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Functional Organization of Clathrin in Coats:
Combining Electron Cryomicroscopy
and X-Ray Crystallography

Schmid, 1997). AP-1 adaptor complexes function pri-
marily at the trans-Golgi network, and the related AP-2
adaptors occur in plasma membrane–coated pits (Rob-
inson, 1987; Ahle et al., 1988). AP-2s link endocytic re-
ceptors (for example, transferrin and EGF receptors) to
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the clathrin coat and interact with components suchLaboratory of Molecular Medicine
as Eps15, amphyphysin, and dynamin thought to be3 Department of Cell Biology and
needed for vesicle formation and closure (KirchhausenCenter for Blood Research
et al., 1997; Wigge et al., 1997; Benmerah et al., 1998;Harvard Medical School
Chen et al., 1998; Cupers et al., 1998). There also appearBoston, Massachusetts 02115
to be more specialized adaptors (for example, the non-4 Medical Research Council Laboratory
visual arrestins) that bridge between G-coupled recep-of Molecular Biology
tors and clathrin (Goodman et al., 1997).Hills Road

Purified clathrin coats exhibit a range of structuresCambridge CB2 2QH
(Crowther et al., 1976). Any closed-shell lattice basedUnited Kingdom
on a hexagonal net must have 12 pentagons, and one
common design is the six-fold barrel, with hexagons at
either pole, each surrounded by six pentagons, and withSummary
six hexagons around the equator (Figure 1A). The un-
usual triskelion shape of the clathrin trimer (Figure 1B),The sorting of specific proteins into clathrin-coated
first revealed in rotary shadowed preparations (Unge-pits and the mechanics of membrane invagination are
wickell and Branton, 1981), leads to a remarkably ex-determined by assembly of the clathrin lattice. Recent
tended set of interactions within such a lattice (Crowtherstructures of a six-fold barrel clathrin coat at 21 Å
and Pearse, 1981). A triskelion contains three identical,resolution by electron cryomicroscopy and of the
190 kDa heavy chains and three, approximately 30 kDa,clathrin terminal domain and linker at 2.6 Å by X-ray
light chains, of which there are several related formscrystallography together show how domains of clathrin
(Kirchhausen and Harrison, 1981; Ungewickell and Bran-interact and orient within the coat and reveal the
ton, 1981; Jackson et al., 1987; Kirchhausen et al.,strongly puckered shape and conformational variabil-
1987a, 1987b).ity of individual triskelions. The b propeller of the termi-

Reconstitution of “cages” from purified clathrin andnal domain faces the membrane so that recognition
of “coats” from clathrin plus adaptors under conditionssegments from adaptor proteins can extend along its
favoring formation of hexagonal barrels (Pearse andlateral grooves. Clathrin legs adapt to different coat
Robinson, 1984) provided specimens for study by elec-environments in the barrel by flexing along a segment
tron cryomicroscopy. Reconstructions of tilted imagesat the knee that is free of contacts with other mole-
showed that coats have three shells of density corre-cules.
sponding respectively to the outer clathrin lattice, the
heavy chain N-terminal domains, and an inner layer of
adaptors (Vigers et al., 1986a, 1986b). Recently, a muchIntroduction
improved reconstruction of a clathrin/AP-2 coat, at 21
Å resolution, has revealed details of how the proximalClathrin organizes membrane vesiculation from the cell
and distal legs form the polyhedral cage (Smith et al.,surface and from some internal compartments, by form-
1998). It also shows the terminal domains as hook-likeing coats together with adaptors, receptors, and other
features linking the surface of the layer of adaptor com-membrane-associated proteins (for reviews see Pearse
plexes with the lattice of the barrel.and Robinson, 1990; Kirchhausen et al., 1997; Robinson,

Strategies for studying clathrin by X-ray crystallogra-1997; Schmid, 1997). Electron micrographs of sectioned
phy have involved attempts to assemble uniform smallcells capture images of coated pits and vesicles at vari-
cages (Sorger et al., 1986) as well as efforts to dissectous stages of budding into the cytoplasm (Perry and
the molecule into domains (Kirchhausen and Harrison,Gilbert, 1979), and rapid freeze, deep etch pictures of the
1984). The sequence of the 1675 amino acid residuescytoplasmic surface of fibroblasts reveal flat, hexagonal
in a clathrin heavy chain, derived from the sequence oflattices as well as deeply invaginated buds with a mix-
its cDNA, permitted mapping of defined cleavage pointsture of hexagons and pentagons (Heuser, 1980).
onto the contour of a triskelion leg (Kirchhausen et al.,The regulation of clathrin assembly and uncoating
1987a). The globular N-terminal domain at the tip andand the selection of membrane proteins for inclusion in
a segment linking it to the distal leg together comprisecoated pits and vesicles require participation of adap-
residues 1–500 (approximately), and the three-fold ver-tor complexes (reviewed in Kirchhausen et al., 1997;
tex contains the heavy chain C terminus. The crystal
structure of a recombinant terminal domain–linker frag-
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ment, reported recently, shows that the terminal domaincrystal.harvard.edu).
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as well as part of the linker region (Ter Haar et al., 1998).
The conformations and relative orientations of the b
propeller terminal domain and the a zigzag linker impart
an overall hook-like shape to the fragment. Since the
evidence that the hook-like features seen in the electron
microscopy (EM) map (Smith et al., 1998) correspond
to clathrin terminal domains is compelling, we extracted
these features from the EM map and positioned the
X-ray structure within them using a density correlation
procedure described in Experimental Procedures. The
resulting positions for each terminal domain on a pen-
tagonal face are displayed in Figure 2. The fit varies
slightly among the nine independent domains, probably
because of intrinsic noise in the EM map, conformational
variability of the domains within a cage, constraints im-
posed by adaptor complexes, and variability among in-
dividual particles in the preparation. A higher resolution
EM map is likely to help distinguish among these factors.

Figure 1. A Clathrin Triskelion and Its Position in a Barrel Coat

(A) Diagram of the lattice of a clathrin barrel with one triskelion in Modeling Clathrin in the Image Reconstruction
place. The barrel is oriented approximately with one of its two-fold from Electron Cryomicroscopy
axes in the direction of the viewer, and it is slightly rotated about Electron microscopy of free clathrin shows that the legs
another two-fold axis parallel to the page, to show the six-fold are relatively uniform rods (Kirchhausen and Harrison,axis running through the polar hexagonal faces. The stars show

1981, 1984; Ungewickell and Branton, 1981). The 21 Åexamples of the three symmetry-distinct vertices in this structure.
cryoEM reconstruction has sufficient clarity that one can(B) Schematic representation of a clathrin triskelion, showing orien-

tations of the heavy and light chains and the principal heavy chain follow the individual rod-like legs as they radiate from
segments. The color scheme introduced here is used throughout the three-fold vertex of a triskelion, and a general de-
this paper. Proximal legs are in red, knees in yellow, distal legs in scription of the course of a leg has been provided in
green, and linker and terminal domain in gray. the paper on the reconstruction (Smith et al., 1998). In

order to analyze the packing and flexibility of clathrin
more precisely, we have used features of the program

proteins. The linker is a zigzag of a helical segments, O (Jones et al., 1991), as described in Experimental
which stack to form a stiff, but not utterly rigid, rod. We Procedures, to build a model for clathrin triskelions in
proposed that this a zigzag extends along most or all the lattice (Figures 3 and 4). Elements of secondary or
of the triskelion leg, and the structure of a segment from tertiary structure cannot, of course, be discerned at this
the proximal leg, recently crystallized (Ybe et al., 1998), resolution, and we have defined the course of each leg
may soon clarify this point. as a set of points, connected sequentially along the

We have now used the 2.6 Å resolution crystal struc- uninterrupted stretches of density clearly seen in the
ture of the terminal domain and linker and an approximate map.
molecular analysis of the 21 Å electron cryomicroscopy The barrel design for a clathrin lattice (Figure 1A) con-
(cryoEM) reconstruction to study the orientation of the tains 36 triskelions or 108 individual legs (Crowther et
terminal domain within a coat and to analyze clathrin al., 1976). The symmetry of the structure dictates that
packing in more detail. As described previously, a leg specifying three triskelions (nine legs) is sufficient to
spans two edges of a polygon and ends in the hook- define the packing—all others are related to these three
like feature identified as the terminal domain (Smith et by symmetry operations (see positions marked with
al., 1998). The crystallographically determined model of stars in Figure 1A). We therefore traced nine legs inde-
the terminal domain–linker gives a good fit to this den- pendently and reconstructed the complete barrel by
sity. The “top” surface of the propeller faces the adaptor applying the appropriate rotations. The model for each
cluster that lies within the clathrin lattice. Moreover, leg contains 125 points (numbered sequentially from
by constructing a triskelion representation that can be vertex—the C terminus of the clathrin heavy chain —to
rotated and compared, we have been able to determine tip—the N terminus). Because they are represented in
how a leg flexes at various positions in the barrel. In this O by a carbons, the points are 3.8 Å apart. The overall
commonly found structure, all three symmetry-distinct length of the trace is therefore approximately 475 Å, in
triskelions have identical puckers at their vertices, and good agreement with the contour of a rotary shadowed
most of the conformational variability is restricted to the triskelion.
“knee.” We discuss the implications of these findings The fit of our model to the reconstruction is shown in
for control of clathrin assembly and for the formation of Figure 3. The triskelion legs are represented as worm-
larger coats and flat arrays. like rods of constant, arbitrary diameter, smoothly con-

necting the 125 points used for the model (Figures 3C
Results and 3D). The thickness of a leg, as defined by contour

levels in the reconstruction, does not appear to vary
Orientation of Terminal Domains within a Coat significantly. The proximal legs lie outside the distal legs,
The crystal structure of a 55 kDa clathrin heavy chain and thus as one leg extends from the vertex of its triskel-

ion, it gradually passes inward from the surface of thefragment includes the globular N-terminal domain and
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Figure 2. Fit of the Crystallographically Derived Model for the Terminal Domain and Linker to the CryoEM Image Reconstruction

(A) View through a pentagonal face, showing part of the triskelion model with its hook-like terminal domain.
(B) Similar view with a backbone representation of the high-resolution X-ray crystallographic model inserted into the same region of the map.
(C) Similar view with an electron density representation of the high-resolution X-ray model inserted into the hook-like terminal domains of the
map.
(D) Close-up of a side view, showing the fit of one terminal domain. The feature at the lower margin of the figure represents the core of
adaptor complexes present in the coat. In the molecular models, the b propeller is shown in yellow and the a zigzag in red.

barrel toward the interior (Figures 4A and 4B). Each edge right of the red triskelion in the center can easily be
followed as it spans two edges of a hexagon and finallyof the coat contains two antiparallel proximal legs (red)

and two antiparallel distal legs (green). Over the central projects inward into the hook-like feature previously
identified as the terminal domain. As described above,part of an edge, the proximal and distal legs pack at

relatively constant center-to-center distances: about 25 the fit of the crystallographically determined model of
the terminal domain–linker to this density confirms theÅ laterally between proximal (or distal) segments, and

20 Å radially between a proximal segment and the distal assignment.
The region around a vertex of the barrel contains asegment beneath it (Figure 4C). Although the resolution

of the reconstruction does not allow the leg segments complex pattern of interactions (Smith et al., 1998). The
reconstruction shows four clear layers in cross sectionto be resolved clearly at all positions along an edge, the

fit shown in Figure 3 is the only one that preserves (Figure 5). These correspond respectively to the hub of
the triskelion centered on that barrel vertex, the kneescontinuity of the trace without invoking physically im-

possible crossovers. The knee, which is clearly resolved of triskelions centered on the three neighboring vertices,
and the distal legs and terminal domains from triskelionsin the map (Figures 4A and 4B), has a relatively gradual

bend. It skirts the vertex region of the barrel, so that the centered on second nearest–neighbor vertices. There
appears to be a small globular element facing inwardproximal and distal segments it connects border the

same face (hexagon or pentagon) of the cage. This path at the three-fold. Our model does not include any repre-
sentation of this feature, which probably contains theis particularly clear in Figure 3D, where the leg on the



Molecular Cell
764

Figure 3. CryoEM Image Reconstruction of a Clathrin Barrel and Model for Triskelion Packing

(A and B) The EM reconstruction viewed along the six-fold (polar) and two-fold (equatorial) axes, respectively.
(C and D) Model of triskelions obtained as described in the text. Representatives of the three symmetry-independent triskelions are displayed
in red, yellow, and green. The remaining triskelions, which were generated from these three by application of symmetry operations, are
displayed in gray. The orientations of (C) and (D) correspond to the views in (A) and (B), respectively.

heavy chain C-terminal segments, known to be involved smoothly, with no sharp kinks, except at the boundary
between linker and terminal domain (the hook). Thein trimerization (Kirchhausen and Harrison, 1984; Lem-

mon et al., 1991; Nathke et al., 1992; Pishvaee et al., clathrin light chains are known to be associated with
the proximal segment of the heavy chain (Kirchhausen et1997). Beneath the hub, distal legs and linkers (from

triskelions centered two vertices away) form a three- al., 1983; Ungewickell, 1983; Kirchhausen and Toyoda,
1993). They are probably extended a helices where theyway crossover, in which the center-to-center distance

of the rods is about 20 Å. There appears to be a particu- attach to the heavy chain in defined regions, with disor-
dered N- and C-terminal regions (Kirchhausen et al.,larly tight interaction (arrows in Figure 5) between points

82–84 in the distal leg (about 315 Å from the hub) and 1987b; Scarmato and Kirchhausen, 1990; Nathke et al.,
1992). They are therefore unlikely to contribute signifi-points 93–95 in the linker (about 355 Å from the hub).
cantly to the apparent features of the reconstructed coat
at this resolution. The most striking characteristic of theTriskelions

The model of a triskelion, excised from the coat, is excised clathrin trimer is its pucker at the three-fold.
The vertex lies approximately 240 Å above the planeshown in Figures 6A and 6B. Each leg bends relatively
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Figure 5. Appearance of the Model in the Region of a Barrel Vertex

The outermost structure is the vertex of a triskelion, which is cen-
tered on this vertex of the barrel. The contact-free zone of each leg
near the triskelion vertex is in light red; the rest of the proximal leg
is in darker red. Beneath the triskelion vertex are the knees (yellow)

Figure 4. Fit of the Clathrin Triskelion Model to the EM Recon- of three triskelions centered at neighboring barrel vertices. At still
struction smaller radii are the distal legs (green) and linkers (gray) from triskeli-
(A) View of an edge from outside the barrel (cytosol to membrane). ons centered two vertices away. The terminal domains (also gray)
The vertex-to-vertex distance is 185 Å. are at the innermost radii.
(B) Side view of the same edge, rotated 908 relative to the orientation (A) View from outside the barrel.
in (A). The upper part of the figure corresponds to the outside of (B) View at 908 from (A).
the barrel.
(C) Slab-like cross section through the edge, centered at the position

al., 1995), the expected position of residue 490 wouldindicated by the dashed line in (B), showing the packing of proximal
be point 87 in the model, about 1110 residues fromand distal legs. The color scheme is described in the caption to

Figure 1. the C terminus of the heavy chain, within reasonable
agreement of the observed position. This agreement
strengthens our confidence in the fit of the crystallo-

defined by the tips of the terminal domains. All three graphically derived model to the reconstructed density
symmetry-independent trimers in the barrel have the in the coat.
same pucker (Figures 6C and 6D). In the computed cryoEM reconstruction, the terminal

The fit of the terminal domain–linker fragment to the domains are somewhat weaker than the rest of the tri-
hook-like feature in the image reconstruction places the skelion. We interpret the lower density of the terminal
C terminus of the model (residue 490) close to point 93 domain features to be a consequence of the lack of
in all nine symmetry-independent legs. As discussed in constraints on the linker. Indeed, the point at which the
detail in the report of the high-resolution X-ray structure, strength of the computed reconstruction decreases is
the linear density of a clathrin leg is about three residues just where the linker emerges from passing under a
per angstrom. If we allow 75 residues for the trimeriza- distal leg—the last point of clearly defined intermolecu-

lar contact in the lattice (arrows in Figures 5A and 5B).tion domain not included in our model for a leg (Liu et
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Figure 6. Three Dimensional View of a Single Triskelion and Superposition of Triskelions and Individual Legs from Different Positions in the
Barrel

(A and B) A triskelion, colored as described in Figure 1A, has been excised from the model of a coat. The side view in (B) emphasizes the
significant pucker of the clathrin molecule.
(C and D) Superpositions of the three unique triskelions in the barrel, colored as in Figure 3. The legs align well in the proximal region, but
they diverge at the knee. Small divergences propagate into quite substantial changes in the relative positions of the terminal domains.
(E–G) Individual clathrin legs, aligned by superposition of their proximal segments. In (E), two groups of legs can be identified, characterized
by different curvatures at the knee. The distal segment of legs depicted in blue face hexagons, while those in light yellow face pentagons. In
(F) is shown a side view of the aligned “blue” legs, after rotation of 908 about a horizontal axis relative to the view in (E). In (G) is a side view
of the “light yellow” legs, showing that there is a significant degree of divergence within this group, due to torsion of the rods.

The coats contributing to the reconstruction were as- local curvature). Where in the clathrin molecule is the
flexibility required by these properties of its assemblies?sembled with AP-2 complexes. There are substoichio-
We have traced independently the nine legs of the threemetric numbers of these complexes per barrel (roughly
clathrin trimers that compose an “asymmetric unit” ofone adaptor complex per two triskelions) (Gallusser and
the barrel, and we can therefore superpose the variousKirchhausen, 1993), and the symmetry of the AP-2 clus-
legs in order to discern large scale differences in theirter near the center of the coat may not correspond to
conformations. Some aspects of this analysis are shownthe symmetry of the clathrin lattice. Therefore, differently
in Figures 6C–6G. From the superpositions in Figuresoriented interactions of the clathrin terminal domains
6C and 6D, it is clear that the vertices and proximal legswith the hinge of AP b chains (the principal contact
of the three symmetry-independent triskelions in the six-between clathrin and adaptor complexes) (Dell’Angelica
fold barrel are invariant in their conformations. More-et al., 1998; A. Contreras and T. K., unpublished data)
over, rotational superpositions show that the centralcould have pulled some of the terminal domains away
portions of the trimers have essentially perfect three-from what would otherwise have been their equilibrium
fold axes. That is, when individual trimers in Figures 6Apositions, decreasing the effective occupancy of the
or 6B are rotated by 1208 or 2408 about axes throughmajority positions. Even when unconstrained by AP in-
their vertices, the proximal legs coincide closely (datateractions, the linker may be somewhat more flexible
not shown). Thus, the trimerization domains at the centerthan other parts of the leg.
of the clathrin triskelion appear to have a fixed structureThe 108 terminal domains in the complete barrel form
within this type of cage, and the capacity of clathrin toa remarkably tight intermediate layer facing the AP clus-
form pentagonal and hexagonal faces does not come

ter. The “top” side of the b propeller faces toward the
from differences in interchain angle or pucker at the tri-

center of the coat, and the grooves along the perimeter skelion vertex. Rather, significant variation is restricted
of the propeller are radially aligned. Adaptor proteins to the knees and distal legs. In the discussion section,
are therefore likely either to contact the top surface of we review evidence that the pucker of clathrin trimers
the terminal domain or to have a segment of polypeptide in solution is very similar to the unique pucker we see
chain that extends outward along one of the seven in the barrel lattice. We also point out that in larger cages
grooves. and flat arrays, the pucker is likely to decrease, and we

suggest how this change might occur.
Triskelion Flexibility The flexibility within a leg is illustrated in Figures 6C–
Clathrin lattices have both pentagonal and hexagonal 6E, which show superpositions based on the first 25

points (about 95 Å) of each leg. The chain conformationsfaces, and cages can also vary in radius (and hence in
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cluster in two groups according to whether the leg bor- relatively symmetric images of trimers with a clockwise
swirl (Crowther and Pearse, 1981; Kirchhausen and Har-ders a hexagonal or a pentagonal face (blue and light

yellow, respectively, in Figures 6E–6G). Chains in the rison, 1981; Kirchhausen et al., 1986) had a narrow varia-
tion in distances between terminal domains (Kirch-second group further cluster in subgroups that appear

to have torsional differences (Figure 6G). At this resolu- hausen et al., 1986), consistent with the interpretation
that they came from puckered molecules such as thetion, it is not possible to assess whether the divergence

in direction of the distal legs originates from one or more one in Figure 6B, adsorbed initially to the grids through
their terminal domains (Kirchhausen et al., 1986). Thediscrete hinges or whether the observed flexibility is

more continuously distributed. Superposition of the dis- average interterminal domain distance was about 450
Å, very similar to what we measure for the trimer modelstal legs (data not shown) does indicate a close agree-

ment in this region of the molecule, suggesting that most in the present work. This value of the span is closest to
what might be expected (430 Å) from triskelions with allof the variation seen in this structure is concentrated in

the knee. The unusual length of the clathrin legs makes their legs in one configuration (the blue conformation in
Figure 6). Such a trimer might be the “ground state” ofit easy for a small distortion at the knee to propagate

into a major displacement of the terminal domain. clathrin, found in the absence of restraints from packing
in a cage. By contrast with the clockwise images of
mica-adsorbed clathrin, images having an anticlockwiseDiscussion
swirl were often quite asymmetric, with widely varying
distances (generally larger than in the clockwise images)Position and Orientation of the Terminal Domain
between the tips of their legs (Kirchhausen et al., 1986).The 108 terminal domains project inward, and they do
These pictures probably derived from molecules thatnot appear to interact tightly with any other clathrin
landed “vertex first,” with subsequent splaying outwardmolecules. The first close contact that the linker makes
of their legs against the mica surface.with another clathrin heavy chain is at around points

It has been suggested that the clathrin light chains82–84, corresponding to residue 537 from the C terminus
may govern the pucker of a triskelion and that this varia-(arrows in Figure 5). This fit to the reconstruction is
tion may in turn control the formation of hexagons andconsistent with the results of limited tryptic proteolysis
pentagons (Liu et al., 1995; Pishvaee et al., 1997; Pish-of clathrin cages, which leads to preferential cleavage
vaee and Payne, 1998). Two earlier lines of evidenceof the heavy chain at a position very close to residues
argue against this proposal. First, the overall pucker ofK507 or R523 and to release of the terminal domain and
free clathrin, revealed by electron microscopy as justlinker without disruption of the lattice (Kirchhausen and
described, is the same whether or not light chains areHarrison, 1984; Kirchhausen et al., 1987a).
present (Kirchhausen et al., 1986). Second, light chainsThe nine symmetry-independent terminal domains all
do not affect the curvature of the structures that arelie with the top surface of the b propeller facing the inner
formed either in the presence or in the absence of adap-cluster of AP complexes. The propeller design has a set
tors (Winkler and Stanley, 1983; Lindner and Ungewick-of grooves on its lateral surface, suitable for interaction
ell, 1991; Ungewickell and Ungewickell, 1991). The datawith different adaptor proteins, and there is evidence
presented here are consistent with these observations:that b-arrestin and arrestin-3, adaptors for the b adren-
the differences among legs in cages occur beyond theergic receptor, indeed contact one of these grooves
proximal segments with which light chains are knownthrough extended, C-terminal tails (Krupnick et al., 1997;
to associate.Ter Haar et al., 1998; E. Ter Haar et al., personal commu-

We suggest instead that the clathrin legs are stiff butnication). The observed orientation of the terminal do-
not rigid structures that can flex in response to packingmain would allow a projecting peptide, such as this
requirements. Within the barrel studied here, this flexionC-terminal tail, to access any of the seven grooves
is concentrated in the knee. The a zigzag structure ofaround the perimeter of the propeller, while presenting
the linker between terminal domain and distal leg hasthe top surface for further contacts. The b subunit of
the characteristics necessary for a suitable compliantheterotrimeric G proteins, also a seven-blade b propel-
component (Ter Haar et al., 1998). The packing dimen-ler, interacts with the a subunit in this way: the top
sions of the proximal and distal segments—about 20–25surface of the propeller contacts the Ras-like domain of
Å (Figure 4C)—are consistent with the proposal that theGa, while one of the grooves accepts a helical projection
a zigzag is the basic structure of the entire clathrin leg.from the N terminus (Wall et al., 1995; Lambright et al.,
The short helical hairpins in the clathrin linker a zigzag1996). The likely orientation of the G protein b subunit
can rotate a bit with respect to each other and can alsowith respect to the membrane is different from what we
part slightly. Thus, the interactions between successivesee in the clathrin cage, however.
hairpins permit both twist and bend, and these mechani-
cal properties of an a zigzag could impart to the kneeShape of a Triskelion and Flexibility along the Legs
its required flexibility.The three symmetry-independent triskelions within the

barrel have (to the accuracy of the present analysis)
precise three-fold symmetry near their vertices and in- Variable Curvature of Clathrin Lattices

Clathrin can form closed structures significantly largervariant pucker. Clathrin in free solution is likely to have
a pucker quite similar to the one seen here, as shown than the barrel analyzed here, as well as extended hex-

agonal arrays. This variation probably involves a changepreviously by electron microscopy of triskelions in nega-
tive stain and also adsorbed onto mica and rotary shad- in the pucker at the triskelion vertex to a value appro-

priate to the mean curvature of the shell rather than aowed after rapid freezing (Kirchhausen et al., 1986). The
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change in noncovalent contacts along the legs between
triskelions. Altered contacts would require the proximal
legs to cross each other at a different angle (looking
tangentially, as in Figure 4B). The interactions extend
over about 90 Å, and changing the crossing angle would
involve major disruption and rearrangement. The struc-
ture of a cage in the vicinity of a vertex and the evident
deformability of a leg near the knee suggest a simple
way in which the effective pucker can also vary when
required. Like the knee, the proximal leg near the vertex
is free of contacts in the lattice (zone colored in lighter
red in Figure 5). The relatively smooth bend of the knee
ensures that this lack of contact will also be true in larger
cages and flat arrays. If the molecular architecture of
the proximal leg resembles that of the knee, then the
contact-free zone near the vertex will be stiff but de-
formable (compare Figure 6), and relatively small forces
will be able to open up the angle between the legs. Figure 7. Schematic Representation of the Cross Section of an In-

The equilibrium pucker of triskelions in solution (simi- vaginated Clathrin-Coated Membrane to Illustrate the Relative Dis-
lar, as discussed above, to that of triskelions in the position of Clathrin, Adaptors, and Cargo within the Clathrin Coat
hexagonal barrel) will determine a preferred curvature The main part of the clathrin lattice is in red, with the distal end on

the legs including the b propeller terminal domain and the a zigzagor a range of curvatures for a lattice, as observed in
linker projecting toward the membrane. Receptors in the membranethe modest size range of cages produced by in vitro
contact adaptor proteins, which in turn interact with clathrin terminalassembly of purified clathrin (Kirchhausen and Harrison,
domains. Members of the family of nonvisual arrestins (green) serve1981; Pearse and Crowther, 1982). But, if contact-free
as adaptors for a number of seven transmembrane–helix proteins

segments of the leg are deformable, constraints such such as the b2 adrenergic receptor (left). The AP-1 and AP-2 com-
as assembly against a flat surface (e.g., where a cell plexes (blue) serve as adaptors for growth-factor receptors, trans-

ferrin receptors, and many others (center).adheres to a substrate) or assembly around a large di-
ameter cargo (e.g., an adenovirus particle) can, ac-
cording to our model, alter the curvature with relatively It has occasionally been suggested that hexagonal
little free energy cost. Further adaptation can also occur arrays of clathrin might rearrange locally into curved
at the knee. The actual trimer contacts at a clathrin structures (Heuser, 1980). While this is not possible in
vertex need not change, only the flexing of the contact- the interior of the hexagonal lattice pinned down to a
free heavy chain segment near the trimerization element. substrate, rapid disassembly and reassembly into curved
The required range of bending is no greater than what structures at the edge of a flat array can cause it to
we observe among the different states of the knee in appear to be feeding a growing coated pit. The ease of
the barrel assembly itself. (Notice, for example, what association and dissociation just described is compati-
sort of deformation near the vertex would be required ble with these events. Indeed, the mechanism by which
to make the left-hand leg in Figure 6B project horizon- curvature can vary, proposed in the previous section,
tally, and compare it with the range of angles of knee leads naturally to such a process. If the flat array repre-
bends in Figure 6C or 6E). The deformability of the linker sents a somewhat strained state of a triskelion, then
a zigzag, seen by comparing the three crystallographi- wherever the cell surface lifts away from the substrate,
cally distinct copies of the terminal domain–linker (Fig- disassembly from the hexagonal lattice and reassembly
ure 7 in Ter Haar et al., 1998), would be adequate. The into a curved coat will be favored. Rapid equilibration
essential feature of this model is that the contents of a between flat and curved structures is consistent with
growing coat can help determine its curvature and pre- the known strength of clathrin association. Under physi-
vent the abrupt termination of assembly that would oc- ological conditions, the stability of an assembled lattice
cur if the lattice were to close off too tightly. is marginal, and coat formation in vitro requires interac-

tion with adaptor complexes.
Clathrin Assembly and Disassembly on Membranes Adaptors and other factors specify in vivo that clathrin
The picture of a triskelion that emerges from our analysis assembly will occur on a membrane and not free in
is of a strongly puckered trimer with stiff legs and some- the cytosol. In this work, we have used purified AP-2
what more flexibly linker terminal domains. How can adaptors, the plasma membrane–specific complex, to
such an assembly unit rapidly form a clathrin lattice, as form coats. Similar coats can be formed using AP-1
observed both in vivo and in vitro? The packing illus- from the trans-Golgi network. A flexible hinge segment
trated in Figure 3 allows a triskelion to add readily to from the adaptor b chain extends away from the body
the growing edge of a lattice without having to insert of the complex to interact with the clathrin terminal do-
between closely spaced legs from other molecules. main. The orientation of the terminal domain in the lat-
Imagine, for example, rotating the red triskelion in Figure tice, determined here, suggests that the hinge peptide
3D slightly clockwise about its vertex. Its legs will could insert into one of the seven grooves on the lateral
smoothly disengage from their neighbors, and the entire surface of the b propeller, probably with its amino end
trimer will be free to dissociate outward. The reverse of near the “top” face of the domain and the carboxyl end
this process can ensure rapid addition at any stage in near the “bottom” face. The schematic drawing in Figure

7 illustrates how coat assembly relates spatially to thethe formation of a coated vesicle lattice.
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final positions of the terminal domains in the pentagonal face of theadaptor complexes and to the receptors that they in
barrel were 0.68, 0.68, 0.73, 0.69, and 0.67. The correlation coeffi-turn recruit into coated pits. The nonvisual arrestins,
cient was 0.70 for the fit of the terminal domain in the hexagonalwhich act as specific adaptors for the b adrenergic re-
face on the six-fold symmetry axis of the barrel and 0.72 and 0.69

ceptor and related molecules, have a flexible carboxyl- for the terminal domains in the equatorial hexagonal face on the
terminal peptide, which is known to interact in the two-fold symmetry axis. All approximate to 0.7, a value similar to

what would be found for an outstanding molecular replacementgroove between propeller blades 1 and 2. Its orientation,
solution in X-ray crystallography. In these experiments, the hand ofas it projects away from the membrane, is probably the
the EM map chosen corresponds to the hand described for individ-same as that of the adaptor b chain hinge and therefore
ual triskelions (Kirchhausen et al., 1986).likewise consistent with the arrangement shown in Fig-

ure 7. Other molecules, such as amphiphysin, AP180,
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