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Flat clathrin lattices or ‘plaques’ are commonly believed

to be the precursors to clathrin-coated buds and vesicles.

The sequence of steps carrying the flat hexagonal

lattice into a highly curved polyhedral cage with

exactly 12 pentagons remains elusive, however, and the

large numbers of disrupted interclathrin connections in

previously proposed conversion pathways make these

scenarios rather unlikely. The recent notion that clathrin

can make controlled small conformational transitions

opens new avenues. Simulations with a self-assembling

clathrin model suggest that localized conformational

changes in a plaque can create sufficiently strong

stresses for a dome-like fragment to break apart. The

released fragment, which is strongly curved but still

hexagonal, may subsequently grow into a cage by

recruiting free triskelia from the cytoplasm, thus building

all 12 pentagonal faces without recourse to complex

topological changes. The critical assembly concentration

in a slightly acidic in vitro solution is used to estimate

the binding energy of a cage at 25–40 kBT /clathrin.
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Clathrin plays important regulatory and structural roles
in the formation of cargo-laden vesicles during endocy-
tosis (1–3). Three long curved legs emanating from a
hub (Figure 1) enable clathrin to self-assemble into poly-
hedral cages with a hub residing at every lattice vertex
and legs extending along the edges till beyond the next-
nearest vertex (4,5). Consequently, every edge consists of
a slightly twisted quartet of two antiparallel proximal and
two antiparallel distal leg segments (6,7), while the polyhe-
dron’s faces are predominantly pentagons and hexagons
and occasionally heptagons (8,9). Euler’s theorem then
dictates that a cage must contain exactly 12 pentagons,
with an additional pentagon for every heptagon. The
curvature of the cage reflects the puckered shape of
clathrin (10), as illustrated in Figure 1. Hence, one read-
ily envisages how a nucleation-and-growth mechanism,
by recruiting cytosolic clathrin to the edge of a budding
lattice, produces nearly spherical clathrin coats.

Curiously, clathrin also assembles into flat hexagonal lat-
tices, henceforth called ‘plaques’, as illustrated by cryo
electron microscopy (cryo-EM) images (8,11,12). This lat-
tice structure suggests that the three legs are approxi-
mately coplanar, in contrast to the puckered shapes of
loose clathrin and of clathrin bound in cages (we note
that a hexagonal ordering of puckered clathrin will pro-
duce a similar top view as a lattice of planar triskelia – the
implications of this study on an aggregate of this type
are commented on in the Discussion). It is commonly
believed that plaques are an intermediate stage in the
formation of coated vesicles, but the mechanism by
which a flat lattice transforms into a polyhedral cage
is still under debate as current experimental techniques
have insufficient resolution to watch the process in live
cells (13). The main conceptual problem is in understand-
ing how the 12 pentagons are introduced into the existing
hexagonal lattice. Two pathways have been proposed in
which the pentagons are created by the relatively weakly
bound clathrin triskelia at the edge of the lattice. Pearse
and Bretscher (14) suggested that these pentagons sub-
sequently move inward by diffusion and McKinley (15)
argued that the pentagons are embraced by clathrin
molecules milling around the edge of the lattice. Other
mechanisms assume that pentagons are created in the
interior of the lattice by two neighboring hexagons rear-
ranging into a pentagon–heptagon pair. For this scenario,
Pearse and Bretscher (14) suggested that the heptagons
subsequently diffuse to the lattice edge, while the pen-
tagons stay behind; Mashl and Bruinsma (16) analytically
derived that the unbinding of a pentagon–hexagon pair
may indeed bring a tethered surface to an energetically
more favorable state. The stepwise displacement of a
pentagon or heptagon in these hypothesized pathways,
and the concomitant modification of the curvature of the
lattice, requires a significant number of bonds - not lim-
ited to the direct neighbors of the defect - to be broken
and next to be reconnected in a slightly modified pack-
ing order. Furthermore, this process must be repeated
many times to transform a flat lattice into a closed cage,
making these pathways extremely unlikely (16,17). These
complications are reduced if the insertion of two clathrin
molecules in a hexagon can create a pentagon pair, as pro-
posed by Jin and Nossal (18), but this process results in
strong local tensions and necessitates puckers well below
90◦. Kirchhausen and co-workers recently argued that flat
plaques are internalized as such, without reorganization of
the lattice (13,19), which raises new questions and ‘has
given cell biologists much to ponder’ (20).

In this contribution, computer simulations are used to
explore the transition path from plaque to coat. By mak-
ing as few assumptions as possible in constructing the
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Figure 1: Top and side view illustrating the spatial structure

of the clathrin simulation model. All three proximal legs meet
at the hub (red) under a pucker angle χh relative to the hub’s
normal vector n̂h. The proximal and distal leg segments joined at
a knee (green) are both under a pucker angle χk relative to the
knee’s normal vector n̂k. The latter vector by construction lies in
the plane formed by the proximal leg and the hub’s normal vector,
at an angle χk relative to the proximal leg. A rotation around the
hub normal over 120◦ brings a proximal leg in coverage with
the next proximal leg. Likewise, a proximal leg can be brought
into coverage with the adjacent distal leg by a rotation around
a knee normal over 120◦. In flat hexagonal lattices or ‘plaques’
of clathrin, all leg segments are nearly coplanar and hence all
pucker angles are close to 90◦. Uniformly, puckered triskelia with
χh = χk = 100◦ (or 104◦) will self-assemble into polyhedral cages
of about 80 (or 36) particles.

model, and by allowing the clathrin cluster to evolve with-
out imposing preconceptions on the transition process,
it is to be expected that the simulations will closely fol-
low the actual conversion process. The simulation model
is briefly explained in the following section. Our main
hypothesis is that a modest flexibility, which for computa-
tional convenience is here assumed to be concentrated at
the hub and knees, allows clathrin to adopt two ‘confor-
mations’: a nearly planar conformation found in plaques,
with pucker angles χh = χk = 90◦, and the curved confor-
mation found in cages, with pucker angles ranging from
about 100◦ to 105◦ depending on the cage size. Numer-
ous studies support the notion that clathrin posseses a
modest degree of conformational variability at the hub
and knee joints (4–6, 21–26), augmented by semiflex-
ibility along the entire length of the legs (27–29). The
simulations of plaques presented in the section Simu-
lation Results illustrate that moving from the planar to
the curved conformation is all that is needed to yield a
stand-alone clathrin dome, adjacent to the remainder of
the plaque. In the Discussion section, we elaborate on the
possible mechanism involved in clathrin’s conformational
transition, and make comparisons with remarkably similar
structures observed by cryo-EM.

Simulation Model

An efficient highly coarse-grained simulation model of
clathrin has recently been developed in our group. We
discuss here the main features of the model, referring
the reader to Appendix 1: Details of the Simulation Model
and Refs (30,31) for detailed descriptions and a motiva-
tion. The simulation model follows clathrin’s characteristic

shape (Figure 1), with three long legs meeting at a central
hub. Note that the term ‘hub’ is used in this article to
denote the central section of the triskelion, roughly coin-
ciding with the red section in Figure 1, rather than the
recombinant 1074-1675 fragment used in many exper-
iments. Each leg consists of a proximal leg segment,
running from hub to knee, and a distal segment, running
from knee to ankle. For computational convenience, all
leg segments are assumed straight, rigid, and of identical
length σ. All three proximal leg segments are at a fixed
pucker angle χh relative to the hub’s normal vector, which
points outward along the threefold rotational symmetry
axis of the triskelion. The proximal and distal leg segments
meeting at a knee are both at a fixed pucker angle χk rel-
ative to the knee’s normal vector, as indicated in Figure 1.
We will typically chose the hub and knee puckers to have
identical values, which in our preceding study resulted in
the self-assembly of neat polyhedral cages, but we will
also briefly discuss triskelia with distinct hub and knee
puckers. The puckers are fixed during the Monte–Carlo
simulations, reducing the particles to rigid bodies.

The interactions between the legs were constructed in
Ref. (30) to achieve self-assembly into clathrin-like cages.
Attractive interactions, with an optimum bond strength
of −ε, are defined between antiparallel proximal legs and
between antiparallel distal legs, to attain the character-
istic antiparallel ordering of these segments along the
edges of a clathrin cage (5). Details of the applied poten-
tial are provided in Appendix 1: Details of the Simulation
Model and Ref. (30). Attractive interactions are also intro-
duced between proximal and distal pairs, irrespective of
their parallel or antiparallel alignment. The smooth shape
of the potentials provides some freedom for suboptimal
alignment or coalescence of the legs, which is inevitable
when constructing a cage from rigid particles, permits
the small variations in edge lengths in polyhedrons, and
qualitatively accounts for moderate shape fluctuations
of the legs. Repulsions between parallel proximal and
between parallel distal segments prevent the accumu-
lation of more than four leg segments along any cage
edge, and thereby permit at most one clathrin hub per
lattice vertex. Monte–Carlo simulations (32,33) with this
model have highlighted asymmetric intersegmental inter-
actions, i.e. the nonuniformity of the attractive potential
along the elliptic circumference of the legs, as the key to
self-assembling cages (30,31). This feature sets clathrin
apart from simpler triskelia with uniform, nondirectional
interactions, which merely form disordered aggregates.

Simulation Results

As the binding strengths involved in clathrin cage for-
mation have unfortunately not yet been resolved exper-
imentally, we analyzed the assembly and disassembly
behavior of the simulation model to estimate the overall
interaction strength. The experimental critical assembly
concentration (CAC) in a slightly acidic solution of pH
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6.2 containing 20 mM MgCl2 is ∼50 μg/mL (22). Solutions
below the CAC contain predominantly free clathrin and rel-
atively few cages, while for solutions above the CAC the
concentration of free clathrin stabilizes at the CAC with
all excess clathrin bound in cages. We ran simulations
with 104 particles at a concentration of 1 particle/103σ3,
which corresponds to about three times the CAC, to
analyze the assembly behavior over a range of leg–leg
interactions. When the bond strength was increased step-
wise, self-assembly from random solution within 1011

Monte–Carlo steps was first observed at ε = 71/4 kBT ,
with kB the Boltzmann constant and T the absolute tem-
perature. Upon weakening the interactions, a collection
of self-assembled cages started to disintegrate at ε = 5.0
kBT . The difference between these assembly and disas-
sembly energies reflects the inevitable hysteresis effect in
simulations limited by computational demands. By averag-
ing the two bracketing values, we estimate that the critical
bond strength for assembly at a density of 1 particle/103σ3

is about 6 kBT . In simulations of random systems seeded
with 12 hemispherical cages, the majority of these aggre-
gation nuclei slowly grew (decayed) at binding strengths
of 1/4 kBT above (below) the critical value of 6 kBT , thereby
confirming the estimate. Hence, by switching from vari-
able interaction strength at constant density to variable
density at constant interaction strength, particles with
ε = 6 kBT will reach criticality at a concentration close
to clathrin’s experimental CAC of 50 μg/mL. Because the
relative contributions of the proximal and distal segments
are unknown, and as it is impossible for all legs of identical
rigid triskelia to be perfectly aligned in a polyhedral cage,
the relevant parameter to compare with experiments is
not the maximum interaction energy ε but the average
interaction energy per clathrin. At ε = 6 kBT , the poten-
tial energy of self-assembled cages corresponds to an
average of ∼23 kBT per triskelion. This estimate for the
binding strength in slightly acidic solutions is in qualitative
agreement with the value of ∼42 kBT obtained by the
CAC-based statistical mechanical derivation presented in
Appendix 2: Critical Assembly Concentration, and both are
two orders of magnitude larger than the binding strengths
previously extracted from the size distribution of bulk
self-assembled cages (34). In most of the simulations pre-
sented here, the binding strength was set at a slightly
higher value of ε = 7 kBT , both to prevent the flat plaques
from slow disintegration in an environment without free
clathrin and in anticipation of the higher effective bind-
ing strengths expected for clathrin lattices stabilized by
adaptor proteins in living cells.

In order to simulate planar clathrin plaques, we flattened
the model triskelia by reducing their hub and knee puckers
to 90◦. Monte–Carlo simulations show that random distri-
butions of these planar triskelia readily self-assemble into
flat hexagonal lattices (Figure 2) under conditions similar
to those reported above for the self-assembly of puckered
triskelia into cages. We note that asymmetric interseg-
mental interactions again prove crucial to the growth
process, because replacing the asymmetric potential by its

Figure 2: Snapshots of self-assembled planar lattices in

simulations with flat clathrin. Triskelia with rotationally
symmetric intersegmental interactions (top) yield lattices with
many defects because the clathrin molecules are incorporated
in two orientations, i.e. with their normals pointing in-to or out-
of the paper, which appear as mirror images in the picture.
Clathrin with rotationally asymmetric intersegmental interactions
(bottom) produce well-structured hexagonal lattices with all
clathrins oriented identically.

symmetric counterpart results in hexagonal grids littered
with defects such as the first planar aggregate shown in
Figure 2.

In the introduction, we hypothesized that clathrin can
adopt two conformations, a planar conformation found in
plaques and a curved conformation found in cages. We
will now use the simulation model to explore the conse-
quences of this conformational freedom on the transition
pathway from plaque to coat. Figure 3 shows an equili-
brated circular lattice of about 10 σ radius, containing 243
planar triskelia positioned as a hexagonal lattice with a
mean mesh size equal to the length of the leg segments.
The hub and knee puckers of the 59 triskelia in the red
patch on the right, all falling within a circle of radius 8
σ around the rightmost point of the lattice, are instan-
taneously increased from 90◦ to 100◦ to emulate their
conformational transitions to the curved coat conforma-
tion. In making these transitions, we preserved the center
of mass positions, the hub normal orientations and the
rotations of the particles around the hub normals. As the
curved clathrin triskelia prefer a uniformly curved lattice
because of its lower potential energy, that is what the
system sets forth to realize in the Monte–Carlo simula-
tion started with this configuration. As illustrated in Movie
S1, covering 1.5 × 107 Monte-Carlo steps, the red patch
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Figure 3: A planar hexagonal clathrin plaque of ∼10 σ radius.

The green clathrin molecules on the left are flat, with all
puckers set to χh = χk = 90◦, as expected for a flat plaque.
The puckers of the red clathrin molecules on the right have
instantaneously been increased from 90◦ to χh = χk = 100◦, in
line with the hypothesized transition from a plaque-like to a
coat-like conformation, while preserving as much as possible
their position and orientation within the originally fully hexagonal
lattice.

of puckered triskelia gradually warps and bends, and thus
induces significant transverse stresses in the mesh. The
gradually increasing curvature distorts and thereby weak-
ens the bonds between the curved patch and the flat
plaque. The combination of constant segmental lengths
with an increasing curvature causes the patch to contract
laterally, which adds to the tensions in the lattice. Once
the collective build-up of tensions exceeds a critical value,
a curved patch can break apart from the remaining lattice.
The fragment continues to curve after its release, culmi-
nating in the situation depicted in Figure 4: a dome at the
center of a semicircular frayed lattice edge. The separated
fragment initially still contains merely hexagonal faces, but
the high curvature of the patch now makes it possible for
the dangling legs at the edges, brought together by the lat-
tice curvature, to meet and occasionally bind to form pen-
tagons. Similar highly curved domains, frequently followed
by the liberation of a dome-like fragment, were observed
across a series of simulations with various pucker angles,
for different sizes of the activated and planar domains, and
under varying bond strengths. The rupture line separating
the dome from the mother plaque invariably lies within
the lattice segment of curved triskelia, and hence a newly
release fragment contains puckered triskelia only.

Further maturation of the newly created dome into a
fully grown coat will most probably be achieved by

Figure 4: The planar plaque of Figure 3 succumbs to internal

stresses and a dome-like fragment breaks away. The
deformation and rupture process, due to the incompatibility of
flat (green) and curved (red) triskelia, is available in Movie S1.
The released dome, containing only hexagonal faces, can
subsequently grow into a full cage by binding additional cytosolic
clathrin at its rim. The 12 pentagonal faces of a completed cage
are incorporated in this later stage.

binding additional free triskelia from the cytoplasmic pool,
like for cages developed by the usual nucleation-and-
growth scenario, and perhaps supplemented by clathrin
released from the edge of the remaining plaque. The
12 pentagons required to close the polyhedral cage will
mainly be created during this growth phase, and without
resorting to complex lattice reshuffling. On the basis
of the average cage size for self-assembling cages (31)
of χ = 100◦ triskelia, the released fragment of about
20 particles is expected to acquire an additional ∼60
clathrin molecules before cage completion, which should
offer many possibilities to incorporate the additional
pentagons required for closure. Note that in this scenario
the pentagons will be unevenly distributed over the
surface of the polyhedron: they are scarce in the cage
section originating as the released plaque fragment,
while pentagons are overrepresented in the remainder
of the cage. Hence, these cages are probably less
spherically symmetric than cages assembled by the
regular nucleation-and-growth process, and one may
readily envisage a situation where the incoming clathrin
adapts a different curvature than the clathrin in the dome
to produce a lopsided coat. In the extreme case of all
attaching triskelia adopting a nearly flat conformation, the
fragment will grow into a conical or cylindrical structure.
We expect that the growing fragment and the mother
plaque are not likely to fuse again, because the difference
in their curvatures prevents strong binding.
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Figure 5: A dome released from the interior of a plaque.

This scenario occurs if the patch of curved clathrin triskelia (red)
happens to be located in the bulk rather than at the edge of the
lattice. Note that the edge must be strong enough, i.e. the ring
of flat clathrin molecules (green) must be sufficiently wide, to
prevent the ring from yielding under the tension. The single red
clathrin near the top detached from a frayed edge and wandered
around for some time before reconnecting to the edge of the
plaque.

We also explored how a plaque evolves when the patch
of nonflat clathrin is located in the middle rather than
at the edge of an equilibrated flat lattice. A patch of
curved triskelia initially surrounded by flat lattice along its
entire circumference is stronger bounded to the planar
remainder of the plaque than a similar-sized patch at
the edge of a plaque. Simulations of a number of these
systems indicate, nevertheless, that a central patch of
curved triskelia can still follow a similar scenario to the one
outlined in the previous section, and thereby produce a
detached dome in the interior of the plaque, as illustrated
in Figure 5. Again, the newly produced cage fragments
may subsequently grow into full cages by binding free
clathrin from the cytosol and additional triskelia released
from the plaque.

By changing the curvature of a fraction of randomly
selected clathrin across a flat lattice, or by varying the
curvature of all triskelia in a plaque, one obtains a wide
assortment of lightly to strongly contorted lattices, as
illustrated in Figure 6. The simulations indicate that a
hexagonal lattice can withstand a surprisingly high curva-
ture before disentangling, in agreement with experimental
observations (8). Interestingly, in some cases the lattice
does not bend uniformly in both directions, but instead
yields in one random direction only and adopts a semi-
cylindrical shape; presumably this shape strengthens the

(A) (D)

(E)

(F)

(B)

(C)

Figure 6: A single plaque can become contorted and

fragmented in a variety of ways. Each simulation started with
the same circular hexagonal lattice of 253 triskelia and ∼10 σ

radius. The hub and knee puckers of the triskelia are (A) 95◦,
(B) 95◦, (C) 97◦, (D) 98◦ and (E) 99◦, and (F) a random mixture
of 70% particles with puckers of 100◦ (red) and 30% particles
with puckers of 90◦ (green). Note the resemblance to Heuser’s
cryo-EM images of clathrin lattices on membrane fragments in
neutral and acidic media (11).

structure against bending in the perpendicular direction.
Large lattices of curved clathrin break up into several frag-
ments (Figure 6), as this is the only way to resolve the
conflicting interests between neighboring curved sections
within these patches. The simulations indicate that the
number of fragments increases, and their size diminishes,
with increasing curvature of the nonplanar triskelia, with
increasing ratios of curved to non-curved clathrin and with
increasing patch size. Fragmentation into multiple domes
was also observed for patches of curved triskelia initially
bound to a planar lattice.

Simulations of random solutions of nonuniformly curved
triskelia, i.e. particles with their hub puckers differing from
their knee puckers, reveal that these self-assemble into
polyhedral cages just as readily as the above discussed
uniformly curved triskelia, i.e. with equal hub and knee
puckers. In the latter case, the preferred average cage
size is clearly determined by the singular pucker value,
and a relation between the two has been derived in
Ref. (31). For nonuniformly puckered clathrin with hub
puckers fixed at 105◦, it still proved feasible to grow
cages of various small and medium sizes by varying the
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knee pucker only, in line with the observation by Fotin
et al. (5) that the hub pucker is invariant across 16 dis-
tinct vertices in several small cages. For completeness,
we note that the sizes of coats grown in endocytosis are
determined by the dimensions of the enveloped cargo,
within limits set by clathrin flexibility, rather than by the
fixed triskelion geometry employed in the current simula-
tions. Having established their ability to self-assemble into
cages, we next turn to plaques containing nonuniformly
particles.

We studied the progress of patches of curved clathrin
initially attached to a flat lattice, akin to the system in
Figure 3, when the hub and knee puckers are changed
independently of one another. The general trend extracted
from an extensive set of simulations is that increasing
the hub pucker at a fixed knee pucker of 90◦, or
increasing the knee pucker at a constant hub pucker
of 90◦, introduces a significant curvature in the lattice.
Whether or not the imparted curvature is strong enough
to release a fragment from the flat lattice depends
in an intricate way on a large number of parameters
including the values of the altered pucker, the size and
shape of the affected patch, the size and shape of the
planar section of the lattice and the leg–leg interaction
strength ε. The general impression after running and
visualizing many simulations is that patches of uniformly
curved triskelia undergoing a pucker change �χu and
patches of nonuniformly curved particles experiencing
a pucker change �χnu at either joint release dome-
like fragments under comparable conditions, provided
�χnu = 2�χu. This suggests that the overall curvature
of the triskelion, rather than the pucker of specific joint,
is an important parameter determining the fate of the
system.

Discussion

The notion that the hub and knee joints of clathrin provide
the modest flexibility required to build cages of various
shapes and sizes is well established. Small cages, like the
cubes (26) and tetrahedrons (21) grown in vitro, clearly
highlight clathrin’s flexibility at both the hub and knee.
Cryo-EM anaglyph stereo images by the groups of Heuser
and Ungewickell show remarkably flat hexagonal lattices,
suggesting that clathrin is sufficiently flexible to adopt a
near-planar conformation. The simulations presented here
indicate that, if clathrin molecules can also change their
curvature in vivo, a flat plaque is much more likely, from
a statistical physical point of view, to follow a pathway
in which it releases a curved fragment rather than a
scenario in which a complete plaque evolves into a single
cage by repeatedly and thoroughly reshuffling its clathrin
triskelia. The pathway found by the simulations implies
that the pentagonal faces, which are rare in plaques but
crucial to the formation of closed cages, are produced
after the release of a dome-like segment by free cytosolic
triskelia binding to the edge of the partial cage, thereby

altogether avoiding the topological constraints that make
the hypothesized introduction of pentagons by lattice
reshuffles an unlikely process.

Further research may establish whether and how the
clathrin molecules in a plaque, confined as they are to the
interior of the cell, perceive the presence of cargo and
alter their conformation. Recent experiments by Brodsky
et al. (25) and Ybe et al. (24) and Ybe (private communica-
tion) indicate that clathrin light chains might be involved in
regulating the conformations of the knee and hub, respec-
tively, and thus are possibly implicated in the initiation of
the conformational changes at the basis of our working
hypothesis. These conformational switching mechanisms
appear to support the observations that clathrin is essen-
tial for driving coated pit invagination (35). In this context,
we note that the clathrin coat, with four α-solenoidal legs
running along every cage edge, has a much more sturdily
built than the COPII coat with a single α-solenoidal leg per
edge (36,37).

At this point, we cannot conclusively rule out that plaques
in vivo may be membrane-bound assemblies of puckered
clathrin molecules, in contrast to the clearly planar lattices
observed on membranes supported by flat substrates. An
array of puckered triskelia can still appear as a hexagonal
lattice in the top view, while the side view will show a
forest of crisscrossing legs. This assembly might be sta-
ble if, for instance, steric constraints between the legs
prevent the necessarily poorly aligned legs from forming
stronger bonds. Lifting these constraints, which may be
brought about by a conformational change of the knees
through the detachment of a light chain (25), will then
result in a potential energy-driven improved alignment of
legs belonging to neighboring puckered clathrin triskelia
and thereby initiate a curve-and-release pathway similar
to that described in the previous section.

Besides changes in the puckers of the hub and knees, the
flexibility of the leg segments (27–29) may contribute to or
give rise to the hypothesized conformational transitions.
The flexibility of the legs is expected to be beneficial
in the restructuring process, by smoothing the breaking
and reformation of leg–leg connections. It is conceivable
that membrane-bending proteins, such as epsins or BAR
domains (38,39), play a supporting or important role by
bending the membrane and thereby promote curvature
of the clathrin lattice. The release of clathrin molecules
from a lattice or partial cage by uncoating proteins (40-44)
may play a facilitating role in remodeling the dome’s edge.
It is unlikely, however, that spontaneous exchange of
triskelia is capable of changing hexagons into pentagons
in the interior of a lattice, as has been suggested in
Ref. (18). This is because topological restraints demand
that a significant number of adjacent triskelia have to be
replaced concurrently to locally alter the lattice structure
for this mechanism to work, which is energetically not
attractive. Instead, our simulations suggest that domes in
the middle of a lattice, as well as those at the edge, are
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created by strain causing a fragment to break loose from
the flat lattice, allowing new triskelia to join the assembly.

Dome-like clathrin structures adjacent to plaques, which
following the mechanism observed in the simulations
will emerge at an intermediate stage in the sprouting of
coated vesicles from plaques, have been observed by
cryo-EM. These domes are typically located at the edge of
a plaque, where the lattice is at its weakest and where dif-
fusing membrane-bound cargo is most likely to first come
into contact with the endocytic machinery (11,45,46). Two
particularly clear cryo-EM images of domes bordering flat
plaques, copied from Refs (21) and (44), are presented in
Figure 7. In both cases, the plaque has a frayed semicircu-
lar edge curving around a dome, strongly suggesting that
the dome used to be an integral part of the plaque before
it was torn away and curled up. The strong resemblance
between these experimental structures and our simulated
structures (Figure 4) indicates that we are most likely deal-
ing with the same mechanism in both cases. Likewise,
the contorted and fragmented lattices in Figure 6 are
reminiscent of Heuser’s cryo-EM pictures (11) of plaques
on membranes in neutral and acidic media. It is a challenge

Figure 7: Cryo-EM images of coated pits that appear to have

broken away from flat plaques. The hemispherical domes are
positioned at the centers of semicircular frayed lattice edges,
in striking resemblance to Figure 4. Bars: 100 nm. Figures
are reproduced from Ref. (21; top) and Ref. (44; bottom) with
permission.

to clathrin researchers to explore whether further experi-
mental evidence in favor of, or against, this novel pathway
can be found.

Finally, we note that the curve-and-release scenario
explains how a flat plaque bound to a membrane can
act as a ‘hot spot’ sprouting multiple clathrin coats, for as
long as clathrin recruitment by the plaque can compensate
for the losses in released domes (47-49).

Supporting Information

Additional Supporting Information may be found in the online version of
this article:

Movie S1: The movie shows how the initially flat hexagonal lattice
of Figure 3, with the planar clathrins (χh = χk = 90◦) colored green and
the puckered clathrins (χh = χk = 100◦) in red, develops into the state
depicted in Figure 4 by releasing a dome-like fragment.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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Appendix 1: Details of the Simulation Model

In this appendix we summarize the interactions of the
clathrin simulation model, as introduced in Ref. (30). A
repeating motif in clathrin cages is the binding of the
proximal segment of the αth leg of triskelion i with the
antiparallel proximal segment of the βth leg of triskelion
j, bringing the hub (h) of leg (iα) in close proximity to the
knee (k) of leg (jβ) and simultaneously bringing the knee
of leg (iα) in close proximity to the hub of leg (jβ). It is
therefore appealing to introduce the attractive potential
between two proximal segments as a function of the
average of these two distances,

r iα,hk
jβ,kh = 1

2

∣∣xiα,h − xjβ,k
∣∣ + 1

2

∣∣xiα,k − xjβ,h
∣∣ , (1)

with xiα,k denoting the three-dimensional position of the
knee to the αth leg of particle i and so on. The indices to r
mark the two leg segments involved and their relative
orientation (antiparallel in this case). In two previous
studies, we showed that directional attractive potentials
hold the key to successful self-assembly: the two
antiparallel legs should bind only when their proper sides,
i.e. the surfaces decorated with binding groups, are facing
each other (30,31). Hence, a ‘polarity’ vector perpendicular
to the proximal leg indicates its direction of interaction

m̂iα,p = (xiα,k − xiα,h) × n̂iα,h

|(xiα,k − xiα,h) × n̂iα,h| , (2)

with n̂iα,h as the previously introduced normal vector at
the hub. Note that this polarity is fixed relative to the rigid
triskelion and corotates with the particle. The attractive
interaction between two antiparallel proximal legs is then
expressed as:

φatt
pp = −ε·f (r iα,hk

jβ,kh )·g(m̂iα,p·m̂jβ,p). (3)
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The distance-dependent function f smoothly switches
from unity at vanishing separation to zero at the cut-off
distance rc,

f (r) = tanh
[
A (rc/2 − r)

]
2 tanh

[
Arc/2

] + 1
2

. (4)

In the simulations presented here, the interaction range
ends at rc = 0.4σ and the steepness of the switch is set at
A = 4σ−1. The polarity-dependent function is defined as:

g(x) =
{−x if x < 0

0 if x > 0.
(5)

A similar attractive interaction applies between two
antiparallel distal leg segments, with the mean distance
r iα,ka
jβ,ak now measured between the appropriate knees and

ankles (a), and the polarities of the distal segments m̂iα,d
defined akin to eqn 2 as the normalized cross product of
the knee–ankle vector of leg (iα) and the normal vector of
the knee to that leg. Attractive interactions between one
proximal and one distal leg segment are defined likewise,
although without the polarity dependence. Simulations in
which the relative strengths of the various intersegmental
interactions were varied indicate that their precise distribu-
tion is of little consequence to the ability to self-assemble,
provided the total potential energy gained upon cluster-
ing is large enough to overcome the concomitant loss of
translational entropy (Appendix 2: Critical Assembly Con-
centration). For the numerical values for ε reported here
and in Ref. (30), the unlike interactions are set to half the
strength ε of the like interactions.

To prevent a proximal leg from binding with multiple
antiparallel proximal legs, we introduce a repulsion
between two parallel proximal legs. This potential has
the form

φ
rep
pp = −ε̄·f̄ (r iα,hk

jβ,hk ), (6)

where r iα,hk
jβ,hk is the average of the two hub–knee distances,

and

f̄ (r) = tanh
[
Ā (r̄c/2 − r)

]
2 tanh

[
Ār̄c/2

] + 1
2

. (7)

Note that this repulsion is applied independently of the
relative orientation of the legs’ polarities. The interaction
parameters are set to ε̄ = −10ε, Ā = A

5 and r̄c = 2rc to
make the repulsion strong enough to fulfill its objectives.
To prevent distal legs from binding with multiple antipar-
allel distal legs, we introduce a similar repulsion between
pairs of parallel distal legs.

Appendix 2: Critical Assembly Concentration

Solvated clathrin and clathrin bound in cages are in thermal
equilibrium if they have equal chemical potentials in both
states. Following similar theories for the self-aggregation

of amphiphiles and viral capsids (50,51), the rotational
and vibrational parts of the free energy are expected
to make relatively minor contributions to the free energy
change between free and bound clathrin and are therefore
ignored. The Helmholtz free energy of N free clathrin
triskelia dispersed in a volume V is then given by:

Af(N, V , T ) = −kBT ln

(
V N

�3N
f N!

)
+ Nεf, (8)

with εf the solvation energy per clathrin. The thermal de
Broglie wavelength is defined by

�f = h√
2πmkBT

, (9)

where h is Planck’s constant and m the mass of a clathrin.
The partial derivative,

μf =
(

∂Af

∂N

)
V ,T

, (10)

yields the chemical potential of a free clathrin.

The free energy for a dispersion of n cages of p clathrin
each is given by

Ab(n, V , T ) = −kBT ln

(
V n

�3n
b n!

)
+ npεb, (11)

where εb denotes the combined clathrin–clathrin and
clathrin–solvent potential energy of a clathrin in a cage,
and with the thermal de Broglie wave length of a cage
given by �b = �f/√p. The chemical potential of a bound
clathrin reads as

μb = 1
p

(
∂Ab

∂n

)
V ,T

, (12)

where the prefactor corrects for the p clathrin molecules
per cage. Balancing the two chemical potentials gives

cf = c
1/p
b

(
m
�3

f

)1− 1
p

p− 5
2 p exp

(
�ε

kBT

)
, (13)

where cf = mN/V and cb = mpn/V denote the concentrations
(unit: kg/m3) of free and bound clathrin, respectively,
and �ε = εb − εf < 0 is the potential energy change per
clathrin upon inclusion in a cage. In combination with the
mass conservation law for the total clathrin concentration,

ctot = cf + cb, (14)

one readily calculates the concentrations of free and bound
clathrin as functions of the total clathrin concentration, as
illustrated in Figure 8.

The CAC is conveniently defined from the intersection
point of the curves in Figure 8 as the concentration
of free clathrin at which this concentration equals the
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Figure 8: Concentrations of free and bound clathrin, follow-

ing the derivation of Appendix 2: Critical Assembly Concen-

tration. The curves have been calculated assuming a CAC of
50 μg/mL and cages containing p = 60 triskelia. The transition to
a plateau becomes sharper, and the small slope of the plateau
diminishes, with increasing cage size.

concentration of bound clathrin. As the graph shows,
the concentration of free clathrin nearly stabilizes at a
plateau level close to the CAC for total concentrations
exceeding the CAC. By using the experimental plateau
value of 50 μg/mL (22) as the CAC value, we obtain from
Eq. 13 that the energy released per clathrin upon binding
to a cage, i.e. −�ε, is ∼42 kBT for small cages of 36
triskelia, and nearly 43 kBT for cages of 100 clathrin
molecules, which compares reasonably well with the ∼23
kBT obtained from the simulations.

A more detailed derivation for capsids shows that inter-
mediate half-completed cages, which were ignored in the
current analysis, are thinly populated and hence of little
consequence (51,52). We further note that clathrin, unlike
many viruses, are capable of assembling in a variety of
cage sizes p, and even for a given size can produce a num-
ber of distinct structures, i.e. with different distributions
of the pentagons relative to the hexagons (53), which has
been ignored in the current order-of-magnitude analysis.
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