


epsl5 AND epsiSR IN ENDOCYTOSIS

Fig. 1. Endocytosis of EGF and EGFR in CV-1 cells. Cells were incubated with rhodamine-EGF (red; A, C, D, and F) or EGF (B and E) at 4°C for 60 min (A, B, and C) and shifted
to 37°C for 15 min (D, E, and F). In panels C and F, cells were acid-washed for 6 min with ice-cold 0.2 M acetic acid (pH 2.8) and 0.5 M NaCl to remove surface-bound EGF. The
EGFR (B and E) was visualized by staining with the monoclonal Ab Ab-1, followed by Cy3-conjugated (red) goat antimouse IgG. In all panels, nuclei counterstained with DAPI are
visible in blue. All of the images were obtained using single fluorochrome filter sets for either rhodamine, fluorescein, or DAPI; recorded by a charge-coupled device camera (JVC,
Japan); and merged using a computer analysis program.
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Fig. 2. Inhibition of endocytosis of EGF and transferrin in CV-1 cells by Abs to eps15 and eps15R. Cells were microinjected with polyclonal Abs specific for eps15 (A and D) or
epsISR (B and E) or with control rabbit IgG (C and F) and then incubated with rhodamine-EGF (red; A, B, and C) or rhodamine-transferrin (red; D, E, and F). Injected cells were
identified using FITC-conjugated (green) goat antirabbit IgG. Cells injected with anti-eps15 (A and D) and anti-eps15R (B and E) Abs do not show the typical punctate staining (yellow)
of either internalized EGF or transferrin, which is visible instead in cells injected with control IgG (C and F).

the ligand (Fig. 1A) or the receptor (Fig. 1B), as witnessed by the
presence of a diffuse membrane-associated staining on immunofluo-
rescence. However, on shifting of the cells to 37°C, a temperature
permissive for internalization, both the ligand (Fig. 1D) and the

receptor (Fig. 1E) underwent endocytosis, as evidenced by the ap-
pearance of a punctate/vesicular pattern of staining, indicating the
presence of the ligand/receptor complex in the various vesicles and
organelles of the endocytic pathway. Acid treatment of intact cells,

5500

Downloaded from cancerres.aacrjournals.org on February 26, 2021. © 1997 American Association for Cancer
Research.



http://cancerres.aacrjournals.org/

epsl5 AND eps1SR IN ENDOCYTOSIS

1 200 400 600 800
— L L 1 1 amino acid
EH Coil C-Terminal position
A 1 I M | Epss
\ L2
650 700 750
1 L L 1 1 1 1 1 . J mho w
A B Cc position

Fig. 3. Inhibition of EGF internalization in
CV-1 cells by overexpression of the L2 region of
epslS. A, schematic of epsl5 showing the L2
region (amino acids 623-750). B, C, and D, CV-1
cells were transfected with either CMV-HA-L2
(B), CMV-HA full-length eps15 (C), or CMV-
EGFP (D) as control. Cells were then incubated at
4°C with rhodamine-EGF and allowed to inter-
nalize at 37°C, as described in “Materials and
Methods.” Transfected cells were visualized ei-
ther with an anti-HA Ab and a FITC-conjugated
(green) goat antimouse IgG (B and C) or by
spontaneous fluorescence of the EGFP (green in
D). Internalized rhodamine-EGF is visible in red
in nontransfected cells and in yellow in trans-
fected cells. Inhibition of internalization by L2
was present in more than 70% of the transfected
cells (B).

designed to remove surface-bound ligand, resulted in the complete
disappearance of the membrane staining at 4°C (Fig. 1C), while
leaving unaltered the punctate/vesicular pattern at 37°C (Fig. 1F).
We then microinjected Abs specific for eps15 (1, 2) or eps15R* into
CV-1 (Fig. 2) and COS-7 cells (data not shown) to test their effects on
receptor-mediated internalization. Both Abs were purified by affinity
chromatography onto the immobilized antigens and have been previ-
ously shown not to cross-react with other cellular proteins (1, 2). In
addition, the affinity-purified anti-eps15 Ab does not cross-react with
eps15R and vice versa.* Injection of the anti-eps15 Ab into CV-1 cells

dramatically impaired EGF internalization (Fig. 2A). Similar results
were obtained after microinjection of the anti-eps1SR Ab (Fig. 2B).
Conversely, the injection of control purified IgGs did not alter the
endocytic process (Fig. 2C). Similar results were obtained in COS-7
cells (data not shown). Interestingly, injection of either anti-eps1S
(Fig. 2D) or anti-eps15R (Fig. 2E), but not of control IgGs (Fig 2F),
also blocked internalization of transferrin, thus suggesting that eps15
and epslSR are involved in some general step of the endocytic
process.

eps15 and eps15R share a modular structure (Fig. 3A) composed of
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Fig. 4. Inhibition of Sindbis virus endocytosis and infection in NIH 3T3 cells microinjected with GST-fusion proteins. Cells were microinjected with the GST-EH (a and b), GST-L2
(c and d), and GST-COIL (e and f) fusion proteins or with GST alone (g and h) and then incubated with Sindbis virus. Endocytosis of the virus and the subsequent infection was allowed
to proceed for 3.5 h. Injected cells were identified using FITC-conjugated goat antimouse IgG (left panels). Double-staining with anti-Sindbis spike Abs, followed by Texas
Red-conjugated goat antirabbit IgG (right panels) was performed to detect viral protein synthesis in infected cells. Cells microinjected with GST-EH (asterisk in b) or with GST-L2
(asterisks in d) are not stained by anti-Sindbis Ab and therefore seem uninfected. Cells injected with GST-COIL (asterisks in f) or GST (asterisks in h) are stained by anti-Sindbis spike
Abs, assessing a viral infection process indistinguishable from that of uninjected cells among the injected cells (b, d, £, and h).
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a NH,-terminal portion, which contains three EH domains (EH re-
gion), a central putative coiled-coil region composed of several con-
tiguous heptads (COIL region), and a COOH-terminal domain dis-
playing multiple copies of an aspartate-proline-phenylalanine motif, a
proline-rich region capable of interacting with the SH3 domain of the
Crk proto-oncogene (14), and a region responsible for binding to AP-2
(12, 15). The minimal binding region of eps15 to AP-2 was previously
identified as a ~130 amino acid region (L2 domain; Ref. 12) con-
taining three small determinants (4, 8, and c in Fig. 3A; Ref. 12) of
~10 amino acids, each of which participates in AP-2 binding (Fig.
3A). We engineered a CMV promoter-based eukaryotic vector ex-
pressing the L2 region of epsl5 as a HA-tag fusion protein (CMV-
HA-L2 vector). As shown in Fig. 3B, CV-1 cells transfected with the
CMV-HA-L2 vector exhibited a dramatic reduction of the internal-
ization phenotype. As a control, we expressed a CMV-HA-epsl$
vector encoding the entire HA-tagged epsl5 protein or a vector
encoding the EGFP under the control of the CMV promoter (CMV-
EGFP; Fig. 3, C and D), neither of which detectably affected inter-
nalization. Similar results were obtained in COS-7 cells (data not
shown).

The role of different domains of epsl5 in the endocytic pathway
was further evaluated by testing the entry of Sindbis virus in cells
microinjected with individual domains of eps15, engineered as fusion
proteins with GST (GST-EH, GST-COIL, and GST-L2). A similar
approach has been previously used to analyze the involvement of coat
proteins in the control of endocytic steps, using vesicular stomatitis
virus (Ref. 16). Both Sindbis and vesicular stomatitis virus are envel-
oped viruses known to enter the cells by clathrin-mediated endocyto-
sis and to require endosomal acidic pH for fusion and infection (for a
review, see Ref. 17). NIH 3T3 cells were microinjected with purified
GST-EH, GST-L2, and GST-COIL, and injected cells were identified
by coinjection of mouse IgG as marker protein. After microinjection,
cells were infected with Sindbis virus. Efficient virus endocytosis and
subsequent infection were then assessed by detection of viral spike
proteins on intracellular sites along the biosynthetic exocytic pathway
of the infected cells. Cells injected with GST-EH (Fig. 4, A and B) and
GST-L2 (Fig. 4, C and D) did not appear to be infected because of the
lack of reactivity with anti-Sindbis spike Abs. On the contrary, in cells
injected with GST-COIL (Fig. 4, E and F) or with GST alone (Fig. 4,
G and H), the presence of intracellular viral glycoproteins indicated an
unperturbed infection process. Thus, EH and L2 domains of epsl5,
but not the COIL domain, were able to inhibit viral endocytosis, most
likely by competing with the endogenous epsl5.

The sum of our results indicates that eps15 and eps15R are essential
components of the endocytic pathway. Receptor-mediated endocyto-
sis is known to be a saturable pathway (18); however, epsl15 is not
likely to represent the limiting step in this process. Overexpression of
full-length eps15 did not increase internalization of the EGFR (Fig.
3C). In addition, we performed internalization kinetics of '2*I-labeled
EGF in CV-1 and COS-7 cells engineered to overexpress epsl5 up to
20-fold and detected no significant increase in internalization (data
not shown). However, interference with eps15 or eps15R functions,
obtained with specific Abs or dominant negative mutants, inhibited
internalization of EGF, transferrin, and Sindbis virus. Thus, eps15 and
eps15R are likely to act at some universal step in the endocytic
process.

The L2 protein, which contains the region of eps15 that is necessary
and sufficient for binding to AP-2, inhibited the internalization of both
EGFR and the Sindbis virus. A simple explanation for the relevance
of the eps15/AP-2 interaction to the internalization process is en-
hanced recruitment of receptors, such as EGFR, to forming clathrin/
AP-2-containing coats through physical interaction with epsl5. In-
deed, evidence has been recently reported for coimmunoprecipitation

of the EGFR with epsl5, although it has not yet been established
whether this association is direct or mediated through other molecules
(3). Alternatively, eps15 might act as part of the molecular machinery
directing AP-2 to the plasma membrane. In this scenario, AP-2 might
serve as the adaptor recruiting receptors into forming coats, as sug-
gested by the ability of AP-2 to directly bind to activated EGFR (19).

Our results also point to an important role of the EH domains of
eps15 in endocytosis. Such a role had been proposed previously (10),
based on converging evidence obtained in yeast and mammals, but
was not directly demonstrated. Here we show that a GST-EH protein
acts as a dominant negative on Sindbis virus infection, most likely by
interfering with viral endocytosis. The molecular bases for EH in-
volvement in the endocytic process are likely to be found in its
protein:protein interaction ability. We have recently identified the
amino acid triplet NPF (Asn-Pro-Phe) as a ligand for EH domains
(10). Thus, NPF-containing proteins are candidates as EH partners in
the internalization machinery. In Saccharomyces cerevisiae, NPF-
based sequences have been shown to represent internalization motifs
in a STE2p/Kex2p chimera and in STE3p, the a-factor receptor (11).
In this instance, a direct interaction between EH-containing proteins
(like End3p or Panlp) and the internalizing receptor can be envi-
sioned. However, this cannot be the case for epsl5S (or epsISR),
because the EGFR and the transferrin receptor do not display NPF
motifs. Thus, the search for NPF-containing binding partners of eps15
and eps15R will likely lead to the identification of other important
components of the endocytic machinery.

It is to be noted that, in repeated experiments, we were not able to
detect a clear-cut effect of injection of GST-EH on EGFR internal-
ization (data not shown). The discrepancy between the data obtained
with EGFR internalization and the data obtained with the Sindbis
system is not readily explained. It is possible that the immunofluo-
rescence approach that we used to study EGFR internalization only
allows for qualitative analysis, leaving moderate alterations in the
internalization rate undetectable. In this framework, the Sindbis sys-
tem might allow for higher sensitivity, necessitating only inhibition of
a few internalization events (a multiplicity of infection of 50 was
used). However, the possibility must also be considered 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 (16). In this scenario, eps15 might be involved in
the endocytic process at multiple stages, an intriguing possibility that
warrants further investigation.
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