, is the net in-plane stress and A is the
surface tension. The maximum tangential stress in the vesicle just before the
snap-through transition reaches a value of 1 mN/m. After the transition, the
in-plane stress increases to 17 mN/m. To get a sense of how high this stress is,
we compute an average estimate of the lysis tension of a bilayer. Since a typical
bilayer can withstand a maximum of about 3% areal strain and has an average
stretch modulus of 250 mN/m [5, 20], it can endure a rupture stress of around
7.5 mN/m. The peak stress in the post-instability vesicle far exceeds this critical
value and as a result, before the elongated vesicle is realized, the bilayer is likely
to undergo rupture. Since the tubular domain is narrow (= 5 nm in diameter),
the lipids in the inner monolayer are adjacent to each other. This can allow a
non-leaky scission to proceed via the hemifission state. Thus, a snap-through
instability followed by a high stress-induced scission provides a mechanism by
which shallow invaginations can end up directly as detached vesicles, providing

a quantitatively tested answer to the mystery observed in BAR mutant yeast cells.
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Figure 4.7: Tip curvature signifies normal curvature at tip in the tangential di-
rection. Angle between the membranes is the minimum angle («x) be-
tween bilayers in the tubular domain. Definitions obtained from [7].
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Figure 4.9: In-plane stress (F,) and surface tension (A) in the vesicle just prior ();
to and post (), instability. In-plane stress comprises of the surface
tension and the bending-induced stress.

4.3.2 BAR proteins act as facilitators

We now simulate the effect of BAR coat proteins on shape evolution. To
this end, we incorporate the effect of BAR proteins starting from an intermediate
stage corresponding to a net vertical actin force that is lower than the critical force
needed to induce snap-through transition. Here, we present the results for a net
actin force of 160 pN (84% of the critical force value). To isolate the effect of BAR
scaffold on vesicle growth, we hold the actin force and the clathrin domain fixed
during the shape evolution. We follow the BAR dimer assembly trend observed
in yeast cells characterized by two main phases- the polymerization phase where
dimers self-assemble on actin-driven partial invaginations at a uniform rate, and
the depolymerization phase, where they begin to dissociate at a uniform rate
[78, 99]. This observed change in BAR concentration could be a consequence
of either an increase in the areal density of the dimers, or an increase in the
area over which polymerization has occurred, or both. For our simulations, we
allow both the areal density and area of BAR-coated domain to increase and

decrease simultaneously in the two phases (Fig. [4.10p). We further assume that
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the BAR coat-induced curvatures and stiffnesses are linearly proportional to the
dimer concentration. This assumption is based on the rationale that an increased
proximity between the dimers would lead to a stronger lattice with enhanced
remodeling capabilities. Such a behavior has been experimentally observed for

amphiphysins that bind onto vesicles at dilute concentrations [100].
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Figure 4.10: (a) Areal density and surface area of the BAR. Vesicle shapes dur-
ing the (b)-(c): polymerization phase and the (d) depolymerization
phase. (e)-(g) Observed vesicle shapes in wild-type yeasts [7].

Fig. (b through g) shows our second key finding. In the BAR-driven
case, the shape transition occurs in a more gradual and controlled fashion, in

contrast to the rapid and discontinuous transition in the actin-driven case. This is
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a consequence of the stabilizing effect of the BAR scaffold as it increases the flex-
ural rigidity of the coated domain, thereby reducing it’s compliance to bending.
The BAR proteins transform the shallow invagination to a more U-shaped invagi-
nation as shown in Fig. . An increase in the BAR density and area, leads
to vesicle elongation and a narrowing of the neck domain (Fig. 4.10c). Once past
this point, a decrease in the density and the area of the BAR coat has a counterin-
tuitive impact on the vesicle morphology. Instead of decreasing the invagination,
the removal of the BAR coat leads to a further elongation and narrowing of the
vesicle (Fig. [£.10d). This irreversibility suggests that the vesicle again undergoes
instability during the shape transition, this time triggered by the BAR scaffold.
Thus, for a prescribed concentration (hence spontaneous curvatures and stiff-
ness), and area of BAR proteins, there exist two vesicle geometries corresponding
to the two branches (polymerization and depolymerization). The two solution
branches meet at a unique set of BAR coat values. For the simulated case, this
turning point corresponds to a preferred radius of curvature of 15 nm in the cir-
cumferential direction, bending moduli of 200kgT, and an area of attachment of
3700 nm?. We compare the computed vesicle geometries with those observed by
Briggs et al. for wild type yeast cells (Figs. £.10e-g). The shapes show a remark-
able agreement at three different stages of vesicle formation. In addition, we also
see a very good agreement between a few other geometric parameters computed
from our simulations and those measured by Briggs et al. which are presented in
Figs. and
What makes the post-instability geometries in Fig. experimentally tractable

for visualization? To explain this, we again compute the stresses in the vesicle as
it undergoes BAR-driven invagination. Unlike the highly invaginated vesicle in
the actin-case, the in-plane stress for the shapes in Figs. f.10p-d are well below

the rupture limit making them stable structures that could potentially be imaged
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in experiments. If we continue to decrease the BAR density and the BAR domain
size, we see enhanced elongation and narrowing of the tubule leading to higher
internal stresses. Eventually, a shape is obtained for which the in-plane stress
reaches the critical rupture stress (Fig. [4.13). All the intermediate shapes are
therefore conducive to imaging and might be the reason for a variation in vesicle

shapes observed in wild type yeast cells [7].
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Figure 4.13: Scission stage for BAR-driven invagination. (a) Vesicle shape, and (b)
Membrane stresses. Total in-plane stress F, crosses the rupture stress
of 7.5 mN/m.

4.3.3 Detached vesicle shapes support stress-based scission
criterion

To further test the role of membrane stresses in CME, we simulate the ge-
ometry of detached vesicles for actin-driven and BAR-driven cases. Although
scission is an intricate process in itself involving participation of special scission
proteins or lipids, like dynamin in mammalian cells or PIP2 in yeast cells, we
identify the probable sites for scission based on the in-plane stress profile. We
hypothesize that the external work needed from scission proteins/lipids for exe-

cuting membrane scission would be minimal at these sites. We therefore detach
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the vesicle at the site of maximum in-plane stress and simulate the geometry of
the closed vesicle. In addition, we constrain the area and volume of the detached
membrane domain before and after scission. The geometries of the vesicles for the
actin-driven and BAR-driven cases are shown in Fig. Both vesicles exhibit
a prolate geometry, unlike the nearly spherical vesicles observed in mammalian
cells at low resting tension values. The vesicle in the actin-driven case possesses
a more tear drop geometry. Interestingly, the vesicles observed by Briggs and
co-workers in yeast cells also fall into two categories- tear dropped vesicles and
prolate vesicles [7]. Their study also revealed a size variation in the wild type
and BAR mutant cells. For the wild type cells, the vesicles had an average surface
area of 6400 nm? and in the BAR mutant cells, the average size reduced to 5000
nm?. These values are in excellent agreement with the computed vesicle sizes of
5500 nm? and 6480 nm? for the actin and BAR-driven cases, respectively based
on the in-plane stress criterion. In addition to this match in overall vesicle ge-
ometry, our model makes another prediction that is aligned with an observation
made by Kukulski et al. [7]. They found the detached vesicles to be coated with
both clathrin and BAR proteins. This finding is different from the general notion
that the detached vesicles are coated with just clathrin proteins. Our simulations
support the findings of Kukulski et al. [7]. As the peak stress is reached at the
interface of the BAR coat and the uncoated membrane tubule, the BAR coated
domain, along with the clathrin-coated domain, becomes part of the detached
vesicle. This match between the simulations and experimental data further bol-

sters the peak-stress based criterion for scission.
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Figure 4.14: Detached vesicles obtained for the actin-driven (left) and BAR-driven
(right) shape evolutions. The scission was assumed to occur at the
site where the in-plane stress in the vesicle reaches the rupture stress.

4.4 Discussion

4.4.1 Actin-BAR synergy imparts robustness to the endocytic

machinery

Our study on actin-driven vesicle growth predicts a net vertical force of about
190 pN for inducing instability at a resting tension of 0.5 mN/m (Figs. and
4.15). In terms of force per actin filament, it amounts to an average force of ap-
proximately 2.4 pN which is distributed over an area of 1600 nm? in the clathrin-
coated domain. This value is comparable to the compressive load required to
buckle actin filaments obtained experimentally by Kovar et al. [87] and Footer
et al. [86]. However, if the BAR proteins begin to polymerize before the critical
actin force is reached, the instability could be induced sooner. In fact, BAR pro-
teins establish a new transition pathway that connects the equilibrium solutions
on the first and the third branches of the actin-driven force-deflection curve (Fig.
[.15). The BAR association phase (in cyan in Fig. induces the instability and
drives the initial membrane invagination. Once the instability has been triggered

by the BAR proteins and the BAR proteins begin to dissociate, the vesicle has

78



a natural tendency to go to the equilibrium solution on the third branch of the
force-deflection curve corresponding to the initial actin force at which the BAR
proteins began to polymerize. Thus, once the BAR polymerization has tipped the
system over, BAR disassembly reduces the stabilization effect of the scaffold and
the vesicle growth becomes more actin-driven. It is for this reason that the disas-
sembly of BAR proteins leads to larger elongation and tubulation of a vesicle.

The above discussion highlights a remarkable synergy between the actin and
BAR proteins in driving vesicle growth. If we look at the above findings from a
slightly different perspective, we can link the timing of the BAR activity to the
functionality of the BAR proteins. Drubin and co-workers, for example, observed
short phases of BAR polymerization and depolymerization after an initial phase
of actin dynamics. Such a timing of the arrival of BAR proteins and their brief
stay can now be seen to be more function-oriented than coincidental. The BAR
proteins arrive after the actin forces set the stage and bring the system close to
instability. The BAR proteins serve to tip the system over and depart, allowing
instability driven transition to proceed. Thus, a short but well timed activity of
BAR proteins is enough to drive vesicle growth and facilitate CME.

If we take this argument a step further, we can predict a domain over which
actin and BAR proteins can synergistically drive vesicle growth (shaded area in
Fig. [£.15). The upper limit of this domain is defined by the pure actin-driven
path. To define a lower limit, we require the vesicle after BAR dissociation to
experience rupture stress for successful completion of CME. For this pathway, the
green domain represents BAR polymerization-dependent invagination and the
cyan domain represents BAR depolymerization-driven invagination. The actin
force required for this path is approximately 30% lower than the critical actin-
force needed to induce instability in the absence of BAR proteins (double-sided

vertical arrow). For any force above this threshold value and lower than the peak
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force (shaded region in Fig. [.15), actin and BAR can synergistically drive vesicle
formation and set the stage for scission. This showcases an inherent robustness of
the endocytic machinery where the two proteins can work together to complete
CME. If, in addition to in-plane stresses, other scission effects, such as the line
tension induced by PIP2, are at play, the actin force requirement would decrease
further thereby expanding the domain of actin-BAR cooperativity. However, a
certain actin force would always be needed to create an initial invagination on to
which BAR dimers can polymerize making actin forces indispensable for CME in

tense plasma membranes.

4.4.2 Tension differentiates CME in yeast and mammalian cells

Although membrane tension has been postulated to be an important factor
leading to differences in yeast and mammalian cells, it has not yet been quantita-
tively examined. Mammalian cells on an average have a lower resting tension in
the plasma membrane because of a lower turgor pressure [10]. The tension esti-
mates vary from 0.003 mN/m in chick neurons [101] to 0.02 mN/m in molluscan
neurons [102]. For the case of vanishing tension, clathrin-driven vesicle forma-
tion has been shown to reproduce the experimental findings [28]. For higher
tension (0.5 mN/m), we have shown a good match between the simulations and
the shape evolution in yeast cells [7, [16]. We now present the results for an inter-
mediate value of 0.08 mN/m, and compare them with the experimental findings
of [11] in mammalian cells subjected to increased tension generated by either os-
motic swelling or stretching. In addition to lowering the resting tension value,
we increase the clathrin coat size to 20,800 nm?, which is in between the value
used for yeast cells and that for a closed spherical coat (32000 nm? for a spherical
vesicle of radius 50 nm) that would ideally form in low tension environment in

mammalian cells.
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Figure 4.15: Synergistic roles of actin and BAR proteins in executing CME.
Shaded region shows the domain over which final vesicle obtained
after complete BAR dissociation experiences close to rupture stress.

The computed shapes with the above parameters are shown in Fig. The
shape in Fig. corresponds to a clathrin-induced invagination in the absence
of actin forces. It matches well with the stalled vesicles (Fig. ) observed
by Boulant et al. [11]. The shape in Fig. is obtained after the occurrence
of the snap-through transition which bears resemblance to the mature vesicles
observed by Boulant et al. [11] (Fig. .16d). The good agreement between the
computed vesicle shapes at different tension values and those observed in yeast
and mammalian cells provides quantitative evidence that tension indeed is a key
factor that differentiates CME in the two cell types. The vesicle in Fig. has
a maximum in-plane stress of 0.46 mN/m, almost an order of magnitude less
than the rupture tension, thereby, making it stable. We would like to note that
vesicles with elongated tubular domains have also been observed in dynamin-
mutant mammalian cells [103]. Since actin burst in mammalian cells (under low
resting tension) occurs just prior to scission, our work suggests that actin forces
lead to elongation of the vesicles but are unable to dissociate vesicles from the

plasma membrane due to inadequate scission stress.
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4.4.3 Tension governs vesicle morphology

If we generalize the actin-driven shape evolution studies to a wider range
of tension values, we find that the vesicle geometry and the initiation and extent
of discontinuous shape transition is a function of the resting tension in the mem-
brane. Fig. shows the critical force needed to induce instability as a function
of the resting tension in the planar bilayer. These results have been obtained for
a fixed clathrin coat size of 3200 nm?. The critical force increases monotonically
with an increase in the resting tension. This trend is aligned with the recent stud-
ies by Basu et al. [104] and Aghamohammadzadeh et al. [10] that found actin
requirement to be proportional to the turgor pressure and hence, resting tension,
in yeast cells. In addition, we compute the invagination length (Z;, marked blue
in Fig. at the critical point prior to and after transition. An increase in ten-
sion reduces the initial invagination depth at which the snap-through transition
occurs in a linear fashion (Fig. 9b). In contrast, the jump in the invagination
length (Z, — Z;, marked green in Fig. increases almost linearly as the ten-
sion is ramped up. Elongation of vesicles is also accompanied with a narrowing
of the width of the tubular domain. Thus, beyond a critical resting tension, in-
vaginated vesicles after instability would experience significant in-plane stresses
making them experimentally intractable until stabilized by BAR coat proteins.
For a clathrin area of 3200 nm?, we predict this critical value to be around 0.2
mN/m. These predictions can be tested in experiments by systematically varying
tension in the plasma membrane, either by osmotic swelling or stretching, and

imaging the vesicles.
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Figure 4.16: Vesicle shapes in (a) absence of actin, (b) MDCK cells subjected to
increased tension and no actin [11]], (c) presence of actin, (d) MDCK
cells with increased tension [11]]

4.4.4 Actin induced in-plane stress should be a key determinant

of scission

Our study provides strong evidence that in-plane stress should play an inte-
gral role in governing membrane scission. Our explanation of the discontinuous
transition observed in BAR mutant yeast cells and the vesicle shapes and sizes
generated by our model support this prediction. Although other mechanisms
have been implicated in scission, membrane stress could facilitate the topological
transition and determine the site for membrane scission. For example, Oster et
al. proposed the role of line tension in vesicle formation and scission in yeast
cells [77]. The arrival of synaptojanin in the later stages hydrolyzes PIP2 in the
clathrin coated domain giving rise to a line tension at the interface of the clathrin
and BAR coated domains. However, it is important to note that even in the ab-

sence of BAR proteins, scission events occur in around 75-80 % of the endocytic
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Figure 4.17: Effect of resting tension. (a) The critical actin force required to induce
instability. (b) The invagination length prior to instability (Z;) and
the jump in the invagination length (Z, — Z;)

events [7]. This alludes to a role of additional mechanisms in executing scission.
We propose actin-induced in-plane stress to be a potential candidate. In wild
type mammalian cells, since actin burst occurs in the latter part of endocytosis,
actin-induced stress could assist dynamin in scission. In addition, actin-induced
in-plane stress in the neck domain could facilitate dynamin polymerization [105].
This idea is supported by the recent work of Campelo et al. [106], which predicts
that high stress facilitates insertion of shallow proteins within the bilayer. Thus,

in-plane stress could act as a facilitator for dynamin-induced scission.
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4.4.5 Limitations

The major limitation of our mathematical framework is that it is not equipped
to model topological changes and hence, cannot be used to simulate vesicle scis-
sion. It is for this reason, the model predicts highly elongated vesicles after snap-
through transition that would otherwise undergo scission. The other limitation of
our study is that the actin loading scenarios modeled are based on the proposals
made in the literature and might not be very accurate. However, the findings
made above are true for both the distributed network and bundle type actin load-
ings (Cases I and I in Fig. [4.2b). Barring some minor quantitative differences, the
overall nature of the force-deflection response of the vesicle remains unchanged
for the first two cases (Fig. [£.18). This suggests that our predictions should hold
for a wide variation in the actin loading mechanisms. Only the horizontal loading
(Case III in Fig. f.2b) requires a much higher actin force (almost twice), induces
negative in-plane stress in the tubule region and leads to short spherical vesicles
typically not seen in yeast cells (Fig. [£.18). These major differences indicate that
a purely horizontal force driven vesicle formation is not likely to exist in the high

tension regime. The shape evolutions for cases II and III are presented in Figs.

419 and 4201
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Figure 4.19: Actin-driven vesicle growth for actin loading II. (a)-(c) Vesicle shapes
at different stages. (d) Stress profile for the shape after snap-through
instability shown in (c). The behavior is almost similar to loading I.
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Figure 4.20: Actin-driven vesicle growth for actin loading III. (a)-(c) Vesicle
shapes. (d) Stress profile for the shape after instability shown in (c).
Peak stress in the tubular domain in (c) reaches only 0.25 mN/m.
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CHAPTER 5 STABILITY OF LIPID MEMBRANES

5.1 Introduction

The lipid bilayers exhibit a wide variety of morphologies, ranging from
spherical vesicles to spherocylindrical shapes in mitochondria to much more com-
plex shapes in endoplasmic reticulum. These shapes undergo drastic changes in
response to mechanical, electrical or thermal stimuli during numerous cellular
processes [108, 109, 110], making it pertinent to study the stability of these versa-
tile structures to model and comprehend their shape evolutions.

Several fundamental studies have investigated the stability of lipid mem-
branes. A rigorous derivation of the second variation for homogenous mem-
branes with quadratic strain energy (Helfrich-Canham energy) has been done in
[112} 113| 114, 115, 116]. The stability analysis has been applied to investigate
the shape transitions of spheres and cylinders. A classic example is the loss of
stability in membrane tubules, known as Pearling instability [117, [118]. The sta-
bility of flat discs have been recently studied in the context of HDL (high density
lipoproteins) [119] and disc-to-vesicle shape transition [120].

While the above studies have given fundamental insights into the stability
of homogeneous membranes with quadratic energy, there is a need to extend
the framework to study systems with heterogeneous properties and higher or-
der bending energies. The impact of heterogeneity on equilibrium configurations
has been revealed in [28] 89]. The effect of inhomogeneity-dependent instability
was also shown to be a key factor in determining cellular transport via clathrin-
mediated endocytosis in the previous chapter [121]. In addition, generalized
strain energies have been used to study sorting of lipids [55, 122] (where stiff-

ness of tubular membranes is observed to be a function of curvature) and phase
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transitions [123]. In this context, the Legendre-Hadamard condition for stabil-
ity of generalized fluidic shells was derived in [19} 123} [124] and the stability of
fluidic surfaces with multiple phases was investigated in [125]. In this work, we
extend the model to account for strain energy that can have arbitrary dependence
on the mean curvature and Gaussian curvature. In addition, our model allows for
material properties such as bending moduli or preferred curvatures to undergo
spatial variation due to heterogeneities induced by lipid composition and/or pro-
tein interactions [28]. We note that stability in continuous systems is only defined
with respect to a particular norm and choices of different norms could lead to
different results regarding inferring the stability, the details of which have been
discussed by Como and Grimaldi in [126]]. We, as others, use the second Gateaux
derivative of the energy functional to define the stability criteria. Thus, the sta-
bility is examined with respect to a weaker norm (also mentioned as the energy
norm) for which the variations in the position and its higher order derivatives are

assumed to be bounded.

5.2 The Variations

Let r(6*) be the position of a material point on the surface where 6* are the
surface coordinates that parametrize the surface. The tangent vectors at any point
on the surface are given by r, = a,. The strain energy density of an isotropic
membrane depends on the mean curvature H and Gaussian curvature K as dis-
cussed in Chapter 2. Due to heterogeneities, the strain energy density can explic-
itly depend on 6* [28]]. In the presence of area and volume constrains, the energy

of an isotropic membrane is given by
E :/ W(H, K; 9”‘)da+/ A6%) da — pV(w), (.1)
w w
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where A(6%) is the local Lagrange multiplier associated with local area constraint
commonly known as surface tension, p is the Lagrange multiplier associated with
the volume constraint and is commonly referred to as the transmembrane pres-
sure.

The variation of position vector is given by,
r=u=u"a, + un. (5.2)

As derived in chapter 2, using (2.74), (2.89), (2.75) and (2.90), this yields the

following variations of the first and second fundamental form,

szaﬁ = Uyp + U — 2ubyg, 53)
boc[% = Mﬁb/\ﬁ + ufﬁb)m + uAbM;ﬁ + Upp — Mbm\b/\'g.

Using the above relations, the variations of the mean curvature, Gaussian

curvature and scalar J, can be computed to be,

: 1
H = u"Hy+ 5 (Au) + u(2H? — K),

K = u"K +2HKu + b*Pu,5, and (5.4)
% = uy, —2uH.

With the help of these variations and the procedure outlined in chapter 2,

the first variation of E can be expressed as

E:/ {—u“()»aJra—W)JruG}da, (5.5)
g T 5

where

1

G = SAWy + (Wk);apb™ + Wy (2H? — K) +2H(KWx — W) —2HA —p.  (5.6)

Above, we have suppressed the boundary terms since we restrict our attention to

closed geometries in the current study.
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The first variation in Eq. (5.5) then furnishes the equilibrium equations in

the tangent plane

oW
Ay =— 7
A 06« (5 )
and along the surface normal
G=0, (5.8)
popularly known as the shape equation.
5.3 The second variation
The second variation of the position field can be expressed as
. O
P=o5 - =v = v%a, + un, (5.9)

where v* and v are the tangential and normal components and are independent
of the vector components of the first variation. The second variation of the energy

E can be computed from Eq. and is given by

. oW oW .
_ T X .
E_/w{ u (/\’“Jr_a()“) u 20 +uG+uG}da (5.10)

subject to the incompressibility constraint,

% — u® —2uH =0, (5.11)

and the volumetric constraint
V= / wda =0, (5.12)
w

The variation of the tangential components of the first variation of the position
field u is given by
*=u-a“+u-a
(5.13)

= (v-a")+ (u- u,ﬁ)a“ﬁ — (u-a")a"ay,
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where

at = a“ﬁaﬁ + a“ﬁaﬁ, and

(5.14)
a*P = —a"‘)‘amaM.
Using the relation,
1 Ul
u-ug = E(u ‘u) g = uluyg+uug (5.15)
in Eq. (5.13), we obtain
0% = o 4 P (u’?uﬂ;ﬁ + uu/lg) — ug* (”Aw + U\ — 2ubM> ,
(5.16)

— ap v y” TH¥
= 0"+ uuga ulus, + 2uu’by.
Next, we compute the variation of the normal component of the first variation of

the position field,

U=u-n—+u-n,

(5.17)
=0 —u 1ty — U U by

Above, the variation of the surface normal has been be expressed as [127],
n=—(n-uy)a" (5.18)

To proceed further, we define I,(H, K;07) = gTVZ and compute its variation

Lx = (Ioc)HH+ (Lx)KK
aWH (Au) 8WK ~

(5.19)

Next, we compute the variation of G. We decompose its variation into tangential

and normal parts denoted by G; and G, respectively.

5.3.1 Tangential variations

The tangential variation of the first term of G in Eq. (5.6) can be written as

AW = (W) apa® + (W) upi®, (5.20)
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where () signifies the variation of the overall quantity within the parentheses.

Expanding the first term in the above equation, we get

(Wr)ap = (W) ap — (W) AT (5.21)

Here, we note the fact that variational derivative (signified by the superposed dot)
does not commute with the covariant derivative but it does commute with the
derivative with respect to parameterizing variables 6*. Thus, the above relation

can be rewritten as,

(Wi)ap = (Wa) ap — (W) AT g — (Wa) 2T (5.22)
Substituting Eq. in Eq. yields
AWy = (Wi)upa™ — (Wi) \T2pa"F + (W) pd®?, (5.23)
where the variation of the Christoffel symbols are given by ([113])
g = %W {a,ﬂm + dyap — a“ﬁm}. (5.24)
The tangential variations of a,p, byg, H, K and J are given by (from chapter 2)

azxﬁ = Uyp + UB.n; baﬁ = u:};b/\a + uf;bw + uAb,\a;ﬁ;

i (5.25)
H=u"H,; K=u"Ky; i = ufj.
Using Eqgs. (5.14), (5.24) and (5.25)), Eq. (5.23)) can be expressed as
AWy = (WHHH -+ WHKK);aﬁa“ﬁ — (WH),/\LIAU(LIU;,X‘B + Uy, (5 26)

— u‘,(/.lgn)a“ﬁ3 — (WH);aﬁa“/\am(u/m + U0
With the help of Eq. (5.25), Eq. (5.26) can be further rearranged and expressed as

W
AWg = (m(wH),, —yr=H

207

) .zx/saaﬁ = (W) pitga® (5.27)
— (W) aa™ (ub s — by ) — 2u8,aPT (Wiy) .
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To simplify the above relation, we use the definition of Riemann curvature tensor

gw = Ka* {aMaﬁ,? — “M”ﬁv} (5.28)
and the relationship
%muﬁ = Uy — Uy (5.29)

which holds for any arbitrary vector field lying in the tangent plane. With the
help of Eq. (5.29) along with the linearity of the Laplace operator and the chain

rule for covariant derivatives, Eq. (5.27) can be written as

AWy = (u?,;ﬁ(WH),'Y + Zu%(WH);%B + u"(WH);Wﬁ) [leﬁ —A (M,Y H>

207
— (Wi) auhga®™ — w7 (Wir) aa™RE . — 20 aPY (W) 0 (5.30)
oW
= u7 (W) 00" )y — A(“7 S0 ) — 7 (Wig) pa TR,

To derive Eq. (5.30))2, we have used the fact that metric is covariant constant
and torsion free. As a result, for any scalar field ‘(W) defined on the surface,

(WhH).ap = (WH),pa- Using the definition of the covariant derivative of a vector

field along with Egs. (5.29) and (5.28)), Eq. (5.30) can be further reduced to

' oW
AWy = u" {((WH),aa"‘ﬁw - ((WH),ocaaﬁ);ﬁV} +ul(AWh)y — A (”7 5 >
A B
—ul(Wh) 20" "R g,
oWy
= u'y(WH),aangﬁﬁr + u’Y(AWH),’Y - Rgﬁquly(WH),Aa/w —A (Lﬂ 907 >
oWy
Y _ 7
= U (AWH),’Y A(u 897 )
(5.31)

The rightmost term in the above equation arises from the inhomogeneity in the
lipid membrane.

Next, we compute the tangential variation of (WK);aﬁE“ﬁ in Eq.. We use the
Cayley-Hamilton theorem in the form

b*P = 2Ha*F — p*P (5.32)
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to obtain

(W) up(2Ha"F — b%F) = 2HAW + 2HAWK — (Wi) apb®P. (5.33)

Analogous to the variation of the surface Laplacian of Wy, we can write

AWK = u7 (AWK) ., — A (maa%). (5.34)
Substituting Egs. (5.25) and (5.32) in Eq. (5.33) yields
(WK);“/g (ZHQ‘X:B — b"‘ﬁ) =2u" (HAWK> - (WK);acﬁb“ﬁ —2HA (M,Y %2{5) .
ot
(5.35)
The second term on the RHS of Eq. (5.35) can be expressed as
(WK);,XIBb’Xﬁ = ((WK);IX’B — (WK),/\FQ,B) b“'g + (WK);,X’Bb“ﬁ. (5.36)

Next, we substitue Eqs. (5.3), (5.14), (5.24) and (5.29) in Eq. (5.36) to obtain,

(Wk);apb™ = (uv(WKKK + WKHH)) bP — E(WK),MM{%/%;a + Ay

aB
- da/ﬂ;n} + (Wi) apbaya™aP? +2(Wi) upb,aP7a®

o(W,
N <”7(WK),7) - <u7%> b (WK),Ab“ﬁ”M(”W;ﬁa T Uppa
B wp

— Ugypy) + (WK);aﬁa”aﬁ'V{u%bM + u?Ab,77 + u”bﬁw\}
— 2(W1<);,,4;b§cz"”7aw(ug;,7 + tty,6) (5-37)
= <ujxﬁ(w1<),7 + 21 (Wk) g + m(wK);Wﬁ> b — w5 (Wi) Ab*P

— (W) AL (e — tlay) -+ 1 (Wic) g (6 — 20485 (Wic) b

= 1Y (W) 3ab™ — (Wi) pb5a™ Ryt + 1 (W) (0°F)

_ P (m%) _
907 / 1p

95



We use the fact that the metric is torsion free and add-and-subtract u”Y(WK);amb“ﬁ

in the above equation to obtain,

(WK);a,Bbaﬁ = W{((WK),ﬁaﬁ”);w - ((WK),ﬁaﬁ”);m}b%

- (WK),AbgaA’?Rﬁwm + U (WK) apy b*F (5.38)
oW,
v apy B v 2K
+u (WK),IXIB(b );7 b (u 897)-01:5.

With the help of Egs. (5.19) and (5.29), Eq. (5.38) can be further reduced to

(WK);aﬁb“ﬁ =u’ ((WK);a/sb“ﬁ> — b*P <u7aa%) : (5.39)
Y ;aB

We then substitute Eq. (5.39) into Eq. (5.35) to obtain

(WK);alg(ZHa"‘ﬁ — bzx,B) =u" (ZHAWK) —u” ((WK);aﬁb“ﬁ)
’,)/ /')/
oW, oW,
ap (72K _ r2'K
+0b (u 507 ) y 2HA <u 307 ) (5.40)

- - IWk
=u" ((WK),. b“ﬁ) — P (Lﬂ—) :
i Y 967 P

Similar to the tangential variation of A(Wpg), the second term in Eq. (5.40) arises

because of inhomogeneity in the membrane properties.

Next, we compute the tangential variations of the remaining terms of ‘G’ in Eq.

(5.6). These include

Wi (2H? — K) = (WygH + WykK) (2H? — K) + Wy (4HH — K)

(5.41)
=u <WH(2H2 - K)) —u" (aa%) (2H? — K) and
Y

2H(KWx — W) = 2E (KWx — W) + 2H (KW + KWy H + KWK
— Wi H — WkK) (5.42)

Wk W
— 7 _ 1y -~
—u (2H(KWK W)) u"2H (K o am)'

Y
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and

OAH = 2AH = u"(2AH) ,, — 2u"A , H. (5.43)

We now substitute Eqs. (5.31), (5.40), (5.41), (5.42) and (5.43) in Eq. (5.6), to

compute the tangential variation of G (G;)

Gt = m{%AWH + (WK);apb™ + Wy (2H? — K) + 2H(KWx — W) — 2AH

1 aVVH = BWK BWH
- — 3y A3 T__* ap Y 0% 2
P}” {2A(u 50 ) +b (u 50 >w+u (2H K)_am (5.44)
oWk W
’)/ _—  —
+2u H(Kam ot Aﬁ)}.

Above, we have used the fact that pressure field is uniform on the surface. Using
Eq. (5.6), Eq. (5.44) can be expressed as,

. 1 WL\ - W W
— G~ yZ'H ap (72K T(2H? — K) =1
Gt =u"G, {2A<u 897>+b (u am)wﬁ-i—u (2H* — K) 507

Wk W

Y A7

+ 2u H(K 597 397 )‘,’Y)}-

Other than the terms arising from inhomogeneity, Eq. (5.45) is similar to the

(5.45)

tangential variations of an arbitrary scalar surface field ‘f(r(6%))" derived by

Capovilla et. al [113]].

5.3.2 Normal Variations

For normal variations u = un, Egs. (5.3) and (5.4) yield [27]

Gy = —2ubyg; by = ., — ub)b.g;
ap 1 ap; Vap = Uap — U0alop ~ (5.46)
H= 5 (Bu) + u(2H* = K); K = u,,6b"F + 2uHK.

First, we use Eq. 1) to compute the normal variation of A(Wy). With the help
of Eq. (5.46), we compute the first term on the RHS of Eq. (5.23) and is given by
(WH);aﬁaaﬁ - {WHHH+ WHKK} af

P (5.47)

= {WHH (%Au +u(2H? - K)) + Wk (umﬁz}“ﬁ + 2uHK> } a*P.
ap
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We use Eq. (5.24) along with Cayley-Hamilton theorem and the fact that metric

tensor is covariant constant to compute the second term in Eq. (5.23)

— (Wi) ATpa™? = (Wip) paPa ((2ubya) ;5 — (ubap) )

7

N . (5.48)
— (W) 20t = a8, ).
We again use Eq. (5.46) to compute the third term in Eq. (5.23)
(W) upd™F = 2u(Wr) 050" (5.49)
Finally, we substitute Egs. (5.47), (5.48) and (5.49) in Eq. (5.23) to obtain
AWg = {WHH GAu + u(2H? - K)) + Wik (wwéfxﬁ + ZuHK) } a*P
- (5.50)

+ (WH)’,\ ((211H€lﬁ/\);‘5 - (ZMEﬁ/\);IB) + ZM(WH);,X‘Bb“ﬁ.

Next, we use Eq. 1) to compute the normal variation of (WK);,X/;EW given by

(Wk)up(2Ha*F — b%F) = (Wi) 5P — (W) AT255"F + (W) uph™,  (5.51)

where

(WK);aﬁE(Xﬁ = {WKH (%Au +u(2H* — K)>
(5.52)
+ WKK (u;aﬁglxﬁ -+ 2MHK> } E“'B,
;B

(WK),AFQ,SW = —(Wg) Ab*Pa™ [(2ub,7,x);,3 - (ubaﬁ);n} =0, (5.53)

and

b*f = —s”‘/\sﬁ"&b,\v - s“/\sﬁ'yl},w
a (5.54)
= 4uHD"P + PV (1,5, — ub’by,).

Substituting Eqs. (5.52), (5.53) and (5.54) in Eq. (5.51)) furnishes

(WK),.a,g(zHa“ﬁ — b*P) = {WKH <%Au +u(2H? - K))

+ Wik (u;aﬁfv"‘ﬁ + 2uHK) } b + 4uH (W) 060" (5.55)
9]

+ P (11, — b by ) (Wi ap-
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Next, we use Eq. (5.46) to compute the normal variations of the remaining terms
of G in Eq. (5.6) which are given by

Wi (2HZ — K) + 2H(KWg — W) = {WHH(2H2 — K) +2HWy + 2KWx
+2HKWgg — ZW}H + {WHK(ZHZ — K) — Wy + 2HKW]<K}K,

1
= (Au){EWHH(ZHZ - K) + HWy + HKWyk + (KWK — W)}

(5.56)
+ u;aﬁg“ﬁ{ZHKWKK + (2H? — K)Wyk — WH} + u{WHH(2H2 — K)?
+ Wik (2HK)? + 4HK(2H? — K)Wyg + 4HWy (H? — K)
+2(2H? — K)(KWg — W) }
and
2AH = A(Au +2u(2H? — K)). (5.57)

Combining Egs. (5.50), (5.55), (5.56) and (5.57) yields the total normal variation of

G, which after some rearrangement can be written as

Gn = %{A [WHH (%Au + u(2H? — K))} + A {WHK (u;aﬁf)“ﬁ + 2uHK>1
+ (W) A ((2uh{);ﬁafM — 2u,ﬁEﬁA> } - {WKH BAu + u(2H? - K)}
+ Wkk {u;;wl;)w + ZuHK] } bP + €“A857(WK);D(5(L£;)W — ubzbm)

np
— u(W)upb™ + (Bu) { %WHHQH2 — K) + HWy + HKWyk (5.58)
+ (KW — W)} + uwza“ﬁ{zHKwKK + (2H? — K)Wyg — WH}
+ u{WHH(ZHZ — K)? 4+ Wgk(2HK)? 4+ 4HK(2H? — K)Wyg — 4H>Wy

—2(2H? + K)(KWx — W)} — ZA{%Au —u(2H? + K)} +4uH(G + p).
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5.3.3 Total Variations

We now combine Egs. (5.16), (5.17), (5.19), (5.45), (5.58) to compute the second

variation of E

. oW
E= /w { — (v" + uu,ﬁa“ﬁ —uTu, + 2uu’by) (/\,a + W)

1 ow,
- u”‘{aavgf (zﬂHﬁ + EAM + u(2H* — K)) + 86"{( (uVK,A, +2uHK

+ 1/[;7/357‘8) } + (v —u"u g — u*u"b,y )G +uu'G, — u{lA (u"’ aWH)

2 007
- ow, ow, oWx oW
ap [,y ZK Y22 — k)2 H v Nk 9N
+0b (u 897>;M3+u (2H” — K) 50 +2u H(Kam 307 Aﬁ)}
+u %{A |:WHH (%AM + M(ZHZ — K))} +A |:WHK (u;aﬁl;“ﬁ + ZMHK)}

- (W) ((2uH),.ﬁa/”‘ _ Zu,ﬁgm) } + {WKH [%Au +u(2H? — K)] (5.59)

+ Wik {”;aﬁ[’aﬁ + 2uHI<] } b + P (W) ap (1.0 — ub)byy)
ap

— M(WH);“‘BB“/S + (Au){%WHH(ZHZ - K) + HWyg + HKWyk

+ (KWK — W)} + M;aﬁEaﬁ{ZHKWKK + (2H2 — K)WHK — WH}

+ u{WHH(zH2 — K)? + Wik (2HK)? + 4HK(2H? — K)Wyk — 4H*Wy

— 2(2H? + K) (KW — W)} — ZA{%AL{ —u(2H? + K)}

} ia

+4uH(G + p)
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Since at equilibrium, Egs. and are satisfied and G, =0, (as G =0

is identically satisfied on all the material points on the surface), E reduces to

E= / { — u”‘{ Wi (uVH,Y + %Au 4 2u(2H? — K)) + IWk (LﬂK,f,
w

oo 0~
- 1 oW, - 114%
$C:R D B vZ'H ap (2K
+4uHK + u,,gb )} u{2A<u 897>+b (u BGW)M}

1{A {WHH (%Au + u(2H? — K))] +A [WHK <uwz§“5 + 2uHK)]

+M2

+ (W) A ((ZuH);ﬁaﬁ/\ — 2u,,3l3f“) } + {WKH BAu + u(2H* — K)}

+ Wik [umﬁf)"‘ﬁ + 2uHK} } P + e ePY (Wi ),ap (1,00 — ubllbyy) (5.60)
op

— u(Wip) 0™ + (Au){%WHH(ZHZ — K) + HWy + HKWyg

+ (KWx — W)} + u;aﬁE“ﬁ{ZHKWKK + (2H? — K)Wyk — WH}

+ u{WHH(zH2 — K)? + Wik (2HK)? + 4HK(2H? — K)Wyk — 4H>Wy

— 2(2H?* + K)(KWx — W)} — ZA{%Au —u(2H? + K)} - 4qu] } da.

This is the generalized second variation of E at an equilibrium configuration. For

a system to be stable, E > 0 subject to the incompressibility constraint
uy, = 2uH, (5.61)
and the volumetric constraint,

/ wda = 0. (5.62)

We note here that although we have not restricted on the form of strain energy
density, W, it has to satisfy the Legendre-Hadamard condition for stability, as
derived in [123].
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5.4 Comparison with other models

We specialize Eq. (5.60) for the Helfrich-Canham energy given by
W = k(H — Co(6*))* + kK. (5.63)

Above, k is the local bending modulus of the membrane and k is the Gaussian
moduli. Cy(6*) is the spatially varying spontaneous curvature field which could
potentially arise because of a heterogeneous composition of a bilayer or spatially
varying interactions with membrane remodeling proteins. Substituting Eq.
in Eq. and invoking the Gauss-Bonnet theorem yields

£= (e fat(om - Jows e o)} fia(03))
{a]1( 300+ war - 0)

+2k(H — Co) A <(2uH);5aﬁ/\ - 2u,5z3!“) } + (Au) {k(zH2 — K)

- Zu;aﬁkE“ﬁ(H —Co)+u

+2kH(H — Cy) — k(H — Cp)? — /\} - u{k(2H2 — K)? — 4kH3*(H — Cp)

+2k(2H? + K)(H — Co)* — 2k(H — Co),pb"F + 2A(2H* + K) + 4Hp}] } da.
(5.64)
For a homogeneous membrane with a uniform preferred curvature Cy, Eq. (5.64)

further reduces to

£ [ o fre] B vt )] 00 cono - ,0)

+ (Au) {k(3HZ —K)—A— k(CO)Z} — 2u,gkb"P (H — Co) + u{kK(K — 2H?)

+2(2H? 4+ K)(A + kC3) + 4Hp — 4kHKCy — kH,ogb"P }] } da.
(5.65)
For Cy = 0 and W = k(2H)?, the above equation reduces to the one derived by

Guven and co-workers in [113]. As is expected, at equilibrium, the tangential vari-
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ations do not play a role in the stability criterion for a homogeneous membrane. It
is, however, important to note that for the cases with incompressibility constraint,
the tangential perturbations are related to the normal perturbations through Eq.
(unless the surface at equilibrium is a minimal surface with H=0). As a
consequence, Eq. can be used to write the entire second variation in terms

of the tangential variation and its derivates.
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CHAPTER 6 SUMMARY AND FUTURE WORK

6.1 Summary

In this study, we derive the theory of lipid membranes to model the effect
of orthotropic curvature-inducing proteins. The extended theory was used to
investigate the individual roles of actin and BAR proteins in executing CME in
high membrane tension environment. We presented a new snap-through insta-
bility driven remodeling mechanism that governs vesicle shape evolution. We
showed how actin-BAR synergy imparts robustness to the endocytic machinery.
Since actin dynamics plays an integral role in other endocytic pathways such as
phagocytosis, macropinocytosis and caveolae-mediated endocytosis, it is proba-
ble that such an instability could be at play in these processes. Our study reveals
that a presence of membrane tension and actin forces are reasons enough to in-
duce an instability-driven shape transformation. In addition, since other cellular
processes such as cellular division and locomotion are associated with large scale
remodeling of cellular interfaces, it would not be surprising if protein-induced in-
stabilities, regulated by interface tension, contribute to these processes as well. To
this end, we have extended the theory of stability of lipid membranes to account

for it’s interactions with isotropic curvature inducing proteins.

6.2 Future Work

Going forward, there are two main directions that can be pursued to gain
further mechanistic insights into CME. First, the derived stability conditions can
be used to investigate the stability of membrane invaginations. The analysis can

furnish the reason for the loss of stability at a critical geometry. Also, the analysis
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can be used to predict the nature of the forces and the curvatures needed from the
proteins to trigger the instability. In addition to CME, such an analysis can pro-
vide insights into the mechanics of other non-clathrin dependent endocytic path-
ways. Second, in the current study, the distribution of the key proteins (clathrin,
actin and BAR) on the membrane is imposed a priori. A parametric analysis
is then conducted to predict their effect on membrane remodeling. However,
in order to get more fundamental insights into CME and in particular, tension-
dependent adaptation in CME, it is important to model the self-assembly of these
proteins on to the membrane. Such an analysis would reveal the relative extent
to which the membrane stresses and the geometry regulate the self-assembly of
the membrane remodeling proteins, which is a subject of much speculation in
the literature. Motivated by our findings, we have extended the theory of stabil-
ity of isotropic membranes to account for the inhomogeneous interactions with

proteins.
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