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The Eph receptor tyrosine kinases and their ephrin ligands
direct axon pathfinding and neuronal cell migration, and
mediate many other cell-cell communication events. The
Ephs and ephrins both localize to the plasma membrane and,
upon cell-cell contact, form extensive signaling assemblies at
the contact sites. Recent structural, biochemical and cell-
biological studies revealed that these assemblies are
generated not only via Eph-ephrin interactions, but also via
homotypic interactions between neighboring receptor
molecules. In addition, Eph-Eph interactions mediate receptor
pre-clustering, which ensures fast and efficient activation
once ligands come into contact range. Here we summarize
the current knowledge about the homotypic Eph-Eph
interactions and discuss how they could modulate the
initiation of Eph/ephrin signaling.

Introduction

Eph receptors, the largest family of receptor tyrosine kinases
(RTKs), and their ephrin ligands, are membrane-anchored mole-
cules that play important roles in axon pathfinding and neuronal
cell migration, and in controlling other cell-cell interactions,
including those of vascular endothelial cells.'” The binding of
ephrins to the extracellular region of Eph receptors results in acti-
vation of their cytoplasmic tyrosine kinase domain® and also
leads to initiation of a reverse signal into the ephrin-bearing
cell.>® (see Fig. 1). The Ephs and the ephrins are divided into A
and B subclasses, based on their affinities for each other and on
sequence conservation (https://eph-nomenclature.med.harvard.
edu). With few exceptions, the 10 different EphA receptors pro-
miscuously bind to and are activated by 6 A-ephrins while the
EphB receptors (EphB1-B6) interact with 3 different B-ephrins
(ephrin-B1-B3). The interactions of Ephs and ephrins lead to
aggregation of both molecules in distinct clusters within their
respective plasma membranes, resulting in the formation of sig-
naling centers at the zones of cell-cell contact.”
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Ligand-induced and Ligand-Independent Eph
Receptor Activation

A key feature of the activation of receptor tyrosine kinases is
dimerization of the receptor upon ligand binding. Regardless of
the precise details of receptor/ligand complex architecture and
conformational changes caused by ligand binding, all RTKs share
a common necessity for dimerization of their cytoplasmic kinase
domains. The kinase domains exist in either an inactive or an
active conformation, and dimerization is thought to drive activa-
tion by promoting trans phosphorylation of their activation loops
and/or by directly stabilizing an active kinase conformation via
kinase-kinase contacts.

Since the first crystal structures of Eph receptors were pub-
lished, been described as

‘unique’.”"® This is based on the observation that Eph activation

their activation mechanism has

is the result of the association of at least 4 separate molecules, 2
ligands and 2 receptors, which is distinct from the canonical way
of RTK activation where 2 receptors are brought together by a
single ligand entity (either a monomeric ligand or a stable, recep-
tor-independent, ligand dimer).'" Although it was known that
the Eph ligand-binding domain (LBD) is sufficient and necessary
for ephrin binding, the precise stoichiometry and architecture of
the activated Eph/ephrin complex were not known before crystal
structures became available."*'* The structure of the complex
between the minimal interacting domains of EphB2 and ephrin-
B2, the first structure of an Eph/ephrin complex, revealed a ring-
like assembly, where each receptor interacts with 2 ligands and
each ligand with 2 receptors. One of the 2 distinct ligand-recep-
tor interfaces is responsible for forming the initial high-affinity
1:1 dimer, the second one (a significantly smaller one) assembles
the ligand/receptor dimers into hetero-tetramers.

Although this original concept has mostly stood the test of the
many additional structural studies, a more complex and finessed
picture of Eph receptor activation has appeared lately. Indeed,
the structures of the full ectodomain of EphA2 revealed that the
initial receptor/ligand recognition and binding steps are not
enough for fully functional Eph activation.'*'> Moreover, they
suggested that ligand binding might not always be even needed
for the activation of Eph receptors, and that homotypic Eph-Eph
contacts are very important for the assembly of signaling clusters.
Although requirement for additional contacts, via regions outside
the minimal interacting domains, had been reported earlier using
mutagenesis in combination with cell-based signaling assays,"®®
the EphA2 full ectodomain structures provided the first direct
evidence for this. The ligand-independent Eph-Eph interface

Volume 8 Issue 4



ephrin-bearing cell

RBD

Eph-bearing cell

Figure 1. Schematic representation of an Eph/ephrin signaling assembly formed between 2 interacting cells.
There are several types of protein-protein interactions stabilizing these assemblies: (i) hetero-dimerization
and hetero-tetramerization interactions involving the Eph LBDs and the ephrin ectodomains; (ii) “clustering”
Eph-Eph interactions involving the Eph Cys-rich regions; and iii) Eph-Eph LBD-FNIIl interactions that are likely
important for receptor pre-clustering (prior to contact with ligand) and for subsequent ligand-independent
recruitment of unliganded Ephs to the signaling Eph/ephrin assemblies. Eph pre-clustering ensures a fast
and efficient activation once ligands come within a contact distance. The ligand-independent recruitment of
Ephs to Eph/ephrin assemblies modulates the Eph signal by allowing the size of the receptor clusters to
exceed the size of the juxtaposed ephrin clusters, as well as by allowing recruitment of different receptor
subtypes within the same signaling assemblies. The interacting FNIIl and LBD regions are shown in cyan,
other Eph domains are in blue; ephrins are shown in red. RBD, Receptor-Binding Domain; LBD, Ligand-Bind-
ing Domain; cys, Cysteine-Rich Domain (CDR); FN, Fibronectin type Il Domain; TK, Tyrosine Kinase Domain;

kinase activation would occur once
the local receptor concentration is
high enough to cause ligand-inde-
pendent clustering. Recent struc-
tural data has clearly demonstrated
that, in the case of the Eph RTKs,
the same receptor clustering inter-
faces can be used for generating
oligomeric assemblies both in the
presence or absence of ligand. The
role of the ephrin ligands, there-
fore, might be to simply increase
the local concentration of recep-
tors, facilitating the formation of
higher-order Eph signaling assem-
blies.">**  This  phenomenon
presents a loophole that might be
used by certain tumors to hijack
the Eph/ephrin signaling pathway
and induce a level of basal (ligand-
independent) receptor activation
enough to cause cellular havoc.”?
Other intriguing observations,
relevant to Eph clustering, include
the potential recruitment of cell-
surface molecules outside of the
Eph family into the higher-order
Eph assemblies. Such interactions

sam, Sterile Alpha Motive. Phosphorylated intracellular tyrosines are shown as small orange circles.

might be important for directing

synapse formation (e.g. the Eph/

observed in these structures, located C-terminally from the LBD,
Thus, the combination of a
‘ N . .

hetero-dimerization’ and a ‘clustering’ interface, was suggested
to be required for the formation of actively signaling Eph assem-
blies, containing potentially hundreds of receptors.

was named ‘clustering interface’.

The formation of Eph clusters on the cell surface following
ligand binding has been known for a long time to be necessary
for various, if not all, Eph-related downstream signaling events."”
Interestingly, ligand-independent recruitment of Eph receptors
into Eph/ephrin signaling clusters has also been observed. For
example, it was shown that a mutated Eph receptor, unable to
bind ligand, is recruited to and gets phosphorylated in receptor
clusters containing wild-type Eph receptors.”® The data indicated
that direct Eph-Eph interactions, involving the LBD and CRD
domains, are responsible for recruitment of different Eph recep-
tor subtypes, with different ligand-binding preferences, within
the same cell-surface signaling assemblies.”’ A schematic repre-
sentation of an Eph/ephrin signaling cluster, including recruited
unliganded Ephs, shown in Figure 1, illustrates a molecular
mechanism that could account for these observations.

While in some cases Eph signaling is tumor suppressive,”>*
overexpression of RTKs in general, and Ephs in particular, is well
known to occur in various cancers,”* and it has been suggested
that receptor dimerization may be driven by a direct mass

action.”” Consequently, enhanced basal (potentially tumorigenic)
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NMDAR )>728
modulating other signaling pathways (e.g., the Eph/CXCR4
interactions®’ or the Eph/FGFR interactions’?).

In light of the now well-characterized ligand-independent

interactions or

Eph-Eph interactions, it is also notable that similar findings have
been reported for the RTKs of the ErbB family.!' Certain cancer
cells overexpress one of the 4 members of the family, ErbB2,
which has been shown to dimerize with the kinase-impaired
ErbB3 in a ligand-independent manner, and to cause its phos-
phorylation. In fact, the ErbB2/ErbB3 heterodimer is possibly
the most active of the ErbB dimers and efficiently activates several
downstream pathways, including MAPK and Akt.

LBD-FNIII Interactions in Unliganded Eph Receptors

The structural and functional studies mentioned above raised
questions about the biological relevance of receptor-receptor inter-
actions not only in the context of the Eph-ephrin signaling clus-
ters, but also in the ‘resting state’ of the Eph receptors prior to
any contact with ligand. A structural study on EphA4 published
recently,31 for example, documented that the unliganded EphA4
uses its LBD to bind the second FNIII domain of a neighboring
EphA4 molecule (see Fig. 2). A closer inspection of the structure
of the ligand-free EphA2 ectodomain published carlier'® shows a
similar LBD-FNIII interaction, although the interacting interface
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Figure 2. LBD-FNIII Eph-Eph interactions. Top: The interacting LBD-FNIII
regions of unliganded Ephs from the crystal structures of EphA2 (left),
EphA4 (middle) and EphB2 (right). The LBDs are in green and the second
FNIII repeats (FN2), in cyan. Bottom: The LBDs of the same Ephs bound
to their ephrin ligands from the crystal structures of the Eph/ephrin com-
plexes EphA2/ephrin-A1 (left), EphA4/ephrin-A5 (middle) and EphB2/
ephrin-B2 (right). The LBDs are in green and the ephrins, in cyan.

is considerably smaller. Interestingly B-class Ephs also form LBD-
FNIII contacts as evident from the structure of the unliganded
EphB2 ectodomain (unpublished data) (Fig. 2). This kind of
head-to-tail interaction has not been reported for other RTKs,
but might have been overlooked in other studies, just as the
EphA2 LBD-FNIII interactions initially were. The implication
that the LBD-ENIII interactions mediate functional ligand-inde-
pendent receptor association (pre-clustering) was supported by
mutagenesis experiments showing that mutations in EphA4 that
strengthen this interface increase EphA4 activation, while muta-
tions that weaken it, decrease the EphA4 signal.3 ! Furthermore, a
number of cancer-related Eph mutations have been reported to
fall not only within the LBD and CRD, but also within the FN3
domains,** consistent with the biological importance of the LBD/
FN head-to-tail interactions. Hence, the ‘head-to-head” Eph-Eph
interactions involving the LBD and the CRD domains and the
‘head-to-tail’ interactions probably represent 2 parallel receptor
clustering mechanisms. Interestingly, previous studies have also
suggested that the CRD domain might be directly involved in the
recruitment of LBD-deleted EphA3 to wild-type EphA3 clus-
ters.'® These various types of receptor-receptor interactions could
represent a new emerging paradigm for fine-tuning of membrane
receptor activity.

In this context, it is important to note that, as illustrated in
Figure 2, the surface area of the Eph LBD interacting with the
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ENIII region of a neighboring receptor overlaps with the LBD
surface interacting with ephrin ligands, thus limiting the LBD-
ENIII interaction to unliganded Ephs. The significantly larger
LBD-FNIII interface in EphA4°" might have important biologi-
cal implications. Indeed, receptor pre-clustering would presum-
ably ensure a fast and efficient activation once ligands come into
contact range. Therefore, the fact that the EphA4 has a larger
LBD-ENII interface than other Ephs, enabling a more efficient
receptor pre-clustering, might account, at least partially, for the
observed unique ligand promiscuity of the EphA4 receptor.'™

The schematic illustration in Figure 1 shows the LBD/EN
interactions occurring in cis, on the same cell membrane. Never-
theless, we cannot fully exclude the possibility that these interac-
tions occur in trans. In our opinion, this is a less likely scenario,
since the maximum length of a fully-stretcched Eph-ECD is
around 150 A and a head-to-tail in-trans LBD/EN Eph-Eph
interaction might not allow for enough separation between inter-
acting cells.”

It is important to keep in mind that the strength of the down-
stream signal generated by Eph receptor activation depends on
the size of the signaling clusters.>** Furthermore, it has been
shown that, upon cell-cell contact, the size of the receptor clusters
on the Eph-expressing cell can significantly exceed the size of the
opposing ephrin clusters on the ephrin-expressing cell.”” The
same LBD-FNIII Eph-Eph interactions discussed above and
shown in Figure 2 might also (in addition to the ‘canonical’
LBD/LBD and CRD/CRD interactions) account for this phe-
nomenon, as illustrated on the schematics representation of an
Eph/ephrin cluster presented in Figure 1.

While the head-to-tail LBD-FNIII Eph interactions were only
recently reported, somewhat similar molecular interactions have
been shown to play important roles in modulating other cellular
events. Examples include Kinesin-1,® Myosin,>” and ERM pro-
teins®® where head-to-tail interactions mask biologically important
binding sites.***! Consequently, an activation step is required to
expose the masked regions and confer biological activity.

Eph/Ephrin Interactions In cis

While the emerging concept of LBD-FNIII head-to-tail inter-
actions as mediators of Eph signaling is novel and unexpected, it
is somewhat related to a previously studied phenomenon, namely
Eph/ephrin interactions in cis (by ligands and receptors expressed
on the surface of the same cells). Unlike the prototypical Eph/
ephrin interactions between molecules from opposing cells, the
in cis Eph/ephrin interactions do not seem to result in receptor
activation and initiation of downstream signaling.*** There are
conflicting reports regarding exactly which Eph and ephrin
regions are involved in the in cis interactions,”®*> with both the
LBD and FNIII Eph domains being implicated. The in cis inter-
actions were shown to have an inhibitory effect on the conven-
tional in trans Eph/ephrin interactions and co-expressed ephrins
appear to act primarily as signaling antagonists.46 Importantly,
the cis interaction between ephrin-A5 and EphA3 on retinal gan-
glion cells was shown to take place through the second FNIII
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Figure 3. Schematic representation of the in cis vs in trans interactions
between Eph receptors and ephrins. In many neurons the expression lev-
els of A-class ephrins are high and they co-localize with Eph receptors to
the same membrane patches. Within these patches, they are involved in
cis interactions, which are generally inhibitory to the forward Eph signal-
ing. Although the precise molecular mechanism of the inhibition is not
well understood, it has been suggested that the in cis interactions pre-
vent the conformational rearrangements normally effected by the in
trans Eph/ephrin contacts that are required for the formation of the
ordered Eph/ephrin signaling assemblies. The in cis interacting FNIII
regions are shown in cyan, other Eph domains are in blue; ephrins are
shown in red. RBD, Receptor-Binding Domain; LBD, Ligand-Binding
Domain; cys, Cysteine-Rich Domain; FN, Fibronectin type Ill Domain; TK,
Tyrosine Kinase Domain; sam, Sterile Alpha Motive.
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domain (FN2) of the receptor, attenuating receptor phosphoryla-
tion and downstream signaling.*> Since this interaction involves
the same FNIII region as the FNIII-LBD Eph-Eph interactions
discussed above, it’s fascinating to speculate that these mecha-
nisms have evolved as 2 competing ways to modulate the Eph/
ephrin signaling.

The hypothesis that the in cis Eph/ephrin binding is structur-
ally distinct form the canonical in trans Eph/ephrin binding is fur-
ther supported by a recent study involving cells co-expressing
Ephs and ephrins that do not interact or signal in trans.”” Specifi-
cally, ephrin-B2 does not have measurable affinity for the EphA3
LBD, and thus cannot effect forward signaling in trans, but was
shown to attenuate EphA3 signaling via in cis binding. Further-
more, this and other similar studies® also show that mutations in
the ligands and receptors can be identified that selectively affect
only the in cis or in trans interactions. While the precise mecha-
nism behind the antagonistic effects of co-expressed ephrins on
Eph signaling is unknown, one could speculate that in cis interac-
tions between ephrins and FNIII Eph regions might prevent the
conformational rearrangements caused by in trans Eph/ephrin
contacts that are required for the formation of ordered, signaling
Eph/ephrin clusters between interacting cells (see Fig. 3).

In some neuronal types, co-expressed Ephs and ephrins have
been shown to segregate laterally into distinct membrane micro-
domains, not only preventing the types of in cis Ephs/ephrin
interactions discussed above, but also potentially leading to
opposing signaling effects on the growth cones, depending on
the precise co-expression levels of receptors and ligands.***’
Recent findings have added other pieces to the puzzle of the roles
of co-expressed Eph’s and ephrins: Kao and Kania reported that
the relative contributions of trans vs cis interactions are influ-
enced by the subcellular distribution of ligands in the receptor-
containing membrane batches of spinal motor axons.** In aggre-
gate, these studies suggest that the balance between in cis and in
trans Eph-ephrin binding is more important than previously
appreciated for the diversity of axon trajectories and other cellu-
lar/neuronal responses.

Conclusion

In this review we have outlined new structural observations on
novel Eph-Eph interactions, which we suggest provide an effi-
clent way to fine-tune both the strength of the downstream Eph
signal and the Eph ligand specificity. Interestingly, while the
LBD surface area involved in the homotypic LBD-EFNIII interac-
tions overlaps with the canonical high-affinity Eph-ephrin inter-
face, the FNIII surface area involved in the LBD-FNIII
interactions overlaps with an interface proposed to mediate Eph-
ephrin interactions in cis. The intricate interplay of these compet-
ing interactions seems to fine-tune the precise Eph signaling
response in a context-dependent manner.
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