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Summary

The « subunit of the endocytotic AP2 adaptor com-
plex contains a 30 kDa “appendage” domain, which
is joined to the rest of the protein via a flexible linker.
The 1.9 A resolution crystal structure of this domain
reveals a single binding site for its ligands, which in-
clude amphiphysin, Eps15, and epsin. This domain
when overexpressed in COS7 fibroblasts is shown to
inhibit transferrin uptake, whereas mutants in which
interactions with its binding partners are abolished do
not. DPF/W motifs present in appendage domain—
binding partners are shown to play a crucial role in
their interactions with the domain. A single site for
binding multiple ligands would allow for temporal and
spatial regulation in the recruitment of components of
the endocytic machinery.

Introduction

In 1964 ultrastructural studies on mosquito oocytes de-
scribed yolk protein internalization through coated pits
on the cell surface into coated vesicles (Roth and Porter,
1964). The process by which these specialized areas of
the plasma membrane are internalized, and the subse-
quent targeting of these vesicles to multiple destinations
throughout the cell, have been extensively studied (for
reviews, see DeCamilli and Takei, 1996; Schekman and
Orci, 1996; Robinson, 1997; Schmid, 1997). The major
components of the coats, purified from coated vesicles,
were identified as clathrin triskelia and adaptor protein
complexes (APs) (Pearse, 1976; Keen, 1987; for review,
see Pearse and Robinson, 1990). The AP complex found
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at the plasma membrane, AP2, was shown to bind and
cluster transmembrane proteins destined for internaliza-
tion and to promote clathrin polymerization. The forma-
tion of a cage structure from clathrin helps to invaginate
the membrane, and the scission of the nascent vesicle
is achieved with the aid of the GTPase dynamin (Schmid
etal., 1998). This clathrin-mediated pathway for endocy-
tosis is involved in many functions, including downregu-
lation of signaling for growth factor receptors, the up-
take of nutrients bound to their appropriate receptors,
and the maintenance of membrane identity, as in neurons
where it retrieves synaptic vesicle proteins after exo-
cytosis. Some forms of cancer have been linked to gene
fusions of proteins implicated in endocytosis (Floyd and
DeCamilli, 1998), and some viruses gain access to the
intracellular milieu by “hijacking” the pathway (DeTulleo
and Kirchhausen, 1998; Oldridge and Marsh, 1998).

Clathrin/clathrin adaptor-mediated pathways of vesi-
cle budding occur not only at the plasma membrane
but also at the Golgi and endosome membranes. The
adaptors used on intracellular membrane compart-
ments, AP1, AP3, and AP4, have the same gross struc-
ture but utilize homologous subunits to provide the dif-
ferential specificity for cargo and regulatory molecules
(Robinson, 1997; Odorizzi et al., 1998). In trafficking be-
tween the endoplasmic reticulum and the Golgi, a differ-
ent coat/adaptor system, the COPs, is used (Kreis et
al., 1995; Schekman and Orci, 1996). At the plasma mem-
brane, clathrin-mediated endocytosis occurs alongside
other non-clathrin-mediated pathways such as phago-
cytosis, macropinocytosis, and caveoli formation, the
mechanisms of which are poorly understood (Swanson
and Watts, 1995; Anderson, 1998).

All AP complexes comprise four types of subunit: two
large (~110 kDa) (a and B2 in AP2), one medium (~50
kDa) (n2 in AP2), and one small (~17 kDa) (o2 in AP2).
Deep-etch electron microscopy of adaptors shows them
to have a “brick”-shaped central core or “trunk” domain
connected via flexible linkers to two appendage do-
mains, also called “ears” (Heuser and Keen, 1988). In
these images the adaptors appear to interact with
clathrin via their appendage domains, and only in the
presence of these appendages do they promote clathrin
self-assembly (Zaremba and Keen, 1985; Heuser and
Keen, 1988). The appendage domains correspond to
the C-terminal 25-30 kDa portions of the «- and
B-adaptin 100 kDa chains. When the ears have been
proteolytically cleaved from adaptors, the brick-shaped
portion, which contains the remainder of o and 8 as well
as the pn2 and ¢2 subunits, can still bind to membranes
containing proteins to be internalized (Peeler et al.,
1993). The w2 subunit is the part of the complex that
binds to Yxxg motifs (where g is a hydrophobic residue)
on cytoplasmic portions of proteins to be internalized
and thus defines what is internalized by the pathway
(Ohno et al., 1995; Owen and Evans, 1998). Thus, in
clathrin-coated vesicles there is an outer protein shell
of polymerized clathrin triskelia making a lattice of hexa-
gons and pentagons, a middle layer where clathrin and
the appendage domains of the adaptor meet, and an
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Figure 1. Structure of a-Adaptin Appendage Domain

(A) Stereo view of the appendage domain, colored from blue (N terminus) to red (C terminus), showing the N-terminal 8 sandwich subdomain

and the mixed C-terminal subdomain.

(B) Sequence of the appendage domain of a-adaptin indicating the positions of B strands (green), a helices (magenta), and subdomain

boundaries.

inner layer made of the main body of adaptors associ-
ated with the membrane (Smith et al., 1998).

The B subunit of clathrin adaptors promotes clathrin
coat assembly (Gallusser and Kirchhausen, 1993), with
direct binding to clathrin being located at the linker be-
tween the trunk and the appendage domain (Shih et al.,
1995). Recent studies have identified several proteins
that may bind to the a-adaptin appendage domain, in-
cluding dynamin (Wang et al., 1995), amphiphysin het-
erodimers (Wang et al., 1995; David et al., 1996; Wigge
et al., 1997a, 1997b), Eps15 (Benmerah et al., 1995; Tebar
et al., 1996), and epsin (Chen et al., 1998). In order to
investigate further the role of the a-adaptin appendage
domain in endocytosis, we have solved its structure to
1.9 A resolution by X-ray crystallography. The structure
allowed us to improve the definition of the appendage
domain boundary and, as a result, produce a protein
with increased solubility for use in in vitro experiments
and that was capable of inhibiting clathrin-mediated en-
docytosis in vivo. An analysis of the protein’s molecular
surface identified a single candidate binding site for the

amphiphysins, Eps15, and epsin. This identification was
confirmed using both in vitro binding assays and in vivo
endocytosis assays on point mutants designed on the
basis of the structure. Data are presented to show that
the sequence motif DPF/W, present in all appendage
domain ligands, plays a central role in these interactions.
The implications for the role of this domain of the adaptor
complex in the recruitment of multiple ligands and in
the formation of clathrin-coated vesicles are discussed.

The Structure

The 1.9 A resolution crystal structure of the appendage
domain of a-adaptin (termed a-ears) was solved by iso-
morphous replacement (see Experimental Procedures).
The structure can be divided into two subdomains (Fig-
ure 1). The N-terminal subdomain, comprising residues
S701-K824, is a nine-stranded B sandwich, which is
reminiscent of an immunoglobulin fold. The C-terminal
subdomain (residues F825-F938) is made up of a five-
stranded B sheet (one of which is interrupted) flanked
by helix a1 on one face and by two helices (a2 and a3) on
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Figure 2. Top Views of the C-Terminal Subdomain

Effects of mutation
on binding

Not mutated

Mutation causes poor folding R905

Mutation to Ala has little effect
(binds EPS15 & Amphiphysin)

E849

F837

E907 binds EPS15 ) :
but not Amphiphysin

R920

wsaao mutation to Ala
abolishes binding of
both Amphiphysin
and EPS15

(Left) Surface colored such that the sites of favorable hydrophobic interaction are colored yellow, sites of moderate hydrophobic interaction
are colored green, and sites of neutral or disfavored hydrophobic interaction are colored gray. The outstanding feature (strongly yellow) is

the hydrophobic pocket caused by W840.

(Right) Positions of point mutants and other residues around W840. Mutation of this residue abolishes the a-adaptin ear interaction with its
binding partners. Mutations in residues surrounding W840 cause varying degrees of inhibition of ligand binding as indicated by color: yellow
(no effect) through orange and pink (partial effect) to purple (abolition of ligand binding).

the other. This subdomain bears no obvious structural
relationship to any previously known domain. The sub-
domains are joined by a short linker, and the resulting
interface contains tightly packed and mostly hydropho-
bic residues, suggesting that the relative subdomain
orientation is fixed (accessible surface buried 1430 AZ).
The compact nature of this interface also explains the
lack of protease sensitivity between the subdomains
(datanot shown). This is the domain released by elastase
treatment of adaptors and has been used previously
(Wang et al., 1995). The structure showed that in the
construct used (residues 701-938) the protein was trun-
cated in the center of a g strand (strand 1), providing
an explanation for the low yield of correctly folded and
therefore soluble protein (see Experimental Procedures).
A new longer construct comprising residues 695-938,
termed «-ear, in which the N terminus was elongated
by six residues to complete the B strand, resulted in a
protein with higher solubility. This construct was used
in all subsequent studies.

Locating the Binding Site

Protein—protein interactions require both an appropriate
affinity and a high level of specificity. This is achieved
by a mixture of polar (hydrogen bonding/electrostatic)
and apolar (van der Waal’s, hydrophobic) contacts, often
found as a hydrophobic contact surface surrounded by
a complementary series of polar groups. Much of the
favorable energy of interaction arises from the displace-
ment of water molecules when two hydrophobic sur-
faces match. Polar interactions are generally not very
different in energy to the interactions with water that
they replace, so polar interactions contribute more to

specificity than to affinity. It should be possible to iden-
tify likely sites for protein—protein interactions by scan-
ning a protein surface for regions of favorable hydropho-
bic contact. The apolar surface of a protein can be
characterized by evaluating at each position on the sur-
face the summed pairwise interactions of a hydrophobic
probe in contact with the surface, if it is considered to
displace a water from that position. The appropriate
pairwise potential is favorable where van der Waal’s
interactions may be formed but is disfavored by the
availability of hydrogen bonding atoms. Such a hy-
drophobic potential function has been implemented in
the program GRID (Goodford, 1996).

Hydrophobic surface potential analysis of the entire
a-adaptin appendage domain revealed a single candi-
date protein-binding site centered around W840 and
potentially also containing F837, E849, R905, E907, and
R920 (Figure 2). In order to test the validity of this hypoth-
esis, alanine mutants were created in each of these
residues for in vitro (as GST fusion constructs) and in
vivo studies (as Myc-tagged fusion constructs).

The fold of each mutant was checked by circular di-
chroism (CD) measurements on the appendage domain
cleaved from the GST fusion protein (Table 1). The mu-
tants F837A, E849A, and E907A had identical CD spectra
to that of a-ear,.. W840A and R920A, while having identi-
cal shaped CD spectra to wild-type a-ear,, showed a
very slight reduction in secondary structure content
(less than a 4% reduction in molar ellipticity), indicating
that these mutations may have caused very limited local
unfolding. This is not surprising given the tight packing
of these side chains as indicated by their good electron
density in the wild-type structure. The R905A mutation
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Table 1. a-Adaptin Appendage Domain Constructs

a-Adaptin Appendage Amphiphysin Eps15 Epsin Auxilin AP180 Cells Blocked for
Domain Construct Folded/Soluble Binding Binding Binding Binding Binding Endocytosis (%)
a-ears Low + + + + + Insoluble

«a-ear, Yes ++++ ++++ ++++ ++++ +4+++ 63 £1
N-terminal subdomain Low — — — — — NA

C-terminal subdomain No — — — — — NA

o-ear-50 No — — — — — NA

R707S Yes ++++ ++++ ++++ ++++ ++++ 65

F837A Yes + ++ ++4++ +4++ — ND

W840A Yes — — — — — 0=x1

E849A Yes +++ +++ ++++ +++ ++ 33+3

R905A No — — + — — Insoluble

E907A Yes — ++ +++ + — 25+5

R920A Yes — + +++ + — 0=*4

The table summarizes the data obtained on constructs used in this paper. a-ears (residues 701-938); a-ear, (residues 695-938); N-terminal
subdomain (residues 695-829); C-terminal subdomain (residues 824-938); a-ear-50 (residues 754-938). Number of plus signs indicates strength

of binding. NA, not applicable; ND, not determined.

displayed a marked reduction in secondary structure
and gave very low yields after cleavage, indicating that
the C-terminal domain was unfolded causing the protein
to become largely insoluble.

In vitro binding studies of a-ear, mutants show the
residues important for interactions with ligands (Figure
3 and summary of all constructs in Table 1). Studies
initially concentrated on the interactions of amphiphysin,
Eps15, and epsin, but other potential binding partners
of a-adaptin appendage domain (which are discussed
later) have also been immunoblotted. The mutants show
qualitatively similar effects on amphiphysin and Eps15
binding, but the amphiphysin interaction is more easily
disrupted (see E907A and R920A), implying a weaker
binding. These data indicate that a single binding site
on the a-adaptin appendage domain exists for all these
proteins, on the C-terminal subdomain. The binding of
epsin is different to that of the other proteins in that
although its binding is still strongly inhibited by mutating
W840, there is only a weak effect on binding as a result
of mutations in E907 and R920. This may be caused by
the DPW motif of epsin binding in a slightly different
manner to the DPF motif present on the other ligands
or by epsin having the highest affinity of all the a-adaptin
ligands tested.

Constructs lacking 50 residues at the N terminus (cor-
responding to the first three B sheet strands) have been
used in several studies (Benmerah et al., 1996; Chen et
al., 1998) that have suggested the involvement of the N
terminus of the a-adaptin appendage domain in Eps15
and epsin recruitment. We have made this deletion con-
struct and also a point mutant within this deletion at
R707, which is located on the edge of B strand 1. Con-
structs encoding the individual subdomains were also
made. The R707S mutant showed an identical CD spec-
tra and ligand binding to wild-type «-ear,. The N-termi-
nal B sandwich subdomain, which had low solubility,
showed no binding to any of the endocytosis proteins
tested, and both the C-terminal subdomain and the con-
struct lacking 50 N-terminal residues were completely
insoluble and were thus unable to form any interactions
(see Table 1). The low solubility of these constructs is
probably caused by aggregation due to exposure to
solvent of hydrophobic residues that participate in the

subdomain interface or in the hydrophobic core of the
subdomain. No function can be currently assigned to
the N-terminal B sandwich subdomain, and it may thus
function as a scaffolding domain that displays the
C-terminal subdomain in the correct manner away from
the “trunk” domain of the adaptor complex.

a-Adaptin Appendage Domain Blocks Endocytosis

In order to investigate the effect of the «-adaptin ap-
pendage domain on clathrin-mediated endocytosis,
a-ear,, fused to an N-terminal Myc tag, was transfected
into COS cells under the control of a CMV promoter.
Transferrin endocytosis was assayed as shown in Figure
4. The results (summarized in bar graph and Table 1)
show that the overexpression of a-ear_ resulted in a
significant inhibition of transferrin uptake (63% * 1%
of cells inhibited by more than 80%). The effects of
mutant forms of a-ear,, W840A, E849A, R905A, E907A,
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Figure 3. Mapping the Binding Site by Point Mutagenesis
GST-a-adaptin ear_ point mutants tested for their ability to bind
proteins in pull-down experiments from brain cytosol detected by
immunoblotting. Synaptotagmin, an abundant protein in brain, is
used as a control to show that binding is specific. Amph, amphi-
physin.



DPF/W Moatifs Bind to the a-Adaptin Ear Domain
809

u-Adaptin-ear,

E907A

% of cells showing normal
transferrin uptake

WB840A
EB849A
E902A
R920A

WT Ear

R920A

Figure 4. Effects of Wild-Type a-Adaptin Appendage Domain and Point Mutants on Transferrin Uptake in COS Cells

Immunofluorescence data of transferrin uptake (green) in cells transiently transfected with the a-ear, domain (stained red). In over 60% of
cells the wild-type appendage domain inhibits transferrin uptake by >80% (top panels, lack of green perinuclear staining). The point mutants
that are defective in ligand binding (see Figure 3) are accordingly less effective at causing inhibition of endocytosis (overlay images in bottom
panel). Results are summarized in the bar chart for >100 transfected cells = SEM. Bar, 20 pm.

and R920A were also investigated. The results mirrored
those of the in vitro binding experiments showing that
the mutants unable to bind either Eps15 or amphiphysin
(W840A and R920A) did not affect transferrin uptake.
The two glutamate mutants that showed attenuated
Eps15 and amphiphysin binding resulted in 25% *+ 5%
(E907A) and 33% = 3% (E849A) of cells blocked in trans-
ferrin uptake. The mutant R905A was completely insolu-
ble when expressed in COS cells, so data for this con-
struct has been omitted.

a-Adaptin-Binding Partners

The domain of Eps15 that interacts with the a-adaptin
appendage domain has been mapped to the C-terminal
third of the protein (Benmerah et al., 1996; lannolo et
al., 1997), where a major feature is the presence of 13
interspersed repeats of the sequence DPF. Although
deletion analysis concluded that the DPF motif was not
critical for the interaction with a-adaptin, binding was
progressively reduced by successive truncations of the
domain, which deleted increasing numbers of the DPF
motifs (lannolo et al., 1997). The presence of DPF motifs
is also the major conserved feature between the
adaptin-binding domain of Epsl5 and the related
Eps15R (Carbone et al., 1997). The N-terminal domain
of amphiphysin that binds to the a-adaptin appendage
domain (Wang et al., 1995; David et al., 1996; Wigge et
al., 1997b; Slepnev et al., 1998) also contains a single
DPF motif, although it has not been suggested to play
a role in the interaction. Epsin, which has also been
shown to bind to the «-adaptin appendage domain
(Chen et al., 1998), contains nine copies of the related
sequence motif DPW. If the DPF/W motif plays a role
in mediating binding to a-adaptin, then it should be
possible to identify other ligands of the appendage do-
main by virtue of the presence of the motif. Searches

of proteins involved in endocytosis showed that other
proteins contain DPF/W motifs. AP180, a protein that
binds to clathrin and is involved in promoting clathrin
cage assembly and regulating vesicle size (Ahle and
Ungewickell, 1986; Ye and Lafer, 1995; Zhang et al.,
1998; for review, see McMahon, 1999), contains two DPF
sequences. Auxilin (Lindner and Ungewickell, 1992), a
protein involved in clathrin cage disassembly, contains
three DPF motifs, and the light chain of clathrin has one.

These DPF/W motif-containing proteins can be de-
tected in GST a-ear, pull-down experiments from brain
cytosol (Figures 3 and 6A), and in the converse experi-
ment «-adaptin can be detected in pull-down experi-
ments with GST fusion proteins of the DPF/W domains
of amphiphysin, Eps15, epsin, and full-length AP180
(Figure 5A). In order to establish the direct interaction
between these proteins and the a-adaptin appendage
domain, a-ear, was used as a probe in overlay assays
of proteins from brain cytosol (Figure 5B) and of recom-
binantly expressed DPF/W domains of the proposed
ligands (Figure 5C). Figure 5B shows that «-ear, binds
directly to proteins of the same apparent molecular
weights as amphiphysin, Epsl15, epsin, and AP180/
clathrin. Figure 5C shows that a-ear_ binds directly to
the DPF/W domains of these proteins and to that of
auxilin, and that the interaction is lost when the DPF
domain is deleted. Thus, AP180 and auxilin can now be
considered direct binding partners of a-adaptin append-
age domain.

In order to establish that binding requires the DPF/W
motif, peptides from amphiphysin (LDLDFDPFKPDV, the
DPF peptide) and from epsin (SDPWGSDPWG, the DPW
peptide) were used in competition assays alongside the
a-adaptin interaction domains of Eps15 and epsin (Ben-
merah et al., 1996; Chen et al., 1998) for binding to
a-adaptin appendage domain from brain cytosol. Both
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Figure 5. Direct Interaction of a-Adaptin Ap-
pendage Domain with Amphiphysin, Eps15,
Epsin, AP180, and Auxilin

(A) Immunoblot using an antibody directed
against a-adaptin, showing that a-adaptin is
“pulled down” from brain cytosol using the
DPF/W domains of amphiphysin, Eps15, ep-
sin, and full-length AP180.

(B) Proteins from brain cytosol were sepa-
rated by SDS-PAGE and then blotted onto
nitrocellulose. Lane 1 was overlayed with
GST-Grb2, lane 2 with GST-a-ear,, and lane
3 with the W840A mutant of «-ear,. These
were then immunoblotted with Ra5.2. Four
main proteins are seen to bind to wild-type
GST-a-ear, that have apparent molecular
weights corresponding to Eps15, epsin, am-
phiphysin, and AP180/clathrin, as indicated
by immunoblotting lanes 4-7 with antibodies
to the respective whole proteins. The W840A
mutant binds to nothing.

(C) The proteins indicated were run on SDS—
PAGE, blotted onto nitrocellulose, and then
overlayed with a-ear,, the presence of which
was detected by immunoblotting with Ra5.2.
The DPF/W domains of amphiphysin (lane 1),
Eps15 (lane 2), and epsin (lane 3) bind to GST
a-ear,. Full-length (lane 4) and C-terminally
truncated auxilin (lane 5) bind to a-adaptin

Epsin Ab
Amphiphysin 1 Ab
P180 Ab

o kDa

. —2086

=114

appendage domain, but truncation beyond the DPF sequences abolishes this interaction (lane 6, where protein runs at the position indicated
by the asterisk). AP180 DPF domain binds to a-ear, (lane 7), whereas the N-terminal domain does not (lane 8). BSA (4 pg) is also included as
an additional control. The arrow indicates a contaminating protein present in all pull downs to varying extents. The overlay experiment was
repeated with the W840A mutant of a-ear,, and this did not bind specifically to any of the ligands.

peptides at concentrations of 500 wM, but not a control
peptide at 2 mM, and both domains strongly inhibit the
binding of all the tested ligands to the appendage do-
main (Figures 6A and 6B). The Coomassie-stained gel
(Figure 6A, top panel) shows that all ligands discussed
are effectively competed by the epsin DPW domain and
the Eps15 DPF domain. Confirmation of the location of
the binding site on the appendage domain and of the
direct involvement of the DPF/W in the interaction was
obtained by following the effect of the addition of the
DPF peptide on the intrinsic fluorescence of the only
tryptophan residue in the domain, W840, which is situ-
ated at the base of the binding pocket. When peptide
was added, the fluorescence of the tryptophan was
quenched by 17% in a saturable manner, giving a Ky of
117 = 15 uM (Figure 6C). The mutants E907A and F837A,
which showed greatly reduced binding of amphiphysin
(see Figure 3) without a change in tertiary structure (as
determined by their identical CD and tryptophan excita-
tion and emission spectra), showed no such effects over
the range of peptide concentrations used.

Dynamin is implicated in the final stages of clathrin-
coated vesicle formation. It interacts with amphiphysin
(David et al., 1996; Wigge et al., 1997a), which in turn
binds to the appendage domain of a-adaptin. A direct
interaction of dynamin with the «-adaptin appendage
domain has also been suggested (Wang et al., 1995).
To investigate the nature of the interaction in brain cyto-
sol, two peptides were used in competition experiments:
peptide P4 (QVPSRPNRAP), which disrupts the amphi-
physin—-dynamin interaction (see Owen et al., 1998 and
Figure 6D,i) and the DPW peptide (SDPWGSDPWG),
which disrupts direct interactions with the appendage

domain (Figure 6B), but not of dynamin with amphi-
physin (Figure 6D,i). P4 displaced bound dynamin from
amphiphysin and from the appendage domain, without
significantly affecting the binding of amphiphysin to the
appendage domain, while the DPW peptide competed
off both simultaneously (Figure 6D, ii). Thus, the dynamin
interaction with the appendage domain is largely indi-
rect. A small amount of direct binding of dynamin to
a-adaptin appendage domain was observed in a-ear,
overlay assays (data not shown, see also Wang et al.,
1995), which may be due to the presence of a single DPF
sequence in its proline-rich domain (residues 824-826).
Thus, the interaction of dynamin with the «-adaptin ap-
pendage domain is mainly indirect via amphiphysin,
which is in agreement with the proposed role for amphi-
physin in the recruitment of dynamin to sites of endocy-
tosis (for review, see Wigge and McMahon, 1998).

Discussion

Clathrin adaptors serve at least three functions. They
bind to proteins destined for internalization mainly via
their . subunits. They bind to clathrin triskelia via their
B subunits, promoting formation of clathrin cages. In
this work, we investigate a third function: the recruitment
of proteins via the a-adaptin appendage domain. This
domain has been reported to have no effect on clathrin
lattice formation and invagination (Peeler et al., 1993);
however, the demonstration in this work that the ap-
pendage domain of a-adaptin can block clathrin-medi-
ated endocytosis argues against this.

The appendage domain of a-adaptin has a bilobal
structure. We have identified a single pocket to which
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Figure 6. Analysis of a-Adaptin Appendage
Domain Ligand Binding

(A and B) Epsin DPW domain and Eps15 DPF
domains detected both by Coomassie blue
staining (A, upper panel) and by immunoblot-
ting (A, lower panels), and DPW and DPF pep-
tides at concentrations of 500 wM (B) inhibit
binding of amphiphysin, Eps15, AP180, and
clathrin to GST a-adaptin appendage domain
in pull-down experiments from total brain cy-
tosol.

(C) Addition of DPF peptide (125 n.M aliquots)
to a-adaptin appendage domain causes the
intrinsic fluorescence of the only tryptophan
residue in the domain, W840, to be quenched
by 17% in a peptide concentration-depen-
dent and saturable manner giving a K;, for the
interaction of 117 + 15 wM. The fluorescence
of the same residue in the fully folded mutants
E907A and F837A, which show greatly re-
duced binding to amphiphysin (see Figure 3),
is not significantly reduced by the addition of
peptide over the same concentration range.
(D) (i) The binding of dynamin and synapto-
janin to the GST-SH3 domain of amphiphysin
in total brain extract is inhibited by P4 peptide
but not the DPW peptide.

(i) Dynamin binds to a-adaptin appendage
domain predominantly via amphiphysin. The
P4 peptide greatly reduces the amount of dy-
namin but not amphiphysin detectable in a
pull-down experiment with GST-a-adaptin
appendage. The DPW peptide greatly re-
duces the amount of both proteins pulled
down.
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various proteins implicated in endocytosis (including the
amphiphysins, Eps15, epsin, AP180, and auxilin) bind
in the C-terminal subdomain. The site is centered at a
tryptophan and is surrounded by mainly charged resi-
dues. These residues are conserved from mammals to
Drosophila and between a-adaptin A and «-adaptin C
(Robinson, 1989). Mutations in these residues, while not
significantly affecting the structure of the appendage
domain, are shown to have varying effects on the binding
of target proteins, from total abolition (W940, R920) to no
significant reduction (E849). The N-terminal 8 sandwich
domain has no apparent binding partners and may thus
function as a scaffolding domain or spacer, allowing
the C-terminal domain to be displayed in the correct
manner.

The only common feature between the regions of am-
phiphysin 1, Eps15, epsin, AP180, and auxilin, which
we show bind directly to the appendage domain of
a-adaptin, is that they contain either DPF or DPW motifs.
The affinity of binding to a-adaptin appears to be corre-
lated with the number of DPF/W motifs, in that Eps15
and epsin, which contain many copies of this motif,
bind more tightly than amphiphysin, AP180, and auxilin,
which contain fewer copies. That DPF/W is a major de-
terminant for binding of these domains to «-adaptin

appendage domain is also confirmed by the peptide
competition and fluorescence data presented. It is inter-
esting to note that AP180 contains 11 copies of the
sequence D X F (where X is A, L, or I) in addition to its
two DPF sequences in the same region of the protein
(for review, see McMahon, 1999). Also amphiphysin 1
has a DNF close to its single DPF, and these could
also be involved in binding to this site on the a-adaptin
appendage domain.

Eps15 contains three EH domains at its N terminus.
The structure of the second EH domain of Eps15 has
been solved and bears no structural homology to the
C-terminal subdomain of the a-adaptin appendage do-
main. However, several parallels can be drawn between
the binding sites. The EH domain recognizes the motif
NPF with a K of approximately 500 wM (de Beer et al.,
1998), and the a-adaptin domain recognizes DPF in the
same range (estimated from peptide fluorescence data).
Both binding sites are shallow hydrophobic pockets of
similar size (for EH domain structure, see de Beer et al.,
1998) that have a tryptophan at the base, and mutation
of this W to A abolishes interaction with its binding
partners. In both, the tryptophan is surrounded by polar
residues, which could provide specificity for their bind-
ing targets as a result of complementary electrostatic
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Table 2. Statistics on Data Collection and Phasing

Native

EMTS1

EMTS2

Data Collection®

Resolution (A) (outer bin)

16-1.9 (2.0)

20-2.82 (2.92)

29-2.2 (2.3)

Rinerge” 0.071 (0.235) 0.085 (0.156) 0.165 (0.256)
Rineas” 0.088 (0.295) 0.120 (0.221) 0.226 (0.362)
<<I>/o(<I>)> 11.5 (5.3) 7.9 (3.5) 5.8 (3.0)
Completeness (%) 96.9 (96.9) 86.4 (90.3) 84.3 (74.5)
Multiplicity 2.8 (2.6) 2.2 (1.9) 2.4 (1.3)
Wilson plot B (A?) 22 47 47

MIR Phasing

No. of sites 6 6

Raeriv® 0.282 0.278
Reuis® 0.48 0.48
Phasing power: isomorphous (anomalous)’ 3.8 (1.3 3.5(1.6)
Mean figure of merit 0.307

Figure of merit after solvent flattening (all data) 0.939

Refinement

R (Riee)? 0.169 (0.223)

<B> (A 20

No. of reflections (NO. in Ryee) 18,198 (1,444)

No. of atoms (No. of water atoms) 2,192 (298)

Rmsd bond length (A) 0.013

Rmsd angle distance (A) 0.032

No. of Ramachandran violations 0

2Values in brackets apply to the high-resolution shell.

°Rierge = 22illh — Il/23; Iy, where |, is the mean intensity for reflection h.

*Rueas = SV(N/n — 1)S[1, — 1,l/234,, the multiplicity weighted Ryeqe (Diederichs and Karplus, 1997).

deeHv = EIFPH - FPVEFP-

*Reutis = EHFPH - FPI - |FHcalc||/2|FPH - FPl-

"Phasing power = <|Fy..cl/phase-integrated lack of closure>.
9R = 3|Fp — Feacl/2Fp.

interactions (for example McCoy et al., 1997). In the case
of the DPF-binding a-adaptin subdomain, there are two
arginine residues (R905 and R920), and mutation of the
latter also abrogates target protein binding.

The recognition of the DPF/W motif by the a-adaptin
appendage domain is another example of a relatively
low-affinity protein—protein interaction in endocytosis in
which a domain recognizes a short sequence motif.
Other such interactions include clathrin heavy chain rec-
ognizing LL(D/E/N)g(D/E) in -arrestin, amphiphysin and
the hinge regions of B-adaptins (where g is a hydropho-
bic residue) (Dell’Angelica et al., 1997), AP2 adaptors
recognizing Yxxg or (D/E)xxxLL motifs on receptors
(Ohnoetal., 1995), the SH3 domains of the amphiphysins
recognizing PxRPxR (Owen et al., 1998), and EH do-
mains recognizing NPF motifs (de Beer et al., 1998).
High on and off rates resulting from such a mode of
protein recognition produce a dynamic system that
allows rapid exchange of binding partners, and varying
the number of copies of a motif can result in differential
strengths of binding.

This study maps a single binding site for all the
a-adaptin appendage domain ligands. The interaction
with this site is predominantly through DPF/W se-
quences, the number of which present in a ligand is
correlated with its affinity for the appendage domain.
This is consistent with a model in which a-adaptin binds
a series of ligands sequentially throughout the process
of endocytosis or binds different ligands in different

regions of the nascent vesicle. That Eps15 has a higher
affinity for the a-adaptin appendage domain than amphi-
physin or AP180 is consistent with the observation that
Eps15 is constitutively bound to AP2 complexes when
isolated from brain extract (Benmerah etal., 1996), which
is displaced from AP2 adaptors on clathrin cage forma-
tion. Our study identifies single point mutations in the
a-adaptin appendage domain that block endocytosis
and may allow the dissection of the steps of coated
pit formation when they are incorporated into whole
a-adaptin and expressed in eukaryotic cells.

The appendage domain of a-adaptin may therefore
serve to coordinate spatially and temporally the recruit-
ment of components of the endocytotic machinery and
consequently play a pivotal role in the formation of
clathrin-coated vesicles.

Experimental Procedures

Constructs and Protein Expression

The cDNA encoding residues 701-938 of mouse a-adaptin C (the
appendage domain) was cloned into the vector pGEX 4T2 for pro-
duction as an N-terminal GST fusion protein and into pCMV-MYC
for eukaryotic expression as an N-terminal Myc tag fusion protein
under the control of a CMV promoter. The resulting protein termed
a-ears was used for structure determination but was insoluble in
fibroblasts.

The larger construct a-ear, (residues 695-983) was cloned in a
similar manner, which resulted in production of soluble protein in
both systems. Mutants of a-ear, were made by PCR using primers
incorporating the changed bases. The parent plasmid was digested
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by Dpn1, and the PCR mixture was transformed into DH5« to amplify
the mutated plasmid (Vallis et al., 1999).

GST-fusion protein was expressed in DH5« at 25°C overnight,
following induction with 0.2 mM IPTG. The cells were lysed by re-
peated passage through a French pressure cell, and insoluble mate-
rial was removed by centrifugation. The cell lysate was loaded on
a glutathione-Sepharose column and washed thoroughly with buffer
A (0.2 M NaCl, 20 mM HEPES [pH 7.5], 4 mM DTT) and then eluted
with buffer A containing 10 mM glutathione. The fusion protein typi-
cally expressed at 10 mg/I of culture. For CD, a-adaptin appendage
domains were cleaved from its GST fusion protein with bovine
thrombin (Sigma) and then dialyzed into 150 mM NaCl, 2 mM HEPES
(pH 7.5).

The DPW domain of rat Epsin (residues 249-401), the DPF
C-terminal domain of rat Eps15 (residues 529-894), and full-length
rat AP180 were cloned into pET15b (Novagen), giving an N-terminal
Hise tag on the proteins when expressed in the bacterial strain BL21
(DE3). The protein was purified from lysed bacteria on a Ni-NTA-
agarose column (Qiagen), and bound protein was eluted with buffer
A containing 0.3 M imidazole and dialyzed into buffer A. Other con-
structs were cloned into pGEX4T2 for production as N-terminal GST
fusion proteins. These were AP180 N-terminal domain (residues
1-305) and DPF domain (residues 395-482) and full-length bovine
auxilin (residues 1-910), C-terminal truncation (1-736), and DPF do-
main deletion (residues 1-576).

Crystallization and Structure Determination

a-ears protein was expressed as a GST fusion, purified from bacteria,
and then cleaved by a 16 hr incubation at 30°C with bovine thrombin
(Sigma). a-ears was then further purified by passage over glutathi-
one-Sepharose followed by fast flow Q Sepharose and finally S200
gel filtration. The protein was dialyzed into 5 mM HEPES, 50 mM
NaCl, 4 mM DTT and concentrated to 12 mg/ml giving a final yield
of 0.4 mg purified protein per liter of culture.

Crystals were grown by hanging drop vapor diffusion against a
reservoir containing 20% PEG 4000, 10% isopropanol, 100 mM so-
dium citrate (pH 6.0), 10 mM DTT. Crystals (space group P1, unit
cell dimensions a = 39.9 A, b = 40.9 A, ¢ = 42.5 A, a = 99.4°, B=
95.3° vy = 113.7°) were obtained over period of a week with final
dimensions 0.1 X 0.1 X 0.02 mm. Crystals were transferred to 22%
PEG 4000, 10% isopropanol, 100 mM sodium citrate (pH 6.0), 10
mM DTT, 15% glycerol, and X-ray diffraction data were collected
at 100 K at Elettra (Trieste, native) or on a rotating anode (derivatives)
(Table 2). A single mercury derivative was made by soaking a crystal
in cryoprotected buffer containing 1 mM ethylmercury thiosalicylate
(EMTS) for 2 hr; two different EMTS crystals were used. Data were
recorded on a MAR Research image plate, integrated with MOSFLM
(Leslie, 1992), and scaled using CCP4 programs (Collaborative Com-
putational Project Number 4, 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 (Abra-
hams and Leslie, 1996), leading to an excellent electron density map
at 1.9 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 residues 702-938 plus 302 water molecules.

Attempts to cocrystallize the protein with DPF/DPW peptides
were unsuccessful, probably due to the low affinity of the interaction.
The packing of the molecules in the crystal precluded peptide incor-
poration by soaking, as the binding site was at a crystal interface.

Surface Mapping

The molecular surface of the ear domain was calculated using the
MSP suite of programs (Connolly, 1985), with a surfacing probe
radius of 1.6 A. This suite produces a description of the surface in
terms of tessellated triangles. Associated with each vertex of each
triangle are coordinates of the corresponding position of the surfac-
ing probe. These positions represent the sites that an atom would
occupy when in contact with the protein’s molecular surface. The
hydrophobic interaction potential for these sites was evaluated us-
ing the program GRID (Goodford, 1996). The resulting potentials
were used to color the protein surface, which was displayed using
the program Aesop (M. Noble, unpublished data).

Protein—-Protein Binding Assays

Binding assays were performed by incubating 20 pg GST fusion
protein with 0.5 ml of 0.1% TritonX-100 brain extract (Owen et al.,
1998) in buffer A in the presence of 20 pl 50% slurry of glutathione-
Sepharose at 4°C for 1 hr. The beads were washed three times
for 5 min with buffer A, and the proteins bound were analyzed by
SDS-PAGE and immunoblotting. Polyclonal rabbit antibodies used
were as follows: Ra3 (anti-Amphiphysin 1), Ral.2 (anti-Amphiphysin
2), Ra5.2 (anti a-adaptin appendage domain), D632 (anti-Dynamin,
kind gift of T Sudhof), Ral4 (anti-Epsin), Ab131 (anti-Synaptojanin,
kind gift of P. Parker), and A14 (anti-Myc, from Santa Cruz). Mono-
clonal antibodies used were anti-AP180 (Sigma), anti-Clathrin Heavy
Chain (Transduction), anti-a-adaptin (Transduction), and anti-Auxilin
(kind gift of E. Ungewickell).

Fluorescence

Fluorescence measurements were made using a Perkin Elmer LS
50B spectrofluorimeter. Protein fluorescence of wild-type and mu-
tant a-adaptin appendage domains were measured using an excita-
tion wavelength of 280 nm and detecting at 340 nm. Slit widths of
2.5nm and 4.0 nm were used for the excitation and emission beams,
respectively. Experiments took place in a 500 wl cuvette with a path
length of 1 cm on the excitation axis and 0.2 cm on the emission
axis. DPF peptide (LDLDFDPFKPDV) was added in 125 uM aliquots,
and each titration was performed with an initial protein concentra-
tion of 13.5 pM. The results are the average of three experiments.
Dilution effects caused by the addition of peptide were corrected
for, and the data, where possible, were fitted to a weak binding
hyperbola of F = Fo — (L - Po)/(Kp + L), where F is the fluorescence
intensity, Fo is the fluorescence intensity with no ligand, L is the
ligand concentration, K; is the binding constant, and Po the initial
protein concentration.

Protein Overlay Assay

Brain extract or expressed proteins (1 pg/lane) were separated on
SDS-PAGE and transferred onto nitrocellulose. After blocking with
5% milk, the blots were incubated overnight with 1 pg/ml a-ear,
in 10% goat serum. After washing extensively, bound «-adaptin
appendage domain was detected with an antibody raised against
the domain (Ra5.2).

Endocytosis Assay and Immunocytochemistry

Clathrin-mediated endocytosis was measured by assaying trans-
ferrin uptake into COS-7 fibroblasts. Forty-eight hours posttransfec-
tion cells were incubated at 37°C in serum-free DMEM for 1 hr,
and then at 37°C in DMEM containing 25 pwg/ml biotinylated human
transferrin (Sigma) for 30 min (Wigge et al., 1997b). Transferrin up-
take was visualized with FITC-conjugated streptavidin (seen as a
punctate green perinuclear staining), and the Myc-tagged proteins
were visualized using the polyclonal antibody A14 (Santa Cruz Labs)
followed by Texas red—conjugated anti-rabbit antibody (Chemicon).
Cells were imaged on an MRC 1024 scanning confocal microscope,
and transfected cells were compared with untransfected cells in the
immediate vicinity. 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 (see Figure 4).
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