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The heterotetrameric AP2 adaptor (o, f2, u2 and 62
subunits) plays a central role in clathrin-mediated
endocytosis. We present the protein recruitment func-
tion and 1.7 A resolution structure of its f2-appendage
domain to complement those previously determined
for the u2 subunit and o appendage. Using structure-
directed mutagenesis, we demonstrate the ability of
the B2 appendage alone to bind directly to clathrin
and the accessory proteins AP180, epsin and eps15 at
the same site. Clathrin polymerization is promoted
by binding of clathrin simultaneously to the
B2-appendage site and to a second site on the adjacent
B2 hinge. This results in the displacement of the other
ligands from the B2 appendage. Thus clathrin binding
to an AP2-accessory protein complex would cause the
controlled release of accessory proteins at sites of
vesicle formation.
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Introduction

Clathrin-mediated endocytosis is the process whereby
clathrin-coated vesicles (CCVs) are formed by the pinch-
ing off of a portion of the plasma membrane into which
cargo molecules have been sorted (reviewed in Schmid,
1997; Mellman and Warren, 2000; Pearse ef al., 2000). It is
involved in many cellular processes including the inter-
nalization and subsequent downregulation of activated
growth factor receptors, regulating the number and type of
small molecule receptors, channels and transporters in the
plasma membrane, recycling of synaptic vesicles, and the
maintenance of membrane identity. CCVs have three
layers: an inner membrane layer containing transmem-
brane cargo; an outer protein layer, which serves as a
mechanical scaffold formed from a lattice of clathrin
triskelia; and linking them, a middle layer composed
predominantly of clathrin adaptors (AP complexes and
arrestins) (Smith et al., 1998).

The AP2 adaptors are heterotetramers composed of two
large ~110 kDa subunits (o and B2), one medium ~50 kDa
subunit (U2) and one small ~17 kDa subunit (c2)
(reviewed in Traub, 1997; Hirst and Robinson, 1998).
The large subunits can each be divided into a 60-70 kDa
trunk domain separated from a 25-30 kDa appendage
domain (sometimes referred to as an ‘ear’ domain) by an
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~100-residue, protease-sensitive linker (Kirchhausen et al.,
1989). AP2 adaptors play a central role in CCV formation
(reviewed in Kirchhausen, 1999). They link the endocytic
cargo to the clathrin coat, and are also able to interact with
a number of proteins believed to regulate various aspects
of CCV formation. AP2 adaptors bind to the short linear
internalization motifs on cargo molecules, Yxx® (where @
is a bulky hydrophobic amino acid and x represents any
amino acid) via the U2 subunit (Ohno et al., 1995; Owen
and Evans, 1998), and D/ExxxLL probably via the (2
trunk domain (Rapoport et al., 1998). The interaction of
clathrin with the AP adaptors is through the binding of the
clathrin N-terminal B-propeller domain to a canonical
clathrin box motif (LOxPD/E) (Dell’ Angelica et al.,
1998; Ter Haar et al., 2000) in the linker or hinge region of
the P2-adaptin subunit (Shih et al., 1995). Similar
sequences are found in many other clathrin-binding
proteins including B1-, B2- and B3-adaptin subunit hinge
domains, the amphiphysins and members of the arrestin
family (Dell’ Angelica et al., 1998). The interaction of the
adaptor complex with CCV formation regulatory/acces-
sory proteins such as AP180, auxilin, amphiphysin, eps15
and epsin is via the appendage domain of the o subunit
(Owen et al., 1999; Traub et al., 1999).

In this work we describe the structure of the [2-
appendage domain determined by X-ray crystallography at
a resolution of 1.7 A. The B2-appendage domain has a
similar overall bilobal structure to the o-appendage
domain (Owen et al., 1999; Traub et al., 1999), with
which it shows only low sequence identity. They both have
a single patch of high hydrophobic surface potential on
their C-terminal platform subdomains. In the o appendage
this site mediates interactions with a number of proteins
that play accessory/regulatory roles in CCV formation. We
demonstrate that the hydrophobic patch in the B2 append-
age binds to a subset of DOF/W motif-containing proteins
that are bound by the o-adaptin appendage domain (epsin,
AP180, epsl5). In addition to binding these proteins, the
B2-appendage domain alone shows significant direct
clathrin binding. The strength of binding is increased
when the hinge domain is added to the N-terminus,
suggesting that the binding site for clathrin on B2 adaptin
is bipartite. This increase in strength of binding to clathrin
is reflected in the ability of the B2 appendage+hinge,
unlike the P2-appendage domain on its own, to block
transferrin uptake in vivo. The bipartite nature of the
interaction may serve to orientate domains of clathrin
triskelia correctly, which would explain its ability to drive
the clathrin cage formation at physiological conditions.
The binding of clathrin to the B2 appendage+hinge is
shown to displace AP180, epsin and eps15 bound to the 32
appendage. The implications of these findings for the
mechanism of CCV formation are discussed.
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Results

Structure of the 2 appendage domain

The structure of the appendage domain of B2 adaptin
(residues 705-937) determined by X-ray crystallography
was solved by single isomorphous replacement using a
mercury cderivative and solvent flattening, to a resolution
of 1.7 A. Surprisingly, given the low homology (see
Figure 2), the B2-appendage structure is similar to that of
the o appendage (Owen et al., 1999; Traub et al., 1999).
The structures of the B2- and o-appendage domains are
shown in Figure 1 as both ribbon and topological
representations. The [2 appendage consists of two
subdomains, which contact each other in a tightly packed
interface that buries 1340 A2 of accessible surface,
indicating that little motion is possible between the
subdomains. The relative orientation of the subdomains
is significantly different in the two structures, with the
angle between the two subdomains differing by 46°. The
N-terminal subdomain (residues 705-825) is an 8-stranded
B sandwich reminiscent of an immunoglobulin fold,
lacking the first B-sheet strand found in the o-adaptin
appendage domain. The C-terminal or ‘platform’ sub-
domain (residues 826-937) is made up of a 5 stranded
B-sheet flanked on the outer side by helix ol and by
helices o2 and 03 on the inner side. It differs from the o
domain around the putative binding site (see below) in two
important ways: B-sheet strand 12 is elongated in B2 to
replace the missing short $10 strand; and the loop between
12 and P13 is shorter. In the N-terminal subdomains,
residues conserved between the two appendages are
largely internal, playing a structural role in the hydro-
phobic core. In contrast on the platform subdomain there is
a large surface patch of residues conserved between the
appendages (Figure 2), suggesting a functional (protein—
protein interaction) rather than structural role.

In order to locate potential protein binding sites on 32
appendage, its surface hydrophobic potential was ana-
lysed: this exploits the fact that as two proteins come into
contact, the majority of water molecules at the interface
between the two will be displaced. If the water molecules
sit on a hydrophobic surface, their removal will have a
beneficial effect on the energy of interaction. The energy
of a hydrophobic probe (which does not form hydrogen
bonds) can be evaluated over a protein molecule’s entire
surface using the program GRID (Goodford, 1996) and the
values plotted on a Connolly surface representation of the
protein, which is then coloured by hydrophobic potential.
Previous hydrophobic potential analysis of the «-
appendage domain showed it to possess a single good
candidate site for protein—protein interaction, located on
the platform subdomain and centred on W840 (Owen et al.,
1999; Traub et al., 1999); this was subsequently confirmed
by mutagenesis. A similar structural analysis was per-
formed on the B2-appendage domain. The results of the
hydrophobic surface analysis (shown in Figure 3A, left
panel) were similar to those for the o-appendage domain
(Figure 3A, right panel), showing a single site of
favourable hydrophobic potential that would therefore be
a strong candidate for a site of protein—protein interaction.
The site is centred on W&841, which is spatially
homologous to W840 in the o-appendage domain.
However, the putative binding site is larger than that on
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o due to the exposure of neighbouring hydrophobic
residues Y888, M886 and F837 on the surface of B2 (see
Figure 3C). The site is more accessible in B2 because of
the absence of the oi-appendage domain 879-884 loop: in
the B2-appendage domain, strand B12 is longer with only a
short loop into strand B13.

Several other observations also suggested that this
hydrophobic patch is a good candidate site for protein—
protein interaction. It is located in a pocket that in the
crystal is occupied by two hydrophobic moieties: the
sidechain of L747 from the N-terminal subdomain of
another B2-appendage molecule in the crystal lattice, and
an oxidized dithiothreitol (DTT) molecule that sits against
Y888 and makes hydrogen bonds with R879. In keeping
with the binding site in the o0 appendage and many other
protein—protein interaction sites there are charged residues
adjacent to the hydrophobic pocket such as R834, K842,
E849, R879, E902, R904 and K917, which could provide
an element of specificity to an interaction whose strength
was mainly derived from a hydrophobic component.

The pattern of charged residues around the site of high
hydrophobic potential in the two appendage domains is,
however, quite different (see Figure 3B). While both
preserve a basic patch on the surface due to the conser-
vation of K842 and K917 in B2 as K841 and R920 in «, the
rest of the platform subdomain surfaces have different
electrostatic properties. E902 and R904 in the platform
subdomain of the B2 appendage are exchanged for R905
and E907, respectively, in the o appendage and the
positive potential due to R834 and R879 in B2 is replaced
by negative potential due to D881 in a.

In the light of the structural similarity between the
binding sites we investigated whether the B2 appendage
could also act as a protein recruitment domain.

Function of f2-appendage domain

The B2 appendage and B2 appendage+hinge domains were
produced as N-terminal glutathione S-transferase (GST)
fusion proteins and used in pull-down experiments from
rat brain cytosol to determine whether they had any protein
binding partners. The results are shown alongside those for
the o appendage, together with a control GST fusion
protein (the SH3 domain of amphiphysin2) (Figure 4A and
B). The P2-appendage domain binds a subset of the
proteins that also bind to the o-appendage domain
(AP180, epsin and epsl5). The interactions with the two
appendage domains are of approximately equal affinity, as
estimated from the similar strengths of signal seen when
equimolar amounts of each appendage domain are used in
the assays. On the other hand, the amphiphysins, which
bind strongly to the o-appendage domain, bind either very
weakly or not at all to the B2-appendage domain. The
B2-appendage+hinge domain binds the same three
proteins as the P2-appendage domain but in lower
amounts, despite there being equimolar amounts of folded
appendage domain in each sample. The 2 appendage and
the B2 appendage+hinge showed significant binding to
clathrin (presence confirmed by comparison with purified
clathrin, data not shown), whereas the «-appendage
domain bound clathrin only very weakly. Clathrin binding
was weaker to the P2 appendage than to the [32
appendage+hinge (~4-fold more binding on average to
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Fig. 1. Structural comparisons of $2- and o-appendage domains. (A) Comparison of the two C,, backbone traces of 32- (blue and red) and
a-appendage (green and gold) domains. Ribbon diagrams, aligned on the N-terminal domains, coloured from N- (blue or green) to C- (red or yellow)
termini. This figure, and Figures 2B and 3 were prepared using Aesop (M.E.M.Noble, unpublished). (B) Topological diagrams comparing the 32- and

a-appendage domains, coloured using the same colour scheme as above.

the appendage+hinge than to the appendage, as estimated
from five separate experiments).

Constructs overexpressing the [2 appendage, [2
appendage+hinge and P2 appendage+hinge containing
the mutation Y888V (which abolishes ligand binding to
the appendage, see later) under the control of the
cytomegalovirus promoter were transfected into COS7
fibroblasts and the effect on endocytosis was examined by
studying the uptake of biotinylated transferrin. Unlike the
o-appendage domain, the 32-appendage domain does not
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inhibit endocytosis (see Figure 4C). However, when the
hinge domain was included, this construct inhibited
endocytosis to a similar extent as the «-appendage
domain: ~60% cells blocked for transferrin uptake. The
2 appendage-+hinge containing the Y888V mutation was,
however, unable to inhibit transferrin uptake. Since the
only protein that is bound more by the B2 appendage+
hinge than the B2 appendage alone is clathrin, we conclude
that the block of endocytosis caused by the B2 appendage
+hinge domain is due to it binding clathrin in the
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Fig. 2. Sequence conservation between the 32- and o-appendage domains. (A) Structurally homologous residues, defined as those whose C,s are
within 3 A in the two structures, are boxed in grey. The alignment was performed using each subdomain separately to allow for the relative rotation of
C-terminal subdomains. Identities between the two sequences are coloured dark purple and conservation is indicated by pale purple. (B) Two views of
the surface representation of the B2-appendage domain coloured for conservation between B2 and o in the same colour scheme as (A). The loop
containing Leu747 from an adjacent molecule and the oxidized DTT molecule are shown as in Figure 3.

cytoplasm, making it unavailable for recruitment to the CCVs. This is supported by the observation that over-
plasma membrane and its subsequent use in forming expression of the B2 appendage+hinge causes an alteration
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in the distribution of clathrin within the cell (data not
shown).

Confirmation of the location of the protein-protein
interaction site

Mutations in the B2-appendage domain were designed on
the basis of the structure and produced as N-terminal GST
fusion proteins. Mutations were made both in surface-
exposed hydrophobic (W841A, M886Q, Y888V, L838E)
and in charged residues (R834E, K842, R879E, RO04E,
K917Q) in the putative protein—protein interaction site.
Many of these mutations were spatially homologous to
mutations of the o-appendage domain, which had a
significant effect on binding. Mutations were also made
in residues distant from the proposed binding site both in
the platform domain (N895R/I897S, Q906S) and in the
sandwich domain (H735S/Y737S; identified as a small
surface-accessible hydrophobic patch). One mutation,
N895R/I897S, caused the protein to be expressed in an
insoluble unfolded form. Circular dichroism and the yield
of the other mutants indicated that there were no signifi-
cant changes in secondary structure (data not shown).
Attempts were made to crystallize the mutants W84 1A and
Y888V but these proved unsuccessful, presumably since
the hydrophobic patch of which they form the major part is
an essential site of molecule-molecule contact in the
crystal (via L747 and its spatially adjacent residues in
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another molecule). GST fusion proteins of the soluble
mutants were used in ‘pull down’ experiments from brain
cytosol and the results assayed by immunoblotting for the
proteins previously shown to bind to the [B2- and
a-appendage domains (Figure 5A). The effects of the
various mutations on binding are different for different
ligands. Mutation of residues distant from the putative
binding site (such as Q906S, H735S/Y737S) had no effect
on binding of any of the ligands. Mutation of Y888, which
sits at the centre of the pocket, has the largest effect on
ligand binding. It strongly inhibits the binding of clathrin,
AP180 and epsin but has only a slight effect on the binding
of epsl5 (providing further indication that this mutant is
folded). Mutations of the other surface-exposed hydro-
phobic residues (W841, M886) have less effect. By way of
contrast, in the o¢ appendage mutation of the tryptophan
spatially homologous to W841 (W840 in the o appendage)
abolished binding of all ligands. Mutation of the charged
residues R879, which packs against, and forms a hydrogen
bond with, the oxidized DTT molecule, and R904 and
K917, which are in the centre of the platform, causes a
significant reduction in strength of binding to ligands,
suggesting that they play a role in mediating the
interaction between the [2-appendage domain and its
binding partners. A summary of the effects of mutations
from multiple experiments are given in Table I and their
locations on the surface on the 32 appendage are shown in

o ' ’;\ ) v
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Figure 3C and D. The Y888V mutation has also been
incorporated into the B2 appendage+hinge. As in the 2
appendage alone, this mutation abolishes binding of epsin
and AP180, and reduces that of Eps15. However, binding
to clathrin was reduced only by ~50% (data not shown),
compared with its complete abolition by the Y888V
mutation in the B2 appendage alone (Table I).

The question remains whether or not these interactions
are direct, since some of these proteins are known to be
able to bind to each other [e.g. epsin to eps15 (Salcini et al.,
1997; Chen et al., 1998) and clathrin to AP180 (Morris
et al., 1993) and to epsin (Drake et al., 2000)]. Several
observations suggest that the interactions are indeed direct.
First, different mutations have different effects on the
relative ligand binding. For instance, mutation of Y888,

p2-adaptin
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R879 and K917 causes little change in eps15 binding but a
significant reduction in the binding of the other ligands;
mutation of M886 causes a reduction in the binding of
epsin but less change in the binding of other ligands and
mutation of W841 causes a decrease in the binding of
epsin, a slight decrease in the binding of epsl5 but an
increase in the binding of AP180. Secondly, the affinity of
these interactions, which are often only mediated by
peptide—protein contacts, are relatively weak with Kys in
the 10—1000 uM range (De Beer et al., 1998; Owen et al.,
1999). Thus the amount of a protein that appeared on a
‘pull down’ experiment due to a weak secondary inter-
action would be so low as to be virtually undetectable.
Finally, the o-appendage domain does not bind
significantly to clathrin, but all the proteins that bind
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Fig. 3. ‘Top’ views of the C-terminal subdomains of 2- and o-appendages. The same views are used in each case for B2- (left) and o- (right)
appendage domains. (A) Surfaces coloured such that the sites of favourable hydrophobic interaction are coloured dark green, sites of moderate
hydrophobic interaction are coloured pale green, and sites of neutral or disfavoured hydrophobic interaction are coloured grey. The outstanding
features are the hydrophobic pockets centred on the homologous tryptophan residues, occupied in 2 by Leu747 from the neighbouring molecule in
the crystal and an oxidized DTT molecule. Inset: electron density for oxidized DTT as an example of overall electron density. (B) Surfaces coloured
for electrostatic potential [positive (+10 kT e!), blue, to negative (—10 kT e!), red]. Surface created with GRASP (Nicholls et al., 1991).

(C) Molecular detail of the surface-exposed residues on the ‘top’ of the C-terminal subdomains. (D) Effects of point mutations on protein ligand
binding. Space-filling representations with colours according to the effect on protein ligand binding: red, large effect; yellow, moderate effect.
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significantly to the B2-appendage domain also bind to the
a-appendage domain at least as strongly, so clathrin
binding must be direct (see Figures 4 and 5). Supporting
evidence that the interactions of the f2-appendage domain
with its ligands are direct comes from overlay assays
(Figure 5B). These showed that the B2-appendage domain
is able to bind to proteins of the same apparent molecular
weight as some of those that bind to the o-appendage
domain. In addition, the fact that the B2 appendage+hinge
containing the Y888V mutation still binds appreciable
amounts of clathrin but no AP180 or epsin indicates that
the interactions of these two latter ligands are not via
clathrin.

Clathrin cage formation

Since clathrin was able to bind to both the appendage and
the appendage+hinge domain of B-adaptin, we investi-
gated whether the appendage site on its own or both the
appendage and hinge sites together were capable of
driving clathrin polymerization at physiological condi-
tions. Clathrin cage formation was assayed in the presence
and absence of GSTPB2 appendage or GSTP2 appenda-
ge+hinge. Figure 6A shows that B2 appendage+hinge but
not the appendage alone drives clathrin into a polymeric
state, which can be pelleted at 100 000 g. The electron
micrographs of the negatively stained samples (represen-
tative fields of view shown in Figure 6B and C) showed
that the polymeric state was discrete cages and not non-
specific aggregates and that the GSTP2 appendage+hinge
stimulated cage formation ~10-fold. The GSTP2 appen-
dage+hinge pellets with the clathrin (Figure 6A) and
appears as an additional layer of material within the
clathrin polyhedral cages in the micrographs, seen as a
solid pale interior to the cages in Figure 6B as compared
with the dark interior in the empty cages in Figure 6C. This
result implies that the clathrin ‘pulled down’ by GST[32
appendage+hinge from cytosol is polymeric and that
‘pulled down’ by the GSTP2-appendage domain alone is
monomeric. Thus, we propose that the ability of clathrin to
compete with other ligands (eg. AP180, epsin, epsl5) for
the B2 appendage-+hinge is a combination of (i) the higher
affinity between clathrin and the 32 appendage+hinge, and
(ii) the steric competition due to the clathrin forming
polymers, which would prevent the simultaneous binding
of clathrin to the hinge and another protein to the
appendage domain.

Discussion

The structure of the appendage domain of B2 adaptin is
similar to that of a-adaptin in that it has two subdomains
with similar topology, but with a difference of ~46° in
the orientation between the two subdomains. Like the
o-appendage, the P2-appendage domain binds AP180,
epsin and eps15, and therefore is likely to be involved in
recruiting proteins involved in controlling CCV formation
to sites of coated pit formation in vivo. The two proteins
possess a partly conserved binding site of high hydro-
phobic potential on the C-terminal platform domain,
suggesting that they bind similar motifs i.e. DOF/W. The
binding site residues are also conserved in f1-adaptin from
the adaptor AP1, so this homologue would be predicted to
bind the same ligands as 32. Indeed, a GSTPB1 appendage
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Fig. 4. Binding partners of 32 appendage and B2 appendage+hinge.
Proteins bound to GSTP2 appendage, B2 appendage-+hinge,

o appendage and Amph2SH3 [control in (B)] were analysed by
Coomassie Blue staining (A) and immunoblotting with antibodies (B)
against clathrin, AP180, epsin, eps15, amphiphysinl and synapsin (an
abundant protein in brain that has been proposed to bind to the SH3
domains of the amphiphysins) as a control to show that ligand binding
to the appendages is specific. (C) Effects of transfection of constructs
expressing the o appendage, 2 appendage, B2 appendage-+hinge, and
B2 appendage-+hinge containing the mutation Y888V domains on
transferrin endocytosis in COS7 fibroblasts. Expression levels of each
construct were equal as judged by the intensity of immunofluorescence.
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construct does bind to epsl5, and weakly to clathrin and
epsin (data not shown). Although the o and 32 appendages
share some of the same ligands, they bind to them with
different relative affinities: the o. appendage binds appre-
ciable amounts of the amphiphysins and has epsin as its
highest affinity ligand (Owen et al., 1999; Traub et al.,
1999), whereas the highest affinity ligand for B2 append-
age is epsl5, and the amphiphysins show no significant
binding. The differences in specificity of the two append-
ages are probably due to the differences in the chemical
properties of the residues surrounding the conserved
hydrophobic/basic patch on the platform subdomain (see
Figure 3). The B2-appendage domain hydrophobic patch is
larger and more open than that in o and this is likely to
account for its additional ability to bind to clathrin. B2
adaptin thus has a bipartite site for binding to clathrin,
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Table I. Summary of data from ‘pull down’ experiments using GST
fusion proteins of wild type (WT) B2-appendage domain and mutant
forms of the domain that affected ligand binding, o appendage and the
Amph2 SH3

Clathrin AP180 Epsin Epsl5
WT B2 +++ +++ +++ +++
W841A ++ ++++ + +++
R879E + + — +++
MB86Q ++ ++ ++ F
Y888V - - — T+
R904E ++ ++ ++ +++
H735S/Y737S +++ +++ +++ +++
R834E +++ +++ +++ +++
L838E +++ +++ ++ +++
E902R +++ +++ +++ +++
Q906S +++ +++ +++ +++
K917Q - - + T+
K842E + ++ ++ +++
o appendage - +++ +++ +++
Amph2 SH3 - - - _
GST - - _

The degree of binding ranges from wild type (indicated as +++) to no
binding above background (-). The W84 1A mutation caused an
increase in AP180 binding and so is scored as ++++. The results shown
are the average of five independent experiments.

with elements on the hinge (the L®x®D clathrin box
motif known to bind to the N-terminal [ propeller)
(Dell’ Angelica et al., 1998; Ter Haar et al., 2000) and the
platform domain of the appendage. That there are two
separate binding sites for B2 adaptin on clathrin has also
been alluded to in previous work (Murphy and Keen,
1992). The observation that only the B2 appendage+hinge
is able to drive clathrin polymerization suggests that the
role of the two binding sites is to orientate correctly the
different parts of the clathrin molecule with respect to each
other such that they can easily form a clathrin lattice. This
ability to bind and drive clathrin polymerization in
solution is presumably responsible for the ability of the
B2 appendage+hinge but not the B2 appendage alone to
inhibit transferrin endocytosis in vivo. Mutation of Y888 in
the B2 appendage+hinge construct prevents this inhibition
of transferrin uptake, showing the importance of both
clathrin binding sites, on the P2 appendage and on the
hinge. The observation that the o-appendage domain but
not the B2 appendage can block clathrin-mediated
endocytosis in vivo is presumably due to the o appendage
being able to ‘titrate out’ sufficient amounts of a protein
that the B2 appendage binds only weakly. The most likely
candidates for this are the amphiphysins, which have been
implicated in recruiting dynamin and synaptojanin to sites
of vesicle formation (Shupliakov et al., 1997; Wigge et al.,
1997), implying that it is their level in COS7 fibroblasts
that is limiting for CCV formation.

There is no sequence homology between the proteins
that are ligands of both appendage domains except that
they all possess multiple copies of the sequence DOF/W,
where @ is a hydrophobic residue e.g. proline, alanine or
leucine. This motif has been implicated as binding to the
a-appendage domain (Iannolo et al., 1997; Owen et al.,
1999). Indeed a short 57 amino acid fragment of AP180
that contains the sequence DLFXDAF has been shown to
bind to the a-appendage domain and whole P2-adaptin
(Hao et al., 1999). A possible model would place the
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Fig. 6. GSTP2 appendage+hinge but not GSTB2 appendage can drive
clathrin cage formation. Clathrin at a final concentration of 0.7 pM was
incubated on its own (lane 1) or in the presence of a 4-fold (lane 2) or
1.5-fold (lane 3) molar excess of GSTP2 appendage+hinge, or an
8-fold (lane 4) or 4-fold (lane 5) molar excess of GSTP2 appendage.
Lanes 6 and 7 contained the same amounts of the GST proteins as in
lanes 2 and 4, respectively, but no clathrin. Samples were centrifuged
at 100 000 g and pelletable material assayed by SDS—PAGE followed
by Coomassie Blue staining (A) or by negative stain electron
microscopy (B and C). GSTP2 appendage+hinge but not GST2
appendage can drive clathrin cage formation, as can be seen by the
increased amount of pelletable clathrin in lanes 2 and 3 compared with
lanes 1, 4 and 5 (A). The electron micrographs in (B) and (C) show the
pelletable material to be cages and not non-specific aggregates.

phenylalanine in the place of the oxidized cyclical DTT
molecule, the ® residue in the place of the leucine from an
adjacent molecule and the aspartate close to conserved
basic residues. It is interesting to note that in the first
clathrin heavy chain repeat (CHCR1) (Ybe et al., 1999),
the one nearest to the N-terminal propeller, there is a
conserved D®F motif that could be the appendage domain
binding site on the clathrin heavy chain distal portion. The
presence of an AP2 binding site in the distal portion of the
clathrin heavy chain leg is supported by the observation by
Brodsky and co-workers (Greene et al., 2000) that this part
of the clathrin molecule is required for cage formation, in
addition to the N-terminal clathrin domain, which binds
the B2 hinge.
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CD measurements of the region of epsin that contains
the multiple DPW motifs indicate that this region has little
secondary structure (data not shown). Secondary structure
predictions of other multiple DOF/W motif-containing
regions suggest that they will have a similar extended
structure. The hinge regions of the adaptins are extended
and contain small amounts of 3, helix (as determined by
CD measurements; T.Dafforn, personal communication).
Lack of restraint on the relative orientation of DOF/W
motifs in regulatory/accessory proteins and of the append-
age domains relative to the rest of the adaptor complexes
would allow both appendages to bind simultaneously to
different DOF/W motifs on a single target molecule. This
would result in increasing the relative strength of the
interaction between the AP2 adaptor complex and that
target protein, and may explain why it is possible to
coimmunoprecipitate AP2s with some of these regulatory
molecules from cells (Benmerah et al., 1995; Cupers et al.,
1998; Hao et al., 1999).

In the light of the data presented here and elsewhere, we
propose the following model for CCV formation. In the
cytosol and away from regions of active endocytosis
(Gaidarov et al., 1999; Roos and Kelly, 1999), individual
AP2 adaptors are bound via both their appendage domains
to a single regulatory/accessory protein containing mul-
tiple DOF/W motifs such as AP180, epsin or epslS. In
these regions the clathrin concentration is low compared
with that at the membrane (Goud et al., 1985; Wilde and
Brodsky, 1996; Gaidarov et al., 1999) and so is unable to
compete effectively with these regulatory/accessory mol-
ecules for binding to AP2 adaptors. The preference for
binding to an accessory/regulatory molecule via both
appendages, rather than to a clathrin molecule on only one
appendage, may be enhanced by phosphorylation of serine
residues in the hinge region of B2 adaptin with a
consequent inhibition of clathrin binding (Wilde and
Brodsky, 1996). In order for clathrin-mediated endocytosis
to take place, the AP2 adaptors must be recruited to the
plasma membrane via interactions of their various
domains with other protein molecules including cargo
(Owen and Evans, 1998) and phospholipid headgroups
(Rapoport et al., 1997; Gaidarov and Keen, 1999). The
consequence of high clathrin concentrations at the mem-
brane and dephosphorylation of the B2-adaptin hinge
(Morris et al., 1990) is that clathrin can compete effect-
ively with the DOF/W motif-containing molecules for
binding to the AP2 complex. When bound to the
[2-adaptin appendage and hinge, clathrin is able to
polymerize to form a lattice and can itself recruit more
clathrin. This continues to raise the effective clathrin
concentration and enhances clathrin’s ability to compete
with the regulatory/accessory molecules for AP2. Clathrin
polymerization will also be favoured by the high AP2
concentration in a coated pit since there will be many
correctly orientated adjacent clathrin binding sites (Smith
et al., 1998). The phenomenon of a high local concentra-
tion of AP2 adaptors driving clathrin polymerization may
be reflected in the ability of the partially dimeric GSTP2
appendage-+hinge to drive clathrin cage formation at near
physiological conditions. The amphiphysins are involved
in the final stage of CCV formation (i.e. scission) through
their ability to recruit dynamin to the sites of CCV
formation (Shupliakov et al., 1997; Wigge et al., 1997;



Table II. Statistics on data collection and phasing

Native EMTS
Data collectior}ﬂ
resolution (A) (outer bin) 16-1.7 (1.79) 2.19 (2.40)
Rinerge’ 0.157 (0.747) 0.076 (0.222)
Rieas® 0.170 (0.842) 0.105 (0.302)
<<I>/o(<I>)> 11.2 (1.5) 11.9 (3.1)
completeness (%) 98.3 (98.3) 97.6 (98.6)
multiplicity . 6.9 (4.8) 3.4 (2.8)
Wilson plot B (A?) 33 29
MIR phasing
No. of sites 6
Rderivd 0.211
Reunis® 0.902
phasing power: isomorphous 0.88 (0.94)
(anomalous)f
mean figure of merit 0.26
figure of merit after solvent 0.77
flattening (all data)
Refinement
R (Rirec)® 0.196 (0.246)
<B> (A?) 32

Nrefiections (NViree) 71 601 (3621)

Nalnms (Nwaler) N 4559 (801)
r.m.s.d. bond length (A) 0.020
r.m.s.d. angle (°) 1.9°

No. of Ramachandran violations 0

2Values in brackets apply to the high resolution shell.

PRmerge = 2% Iy—Inil / ZX; I, where I, is the mean intensity for
reflection h.

°Rieas = Z\/(n/n—l)Zi Mp—Ipil / %5 Iy, the multiplicity weighted Rerge
(Diederichs and Karplus 1997).

R geriv = ZIFpy—Fpl/ZFp

“Reunis = ZNFpp—Fpl—Frcacll/ZIFpp—Fpl

fPhasing power = < | Fyyeul / phase-integrated lack of closure>

eR = X|Fp—F_ 4 /XFp

Owen et al., 1998, 1999). It is interesting to note that they
are the only proteins that bind exclusively to the o
appendage and so would be relatively less affected by
competition from clathrin binding/polymerization in their
binding to AP2 adaptors.

Clathrin binding to AP2 adaptors and its subsequent
polymerization displaces accessory/regulatory proteins
such as epsl5, epsin and AP180 from the appendage
domains of AP2s to which they are bound. AP180 and
epsin are subsequently incorporated into CCVs via direct
interactions with clathrin (Hao et al., 1999, Drake et al.,
2000), while eps15 is restricted to the edges of coated pits
(Cupers et al., 1998). This would result in the controlled
liberation from AP2 adaptors of proteins, which are
needed to regulate CCV formation at forming coated pits.

Materials and methods

Constructs

The cDNA encoding residues 700-937 of human [2 adaptin
(Ponnambalam et al., 1990) (the appendage domain) and residues 616—
937 (the appendage+hinge domains) were cloned into the vector pGEX
4T2 for production as an N-terminal GST fusion protein, into pET15b or
pPMW 172H6 for expression as an N-terminal Hisg-tagged fusion protein
and into pPCMV-MYC for eukaryotic expression as an N-terminal myc tag
fusion protein under the control of a CMV promoter. Mutants of 2
appendage and 2 appendage+hinge were made by PCR using primers
incorporating the changed bases.

Structure/function of f2-adaptin appendage

Protein expression and purification

GST fusion protein for biochemical studies were expressed in DH5o at
25°C overnight and produced as described (Owen et al., 1999). Clathrin
was purified from pig brain by the standard protocol (Smith ez al., 1998).
N-terminal Hise tagged fusion proteins for crystallization trials were
grown in bacterial strain BL21DE3 pLysS at 25°C overnight. The
proteins were purified on a Ni-NTA-agarose column (Qiagen) and bound
protein was eluted with bufferA (0.2 M NaCl, 20 mM HEPES pH 7, 4 mM
B-mercaptoethanol) containing 0.3 M imidazole. The proteins were
further purified on S200 gel filtration and subsequently dialysed into
5 mM HEPES, 50 mM NaCl, 4 mM dithiothreitol (DTT) and concentrated
to 40 mg/ml.

Crystallization and structure determination of f2-appendage
domain

Crystals were grown by hanging drop vapour diffusion against a reservoir
containing 1.6-2.0 M MgCl,, 0.1 M Bicine pH 8.7-9.0, 15% v/v glycerol,
10 mM DTT over a period of 2 weeks with final dimensions
04 X 04 X 0.1 mm. Crystals were of space group C2 with two
molecules ip the asymmgtric unit, unit cell dimensions a = 97.0 A,
b=128.6 A, ¢=67.6 A, B=1244). X-ray diffraction data were
collected at 100 K at SRS Daresbury station 9.6 (Table II). A single
mercury derivative was made by soaking a crystal in cryoprotected buffer
containing 1 mM ethylmercury thiosalicylate (EMTS) for 2 h. Data were
recorded on a ADSC Quantum4 CCD detector, integrated with MOSFLM
(Leslie, 1992), and scaled using CCP4 programs (Collaborative
Computational Project, 1994). Mercury sites were determined from
difference Pattersons, and heavy-atom refinement and phasing were
performed with SHARP (de la Fortelle and Bricogne, 1997), followed by
solvent flipping and flattening with SOLOMON (Abrahams and Leslie,
1996), leading to an excellent electron density map at 1.7 A resolution.
The model was built with O (Jones et al., 1991) and refined with
REFMAC (Murshudov et al., 1997). The final model consists of
466 residues (705-937), 801 water molecules, four Mg?* ions, one Ni2*
ion, two CI- ions, two glycerols and two molecules of oxidized DTT. The
DTT molecules were clear in the electron density (see Figure 3, inset),
and one of them for each protein molecule is located in the putative
protein binding site. The metal ions showed clear octahedral coordination
by water molecules: one of them was interpreted as a Ni2* ion, since it is
bound by a histidine side chain rather than by an oxygen atom, as would
be more likely for a Mg?* ion. The coordinates and structure factors have
been deposited in the Protein Data Bank, accession code 1E42.
Hydrophobic interaction surface potentials were calculated as in Owen
et al. (1999) and displayed using Aesop (M.E.M.Noble, unpublished).

Protein-protein binding assays

Binding assays were performed by incubating 20 g GST fusion protein
with 0.5 ml of 0.1% Triton X-100 brain extract in buffer A in the presence
of 20 ul 50% slurry of glutathione—Sepharose at 4°C for 1 h. The beads
were washed three times for 3 min with buffer A and the proteins bound
analysed by SDS-PAGE followed by staining with Coomassie Blue or
immunoblotting. Antibodies used were: Ra3 (anti-Amphiphysin 1), Ral.2
(anti-Amphiphysin 2), Ra2.2 (anti 32-adaptin appendage domain), Ra5.2
(anti o-adaptin appendage domain), Ral4 (anti-Epsin), Ra24 (anti-
AP180) anti-eps15 (Santa Cruz Laboratories) and anti-Clathrin Heavy
Chain (Transduction Laboratories).

Protein overlay assay

Brain extract was separated on a 7% SDS polyacrylamide gel and
transferred onto nitrocellulose. After blocking with 5% milk, the blots
were incubated overnight with 1 mg/ml appendage domain in 1% goat
serum. After washing extensively, bound appendage domain was detected
with an appropriate antibody raised against an appendage domain. On the
7% SDS polyacrylamide gels used in the overlay assays, clathrin and
AP180 migrate with similar apparent molecular weights.

Clathrin cage formation assay

To 100 pl of 1.5 uM clathrin (25 mM HEPES, 125 mM potassium acetate,
5 mM magnesium acetate pH 6.9) were added the protein whose cage-
forming ability was to be tested (in buffer A) and buffer A to a final
volume of 200 pl, giving a final pH of ~7. The reaction was incubated at
15°C for 10 min. Clathrin cages were pelleted by centrifugation at
100 000 g for 15 min at 4°C. The supernatant was removed and the cages
resuspended in 20 pl buffer. Samples of the resuspended cages were
analysed by SDS-PAGE and negative stain (uranyl acetate) electron
microscopy to determine the degree of clathrin cage formation that had
occurred.
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Endocytosis assay and immunocytochemistry
Clathrin-mediated endocytosis was measured by assaying transferrin
uptake into COS-7 fibroblasts as described (Wigge et al., 1997). For
quantitation, blocked cells were defined as all transfected cells in which
transferrin uptake was <20% of normal. Blocked cells were then
expressed as a percentage of the total number of transfected cells in
multiple fields.
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