Molecular Biology of the Cell
Vol. 10, 417-434, February 1999

Eps15 Is Recruited to the Plasma Membrane upon
Epidermal Growth Factor Receptor Activation and
Localizes to Components of the Endocytic Pathway
during Receptor Internalization

Maria Rosaria Torrisi,**t Lavinia Vittoria Lotti,*S Francesca Belleudi,*
Roberto Gradini,* Anna Elisabetta Salcini,! Stefano Confalonieri,!
Pier Giuseppe Pelicci,'T and Pier Paolo Di Fiorel

*Dipartimento di Medicina Sperimentale e Patologia, University of Roma “La Sapienza,” Rome 00161,
Italy; "Istituto San Gellicano, Rome, Italy; SIstituto Nazionale Ricerca sul Cancro di Genova, Sezione
di Biotecnologie, Rome, Italy; [Department of Experimental Oncology, European Institute of
Oncology, 20141 Milan, Italy; Tlstituto di Patologia Speciale Medica, University of Parma, Italy; and
#Istituto di Microbiologia, University of Bari, Italy

Submitted June 5, 1998; Accepted December 7, 1998
Monitoring Editor: Juan Bonifacino

Epsl5 is a substrate for the tyrosine kinase of the epidermal growth factor receptor
(EGFR) and is characterized by the presence of a novel protein:protein interaction
domain, the EH domain. Eps15 also stably binds the clathrin adaptor protein complex
AP-2. Previous work demonstrated an essential role for epsl5 in receptor-mediated
endocytosis. In this study we show that, upon activation of the EGFR kinase, eps15
undergoes dramatic relocalization consisting of 1) initial relocalization to the plasma
membrane and 2) subsequent colocalization with the EGFR in various intracellular
compartments of the endocytic pathway, with the notable exclusion of coated vesicles.
Relocalization of epsl5 is independent of its binding to the EGFR or of binding of the
receptor to AP-2. Furthermore, eps15 appears to undergo tyrosine phosphorylation both
at the plasma membrane and in a nocodazole-sensitive compartment, suggesting sus-
tained phosphorylation in endocytic compartments. Our results are consistent with a
model in which eps15 undergoes cycles of association:dissociation with membranes and
suggest multiple roles for this protein in the endocytic pathway.

INTRODUCTION represents one of the best characterized systems. In its

intracellular domain, three regions have been defined

Receptor tyrosine kinases (RTKs) are rapidly internal-
ized, through clathrin-coated pits, following binding
to the cognate ligand and activation of their intrinsic
kinase activity (reviewed in Sorkin and Waters, 1993).
After internalization, RTKSs are sorted through vesic-
ular structures into intracellular endosomal compart-
ments where decisions are made regarding whether to
recycle the receptor to the cell surface or target it to
lysosomes for degradation (Sorkin and Waters, 1993).
The epidermal growth factor (EGF) receptor (EGFR)
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that contain endocytic codes, i.e., amino acid se-
quences capable by themselves of sustaining EGFR
internalization (Chang et al., 1993). Endocytic codes
are thought to be cryptic in the unstimulated EGFR
and to be unmasked by conformational changes that
follow receptor activation and autophosphorylation
(Nesterov et al.,, 1995a). In other types of receptors,
such as cargo receptors, endocytic codes are probably
continuously exposed, thus determining constitutive
internalization. In many cases endocytic codes contain
a critical tyrosine residue, thus being known as “ty-
rosine-based” signals (reviewed in Mellman, 1996;
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Marks et al., 1997), and are interchangeable among
receptors (Chang et al., 1993). There is ample evidence
that tyrosine-based signals, in the EGFR and in other
receptors, bind directly to the clathrin adaptor protein
complex AP-2 (Glickman et al., 1989; Nesterov et al.,
1995b; Sorkin et al., 1996).

AP-2 is a heterotetrameric protein complex that cou-
ples the process of coated pit assembly to that of
recruitment of membrane receptors, through its ability
to bind to receptor endocytic codes, on the one hand,
and to clathrin, on the other (reviewed in Robinsons,
1992, 1994; Kirchhausen, 1993). It is unknown whether
AP-2 is directed to the plasma membrane solely be-
cause of its interaction with receptor endocytic codes;
however, this possibility is unlikely, because receptors
are present also in compartments to which adaptor
complexes are not normally recruited (reviewed in
Kirchhausen et al., 1997). In addition, removal of the
tyrosine-based signal, responsible for AP-2 binding, in
the EGFR did not appreciably affect internalization
kinetics (Nesterov et al., 1995b), at least at low levels of
receptor expression (Sorkin et al., 1996). Finally, there
is evidence of specificity in the endocytic machinery as
shown by the findings that EGFRs compete with
themselves but not with transferrin receptor (TfR) for
endocytosis (Dickson et al., 1983; Hanover et al., 1985;
Wiley, 1988; Wiley et al., 1991). Thus, recruitment of
AP-2 to the plasma membrane might require a dock-
ing apparatus other than the receptors themselves (re-
viewed in Kirchhausen et al., 1997). One might spec-
ulate further that different docking machineries are
responsible for endocytic specificity.

A recently discovered family of RTK substrates,
comprising the related eps15 and eps15R proteins, is
also involved in receptor-mediated endocytosis. Eps15
(Fazioli et al., 1993; Wong et al., 1994) and eps15R
(Schumacher et al., 1995; Wong et al., 1995; Coda et al.,
1998) are characterized by the presence of three copies
of a novel protein:protein interaction domain, the EH
domain (Wong et al., 1995; Di Fiore et al., 1997). A
number of observations have recently linked epsl5,
epsl5R, and other EH-containing proteins to coated
pits-mediated internalization. 1) epsl5 (Tebar et al.,
1996; Van Delft et al., 1997b) and eps15R (Coda et al.,
1998) colocalize with markers of the plasma mem-
brane clathrin-coated pits and vesicles; 2) by electron
microscopy, epsl5 is found at the rim of budding
coated vesicles (Tebar et al., 1996); 3) eps15 and eps15R
are constitutively associated with the clathrin adaptor
protein complex AP-2 (Benmerah et al., 1995, 1996;
Iannolo et al., 1997; Van Delft et al., 1997b; Coda et al.,
1998); 4) a putative 160-kDa EH-containing protein is
associated with the y-subunit of the Golgi adaptor
complex AP-1 (Robinsons and Page, 1996); 5) End3p,
an EH-containing yeast protein, is essential for endo-
cytosis of the a-factor receptor (Benedetti et al., 1994);
6) mutations in the EH domains of another yeast pro-
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tein, Panlp, impair endocytosis (Wendland et al., 1996;
Tang et al., 1997); in addition, Panlp functions as an
adaptor protein involved in the assembly of protein:
protein interactions essential for endocytosis (Wend-
land and Emr, 1998); 7) the amino acid motif NPF
(Asn-ProPhe) is a ligand for the EH domain (Salcini et
al., 1997) and functions as an internalization motif in
yeast (Tan et al., 1996); 8) microinjection of anti-eps15
or anti-eps15R antibodies inhibits endocytosis of EGF
and TfR (Carbone et al., 1997, Benmerah et al., 1998);
and 9) overexpression of a dominant negative mutant
of epsl5, comprising only its AP-2 binding region, is
also able to inhibit EGFR internalization (Carbone et
al., 1997).

In this study we analyzed the intracellular distribu-
tion of eps15 and its association with organelles of the
endocytic pathway during internalization of the
EGFR. Our observations, viewed in the context of
existing knowledge, are compatible with a model in
which eps15 might serve, at least in the case of EGFR
internalization, as a docking molecule responsible for
AP-2 recruitment to the plasma membrane. In addi-
tion, we show that eps15 colocalizes with the EGFR,
and is phosphorylated by it, in various compartments
of the endocytic pathway, raising the possibility of its
additional involvement in late steps of the endocytic
process.

MATERIALS AND METHODS

Cell lines

NIH-EGER transfectants have been described previously (Di Fiore ef
al., 1987). B82 cells, transfected with normal EGFR wild type (WT),
mutant kinase-inactive EGFR (Chen et al., 1989), and mutant EGFR
lacking the sequence for AP-2 binding (Nesterov et al., 1995b), were
kindly provided by Dr. G. N. Gill (University of California, San
Diego, CA). All cells were cultured in DMEM supplemented with
10% fetal calf serum and antibiotics. In B82 cell cultures, 2 mM
methotrexate was added to the medium

For morphological experiments, cells were serum-starved for 12 h
and incubated with EGF (100 ng/ml) (Gibco, Grand Island, NY) and
anti-EGFR 108.1 monoclonal antibody (1:100 in PBS) or with PDGF
(20 ng/ml) (Upstate Biotechnology, Waltham, MA) at 4°C for 1 h
and then warmed to 37°C for an additional 10 or 30 min or kept at
4°C before fixation. Treatment with nocodazole (20 ug/ml) to de-
polymerize microtubules was performed in NIH-EGER cells for 1 h
at 37°C before EGF addition and prolonged during incubations with
EGF as above. To label early endosomes, cells depleted of serum for
12 h were incubated in medium containing 18 nm BSA-colloidal
gold particles for 10 min at 37°C to allow their internalization in
early endocytic compartment before fixation.

Immunofluorescence and Confocal Microscopy

Cells, grown on coverslips, were fixed in methanol at —20°C for 4
min. After washing in PBS, cells were incubated for 1 h at 25°C with
an anti-eps15 affinity-purified polyclonal antibody (1 ug/ml in PBS,
described below). The bound antibodies were visualized with anti-
rabbit IgG FITC (1:100 in PBS, 30 min at 25°C) (Cappel Research
Products, Durham, NC). For microtubule staining, cells were suc-
cessively incubated with anti-tubulin monoclonal antibody (1:100 in
PBS, 1 h at 25°C) (Sigma, St. Louis, MO) and visualized with
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anti-mouse IgG TRITC (1:10 in PBS, 1 h at 25°C) (Cappel) after
appropriate washing in PBS. For Golgi apparatus identification in
immunofluorescence, NIH-EGFR cells were incubated with the lec-
tin HPA-FITC (1:10 in PBS, 1 h at 25°C) (Sigma). For AP-2 staining,
cells were incubated with anti-AP-2 monoclonal antibody (mAb)
(1:100 in PBS, 1 h at 25°C) (AP.6 mAb, kindly provided by Dr.
Alexander Sorkin, University of Colorado). For double immunoflu-
orescence, the anti-eps15 affinity-purified polyclonal antibody was
visualized with anti-rabbit IgG Texas Red (1:50 in PBS) (Jackson
ImmunoResearch, West Grove, PA) and anti-EGFR monoclonal an-
tibody or anti-AP-2 monoclonal antibody was detected with anti-
mouse IgG FITC (1:10 in PBS, 30 min at 25°C) (Cappel). Colocaliza-
tion of the two fluorescence signals was analyzed by a Zeiss Invert
Laser Scan Microscope (Zeiss, Oberkochen, Germany). To follow the
internalization of PDGFR, NIH-EGFR cells were treated with PDGF
and fixed as described above and incubated with anti-PDGFR-A
C20 polyclonal antibody (1:50 in PBS, 1 h at 25°C) (Santa Cruz
Biotechnology, Santa Cruz, CA), and the bound antibodies were
visualized with anti-rabbit IgG FITC (1:100 in PBS, 1 h at 25°C)
(Cappel).

The anti-eps15 antibody used in this study was raised against the
full-length murine eps15, recombinantly produced as a GST-fusion
protein (GST/eps15-2-907; the numbers refer to the amino acid
positions of the eps15 moiety present in the GST fusion), by immu-
nizing New Zealand rabbits. The total serum was immunopurified
by a two-step procedure involving first depletion of the anti-GST
component by three cycles of affinity chromatography on agarose-
immobilized GST and then by affinity purification onto agarose-
immobilized GST/eps15-2-907. The anti-epsl5 serum was de-
scribed in Coda et al. (1998) and shown not to cross-react with
eps15R, the other member of the eps15 family of proteins.

Immunoelectron Microscopy

Cells untreated or treated with EGF as above, and cells incubated
with BSA-gold (18 nm), were processed for postembedding immu-
nocytochemistry. Briefly, cells were fixed with 0.5% glutaraldehyde
in PBS for 1 h at 25°C, partially dehydrated in ethanol, and embed-
ded in LR White resin. Thin sections were collected on nickel grids
and immunolabeled with the anti-eps15 affinity-purified antibody
antibodies (10 pg/ml in Tris, for 1 h at 25°C) followed by protein A
colloidal gold (18 nm) prepared by the citrate method (Slot and
Geuze, 1981). In double-labeling experiments, the sections were first
incubated alternatively with anticathepsin D polyclonal antibodies
(1:100 in Tris, for 1 h at 25°C) (kindly provided by Dr. Ciro Isidoro,
University of Torino, Torino, Italy), with anti-«C subunit of AP-2,
ADb31 polyclonal antibodies (1:5 in Tris, 1 h at 25°C) (kindly pro-
vided by Dr. Alexander Sorkin, University of Colorado, Denver,
CO) or with anti-EGFR 528 monoclonal antibody (1:5 in Tris, 1 h at
25°C) (Santa Cruz Biotechnology), followed by 10 nm protein-A
colloidal gold conjugates (British BioCell International, Cardiff, UK)
and then with the anti-eps15 affinity-purified antibody followed by
18 nm protein A gold particles. Control experiments were per-
formed 1) by omission of the primary antibody or 2) by incubation
of the sections with anti-eps15 polyclonal antibody previously ad-
sorbed with the full-length eps15 protein (for 1 h at 25°C). All
sections were finally stained with uranyl acetate and lead hydrox-
ide.

In preembedding experiments, B82 cells, treated as described
above with EGF and anti-EGFR monoclonal antibody for 1 h at 4°C
and fixed or warmed to 37°C for 5 min before fixation in 0.5%
glutaraldehyde (for 30 min at 4°C), were incubated with goat anti-
mouse IgG (1:10 in PBS, for 1 h at 4°C) (Cappel), and finally labeled
with 18 nm protein-A gold particles. Cells were then processed for
conventional thin sections electron microscopy (post-fixed in 1%
osmium tetroxide, stained with uranyl acetate 5 mg/ml, dehydrated
in acetone, and finally embedded in Epon 812).

Density of the immunogold labeling, determined as gold parti-
cles/micrometer of membrane length, and the statistical analysis

Vol. 10, February 1999

Eps15 Localization and EGFR Endocytosis

were evaluated using a Sigma Scan Measurement System (Jandel
Scientific, Corte Madera, CA).

Protein Studies

Immunoprecipitation, immunoblotting, and coimmunoprecipita-
tions were performed as described previously (Fazioli et al., 1993;
Coda et al., 1998). Typically, we used 50-100 ug of total cellular
proteins for direct immunoblot analysis and 3-5 mg of total cellular
proteins forimmunoprecipitation/immunoblotting experiments. Im-
munoblots were decorated with the appropriate primary antibody
(see below) and detection was with horseradish peroxidase conju-
gated with specific secondary antisera followed by enhanced chemi-
luminescence reaction.

For coimmunoprecipitation studies, cells were lysed with a buffer
containing 1% Triton X-100 (Pierce, Rockford, IL), 50 mM HEPES,
pH 7.5, 150 mM NaCl, 10% glycerol, 1.5 mM MgCl,, 5 mM EGTA,
protease inhibitors (4 mM phenyl methylsulfonylfluoride and 100
mg/ml aprotinin), and phosphatase inhibitors (10 mM sodium or-
thovanadate and 20 mM sodium pyrophosphate); cell lysates were
used immediately, without freeze/thawing. Immunoprecipitations
and coimmunoprecipitations were performed for 1 h, and immune
complexes were recovered by adsorption to Gamma Bind G-agarose
(Pharmacia, Piscataway, NJ).

Antibodies used were 1) the described affinity-purified anti-eps15
antibody (Coda et al., 1998), 2) a commercial antiphosphotyrosine
monoclonal antibody (Upstate Biotech.), 3) a monoclonal anti-a-
adaptin recognizing both aA and «C adaptins (Sigma), 4) commer-
cial anti-shc antibodies (Santa Cruz Biotechnology), and 5) the E7
anti-EGFR peptide serum (Di Fiore et al., 1990).

RESULTS

Intracellular Localization of Eps15

As a preliminary step, we analyzed the intracellular
localization of eps15 in different cell lines. Because one
of the research goals was to investigate modifications
of the distribution of eps15 upon RTK activation, we
focused our attention on cell lines expressing EGFR,
which is able to phosphorylate eps15 efficiently (Fa-
zioli et al., 1993). In particular, two models of rodent
fibroblasts, NIH-EGFR (Di Fiore et al., 1987) and B82-
EGFR (Chen et al., 1989) cells, were used. These lines
were genetically engineered to express elevated levels
of the EGFR, in the order of 0.5-1.0 X 10° receptors/
cell.

The intracellular localization of epsl5 protein was
analyzed by indirect immunofluorescence in NIH-
EGFR cells, using a polyclonal antibody directed
against the full-length epsl5 protein. In logarithmi-
cally growing NIH-EGFRs, the signal appeared punc-
tate and dispersed throughout the cell. Signals were
present at the cell periphery and along cell projections
(Figure 1a, arrowheads) or concentrated in the perinu-
clear Golgi region (Figure la, arrows). Nocodazole
treatment, which induces dispersion and fragmenta-
tion of the Golgi apparatus by microtubule depoly-
merization, also induced a dispersion of the epsl5
perinuclear concentration (Figure 1b). Similar results
were obtained in B82-EGFR (Figure 3a;) and in A172
glioblastoma, HeLa cervical carcinoma, and CV1 mon-
key kidney cell lines (our unpublished results).
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To identify the intracellular sites and structures of
epsl5 localization, we performed immunoelectron mi-
croscopy with anti-epsl5 antibodies and protein
A-—colloidal golds on thin sections of resin-embedded
NIH-EGER cells. In logarithmically growing cells, im-
munolabeling was mostly present on small vesicles
(50-60 nm in diameter, measured using both the mag-
nification scale bar and the 18 nm gold particles as an
internal size marker) (Figure 2, arrows) distributed
either at the cell periphery and in close proximity to
the plasma membrane (Figure 2b), or in the Golgi
perinuclear area (Figure 2, a and c), juxtaposed to
Golgi cisternae. Eps15 appeared also associated with
clathrin-coated pits at the cell plasma membrane, as
shown previously (Tebar et al., 1996). Double labeling
with anti-a-adaptin antibodies indicated colocaliza-
tion of epsl5 and a-adaptin, as reported (Tebar et al.,
1996; Van Delft et al., 1997b) (Figure 2b, inset). Labeled
vesicles were also frequently observed near endoso-
mal structures (Figure 2, c and d, arrows), identified as
early endosomes by the presence inside their lumen of
internalized BSA-gold particles (15 min of internal-
ization at 37°C) (Figure 2d, arrowheads). Immunola-
beling of eps15 was not observed on the plasma mem-
branes (Figure 2, a, b, and d), on Golgi cisternae
(Figure 2, a and c) and on endosomal or lysosomal
membranes (Figure 2, c and d). In control experiments,
gold immunolabeling was drastically reduced by in-
cubation of the cell sections with anti-eps15 antibody
in the presence of the competing full-length epsl5
protein (100 wg/ml). Thus, eps15 appears mostly as-
sociated with the membranes of small vesicles located
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Figure 1. Immunofluorescence analy-
sis of the intracellular localization of
epsl5 in NIH-EGFR transfectants. (a)
The pattern of staining with anti-eps15
antibody is punctate and the small dots
are localized either at the cell periphery
and along cell projections (arrowheads)
or concentrated in the perinuclear Golgi
area (arrows). (b) After treatment with
nocodazole, resulting in microtubule de-
polymerization and subsequent Golgi
fragmentation, the dots appear dis-
persed from the perinuclear cluster. The
disrupting effect of nocodazole on mi-
crotubules was established by double
staining with anti-tubulin antibodies.
Bar, 5 um. The anti-eps15 staining in this
and all subsequent experiments was ob-
tained with the described affinity-puri-
fied anti-epsl5 antibody. In addition,
comparable results were obtained using
anti-eps15 monoclonal antibodies).

in peripheral as well as perinuclear regions. The intra-
cellular distribution of these vesicles, frequently ob-
served in the proximity of plasma membranes, Golgi
cisternae, and endosomes, suggests that they may rep-
resent transport carriers of the endocytic pathway.

Eps15 is redistributed during EGFR and PDGFR
endocytosis: redistribution depends on kinase
activity of the receptors and is controlled by
microtubules

Epsl5 is a substrate for activated RTKs, including
EGEFR; however, the subcellular localization of eps15 is
not modified by EGF treatment (Tebar et al., 1996; Van
Delft et al., 1997b; our unpublished results), even when
receptor-saturating doses (100 ng/ml, equivalent to 17
nM) of the ligand are used. This result somehow con-
flicts with the postulated role of epsl5 in receptor-
mediated endocytosis (Carbone et al., 1997; Benmerah
et al., 1998): a dynamic process involving rapid and
progressive sorting of molecules in various cellular
compartments. One possible explanation is that the
various pools of epsl5 (coated pits-associated, small
vesicle-associated, trans-Golgi network-associated)
evidenced in immunoelectron microscopy (Figure 2)
are in a dynamic equilibrium, possibly controlled by
rapidly reversible posttranslational modifications of
epsl5. If this were the case, redistribution of epsl5
should become evident upon induction of a synchro-
nous wave of receptor-mediated endocytosis. In an
attempt to achieve this, we treated NIH-EGFR or B82-
EGER cells with receptor-saturating doses of EGF (100
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Figure 2. Immunoelectron mi-
croscopic analysis of epsl5 local-
ization. NIH-EGEFR cells were res-
in-embedded, and thin sections
were immunolabeled with anti-
eps15 antibody and protein A-g-
old. (a—c) Gold particles (18 nm)
are associated with small vesicles
located either at the cell periphery
and close to the plasma membrane
(b, arrows) or in proximity to
Golgi complexes (a and ¢, arrows)
and to endosomal and lysosomal
structures (c). Immunolabeling for
epsl5 appears also present at the
cell surface in clathrin-coated pits,
identified by double labeling with
antibody to the a subunit of AP-2
(detail in b, epsl5: large golds;
AP-2: small golds). (d) Immuno-
gold particles corresponding to
epsl5 (arrows point to small
golds) are frequently seen on ves-
icles located close to early endo-
somes identified by internalized
BSA-gold (arrowheads point to
large golds). er, Endoplasmic re-
ticulum; M, mitochondrion; PM,
plasma membrane; G, Golgi com-
plex; cp, clathrin-coated pit; E, en-
dosome; Ly, lysosome; EE, early
endosome. Bars, 0.2 um.

ng/ml) at 4°C, a temperature that is nonpermissive for
EGFR internalization, albeit allowing its catalytic acti-
vation. After receptor loading, cells were shifted to
37°C for different time points to permit endocytosis.
Under these various conditions we analyzed, by dou-
ble immunofluorescence, the localization of eps15 and
EGEFR. To selectively follow internalizing receptors,
cells were incubated simultaneously with EGF and a
monoclonal antibody directed against the EGFR extra-
cellular portion, which does not compete for EGF
binding and does not induce receptor cross-linking
and internalization.

Figure 3 shows a confocal analysis of B82-EGFR cells
under various conditions. In logarithmically growing
cells, as expected, the epsl5 signal (red) appeared
punctate and distributed throughout the cell, with
only marginal enrichment at the cell periphery (Figure
3a,). The EGEFR signal (green) appeared mostly asso-
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ciated with the plasma membrane (Figure 3a,), and
only a modest amount of colocalization was visible by
superimposition of the red and green signals in the
three-dimensional reconstruction (colocalized epsl15
and EGFR appear in yellow) (Figure 3a;). Treatment
with EGF for 1 h at 4°C dramatically induced recruit-
ment of epsl5 to the plasma membrane and substan-
tially increased colocalization of eps15 and EGFR at
the cell surfaces (Figure 3b). Subsequent warming to
37°C for 10 min induced redistribution of epsl5 to-
ward central areas of the cells (Figure 3c;), where the
epsl5 punctate signal colocalized with dots corre-
sponding to internalized EGFR (Figure 3c,). After 30
min of warming, both eps15 (Figure 3d,) and EGFR
(Figure 3d,) signals appeared concentrated in the pe-
rinuclear area. Thus activation of the EGFR kinase
induced recruitment of epsl5 at the plasma mem-
brane, and synchronous triggering of endocytosis pro-
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Figure 3. Confocal microscopic analysis of the distribution of eps15 (red: rhodamine staining) and EGFR (green: fluorescein staining) in B82
cells expressing EGFR WT. (a) Untreated cells; (b) cells treated with EGF for 1 h at 4°C; (c) cells treated with EGF for 1 h at 4°C and warmed
to 37°C for 10 min; (d) cells treated with EGF for 1 h at 4°C and warmed to 37°C for 30 min. The extent of colocalization, assessed by
superimposing red and green signals, is shown in yellow (panels labeled 3). Bar, 10 um.
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voked redistribution of eps15 to the perinuclear area.
In both cases eps15 signals colocalized with those of
EGFR, indicating the presence of eps15 in the intracel-
lular sites of trafficking of the receptor. Of note, redis-
tribution and colocalization of eps15 with the EGFR
involved a sizable fraction of the eps15 pool, but not
its totality.

Parallel confocal analysis of B82-EGFR cells treated
with EGF as above and double-labeled with anti-a-
adaptin (green signal) and anti-eps15 (red signal) an-
tibodies indicated colocalization of epsl5 and a-adap-
tin (yellow signal) mostly at the cell plasma membrane
after treatment with EGF for 1 h at 4°C (Figure 4a;_s)
and in the perinuclear area after an additional 30 min
of warming at 37°C (Figure 4b,_;). Similarly coimmu-
noprecipitation between a-adaptin and eps15 was not
affected by treatment with EGF (Figure 4C). Thus,
colocalization and physical association of epsl5 and
AP-2, which has been already demonstrated in EGF
untreated cells (Tebar et al., 1996, Van Delft et al.,
1997b), persists during redistribution of eps15 toward
the plasma membrane at 4°C of EGF treatment and
toward the perinuclear area after EGFR internaliza-
tion.

Redistribution of eps15 during endocytosis was to-
tally dependent on kinase activity of the EGFR. We
used a kinase-defective EGFR mutant, which does not
internalize in response to the ligand (Chen et al., 1989;
Wiley et al., 1991). The results revealed 1) no redistri-
bution of eps15 after treatment with EGF either at 4°C
or during subsequent warming to 37°C, 2) unper-
turbed distribution of EGFR kinase-defective mutant,
as expected (Wiley et al., 1991), and 3) low levels of
colocalization of epsl5 and EGFR kinase-defective
mutant at all time points.

Similar results were obtained in NIH-EGFR cells
that were subjected to the same protocol of treatment
with either EGF or PDGF (our unpublished results). In
addition, treatment with nocodazole for 1 h at 37°C
before EGF binding and warming to 37°C for 30 min
prevented epsl5 (Figure 5c) and EGFR (Figure 5d)
redistribution toward the juxtanuclear region of the
cell. Because depolymerization of microtubules pre-
vents late steps of EGFR endocytosis (Gruenberg and
Maxfield, 1995), it appears that eps15 colocalizes with
EGFR along the entire pathway of receptor internal-
ization.

Eps15 is localized first on early and then on late
endosomes during EGFR endocytosis

To identify the intracellular structures involved in
epsl5 redistribution during EGFR endocytosis, we
performed immunolabeling with anti-eps15 monoclo-
nal antibody (mAb) and protein A-colloidal gold con-
jugates of thin sections of NIH-EGFR resin-embedded
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cells incubated with EGF at 4°C and fixed or warmed
to 37°C for 10 or 30 min, to allow receptor internaliza-
tion before fixation. Double immunolabeling of EGFR
and epsl5 was also performed. After treatment with
EGF at 4°C, immunogold labeling of epsl5 appeared
to be present mostly on small vesicles closely apposed
to the plasma membrane or associated with surface
pits, as expected (Table 1). Warming to 37°C for 10
min induced immunogold association with endoso-
mal structures (Figure 6a, arrows, and Table 1) and
with vesicles mostly located close to the Golgi com-
plex (Figure 6a). Colocalization of eps15 (large golds)
and EGFR (small golds) was observed on clathrin-
coated pits at the cell surface (Figure 6a, left inset), on
small noncoated vesicles, and on early endosomes
(our unpublished results). Interestingly, clathrin-
coated vesicles juxtaposed to the plasma membrane
were positively labeled only for EGFR, appearing neg-
ative for eps15 (Figure 6a, right inset). After 30 min of
warming, gold labeling of eps15 appeared confined to
the perinuclear area (Figure 6b), frequently associated
with the membranes of endosomes (Table 1) identified
as late endosomes by morphological criteria (Figure
6b), and in double-labeling experiments by positive
reaction to cathepsin D, a marker of late endosomes
and lysosomes (Figure 6¢). At the 30-min time point of
warming, endosomes and vesicles at the cell periphery
appeared unlabeled (Figure 6b). Similar results were
obtained in B82-EGFR cells. Thus, epsl5 appears to
associate with endosomal membranes after EGFR en-
docytosis and down-regulation.

Biochemical Events Involved in Eps15
Redistribution and Colocalization with EGFR
during Endocytosis

A simple mechanism to account for recruitment of
epsl5 to the plasma membrane upon EGFR activation
is binding to the activated EGFR. There is discordance
in the literature as to whether epsl5 can associate,
directly or indirectly, with the EGFR in vivo (Fazioli et
al., 1993; Van Delft et al., 1997b). In B82-EGFR (Figure
7A) or in NIH-EGER cells (our unpublished results),
we were consistently unable to evidence coimmuno-
precipitation of the EGFR with eps15. This was true
also in the case in which cells were treated with 100
ng/ml EGF for 2 h at 4°C (Figure 7A), a condition that
maximizes association of eps15 with the plasma mem-
brane (Figure 3b,). Of note, under the same conditions
of coimmunoprecipitation, EGF-dependent associa-
tion of the a subunit of the AP-2 clathrin adaptor
complex protein with EGFR was readily detectable
(Figure 7A). EGFR/AP-2 association was evident
when stimulation with EGF was performed at 37°C,
but not at 4°C, as reported previously (Sorkin and
Carpenter, 1993), because this latter condition pre-
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Figure 4. Association between epsl5 and AP-2 in various conditions of EGF treatment. (a, b) Confocal microscopic analysis of the
distribution of eps15 (red: rhodamine staining) and AP-2 (green: fluorescein staining) in B82 cells expressing EGFR WT. (a) Cells treated with
EGF for 1 h at 4°C; (b) cells treated with EGF for 1 h at 4°C and warmed to 37°C for 30 min. Colocalization of the two signals is shown in
yellow (panels labeled 3). Bar, 10 um. (c) Coimmunoprecipitation of epsl5 and a-adaptin. B82 cells expressing wild-type EGFR were
serum-starved for 24 hours and then treated with EGF (100 ng/ml) for 1 h at 4°C (lane labeled 1h 4°C). Cells were then shifted to 37°C for
the indicated lengths of time (lanes labeled 4°C — 37°C). Total cellular lysates (4 mg) were immunoprecipitated with anti-eps15 antibody and
subjected to immunoblots with anti-eps15 (top) or anti-a-adaptin (bottom). The lanes labeled Lys were loaded with 100 ug of total lysates
to serve as a reference. Positions of eps15 and a-adaptin are indicated by arrows. The shift in mobility of eps15, upon EGF treatment, visible
in the top panel, has been described and is probably caused by monoubiquitination.

vents recruitment of activated EGFR into coated pits, eral binding partners, such as AP-2, NUMB, and
where interaction with AP-2 takes place. In addition, RAB/Rip (Iannolo et al., 1997; Salcini et al., 1997; Coda
under the same conditions of coimmunoprecipitation, et al., 1998). Thus we favor the hypothesis that recruit-
we could readily detect association of eps15 with sev- ment of epsl5 to the plasma membrane is not caused
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Figure 5. Immunofluorescence analy-
sis of the redistribution of epsl5 during
EGFR endocytosis in NIH-EGFR cells
treated with nocodazole. Double stain-
ing of epsl5 (left panels) and of EGFR
(right panels) on NIH-EGFR cells
treated with EGF and anti-EGFR mAb
for 1 h at 4°C and then warmed for 30
min at 37°C, in the absence (a and b) or
presence (c and d) of nocodazole. Treat-
ment with EGF at 4°C followed by incu-
bation for 30 min at 37°C induces con-
centration of the epsl5 and EGFR
signals in the perinuclear area (a and b,
respectively). Treatment with nocoda-
zole blocks the redistribution of both
eps15 and EGFR toward the central por-
tion of the cell, keeping the signals at the
cell periphery (c and d). Bar, 5 um.

by a stable detergent-resistant association between
epsl5 and the EGFR.

A hypothetical association between EGFR and
epsl5, however, could be indirect and mediated by
adaptor molecule(s). Under this scenario it might also
be more difficult to detect significant coimmunopre-
cipitation between EGFR and eps15. The best candi-
date for such an adaptor role is AP-2. Eps15 is consti-
tutively associated with AP-2 (Benmerah et al., 1995,
1996; Iannolo et al., 1997; Van Delft et al., 1997b). AP-2
in turn binds to EGFR upon EGF-induced activation of
the receptor (Sorkin and Carpenter, 1993). To investi-
gate the role of the constitutive interaction of epsl5
with AP-2 in determining redistribution of eps15 and
colocalization of eps15 with EGFR during receptor
internalization, we used B82 cells expressing a mutant
form of EGFR deficient in AP-2 binding (Nesterov et
al., 1995b). This mutant (EGFR958f993-1186, hence-

Eps15 Localization and EGFR Endocytosis

forth referred to as EGFRAAP-2) bears an interstitial
deletion between amino acids 959 and 992 that re-
moves the binding site for AP-2 and does not coim-
munoprecipitate with AP-2 (Nesterov et al., 1995b)
(Figure 6B).

Double immunofluorescence and confocal analysis
were performed to evaluate epsl5 redistribution and
colocalization with the EGFRAAP-2 mutant. A re-
markably similar behavior of eps15 redistribution and
EGEFR internalization, as well as extent of colocaliza-
tion, was observed in the cells expressing WT (Figure
3) or mutant (Figure 8) receptors. In the absence of
EGF treatment, the signal corresponding to epsl5 in
B82-EGFRAAP-2 cells (Figure 8a;) revealed the same
intracellular localization described for untreated B82-
EGEFR cells (Figure 3a,), and the EGFRAAP-2 appeared
localized to the plasma membranes as expected (Fig-
ure 8a,). Treatment with EGF for 1 h at 4°C induced

Table 1. Quantitation of eps 15 gold immunolabeling associated with the plasma membrane and endosomal membranes in NIH-EGER cells

after EGF binding and internalization

Plasma membrane
(golds/pum = SEM)

Late endosomes
(golds/um * SEM)

Early endosomes
(golds/um = SEM)

No EGF 0.7*=0.1
EGF 1 h 4°C 1505
EGF 1 h 4°C + 10 min 37°C 03 =01
EGF 1 h 4°C + 30 min 37°C 04=*01

02=01 0

02=*x04 0.1 =05
21*03 05=*02
0717 23*+02

Immunolabeling density was determined by counting the number of gold particles per micrometer length of plasma membrane and of early
or late endosome membranes. For each time point, 15 images of plasma membrane profiles and of single organelle membranes were analyzed.
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Figure 6. Immunoelectron microscopic
analysis of eps15 redistribution during EGFR
endocytosis. NIH-EGFR cells were treated
with EGF for 1 h at 4°C and warmed to 37°C
for 10 min (a) or 30 min (b and c). After 10
min of warming, gold immunolabeling ap-
pears associated with endosomal membranes
(a, arrows) and vesicles mostly localized in
proximity to Golgi cisternae (a). Colocaliza-
tion of epsl15 (large golds) and EGFR (small
golds) is observed on clathrin-coated pits at
the cell surface (Figure 5a, left inset; eps15:
arrow, EGFR: arrowhead), whereas clathrin-
coated vesicles juxtaposed to the plasma
membrane appear positively labeled only for
EGEFR (Figure 5a, right inset, arrowhead). At
30 min of warming, gold particles are present
in the central perinuclear region of the cell (b
and c), close to Golgi complexes (c), and
around late endosomes (b and c) positive for
cathepsin D (small golds in c). In b, the arrow
points to a vesicle positively labeled for eps15
in the process of fusion with a late endosome.
Nu, Nucleus; LE, late endosome; cv, clathrin-
coated vesicle. Bars, 0.2 um; insets in a, 0.1
.
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Figure 7. Association of AP-2 or eps15 with EGFR WT or a mutant deficient in AP-2 binding (EGFRAAP-2). B82 cells expressing wild-type
EGER (A) or the AP-2-binding mutant EGFR (B) were serum-starved for 24 hours (SF) and then treated with EGF (100 ng/ml) for the
indicated times. In some case, as indicated, EGF treatment was performed at 4°C after 24 h of serum starvation at 37°C, followed by 2 h of
serum starvation at 4°C. Total cellular lysates were then immunoprecipitated with the anti-EGFR antibody E7 and subjected to immunoblots
with (from top to bottom): anti-eps15 (5 mg of lysates), anti-a-adaptin (5 mg of lysates), anti-pTyr (1 mg of lysate), anti-EGFR (1 mg of lysate).
The lanes labeled Lys were loaded with 50 ug of total lysates to serve as a reference. The positions of eps15, a-adaptin, and EGFR are

indicated by arrows.

recruitment of epsl5 to the plasma membranes and
increased colocalization of eps15 and EGFRAAP-2 at
the cell surfaces (Figure 8b,_;). Warming to 37°C for 10
min (Figure 8c) or for 30 min (Figure 8d) resulted in
epsl5 redistribution and EGFRAAP-2 endocytosis, as
described above for B82-EGEFR cells (Figure 3). At both
time points of warming, high levels of colocalization
of the two signals were evident in correspondence of
the intracellular sites of trafficking of EGFR (Figure 8,
¢; and dj). Therefore, eps15 colocalization with EGFR
is not dependent on AP-2 binding to the receptors.
To ascertain whether the observed EGFR internaliza-
tion process was occurring through clathrin-coated pits,
also in the absence of AP-2 interaction with the receptors,
we performed immunoelectron microscopy on B82 cells
expressing EGFR WT or mutant EGFRAAP-2. Cells were

Vol. 10, February 1999

treated with EGF and anti-EGFR mAb at 4°C as above
and then warmed to 37°C for 5 min to allow receptor
clustering into coated pits at the plasma membrane. In
cells expressing both types of receptors, immunogold
labeling of EGFR appeared localized in clathrin-coated
pits upon warming to 37°C (Figure 9 and Table 2). This
observation implies that EGFR may enter into clathrin-
coated pits independently on AP-2 binding and suggest
that eps15, which colocalizes with EGFR also indepen-
dently on AP-2, may play a role in this first step of
internalization. Interestingly the EGFRAAP-2 is compe-
tent for eps15 tyrosine phosphorylation, with a kinetics
virtually indistinguishable from wild-type EGFR (Figure
10A), indicating that a hypothetical recruitment of eps15
to the EGFR through AP-2 is not necessary for eps15 to
serve efficiently as a kinase substrate.
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Figure 8. Confocal microscopy of B82 cells expressing a mutant EGFR deficient in AP-2 binding (EGFRAAP-2). Legend as in Figure 3.
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Figure 9. Surface immunogold labeling with anti-EGFR mAb of
B82 cells expressing EGFR WT (a—c) or EGFRAAP-2 mutant (d).
After incubation with EGF for 1 h at 4°C (a), EGFRs are distributed
over the cell plasma membranes, preferentially associated with the
microvilli, and excluded by clathrin-coated pits (a, arrowhead).
After warming to 37°C for 5 min, either WT EGFRs (b and c) or
mutant EGFRs (d) appear clustered over the nonvillous portions of
the plasma membrane (b) and inside clathrin-coated pits (c and d,
arrowheads). Bars, 0.5 um.

Eps15 Localization and EGFR Endocytosis

Tyrosine Phosphorylation of Eps15 during Receptor
Internalization

The observation that epsl5 colocalizes with the
EGFR at various steps in the internalization route
raises the question of whether eps15 can be phos-
phorylated by the receptor at locations other than
the plasma membrane. This possibility is indirectly
supported by the fact that the time-dependent ki-
netics of epsl5 tyrosine phosphorylation by EGFR
(Figure 10B) shows frequently a biphasic behavior
with two peaks of phosphorylation, one around 5
min and a second between 20 and 30 min of EGF
addition. This behavior is even more pronounced if
EGF is added at nonreceptor saturating doses (10
ng/ml equal to 1.7 nM) (Figure 10B). Thus the ap-
parent biphasic time kinetics could be the result of
prolonged phosphorylation occurring in some en-
dosomal compartment.

To gain insight into this issue we analyzed the phos-
photyrosine (pTyr) content of eps15 in cells stimulated
with EGF in the presence or absence of nocodazole. In
parallel, under the same conditions, we analyzed the
pTyr content of shc, an EGFR substrate whose phos-
phorylation is likely to occur exclusively at the plasma
membrane, because its localization is not altered un-
der conditions designed to inhibit EGFR endocytosis
(Lotti et al., 1996). As shown in Figure 11, a and b,
nocodazole treatment did not affect the initial phases
of epsl5 phosphorylation (1 min) but severely de-
creased the pTyr content at 5 and 30 min. As expected,
shc tyrosine phosphorylation was unaffected by no-
codazole treatment at all time points (Figures 11, d
and e). A simple model to explain these results is that
eps15 is subjected to a first wave of phosphorylation
by the EGFR concomitantly to its recruitment to the
plasma membrane, a step that should be nocodazole-
insensitive. Subsequently, eps15 might be subject to
further phosphorylation by the receptors, even in the
late phases of the endocytic process, which are no-
codazole-sensitive.

Table 2. Quantitative distribution of EGFR immunogold labeling on the surface of B82 cells expressing EGFR and EGFRAAP-2 after EGF

binding and internalization

Total um length Total number

Gold particles/ Gold particles/

of plasma of gold wm over wm over  Gold particles/

membrane particles  Gold particles/ villous surface  nonvillous  um in clathrin-

analyzed counted pm * SEM + SEM surface £ SEM  coated pits
EGFR (EGF 1 h 4°C) 183.9 1425 79 *08 11.8 = 0.5 55*1.0 03 =03
EGFRAAP-2 (EGF 1 h 4°C) 138.1 1283 99*12 13.8 =14 64*1.0 0.7*04
EGFR (EGF 1 h 4°C + 5 min 37°C) 223.1 846 38+03 31x04 43*+03 27*08
EGFRAAP-2 (EGF 1 h 4°C + 5 min 37°C) 182.5 789 42*05 29*04 4707 34*07

For each time point of EGF treatment, 10 plasma membrane profiles and 20 clathrin-coated pits, randomly photographed from two different

experiments, were analyzed.
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Figure 10. Tyrosine phosphor-
ylation of eps15 by EGFR WT or
by EGFRAAP-2. (A) B82 cells ex-
pressing wild-type EGFR (top)
or the AP-2-binding mutant
EGFR (bottom) were serum-
starved for 24 h and then treated
with EGF (100 ng/ml) for the
indicated times. Total cellular
lysates (2 mg) were then immu-
noprecipitated with the anti-
eps15 antibody and subjected to
immunoblots with anti-pTyr.
The position of epsl5 is indi-
cated by arrows. (B) Time kinet-
ics of eps15 tyrosine phosphory-
lation in B82-EGFR cells treated
with various concentrations of
EGF. pTyr-containing eps15 was
assessed by immunoprecipita-
tion/blotting experiments, as in
A. Densitometric scans of the
blot were obtained, and results
are reported after correction for
the amount of eps15 immuno-
precipitated revealed by strip-
ping of the blots and decoration
with an anti-eps15 antibody.

Interestingly, when EGF treatment was performed
at 4°C, eps15 was still tyrosine-phosphorylated (Fig-
ure 11C), albeit with a delayed kinetics, with respect
to shc (Figure 11D). A quantitative assessment of
these latter results is impossible, because too many

EGF (min)

Epsl5 &

——
e

She b-|:

variables are unaccounted for, including kinase ef-
ficiency of the EGFR and phosphatase(s) activity in
vivo at 4°C versus 37°C; however, it appears as if
phosphorylation of eps15 by the EGFR at the plasma
membrane does not require recruitment of the re-

Figure 11. Tyrosine phosphory-
lation of eps15 and shc under var-
ious conditions of EGF treatment.
B82-EGFR cells were serum-
starved for 24 hours (0) and then
treated with EGF (100 ng/ml) for
the indicated times. In A and D,
cells were treated at 37°C after
serum starvation at 37°C; in B and
E, cells were treated at 37°C after
serum starvation at 37°C and
treatment in the presence of no-
codazole (20 pg/ml for 1 h; no-
codazole was kept also during
EGF stimulation). In C and F, cells
were serum-starved at 37°C and
| for an additional 2 h at 4°C, fol-

ipt: anti-Eps15

wh: anti-pTyr

ipt: anti-She
— A —

wh: anti-pTyr

37°C Nocodazole
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lowed by treatment with EGF at
4°C. Total cellular lysates (2 mg)
were immunoprecipitated with
either an anti-eps15 (A-C) or an
anti-shc (D-F) antibody and then
immunoblotted with anti-pTyr.
The positions of eps15 and shc are
indicated by arrows.
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ceptor into coated pits, this phenomenon being in-
hibited at 4°C.

DISCUSSION

The endocytic pathway followed by RTKs, and in
particular by EGFR, has been widely studied (re-
viewed in Sorkin and Waters, 1993). Upon ligand
binding, EGFR enters clathrin-coated pits at the cell
surfaces, is internalized by clathrin-coated vesicles,
and reaches early endosomes where sorting occurs to
the plasma membrane for receptor recycling or to late
endosomes and lysosomes for down-regulation. Sev-
eral lines of evidence (reviewed in Di Fiore et al., 1997)
suggest that eps15 plays a role in the control of endo-
cytosis, a possibility that is antagonized, however, by
the observation that epsl5 distribution does not
change appreciably upon ligand-induced endocytosis
of the EGFR (Tebar et al., 1996; Van Delft et al., 1997b).
We were conversely able to show that the eps15 un-
dergoes dramatic relocalization during EGFR endocy-
tosis, by first being recruited to the plasma membrane
and then colocalizing with the EGFR in early and late
endosomes.

In our opinion, the initial relocalization of eps15 to
the plasma membrane deserves particular attention.
Two major models for RTK-mediated internalization
have been proposed. In the first, ligand-bound recep-
tors enter coated pits simply by virtue of their random
lateral mobility in the plasma membrane. Once they
reach the pit, they are retained by specific components
of the pit machinery. The best candidate for such a role
is the clathrin adaptor complex protein AP-2. In the
EGER system, AP-2 binds in a ligand-dependent man-
ner (Sorkin and Carpenter, 1993) to a tyrosine-based
signal, which is part of one of the three endocytic
codes present in the C-terminal portion of the EGFR.
Binding of AP-2 to the EGFR requires activation of the
receptor kinase activity, autophosphorylation, and
conformational changes that probably unmask the
binding site; however, endocytosis of EGFR is a sec-
ond-order saturable process, likely involving compe-
tition among EGFRs for a downstream component of
the endocytic machinery (Lund et al., 1990). Quantita-
tive considerations (reviewed in Nesterov et al., 1995b)
militate against AP-2 being such a component. In ad-
dition, AP-2-binding mutants of the EGFR display
unperturbed internalization kinetics (Nesterov et al.,
1995b), at least at low levels of receptor expression
(Sorkin et al., 1996). In addition, evidence has been
provided that a tyrosine kinase substrate, different
from EGEFR itself, is needed for efficient recruitment
into coated pits of ligand-activated EGFR (Lamaze
and Schmid, 1995).

In a second model, a membrane-bound docking ap-
paratus (or several receptor-specific apparatuses)
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might exist that facilitates targeting of receptors to
coated pits. The docking molecule (or a component of
the docking apparatus) might coincide with the afore-
mentioned tyrosine kinase substrate, other than the
EGEFR. Epsl5 possesses several of the characteristics
that fit this role: 1) it is an EGFR substrate (Fazioli et
al., 1993); 2) it is an essential component of the endo-
cytic pathway (Carbone et al., 1997); 3) it localizes to
the plasma membrane and colocalizes with the EGFR
after ligand stimulation (this study); and 4) it is con-
stitutively bound to AP-2 (Benmerah et al., 1995). One
might thus postulate that constitutive nonplasma
membrane-bound epsl5/AP-2 complexes are re-
cruited to the plasma membrane by EGFR-induced
posttranslational modifications of epsl5. Tyrosine
phosphorylation is the most obvious candidate for
such a modification, albeit other modifications, such
as the recently shown monoubiquitination of epsl5
(Van Delft et al., 1997a), cannot be excluded at this
stage. The relocalization of AP-2 to the plasma mem-
brane can then trigger assembly of the clathrin lattice
and receptor retention into the pit through various
mechanisms (reviewed in Kirchhausen et al., 1997). At
this stage eps15 might dissociate from AP-2, as indi-
cated by recent findings of Cupers et al. (1998).

The above model would predict that plasma mem-
brane relocalization and tyrosine phosphorylation of
epsl5 are independent of binding of AP-2 to the re-
ceptor: a prediction that was experimentally validated
in this study. In addition, this model would easily
accommodate experimental findings such as the pref-
erential localization of eps15 at the rims of the coated
pits (Tebar et al., 1996). As originally pointed out by
Tebar et al. (1996), the localization of eps15 at the rims
of coated pits is surprising, because AP-2, the binding
partner, is localized throughout the coat profile. This
observation led Kirchhausen et al. (1997) to postulate
that eps15 might undergo cycles of binding to and
release from AP-2 during coat assembly. In our pro-
posed model, the location of eps15 at the rim, which is
likely the growing part of a forming pit, would be
self-explanatory, if eps15 were to function as a dock-
ing/recruiting molecule.

Recruitment of eps15 to the plasma membrane does
not require a stable detergent-resistant physical inter-
action (direct or indirect) between eps15 and the EGFR
(this study). In addition, a stoichiometrically signifi-
cant interaction between eps15 and EGFR could not be
immediately reconciled with the absence of epsl5
from the deeper parts of coated pits (Tebar et al., 1996)
where EGFR and AP-2 are abundant. Indeed, there is
discordance in the literature as to whether epsl5 is
complexed to the EGFR in vivo (Fazioli et al., 1993;
Van Delft et al., 1997b; this study). Part of the differ-
ences can be cell-specific because in a survey of several
cell lines expressing the EGFR we identified some cell
lines in which eps15 and EGFR can indeed be coim-
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munoprecipitated (our unpublished results), albeit
with rather low stoichiometry: <1% of the eps15 pool.
The lack of universality of the phenomenon and its
quantitative limitedness appear to militate against its
relevance; however, one can envision a transitory, un-
stable interaction between epsl5 and EGFR at the
recruiting edge of the pit, which might account for all
of the above observations.

An interesting finding is that in addition to the
expected association with coated pits at the cell sur-
face, epsl5 is localized on intracellular vesicles not
only peripheral, but also perinuclear. EGFR activation
and endocytosis determines first a recruitment of
epsl5 at the cell surface and later a redistribution
toward the central area of the cell. This phenomenon,
although not involving the total eps15 pool, clearly
reflects the behavior of a large amount of eps15 mol-
ecules. In addition, eps15 colocalizes with the EGFR
during endocytosis. Thus, our findings pose the ques-
tion as to whether eps15 is “trafficked” with the EGFR
from the plasma membrane to the endosomes or
whether it is “targeted” to endosomal membranes. We
note that although we were able to readily detect
association of eps15 with coated pits and early and
late endosomes, we could not detect its presence in
clathrin-coated vesicles. This result is consistent with
those reported by Cupers et al. (1998), who showed
that purified coated vesicles contain negligible
amounts of epsl5 and that epsl5 is lost during coat
assembly in vitro. Thus, we favor the possibility that
multiple cycles of association:dissociation of eps15
with membranes occur as the EGFR moves forward in
the endocytic pathway. The molecular determinants
involved in the “retargeting” of epsl5 to endosomes
are unknown; however, the kinetics of eps15 tyrosine
phosphorylation correlates with its reassociation to
endosomes. A late peak of epsl5 tyrosine phosphory-
lation occurs, in fact, in a nocodazole-sensitive com-
partment. Thus, in analogy with what we propose for
epsl15 recruitment to the plasma membrane, the EGFR
might be able to phosphorylate eps15 in the endoso-
mal compartment, thereby determining its association
with endosomal membranes.

Also somewhat surprising is our finding that eps15
colocalizes with a-adaptin not only at the plasma
membrane, in cells treated with EGF at 4°C, but also in
perinuclear structures after warming at 37°C. We do
not know whether these structures also contain inter-
nalized EGFR, thus representing bona fide early or
late endosomes. On the basis of current knowledge,
this possibility appears unlikely. These structures,
however, might represent intermediate carrier vesi-
cles, other than endosomes, involved in the receptor
transport and/or sorting along the endocytic path-
way.

The retargeting of epsl15 to endosomes, after its dis-
sociation from coated vesicles, strongly suggests that
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epsl5 plays a role in the late steps of endocytosis,
different from that exerted at the plasma membrane
level in the formation of coated pits. Indeed some
molecular evidence already exists that these two pu-
tative functions of epsl5 can be dissociated. We have
shown previously that microinjection of anti-epsl5
antibodies efficiently inhibits internalization of EGFR
(Carbone et al., 1997). In addition, overexpression of a
dominant negative mutant comprising only the AP-2
binding region of eps15 (L2 region) inhibited internal-
ization of EGFR and establishment of successful infec-
tion by Sindbis virus, which is known to require
coated pits-mediated internalization of the virus (re-
viewed in Marsh and Helenius, 1989). Surprisingly, an
epsl5 mutant encompassing only its three EH do-
mains had no effect on EGFR internalization but com-
pletely inhibited Sindbis infection (Carbone et al.,
1997; our unpublished observations). One possible ex-
planation for this discrepancy is that the inhibition by
EH domains is exerted at a step in the endocytic
pathway other than internalization, as for example in
the transport from early endosomes to the more acidic
late endosomes, a step required for viral fusion and
infection (Marsh and Helenius, 1989). If this were true,
it would direct the attention regarding a possible role
of epsl5 in late endocytosis to the protein:protein in-
teraction abilities of the EH domain, an intriguing
possibility that warrants further investigation.
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