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ABSTRACT

epsl5, a substrate for the epidermal growth factor receptor and other
receptor tyrosine kinases, possesses a discrete domain structure with
protein-binding properties. It interacts with a number of cellular proteins
through an evolutionarily conserved protein-binding domain, the epsl5
homology domain, located in its NH2-terminal region. In addition, a
proline-rich region, located in the COOH-temminal portion of epsiS, can

bind to the Src homolo@jr3 domain of the crk proto-oncogene product in
vitro. Recently, coimmunoprecipitation between epsl5 and AP-2, a major

component of coated pits, was reported. Here, we characterize the molec
ular determinants of the epsl5/AP-2 interaction. The AP-2 binding region
of epsl5 is localized in Its COOH-terminal region and spans â€”SOamino
acids. At least three molecular determinants, located at residues 650â€”660,
680â€”690, and 720â€”730, are involved in the binding. AP-2 binds to epsl5
through its a subunit (a-adaptin); In particular, the COOH-termlnal
region of a-adaptin, the so-called a-ear, contains the epsl5 binding region.

INTRODUCTION

epsl 5 is a recently identified substrate for EGFR3 and RTKS ( 1). Its
predicted amino acid sequence reflects a modular protein with at least
three structural domains (I , 2). Evidence is accumulating that these
domains are involved in multiple protein-protein interactions.

Domain I, located near the NH2-terminus, contains three repeats of
a novel protein-binding module named EH, for Epsl5 Homology,
which is evolutionarily conserved in several proteins (3). This region
also contains additional signatures of regulatory domains, including
putative tyrosine phosphorylation sites and EF hand-type calcium
binding domains. Domain II, in the central region of the protein, is
predicted to fold as an a-helix and presents the characteristic heptad
repeats of coiled-coil rod-like proteins. Finally, domain III, in the
COOH-terminal region of epsl5, contains a proline-rich region that
has been shown to bind to the crk Src homology 3 domain in vitro (4),
and to repeated DPF motifs of unknown significance.

Recently, a cDNA clone encoding an epsl5-related protein, desig
nated epsl5R, has been isolated. epslSR shares topological organiza
tion and binding properties with epsl5 (3, 4). In addition, screening of
data bases with the epsl5 and epslSR protein sequences yielded a
Caenorhabditis e!egans open reading frame (GenBank accession no.
U29244; Ref. 5) encoding a polypeptide that is homologous to these
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two proteins, sharing the same domain structure. Thus, an evolution
arily conserved family of signal transducers with multiple protein
protein interaction abilities has been identified.

The function of epsiS and epsl5R is unknown. Overexpression of
epsl5 is able to transform NIH-3T3 cells, albeit with low efficiency
(1), suggesting that perturbation of epsl5 function affects cell prolif
eration. Furthermore, the epsl5 gene, which maps at lp32 (2), is
rearranged with the HRX/ALL-1/MLL gene (6, 7) in the t(1 ;1l)(p32;
q23) translocation in acute myeloid leukemias (8, 9).

Recently, physical interaction between epsl5 and the clathrin AP
complex AP-2 was reported (10). The AP-2 complex is a major
component of plasma membrane-coated pits and vesicles. It is assem
bled as a tetramer containing two large subunits, a- and j3-adaptins of
Mr 100,000, and two smaller subunits of Mr @50,000 and â€”17,000

(reviewed in Ref. I 1). AP-2 is thought to be involved in receptor
mediated endocytosis by virtue of its ability to bind to clathrin,
thereby promoting clathnn lattice assembly at defined sites and times,
and to tyrosine-containing endocytic sequences present on certain
receptor cytoplasmic tails (reviewed in Refs. I 1â€”13).This latter
interaction might result in the selective inclusion of various receptors
into coated pits (I 1â€”13).In support of this possibility, AP-2 has been
shown to form a stoichiometric complex with the EGFR in vivo (14,
15).

The notion that direct interaction between EGFR and AP-2 is
essential for receptor internalization through coated pits has been
recently challenged (16, 17), and one study suggests that there might
be two mechanisms of receptor recruitment into coated pits, depend
ent on the level of expression of the EGFR (17). Thus, it is of interest
to study additional interactions between AP-2 and other cellular
components, because this may help to clarify the physiological role of
AP-2. The present studies were undertaken to elucidate the molecular
basis of the interaction between epsl5 and AP-2.

MATERIALS AND METHODS

Cell Lines.NIH-3T3 cellsoverexpressingthe EGFR at approximately
1.0 X 106 EGFRs/cell (NIH EGFR) have been characterized and described
previously(18).TheywerecultivatedinDMEM (LifeTechnologies)plus10%
calf serum. HeLa cells were grown in DMEM (Life Technologies) plus 10%

calf serum. When indicated, cells were serum starved for 16â€”24h, and EGF
treatment was performed for the indicated lengths of time at 37Â°Cat a
concentration of 17 nM(100 ng/ml).

GST Fusion Proteins and Reagents for in VitroBinding Assays. GST
fusion proteins containing epsl5 or its fragments were obtained by amplifica
tion (by recombinant PCR) of the appropriate fragments and cloned in the
pGEX expression vector, in-frame with the GST moiety. Sequence of the
oligonucleotides used for amplification is available on request. Purification of
the fusion proteins on agarose-GSH and affinity purification of total cellular
proteins on immobilized GST-based fusion proteins have been described
previously (1, 19). Five j.@gof GST fusion proteins were used in the experi
ments shown.

To prepare the pSP64 aA appendage construct, a full-length aA cDNA
clone (20) was digested with NcoI and SmaI and subcloned into a modified
pSP64 vector (pSP64KIS3) containing a 5' Ncol site and a 3' EcoRI site

Mapping of the Molecular Determinants Involved in the Interaction between epsl5
and AP-2'

Gioacchin lannolo, Anna Elisabetta Salcini, Ibragim Gaidarov, Oscar B. Goodman, Jr., Josep Baulida,
Graham Carpenter, Pier Giuseppe Pelicci, Pier Paolo Di Fiore, and James H. Keen2

Department of F.xperi@neniai Oncology. European Institute of Oncology, Milanâ€”20141. Italy 1G. 1.. A. E. S.. P. G. P.. P. P. D. Fl; Istituto di Pazologia Medica. Facoita' di
Medicina e Chirurgia. Parmaâ€”43100. Italy (P. G. P.): Istituto di Microbiologia. Facolta â€d̃i Medicina e Chirurgia. Bariâ€”70124.Italy (P. P. D. Fl: Department of Biochemistry.
Vanderbilt University Schoul of Medicine, Nashville. TN 37232 (J. B.. G. C'.J; and the Kimmel Cancer Institute. Thomas Jefferson University. Philadelphia, Pennsylvania 19107
fL G.. 0. B. G.. J. H. K.)

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/2/240/2464710/cr0570020240.pdf by guest on 19 M

ay 2023



epsl5/AP-2 INTERACTION

(sequence available on request). The full-length oC cDNA clone was digested
with EcoRI (5') and SmaI(3') and subcloned into pSP64 digested with EcoRI
and HindII. In vitro expression was performed as described previously (21).

Partially purified AP-2 was isolated from bovine brain clathrin-coated
vesiclesby Tris-HCI extractionand Superose6B gel filtration as described
previously (22). Tryptic proteolysis of AP-2 (1:100, w/w) was performed for
30 mm at room temperature in 10 mistTris-HCI (pH 8.5) and was stopped by
addition of a 20-fold molar excess of soybean trypsin inhibitor. Binding of
AP-2 and in vitro-translated polypeptides to recombinant fusion proteins was
carried out in 0.1 M sodium 2-(N-morpholino)ethanesulfonic acid, 50 m@i

Tris-HC1 (pH 7.2), 1 mM EDTA, 1 mM DTT, 0.5% Triton X-lOO,and 10%
glycerol by incubation for 45 mm at room temperature. After washing exten
sively, bound material was eluted with either 1 M Tris-HCI (pH 7.0) 0.1%
Triton X-lOO,or SDS-PAGE sample buffer.

Immunoprecipitation and Immunoblotting. Cells were lysed with a
buffer containing 1%Triton X-l00 (Pierce), 50 mMHEPES (pH 7.5), 150 mtsi
NaC1, 10% glycerol, 1.5 mMMgC12,5 m@iEGTA, protease inhibitors (4 mM
phenyl methylsulfonylfluoride and 100 mg/ml aprotinin), and phosphatase
inhibitors (10 mM sodium orthovanadate and 20 mMsodium pyrophosphate)
and processed for coimmunoprecipitation, immunoprecipitation, immunoblot,
and in vitro binding to GST fusion proteins as described (1, 19). Antibodies
used were: an affinity-purified anti-epsl5 polyclonal antibody generated
against the full-length epsl5 protein expressed in bacteria; a monoclonal
anti-epsl5 generated against the full-length epsl5 protein expressed in bacteria
and recognizing an epitope between amino acids 623 and 750 of the mouse
protein, the a31 anti-a-adaptin polyclonal serum generated against the ear of
rat crC (positions 635â€”938)and specific for oC-adaptin (15); a monoclonal
anti-cs-adaptinrecognizing both aA and aC-adaptins (Sigma Immunochemi
cals); a monoclonal anti-@y-adaptinrecognizing only human â€˜y-adaptin(Sigma
Immunochemicals). For the experiments shown in Figs. 2 and 6, the AP-2 a

ear was detected using monoclonal antibody 100/2 (a kind gift of E. Unge
wickell, Washington University, St. Louis, MO), clathrin heavy chain using
TD-l (generously provided by F. Brodsky, University of California, San
Francisco, CA), and AP-3 using CLAP3 (23). Polyclonal antibody (22-3) to the
core region of mouse brain AP-2 aA (residues 14â€”46) was prepared as
described previously (24).

RESULTS

Constitutive Interaction between epsl5 and AP-2. epsl5 is a
prominent in vivo substrate for EGFR and platelet-derived growth
factor receptor, but not for several other RTKs, including erbB-2 (1),
erbB-3, erbB-4, and insulin receptor.4 As an initial step toward
characterization of the epsl5/AP-2 interaction, we tested its depend
ence on RTK activation and tyrosine phosphorylation of epsl5. We
used mouse NIH-3T3 fibroblasts engineered to express high levels of
EGFR (NIH EGFR cells, â€”0.5â€”2.0X 106 receptors/cell; Ref. 18).
Treatment of these cells with receptor-saturating doses of EGF (17
nM) results in tyrosine phosphorylation of â€”30% of the intracellular

pool of epsl5 at 10â€”30mm of treatment (Ref. 1 and data not shown).
Physical interaction between epsl5 and AP-2 in vivo was revealed

by immunoprecipitation with anti-ra-adaptin antibodies, followed by
immunoblot with anti-epsl5 or vice-versa. As shown in Fig. IA, upon
EGF stimulation, coimmunoprecipitation of epsl5 and AP-2 was
readily detectable. However, comparable levels of the epsl5/AP-2
complex also were detected in untreated serum-starved cells (Fig. lA,
Lanes 0). Thus, the interaction between epsl5 and AP-2 appears to be
constitutive. It is interesting that no coimmunoprecipitation of epsl5
with AP-l, as evidenced by the presence of the y subunit of the latter,
was detectable (Fig. IB).

Constitutive interaction between epsl5 and AP-2 was further con
firmed using a GST-epsl5 fusion protein in AP-2 binding studies.
When a partially purified AP fraction from clathrin-coated vesicles
was challenged with a GST fusion protein containing the full-length

4 F. Fazioli, W. T. Wong, and P. P. Di Fiore, unpublished observations.
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Fig. I . Constitutive association of epsl5 and AP-2 in s'is'o. A. NIH EGFR cells were
either serum-starved (0 lanes) or treated with EGF (17 n@iat 37'C) for the indicated
lengths of time. Three mg of total cell protein were immunoprecipitated with either an
anti-a-adaptin serum (a3l serum, recognizing only aC) or the anti-epsl5 affinity-purified
total serum (Similar results were obtained substituting the anti-epsl5 monoclonal antibody
for the total serum.) or with a control preimmune serum. Westem immunoblots (WB)were
probed either with the anti-epsl5 affinity-purified total serum (top of A) or with the
anti-a-adaptin monoclonal antibody, which recognizes both aA and aC (bottom ofA). In
the lanes designated no IP, 100 @sgof total cell Iysate were loaded to serve as a reference.
The positions of epsl5, aA-adaptin, and aC-adaptin are indicated. B, HeLa cells were
either serum-starved (0 lanes) or treated with EGF (17 nr@iat 37T) for the indicated
lengthsof time. Ten mg of total cell protein were immunoprecipitatedwith either an
anti-'y-adaptin monoclonal antibody or the anti-epsl5 affinity-purified total serum (Sim
ilar results were obtained substituting the anti-epsl5 monoclonal antibody for the total
serum.) or with a control preimmune serum. Immunoblots were probed either with the
anti-epsl5 affinity-purified total serum (top of A) or with the anti-y-adaptin monoclonal
(bottom of A). In the lanes designated no IP, 100 @.sgof total cell lysate were loaded to
serve as a reference. The positions of epsl5 and y-adaptin are indicated. Results are
typical and representative of at least three experiments.
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mouse epsl5 protein (residues 2â€”897;FL as shown in Fig. 3A), AP-2
was quantitatively and reversibly bound (Fig. 2). In contrast, neither

clathrin nor AP-3, a brain-specific clathrin-associated protein (23)
present in the AP preparation, bound to GST-FL (Fig. 2). Soluble
AP-2 derived from high-speed supernatants of brain homogenates
(comprising the unassembled pool of AP-2 molecules) also reversibly
bound to GST-FL (data not shown).

Mapping of the epsl5 Surface Interacting with AP-2. The con
stitutive nature of the association between eps 15 and AP-2 allowed us
to use a GST fusion protein-based approach to map the structural
determinants required for binding. Initially, we used four GST fusion
proteins containing the entire mouse eps I5 protein (residues 2â€”897),
domain I (residues 2â€”330),domain II (residues 314â€”520),and domain
III (residues 502â€”874;Fig. 3A). Agarose-immobilized GST fusion
proteins were challenged with lysates from NIH EGFR cells in an in
vitro binding assay, and proteins specifically bound were detected by
immunoblotting. As shown in Fig. 3B, the COOH-terminal portion of
epsl5 (corresponding to domain III) contained all of the structural
determinants necessary for binding to AP-2.

The AP-2 binding ability of domain III was analyzed further by
creating overlapping GST fusion proteins. Regions between residues
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epsl5, suggesting that the related protein also has the ability to

physically interact with AP-2 in vivo.
Multiple Determinants Are Cooperatively Required for Opti

mal Binding ofepsl5 to AP-2. To obtain high-resolution mapping of
the epsl5 sequences responsible for binding to AP-2, we engineered
progressive COOH-terminal deletions of 10 amino acids each within
the 623â€”750L2 region in a GST fusion background. The resultant
fusion proteins are depicted in Fig. 5A. As shown, truncations at
positions 740 and 730 (proteins M and L, Fig. SA) did not alter AP-2
binding ability compared with the L2 protein. An additional 10-
residue deletion (protein I 623â€”720,Fig. 5A) reduced binding by
â€”30%.Further deletions up to position 690 (proteins H, 0, and F, Fig.
5A) did not substantially alter residual binding. Protein E, however,
bearing an additional 10-residue deletion (and containing residues
623â€”680), exhibited only 20% of L2 protein binding (Fig. 5A).
Residual binding was not affected by the next two deletions (proteins
D and C, residues 623â€”670and 623â€”660,respectively; Fig. SA), but
was abolished by truncation at position 650 (proteins B and A, with
residues 623â€”650and 623â€”640,respectively; Fig. 5A).

These results indicate that at least three molecular determinants,
defined by residues 650â€”660, 680â€”690, and 720â€”730(determinants
A, B, and C, respectively, Fig. 5A), are necessary for optimal binding
of epsl5 to AP-2. Because the COOH-terminal region of epsl5R is
also able to bind to AP-2 in vitro, we searched for regions of local
homology between the three determinants identified in epsl5 and the
COOH-terminal domain of epslSR. As shown in Fig. SB, the region
of epsl5R between residues 683 and 743 showed significant homol
ogy to the three binding determinants of epsl5. In addition, the C.
elegans homologue of epsl5 and epslSR (GenBank accession no.
U29244, Ref. 5) showed homology to the determinants identified in
epsl5 (data not shown).

Mapping of the AP-2 Surfaces Involved in Binding to epsl5.
Electron microscopy (25) and correlative biochemical studies (26,
27) have demonstrated that the AP-2 complex is composed of a
central core and two smaller appendages, commonly referred to as
ears. The core contains, in tight association, the smaller Mr 17,000
and 50,000 subunits, as well as the NH2 termini and much of the
mass of the larger a and /3 subunits. In contrast, the appendages
contain the COOH-terminal â€”250residues of the a and f3 chains.
Each appendage is connected to the core by a protease-sensitive
linker region. To determine which domain of AP-2 binds epsl5, a
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Fig. 2. Clathrin-coated vesicle-derived AP-2 binds to epsl5. A, partially purified AP-2
fraction (8 @Lg)from bovine brain-coated vesicles was incubated with GSH-Sepharose 4B

beads preadsorbed with either GST or fusion protein GST-FL (a'lO @sg).After washing,
bound protein was eluted with 1 MTris-HCI (pH 7) subjected to SDS-PAGE and analyzed
by immunoblotting for a-adaptin (22-3), clathrin heavy chain (CL HC, using TD-l), and
AP-3 (CLAP3), along with a proportional amount of the starting material (Input). Note
that the heterogeneity of coated vesicle AP-3 is a consequence of its proteolytic sensitivity

during isolation (23). Molecular weight markers (in thousands) are indicated at left.

501â€”622and 751â€”874(Ll and L3 proteins, respectively; Fig. 4A)
were not required for binding (Fig. 4B); full binding activity was
retained by the epsl5 fragment encompassing positions 623â€”750(L2
protein, Fig. 4, A and B). Reduced binding was obtained with the
epsl5 fragments encompassing positions 561â€”671, 672â€”811, and
623â€”671 (L4, L5, and L6 protein, respectively: Fig. 4, A and B),
consistent with the notion that the fragment represented in the L2
protein contained all of the determinants necessary and sufficient for
binding.

By comparing the intensity of the a-adaptin signal obtained on
immunoblot of total cell lysates with that obtained after recovery of

AP-2 in the in vitro bindings (Figs. 3B and 4B), we estimated that
â€”@30â€”40%ofthe total a-adaptin pool associated with epsl5 under our
assay conditions, indicating a nearly stoichiometric interaction.

Finally, a GST fusion protein spanning the COOH-terminal portion
of epsl5R (Fig. 4A, L8 protein, corresponding to epsl5R 548â€”885),
was also able to bind to AP-2 with an efficiency comparable to that of

Fig. 3. Association between AP-2 and the COOH-terminal
region of epsl5 in vitro. A. Schematic of the GST fusion
proteins. Amino acid position is indicated on the top. B. In vitro
binding. Five mg of total cell protein from NIH EGFR cells were
challenged against the indicated GST fusions immobilized onto
agarose-GSH. Specifically. bound proteins were detected in
immunoblot with the anti-a-adaptin serum (a31 serum, recog
nizing only aC). In the lane Lysate, 150 @gof total cellular
proteins were loaded to serve as a reference. The position of

a-adaptin is indicated. Results are typical and representative of
at least three experiments.
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Fig.4. Bindingof variousfragmentsof theCOOH-terminal
region of epsl5 and epsl5R to AP-2 in vitro. A, Schematic of
the GST fusion proteins. Amino acid position is indicated on the
top. GST fusions derived from epsl5 are indicated with filled
bars; the GST fusion derived from epslSR is indicated by an
open bar. Binding to AP-2 is reported in a semiquantitative
scale compared with the binding of L7 501â€”874,which contains
all of the determinants necessary and sufficient for binding (see
also Fig. 3). B, In vitro binding. Four mg of total cell protein
from NIH EGFR cells (left, anti-cs-adaptin blot) were chal
lenged with the indicated GST fusions immobilized on agarose
GSH.Specifically,bounda-adaptinwasdetectedby immuno
blot with the a3l serum (recognizing only aC). In the Lysate
lane, 150 i.Lgof total cell protein were loaded to serve as a
reference. The position of a-adaptin is indicated. Results are
typical and representative of at least three experiments.

A ______________

L7 (501-874)

Li (501-622)
L2 (623-750)

13 (751-874)

IA (561-671)

1.3(672.811)
L6 (623-671)

L8(Eps15R548-885) C

B G5T-f@ioaLl U IA L5 14 L7 IS 1.3 GSTL@uts

Wa anti a.adaptlu

bovine brain AP-2 preparation that had been subjected to mild
proteolysis was incubated with GST-FL and GST-L2. The results
in Fig. 6A used antibodies specific for the a core (polyclonal
antibody 22-3) or ear (monoclonal antibody 100/2) domains and
demonstrated that a ear bound specifically to fusions with both
full-length epsl5 and L2, which contains the AP-2 binding site. In

contrast, no specific interaction of the AP-2 core was observed
with either of the epsl5 fusion proteins, nor did either domain
interact nonspecifically with the GST carrier. Finally, using in
vitro translation, we also found that both the isolated aA and aC
subunits could bind to GST L2 (Fig. 6 B). Amino acids 715â€”977,
corresponding to the ear of a-adaptin, bound specifically to GST
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Fig. 5. Identification of three determinants in the COOH-terminal region of epsl5 responsible for AP-2 binding. A, In vitro binding to GST fusion proteins. Total cellular proteins

from NIH EGFR cells were challenged against the indicated GST fusions immobilized onto agarose-GSH. Specifically, bound proteins were detected in immunoblot with the
anti-a-adaptin serum (a3l serum). Binding was compared with that of the L2 (623â€”750)protein, which possesses all of the determinants necessary and sufficient for optimal binding,
and is expressed on a semiquantitative scale. + + +, 100% binding relative to L2; + +, 50â€”70%binding relative to L2; +, 10â€”20%binding relative to L2; â€”,no detectable binding.
Values were obtained from densitometric scans of five independent experiments. Actual average values were: L2, 100% binding; M, 92%; L, 103%; I, 68%; H, 50%; G, 59%; F, 55%;
E, 19%; D, 14%; C, 21%; B, <1%; and A, <1%. The positions ofthe three major binding determinants (A, B, and C) are indicated at the top. B, Comparison ofepsl5 and epslSR
in the AP-2 binding region. The alignment of mouse epsl5, between positions 651 and 730, and the alignment of mouse epslSR, between positions 683 and 743, are shown. Conserved
residues are indicated in bold. Accepted conservations were: (E,D,N,Q), (K,H.R), (A.S,T,P,G), (F,Y,W) and (L,I,V,M). Overall homology was 66%, and overall identity was 51%. The
positionsof the threemajorbindingdeterminants(A. B, andC) are indicatedat the top.
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A appears very similar to that of epsl5 and AP-2, thus predicting
interaction in vivo of epsl5R with AP-2. In their COOH-terminal
portion, epsl5 and epsl5R are poorly related and not colinear. How
ever, they share three structural elements: (a) the presence of DPF
motifs; (b) the presence of a proline-rich region that binds to crk in
vitro; and (c) a highly related stretch of â€”â€”45residues at the COOH
terminal of the proteins. None of these motifs appeared to be involved
in binding to AP-2. In particular, the L6 fragment of epsl5, which
contained the region richest in DPF motifs (7 DPFs of 13 present in
mouse epsl5), exhibited a binding activity that was at least 10-fold
reduced (Fig. 3A). In addition, the three determinants (A, B, and C,
Fig. 4A) important in binding were not biased for DPFs. These results
argue against the possibility that the simple iterative repetition of DPF
motifs is responsible for the interaction between epsl5 and AP-2.

During preparation of this paper, Benmerah et al. (28) reported
mapping of the interaction between the human epsiS and AP-2.
Results in this paper are in agreement with those reported in the cited
paper. There are, however, some differences. The region of human
epsl5, mapped by Benmerah et al. (28) as responsible for binding,
spans residues 667â€”739,which correspond to residues 668â€”741of the
mouse protein used in the present study. This region includes deter
minants B and C, but not the NH2-terminal determinant A. Contribu
tion of the region encompassing determinant A was indeed observed
by Benmerah et a!. (28). However, involvement of this region in direct
contacts was excluded, because a GST fusion protein, including only
that portion of the human sequence, did not show appreciable binding
to AP-2 (28). Those authors, therefore, favored the possibility that the
sequence in question influences conformation and/or accessibility of
the actual binding site (28). In our hands, fusion proteins containing
determinant A alone showed detectable, albeit reduced, binding. Dif
fering sensitivities of the assays used may account for this apparent
discrepancy.

The subunit of AP-2 that binds to epsl5 in vitro is a-adaptin, in
particular its COOH-terminal ear. Some evidence for weaker binding
of eps 15 to in vitro-translated j3 subunit was also obtained; however,
a highly enriched preparation of the /3 subunit prepared by urea
extraction (29) could not be shown to bind independently to epsl5
(data not shown). Therefore, we conclude that the primary interaction
of AP-2 with epsl5 is mediated by the a ear domain. Furthermore, the
constitutive nature of this interaction is indicated by binding of epsl5
to AP-2 in lysates of cells independent of EGF exposure and to both
unassembled (soluble) and coated vesicle-derived AP-2. AP-2 has
been reported to bind to several proteins involved in vesicle traffick
ing and signal transduction at the plasma membrane, including dy
namin, (30), Src homology and collagen (31), synaptotagmin (32),
amphiphysin (30, 33), growth factor receptor binding protein 2 (33),
and AP-3 or AP18O (23). Although functional significance of many of
these interactions remains largely obscure, genetic, biochemical, and
morphological studies (34â€”38)have strongly implicated dynamin in
the invagination of the clathnn-coated pit and the formation of the
coated vesicle. It is interesting that dynamin also has been reported to
bind to the AP-2 a ear, the same domain to which we here demon
strate the binding of epsl5. To the extent that dynamin is known to be
present in clathrin-coated pits at the plasma membrane, we may infer
that eps 15 may be excluded from interaction until after detachment
from the membrane. This possibility is supported by the observation
(Fig. 2) that AP-2 bound to GST-epsl5 through the a ear fails to
recruit AP-3, which also recognizes this domain (30). More generally,

the extent to which the interaction of multiple proteins with AP-2 are
mutually exclusive is an important question that has not been re
solved.

The detection and molecular characterization of the interaction
between epsl5 and AP-2 further supports a possible role of epsl5
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L2. These results provide independent evidence for interaction of
epsl5 with AP-2 a ear without the use of proteolyzed preparations.

DISCUSSION

We report the mapping of the molecular determinants involved in
the physical association between epsl5 and AP-2. Our results are
consistent with a model in which this interaction is made possible in
vivo by direct contact(s) between the COOH-terminal portion (ear) of
the a-adaptin subunit of AP-2 and a region within domain III of
epsl5.

The interface on epsl5 contains at least three noncontiguous se
quences that appear to be involved in binding. Sequential deletions of
these three regions resulted in a progressive loss of binding ability,
suggesting that each of them can independently interact with AP-2,
but that they together support optimal binding. How this is achieved
remains to be established. In the simplest scenario, the amino acid
stretches between positions 650â€”660, 680â€”690, and 720â€”730 di
rectly contact the ear of a-adaptin. The binding surfaces would not
have to be completely contained within the indicated fragments,
because loss of binding could also be ascribed to the interruption of a
binding determinant extending across the truncation border. Alterna
tively, some of the determinants might ensure a conformation neces
sary for binding, without being directly involved in the establishment
of contacts.

We also show physical interaction between the COOH-terminal tail
of epsl5R and AP-2 in vitro. Stoichiometrically, this interaction

@a(715977)@ S

Fig. 6. Localization of the epsl5 binding site on the COOH-terminal appendage of the
AP-2 a subunit. A. Trypsin-treated AP-2 (â€”12 @sg)was incubated with GST alone.
GST-FL, or GST-L2 (each@ 10 g) coupled to GSH-Sepharose 4B. Unbound flow through
(F) and bound protein eluted with I MTris-HCI (pH 7; E) were immunobloned, along with
a proportional amount of the input (I), using antibody to the AP-2 NH2-terminal a core
(Ab 22-3) or the COOH-terminal a ear (monclonal antibody 100/2) as described in Fig.
2. Molecular weight markers (in thousands are indicated at left. B, In vitro translation
reactions containing full-length aC, full-length aA, or the COOH-terminal appendage of
aA (residues 715â€”977)were incubated with GST or GST-L2 (â€”10 pg). After washing,
bound fractions were eluted with SDS-PAGE sample buffer and analyzed by electro
phoresis and autoradiography.
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in coated pit-mediated endocytosis of the EGFR and is consistent
with a number of other studies. Indeed, there is homology between
epsl5 and End3p a protein responsible for the internalization of the
a-mating factor in yeast (3, 39). In addition, we have recently
shown that all members of the erbB family of RTKs (erbB-2,
erbB-3, and erbB-4), other than the EGFR, are endocytosis im
paired (40). Decreased rates of internalization correlated with
dramatically reduced binding to AP-2 (40) and impaired ability to
tyrosine-phosphorylate epsl5 (l).@

However, recent evidence has challenged the necessity of a direct
AP-2/EGFR interaction in receptor-mediated endocytosis (16, 17).
Mutants of the EGFR engineered to abolish stable AP-2 binding were
shown to be internalized and down-regulated at the same rate as
wild-type receptors ( 16, 17), especially under low physiological levels
of receptor expression (17). At elevated levels of receptor expression,
however, receptor mutants unable to associate with AP-2 have a
decreased rate of uptake (17). Thus, binding to AP-2 may not be the
limiting event responsible for EGFR recruitment into coated pits. An
important question that remains concerns the physiological role of
AP-2 in EGF-mediated signal transduction.

An intriguing possibility is that one ofthe functions of AP-2 is to serve
as an AP, facilitating recognition between epsl5 and the EGFR. In this
scenario, the inability of some erbB RTKs to phosphorylate epsl5 would
be the consequence of their failed recruitment into coated pits, through
determinants other than those recognizing AP-2. This would, in turn, lead
to loss of interaction with AP-2 in the coated pits and inability to recruit
epsiS as a substrate. This possibility appears to be indirectly supported by
the fact that the FYRAL-containing peptide, which is responsible for
interaction between EGFR and AP-2 (17), is well conserved in erbB-2,
which is, however, deficient in its abilities to bind AP-2 and to phospho
rylate epsiS (1).The structuralcharacterizationofthe interactionbetween
epsl5 and AP-2 should provide the rationale to design experimental
strategy aimed at verifying this hypothesis.
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