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ABSTRACT

Eph receptors comprise the largest known family of receptor tyrosine kinases in
mammals. They bind members of a second family, the ephrins. As both Eph receptors and
ephrins are membrane bound, interactions permit bidirectional cell-cell signalling. Eph
receptors and ephrins each form two classes, A and B, based on structures and patterns of
aﬃnity: Class A Eph receptors bind class A ephrins, and class B Eph receptors bind class B
ephrins. The only known exceptions are EphA4, which can bind ephrinB21 and ephrinB3 in
addition to the ephrin-As; and EphB2, which can bind ephrinA5 in addition to the ephrin-Bs.1
A crystal structure is available of the EphA4-ephrin B2 complex (wwPDB entry 2WO2). In
this complex, the ligand-binding domain of EphA4 adopts an EphB-like conformation.2 To
understand why other cross-class EphA receptor–ephrinB complexes do not form, we
modeled hypothetical complexes between (1) EphA4–ephrinB1, (2) EphA4–ephrinB3, and (3)
EphA2–ephrinB2. We identify particular residues in the interface region the size variations of
which cause steric clashes that prevent formation of the unobserved complexes.
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Chapter 1: Introduction
Receptor tyrosine kinases (RTKs) are a set of families of membrane-bound protein which
is responsible for cell-cell communication by receiving signals at the cell surface and
transducing the signals to the cell interior. RTKs play important biological roles in cell
growth, cell differentiation and embryo development.
Human contain many families of RTKs. Some families of RTKs are epidermal growth
factor receptor (EGFR), fibroblast growth factor receptor (FGFR), vascular endothelial
growthfactor receptor (VEGFR), insulin receptor, hepatocyte growth factor receptor (HGFR),
etc. RTKs have a similar structure among each family-- a cytoplasmic region which contains
tyrosine kinase domains (TK) and a homologous extracellular region. As a result, RTKs
exhibit some recurrent features in their signaling processes but also have individual variations.
In general, ligand binding to extracellular region of RTKs induces and stabilizes dimerization
of the receptor. As a result, the internal kinases domain of RTKs is activated. Dimerization
facilitates trans-autophosphorylation of tyrosines in an intracellular domain, which stimulates
the onward transmission of signals into the interior of the cell.3
Erythropoietin-producing hepatocellular carcinoma (Eph) receptors comprise the largest
known family of receptor tyrosine kinases4. There are 16 known Eph receptors but only 14
members are found in mammals to date.3 Eph family receptor interacting proteins (ephrins)
are the membrane-bound ligands of the Eph receptors. Currently, 8 members of ephrins are
found. The ephrins are divided into two classes, A and B, based on structures and binding
affinities.
Eph-ephrin signaling follows the general mechanisms of RTKs. Ephrins act as the
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ligands binding to the receptors, and Eph receptors act as RTKs to stimulate the signal
transmission via auto-phosphorylation. The Eph receptor-ephrin system involves cell-cell
contact. Both Eph receptors and ephrins are membrane-bound proteins. However, in most
RTKs, the cell that releases the ligands is not directly involved in the binding activity. Signal
molecules in estrogen, EGF (epidermal growth factor), or HGH (human growth hormone)
receptors are free molecules. Unlike regulatory mechanisms of other members of RTKs,
Eph-ephrin interaction mediates bidirectional signaling in which both the receptor cell and
the cell initiating the signals can respond to the interaction. In contrast, for many RTKs, this
reverse signaling from the receptor-expressing cell to the ligand-expressing cell will not take
place, which means that the cell initiating the signal will not get direct feedback from the cell
receiving the signal.5
Eph receptors and ephrins participate in a variety of early developmental processes
involving organized patterning and cell migration, and also the normal physiology and
homeostasis in adults.5-6.These developmental processes include tissue patterning, boundary
formation, axon guidance7, segmentation and differentiation of somites8, angiogenesis, blood
vessel formation and remodeling during vascular development4, and development of other
organ system including limbs9, gastrointestinal tract10, etc. In addition, Eph receptors and
ephrins are also involved in synapse maturation and plasticity11, immune regulation, glucose
homeostasis, bone homeostasis, intestinal homeostasis, neurogenesis6, and tumor
angiogenesis, growth and metastasis4. Patterns of Eph receptor expression are useful in
diagnosis and prognosis in cancer, and their angiogenic function has suggested that they
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might be useful targets for cancer chemotherapy. 12-14 Thereby, Eph receptor-ephrin system
has great claims on the interest of molecular and developmental biologists, and there has been
a great deal of investigations on the structural mechanisms of their action. Studies of Eph
receptor-ephrin system have provided detailed information about their sequences, structures,
interactions and developmental functions.
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Chapter 2: Structures and Mechanisms
Currently, 8 members of ephrins are found. The ephrins are divided into two classes, A
and B, based on structures and intracellular binding (Figure 2.1 A) The A class ephrins bind
to the cell via a glycosylphosphatidylinositol (GPI) anchor. The B class ephrins are
transmembrane proteins, which have cytoplasmic domains and PDZ binding domains.10 Both
classes of ephrins have a conserved extracellular receptor-binding domain (Figure 2.1).4
There are 16 known Eph receptors but only 14 members are found in mammals to date.3
Eph receptors can also be divided into A and B class based on sequence similarities and
specificities, and their binding affinities (Figure 2.1 B; 2.2).
A and B classes Eph receptors share the same structural architecture. The intracellular,
cytoplasmic region of Eph receptors contain a juxtamembrane segment, a highly conserved
tyrosine protein kinase domain which is responsible in auto-phosphorylation, a sterile alpha
motif (SAM) protein-protein interaction domain and a C-terminal PDZ-binding motif. The
extracellular region contains two fibronectin type III domains, a cysteine-rich region and a
highly conserved N-terminal ligand-binding domain (LBD) which is responsible for binding
activities (Figure 2.2). 15-16
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A

B

Figure 2.1 Structure-based sequence alignment of ephrins and Eph receptors. Secondary
structure elements are shown above the sequences. The residues forming the high-affinity
ligand–receptor interfaces are highlighted in blue and red. m = mouse, h=human. Arrows
above the sequence indicate β sheets. Bars without arrow indicate α helices (Source: EMBO
Report, 2009)4
(A)
Sequence alignment of ephrins the structure of which, bound to their receptors, has been
reported.
(B) Sequence alignment of Eph receptors the structure of which, bound to their ligands, has
been reported. The residues forming the EphA2 homodimer interface observed in the unligated
structure have a magenta underscore.
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Figure 2.2. Structure and sequence homology of the Eph receptor and ephrin families.
SAM, sterile alpha motif; PDZ, PDZ-binding motif; GPI, glycosylphosphatidylinositol
linkage. Ephrin-A ligands have a GPI anchor. Ephrin-B ligands have a cytoplasmic domain
and a C-terminal PDZ-binding motif. (Source: The International Journal of Biochemistry &
Cell Biology, 2003; Annual Review Neuroscience, 1998)15-16

An example of EphA2 receptor ligand binding domain (Protein Data Bank [PDB] code
3HPN) provides a general molecular structure of Eph receptors LBD (Figure 2.3 A).
EphA2-LBD forms a compact globular structure. It consists of 11 anti-parallel β strands
connected by loops of different shapes and length. The strands are arranged in a β-sandwich
morphology. The J-K loop of EphA2 LBD forms a cleft with the other long loop, D-E loop. A
better understanding of three-dimensional structure of EphA2 LBD could be obtained by
rotating the molecule along its central axis vertically (See Movie 1).
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A.

Figure 2.3. Structure of the unbound EphA2 ligand-binding domain. Cartoon
representation of unbound EphA2-ligand binding domain obtained from Protein Data Bank
Code 3HPN. J-K loop and D-E loop form the backbone of the ligand-binding region.

Eph-ephrin signaling is initiated by recognition and binding of the Eph receptors with
ephrins. Initially, Eph receptor and ephrins are reoriented by formation of a heterodimeric 1;1
complex between their N-terminal binding. The heterodimerization of Eph-ephrin creates
complementary interaction surfaces. Varied degrees of conformational changes could be
observed in the Eph LBD. The heterodimeric complex leads to further formation of
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tetrameric 2:2 complexes which fix the orientation of both Eph receptor and the ephrin to
trigger the subsequent trans-autophosphorylation of tyrosine protein kinase domain of the
Eph

receptor.

Low

affinity

binding

sites

may

be

required

for

higher-order

oligomerization.4,17 The nature of the oligomerization subsequent to ligand binding is a
complicated subject that many biologists are still working to understand.
An example of EphA2-ephrinA1 complex (PDB code: 3HEI) shows that G-H loop of
ephrinA1 inserts into the hydrophobic pocket formed by J-K loop and D-E loop of EphA2
receptor (Figure 2.4 A and 2.4 B). A better understanding of three-dimensional structure of
EphA2-ephrinA1 binding complex could be obtained by rotating the molecule along its
central axis vertically (Movie 2).
A.
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B.

Figure 2.4. Structure of EphA2-ephrinA1 complex.
(A) Structure of the complex of EphA2 (magenta) and ephrinA1 (blue). EphA2 is arranged in
a similar orientation as the unbound EphA2 in Figure 2.3 A and 2.3 B.
(B) Structure of the complex of EphA2 (magenta) and ephrinA1 (blue). The complex is
oriented to give a clear presentation of Eph-ephrin interaction.

Movie 1. Structure of unbound EphA2 receptor ligand binding
domain.

Movie 2. Structure of EphA2-ephrinA1 complex.
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A.

G-H loop
J-K loop

D-E loop
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C.

D.

E.

Figure 2.5. Superimposition of unbound and ephrin A1 bound EphA2.
(A) Comparison of the structures of unbound (green) and ephrinA1-bound (magenta) EphA2.
(B) Comparison of structures of unbound (green) and ephrinA1-bound (blue) EphA2. J-K
loop in unbound EphA2 is showed. (Source: European Molecular Biology Organization,
2009)
(C) Superimposition of G-H loops of unbound (green) and ephrinA1-bound (magenta)
EphA2.
(D) Superimposition of D-E loops of unbound (green) and ephrinA1-bound (magenta) EphA2
(E) Superimposition of J-K loops of unbound (green) and ephrinA1-bound (magenta) EphA2

Superimposition of the EphA2 receptor in the unbound state and bound to ephrinA1
shows major conformational changes in G-H, J-K and D-E loops of the receptor. J-K and D-E
loops of the EphA2, which form the hydrophobic pocket, are where the G-H loop of
ephrinA1 contacts. G-H loop is close to the pocket (Figure 2.5 A). The rest of the structures
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of the EphA2 receptor do not undergo significant changes when it binds the ephrinA1
molecule. Figure 2.5 B shows the superimposition of two structures with complete J-K loop
in the unbound EphA2. J-K loop undergoes some conformational change (Figure 2.5 E).
Superimposition of G-H loop of unbound and ephrinA1 bounded EphA2 shows that the
conformational change is largely the result of rotation of the EphA2 receptor relative to
ephrinA1 without significant structural changes (Figure 2.5 C). Superimposition of D-E loop
of unbound and ephrinA1 bounded EphA2 shows that D-E loop undergoes large degree of
rotation relative to the ephrin molecule and certain actual structural changes (Figure 2.5 D).
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Chapter 3: Cross-class Binding Activities of EphA4 Receptor
In Chapter 2, we showed the in-class binding activities between EphA2 and ephrinA1. In
most cases, binding affinity between Eph receptors and ephrins is class-specific. EphA
receptors bind ephrin As and EphB receptors bind ephrin Bs. There are some promiscuous
binding activities within classes, although the binding constants vary with receptor-ligand
pair:1
Dissociation constants of complexes between EphA4 and:
ephrinA4 ephrinA1 ephrinA5 ephrinA2 ephrinB2 ephrinB1
3.6 nM
1.2μmM
0.36 μM 2.3 μM
10.8 μM
∞
The EphA4 receptor shows cross-class binding activities, forming complexes with ephrin
B2 and ephrin B3. The EphA4-ephrinB2 complex is currently the only known cross-class
interaction of known structure1. This interaction between the EphA4 receptor and ephrinB2
plays important role in vascular development and is therefore a target of drugs that could
inhibit tumor growth.
The structures of the EphA4-ephrinA2 (Figure 3.1 A) and EphA4-ephrinB2 complexes
(Figure 3.2 B) show that the EphA4 receptor undergoes major conformational changes in its
DEEph and JKEph loops at the interface (Figure 3.1 C)
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A.

ephrinA2

EphA4

B.

ephrinB2

EphA4
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C.

Figure 3.1 Structure of EphA2-ephrinA2 and EphA2-ephrinB2.
(A) Cartoon representation of EphA4-ephrinA2 (red-blue).
(B) Carton representation of EphA4-eprhinB2 (red-green).
(C) Superposition of EphA4 receptors in EphA4-ephrinA2 (colored in orange and
marine) and EphA4-ephrinB2 complexes (colored in red and green). Major
conformational changes can be observed in DE loopEph and JK loop Eph of EphA4
receptor.

The backbones of EphA4 receptors in EphA4-ephrinA2 and EphA4-ephrin-B2 complexes
fit well mostly with only three major conformational changes in localized regions at contacts
(Figure 3.2 A). One region of poorly-fit EphA4 contacts involve Glu62, Lys63, Thr65 for
EphA4 contacting with ephrin-A2, and Glu62, Asn64, Thr65 for EphA4 contacting with
ephrinB2 (colored in green in Figure 3.2 A). The superposition of this region showed that the
change is due to the rotation of DE loop when EphA4 binds to different ephrins (Figure 3.2
15

B). The second region of poorly-fit EphA4 contacts are Thr155, Gln156, Val157, Asp158,
Ile159, Gly160, Asp161, Arg162, Ile163, Met164, Lys165, Leu166 in the JK loop (residues
are colored in magenta in Figure 3.2 A). The comparison between the region before and after
superposition shows that this region of Eph A4 receptor undergoes significant rotation as well
as deformation when binding with different ephrin classes (Figure 3.2 C).The third region of
poorly-fit EphA4 contacts are Leu105, Arg106, Leu111, Gly113, Met115, Lys119, Glu120 for
EphA4 contacting with ephrin-A2, and Leu105, Arg106, Asn109, Met115, Gly116, Lys119,
Glu120 for the GH loop of EphA4 contacting with ephrinB2 (residues are colored in blue in
Figure 3.2 A). The superposition of this region showed that the change is mostly due to the
rotation of the GH loop when binding to different ephrin classes, though the loop undergoes
insignificant structural changes (Figure 3.2 D).
A.
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B.

C.

D.

Figure 3.2 Regions of Conformational changes in EphA4 receptors when binding with
ephrinA2 and ephrinB2.
(A) Three major conformational changes are DE loopEph (green), JK loopEph (magenta) and
GH loopEph (blue).
(B) Superimposition of DE loopEph.
(C) Superimposition of JK loopEph.
(D) Superimposition of GH loopEph.
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Chapter 4. Interface Residues of EphA4 Cross-Class Binding Activities
The structures of the EphA4-ephrinA2 and EphA4-ephrinB2 complexes shows that the
EphA4 receptor is able to adopt, in addition to the normal EphA receptor structure, a
conformation similar to that of EphB receptors.1 This provides the structural basis for the
exceptional cross-class interaction.
This chapter focuses on the positions of interface residues in the Eph receptor –ephrin
complexes to answer two questions: (1) What determines the rules governing which
ephrinB’s can form complexes with EphA4 receptor; in particular, why cannot EphA4 bind
ephrinB1? (2) Why cannot many other class A Eph receptors show cross-class binding?

Why does EphA4 bind ephrinB2 and ephrinB3 but not ephrinB1?
Although EphA4 binds ephrinB2 and ephrinB3, EphA4 and ephrinB1 show no detectable
binding.1 Figure 4.1 shows the alignment of the amino acid sequences of human ephrins B1,
B2, and B3.
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Figure 4.1 Alignment of human ephrinB sequences. Colors distinguish diﬀerent
physico-chemical classes of side-chains. Numbers indicate positions in this alignment. All
residue numbers are given as they appear in wwPDB entry 2WO2, or at corresponding
positions in homologous structures. Upper-case letters under the alignment blocks indicate
positions conserved in all three sequences. Lower-case letters under the alignment blocks
indicate positions in which ephrin B2 and B3 are the same but ephrinB1 is diﬀerent. Note that
among the residues of ephrinB2 that are in contact with EphA4, the only two positions at
which ephrin B2 and B3 are the same but ephrin B1 is diﬀerent are positions 131 and 132 in
this alignment (see red lw under the middle alignment block). These correspond to residues
121 and 122 of the B chain in wwPDB entry 2WO2.

To try to understand the aﬃnity proﬁle of EphA4 receptor for ephrin Bs, models of
ephrin B1 and ephrinB3 are built via SWISS-MODEL18-19 (See supplementary information).
The template was ephrinB2 from wwPDB entry 2WO2, the EphA4-ephrinB2 complex. Each
of the models is superimposed onto the ephrinB2 moiety in 2WO2. Firedock20-21 redocks the
complex — in particular, to try to relieve any side-chain clashes.
Figure 4.2 shows the interfaces in the experimental EphA4-ephrinB2 structure and the
19

EphA4-ephrinB1 model, superposed, in two different orientations. Two particular differences
in the contacting residues might reasonably underly the ability of EphA4 to bind ephrinB2
and ephrinB3 but not ephrinB1. EphrinB1 contains the dipeptide Tyr121-Met122. The
corresponding residues in ephrinB2 and eprhinB3 are Leu-Trp (Figure 4.1).

A.
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B.

Figure 4.2 Selected residues from the interfaces between EphA4 (experimental, green)
and ephrinB2 (experimental, cyan) and ephrinB1 (model, yellow). Stereo pairs are shown
in two diﬀerent orientations.
A more perspicuous view of the interface appears in Figure 4.3, showing van der Waals
slices through the relevant region. The larger size of the Tyr in ephrinB1 relative to the Leu of
ephrinB2 and ephrinB3 produces an unavoidable steric clash with Lys165 in EphA4. The
adjacent residue is Met in ephrin B1 and Trp in ephrinB2. In the experimental
EphA4-ephrinB2 complex, the Nε 1 atom of this Trp in ephrinB2 does not make a hydrogen
bond to Ile163 in EphA4; therefore there is no loss of an attractive interaction from this
mutation. However, the Met in ephrinB1 is smaller than the Trp, and does not ﬁll the space,
leading to a loss of the quality of complementarity in the packing of the interface. The
Trp→Met change, by itself, can weaken but perhaps not entirely preclude formation of the
21

complex.
A

B.

Figure 4.3 Packing at the EphA4-ephrinB interfaces. Black: skeletal representation of
EphA4, Green: van der Waals slices through EphA4 residues; Red: skeletal representation of
ephrinB residues, Blue: van der Waals slices through ephrin B residues; Magenta: skeletal
representations of side-chains at positions 121 and 122 (Leu-Trp in ephrinB2, Tyr-Met in
ephrinB1). (a) The interface in the experimental EphA4-ephrinB2 structure (wwPDB entry
2WO2). This interface shows ﬁne complementarity of packing. (b) The interface in the
modeled EphA4-ephrinB1 structure, showing the steric clash between Tyr121 of ephrinB1
and Lys165 of EphA4, and the loss of complementary packing around Met 122.
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In the model of the EphA4-ephrinB3 complex, the Leu and Trp side-chains are
accommodated in the interface just as they are in the experimental EphA4-ephrinB2 complex.
The ability of EphA4 to bind to ephrins B2 and B3, but not to ephrinB1, is primarily due
to the steric clash with EphA4 of the Tyr at position 121 in ephrinB1. As a secondary eﬀect,
the loss of complementarity to EphA4 in packing around the Met at position 122 in ephrinB1
also contributes to loss of aﬃnity.
In addition, in the wild-type EphA4-ephrinB2 complex, Glu42 of EphA4 forms a
side-chain salt bridge with Lys409 of ephrinB2, and Gln40 of EphA4 forms a side-chain
hydrogen bond with Gln406 of ephrinB2. The EphA4 mutant in which both Gln40 and Glu42
are replaced by alanine loses the salt bridge and the hydrogen bond. The EphA4 mutant
shows 10-fold reduced affinity for ephrinB2 although the mutation does not cause significant
structural changes in EphA4, which indicates the importance of surface contacts in
cross-class binding activities.22

Why does EphA4 but not other EphAs bind ephrinB2?
A model of a potential EphA2-ephrinB2 complex is built via SWISS-MODEL (taking
EphA4 from 2WO2 as template) and superimposed onto the 2WO2 structure.
Firedock18-19 redocks the complex in attempt of relieving any side-chain clashes. The
modeling was limited to residues corresponding to those that appear in the EphA4 moiety in
2WO2 (See supplementary information).
EphA4 is not the only Eph receptor that can undergo the observed conformational change
to bind ephrinB2. The fact that the model could be built shows that EphA2 is capable of
23

undergoing the conformational change observed in EphA4.1 Therefore inability to form an
EphB-like conformation is not the explanation of the lack of binding of EphA2 to ephrinB2.
Close contacts between EphA2 and ephrinB2 in the model, of side-chain atoms of
residues diﬀering between EphA2 and EphA4, involve residues: Gln58, Ile60 and Met68 of
the EphA2 model with residues Thr396, Phe410 and Thr411 of the ephrinB2. The
corresponding residues in EphA4 are:
EphA2
EphA4

Gln58
Ser

Ile60
Met

Met68
Thr

At two of these positions the residue in EphA2 is larger than the corresponding residue in
EphA4, causing steric clashes with the ephrinB2.
The close interactions of Gln58 of EphA2 with ephrinB2 in the model of the
EphA2-ephrinB2 complex involve the Cγ, not the more distal atoms of the side-chain. The
corresponding residue of EphA4, Ser, has a corresponding atom, the Oγ. In the experimental
EphA4-ephrinB2 complex there is a hydrogen bond between the Oγ of Ser58 of the EphA4
and the main chain -NH of residue 411 of ephrinB2. This attractive interaction is replaced by
a steric clash in the EphA2-ephrinB2 model.
The replacement of Thr by Met at position 68 of EphA2 also increases the side-chain
volume and creates a steric clash. In the experimental EphA4-ephrinB2 complex the Oγ1 of
the Thr forms a hydrogen bond to the carbonyl oxygen of residue 57 in the EphA4 itself but
not to the ligand.
The replacement of Met60 by Ile involves no change in the number of side-chain
(non-hydrogen) atoms, but only a small change in shape. It does not have a severe eﬀect on
24

the ability of the complex to form.
The failure of EphA2 to bind ephrinB2 is primarily due to the steric clashes at the
interface arising from the larger residues at positions 58 and 68 in EphA2.
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Chapter 5. Summary
The Eph receptor and ephrin families have co-diversiﬁed to provide a complex network
of control over developmental processes in both embryo and adult, including targeting of
cells in the developing nervous system. Their role in vascular development makes them
potential targets for cancer chemotherapy.
The activities of the components of the network depend, at least in large part, on the
pattern of aﬃnities between the diﬀerent ephrins and receptors. Both Eph receptors and
ephrins form two classes, A and B; binding is primarily within classes. However, some
exceptional cross-class complexes exist. The structure of the EphA4-eprhinB2 complex by
Bowden et al.1 has rationalized this unusual cross-class binding at the molecular level.
Based on models of unobserved complexes, interface residues are identified at particular
positions that diﬀer in volume, and appear to be responsible for preventing formation of
unobserved complexes. For the unobserved EphA4-ephrinB1 complexes the positions
involved are 121Tyr (Leu in ephrinB2) and 122Met (Trp in ephrinB2). For the
EphA2-ephrinB2 complex, the positions are 58Gln in EphA2 (58Ser in EphA4) and 68Met in
EphA2 (69 Thr in EphA4). These identified residues at particular sites create steric clashes
that account for the ability of EphA4 to bind ephrinB2 and ephrinB3 but not ephrinB1, and
for the ability of EphA4 but not EphA2 to bind ephrinB2.

26

Appendix A
Model of EphA4-ephrinB1

Click here to download supplementary information on EphA4-ephrinB1 model in PDB
format
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Appendix B
Model of EphA4-ephrinB3

Click here to download supplementary information on EphA4-ephrinB3 model in PDB
format
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Appendix C
Model of EphA2-ephrinB2

Click here to download supplementary information on EphA2-ephrinB2 model in PDB
format
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