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Clathrin-mediated endocytosis is the main pathway used by eukaryotic cells to take up extracel-
lular material, but the dominant physical mechanisms driving this process are still elusive. Recently
several high-resolution imaging techniques have been used on different cell lines to measure the
geometrical properties of clathrin-coated pits over their whole lifetime. Here we first show that all
datasets follow the same consensus pathway, which is well described by the recently introduced coop-
erative curvature model, which predicts a flat-to-curved transition at finite area, followed by linear
growth and subsequent saturation of curvature. We then apply an energetic model for the com-
posite of plasma membrane and clathrin coat to the consensus pathway to show that the dominant
mechanism for invagination is coat stiffening, which results from cooperative interactions between
the different clathrin molecules and progressively drives the system towards its intrinsic curvature.
Our theory predicts that two length scales determine the time course of invagination, namely the
patch size at which the flat-to-curved transition occurs and the final pit radius.

I. INTRODUCTION

Each biological cell is defined and protected by a
plasma membrane, but also needs to transport nutrients
or signaling molecules across it [1]. To take up extracel-
lular material, eukaryotic cells have developed different
uptake strategies [2]. Among these, clathrin-mediated
endocytosis (CME) is the main uptake route and used
mainly for particles in the range from 20 to 300 nm,
which also includes many common viruses [3]. In order to
bend the plasma membrane inwards and to form a trans-
port vesicle, a hexagonal lattice made from the protein
clathrin is assembled at the plasma membrane, which
is punctuated by a few pentagons to generate curvature
[4]. These networks are naturally formed by clathrin
molecules, because they have the form of triskelia af-
ter assembly of three heavy chains, each decorated with
one light chain. Clathrin triskelia feature multiple bind-
ing sites to each other as well as an intrinsic curvature
[5]. Remarkably, clathrin triskelia can self-assemble with-
out any additional factors into closed cages that resemble
fullerenes, with twelve pentagons in a sea of hexagons [6].
In reconstitution assays with lipid vesicles, clathrin binds
to the membrane through adapter proteins like AP180
and then deforms it [7]. In the cell, the situation under
which clathrin lattices assemble is more complex, since
here many more proteins participate in the assembly and
invagination process [8]. In particular, an actin network
can form around the growing pit, that can pull and push
the invaginating membrane inwards [9, 10].

The exact time point at which curvature is gener-
ated during CME has been debated since many decades
[11, 12]. Early work with cells supported the constant
area model (CAM), in which clathrin triskelia first grow

* To whom correspondence should be addressed; E-mail:

schwarz@thphys.uni-heidelberg.de

into large flat patches, which then invaginate. In con-
trast, reconstitution experiments with lipids and clathrin
tend to favor the constant curvature model (CCM), in
which curvature is generated right from the start of the
clathrin assembly [7]. Today it is accepted that the actual
process is a mixture of both scenarios, with both area and
curvature growing in time during CME. Recently sev-
eral high resolution imaging techniques have been used
to spatially resolve the time course of CME in mam-
malian cells [13-16]. Using electron tomography (ET)
[13], high-speed atomic force microscopy (HS-AFM) [17]
and super-resolution microscopy (SRM) [16], it has been
shown that curvature starts to be generated only once
around half of the final clathrin coat has been assem-
bled. What all these techniques have in common is that
snapshots are taken of clathrin coats that can be sorted
according to the state of invagination, which is used as
a surrogate for time. However, until now these different
datasets have not been compared with each other. In
particular, the HS-AFM data has not yet been evaluated
as a function of pseudo-time.

Although their molecular architecture suggests that
individual clathrin triskelia can independently generate
coat curvature, in recent years it has become increasingly
clear that coat invagination arises from the collective in-
teraction of clathrin triskelia within the clathrin lattice.
In particular, it has been shown that invagination is fa-
vored by exchange of the clathrin light chains [18], that
clathrin assembly is facilitated on curved membranes [19-
21] and that clathrin triskelia undergo conformational
switches that increase curvature [22]. Moreover, dissec-
tion of the clathrin coat using AFM has demonstrated
that the assembled lattice is elastically frustrated [17].
Recent experimental studies also highlighted the role of
actin during coat invagination [9]. In particular, it has
been suggested that in mammalian cells, polymerizing
actin could drive the invagination of the clathrin coat
by pushing on its edges [10]. Moreover, it has been dis-
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FIG. 1. Cooperative curvature model (CoopCM). (A) The clathrin coat is assumed to have the shape of a spherical cap
with invagination angle 6, cap radius R, area A and edge length £. Curvature H = 1/R is therefore the same everywhere,
but changes in time, as does the invagination angle 6. (B) Curvature H, (C) area A and (D) edge length £ as a function of
invagination angle 6 as predicted by the CoopCM, normalized to their maxima (for Ho = ). The invagination angle 6 acts as

surrogate for time.

cussed that coat rearrangements [23] or lattice vacancies
[24] could facilitate the invagination process.

To provide a simple mathematical description of coat
assembly and invagination, we have recently suggested
a conceptually transparent and analytically solvable ki-
netic model, the cooperative curvature model (CoopCM),
that gives excellent fits to the growth kinetics observed
with SRM [16]. The CoopCM is based on only a few sim-
ple assumptions that are motivated by the experimental
observations, namely that the growing pit resembles a
spherical cap, that area growth occurs mainly at the rim
and that curvature is generated everywhere in the lat-
tice, but in a cooperative manner, until a preferred value
is reached. Although this phenomenological approach
is effective, it does not address the underlying mecha-
nisms. In principle, different physical mechanisms can
contribute to drive coat invagination, including genera-
tion of spontaneous curvature, coat stiffening and line
tension [17, 25].

In this work, we first discuss the CoopCM in more de-
tail and show explicitly why it predicts a flat-to-curved
transition at finite coat area. We then combine exper-
imental data from different high-resolution techniques
and different mammalian cell lines with the CoopCM to
demonstrate that the invagination pathway of clathrin
coats follows a universal pathway that we term the con-

sensus pathway. We next combine this universal path-
way with an energetic model for the composite of plasma
membrane and clathrin coat. We find that CME could
not proceed with a constant coat stiffness, as this would
involve a prohibitively large energy penalty for the ini-
tially flat clathrin coat. Therefore coat stiffening has to
occur over time; combined with the spontaneous curva-
ture of the clathrin triskelia, this provides the dominant
energetic contribution and drives invagination.

II. THE COOPERATIVE CURVATURE MODEL

Previously, we showed that the kinetics of the invagina-
tion of the clathrin coat is well described by the CoopCM
[16]. In the following, we briefly summarize the model
and the underlying main assumptions. Our main as-
sumption is that the clathrin coat takes the shape of a
spherical cap, as observed experimentally [13, 16], which
means that it is characterized by only two quantities,
namely the invagination angle # and the cap radius R
(Fig. 1A). The two most important geometrical quanti-
ties for kinetic and energetic models are the cap area A
and the edge length &, which for the spherical cap are
A =27R?(1 — cosf) and £ = 2w Rsin 6, respectively. It
is important to note that the formula for the area of the



spherical cap includes the flat circular disk in the double
limit when 8 — 0 and at the same time R — oo with the
disk radius Rsinf =~ Rf remaining finite.

Instead of giving a fully dynamic description, we de-
scribe how the coat curvature H = 1/R evolves with 6,
which we use as a surrogate of time. The reason for this
is that experimentally only snapshots of clathrin coats
are taken, which, assuming that coat invagination is an
irreversible process, can be ordered according to their
opening angle 6. The assumption here is that curvature
changes occur over the whole domain of the spherical
cap, thus making H the dominant slow dynamic vari-
able, while the coat area is controlled by an independent
growth mechanism along the edge of the clathrin coat.
Moreover, we assume that as soon as the coat area has
reached a certain threshold, coat curvature H builds up
with a constant rate -, driven by the interactions of the
clathrin triskelia, which includes the generation of pen-
tagons.

As the clathrin coat invaginates, the generation of
coat curvature eventually has to slow down, because
the clathrin coat approaches the final coat curvature
Hy = 1/Ry, which is set by the curvature of the clathrin
triskelia, interactions with other clathrin triskelia and
interactions with adaptor and accessory proteins at the
membrane [20, 23]. This coat curvature Hy is expected
to be smaller than the curvature of clathrin cages H, =
1/R., which is determined solely by the curvature of the
clathrin triskelia and the interactions between the other
clathrin triskelia [5, 11]. R, has been measured to be in
the range 32.5 — 50 nm [7, 26]. For typical pit sizes (typ-
ical membrane radius 40nm [13] plus 15 nm accounting
for the thickness of the clathrin coat and its gap to the
membrane [7, 27]) the expected value for Ry is around
55 nm, which indeed is above the range for radii for the
cages.

As the coat reaches the saturation curvature Hy, the
coat curvature will stop increasing and a stable steady
state of invagination emerges. Therefore, this curvature
acts as a control mechanism for the invagination and ef-
fectively sets the pit size. Since the curvature saturation
only sets in at the late stage of the invagination pro-
cess and curvature generation is cooperative, we assume
that it is proportional to H? (rather than to H, see more
discussion below). Together, we now have a simple evo-
lution equation for the coat curvature as a function of
the invagination angle

dH H?

— 1—=1. 1

i~ (1) W
With the initial condition H (€ = 0) = 0 the solution to
Eq. (1) is

H(0) = Hp tanh (79> . (2)
Hy

Consequently, the radius of the coat is defined as the

inverse of the coat curvature R(0) = 1/H (), where Ry =

1/H,.

Earlier we have shown that the CoopCM can be for-
mulated also as a fully dynamic description that predicts
the characteristic square root dependence of curvature
with time that was observed experimentally [16]. Until
Section IV, we do not address time explicitly, because we
first focus on the geometry of the system, which is suf-
ficient to develop an energetic description. However, we
have to clarify at which coat area the invagination pro-
cess starts. As done earlier for the fully dynamical ver-
sion of the CoopCM, we now make the assumption that
area growth along the edge occurs independently of coat
invagination, which includes the possibility that invagina-
tion starts at finite area. Therefore, we can solve the area
of the spherical cap for coat curvature H and consider the
coat curvature as a function of 4 at fixed area A. We thus
use the area formula to write H = /27(1 —cosf)/A,
which is justified as long as A > 0. Expanding the coat
curvature H for a patch with finite area A > 0 in 6
around the flat state (6 = 0) yields

H= \/j (9 - i) +0(6%) (3)

which is justified as long as A changes on another time
scale. To obtain a differential equation for the coat cur-
vature, we assume that the derivate of coat curvature
dH/df# can be written as a polynomial in H. Follow-
ing this idea we expand dH/df as a power series up to
second order in H to take non-linear effects like coop-
erativity between clathrin triskelia into account. We get
dH/df = co—c1 H —co H?, where g, ¢; and ¢y are expan-
sion coefficients. Now we demand that the ansatz is con-
sistent with Eq. (3). By taking the derivative of Eq. (3),
we find that the derivative depends only quadratically
on 6. Using Eq. (3) also on the power series we see that
c1 = 0, as otherwise a linear term in 6 would appear.
Thus internal consistency of the theory implies that the
non-linear saturation term of the CoopCM in Eq. (1) fol-
lows from the fact that coat invagination starts at a finite
A, given by Eq. (3). We conclude that the CoopCM in
fact predicts a flat-to-curved transition at finite coat area,
in agreement with the recent experimental observations
[16].

In order to determine the value of the coat area at
which invagination starts, we examine the area of the
spherical cap using the expression for the coat radius
R(0) = 1/H(0) (Eq. (2)) in the limit of a flat disk, i.e.,
0 —0

. IR RO 2 o s

As a result, we recover the area of a circular disk. From
Eq. (4) we also find a second, geometrical interpretation
of «y as the inverse of the patch radius Rt = 1/ at which
the invagination of the flat coat starts. In the limit when



the coat approaches maximum invagination, we get

: . Ry 2
lim A= lim 27 | ———— 1 —
et el (tanh (vROQ)) (1= cosd)
= 47 R2 coth®(yRo) . (5)

Thus, the lower bound for the area of the fully invagi-
nated state is A = 47 R3. From the expression, we deduce
a second, geometrical interpretation of Ry, as the radius
of the fully invaginated clathrin coat, which is valid in
good approximation if the flat-to-curved transition oc-
curs at finite coat area. Compared to Eq. (1), Egs. (4-5)
suggest a complementary perspective on the CoopCM:
The CoopCM interpolates between the finite coat area
where the flat-to-curved transition occurs (with circular
disk radius Ry = 1/7) and the fully invaginated spheri-
cal coat area (with sphere radius Ry = 1/Hy) in a purely
geometric way, without any additional parameters.

We also note that the CCM is a limiting case of the
CoopCM if v — oco. The CAM is partially recovered
from the CoopCM, when we demand A(6 =0) = A(f =
m), which is true for YRy = 0.4411. In this case, the
corresponding coat area varies by around 10% between
0 = 0 and 0 = 7 along the domain. These considerations
suggest that 7Ry can be considered as a measure that
indicates how close the CoopCM is to the CCM (yRy >
1) or to the CAM (yRy = 0.4411).

To illustrate the universal pathway of coat invagination
as predicted by the CoopCM, in Fig. 1 the curvature (B),
area (C) and edge length (D) of the clathrin coat are
plotted normalized to their maxima for Hy = 7. Due to
the normalization and the fact that we here use Hy =
v, the shape of the curves for curvature, area and edge
length are independent of the specific choice of Hy and
~. Apart from the saturation behaviour in curvature,
we see that invagination of the clathrin coat starts at a
finite initial coat area and therefore also at a finite edge
length. The edge length has a maximum in the vicinity
of the equator.

III. THE CONSENSUS PATHWAY OF CME

We now use the CoopCM, in the form of Eq. (2), to fit
experimental data sets of the coat curvature H as a func-
tion of the invagination angle 6 that have been recorded
using different experimental methods and different cell
lines. We use ET data [13], HS-AFM data [17], and
SRM data [16]. For the ET data, we converted the mea-
sured tip radius of membrane pits as a function of 6 to
give the coat curvature H(f) assuming the geometry of
a spherical cap. Similarly, for the HS-AFM data we con-
verted the measured coat area as a function of the coat
radius to give H(#). For the SRM data, clathrin-coated
pits with negative curvature values and curvature values
exceeding a threshold were excluded from the analysis
(c3T3: H > 0.014nm~!, SK-MEL-2: H > 0.016 nm ™!,
U20S: H > 0.014nm™1), similar to what was previously
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reported (note for U20S: there was a typo in [16] for
the threshold value), because these strongly curved pits
lack endocytic marker AP2-GFP and might belong to the
Golgi [16]. The HS-AFM data is used as kindly provided
by the authors [17]. The different data sets, the rolling
means, and the fits according to Eq. (2) are shown in
Fig. 2. For the CoopCM, we determine two parameters
from the fit, Ry = 1/Hy and ~y, which are both docu-
mented in Tab. I.

When we compare the results of the fits of the CoopCM
in Fig. 2 to the CCM with H = C, where C is a con-
stant, and to the CAM with H(6) = \/27(1 — cos 6) /Ao,
where Ay is a constant, we find that the CoopCM agrees
excellently with the data for all used imaging tech-
niques and cell lines, and that it performs better than
the CCM or the CAM. For the CoopCM, vRy is be-
tween 0.67 and 0.83, while the flat-to-curved transition
(A0 =0)/A(8 = 7)) occurs at around 35-52% of the final
coat area (Tab. I). This finding is consistent with the in-
terpretation that the CoopCM predicts a pathway of coat
invagination which is inbetween the CCM (yRy > 1) and
the CAM (yRy = 0.4411) and which agrees best with the
data.

Interestingly, the scale of coat curvature shows differ-
ences between the different datasets. For SK-MEL-2 cells
using ET in Fig. 2A, the curvature values reach around
0.02nm™~!, the largest observed values. For PTK2 cells
using HS-AFM in Fig. 2B, we observe intermediate val-
ues of coat curvature of around 0.015nm~!. For ¢3T3,
SK-MEL-2 and U20S cells using SRM in Fig. 2C-E, we
find the smallest curvature values of around 0.01 nm~!.
Interestingly, the differences between the different cell
lines using the same technique in Fig. 2C-E are smaller
than the differences between different techniques using
the same cell line in Fig. 2A and D. The finding can be
corroborated when comparing the different values of the
preferred coat radius Ry in Tab. I.

It is natural to assume that this systematic discrepancy
is caused by how the clathrin coats are imaged in the dif-
ferent techniques. In the ET data of Avinoam et al. [13],
the radii of the membranes invaginated by the clathrin
coats are measured. Therefore, we expect ET to give
large values of curvature. In the HS-AFM data of Tagilt-
sev et al. [17], the curvature is measured in unroofed cells
directly at the clathrin coat. Therefore, we expect inter-
mediate values of coat curvatures for this techniques. In
the SRM data of Mund et al. [16], the clathrin coat is la-
beled by polyclonal antibodies that bind to both clathrin
heavy and light chains of permeabilized cells, with a po-
tential preference to the intracellular side due to a higher
density of binding sites. Therefore, we expect small val-
ues of coat curvature. These arguments explain why we
observe that the values of coat curvature decrease from
ET through HS-AFM to SRM (cf. Tab. I).

Since the kinetics of clathrin coat invagination seem
to be very similar for all cell lines and techniques
(cf. Fig. 2A-E), we decided to pool the data by com-
bining the values from all measurements. Following our
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FIG. 2. Experimental data define a consensus pathway that agrees with the CoopCM. (A-F) Curvature H as a
function of invagination angle 6 for different data sets. The rolling mean (red) and the fit of the CoopCM (solid black), the
CCM (dashed black) and the CAM (dotted black) are shown. (A) Electron tomography (ET) data [13]. (B) High-speed atomic
force microscopy (HS-AFM) data [17]. (C-E) Super-resolution microscopy (SRM) data from different cell lines [16]. (F') Pooled

data from all datasets where the ET and SRM data are corrected for curvature.

Tab. 1.

previous reasoning and to exclude any bi
able data, we corrected the measured da

as in the avail-
ta from ET by

taking into account the thickness of the clathrin coat and

its gap to the membrane. The corrected

coat curvature

is given by H = 1/(1/Hpit + hee), where Hy; is the mea-

The results of the fits are documented in

sured pit curvature and h.. = 15nm is the estimated
thickness correction [7]. Similarly, we corrected the mea-
sured data from SRM by taking into account the length
of the antibodies. The corrected coat curvature is then
given by H = 1/(1/H, — lca), where H, is the measured



TABLE I. Parameter values for fitting the CoopCM (Eq. (2)) to different data sets (cf. Fig. 2). The fitted values for the datasets

of Mund et al. [16] agree with those reported in [16].

Reference

Method Cell line Ry (nm) v (nm™%) vRy A(0 = 0)/A(0 = 7)(%)

Avinoam [13] ET  SK-MEL-2 41.6
Tagiltsev [17] HS-AFM  PTK2 64.4
Mund [16] SRM  ¢3T3 888
Mund [16] SRM SK-MEL-2 72.0
Mund [16] SRM U208  85.0
Pooled data 63.2

0.0189 0.785 39.4
0.0129 0.834 35.2
0.00817 0.726 45.5
0.00942 0.678 51.3
0.00789 0.671 52.4
0.0110 0.697 48.9

antibody-labeled coat curvature and l., = 15nm is the
estimated length of the clathrin antibody. The curvature-
corrected pooled data and the result of the correspond-
ing fit (cf. Tab. I) then define the consensus invagina-
tion pathway for clathrin coated pits (Fig. 2F). We see
excellent agreement between experimental data and the
CoopCM. We also find that the flat-to-curved transition
occurs at around 50% of the final coat area. In the follow-
ing we analyze the energetics of this consensus pathway.

IV. THE ENERGETICS OF CME
A. Energy-based model

To address the question which physical mechanisms
dominate the invagination of clathrin coated pits, we
now introduce a model that describes the energetics of
the clathrin coat. We formulate the total energy of the
composite of plasma membrane and clathrin coat by a
generalized membrane energy [25] that includes the most
relevant energetic contributions

H= [2/<;H 24 0] dA

mem

+ / [—p+2kc(H — Ho)?] dA+CE.  (6)

The first integral describes the bending and tension en-
ergies of the plasma membrane, where x is the bending
rigidity of the membrane, ¢ is the membrane tension and
H is the mean membrane curvature. The membrane en-
ergy is integrated over both the coated and free mem-
brane parts. For the tension energy, the integral gives
the excess area of the membrane, i.e., the additional area
compared to the flat state.

The second integral in Eq. (6) describes the polymer-
ization and bending energies of the clathrin coat, where p
is the polymerization energy density, k. is the coat bend-
ing rigidity, and H, is the preferred curvature of the coat.
The coat energy is integrated only over the coated mem-
brane parts. The preferred coat curvature is related to
the preferred radius of the clathrin coat by H, = 1/R..
The last term is the line tension energy, where ( is the
line tension. The line tension energy could be due to
unsaturated clathrin bonds, additional protein binding

at the edge of the clathrin coat or actin pushing on the
edges.

The two integrals in principle should be evaluated over
different neutral surfaces, namely the ones of membrane
and coat, respectively, which have a typical distance of
15nm from each other due to the gap layer of adaptor
proteins and the finite thicknesses of the two layers. In
order to formulate a transparent theory in the spirit of
thin shell and surface Hamiltonian models, here we ne-
glect this effect. This aspect of the model is closely re-
lated to the question of relevant model parameters; for
example, the reported high values for coat rigidity typi-
cally apply for the composite including the gap, and not
necessarily for the clathrin coat alone [27], as we will dis-
cuss below.

Since it has previously been shown that the energy of
the free membrane contributes only up to 20% of the
whole membrane energy [28], in the following we neglect
these contributions and only consider the membrane of
the coated part. Again we assume that the clathrin coat
has the shape of a spherical cap. Moreover, we assume
that the properties of the clathrin coat are constant along
the whole domain. Thus the integration over the coat
area in Eq. (6) is given by the area A. The energy of the
composite then follows as

E(9) = 47k (1 — cos ) + % (1 —cosh) A
— A+ CE+ 2k, (H() — H)? A, (7)

where we used the membrane excess area AA = (1 —
cosf)A/2. The first term does not depend on size due
to the conformal invariance of the bending Hamiltonian
without spontaneous curvature. From Fig. 2F, we know
the consensus pathway of invagination. Based on this,
we can now predict the different energy contributions in
absolute terms by using the coat area A = 27 R%(1—cos )
and the coat edge length & = 2rRsinf on Eq. (7).

The results are plotted in Fig. 3 for typical parameters
values as summarized in Tab. II. For each subplot, we use
the same reference values, but for the quantity under con-
sideration, two extreme values are used to demonstrate
the possible variations in energetics.

We first note that both the membrane bending energy
(Fig. 3A) and the tension energy (Fig. 3B) monotoni-
cally increase as a function of #. In contrast, the poly-
merization energy of the coat becomes more negative for
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FIG. 3. Different contributions to the energetics of the consensus pathway. (A) Membrane bending energy. (B)
Membrane tension energy. (C) Clathrin coat polymerization energy. (D) Line tension energy of the clathrin coat. (E and F)
Clathrin coat bending energy. We use the references values given in Tab. II, but in addition vary the main quantity of each

subplot as indicated in the legend.

increasing 6 as the coat grows in size (Fig. 3C), in agree-
ment with the general notion that release of free energy
by polymerization is the main driving force for invagina-
tion. Because invagination starts with finite edge length,
the line tension in Fig. 3D is approximately constant un-
til the coat is halfway invaginated, before it rapidly de-

creases over the rest of the time course. This implies

that line tension does not play a driving role during the
initial phases of invagination. Later it could become im-
portant for invagination, as known for vesicle formation
from phase-separated membrane domains [32, 33], multi-
layered membranes [34] and sometimes discussed in the
context of CME [25, 29, 35], but our results show that
the corresponding energies are rather small compared to
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FIG. 4. Total energy for constant model parameters. (A) Effect of constant polymerization energy density. (B) Effect
of constant coat rigidity. The used parameter values are indicated either in the figure legends or in Tab. II.

the other contributions in Fig. 3. By far the largest ener-
getic contribution comes from bending the clathrin coat
(Fig. 3E). Because k. has been determined in indepen-
dent experiments, there is no doubt that this value will be
very high. We see that a shallow minimum is caused by
the coat approaching its preferred curvature, which de-
creases the energy; because at the same time area is still
increasing, the energy then rises again. For large enough
values of the preferred coat radius R., the coat energy
monotonically decreases (Fig. 3F). From these plots we
conclude that the energetic competition between coat
polymerization energy and coat rigidity strongly domi-
nates the invagination pathway.

B. Total energy for static coat properties

Our goal is to predict the dominant physical mecha-
nism for coat invagination and we assume that the over-
all invagination pathway has to be characterized by a
well-defined downhill total energy landscape. Moreover,
we expect that the flat state (6 = 0) is characterized
by a zero or negative total energy, so that flat growth is
possible. Following our observation that polymerization
energy and the stiffness of the coat are the dominant fac-

TABLE II. Model parameters. If not indicated differently, we
use the reference value. NB: The reference value for the line
tension is estimated in [29] for a lipid domain in the plasma
membrane.

Parameter Reference value

Typical range

Mem. rigid. k 13 — 25kgT [7, 30] 15k T [17]

Mem. tens. o

Poly. energ.  0.11 — 0.56 mJ/m? [7, 17]  0.56 mJ/m? [17]

Line tens. ¢ 0.052 — 1pN [7, 29] 1pN [29]
Coat rigid. k. 285 —373kgT [17, 27] 373ksT [17]
Coat radius R. 32.5 — 50 nm [7, 26] 40nm [17]

41—-14-10"°N/m [17, 31] 4.1-107° N/m [17)

tors in coat invagination, we now investigate the effect
of these two parameters. In Fig. 4A and B we plot the
total energy as a function of 6, given by Eq. (7), for dif-
ferent polymerization energies p and coat rigidities ke,
respectively. We see that in all considered cases the total
energy is positive over a significant part of the domain.
Fig. 4A suggests that once started, a large enough poly-
merization energy could drive the invagination process
over the whole lifetime, but that still the initial energy,
associated with flat coat assembly, will be positive and
hence make flat coat assembly at static parameter values
unlikely. Fig. 4B indicates that the coat rigidity always
renders the total energy positive for small values of 8. We
conclude that the large positive value of the coat bending
energy for small values of 6 makes flat clathrin coat as-
sembly energetically costly and therefore potentially im-
possible. Thus the system in the initial stages should
rather be characterized by small coat bending rigidity.
On the other hand, in the late stages the coat bending
rigidity should be high in order to enforce the preferred
curvature. This suggests that coat bending rigidity might
be time-dependent.

C. Total energy for dynamic coat properties

Up to now we have seen that constant parameter values
for coat polymerization energy, line tension, coat rigid-
ity and preferred coat curvature do not lead to a neg-
ative and monotonically decreasing total energy. Thus
the energetic description of Eq. (7) is incomplete and we
hypothesize that the clathrin coat is still plastic during
coat invagination. Therefore we now turn to the possibil-
ity that the model parameters have their own dynamics;
at the same time, however, we have to make sure that
our CoopCM still remains valid despite these changes.

In order to expand the dynamic description, we assume
that the invagination pathway of the coat follows from



overdamped dynamics [36]

oOH OF
“Br = om- ®)

To make Eq. (8) dimensionally consistent, the friction
coeflicient « needs to carry the unit of energy times area
and time. Since the only relevant energy and area in our
problem are the coat rigidity k. and the coat area A, we
assume « ~ k.A. Moreover, we introduce the invagina-
tion rate k; for dimensional reasons with o ~ 1/k;. The
assumption makes intuitively sense, since coat friction in-
creases with a stiffer and larger coat that is invaginated
at a smaller rate, i.e., over a longer time. Moreover, we
expect that a ~ 0 to incorporate the notion that friction
increases during the invagination of the clathrin coat. In
order to simplify Eq. (8), we now make use of the chain
rule and obtain

oH 99 _ OFE )
Y0 ot~ 0H'

with @ = k.A0/k;. In order to find an expression for
00/0t, we use the underlying dynamic assumption of the
CoopCM, namely that the area A of the clathrin coats
grows along the edge £ by addition of new triskelia with
the growth speed kop [16]

0A
5 = on - (10)

Using once again the assumption that the clathrin coat
takes the shape of a spherical cap, we can simplify
Eq. (10) to get

) 0 .
2R tan 3 + RO = ko . (11)

We then use the inverse of Eq. (2), its derivative and the

chain rule to simplify Eq. (11) which leads to

1

2% tan & + R(6)

0 = ko . (12)

After expanding Eq. (12) up to leading order in 6 we find

1

é:kga,

(13)

with the rate of growth kg = 12vko,/(8v2R3 — 1), which

carries the unit of 1s~'. Now we can put everything

together and obtain
oH _ ks 1 0F
00 kg Akc OH

(14)

In Eq. (14) the ratio of the invagination rate and the
growth rate k;j/k, defines a number that scales the dy-
namics. Since we have no means to determine those rates
from the structural data we analyze, we consider k;/kg
as a free parameter.

The particular form of the second term of the prefactor
suggests the assumption that we can neglect all energetic
contributions except of the polymerization energy and
coat rigidity on the right hand side of Eq. (14). When
all energy contributions are normalized by ¢, all energy
contributions except for the polymerization energy and
the coat bending energy are rendered negligible, compare
Fig. 3. Since the coat polymerization energy and the
coat rigidity are the relevant quantities that drive coat
invagination, we ask under which assumption we can get
the CoopCM from these two terms. Therefore, we only
consider the polymerization and coat energy in Eq. (7)
and assume pu(H) and x(H) to depend on the degree of
invagination. From Eq. (14) we obtain

Sy = o (~u(H) A+ 2 (H)(H — H)*A)

(15)
We note that we assume that the coat area A grows by
addition of triskelia over the edge of the coat, indepen-
dent of H. In order to bring Eq. (15) to the same func-
tional form as the CoopCM, given by Eq. (1), and to
avoid any internal inconsistency within the model frame-
work, the simplest possible assumption is that the poly-
merization energy increases linearly with the curvature.
Moreover, we must assume that the clathrin coat stiffens
with an exponent of 3. We then have

w(H) = % (1 + g) : (16)

Ke(H) = ke (]’j) | (17)

The assumption of an initially weak coat seems to be
required to allow initial curvature generation. Later, the
increase in this value reinforces the invagination because
it forces the system to adapt the inherent curvature of
the mature lattice.

In principle, the dynamics of CME could also change
the preferred coat curvature H.. Making H. dependent
on coat curvature would have similar effects as making
ke dependent on coat curvature. However, all possi-
ble sources of coat stiffening such as rearrangements in
the clathrin coat or conformational changes in a clathrin
triskelion will affect k¢, too, as it sets the scale of the coat
energy. Therefore, we here consider k. to be dependent
on coat curvature, whereas H, is assumed to be fixed by
the geometry of the clathrin triskelion.

The functional form from above is the simplest one
that can be directly linked to the CoopCM. Using
Egs. (16-17) on Eq. (15), we get in leading order

OH ki 12 12/4:0 2
Rl 1—- g2} . 1
00 kg 2k.H. ( 7 ) (18)

By comparing the coefficients in Eq. (1) and Eq. (18),
we can link the energetic description to the CoopCM and
therefore gain a more mechanistic understanding of this
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FIG. 5. Total energy for time-varying model parameters. (A) The total energy including all energy contributions as
predicted by the energetic model according to Egs. (16-17) using the consensus invagination pathway of Fig. 2F. The used

parameter values are indicated either in the figure legend or in

Tab. II. (B) The total energy including all energy contributions

as predicted by the energetic model according to Eqs. (16-17) using the consensus invagination pathway of Fig. 2F, the pathway
with the smallest pits (cf. Fig. 2A) and the pathway with the largest pits (cf. Fig. 2C). Parameter values used are indicated
in Tab. II. (C) Flat-to-curved transition predicted for Rc, Ro, kg and ki. Inset: The clathrin coat undergoes a flat-to-curved

transition if £ < 1.

initially kinetic model

m
Hy =,/ 19
0 12, (19)
ki
- 20
77 o 260 He (20)

Using the fitted value of Ry = 63.2nm and the polymer-
ization energy p = 0.56 mJm~2, we predict k. = 45kgT
from Eq. (19). Compared to the typical value of coat
rigidity in Tab. II, our predicted value of k. is too small
by a factor of 6 to 7, likely due to simplifications in our
theory and the assumed functional form of Eqs. (16-17).
In particular, a different curvature scale instead of H,
or higher order terms could contribute to coat stiffen-
ing. However, it is also possible that the experimentally
determined value of k. is too high, especially because
it usually includes the contributions of the mechanics of
the gap layer [27]. In addition, using the fitted value of
v = 0.0110nm™?, the coat rigidity of k. = 45kgT and
the coat radius of R, = 40nm we predict kg/ki = 5.5
from Eq. (20). Our predicted value for k,/k; indicates
that the invagination of the clathrin coat is slower com-
pared to growth, which makes intuitive sense and sug-
gests that the coat closes due to growth rather than bend-
ing.

In Fig. 5A we plot Eq. (7) with varying polymerization
energy and coat rigidity according to Egs. (16-17) for
the parameters in Tab. II and x. = 45kgT. For both
parameter combinations, the total energy is negative and
monotonically decreasing as a function of 6, as it should
be in a physical description of CME. The result justifies
our approach and suggests that polymerization energy
and coat rigidity indeed dynamically increase during coat
invagination.

We also can check now whether the suggested mech-
anism is universal in the sense that in all cell lines, the
total energy decreases. We therefore turn again towards
the results of the fit of the CoopCM and plot the to-
tal energies according to Egs. (7), (16) and (17) as a

function @ for the parameters that produce the small-
est (Fig. 2A) and largest pits (Fig. 2C). The results are
shown in (Fig. 5B) together with the pooled data for the
parameters of Tab. II. Although there are differences be-
tween the different cell lines, in all three cases the mech-
anism of coat stiffening predicts the invagination of the
clathrin coat.

We finally predict the time course of the invagination
of the clathrin coat. The flat-to-curved transition oc-
curs when the area of the coat at the transition, 7R%, is
smaller than the final coat area, 47 R3, i.e., TR% < 47 R3.
Otherwise the clathrin coat grows flat. From the inequal-
ity, we deduce a dimensionless parameter £ = Ry /(2Ry)
that predicts the flat-to-curved transition if £ < 1, and
flat growth otherwise (Fig. 5C, inset). We connect the
invagination radius Rr = 2kgke/(kinRc), to the ener-
getic parameters by using Eq. (20) and the final coat
radius Rg = /12k./u to the energetic parameters by us-
ing Eq. (19). Using these expressions on the condition
of the flat-to-curved transition, we can thus relate the
time course of invagination of the clathrin coat to the ki-
netic parameters, kg /ki < 12R;/Ry, which is illustrated
in Fig. 5C. We conclude that the time course of invagi-
nation, parameterized by coat growth and invagination
is determined by two length scales, the patch radius at
which the flat-to-curved transition occurs and the final
pit radius.

V. DISCUSSION

In this work, we investigated the invagination pathway
of clathrin coats. We combined our recently developed
CoopCM with datasets from different cell lines and high-
resolution imaging techniques (ET [13], HS-AFM [17]
and SRM [16]). We found that the CoopCM gives excel-
lent fits to the various datasets. Comparing the trajecto-
ries of the different datasets by means of the CoopCM, we
found very similar invagination behavior. We concluded
that clathrin coats follow a consensus invagination path-



way described by the CoopCM. The model suggests that
the dynamics of invagination is strongly determined by
cooperative generation of curvature in the clathrin lat-
tice. Onme very important result from both model and
experiments is that a flat-to-curved transition occurs at
finite coat area.

We then combined the consensus pathway and the
CoopCM with an energetic model for the composite of
membrane and coat. Our main result was that the en-
ergy related to coat stiffness dominates all other contri-
butions. Moreover the flat-to-curved transition implies
that the invagination process is not possible for energetic
reasons if the coat stiffness is always at the high values
reported experimentally for the later stages of the pits.
Therefore, we conclude that coat stiffness has to start at
low values and to dynamically increase during invagina-
tion. We showed that the CoopCM can be derived from
the energetic model when assuming that the coat poly-
merization energy increases linearly with coat curvature
and the clathrin coat stiffens with a power law exponent
of three with coat curvature.

We note that a power law exponent of three also relates
bending stiffness and thickness of thin sheets, suggesting
that effective thickness might grow linear with curvature.
In practise, this viewpoint of continuum mechanics might
however be too naive, because clathrin lattices have very
specific discrete architectures. Rather, this prediction of
our theory should be tested experimentally. Our pre-
diction that the polymerization energy of the clathrin
coat increases linearly with the curvature of the coat is
consistent with experiments and theory predicting that
clathrin assembly is stabilized on curved surfaces and
that clathrin triskelia in curved coats contain more en-
ergy than in flat clathrin lattices [20, 37]. In fact, the
possibility of a curvature-dependent polymerization en-
ergy has been discussed previously [30]. Possible driving
factors for coat stiffening and increase of the effective
thickness on a more microscopic level are accumulation
of phosphorylated clathrin light chains [18], conforma-
tional changes in clathrin triskelia [22], rearrangements
within the coat or mending of lattice defects [23], filling
up lattice vacancies [24], release of elastic energy within
the coat [17], increasing the density of the clathrin coat
[38], solidification of the coat [29, 39], changing clathrin
to AP2 adapter ratio during coat assembly [14], the or-
ganized binding of clathrin triskelia to adaptor clusters
[40], mechanics of the coupling between membrane and
clathrin coat through adapter proteins [27], and the sta-
bilization of membrane curvature by clathrin in a ratchet-
like manner [21].

All these mechanisms require flexibility and weak in-
teractions within the coat during invagination initially.
Lattice rearrangements seem plausible, given that the
coat shows triskelia exchange in the flat state [13, 41]
but also can disassemble fast once it is complete [8]. The
notion of weak interactions is supported by the fact that
the legs of clathrin triskelia are flexible and bind only
weakly to each other [42]. Moreover, clathrin triskelia
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are not perfectly aligned with respect to each other even
in curved configurations [5].

The stiffening of the clathrin coat could be comple-
mented by an increasing line tension (, for example by
polymerizing actin pushing from the periphery of the coat
[9, 10]. However, our data also shows that this might be
dispensable under normal conditions, in line with previ-
ous experiments [43].

It will require future work to dissect how exactly the
coat stiffening occurs. In principle this could happen
in a continuous way, similar to releasing elastic energy
within the coat [17], or in a discrete or ratchet-like way,
for example due to conformational changes in the clathrin
triskelia, rearrangements within the clathrin coat [22, 23],
or by filling up lattice vacanices [24]. Therefore, exper-
imentally the CoopCM could be tested by studying the
thickness, the density or the mobility of single triskelia
within the clathrin coat as a function of time.

The notion of coat stiffening might be related to the
ongoing discussion whether clathrin can generate mem-
brane curvature alone [44] or whether it is only stabilising
membrane curvature generated by adaptors and acces-
sory protein [21, 45]. If membrane curvature was gener-
ated mostly by adaptor proteins, clathrin could stabilize
the constant membrane curvature and the clathrin coat
would immediately grow in a stiff configuration. How-
ever, if membrane curvature was mostly generated by
clathrin, the coat curvature would increase during as-
sembly because the clathrin coat stiffens. We speculate
that coat stiffening occurs when the ability to generate
membrane curvature by other proteins is insufficient. If
80, clathrin assembly and coat stiffening could then drive
membrane invagination. If coat stiffening is dispens-
able because coat curvature is generated by other pro-
teins, this notion could also explain the seemingly con-
flicting experimental findings that report that clathrin
coat invagination follows a model different from the flat-
to-curved model [15, 46, 47].

To conclude, our results imply that the clathrin coat
is more plastic during coat invagination than formerly
appreciated and dynamically stiffens during coat invagi-
nation.
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