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How tension modulates cellular transport has become a topic of interest in the recent past. However,
the effect of tension on clathrin assembly and vesicle growth remains less understood. Here, we use the
classical Helfrich theory to predict the energetic cost that clathrin is required to pay to remodel the
membrane at different stages of vesicle formation. Our study reveals that this energetic cost is highly
sensitive to not only the tension in the membrane but also to the instantaneous geometry of the
membrane during shape evolution. Our study predicts a sharp reduction in clathrin coat size in the
intermediate tension regime (0.01-0.1 mN mY. Remarkably, the natural propensity of the membrane to
undergo bending beyond the Q shape causes a significant decrease in the energy needed from clathrin
to drive vesicle growth. Our studies in mammalian cells confirm a reduction in clathrin coat size in an
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sensitivity revealed in this study might also be at play during the polymerization of other membrane
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1 Introduction

How the physical properties of the membrane control membrane-
protein interactions that lead to structural remodeling during
numerous cellular processes is a fundamental open question in
biology." One such vital and evolutionary conserved physical
process is clathrin-mediated endocytosis (CME), which living cells
use to uptake extracellular molecules through the formation of
clathrin-coated pits (CCPs) and subsequent internalization into
intracellular vesicles.>* CME is important for the exchange of lipids
and proteins between the plasma membrane and organelles and is
critical for maintaining the organization of the plasma membrane
and regulating signal transduction pathways. While clathrin was
discovered several decades ago, how clathrin polymerizes and
remodels membranes is still a subject of active investigation.*
For example, recent studies have demonstrated the impact
of a key physical parameter, tension in the plasma membrane,
on CME. In a low-tension environment, vesicle formation in
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mammalian cells is primarily driven by clathrin polymerization and
is actin-independent.”” In contrast, in a high-tension environment,
either due to the polarized nature of cells or due to mechanical
manipulation of cells, vesicle formation becomes actin-dependent.®°
Along similar lines, CME in yeast cells, which experience high
membrane tension due to large internal turgor pressure, is
known to be actin-dependent.>'*™** The impact of cortical tension
on the CCP dynamics has also been shown within single cells.**
This has led to a natural question as to how tension impacts CCP
dynamics.

The in vitro studies by Saleem et al. showed that vesicles subjected
to increased tension exhibited reduced clathrin polymerization.'®
Tan et al. showed that CCPs in cells subjected to increased cell
spreading size exhibit increased short-lived CCPs and initiation
rate."® These experimental studies are complimented by the
modeling work of Walani et al., which suggests that an increase
in tension should lead to a smaller clathrin coat in order to
match experimentally observed shapes in mammalian and yeast
cells.” In addition, stochastic models have provided fundamental
insights into clathrin self-assembly'®'® and dynamic rearrange-
ments in clathrin lattices.** > In particular, curvature generation by
indentation has been shown to promote solid to fluid phase
transition in a planar clathrin lattice.**

While these studies have provided fundamental insights into
the different aspects of CCP dynamics, how membrane curvature
and tension simultaneously regulate clathrin polymerization
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Fig. 1 The focus of the study is to predict the clathrin coat (red lattice)
area that would polymerize under different membrane tension conditions.
To this end, we employ the classic Helfrich theory to estimate the
instantaneous energy that the clathrin monomers would have to provide
during the shape evolution to drive vesicle growth.

during vesicle growth is not yet well understood. Here, we use
continuum mechanics to estimate the polymerization energy needed
to bend the membrane during shape evolution under different
homeostatic tension conditions (Fig. 1). Our study reveals that the
vesicle growth is associated with a highly nonlinear energy demand
which clathrin has to meet in order to bend the membrane.
Remarkably, the energetic demand reaches its peak at a critical
geometric point beyond which curvature energy contributes to
vesicle growth and necking. Our study reveals a reduction in the
CCP size in the intermediate tension regime and formation of coated
plaques in a high tension regime. The former finding is supported
by our experimental studies in mammalian cells.

2 The basic setup

We model the bilayer as a 2D surface and use the well-known
Helfrich theory to model clathrin-induced membrane remodeling.
The strain energy for the membrane is given by W = x(H — C)* + kK,
where H is the mean curvature, K is the Gaussian curvature, C is the
effective spontaneous curvature imposed by the clathrin coat,
and {x, i} are the bending moduli.>**” Since we do not model
topological changes, the second term in the energy does not
contribute to the energetics of the shape evolution due to the
Gauss-Bonnet theorem. We do not take into account the effects
of other membrane remodeling proteins such as actin and BAR
(in the case of yeast cells) to isolate the impact of tension and
geometry on clathrin polymerization. Such an insight is valuable to
understand the extent of clathrin-induced membrane remodeling
in a high tension regime. In addition, since membranes only
undergo a minimal areal dilation of 2-3%, we impose areal
incompressibility.

We explore equilibrium solutions in the axisymmetric domain
parametrized by the meridional arc length s and the azimuthal
angle 0. For this system the equilibrium equations reduce to

KA(H — C) + 2xk(H — C)2H*> — K) — 2kH(H — C =2/H (1)
and

MN=-W (2)
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where 1 is the surface tension, A() is the surface Laplacian and
() is the partial derivative with respect to the arclength. We
solve these equations along with the geometric equations

r'(s)=cosy and 2'(s) = siny. (3)

and
v =am -2V (1)

to compute the equilibrium shapes. Above, {s) is the radius from
the axis of revolution, z(s) is the elevation from a base plane and
Y(s) is the angle which the tangent makes with the radial vector.

In the coated domain, we assume that the clathrin coat
imposes a spontaneous curvature C, = 1/R,, where R, = 50 nm is
the preferred radius of curvature of the clathrin coat,*®**° and
an effective membrane stiffness ten times higher than that of
the uncoated membrane.*>® To model these spatial variations,
we prescribe

C 1 tanh(B(s — 5))
TR R R 9

and

—=1+ 2[1 — tanh(B(s — s0))] (6)
Ko 2

where ko, = 20kgT is the bending modulus of the uncoated
membrane, = 12 is a constant that determines the sharpness
of the tanh function and s, is the prescribed domain of the
clathrin coat in terms of the arc length. The spatial variation in
k and C in the uncoated and coated domains for a typical
vesicle geometry is shown in Fig. 2. As shown for the first time
by Agrawal and Steigmann,®’ such a spatial heterogeneity in
membrane properties can potentially lead to a variable surface
tension field in the membrane.

We integrate the differential equations with the appropriate
boundary conditions to compute the CCP shapes (Fig. 3). At the
pole of the CCP, lying on the axis of revolution, we require r = 0,
Y =0and L =r{k(H — C)]' = 0. The last condition, L = 0, where L
represents the transverse shear force in the membrane, is
associated with the requirement that there is no applied point
load at the pole.*” At the outer periphery, we impose z =0, i = 0,
and 1 = A, the prescribed tension in the membrane. We use the
coat area of 41R,” as the reference area. This corresponds to the
maximum (100%) area that a coat can have at zero tension. We
vary the coat area and compute the equilibrium shapes for a
fixed resting tension in the membrane. In order to have a
handle on the coat area, we switch to area as the independent
variable. The procedure is presented in ref. 32. In addition, we
use R, as the lengthscale to normalize the equations. As a
consequence, the qualitative nature of our results is valid for
any arbitrary radius preferred by the clathrin coat.

The mathematical framework mentioned above has been
used extensively to investigate endocytosis and nanoparticle
uptake'”*'***° (for more studies on endocytosis of nanoparticles,
see references in ref. 39). In this study, we use the same frame-
work to simulate vesicle shapes but we ask a different question.
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Fig. 2 Effect of the clathrin coat on the membrane properties. (a) A typical
shape of a vesicle during shape evolution. The blue domain indicates the
clathrin coated region. (b and c) The spatially varying spontaneous curvature
and bending modulus fields for the vesicle geometry shown in (a).

T

Fig. 3 The key variables and the boundary conditions employed in the
axisymmetric model to compute vesicle geometry.

How much energy does clathrin impart to bend the membrane
during shape evolution? In other words, if we start from a planar
patch of membrane, how much energy do clathrin trikelions
have to impart to bend the membrane and turn it into a bud. We
can investigate this problem by computing the work done to go
from a planar state to an invaginated state. This work comprises
two components. The first is the energy required to bend the
bare membrane. In the framework of Helfrich theory, this energy
would be given by the integration of xH”. The second contribution
comes from pulling the membrane against the resting tension
towards the endocytic site.

A simple thought experiment could provide additional insight
into these energetic contributions. Let us assume that we start

This journal is © The Royal Society of Chemistry 2017
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with a planar membrane at zero tension. Let us further assume
that clathrin polymerizes onto the membrane and transforms it
into a nearly spherical bud. In this scenario, H = C. If we compute
the bending energy of the composite membrane-clathrin system, it
is equal to zero. However, it does not imply that clathrin did not do
any work in bending the membrane. In fact, the bending energy of
a sphere is equal to 47, which is supplied by the clathrin coat. It is
for this reason that we compute the bending energy of the uncoated
membrane. A similar idea was employed in ref. 41 to compute the
cost to form a vesicle. Since the resting tension is zero, no work is
done for pulling the membrane with a surface area equal to 4TR,>
towards the endocytic site (R, is the radius of the clathrin coat and
C =1/Ry).

We compute the energy for the entire shape evolution and
then compute the rate of change of energy per unit clathrin coat
area. This ‘energy density ¢ is the polymerization energy that
the newly added clathrin coat is required to supply at any stage
in order to further drive vesicle growth. If the polymerization
energy of clathrin, ¢, at any stage is equal to or greater than the
required ¢, clathrin can polymerize and bend the membrane. If
not, clathrin polymerization and vesicle growth will stall. This
approach differs from the notion of computing the average
polymerization energy obtained from the ratio of the required
bending energy 4nx with the spherical coat area (as in ref. 41).
Here, the polymerization cost is predicted as a function of the
vesicle geometry during shape evolution.

3 Results

The key results, the required polymerization energy ¢ (rate of
change of energy per unit clathrin coat area) computed during
shape evolution at different resting tension values, are presented
in Fig. 4. The total energy plots for the corresponding cases are
presented in Fig. S1 (ESIt). The plots exhibit four different
patterns. Fig. 4a presents ¢ in very low tension regimes - 4, <
0.015 mN m™'. First, ¢ increases at a rapid rate until clathrin
reaches 6-7% coat area. Next, it increases at a reduced rate until
it reaches a maximum around 60% coat area. Beyond this critical
point, ¢ drops rapidly and plateaus in the rest of the area domain.
This behavior reveals interesting physics associated with
membrane geometry. Up to the critical point (~60% coat area),
monotonically increasing polymerization energy is required to drive
invagination. However, beyond this critical point, the geometry
itself favors closure of the vesicle and as a result the energy required
from clathrin undergoes a reduction. Thus, membrane geometry
plays a critical role in determining the energetic input required
from the protein to drive vesicle growth.

Fig. 4b shows the energy requirement in the next higher
tension domain - 0.015-0.05 mN m™". Here, the plots exhibit
similar behavior to that exhibited before up to the critical point
(~70% coat area), which corresponds to an Q shaped CCP.
However, beyond the critical point, the vesicle undergoes a
snapthrough instability and the curves undergo a sharp
decline. This trend is a scaled-up version of the very low tension
response. The effect of geometry is stronger, and the membrane
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Fig. 4 Rate of change of energy with respect to clathrin coat area in different tension (1) regimes (a—d). This is the required polymerization energy that
clathrin should possess in order to drive vesicle growth. This energy density shows high sensitivity to both membrane geometry and tension. The insets
show the bud morphology at the critical junctures during shape evolution. All the insets have the same axis allowing a direct comparison between bud
profiles at different coat areas and membrane tension. The golden domain indicates the bare membrane and the blue domain indicates the clathrin-
coated domain.
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has a much higher propensity to undergo necking. In the next
higher tension regime (0.075-0.1 mN m™ "), ¢ increases mono-
tonically and smoothly up to 80% clathrin coat area (Fig. 4c).
However, ¢ undergoes a rapid increase beyond 70% clathrin
coat area, which corresponds to an Q shaped CCP. Interestingly,
in this regime, even an 80% clathrin coat area is only able to
create a partial vesicle. For higher coat areas, intriguingly, no
converged solutions are obtained. Our speculation is that for a
higher coat area, there are two competing effects. While on one
hand the vesicle wants to close up as in Fig. 4b, on the other
hand, the coat size is large enough for the vesicle requiring
the coat to go into the neck region. Since this would entail
significant energetic cost due to curvature frustration, the vesicle
does not achieve a closed geometry as in Fig. 4b and gets stalled
in the Q-shaped geometry. Finally, in the high tension regime,
>0.1 mN m ', there is a trend reversal (Fig. 4d). The required
polymerization energy (¢) first increases up to a critical point
around 10% coat area and then decreases smoothly in the rest of
the area domain. In this regime, due to very high tension, even
90% coat area is unable to drive vesicle growth and the
membrane stalls at a very shallow CCP.

While the required polymerization energy plots show different
trends, the corresponding CCP invagination depths show similar
behavior in all the tension regimes (Fig. 5). The depth increases
monotonically with an increase in the area and decreases with an
increase in the tension. Only in the low tension regime, contrary
to intuition, the depth decreases beyond 70% coat area. This
effect most likely results from the closure of the vesicle which
tends to pull the entire CCP towards the planar membrane.

So, what conclusions can be drawn about the size of the
clathrin coat from the results presented in Fig. 4? If we assume
that clathrin has a fixed polymerization energy &., we can
determine the maximum coat area corresponding to this value
from the ¢ plots presented in Fig. 4. For example, clathrin is
able to form nearly spherical coats in mammalian cells that
have an estimated tension in the order of ~0.01 mN m™.**™*
Fig. 4a then shows that if clathrin has & = 0.065 mN m™ ", it
would be able to meet the highest energy demand and form a
full spherical coat. If we assume that this polymerization energy
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Fig. 5 CCP invagination depth obtained in different tension regimes for

different clathrin coat domains. Under most scenarios, the depth increases

monotonically. In a low tension regime, the vesicle retracts marginally due

to necking and CCP closure.
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remains constant in different mechanical environments, we
can determine the clathrin coat area corresponding to ¢ = &, =
0.065 mN m ™" at different tension values. This yields a plot of
the clathrin coat area as a function of tension presented in
Fig. 6a (red curve). The plot reveals a sharp decline in the
clathrin coat area with an increase in the membrane tension.
Remarkably, the coat area drops drastically by almost 95% until
the tension of 0.2 mN m ™" is achieved. Beyond 0.2 mN m ™", the
coat area becomes insensitive to tension and remains constant.

To gain a deeper understanding into the relationship
between the polymerization energy and the predicted coat area,
we consider another scenario. We compute clathrin coat areas
corresponding to a polymerization energy equal to 0.1 mN m™". The
blue curve in Fig. 6a shows the coat areas for & = 0.1 mN m™ .
Interestingly, the plot shows a very different trend compared
to the red curve (corresponding to &. = 0.065 mN m™'). For
¢.=0.1 mN m™ ", the clathrin coat area first decreases rapidly up
to 0.1 mN m " and reaches a value of ~45%. Remarkably, it
then begins to increase smoothly up to ~0.35 mN m ' and
reaches a value of ~90%. After ~0.35 mN m™ ", the polymerization
energy is higher than the required values suggesting that any
arbitrary coat area greater than 100% can polymerize. However,
in Fig. 6a, we cap the polymerized area to a maximum of 100%
(dotted blue curve).

While the predicted clathrin coat area is sensitive to the
polymerization energy that clathrin possesses, the maximum
invagination depth of the CCP shows a robust trend. The invagina-
tion depths corresponding to the two curves in Fig. 6a are
presented in Fig. 6b. In both the scenarios, the invagination
depth monotonically decreases with an increase in tension. It is
important to note that despite large variations in the coat areas
in the medium to high tension regimes for the two cases, the
invagination depths remain small and comparable. This reveals
a tension-dependent decoupling between the polymerized coat
area and the CCP invagination depth. In fact, prescribing
a higher coat area (>100%) in the high tension regime for
g = 0.1 mN m™" has a minimal impact on the invagination
depth. Thus, our choice for capping the coat area to a maximum
of 100% has no physical consequence on vesicle growth.

Our modeling results suggest that there is an inverse relationship
between CCP size and tension in the low to intermediate
tension regimes. It was shown previously that cells spread on
large fibronectin micropatterned substrates had higher tension
compared to small micropatterned substrates.'® In order to
directly observe CCP sizes on different sized micropatterned
substrates, we performed superresolution imaging by stochastic
optical reconstruction microscopy (STORM). Endogenously
expressed clathrin heavy chain molecules were immunolabeled
using X22 monoclonal anti-clathrin heavy chain and Alexa Fluor
647 conjugated antibodies (Abcam) and imaged and analyzed as
described previously.***> As shown in Fig. 7, CCPs were clearly
larger in a cell on a small micropatterned substrate, consistent
with our modeling results. Furthermore, the average correlation
lengths computed from autocorrelation functions of the resultant
superresolution localization data for the small and large micro-
patterns were 73 4 4.2 nm and 54 + 3.8 nm,*® respectively,
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Fig. 6 (a) Predicted clathrin coat area as a function of membrane tension for two different clathrin polymerization energies ¢.. The predicted clathrin
coat area decreases rapidly in the intermediate tension regime. For & > 0.1 mN m™, our study predicts the formation of coated plaques (nearly planar
CCPs) of arbitrary size in a high tension regime. Here, we cap the maximum area to 100% (dotted line). (b) Corresponding CCP invagination depths for the
predicted clathrin coat area. Despite a vast variation in the clathrin coat areas for the two polymerization energies, CCP invagination depth shows a

monotonic decline with an increase in membrane tension.

indicating a larger CCP size in cells with lower tension. These
results support the modeling predictions.

4 Discussion

In this study, we have used the Helfrich theory to model the
energetics of clathrin-membrane interaction. Our results reveal
that the polymerization energy required to transform a planar
membrane into a vesicle shows a highly nonlinear trend
determined synergistically by both the geometry and the tension
of the membrane. The study shows that the Q shaped geometry
of the CCP is a critical point, beyond which much less work is
needed from clathrin to drive vesicle growth. This effect of
geometry is reminiscent of the drop in the force observed during
pulling of a tubule from a planar membrane or a vesicle.'”***

1460 | Soft Matter, 2017, 13, 1455-1462

In addition, our study shows that the coat size shows extreme
sensitivity to membrane tension and decreases rapidly in the low
to intermediate tension regimes. Finally, our study presents a
counterintuitive finding that the clathrin coat size could reach
arbitrarily large values in high tension regimes if clathrin possesses
a polymerization energy of ~0.1 mN m™'. However, despite the
increased coat size, the CCP remains nearly flat (Fig. S2, ESIT).
The experimental findings in mammalian cells performed in
this study show the predicted decrease in the CCP size in an
increased tension environment. The in vitro study by Saleem et al."®
also revealed a reduction in clathrin polymerization on vesicles
subjected to hypoosmotic conditions. These experimental findings
are aligned with the modeling predictions in the low to inter-
mediate tension regimes. In our experimental setup, we were
limited by the degree of cell spreading on the micropatterned
substrates, and we found that cells were unable to reliably spread

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Superresolution images of CCPs of retinal pigment epithelial cells on 25 micron (top) and 50 micron (bottom) circle micropatterns. Insets of the
yellowed boxed regions are shown on the right. Images are blurred with 2D Gaussian at a radius of 50 nm and 20 nm for full and inset images,
respectively. Scale bars are 5 micron and 500 nm for the full and inset images, respectively.

beyond 50 micron diameter circular patterns. Thus, while our
other prediction that large shallow clathrin coats can form in a
high tension regime is not observed in these experiments, planar
or moderately curved clathrin structures called ‘coated plaques’
have been observed on the adhered surfaces of mammalian
cells.*®*® Since cell-substrate adhesion can inhibit membrane
bending in a manner similar to high membrane tension, the two
scenarios can have similar energetics, giving rise to coated
plaques of arbitrary sizes. Our study, therefore, suggests that
geometrical constraint coupled with adequate polymerization
energy could be a cause of coated plaque formation. Overall, our
work reveals the interplay between geometry and elasticity
associated with membrane-protein interactions that could regulate
the polymerization of other scaffolding proteins such as COP],
COPII, caveolins and BAR proteins.

We would like to note that the notion of spontaneous
curvature and polymerization energy for clathrin should be
interpreted in a more broader context. While clathrin is known
to bend and polymerize on the membrane, its interaction with
the membrane is also associated with the recruitment of several
accessory proteins.>>>" These proteins can potentially have a
similar remodeling effect on the membrane and can alter the

This journal is © The Royal Society of Chemistry 2017

clathrin-membrane binding energy. As a result, the spontaneous
curvature and the polymerization energy used in this study
should be interpreted as effective parameters arising from a
complex interplay between clathrin and the accessory proteins.

Lastly, our model assumes continuous polymerization of
clathrin during vesicle growth. This mechanism is aligned with
numerous experimental and modeling studies present in the
literature,'®'73133365275% However, the recent paper by Avinoam®*
reveals an alternative mechanism in which the entire clathrin coat
first polymerizes on a nearly planar membrane and then undergoes
geometric remodeling driving vesicle formation. The factors that
regulate the clathrin coat size in this model are currently unknown.
Furthermore, how membrane tension would inhibit clathrin poly-
merization on a planar membrane in this model remains to be
seen and will be a subject of future study.
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