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Abstract

Eph/ephrin receptors and ligands mediate cell-cell interaction through reciprocal signaling upon juxtacrine contact, and play a
critical role in embryonic patterning, neuronal targeting, and vascular assembly. To study transmembrane ephrin-B ligand traffick-
ing, we determined the cellular localization of ephrin-B1-GFP upon engagement by EphB1. Under normal culture conditions eph-
rin-B1-GFP is localized to the plasma membrane, mostly at the lateral cell borders. Addition of soluble EphB1-Fc receptor induces
ephrin-B1-GFP clustering on the cell surface and subsequent internalization, as judged by biochemical studies, electron microscopy,
and co-localization with endosomal markers. A dominant-negative mutant of dynamin or potassium depletion blocks ephrin-B1
endocytosis. These results suggest that ephrin-B1 internalization is an active receptor-mediated process that utilizes the clathrin-

mediated endocytic pathway.
© 2004 Elsevier Inc. All rights reserved.
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Eph receptors and their cell surface-bound ligands,
ephrins, mediate cell-cell recognition processes upon
juxtacrine contact. They function in a variety of physio-
logical and pathological processes in both developing
and adult tissues. During embryonic morphogenesis,
Eph molecules participate in axonal guidance and neural
crest cell targeting, establishing rhombomere bound-
aries, and blood vessel remodeling [1-3]. In adult tissues,
Eph molecules play an important role in tumor develop-
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ment and metastasis, by promoting both tumor cell
invasion and recruitment of tumor blood vessels [4,5].
Eph receptors and ephrin ligands are both mem-
brane-bound and signal bi-directionally upon engage-
ment. The cytoplasmic and transmembrane domains of
ephrin-B ligands are analogous to those of conventional
receptor molecules. Similar to the receptor, ephrin-B li-
gands share a single transmembrane domain, a cytoplas-
mic region, and a C-terminal PDZ binding motif.
Phosphorylation of the ephrin-B cytosolic tail leads to
recruitment of a number of adapter proteins and signal-
ing molecules [3]. Bi-directional signaling between
EphBI1 receptors and ephrin-B1 ligands on adjacent cells
regulates in vitro endothelial cell migration and inte-
grin-mediated cell attachment, and in vivo corneal
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angiogenesis [6]. Such reciprocity of signaling correlates
with the developmental vascularization defects shared
between mice null for ephrin-B2 [7,8] or its binding part-
ner, EphB4 [9]. Apparent failure of anastomosis and
juxtacrine EphB/ephrin-B engagement results in a reci-
procal developmental arrest of the venous plexus endo-
thelium-expressing EphB4 and the arterial plexus
endothelium-expressing ephrin-B2. Furthermore, an
ephrin-B2 cytoplasmic deletion mutant blocks vascular
development in “knock in” mice [8], suggesting that
the cytoplasmic domain of ephrin-B2 is required for
transducing signals to promote neovascularization.

Bi-directional signaling through membrane-bound li-
gands and receptors raises the question of how these cell
surface proteins are removed after ligand-receptor
engagement. One mechanism by which ligand-receptor
complexes from the cell surface are cleared is proteolytic
cleavage. Hattori et al. [10] showed that the ectodomain
of the ephrin-A2 ligand is cleaved by the metallopro-
tease Kuzbanian/ADAMI10 in a receptor dependent
manner. This cleavage is critical for separation of neuro-
nal cells expressing the Eph receptor and fibroblasts
expressing ephrin-A. Endocytosis of ligand-receptor
complexes has provided an alternative mechanism to re-
move these proteins from the cell surface. Zimmer et al.
[11] reported that EphB—ephrin-B complexes are rapidly
internalized during the retraction of cells and neuronal
growth cones. However, it remains unclear which endo-
cytic pathways are involved and whether these pathways
impact ephrin-B1 reverse endocytosis.

This study examines the cellular localization of eph-
rin-B1-GFP upon engagement by EphB1. We show here
that EphB1 binding to ephrin-B1-GFP results in ephrin-
BI1 clustering and subsequent endocytosis. In addition,
we demonstrate that ephrin-B1 internalization is inhib-
ited by a dominant-negative dynamin mutant and potas-
sium depletion. Together these results suggest that
ephrin-B1 reverse endocytosis is mediated by a clath-
rin-dependent pathway. To our knowledge this is the
first report directly linking ephrin-B1 reverse endocyto-
sis with a particular endocytic pathway.

Materials and methods

Plasmids, antibodies, and reagents. Full-length cDNAs encoding
ephrin-B1-GFP were constructed by inserting GFP ¢cDNA fragments
into the cytoplasmic domain of ephrin-Bl between amino acids 290
and 291. Ephrin-B1-GFP ¢cDNA was then subcloned into the pSRa
expression vector. The dominant-negative dynamin mutant (K44A)
construct was generously provided by Dr. Marc Caron (Duke Uni-
versity). Rabbit polyclonal antibodies raised against spacer regions of
ephrin-B1 and ephrin-B2 (Immunex) were used for immunoprecipita-
tion and Western blot analyses. EphB1-Fc and EphB4-Fc were pur-
chased from R&D system. Other primary antibodies used include
mouse monoclonal against EEA1 (Transduction Laboratories) and
rabbit polyclonal against caveolin (Transduction Laboratories). Sec-
ondary conjugates used were goat anti-mouse-Alexa568 (Molecular

Probes), goat anti-rabbit-Alexa488 (Molecular Probes), and anti-rab-
bit HRP (Promega).

Cell culture, transfection, and FACS analysis. Chinese hamster
ovary (CHO) cells were passaged in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum, L-glu-
tamine, and non-essential amino acids. Primary human umbilical
aortic endothelial cells (HUAECs) were passaged in ECM complete
medium (Clonetics) and used up to passage 6. CHO cells were trans-
fected using Lipofectamine Plus reagent (Gibco), either with vector
alone (sRa) or plasmids expressing full-length human ephrin-B1-GFP.
Cell sorting analysis of ephrin-Bl or EphBl on the surface of CHO
cells was conducted using EphBl1-Fc or ephrin-Bl-Fc (2 pg/ml) fol-
lowed by FITC-conjugated goat anti-human IgG-Fc (Jackson Labs,
1:200). The instrument utilized was a FACS Caliber (Becton—Dickin-
son, San Jose, CA) using an argon ion laser at 488 nm with detection
by a 530 £ 30 nm band pass filter. For dynamin mutant transfections,
CHO cells were transfected using Lipofectin (Gibco), either with vector
alone or the dominant-negative dynamin mutant K44A construct. To
select stable clones, cells were transfected with vector or K44A plas-
mids along with the pCEP4 vector at a ratio of 10:1. Hygromycin
resistance clones were selected in the presence of 200 pg/ml hygromycin
(Gibco).

Confocal microscopy analysis. CHO-ephrin-B1/GFP cells were
plated on coverslips in 6-well dishes and cultured to a 50% confluency.
Growth medium was replaced with 1ml starvation medium
(DMEM + 1% BSA or Opti-MEM)/well. Four micrograms per milli-
liter of EphB1-Fc was added to cells and images were recorded of live
cells using confocal microscopy. For co-localization studies, 0.5 pg/ml
of a Texas red-labeled endosomal marker, N-(3-triethylammonium-
propyl)-4-(6-(4-(diethylamino)phenyl)hexathienyl)pyridium dibromide
(FM 4-64) (Molecular Probes, Eugene, Oregon), was incubated with
the cells at 37 °C for 20 min. This treatment was followed by stimu-
lation with 4 pg/ml EphB1-Fc for 25 min at 37 °C. Cells were then
fixed with 4% paraformaldehyde and examined under the confocal
microscope. For immunofluorescence assays, cells were stimulated
with 2 pg/ml EphB1-Fc for 30 min and fixed with 4% paraformalde-
hyde. Following fixation cells were incubated with primary (mouse
anti-EEA1, 1:1000, clone 14; rabbit anti-caveolin, 1:1000, Transduc-
tion Laboratories) and secondary antibodies (Alexa568-conjugated
goat anti-mouse, 1:3000, Molecular Probe). Experiments were repeated
three times and more than 25 cells per experiment were analyzed.

Electron microscopy analysis. CHO-ephrin-B1/GFP cells were pla-
ted in a 12-well plate, grown to an 80% confluency, and growth
medium was replaced with starvation medium (DMEM + 1% BSA).
Protein A-HRP (Sigma, St. Louis, MO) and EphBI-Fc were pre-in-
cubated in PBS for 60 min on ice (1:1). Five micrograms per milliliter
of the EphB1-protein A—-HRP complex or control protein A-HRP was
incubated with cells for 20 min at 4 °C and followed by additional
25 min incubation at 37°C. Cells were then fixed with 1% glutaralde-
hyde, stained with 3,3’-diaminobenzidine tetrahydrochloride, and
analyzed by electron microscopy.

Biotinylation assay for reverse endocytosis. CHO cells or HUAECs
were incubated with 0.5 mg/ml Sulfo-NHS-LC-Biotin (Piece Chemical)
for 30 min at 4 °C followed by a glycine wash to quench free biotin.
Cells were then incubated in normal media at 37 °C for indicated times
in the presence of EphB1-Fc, EphB4-Fc, or control IgG. Biotinylated
cell surface proteins were removed by 0.001% trypsinization.
Remaining biotinylated proteins were sequestered inside cells by
endocytosis and were therefore protected from trypsinization. Cell
lysates were immunoprecipitated with anti-ephrin-B1 and biotinylated
ephrin-B1 proteins were visualized by streptavidin-HRP coupled
chemiluminescence detection using an ECM kit (Amersham).

Potassium (K') depletion. Cells were depleted of potassium to
selectively block clathrin-mediated endocytosis as described by Larkin
et al. [12]. Cultures were rinsed three times with K*-free medium
(20 mM Hepes, pH 7.5, 140 mM NaCl, 1 mM CaCl,, 1 mM MgSOy,,
5.5 mM glucose, and 0.5% BSA) and incubated in the same medium
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for 1 h. For confocal microscopy analysis cells were immediately
stimulated with EphB1-Fc. For biochemical studies cells were surface
biotinylated. Following EphB1-Fc stimulation, ephrin-B internaliza-
tion was analyzed as described above. To test the effects of potassium
depletion on transferrin internalization, cells were stimulated by 5 pg/
ml biotinylated transferrin ligand (Sigma) and processed for confocal
microscopy analysis using an avidin-Alexa 488 (1:3000; Molecular
Probes) to detect internalized transferrin.

Results

Bi-directional internalization of the ephrin-Bl/EphBI
complex

To reconstitute the juxtacrine contact of EphB1 and
ephrin-B1 on neighboring cells in vivo, we established
stable CHO cell lines that express EphB1. These cells
were used as reagent “stimulators” to contact “respond-
er” cells expressing ephrin-B1-GFP, as shown schemat-
ically in Fig. 1A (colour version online). Parental CHO
cells or CHO cells expressing EphB1 were biotinylated
and labeled with streptavidin—Texas red, while “re-
sponder” CHO cells express ephrin-B1-GFP (green).
As shown in Figs. 1B and C, initial juxtacrine contact
of EphBl1-expressing cells with ephrin-B1-GFP-express-
ing cells induces the redistribution of ephrin-Bl to
contact sites (Fig. 1B) and subsequent clustering of eph-
rin-B1-GFP molecules (Fig. 1C). No endocytosis was
observed when control CHO cells were presented to eph-
rin-B1-GFP-expressing cells (Figs. 1D-F). Ephrin-B1-
GFP proteins (green), however, were clearly present in
CHO cells expressing EphB1 (red) (merged in Fig. 11,
yellow) when CHO/EphB1 were in contact with eph-
rin-B1-GFP bearing “responder” cells (Figs. 1G-I).
These results suggest that the ephrin-B1 ligand stimu-
lates EphBI receptor internalization. Conversely, inter-
nalization of ephrin-BI-GFP (green) occurred upon
contact with EphB1-expressing cells (Fig. 1I), showing
internalization in the reverse direction. Taken together,
these data indicate that the EphBl/ephrin-B1 complex
is bi-directionally internalized upon receptor-ligand
engagement. Since the GFP tag is in the cytoplasmic do-
main of the ephrin-B1 molecule, the presence of GFP in
EphBl1-expressing cells also indicates that the entire eph-
rin-B1 molecule is internalized into the CHO/EphBl1
cells.

Reverse endocytosis of ephrin-Bl in response to EphBI-Fc
stimulation

To analyze biochemically the mechanism and kinetics
of ephrin-B1 reverse internalization, we utilized a soluble
EphB1-Fc molecule. As the soluble receptor lacks a cyto-
plasmic domain, it allows us to study reverse endocytosis
in the absence of all forward signaling events. Internali-
zation of cell surface ephrin-B1 was tracked using an
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Fig. 1. Juxtacrine interaction of ephrin-B1 and EphBl induces bi-
directional endocytosis of ligand/receptor complexes. (A) Diagram of
EphBI1 receptor and ephrin-BI-GFP ligand as presented on CHO
cells. Parental CHO cells and EphBl-expressing CHO cells were
biotinylated, labeled with Texas red-streptavidin, and then presented
to CHO-ephrin-B1-GFP cells. Initial juxtacrine contact of CHO/
EphB1 and CHO/ephrin-B1 cells induces redistribution and clustering
of ephrin-BI-GFP at the cell contact (B,C). After 4 h, while no
interaction or clustering of ephrin-B1-GFP is observed with parental
CHO cell presentation (D-F), ephrin-BI-GFP ligand (green) is
internalized by EphBl-expressing CHO cells (red) (G-I). In the
reciprocal direction, biotinylated proteins from CHO cells expressing
EphBl1 (red) are also internalized by CHO-ephrin-B1-GFP (green)
cells (G-I). (For interpretation of the references to colors in this figure
legend, the reader is referred to the web version of this paper.)

assay described by Le et al. [13]. CHO cells were surface-
biotinylated at 4 °C and then returned to 37 °C following
a time course to allow trafficking to resume. Cells were
then incubated briefly with a dilute trypsin solution to re-
move cell surface proteins. Internalized ephrin-B1 was
sequestered at 37 °C and therefore protected from tryp-
sin digestion. No ephrin-B1 was detected in control cells
(Fig. 2A, 0 min), confirming that under these conditions
biotinylated cell surface proteins were efficiently re-
moved by trypsin. In contrast, after 10 and 30 min at
37°C a biotinylated pool of ephrin-B1 was detected in
cells following trypsin treatment (Fig. 2A, 10 and
30 min), indicating that ephrin-B1 was internalized and
protected from typsinization. Both EphB1-Fc and con-
trol treatment induced ephrin-Bl internalization, but
the level of internalized ephrin-B1 was appreciably high-
er in EphB1-Fc-stimulated cells compared to that in con-
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Fig. 2. EphBI-Fc stimulates ephrin-Bl reverse internalization. Bio-
chemical studies were performed using a soluble EphB1-Fc molecule to
study reverse endocytosis. Cells were biotinylated and surface proteins
were either removed immediately as indicated by the 0 time point or
removed following a time course of EphB/Fc stimulation. Levels of
internalized ephrin-B were then determined by IP-Western blot
analysis. Ephrin-B1-GFP was internalized following 10 and 30 min
of EphBI1-Fc¢ stimulation (A). Endothelial cells expressing endogenous
ephrin-B2 exhibited maximum internalization at 10 min following
EphB4-Fc stimulation (B).

trol treated cells (Fig. 2A). To determine whether endog-
enous ephrin-B is endocytosed, we biotinylated ephrin-
B2-expressing human umbilical arterial endothelial cells
(HUAEC:S) followed by stimulation with EphB4-Fc to
analyze endocytosis. As shown in Fig. 2B, EphB4-Fc in-
duced internalization of ephrin-B2 at 10 and 30 min,
consistent with results obtained from CHO/ephrin-B1
cells. These data indicate that a certain portion of eph-
rin-B1 is constitutively internalized. Receptor stimula-
tion, however, increases the level and kinetics of
ephrin-B1 internalization.

1gG control

D 15G/ProteinA | B

EphB1Fc

Using confocal microscopy, we characterized the sub-
cellular localization of ephrin-Bl following internaliza-
tion. In un-stimulated cells, ephrin-B1-GFP appears as
a diffuse population around the cell boarders (Fig.
3A). Upon stimulation with soluble EphB1-Fc, ephrin-
B1-GFP clusters rapidly and localizes in large patches
(Fig. 3B), followed by internalization of ephrin-Bl
(Fig. 3C, yellow). These internalized vesicles were co-
stained with FM4-64, a membrane dye (Fig. 3C, arrow;
colour version online), confirming that ephrin-Bl is
internalized during reverse signaling.

As a complementary approach, we studied the local-
ization of internalized EphBl-ephrin-Bl complex using
electron microscopy. EphBl-Fc or control IgG was
incubated with protein A to form EphBIl-Fc—protein A
or IgG—protein A complexes, respectively. Ephrin-B1-
GFP-expressing CHO cells were stimulated with either
control IgG—protein A or EphBl-Fc—protein A com-
plexes for 25min, fixed, and processed for diam-
inobenzidine (DAB) cytochemistry and electron
microscopy. In contrast to ephrin-BI-GFP cells stimu-
lated with IgG-protein A (Fig. 3D), cells exposed to
the EphB1-Fc—protein A—-HRP complex showed a large
number of intracellular vesicles that exhibited strong
DAB staining (Figs. 3E and F). Together these results
show that upon EphBl1 stimulation ephrin-Bl1 is inter-
nalized to intracellular vesicles.

We next assessed the nature of these intracellular ves-
icles by confocal microscopy using the early endosomal
marker, EEA1 [7,19], or the lipid raft marker caveolin
[5]. As shown in Fig. 4A (colour version online), control
IgG does not induce ephrin-B1-GFP/EEA1 (red) co-lo-
calization. In contrast, when cells were stimulated with
EphBI1-Fc, we observed significant levels of ephrin-B1—
GFP/EEA1 co-localization (yellow in overlay panel),
suggesting that EphB1-Fc induces ephrin-B1 internali-

EphB1-Fc + FM4-64

Fig. 3. EphBI-Fc stimulates ephrin-B reverse internalization into intracellular vesicles (colour version online). Ephrin-B1-GFP is localized diffusely
at the cell boarder when stimulated by control IgG (A); while EphB1-Fc stimulation results in ephrin-B1 clustering and internalization (B). Limited
internalization of ligand-receptor complexes is observed based on co-localization with the membrane dye, FM4-64 (C). For electron microscopy
experiments, CHO cells expressing ephrin-Bl were stimulated for 25 min at 37 °C with a complex of peroxidase-conjugated protein A-IgG or -
EphBI1-Fc, and stained with DAB. IgG/protein A-HRP complex was not internalized (D). EphB1-Fc—protein A-HRP complex appears to localize to
intracellular vesicles, as indicated by arrows (E). Higher magnification of the boxed area in (E) reveals more clearly this vesicular localization (F).
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Fig. 4. Soluble EphBl-Fc induces ephrin-B1-GFP co-localization
with EEA1 (colour version online). (A) By confocal microscopy co-
localization of ephrin-B1 and the early endosomal marker, EEA1, was
assessed. In CHO-ephrin-B1-GFP cells that were control (Ctl)
stimulated little to no co-localization with EEAl was observed.
EphBl-Fc (EphBl) stimulation induced clustering and ephrin-B1/
EEA1 co-localization. (B) By confocal microscopy co-localization of
ephrin-B1 and the lipid raft marker, caveolin, was assessed. Both
control (Ctl) and EphBl-Fc (EphBl) stimulated CHO-ephrin-Bl1-
GFP cells displayed caveolin co-localization.

zation into early endosomal vesicles. For caveolin stain-
ing, we observed co-localization of ephrin-B1 with cave-
olin in both control and EphB1-Fc-stimulated cells (Fig.
4B), indicating that ephrin-B1 may constitutively reside
in raft microdomains irrespective of receptor
stimulation.

Blocking of the clathrin-mediated pathway inhibited
ephrin-Bl1 reverse endocytosis

Ephrin-B1 was previously reported to reside in mem-
brane microdomains enriched in glycolipids and choles-
terol, called rafts [14], a result consistent with the
co-localization of ephrin-B1 and caveolin in the present
study. However, the ephrin-B1 cytoplasmic tail contains
a putative tyrosine-based sorting signal, YXX¢. Adap-
ter protein (AP) complexes utilize this signal to select
cargo for inclusion into coated vesicles in order to regu-
late clathrin endocytosis [15]. Based on this finding and
the fact that we were unable to detect significant changes
in ephrin-B1 endocytosis by blocking the caveolae-med-
iated pathway, we focused on studies to determine
whether receptor-stimulated ephrin-B1 internalization
is clathrin-dependent.

To accomplish this task, we utilized a dominant-neg-
ative dynamin (K44A) to block endocytosis. Dynamin is
a GTPase required for the release of clathrin-coated pits

(reviewed in [16,17]). Stable CHO clones expressing
parental vector control or K44A dynamin were tran-
siently transfected with ephrin-B1-GFP and stimulated
with control protein or EphBl-Fc. Co-localization of
the endosomal marker EEA1 and ephrin-B1-GFP was
analyzed by confocal microscopy. Control treatment
of both vector and K44A-expressing cells did not induce
ephrin-B1-GFP/EEAT1 co-localization (Figs. 5A and B).
In vector-expressing cells EphB1-Fc treatment induced
ephrin-B1 endocytosis (Fig. 5C). Cells expressing the
K44A dynamin mutant protein, however, exhibited
diminished ephrin-BI-GFP/EEA1 co-localization (Fig.
5D). These results support the notion that ephrin-B1 is
internalized via a clathrin dependent endocytosis
pathway.

Recent studies suggested that caveolae-mediated
endocytosis is also dynamin-dependent [18]. To specifi-
cally inhibit clathrin-coated pit formation, we used
potassium depletion which blocks clathrin-cage assem-
bly [12]. Cells were pretreated with minimal media that
either contained potassium or was devoid of potassium.
Following this pretreatment, cells were stimulated at
37 °C to induce internalization. In control experiments
transferrin was utilized to demonstrate the ability of
potassium depletion to block clathrin-mediated endocy-
tosis. Consistent with prior studies [19], potassium
depletion blocked transferrin internalization (Fig. 6A).

Vector K44A

1gG

EphB1Fc¢

Fig. 5. Dynamin mutant expression diminishes EphBI-Fc-induced
ephrin-B1 clustering and internalization (colour version online). CHO
cells stably transfected with the parental vector (vector) were
transiently transfected with ephrin-B1-GFP. As expected, stimulation
of these cells with control IgG had no effect on ephrin-BI/EEAI co-
localization (A,B). EphB1 stimulation of vector control expressing
CHO cells induced ephrin-BI/EEA1 co-localization (C), while EphB1
stimulation of CHO cells stably expressing a dominant-negative
dynamin construct (K44A) did not induce ephrin-BI/EEA1 co-
localization (D).
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Fig. 6. Potassium depletion inhibited ephrin-B1 clustering and inter-
nalization (colour version online). (A) Potassium depletion greatly
diminishes transferrin internalization as judged by decreased EEA1 co-
localization. (B) Similarly, EphB1-Fc stimulation of ephrin-Bl clus-
tering and internalization is attenuated under conditions of depleted
potassium.

As shown in Fig. 6B, EphBl-induced ephrin-B1 inter-
nalization was also greatly inhibited by potassium deple-
tion. Taken together, these results suggest that the
clathrin-mediated endocytic pathway plays a critical role
in EphBl-induced ephrin-Bl reverse internalization.

Discussion

Receptor tyrosine kinases (RTKs) mediate cell-cell
interaction and play an important role in controlling
many fundamental cellular processes including cell pro-
liferation, differentiation, migration, and survival [20].
Consequently, the activity of RTKs must be tightly reg-
ulated in order to mediate their normal cellular tasks
and many physiological responses. Rapid internaliza-
tion of activated RTKs through ligand-induced endocy-
tosis was traditionally thought to be one of the
mechanisms to attenuate signal transduction. In this re-
port, we provide direct evidence that [1] the EphBl/eph-
rin-Bl complex is internalized bi-directionally upon
juxtacrine contact of cells expressing the ligand and
receptor, [2] stimulation of ephrin-Bl-expressing cells
using a soluble EphB1-Fc molecule induces a rapid in-
crease in reverse endocytosis of ephrin-B1 to intracellu-
lar endosomes, and [3] ephrin-B1 reverse internalization
is mediated by a clathrin-dependent pathway.

The majority of RTKs are activated by soluble li-
gands. Ligand binding induces receptor clustering on
the cell surface, followed by internalization into intracel-
lular vesicles. This often leads to lysosomal degradation
or recycling back to the cell membrane [21-24]. It is less
clear, however, what happens to RTKs that are acti-
vated by membrane-bound ligands. In principle, mem-

brane-bound ligands could be cleaved by proteases
and then internalized by receptor-mediated endocytosis.
Indeed, Eph receptor binding triggers ephrin-A2 cleav-
age by the metalloprotease Kuzbanian in neuronal cells
[10]. However, we do not observe cleavage of ephrin-B1
upon EphBl1 binding in our experimental system. In-
stead, we observe ephrin-BI-GFP molecules in both
ephrin-Bl-expressing cells and the Texas red-labeled
EphB1 receptor-expressing cells (Fig. 1, yellow dots in
I). As the GFP tag is on the cytoplasmic domain of eph-
rin-B1, these results suggest that the entire molecule of
ephrin-Bl1 is internalized upon binding to the cell-sur-
face EphB1 receptor. These results are consistent with
recent reports of Eph/ephrin internalization induced
neuronal growth cone retraction [11,25]. The EphB/eph-
rin-B complex is bi-directionally endocytosed in a man-
ner that comprises full-length receptor and ligand
complexes.

Vesicular trafficking or endocytosis is essential to the
regulation of the entry of small and large molecules.
Endocytosis occurs via several mechanisms [21]. The
best understood mechanism involves the formation of
a cytoplasmic clathrin coat. Molecules going through
clathrin-mediated pathway usually contain an endocyto-
sis signal YXX¢, a sequence that is recognized by the
clathrin-associated adapter proteins required for loading
molecules into clathrin-coated pits and vesicles. More
recently, lipids are also recognized as very important
in the internalization process. In particular, caveolae-
mediated endocytosis has been shown to mediate the
turn over of several receptors [26,27]. Previous studies
have reported localization of ephrin-BI to the rafts-cho-
lesterol rich plasma membrane microdomains [14].
Although we also observed the co-localization of caveo-
lin and ephrin-B1 in EphB1-Fc-stimulated cells, ephrin-
B1 reverse endocytosis does not appear to be affected by
blocking caveolae-mediated endocytosis (data not
shown). In contrast, our data support the involvement
of the clathrin-mediated pathway in ephrin-B1 reverse
endocytosis. First, the C-terminal portion of ephrin-Bl
encodes a putative clathrin internalization signal, and
internalized ephrin-B1 is co-localized with EEA1, an
endosomal marker. Furthermore, two independent
means to block the clathrin-mediated pathway, a domi-
nant-negative dynamin mutant, K44A, and potassium
depletion, inhibited internalization of ephrin-B1 upon
EphBI1-Fc stimulation. To our knowledge this is the first
report directly linking ephrin-Bl reverse endocytosis
with a particular endocytic pathway.

Endocytosis of ligand-activated receptors has tradi-
tionally been considered a mechanism to attenuate or
terminate signaling. However, a growing body of evi-
dence suggests an emerging pattern of endocytic mem-
brane trafficking and intracellular signaling [28]. Both
clathrin-mediated and caveolae-mediated endocytic
pathways have been implicated in regulating the inten-
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sity of signaling and the co-localization of activated
receptor with downstream signaling molecules
[14,26,29,30]. It remains to be determined whether eph-
rin-B1 reverse endocytosis serves to down-regulate sur-
face receptor level or mediates cellular signaling
events. Thus, our results provide a basis for additional
studies of intracellular trafficking of ephrin-B1.
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