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Cryo-electron Tomography of Clathrin-coated Vesicles:
Structural Implications for Coat Assembly
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Clathrin-coated vesicles mediate vesicular traffic in cells. Three-dimensional
image reconstructions of homogenous populations of in vitro assembled
clathrin coats have yielded a molecular model for clathrin and its
interactions with some of its partners. The intrinsic averaging required for
those calculations has precluded detailed analysis of heterogeneous
populations of clathrin-coated vesicles isolated from cells. We have
therefore used cryo-electron tomography to study the lattice organization
of individual clathrin-coated vesicles and the disposition of the captured
vesicle with respect to the surrounding coat. We find a wide range of
designs for the clathrin lattice, with different patterns of pentagonal,
hexagonal, and occasionally heptagonal facets. Many coats, even smaller
ones, enclose membrane vesicles, which are generally offset from the center
of the clathrin shell. The electron density distribution between the coat and
the underlying vesicle is not uniform, and the number of apparent contacts
that anchor the clathrin lattice to the vesicle membrane is significantly less
than the number of clathrin heavy chains in the assembly. We suggest that
the eccentric position of the vesicle reflects the polarity of assembly, from
initiation of coat formation to membrane pinching.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Clathrin-coated vesicles are specialized organelles
that carry endocytic membrane traffic from the
plasma membrane to endosomes and secretory
traffic between the trans-Golgi network and
endosomes;1,2 they also participate in synaptic
vesicle recycling.3 Clathrin, the protein that forms
the lattice-like coat of these structures, is a spider-
like trimer (a triskelion), with three legs radiating
from a central hub. Adaptor proteins link the
clathrin scaffold to the enclosed membrane vesicle
and to membrane-anchored cargo proteins.1,4–6

The formation of clathrin-coated vesicles follows
a sequence of coordinated steps, in which mem-
brane invagination is coupled to growth of the
ment of Biochemistry
ia San Francisco, 600
, USA.
ng author:

lsevier Ltd. All rights reserve
clathrin lattice, leading to lattice closure and vesicle
budding.1,7,8 Early electronmicroscopy (EM) studies
of negatively stained clathrin-coated vesicles pur-
ified from pig brain showed coats with a wide
variety of designs accommodating vesicles of differ-
ent sizes and shapes.4 In vitro assembled clathrin
lattices9–11 can have more uniform and symmetrical
designs (e.g. lattices with icosahedral, D6 or tetra-
hedral symmetry), particularly if assembledwith the
endocytic adaptor protein complex AP-2. A recent
study based on cryo-electron microscopy of cla-
thrin/AP-2 coats imaged in vitrified ice produced
electron density maps at sub-nanometer resolution,
obtained from averaged images of these structures.12

When combined with the atomic structures of
individual clathrin domains,13,14 these maps yielded
a molecular model for a clathrin lattice.12 The
approach was extended to the analysis of how
auxilin, the co-factor required for the Hsp70 and
ATP-dependent dissociation of the coat, interacts
with clathrin within the lattice.15

Clathrin-coated vesicles purified from tissues
contain many protein components in addition to
d.
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adaptors, mostly in sub-stoichiometric ratios with
respect to clathrin, and our understanding of their
disposition with respect to the encapsulated, cargo-
carrying lipid vesicles remains largely inferential.
We describe here reconstructions of individual
coated vesicles obtained by cryo-electron tomogra-
phy. Even the smallest of the many lattices we detect
can enclose a vesicle, which has an unexpected
eccentric disposition with respect to the surrounding
coat.
Results and Discussion

Cryo-electron tomography of single
clathrin-coated vesicles

Clathrin-coated vesicles were purified from bo-
vine brain,16 using a gentle isosmotic procedure to
prevent membrane shrinkage,17 and embedded in
vitreous ice. Cryo-electron microscopy images
(Figure 1(a)) of these frozen hydrated coated vesicles
recorded with a conventional low dose of ∼20e–/Å2

show that the individual assemblies differ in size
Figure 1. (a) Cryo-electron microscopy image of
clathrin-coated vesicles embedded in vitreous ice. The
particle marked by a continuous circle is probably the top
view of a D6 barrel. From the projection image alone, it is
difficult to determine whether the coat contains a vesicle.
The particles marked by broken circles are larger and
contain vesicles obviously offset from the centers of the
coats. (b)–(d) Three representative raw images of a tilt
series used to calculate cryo-tomograms of vitrified
clathrin-coated vesicles. The tilt axis is approximately
along the vertical direction.
and shape, and that many contain membrane
vesicles. These preparations contain all the assembly
components: clathrin triskelions, adaptor protein
complexes, membrane vesicles and possibly cargo
proteins trapped within the vesicles (data not
shown). Because of their obvious heterogeneity, we
could not use single-particle averaging (as used to
reach sub-nanometer resolution from images of
reassembled coats12) to analyze these structures,
and we have therefore used cryo-electron tomogra-
phy to obtain 3D reconstructions of individual
frozen hydrated coated vesicles at lower resolution.
Images in a tilt series (Figure 1(b)–(d)), recorded as

described in Materials and Methods, were aligned
with each other to calculate the electron tomograms.
Figure 2(a) shows a central section from a recon-
structed tomogram of a vitreous ice slab with
embedded clathrin-coated structures. The mem-
brane vesicles are clearly visible within many of
the coats (arrow heads). One of them (circled in
Figure 2(a)), boxed out from the tomogram, is
presented as a series of sequential parallel 62 Å
thick slices (Figure 2(b)). Comparison with similarly
sliced views of an empty clathrin coat boxed out
from the same field (Figure 3) makes it clear that the
particle shown in Figure 2(b) is indeed a vesicle
surrounded by a clathrin coat. The continuous
membrane of the vesicle and the lattice of the coat
(especially its relatively highly contrasted vertices)
are all clearly visible. It has been suggested that
coats smaller than the icosahedral “soccer ball”
might not be able to accommodate a membrane
vesicle.18 Without a full reconstruction, it has not
been possible to test this proposal, because it is
difficult to distinguish between a coated vesicle and
a reassembled empty coat with randomly captured
protein content. The tomographic reconstructions
here show that even the smallest lattices we have
isolated often contain membrane vesicles. The
vesicle in Figure 2(b) is spherical, with a mean
diameter of about 340 Å; the clathrin lattice has an
outer diameter of about 700 Å.
The 3D density map of this coated vesicle (Figure

2(c)), viewed along the ice slab and perpendicular to
the tilt axis, shows that the missing wedge effect
leads to non-uniformity in the resolution of the
tomographic 3D reconstruction.19 The details in the
equator of the reconstruction are substantially
sharper than at its top and bottom. The representa-
tion of the vesicle membrane is continuous in the
vicinity of the equator but broken axially, and the
reconstructed image elongates perpendicular to the
vitreous-ice slab. Nevertheless, the pentagons and
hexagons of the clathrin lattice on the surfaces of the
assemblies, including the top and bottom of the
reconstruction, are all well resolved (Figure 2(b) and
(c)). The density surrounding the membrane vesicle
divides into two layers (Figure 2(d)). The outer layer
clearly defines the hexagons and pentagons of the
clathrin lattice. The much higher (∼8 Å) resolution
images obtained from single-particle averaging of in
vitro assembled clathrin coats show that the hex-
agonal and pentagonal edges of the polyhedron are



Figure 2. Tomography of clathrin-coated vesicles. (a) Central section (155 Å thick) of an electron tomogram of coated
vesicles embedded in a slab of vitreous ice over a hole in a carbon film. The diameter of the hole is 1 μm. (b) Slices through
a single coated vesicle (circled in (a), and particle 3 in Figure 4). The slice thickness is 62 Å. (c) Isodensity surface for the
coated vesicle shown in (b) viewed from the side. (d) Central section of the same density map, corresponding to the
broken lines in (c), viewed from the top. The black broken circles mark the locations of two separate layers of density that
surround the vesicle; the blue broken circle marks the membrane of the vesicle itself.
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bundles (about 70 Å in diameter) of two anti-parallel
clathrin heavy-chain proximal segments (each with
an associated light chain) and two anti-parallel
distal segments.12 Therefore, the inner density layer
in the tomographic reconstruction must correspond
to the heavy-chain N-terminal domains and linkers;
it is weaker than the outer layer and less defined in
its features. There appear to be some connections
between the inner layer and the vesicle membrane.
The membrane vesicle is of uniform curvature with
a relatively smooth surface, except where contacts
from the clathrin coat impinge. Adjusting the
threshold of the 3D density map reveals within the
vesicle a feature, perhaps protein cargo, connecting
to the membrane opposite a position where inner-
layer density from the clathrin coat makes contact.
Density inside the vesicle varies from particle to
particle, but the inner spaces of these brain-derived
coated vesicles are clearly not crowded.

Clathrin lattices

We have analyzed in detail the tomographic 3D
reconstructions of eight individual coated vesicles
(Figure 4(a) and (b)). The lattices, reconstructed
without ambiguity, show different designs, ranging
from 36 to 60 triskelions (Table 1). The smallest (36
triskelions) has the so-called tennis-ball structure,4



Figure 3. Slices through a single clathrin coat that does
not contain a membrane vesicle. Coats like this are
probably assembled spontaneously from clathrin triske-
lions during the purification process.

Figure 4. Outline of clathrin lattices in individual
coated vesicles. (a) The particles correspond to the
clathrin-coated vesicles indicated in the tomogram
shown in Figure 2(a). The images correspond to central
sections (62 Å thick) viewed from the top. (b) Clathrin
lattices were determined by manual tracing along the
electron density of the individual tomograms. The spheres
inside the lattices represent the sizes and locations of the
membrane vesicles contained within each coat. The views
are presented in the same orientation as the central
sections of the coated vesicles in (a).

895Imaging of Single Clathrin-coated Vesicles
with D2 symmetry (particle 8 in Figure 4(b)). The
number of triskelions is the same as in the D6 barrel,
frequently found in clathrin coats assembled in vitro,
but the 12 pentagons form a continuous chain, like
the seam of a tennis ball, rather than two distinct
rings of six. The vesicle inside this tennis-ball coat
has a diameter of about 310 Å. The largest lattice
(particle 1 in Figure 4(b)) has the same number of
triskelions as does an icosahedral coat. The coat of
particle 1, like that of particle 4 in Figure 4(b),
contains a heptagon and 13 pentagons. In a lattice
composed entirely of hexagons and pentagons,
exactly 12 pentagons are needed to form a closed
shell. Inclusion of one or more heptagons requires a
corresponding number of additional pentagons.
Heptagons have been observed in clathrin lattices,
especially near edges of the flat clathrin arrays that
form where fibroblasts in culture make contact with
the substrate on which they are growing.20 Of the
two heptagons in the eight structures described
here, one is surrounded by six pentagons and one
hexagon and the other is surrounded by four
pentagons and three hexagons. In both lattices, the
heptagon creates a larger opening as well as a larger
radius of curvature in the coat.
Contrary to our expectations, we found that most

of the lattices shown in Figure 4(b) lack overall
symmetry (the tennis ball with D2 symmetry is an
exception), and they deviate in different degrees
from a spherical shape. The deviations of the coats
from a circular outline come not from the inevitable
distortion of a tomographic reconstruction with a
missing wedge, but rather reflect the designs of the
clathrin lattices themselves. Surface tension or other
physical forces are unlikely to have produced the
departure from an overall spherical shape, as the
distortions appear in all orientations even though
the illustrations in Figure 4(b) are oriented so that
the direction of view is always perpendicular to the
surface of the ice.

Interactions between coats and vesicle
membrane

The density of the inner layer of the coat is not as
well defined as that of the lattice-like outer layer. We
can nonetheless identify, especially near the equator
where missing-wedge effects are least, connections
between inner-layer features and the membrane
vesicle within (see asterisk (*), Figure 5(a)). These are
presumably positions at which the N-terminal
domains of clathrin and AP-2 adaptor proteins (or
other proteins) come together in the vicinity of the
lipid bilayer. It is difficult to determine how many
contacts of this kind are present in any one of the
coated vesicles studied here, because of the rela-
tively noisy electron density at the top and bottom of
the 3D reconstructions. Nevertheless, these contacts
are clearly resolved around the equators (Figure 6),
and in some cases they contain a sufficiently large
volume to accommodate a heterotetrameric adaptor
complex (Figure 7).
Figure 5(b) shows an equatorial section of the 3D

reconstruction in Figure 5(a), together with the



Table 1. Reconstructed clathrin lattices from the cryo-electron tomogram of coated vesicles

Number
of edges

Number of
triskelions

Number of
pentagons

Number of
hexagons

Number of
heptagons

Vesicle diameter
(Å)

1: 90 60 13 18 1 500
2: 75 50 12 16 0 390
3: 66 44 12 12 0 370
4: 60 40 13 8 1 400
5: 60 40 12 10 0 370
6: 57 38 12 9 0 360
7: 57 38 12 9 0 340
8: 54 36 12 8 0 310

Vesicles 6 and 7 have the same number of triskelions, but the lattices are mirror images of each other.
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atomic structures of clathrin triskelions (in red)
placed into that reconstruction. The fit confirms our
assignment of the inner density layer to the N-
terminal domains of the clathrin heavy chains. The
eccentric position of the vesicle brings these terminal
domains into contact with densities anchored on the
membrane. On the left-hand side of the image, there
is a gap of 50–100 Å between the vesicle membrane
and the terminal domains, and the vesicle surface is
rather smooth on that side, except for one extended
connection. A similar gap between the vesicle
membrane and the N-terminal domains of clathrin
heavy chains can be detected in others of our to-
mographically reconstructed coated vesicles (Figure
6). As seen in Figure 4(a) and (b), and Table 1, the
diameter of the membrane vesicle is generally
proportional to the number of the triskelions in the
assembly, but the relationship is not a strict one. The
vesicle inside lattice 4 is slightly larger than the
vesicles inside lattices 2 and 3, which have more
triskelions (Table 1). As a result, the vesicles in 2 and
3 are encased more loosely, with more obvious gaps
between coat and membrane.
In the smallest structure analyzed here (8 in Figure

4), with 36 clathrin triskelions and hence 108 heavy
chains, the membrane vesicle has a diameter of
Figure 5. Details of coated vesicle 4 from Figure 4. (a) Surf
anchored in the vesicle membrane. Red lines within the densit
map, with the ribbon diagrams of vertices of a clathrin lattice
vesicle membrane (smaller circle) and the radial location of th
circle).
about 310 Å. If tightly covered, its surface could
accommodate a total of about 30–40 AP-2 com-
plexes, but the reconstruction shows clearly that
such a dense coating is not present. We can conclude
that the total number of AP-2-mediated contacts
between the clathrin coat and the vesicle membrane
is substantially less than the total number of clathrin
heavy chains in the lattice.
Most of the coated vesicles in our tomogram

probably correspond to precursors of synaptic ves-
icles.21 The eccentric locations of the vesicles inside
the coats are more obvious than in larger coated
vesicles observed by electron microscopy of thin
sectioned tissues,22 in part because the difference
between the maximum and minimum vesicle-to-
coat spacing is easier to detect in these highly curved
structures. To confirm that this eccentricity is not a
property of vesicles that have uncoated and then
recoated during isolation, we prepared coated
vesicles from bovine brain by essentially our
standard procedure (see Materials and Methods),
but isolated and purified at somewhat higher ionic
strength and pH (25 mM NaMes (pH 7.0), 100 mM
NaCl, 1 mM EGTA, 0.5 mM MgCl2), to minimize
even more the possibility of reassembly and artificial
recoating of synaptic vesicles.21 We recorded
ace-rendered density map; the asterisk (*) marks a feature
y outline the lattice. (b) Central section of the same density
positioned within it. The two broken circles represent the
e N-terminal domains of the clathrin heavy chains (larger



Figure 6. Central sections of the tomographic density maps of each of the eight coated vesicles shown in Figure 4,
illustrating the eccentric positions of the membrane vesicles and the positions of the N-terminal domains of the clathrin
heavy chains with respect to the vesicles.
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untilted cryo-electron microscopy images of these
particles and examined a number of fields; many
particles are still seen to have the vesicle off-center
within the coats (Figure 8(a) and (b)).
We suggest that the eccentric position of the

vesicle within the coat comes from the polarity of
initiation and completion of the lattice. The positions
of close contacts of lattice and vesicle may corre-
spond to preferential locations of adaptors and other
proteins that mark the region within a coat at which
assembly began, as concluded from recent live-cell
imaging studies (S. Saffarian and T. K., unpublished
results). Unlike initiation, completion of a clathrin
lattice, which occurs in vitro even when no vesicle is
present, does not require membrane contact by
clathrin.
In summary, cryo-electron tomography has

allowed us to relate the structural properties of
authentic coated vesicles to molecular details
derived from higher-resolution methods. The recon-
structed images shows that coats containing as
few as 36 triskelions (e.g. the tennis-ball structure
and, presumably, the D6 barrel) can engulf a mem-
brane vesicle of just over 350 Å diameter, similar
to the observed diameter of neurotransmitter-
loaded synaptic vesicles.23 The variety of lattices
in a single preparation is consistent with assembly
by sequential incorporation of individual clathrin
Figure 7. (a) Enlarged view of
Figure 5(a), showing a feature an-
chored on the vesicle membrane.
(b) Ribbon diagram of the AP-1 core
structure (PDB code 1W63)29 at the
same scale as the density map.
The size of the AP-1 core matches
the size of the density anchored on
the membrane in (a).



Figure 8. (a) A cryo-electron microscopy image of
clathrin-coated vesicles embedded in vitreous ice. The
coated vesicles were purified at high ionic strength and
pH to prevent recoating during purification. Vesicles
within two of the coats (arrow head) are obviously
eccentric. (b) A gallery of selected clathrin-coated vesicles
boxed out from various areas of the sample.
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triskelions, as postulated from live-cell imaging data
on the kinetics of coat formation.8 A defined region
of close association between the membrane bilayer
and the protein shell maymark the position at which
assembly was initiated, and further analysis may
therefore provide evidence for how coat formation
starts.
Materials and Methods

Sample preparation and data collection

Clathrin-coated vesicles were isolated from bovine
brain16 and subjected to a final purification step by
equilibrium centrifugation for 20 h (at 112, 700g) of the
crude coated vesicles applied to the top of a linear gradient
ranging from 2% (v/v) Ficoll, 9% (v/v) 2H2O to 20% Ficoll,
90% 2H2O in isolation buffer.17 The fractions enriched in
coated vesicles were pooled, diluted tenfold with isolation
buffer, and centrifuged for 10 min at 10,000g; the super-
natant containing coated vesicles was used for subsequent
analysis within one day after purification. Frozen
hydrated samples of clathrin-coated vesicles were pre-
pared by applying a 2.5 μl drop of sample (a protein
concentration of about 1 mg/ml) to a glow-discharged
200-mesh Quantifoil holey carbon grid (Quantifoil Micro
Tools GmbH, Germany). Before plunging the grid into
liquid ethane at −180 °C, 1 μl of 10 nM colloidal gold
particles (BBInternational, UK) was added to the sample,
followed by blotting with filter-paper. A tilt series of 62
images from −55° to +67° with 2° increments was collected
using a Tecnai F20 field-emission microscope (FEI
company, USA) operated at an acceleration voltage of
200 kV. Following strict low-dose procedures, images of
the tilt series were recorded manually at a nominal
magnification of 29,000× on a 2K×2K CCD camera with
the defocus set to −7 μm. The electron dose used for
collecting each image of the tilt series was 1.5 e–/Å2, and
the total electron dose for the series was about 100 e–/Å2;
the total dose used for tracking during the data collection
was only about 0.5 e–/Å2. The particles were clearly
visible even in the last image of the tilt series (Figure 1(d)),
and there was no evident radiation-induced bubbling.
All the images were binned 2×2 before further pro-
cessing, corresponding to a final calibrated pixel size of
15.5 Å/pixel.

Image processing

The program package IMOD was used to process the
images of the tomographic tilt series.24 After initial coarse
alignment using cross-correlation between images from
different tilt angles, 44 colloidal gold particles were
selected as fiducial markers to align all the images of the
tilt series. The thickness of the calculated tomogram was
100 pixels (∼1550 Å), corresponding to the thickness of the
layer of vitreous ice. No segmentation, either manual or
automated, was performed to interpret the cryo-electron
tomogram. Individual assemblies were boxed out from
the 3D reconstructed tomogram using the program
label.exe in the MRC package.25 Noise in the boxed-out
3D density maps was reduced by a 3×3×3 median filter.26

Structure analysis

The program O was used to analyze the individual
coats.27 An artificial multi-Ala α-helix was used as a fi-
ducial to mark the edges of the clathrin lattice and
ultimately to draw its outlines as shown in Figure 4(b).
Views of the 3D density maps were prepared for
illustration using the program Chimera.28
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