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ABSTRACT

Specialized classes of proteins, working together in a tightly orchestrated manner, induce and
maintain highly curved cellular and organelles membrane morphology. Due to the various ex-
perimental constraints, including the resolution limits of imaging techniques, it is non-trivial
to accurately elucidate interactions among the various components involved in membrane
deformation. The spatial and temporal scales of the systems also make it formidable to
investigate them using simulations with molecular details. Interestingly, mechanics-based
mesoscopic models have been used with great success in recapitulating the membrane defor-
mations observed in experiments. In this review, we collate together and discuss the various
mechanics based mesoscopic models for protein-mediated membrane deformation studies. In
particular, we provide an elaborate description of a mesoscopic model where the membrane
is modeled as a triangulated sheet and proteins are represented as either nematics or fila-
ments. This representation allows us to explore the various aspects of protein-protein and
protein-membrane interactions as well as examine the underlying mechanistic pathways for
emergent behavior such as curvature-mediated protein localization and membrane deforma-
tion. We also put forward current efforts in the field towards back-mapping these mesoscopic
models to finer-grained particle based models - a framework that could be used to explore
how molecular interactions propagate to physical scales and vice-versa. We end the review
with an integrative-modeling based road map where experimental imaging micrograph and
biochemical data are combined with mesoscopic and molecular simulations methods in a
theoretically consistent manner to faithfully recapitulate the multiple length and time scales

in the membrane remodeling processes.
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I. INTRODUCTION

Biological membranes undergo dramatic changes in curvature and morphology during
processes such as endocytosis, immune response, vesicular transport, and cell division. Mem-
brane remodeling is a very dynamic process with a steady state distribution of membrane
proteins and lipids across the cellular compartments?. This homeostatic distribution is regu-
lated by a fine balance between competing dynamic processes such as endocytosis, recycling
and exocytosis - processes modulated by membrane budding, scission and fusion of transport
carriers. The molecular machines in these extremely sophisticated “biological circuitry” en-
crypt and process complex set of information in a precise manner across multiple length and
time scales ranging from atom-level interactions and formation of molecular and macromolec-
ular complexes to vesicular transport. Clathrin-mediated endocytosis (CME) is quintessen-
tial example where more than 50 different proteins are known to work together in a highly
coordinated manner across time and space for successful completion of the process®3. Some
other very well known examples include endoplasmic reticulum (ER) and Golgi trafficking
and their dynamics. For example, it has been long established that Golgi complex trafficking
and dynamics are regulated by association of several proteins such as microtubules, ankyrin,
spectrin, dynein, kinesin and myosin?. The highly tubular network of membrane structure
in ER is supported and maintained by numerous proteins including the well-known ER-
shaping proteins such as atlastin, lunapark, and reticulons®. With their presence in more
than 750 proteins, the numerous sub-families of BIN-Amphiphysin-Rvs (BAR) domain con-
taining proteins continuously shape and reshape membrane across organelles and mediate
cellular and sub-cellular events such as actin assembly, sorting, endocytic trafficking and

vesicular transportZ.

Though the remodeling processes in vesicular transport pathways are mediated by multi-
ple curvature proteins interacting in concert with each other, this aspect has not been studied
very much in reconstitution experiments®®13  This is primarily because of the spatial and
temporal resolution limits of even the most advanced high-resolution microscopy/imaging
techniques which makes it extremely difficult to probe the interplay (in real time) among
the multiple kinds of proteins leading to membrane deformation and trafficking. As such,

decoupling the role of individual components in the intricate remodeling machinery is one
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of the biggest challenges towards mechanistic understanding of the underlying processes.
Elucidation of the molecular design-level features leading to the tightly regulated deforma-
tion and vesicular transport can help us gain fundamental insights into how these complex
machineries have matured over evolutionary timescales and how they function. Newer and
deeper insights, at multiple scales ranging from molecular interactions to physical scales, can
be obtained by following what is now called as “integrative modeling” approach™1Z. Here,
(mostly low-resolution and ensemble averaged) information from various kinds of experi-
ments are integrated with multiscale simulation methods using theoretically well-grounded
optimization frameworks such as Bayesian inference, genetic algorithms and machine learn-
ing methods™22. Since the bounds are set by experimental constraints, the integrative ap-
proach could be used to gain additional insights into the mechanisms leading to the complex

membrane remodeling processes.

Ideally, high-resolution all-atom molecular dynamics (AAMD) simulation is the most pre-
ferred method to faithfully recapitulate the intricacies of these processes?¥26 but infeasible
due to the computational costs of the larger systems under consideration. For emergent
process such as ones described above, highly coarse-grained molecular dynamics (CGMD)
models have provided important insights into the pathway leading to large deformations2? 29,
However, even CGMD simulations can be computationally prohibitive since some of the pro-
cesses takes places in seconds and minutes timescales®®®2  Continuum mechanics based
mesoscopic modeling can be used to simulate proteins-induced membrane curvatures and
probe the underlying physical forces driving these processes on large time and length scales.
In this paper, we review the various continuum-scale mesoscopic models available in the
literature. Additionally, in our efforts to connect multiple length and times scales by a com-
bination of continuum-level mesoscopic modeling and finer-grained molecular simulations, we
will also highlight the need to reconstruct the continuum representation into finer-grained
models with molecular details such that atomistic and molecular driving forces underlying
these processes could also be explored with minimal computational costs. In a truly integra-
tive modeling approach, the road map towards reconstruction of detailed molecular models
from continuum representation should incorporate experimental inputs both at the imaging

level as well as at structural and biochemical scales.

Our review is organized as follows. In the second section, we provide a historical perspec-
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tive on the analytical/computational approaches to model membrane deformation, which
starts with the discussion from the seminal work of Canham and Helfrich and to the most
recent advances in mesoscopic modeling of protein-induced membrane remodeling. In the
third section, we particularly focus on a popular mesoscopic model where protein is repre-
sented as either a nematic or filament and membrane is treated as a triangulated surface. We
will show that this is a very rich Physics-based model with the capability to rigorously study
the role of lipid-protein and protein-protein interactions leading to large scale deformations.
The model also lends itself to molecular reconstruction in a very amenable manner with
minimal ambiguity. We discuss the various possible applications of the aforesaid mentioned
model in the fourth section of our review article. We also include a section on what we
think are the challenges and opportunities in the field of theoretical and computational bio-
physics of membrane remodelling. Among other things, here we discuss the current status
and challenges of molecular reconstruction from mesoscopic representation and challenges in

modeling deformation due to the active filamentous mesh work within the cell.

II. MESOSCOPIC MODELLING WITH CONTINUUM
REPRESENTATION - A BRIEF SURVEY OF EXISTING METHODS

The earliest analytical models of membrane deformation were proposed by Canham and
Helfrich in the 197083334 Also, some of the early analytical papers written by Thomas
Fischer®59 Udo Seifert?®#2 and Reinhard Lipowsky**#3 have set the stage for deeper theo-
retical and computational studies in large scale membrane deformation. Also, several numer-
ical simulation methods such as dissipative particle dynamics (DPD), Brownian dynamics
(BD) and molecular dynamics (MD) have been used to study protein-mediated membrane
remodelling at mesoscopic scales?27 294656 I this review, we do not discuss mesoscopic
models for membrane remodeling where the lipids and proteins are represented as discrete
particles and the the Hamiltonian (force-field) is solved with the evolution methods such as
DPD, BD or MD. We list a few references here that can be used as starting points to explore
the literature in the area of particle-based CG simulations in the membrane remodeling® 6%,
We also refer the readers to a few recent excellent reviews that focus on multiscale simu-

lations approaches to membrane remodeling®®4  In this review, we limit our discussions
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to mesocopic models with field-based approaches where the representation of membrane is
continuum in nature and the Hamiltonian is guided by the Physics of membrane deforma-
tion rather than molecular scale force-field functions as in particle-based CG simulations.
Also, there are several instances of the membrane curvature that are maintained away from
the equilibrium and constantly undergo topological changes in terms of fusion and fission
reactions such as those seen in Golgi complex and Endoplasmic Reticulum dynamics®®%65 68
which we do not elaborate upon in this review and have limited our scope to systems with
no genus nor holes — most of the examples discussed here are for closed surfaces where the

total Gaussian curvature is a positive constant.

One of the main approach of analytically determining membrane equilibrium shape is
to cast it as an energy-minimizing functional variation problem subject to problem-specific
geometric constraints. In most cases, the membrane is modeled as a discretized closed surface
and proteins are either implicitly represented or introduced as inclusions® 2. We refer to
some recent papers from Hiroshi Noguchi and co-workers™™ and Thomas Weikl and co-
workers™0 ™ Noguchi et al. use coarse-grained meshless membrane simulations”®? where
the proteins are modelled as banana-shaped chains of beads and the membrane is modelled
as a two-dimensional sheet of beads. They show that tubulation depends on the curvatures
of both inclusions and proteins. When both inclusion and proteins curvatures have the same
sign, tubulation is promoted otherwise percolated-network is formed. When equal amounts
of the two opposite inclusions are added, their effects cancel each other and in this case
tubulation is slowly accelerated. Another elegant and theoretically well grounded method
called second generation elastic membrane (EM2) model from Gregory Voth group®¥%2 is
worth mentioning here. EM2 is based on the seminal smooth particle applied Mmchanics
(SPAM) framework developed by W.G. Hoover®*#4 Though the EM2 model is largely based
on field theory approach where membrane and solvents are considered as quasi particles, it
can be more naturally linked to particle based dynamics if one wants to map the outcomes
to high-resolution particle-based models. Since EM2 is characterized by protein density
and lipid composition that can exchange with nearby particles, a large scale membrane
topological changes and lipid domain formation can be studied with this model. However,
it could be studied only for two scenarios of protein density that are given by spontaneous

curvature of the protein when binding on to the membranes with 100 percent coverage and
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zero percent coverage. To address this limitation, EM2 was recently extended as Mesoscopic
Membrane with Proteins (MesM-P) in Voth group®” where more than one type of membrane
and solvent quasi particles can be incorporated. The method is available as a freeware
package on LAMMPS and this model can be used to study membrane with different protein
densities.

Another method known as dynamically triangulated surface (DTS), and the one that we
are going to discuss in great detail in this review, was first used in the context of polymerized
membranes®®. This framework was extended by Baumgartner and Ho®Z88 to study fluid mem-
branes and further improved and popularized by extensive membrane biophysics work from
the likes of Lipowsky, Kroll and Gompper®##8592  The introduction of nematics to model
proteins on the triangulated surface framework has its first implementations in the groups
of John Ipsen and P.B. Sunil Kumar where they used an augmented Helfrich-based Hamil-
tonian to model the protein-induced membrane deformation®96, Anirban Sain laboratory
at IIT, Bombay?™® and Ravi Radhakrishnan laboratory at University of Pennsylvanial0%101
have also used DTS method extensively. We find that among the existing continuum-scale
mesoscopic model, this model is most amenable to accurate back mapping reconstruction
to molecular details. In this model, the protein is modeled as a nematic field adhering to a
deformable fluid membrane surface and the membrane is represented as triangulated sheet.
The local orientation of the nematic field is denoted by the unit vector which lies in the
local tangent plane of the membrane and is free to rotate in this plane. Protein-membrane
interactions are modelled as anisotropic spontaneous curvatures of the membrane, in the
vicinity of the nematics. Protein-protein interactions are modelled by the splay and bend
terms of the Frank’s free energy for nematic liquid crystals’®. In the following segments, we

discuss the details of the nematics based membrane deformation model.

III. DYNAMICALLY TRIANGULATED SURFACE (DTS) METHOD FOR
MESOSCOPIC MEMBRANE REMODELING

A. Hamiltonian of the DTS model

In the DTS method, we model the membrane as two dimensional quasi-elastic sheet and

represent it as a triangulated sheet. For example, to model a vesicle, the continuum surface
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of spherical topology is replaced by a mesh of Ny = 2(N, — 2) triangles with N, vertices
connected by Np = 3(N, — 2) edges. A triangulated sphere forms a polyhedron that obeys
Euler characteristic, which is defined based on the number of vertices. Euler characteristic
is a topological invariant (y = N, — Ng + Nr=2) — a number that describe the topological
space that does not vary irrespective of deformation profile. Here, a bead is assigned with
unit diameter (a) and is fixed on every vertex with a maximum tether length of v/3a between
two neighboring beads. Though this prevents the vertices from collapsing into each other,
we also put a penalty on the angle between the normal of the two triangulated plane with a
common edge. With this requirement for the continuum analytical modeling where the total
Gaussian curvature is a constant, a strict self-avoidance of the surface is guaranteed. The
bending elastic energy of the membrane is formulated in terms of local curvature using the

classical Helfrich theory3* and is written as:.

B = g/(2H)2dA + Hg/G dA (1)

where H and G are the local mean curvature and Gaussian curvature of membrane, respec-
tively The mean and Gaussian curvatures are expressed as H = (¢; 4+ ¢2)/2 and G = c¢jc
where ¢; and ¢y are the local principal curvatures on the membrane surface along the or-
thogonal principal directions #; and £, (see Fig. 1).  represents the mean curvature bending
rigidity of the membrane and k¢ is the Gaussian rigidity of the membrane. For the closed
vesicle, the total Gaussian curvature of the membrane is constant as no total effective topo-
logical change is tolerated in continuum modeling.

9379 and recently the model has

In the DTS method, proteins are modeled as nematics
been enhanced to incorporate filaments as inclusions”®“. These nematic inclusions can move
from vertex to vertex and are free to rotate in the local tangent plane. In the DTS model,
the nematic can affect the membrane local deformation in the direction it is oriented () as
well as in the direction perpendicular to itself in the plane (f) of the membrane. The effect
of these nematic inclusions on the membrane curvature formation is modeled in terms of

penalties to curvature formation in these two orthogonal directions. In short, the energy for

membrane and protein system is given as below.

8


https://doi.org/10.20944/preprints202208.0366.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2022 d0i:10.20944/preprints202208.0366.v1

(B) Vertex move (C) link flip (D) Nematic shift (E) Nematic rotation

FIG. 1: (A) A small patch of the triangulated sheet with nematics. (B-E) The Monte
Carlo moves for the energy minimization are vertex displacement, link flip, nematic shift,
and nematic rotation

B, — / (B — ) + (L~ 0)?) A, (@)

where x| and x, are the induced membrane bending rigidity and ¢ and ¢, are the induced
intrinsic curvatures along 7 and ¢, respectively. H, | and H, are the membrane curvatures
in the direction of 7 and #, where H| = ¢ cos® ¢ + casin® ¢ and H| = ¢;sin® ¢ + ¢y cos? ¢.
As mentioned before, ¢; and ¢y are the local principal curvatures on the membrane surface
along the orthogonal principal directions #; and ¢, as shown in Fig. Here, ¢ is the angle

between the direction of nematic orientation 7 and the principal direction #;.

The nematic-nematic interaction, which presents the interaction between protein molecules,

is formulated based on the Frank’s free energy for nematic liquid crystals'®?.
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Ey = / S (B + B w.0?)da, (3)

where V is the co-variant derivative on the curved surface and K, and Kj are the splay and
bending elastic constants for the in plane nematic interactions, respectively. For computa-
tional convenience, the above equation is recast into a discrete form'°? and expressed as the

following.

By=—e Y (g(mﬁjﬁ - %) (4)

1>7

where ery is strength of the nematic-nematic interaction with a constant approximation
(K1 = K3). The sum ) ; is over all the nearest neighbour (1,7) vertices on the triangu-

lated grid, promoting alignment among the neighbouring orientation vectors.

The total energy is the sum of these three energy (Ey, Fy, E5). The Hamiltonian can also
be augmented to explore features such as effect of surface tension and pressure difference
(Pi, — P,ut) on membrane deformation and protein arrangement by including the additional
term [ 0.dA and [V.dP in the Hamiltonian formulation®”!191%3, The area and volume
conservation can also be applied by adding a; A*(1 — 42)? and a,V?(1 — Y2)2. Here A,V are

are actual area and volume of the vesicle and Ay, V; are the cutoff value of area and volume.

B. Monte Carlo simulation details

Monte Carlo (MC) optimization technique is used to solve the Hamiltonian and arrive at
the energy minimized membrane deformation. Four independent Monte Carlo moves for the
energy minimization are required to evolve the shape of dynamically triangulated surfaces
with nematics and reach the minimum energy configuration. These MC moves are (i) vertex
move, (ii) bond flips, (iii) nematic shift and(iv) rotation. These MC moves provide the shape

relaxation and fluidity in the system. Fig.1(A) shows a small patch of the triangulated sheet
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with nematics, where each vertex is connected with neighboring vertices with tethers.

1. In the first MC move, a randomly chosen vertex v is displaced inside a cubical box,
which is centered at the vertex and shown in Figl(B). The move takes the the mem-

brane towards equilibrium.

2. In the second MC move, a set of two neighboring triangles are chosen and the com-
mon tether in between them is replaced by a new tether, which is created by a new
connection in between two other non connected vertices. Fig. 1(C) shows the link flip.
In this case, the tether between v and vy is replaced by creating new link between v,
and vs. This move guarantees that the vertex displacement is not controlled by the

tether connection with its neighbors and thus ensures the fluidity in the system.

3. The third MC move allows the nematic shift from one vertex to another. This move
is shown in Fig. 1(D) where the nematic from vertex vy is shifted to vertex v. This
move also allows the membrane towards equilibrium and is important for diffusion of

proteins on the membrane surface.

4. The fourth MC move allows the nematic rotation in the local tangent place of the vertex
v. This move is shown in Fig. 1(E) where the nematic from vertex v is changing the

orientation.

C. Curvature calculation

A discretized approach must be used to calculate the mean curvature in the DTS frame-
work. There are several methods for calculating the mean curvature of a membrane surface,
including calculating the overall curvature using triangle normals®®, discretization of mean
curvature at any vertex'® and principal curvature at any vertex of a triangulated surfacel®.
For sake of completion, we provide the details of the method used in the original DTS model

05

developed by Ramakrishnan and co-authors!®®. In this method, the mean curvature at a

vertex v is calculated using a shape operator S,(v) with the mean of principal curvatures
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C1(v) and Cy(v) at that vertex.

where area of the vertex A(v) = 3., A(f)/3 and the weight factor for an edge W(e) =
N(v).N(e). The projection operator (e) projects the Se(e) into tangent plane, where p(v) =
I—-N(@w)®N(v). S.(e) = H(e)[R(e) x N(e)][R(e) x N(e)] is the discretized shape operator at
an edge e with H(e) = 2|R(e)| cos(®(e)/2. R(e) is the unit vector along the edge e and N (v)
is a unit normal vector calculated from the face normal N(f) and weight factor proportional
to face area A(f) at face f. Nf(e) is an unit normal vector to the edge e calculated by
vector summation of the face normal adjacent to the edge e. S(v) is converted from global
coordinates to local coordinates using Householder transformation. The eigenvalues and

eigenvectors of S, (v) are the principal curvatures ¢;(v) and co(v) and directions é; and és,

J\

(a) Oblate. (b} Tubular. (c) Disc. (d) Inner tubes.

respectively.

() Tubular. (f) Corkscrew. (g) Branched. (h) Branched.

FIG. 2: Deformed vesicle morphologies obtained by Monte Carlo simulations with the dif-
ferent values of intrinsic curvatures (a) 0, (b) -0.3, (c¢) -0.4, (d) -0.6, (e) 0.2, (£)0.4, (g) 0.5
and(h) 0.6. Other parameters are k = 10, x| = 10 and € = 31in kBT units. Source— Image
is reprinted from® with permission of The Royal Society of Chemistry.
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IV. VARIOUS USE CASES OF DTS MESOSCOPIC MODEL
A. Vesicle deformation due to linear aggregation of curvature proteins

DTS model is particularly suited to study mechanisms underlying the membrane remod-
elling due to scaffold proteins such as those belonging to BAR domain family. The DT'S-based
mesoscopic modeling provides mechanistic insights behind the related in vitro experiments.
Fig2] shows the equilibrium results of deformed vesicle due to curvature-forming scaffold
proteins after MC optimization of the Hamiltonian functional. Here, the different shapes are
obtained due to different values of intrinsic curvature ¢ of the scaffold. In all the cases shown
in Fig. 2, the bending rigidity of the membrane is kept at 10 kgT with weak protein-protein
interaction at 3 kgT. The induced bending rigidity s (or the protein membrane interaction
in the lateral direction of the protein) is also kept at 10 kgT. In the examples shown here,
we assume that the protein does not cause curvature in the perpendicular lateral direction.
As such, the other intrinsic curvature c¢; and induced bending rigidity «, both are absent.
In Fig. 2(a), the value of ¢ is 0. This models a flat scaffold protein with no curvature.
As such, in this case, the nematics are trying to impose their zero curvature on every ver-
tex but due to closed configuration of the vesicle, it is not possible to get the 0 curvature
value on every vertex. As a result, oblate shape is the minimum energy configuration shape
with these parameters. The intrinsic curvatures value for Fig. 2(b-d) are —0.3,—0.4, —0.6,
respectively. The lower panel shapes (Fig. 2(e-h)) are obtained due to positive value of
¢ = 0.2,0.4,0.5,0.6, respectively. So it is clear from Fig. 2 that tubulation occurs with
high value of ¢. Vesicle deformation and tubulation is also possible with the less density
of nematics®. Protrusion and invagination depend on the sign of the intrinsic curvature C|
of the scaffold protein. Invaginations occurs with the negative value of ¢| and the outside

tubulation occurs with the positive value of ¢|.

B. Vesicle deformation due to bundling of proteins.

In this use case, we discuss curvature proteins that can form bundles together by aligning
laterally with each other and in some cases can also lead to curvatures formation in the

membrane. FtsZ is one of the example of these proteins that forms a ring-like assembly at
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the putative location of bacterial cell division. In reconstitution experiments, it has been
found that membrane tubulation occurs when FtsZ protein filaments bind to the liposome.
Invagination and tubulation depend on whether the membrane anchors are attached to the C
terminal or the N terminal of the protein filaments, which determines the effective curvature

of the protein.

Fig[3] shows the equilibrium shapes of the deformed vesicle obtained by MC simulations
under the area and volume conservation. Here, the initial configuration is the spherical tri-
angulated vesicle with randomly oriented nematics on every vertex. The induced bending
rigidities x) and x are 35 kg'T' and 25 kg'T, respectively. For outward tubulation, the intrin-
sic curvatures ¢ and ¢, are -0.05 and 1.0, respectively. The nematic-nematic interaction ey,
is 3 kgT. Fig. 3(a-c) and Fig. 3(a-e) show the outward and inward tubulation, respectively.
Although intrinsic curvature ¢ has non zero value, the tubulation here is controlled by the
c1. In these examples, a clearly visible arrangement of the nematics along the length of the
tubes was observed both for tubulation and invaginations®”. The total number of tubes are
controlled by ¢, c¢1 and ez parameters’’. The spacing between the tubes is controlled by
the ¢ and the radius of the tubes can be changed by c,. Spacing between the tubes is also
controlled by the €, because €y, which determines the protein-protein interactions, allows
the nematics to arrange parallel to each other. At high ey, values, the nematics cover more
space between the tubes that allows them to assemble in the energetically favorable parallel

arrangements leading to reduced number of tubes formation.

A key aspect of the nematic membrane model is its ability to induce curvature even when
the directional spontaneous curvatures are both set to zero (i.e. s = r; = 0)17. In this
case the deformation is induced by the parallel arrangement of the ordered in-plane nematic
fields. Fig. [ shows the vesicle deformation with out directional spontaneous curvatures.
Here the other parameters are k = 10 and ¢; = 10 in kgT units. According to the hairy-ball
theorem™®, filaments cannot be tangentially arranged on a closed surface without forming
topological defects and the sum of the topological charge of these defects is equal to 2. In
Fig. 4, the deformation of the spherical vesicle is driven by the nematic-nematic interaction
term. Here, all the nematics are trying to arrange parallel to each other and four +1/2
defects are already formed due to the closed configuration. So in the deformed morphology,

all four defects are arranged at the corner due to parallel arrangement of nematics and a
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C||>0\~

C[<0

FIG. 3: Deformed vesicle shapes obtained by Monte-Carlo simulation under the area and
volume conservation. a-c¢ and a-e show the outward and inward tubulation respectively.
Intrinsic curvatures ¢ and ¢, for a-c and a-e are (-0.05,1.0) and (0.05,-1.0) respectively.

Other parameters are x| = 35, K, = 25 and €, = 3 in kg7 units. In these tubulated and

invaginated structures, the protein arrangement is in the longitudinal direction of the
membrane tube. Source- Image is reprinted from®’ with permission of American Physical
Society.

tetrahedral morphology is obtained as the result of deformation.

C. Vesicle deformation due to chiral proteins.

Several curvature sensing and curvature-inducing protein in the vesicular transport path-
ways are chiral in nature including the proteins from BAR /Nexin family with the membrane
adaptor proteins on them. Chirality induced tubulation and budding have been conjectured
from observation made in experimental systems 0112 and also explored in theoretical studies
and mesoscopic modeling® 1314 Tp g recent work from Anirban Sain and co-workers®, or-
ganization of chiral proteins both on the rigid surface and deformable surfaces is studied and
mechanisms leading to membrane deformation due to short surface binding chiral protein
filaments was explored. The DTS Hamiltonian is extended to allow for explicit modeling of

chiral nematics on membrane surface using the additional terms in Eqn. (6) as shown below.
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FIG. 4: Deformed vesicle without the directional spontaneous curvatures ie x| =~ = 0.
Here four +1/2 defects remodel the surface into a tetrahedron. other parameters are
k =10 and ¢; = 10 in kg7 units. Source- Image is reprinted from'%” with permission of
Wiley Online Library.

EC’hiral = / g(ZH)2dA + O'A + APV — €LL Z(ﬁ,’f@ﬁ

nn

—2ecqo Y iy (s X 1) () (6)
nn

where the first term is the membrane bending energy which is already discussed in the
model section. Second and third terms are the surface tension energy and pressure differ-
ence AP = P,,; — P, energy terms. The fourth term is discrete form of the combination of
splay and bending energy for nematics. €y, is the strength of nematic-nematic interaction.
Last term is the discrete form of the twist energy of nematics, originally proposed by the
van der Meer'% e is the strength of chiral term and ¢, is the intrinsic chirality. 7,; and
n; are the two neighbor nematics and free to rotate in the local tangent plane. r;; is the
distance between vertices where the n; and 7n; are fixed. It is worth noting that special
considerations in formulation are required because chirality is a three dimensional feature

and cannot be simply captured by the movement of nematics in the local tangent(2D) plane
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FIG. 5: Vesicle deformation due to chiral nematics under the constraint of volume
conservation. All the shapes are the function of intrinsic chirality ¢y and membrane
bending rigidity . Conical protrusions are formed with high value of x and low value of ¢q.
tubulation is possible with the high value of ¢y. Source- Image is reprinted from® with
permission of The Royal Society of Chemistry.

of a flat surface. With the new formulation, even if the nematics rotate in the local tangent

plane of a curved surface, it is now possible to capture the chiral behavior of nematics.

Fig. 5| shows the equilibrium shapes of the deformed vesicle, obtained by Monte-Carlo
simulations. Here the energy function is scaled by ec (¢ = 1) for the simulation. The
other parameters e, and o are 1 and 0.5, respectively. These results are obtained un-

der the constraint of volume conservation. It is clear from Fig. 5 that different size of
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conical protrusions are formed with low values of gy and for a range of k/ec. Tubulation
is only possible with the high value of ¢y and the nematics form the helical arrangement
on the tubes. In their recent paper, Sain and co-workers also show the deformed vesicle
can results without volume constraint with the same parameter of Fig. 5 where they have

found fully tubulated structure with low value of r/ec?.

They have also captured the
effect of pressure difference in the Hamiltonian. If the pressure difference AP is negative,
then conical protrusions are formed. These conical protrusions convert into tubes with the
increase of AP. So it is clear that tubulation is also possible with out curvature of proteins

and it depends on the bending rigidity &, intrinsic chirality o and the pressure difference AP.

D. Vesicle deformation due to mixture of different proteins.

Membrane remodeling requires highly orchestrated biochemical interactions between mul-
tiple proteins and lipids molecules. As discussed earlier, Clathrin-mediated endocytosis
(CME) is a paradigmatic example where a total of more than fifty proteins are either indi-
vidually or in complex are “called upon” from the cytosolic reservoir in a highly coordinated
manner at different stages of the endocytosis process>$116, Another example, also mentioned
above, is the three way junction of the tubes in endoplasmic reticulum. These junctions are
stabilized by lunapark (Lnplp) protein while the tubes are stabilized by the reticulon and
reep proteins ™8, These proteins have different parameter like curvature and membrane
binding affinities. Similarly, Sorting Nexin (SNX) and BAR domain families of proteins are
ubiquitous in the endocytic recycling pathways and play important roles for the vesicular and
cargo transport processes!'0H¥124 BAR families of proteins have a wide range of curvature
values such as F-BAR and N-BAR*''6 with positive curvature and I-BART2120 having neg-
ative curvatures, to name a few. These proteins induce and stabilise different degrees of local
and non-local curvatures to create the complex vesicular morphology needed in the cellular
context2T131 - For example, Feng-Ching Tsai and coworkers recently showed how multiple
proteins such as IRSp53, VASP, Actin and Fascin work in a tightly regulated manner for for-
mation and maintenance of filopodia protrusions!?®. Generally, due to the non-trivial nature

of probing these processes in experiments, exact interplay between different scaffold proteins
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in creating and maintaining membrane deformation is not studied extensively except for a
few recent limited reconstitution experiments (to the best of our knowledge 01213132 Algo,
only limited theoretical and computational work is visible where more than two kinds of scaf-
fold proteins are shown to interplay on membrane surface and induce curvatures?#8133/134
Besides, due to the presence of long unstructured linkers regions between well-folded domains
of scaffold proteins, the effective curvature can be thought to have a distribution rather than
a fixed valuel3136 Scaffold proteins such as Amphiphysinl from the BAR family™?, Epsin
N-terminal homology domain™7 dynamic and EHD proteing®™HI38139 and AP180'37 - all
have multiple disordered region and contains sizeable intrinsically disordered regions that
causes the effective curvature to fluctuate in the thermal environment. As such, it would
be useful to have a mesoscopic model that accounts for curvature fluctuations as well as
presence of multiple types of scaffold proteins in the reservoir to allow for study of interplay

between the proteins leading to curvature formation.

FIG. 6: Panel shows the deformed vesicle morphologies obtained by Monte Carlo
simulation due to two, three, four and five different curvatures of proteins with curvature
values (£0.6), (0,40.6), (£0.5,£0.6) and (0, £0.5, £0.6). Different colors show the
different values of protein’s curvature. Other parameters are x = 20, x| = 10 and e;;, = 3.5
in kgT unit.

Recently, our group has extended the nematics based mesoscopic modelling that can be
used to study membrane remodelling due to mixture of differently curved proteins!®®. In this
section, we briefly present the method and its application. Here different value of proteins
numbers, proteins curvatures, membrane protein interactions and protein-protein interac-
tions can be chosen. This extension helps to understand how different kinds of curvature
generating proteins with different interactions work in the coordinated manner to generate

the desired membrane morphology. If total number of different curvature proteins is p then
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curvature proteins(nematics) and n, is the total number of the vertices on the triangulated
surface. Here we have one nematic on every vertex. So the total number of nematics cannot
exceed the total number of vertices. Different proteins can have different curvatures, induced
membrane bending rigidities and interactions.

Denoting k1, Kjj2.-.... Kiv and ¢ji, ... ¢iv as the induced bending rigidities and cur-
vatures of proteins along the direction of the nematics, respectively and k1, K,19...... KN
and ¢ 1,¢19...... ciny as induced bending rigidities and curvatures, respectively in the per-

pendicular direction of nematics, we express the rigidity and curvature as a vector space

given as: HH:[/-i”l K2 wor oo /€||N]> KJ_:|:HJ_1 Ri2 e e /ﬂN]> CIIZ[CIII €2 e e CIN|>
ci=|cy1 Cly .. ... c LN]. The cross-interaction term among the various proteins is wri-
iten as a matrix: )
1,1 1,2 1,N
€rr ELL +or e 50
21 22 2,N
€L ELL v oo €77,
€LL = | ...
N1 Nj N,N
_ELL ELL ------ €LL |

where €7 is the interaction between same curvature of nematics (same interaction) and €7’
is the interaction between different curvature of nematics (cross interaction). Here we have
considered both cases €7 > €7 and €}’ < €7} and show that how they affect the membrane

deformation. Fig. [6] shows vesicle shapes due to different numbers of proteins.

E. Vesicle deformation due to cytoskeletal filaments

Nematics as protein inclusions on the surface of the membrane has been the most com-
mon form of protein-induced membrane curvature formation studies carried out using DTS
method. Recently, the DTS framework has been extended to explore how semi-rigid filaments
could modulate vesicle morphology”®®. The work is presented for sickling hemoglobin fibres
(HbS) but is extendable to other filaments such as a microtubules and filamentous actin as

well. In this work, the DTS method is used to model the effect of long semi-rigid hemoglobin
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protein filaments inside the the red blood cell (RBC) to unravel the factors leading to patho-
logically debilitating deformation of RBCs. While the usual closed dynamically-triangulated
network model is used for vesicular biological membrane, a worm-like chain model is used for
the hemoglobin filament. This is a transformative addition to the DTS framework as it could
allow the modeling of membrane deformations due to filamentous cytoskeletal proteins. Us-
ing this new construction, Sain and co-workers have explored the equilibrium configuration
of the filament- vesicle hybrid system. Besides the oft-studied effects of membrane modulus
and filament rigidity on the equilibrium shape of RBC, the effect of 3D confinement of the
helical filament conformations and the surface area versus volume of membrane are well ex-

plored in this work. These features seem to have important relevance to sickle cell anemia

(SCA).

Different shapes of red blood cells are associated with many disease like myelofibrosis,
anemia and thalassemia. Here we discuss SCA, which is a serious blood disease and occurs
when the discocytes shaped RBC are converted into sickle shapes. It happens due to the
abnormal growth of the semi-rigid hemoglobin (HbS) fibers inside the RBC. When oxygen
deficiency occurs inside the RBC then the molecules of hemoglobin-S (HbS) nucleate and
polymerize abnormally™? and form a long chain of HbS fibers. This HbS fiber semi rigid
chain push the RBC membrane from inside and try to deform it. The Hamiltonian free-

energy of the combined system is written as:

1 . - . E
E=- jq{(ol + Co)2dA + (A — Aay)?
4 S Rp
l M-1
+“BT2—Z (tiv1 — 1) (7)

i=1

In the equation above, energy is scaled by 8mky,. First term is the bending energy of vesicle
taken from the classical Helfrich-Canham energy . The second term is defined based on the
non-local bending energy which is caused by the area difference between the lipid bilayers.
Here Aa = AA—A“S , Aag = 342 where AA, = 8thp? is the area difference of a sphere and

AA,
AA =h §(Cy 4 Cs)dA is the area difference between the two phospolipid monolayers, whose

neutral planes are separated by a length h. The third term is represented by worm-like-chain
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model, which represents the bending energy of the filament, where ¢; are link vectors and
A4 is the link length such that the filament length is L = M4 (M is the linearly connected
links).

FIG. 7: (A) Normal biconcave RBC (discocyte) shape generated with the fix value of area
and volume ratio. (B) and (C) show deformed RBC with a confined WLC chain inside
where only I, is changing from 2.91) to 5.81). (D) Vesicle deformation due to long filament
here the area and volume ratio is higher then B and C .(E) Multipolar RBC shape due to
two confined filaments. Source- Images are adapted from® with permission of The Royal
Society of Chemistry.

Sain and co-workers®® show the shape deformation of RBC due to one and two HbS fiber
chains and their data reveals that a single chain may not be enough to generate a sharp edge
sickle like shape. Fig. [7JA shows the normal biconcave RBC shape that is generated by fixed
area and volume ratio. Fig. 7(B,C) show the deformed shape of RBC due to worm like chain
with two different values of persistence length of the chain. Fig. 7D shows the membrane

tubulation due to long filament. Here, the area-volume ratio is higher than Fig. 7B and C.
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Fig.7E shows the shape deformation of RBC with two non interacting worm like chain.

F. Vesicle deformation due to peripheral filamentous proteins as in autophagy

Autophagy is a biological process used by the cell for recycling the cellular material’41143,
It is initiated under stress condition such as nutrient starvation. Autophagy is also com-
mon in multiple disease like cancer, cellular aging, immune system and infection™#147, In
this process, membrane deforms into a cup shaped double membrane shape to generate
autophagosomes from phagophores. Experimentally, it has been found that fusion of few
vesicle is a critical step to generate this shape. A “S” shaped curvature protein called “Atg9”
mediates the formation of autophagosome. At the early stage of the process (before forma-
tion of fusion complexes), Atgl sub complexes Atgl7-Atg31-Atg29 remodels the membrane
to generate cup shaped autophagosome. In a new framework that combines DTS membrane
model with coarse-grained protein model, Bahrami and co-workers™® model the formation
of autophagosome due to “S” shaped polymer. The Hamiltonian energy of the combined

system is given below.

« M, 9
E = 2%2 ( 1 ) + Ka(1l — AJAres)® + Ky(a —V/Viep)*~UApg +

1

Ko S ALY + Ky (A0 4+ L Ko S (8)° (®)

The first term represents the discrete form of Helfrich energy in a tessellated vesicle with
n, vertices. k is bending rigidity, M, is the curvature contribution of vertex a that is equal
to ;11 > ijlij¢i; (where I;; is the edge length, and ¢;; is the angle between two normal vectors
of neighbor triangles sharing edge ij] and A,. The second and third terms are stiff harmonic
potentials used to preserve the area A and volume V of the vesicle at reference value A,.s
and V,.¢, respectively. K4 and Ky are stiffness coefficients of area and volume. The fourth

term is binding energy, where U is the binding energy per unit area and A,q is the total area
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FIG. 8: (A) Atgl7 dimer’s “S” shape structure in ribbon representaion. (B)Coarse grained
structure of Atgl7 dimer. (C) and (D) Side and top view of just fused three vesicle
tethered by two group of Atgl7 three dimers. (E) Deformed vesicle in to cup shape due to
Atgl7 dimers. Source- Images are adapted from'*® with permission of Public Library of
Science San Francisco, CA USA.

of the membrane adhered to the dimer beads. The fifth, sixth, and seventh terms are the
internal potential energies that account for the fluctuations in bond length, bond angle, and

dihedral angle, respectively.

Bahrami et al.'*® show that a minimum of three vesicles are required for fusion to generate
phagophore shape and the role of S shaped Atgl7 is critical to generate autophagosome.
They have also shown autophagosome is not possible if Atg is absent or weakly binds to the
membrane. This s shape of Atgl7 is also important as they clearly show that autophagosome
is not possible with the linear shape of Atgl7. Fig. (A,B) show the ribbon representation
and coarse grained representation of Atgl7. Fig. 8C and D show the side and top views of
three diffuse vesicles with the the “S” shaped Atgl7 dimers. Fig. 8E shows the equilibrium

bowl shape of vesicle due to atgl7 dimers.
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G. Deformation of flat membrane due to proteins and membrane-active agents

In all the previous examples of membrane remodeling, we have discussed the vesicle defor-
mation due to surface bound proteins where the proteins are modeled as nematic field or long
filaments. The effect of the proteins can also be introduced by the curvature field##152 Tp
this case, the elastic energy of the membrane-proteins includes a spontaneous curvature field
Hy that represents the curvature-inducing interactions between the protein and membrane.
The elastic energy of Eq. 1 is modified as:

E= / (g(H — Hp)? + kG + 0) dA, (9)

Hy can be defined as a shape function based on the modeling constraints. When the form of
the spontaneous curvature field is a cosine function or a square-well function or an isotropic
Gaussian function, then vesicular buds are formed under certain configurations. When an
anisotropic (ellipse shaped) Gaussian dimple, or an anisotropic saddle shaped function is used
as spontaneous curvature field then tubules are induced from membrane. The spontaneous
curvature induced in the vicinity of the membrane at r,;, due to a protein at 7, is represented
as Ho(rm,7p) = CoF(ry, 1) with F(ry,,7,) = exp(—r?/e?), r = |r,;, — rp| and the €2/2 is
the variance of the Gaussian. Here, Cj is the induced membrane curvature at r,, = 7,. In
general, the function I’ can take any arbitrary form as imposed by the protein curvature field.
Fig. @(a—c) shows the equilibrium shapes of deformed planar membrane with the six protein
fields. Here, the deformation occurs due to spontaneous curvature which is induced by the
proteins for different magnitudes of the imposed curvature Cy with fixed € = 6.3a3. The
magnitudes of imposed curvature in Fig. 9(a-c) are Cy = 0.0,0.4, and 0.8a;" respectively.
Fig. 9(d-f) shows the equilibrium shapes of deformed planar membrane due to a fixed value
of the magnitude of spontaneous curvature Cy = 0.8a;". Different morphology are obtained
due to different number of protein fields — n = 2,8 and 14, respectively in Fig. 9(d-f). In

Fig. 9(f), tubule is formed as the result of clustering of proteins. Here, g is the length unit.
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2 8

FIG. 9: Equilibrium shapes of the Deformed planar membrane obtained by Monte-Carlo
simulation. In (a-c), the magnitudes of imposed curvature Cy = 0.0,0.4, and 0.8a;" with
the fixed number of protein fields n = 6. In (d-f), the magnitudes of imposed curvature is
fixed Cy = 0.8a,* while the protein fields are varyingn = 2,8 and 14. Source- Image is
reprinted from!*® with permission of American Physical Society.

H. Deformation of multiple component membrane vesicle

Biological membrane is a multiple component system and contains multiple kind of lipids
and molecules™ 160 These components can also generate curvature in membrane™®. In
general, in all the examples discussed so far, we have assumed models that have single
component membrane. There are a few examples in mesoscopic modeling literature where

multi-component membrane is considered. A model was proposed by Iglic and co-workers
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FIG. 10: Spontaneous vesicle deformation due to two component membrane system. One
component has higher intrinsic curvature and the other one has the zero intrinsic
curvature. Both are shown by red and blue color respectively.Source- Images are adapted

from™3 with permission of Springer.

for multiple component system %2164 with two different components system A and B. If
the intrinsic curvatures of both component A and B are Cf,, and C} , then the energy of

membrane is given as:

B= [ SO~ Ha(6)7 + (D - Dule)]as, (10)
where H = (C; + C3)/2 is the membrane mean curvature and D = |C; — Cy|/2 is the
membrane curvature deviator. C; and Cy are the membrane principal curvatures. x(¢) is
the membrane bending rigidity for the mixed component system. Here dS' is the elementary
area of the membrane and ¢ is the areal density of the component A. H,,(¢) and D,,(¢) are
the intrinsic mean curvature and curvature deviator of membrane. x(¢) , H,,(¢) and D,,(¢)
depend linearly on the ¢. Here, r(¢) = (v — k%) + kB, H,,(¢) = (H2A(¢) — HE(¢))¢ +
HB(¢), and D,,,(¢) = (DA (¢)—DE(¢))p+DE(¢) with k4 and kP are the bending rigidities of
the component A and B, respectively. H! = (C},, + C4,)/2 is the intrinsic mean curvature
of the component i and D! = [(C}, — C% )|/2 is the intrinsic curvature deviator of the

component i, where i=A,B. Membrane free energy is associated with the entropy of mixing

27


https://doi.org/10.20944/preprints202208.0366.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 August 2022 d0i:10.20944/preprints202208.0366.v1

and expressed as:

kgT
Foiw = ~2% [¢> Ing + (1 — ¢) In(1 — (b)] ds, (11)
Qo
where kg is the Boltzmann constant, T is the absolute temperature and aq is the area of
a single nanodomain. The free energy functional is the sum of both energies. Mesarec and

co-workers!®3

show that vesicle deformation results when the membrane is composed of two
isotropic constituents and one of the components has high intrinsic curvature (Red) and
another has zero intrinsic curvature (Blue) in Fig. The component which has higher

curvature formed tubes while the zero curvature component arranged in between the tubes.

@

(A)

FIG. 11: Deformed morphologies of vesicle due to two component membrane system. Both
component are shown by white and gray colors. (A) Both types of patches(component)
have zero “spontaneous” curvature. (B) White patach has zero curvature while gray
patches have nonzero “spontaneous” curvature. Source- Image is reprinted from!'¢! with
permission of American Physical Society.

Multicomponent membranes are also studied by Lipowsky and co-workers in the triangu-
lated membrane system!®!. In this work, the focus is on membranes that form intramembrane
domains and undergo domain induced budding due to multiple components present in the
membranes. Here, the membrane is modelled as triangulated surface and the two different
components of membrane are denoted by the two different triangles a and b. Three types
of Monte Carlo moves are used for the surface evolution (i)vertex move, (ii)link flip and

(iii) exchange of triangles. First two MC moves are already discussed the model section and
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the third, which models the exchange of triangles, provides the diffusive motion to different
membrane components. Fig. shows the two examples of the membrane budding due to
multiple components on the membrane and both components are shown by two different col-
ors. Since both component of the membrane have zero spontaneous curvature (Fig. 11(a)),
budding is driven by the line tension of the domain boundary. In the another example shown
in Fig. 11b, budding in the multicomponent membranes is induced due to one component

having zero spontaneous curvature and another with nonzero curvature.

V. CHALLENGES AND WAY FORWARD IN THE MESOSCOPIC
“MECHANICS” BASED METHODS IN MEMBRANE REMODELING

One of the fundamental assumption in the mechanics based mesoscopic method in the
field of membrane curvature and remodeling is the representation of membrane as thin
uniform elastic sheet. The constitutive equations, the guiding Hamiltonian and assumptions
on material properties of the membrane are hugely simplified and efforts needs to be made
to enhance the membrane representation that accounts for asymmetry across leaflets and
heterogeneity in the lateral organization besides other features. Also, since most of these
systems are stabilized far away from equilibrium, the mesoscopic modeling needs to be more
“active” (non-equilibrium based) in nature and framework needs to be developed and evolved
in that direction. Advancements made in this area by theoretical biophysicists with their
advance theories and phenomenological models™170 need to be translated to multiscale
modeling work with chemical specificity. Recently, more than 20 experts in the membrane
remodeling area from around the world came together and wrote a beautiful topical review
as a collection of short papers titled “The 2018 biomembrane curvature and remodeling
road map”™™ which lays down a manifesto for future explorations in the field. Here, in
this review, we focus on how mesoscopic modeling, which is largely based on analytical
theories with parsimonious number of Physics based parameters, can be improved to more
closely capture the chemical complexity and diversity of the biological components as well

as incorporate both passive and active interactions that drive these processes.
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A. DMolecular reconstruction: Capturing the chemical diversity using back

mapping

Plasma membrane is made up of more than 800 lipids types and recent lipidomics data sug-
gest that there are more than 35,000 different lipids types in the eukaryotic cellgl5- 157121
The heterogeneity in membrane is quite well established - both in terms of lateral organiza-
tion on the surface due to the variety of lipids present as well as the asymmetry across leaflets
that manifest in features such as local line tensions around domain boundaries, spontaneous
curvature, differential stress and bending modulus to name a few. Ideally, high-resolution
all-atom molecular dynamics (AAMD) simulation is the most preferred method to faithfully
recapitulate the huge molecular diversity of the membrane-remodeling system but infeasible
due to the computational costs. For emergent process such as ones described above, even
highly coarse-grained molecular dynamics (CGMD) models are computationally prohibitive
since some of the processes takes places in seconds and minutes timescales. One of the ways
to circumvent the problem is to connect the multiple length and times scales by a com-
bination of continuum-level mesoscopic modeling and coarse-grained molecular simulations
guided by experimental inputs both at the imaging level as well as at structural and bio-
chemical scales. The approach would allow us to study both the general physical principles

and investigate the molecular-level chemical specificity behind the membrane remodelling.

One of the first attempt in reconstructing particle representation from continuum and/or
imaging data was made in Voth group where they used “inverse coarse-graining” for rebuild-
ing a higher resolution model from a lower resolution model and found that this approach

leads to the stability of structures in CG simulation™.

Of late, with rising computational
powers and with better coarse-grained model, the back mapping has become a focus area
and is quite achievable with minimal ambiguity. In that regard, recent work published in
from Siewert Marrink’s group is worth noticing and has set the stage for further progress in
this field?™. Using the reconstructed CGMD simulations, we could explore how the chem-
ical specificity and molecular interactions at residues and lipid level propagate to physical
scales and vice-versa. With this kind of framework, physical properties such as membrane

bending modulus, protein curvatures, protein-protein interactions strength and other larger

scale properties can be connected to molecular scales and allow us to see how changes in
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molecular interactions leads to larger scales effects such as nature of proteins aggregates and

deformation profile.

B. Cytoskeleton-mediated membrane reshaping: Going beyond passive

scaffold-based modeling

Along with the scaffold proteins, a heavier investment needs to be made by modellers
towards the role of cytoskeleton while studying membrane deformation using mechanics
models. The biochemical pathways that trigger cell deformations such as filopodia and en-
docytic buds are regulated by the underlying actin network. Experiments have convincingly
shown that actin filament dynamics and its assembly into a growing network of meshwork
are the primary modulators of formation and maintenance of actin-rich filopodia and endo-
cytic buds. The complex machinery involving multiple adaptor and kinase proteins such as
Arp2/3 and VASP tightly regulate the branching and growth of actin filaments, which in
turn pushes or pulls on the membrane leading to membrane protrusion or invaginations. In
order to elucidate the physical mechanisms underlying the cytoskeleton-mediated membrane
deformation, any modeling approach must account for physical contact between the mem-
brane and the actin filament and its meshwork as well account for the force exerted by the

growing actin network at the surface of the membrane 7717,

The DTS framework provides an opportunity to study such systems that can be put un-
der the category of “confined/growing*“ filaments in soft vesicle. Recently, the DTS frame-
work was enhanced by Anirban Sain and co-workers to explore the effect of long semi-rigid
haemoglobin protein filaments inside the the red blood cell (RBC) to unravel the factors
leading to pathologically debilitating deformation of RBCs in sickle cell anemia®. While
the membrane was represented in the usual manner as a closed dynamically-triangulated
network, the authors made use of a worm-like chain model for the hemoglobin filament.
Using these two constructs in the continuum mechanics Hamiltonian based framework, they
explored the equilibrium configuration of the filament- vesicle hybrid system. Besides the
oft-studied effects of membrane modulus and filament rigidities on the equilibrium shape
of outer membrane (RBC in this case), the model is also capable of studying the effect of

3D confinement of the helical filament conformations and can explore the dynamics between
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the surface area versus volume of confining membrane — features that seem to have impor-
tant relevance to plasma membrane deformation due to fibrous proteins such as f-actin and

microtubules.
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