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Abstract: The EphB receptors have key roles in cell morphology, adhesion, migration and invasion,

and their aberrant action has been linked with the development and progression of many different
tumor types. Their conflicting expression patterns in cancer tissues, combined with their high

sequence and structural identity, present interesting challenges to those seeking to develop selec-

tive therapeutic molecules targeting this large receptor family. Here, we present the first structure
of the EphB1 tyrosine kinase domain determined by X-ray crystallography to 2.5Å. Our comparative

crystalisation analysis of the human EphB family kinases has also yielded new crystal forms of the

human EphB2 and EphB4 catalytic domains. Unable to crystallize the wild-type EphB3 kinase
domain, we used rational engineering (based on our new structures of EphB1, EphB2, and EphB4)

to identify a single point mutation which facilitated its crystallization and structure determination to

2.2 Å. This mutation also improved the soluble recombinant yield of this kinase within Escherichia
coli, and increased both its intrinsic stability and catalytic turnover, without affecting its ligand-

binding profile. The partial ordering of the activation loop in the EphB3 structure alludes to a

potential cis-phosphorylation mechanism for the EphB kinases. With the kinase domain structures
of all four catalytically competent human EphB receptors now determined, a picture begins to

emerge of possible opportunities to produce EphB isozyme-selective kinase inhibitors for mecha-

nistic studies and therapeutic applications.

Keywords: EphB1; EphB2; EphB3; EphB4; crystallography; ligand-binding sites; protein engineering;

activation mechanism

Introduction

The Eph receptors (EC 2.7.10.1) are type I transmem-

brane proteins that interact with their membrane-

bound ligands, the ephrins. These interactions facili-

tate cell-to-cell contacts, resulting in bidirectional

intracellular signaling cascades.1 Upon ephrin stimula-

tion and receptor dimerization, the intracellular kinase

domains transphosphorylate their juxtamembrane

regions and cytoplasmic tails, driving the subsequent

recruitment of down-stream signaling molecules.2

These interacting proteins include Src homology 2 and

3 adapter proteins, Src family kinases, phosphatidyl-

inositol 3-kinase, mitogen-activated protein kinases,

small GTPases, guanine nucleotide exchange factors,

and phosphatases, each of which contribute to the

complex cell repulsion and adhesion pathways that

modulate cell shape, motility and attachment.3
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The complex role of the Eph receptors in a vari-

ety of tumor types has led to a number of drug-

discovery programs aiming to develop a range of dif-

ferent molecules to modulate Eph signaling, includ-

ing antibodies, peptides and small-molecule kinase

inhibitors.4 While the peptides and antibodies are

focused on the extracellular part of the receptors,

and also mimic their interaction with the ephrin

ligands, the kinase inhibitors are aimed at intercept-

ing the signaling inside the cell. A number of groups

have described the development of specific Eph

kinase inhibitors, with varying degrees of potency

and selectivity,5–7 while others have described small

molecules designed to target other kinases that also

inhibit Eph kinases.8,9 Structural biology has played

an essential part in the development of many of

these Eph-kinase inhibitors, and is generally

accepted to be a core drug-discovery tool for optimiz-

ing the potency, selectivity, and physical properties

of small-molecule kinase inhibitors.10,11

The Eph receptors have been the subject of

extensive structural studies by a number of different

research groups, using both X-ray crystallography

and Nuclear Magnetic Resonance (NMR) spectros-

copy. Such studies have elucidated the structures of

many Eph extracellular domains and their interac-

tion with their ephrin ligands,12–15 the transmem-

brane helices and their homodimeric interactions,16

and the formation of intracellular SAM domain

oligomers.17,18 Early structural studies with the

murine EphB2 and EphA4 kinase domains revealed

important mechanistic insights into the auto-

inhibitory and activation mechanisms of the Eph

kinases.19,20 These studies were built on the use of

EphA3,21 and were expanded to include character-

isation of Eph-kinase substrate specificity.22 Further,

structures of EphA3, EphA7, and EphB4 have

driven the development of potent inhibitory mole-

cules targeting these kinases.5,23,24 Of the fourteen

human Eph receptors, half have had their kinase

domain structures defined, leaving just six to be

determined: EphA1, EphA6, EphB1, EphB3, and

catalytically dead kinases EphA10 and EphB6. The

high degree of sequence and structural conservation

between the Eph kinase domains, and confusing

data around their roles in different oncological set-

tings, means that structure-driven optimisation of

Eph-kinase selectivity is likely to prove essential in

the future development of Eph-kinase inhibitors for

clinical and mechanistic applications.

The EphB kinases are a small subfamily of the

Eph receptors, comprising just five members. EphB1

to 4 are catalytically competent, while the more

divergent EphB6 is catalytically dead. Further to

the data we have presented on the biophysical and

biochemical characterization of the four catalytically

active EphB kinases,25 this article goes on to investi-

gate their amenability to crystallization and

crystallography. Crystallization screening revealed

that wild-type forms of EphB1, EphB2, and EphB4

all crystallized readily, leading to the determination

of the first EphB1 kinase domain structure, the first

human EphB2 kinase domain structure and the first

wild-type EphB4 structure. Although the equivalent

EphB3 kinase domain construct was recalcitrant to

crystallization, we have used the structures of the

other EphB kinases to rationally engineer a crystal-

lizable mutant form of EphB3 that has enabled its

structure solution. This mutation also gave rise to

higher yields of recombinant protein in Escherichia

coli, which we have attributed to elevated intrinsic

stability. The EphB3 structure contains a partially

ordered activation loop which adopts a catalytically

competent binding mode, indicating a possible cis-

phosphorylation auto-activation mechanism for the

EphB kinase family. We also discuss potential oppor-

tunities for routes to obtain small molecules with

Eph-kinase selectivity.

Results

We have previously described a number of key dif-

ferences between the four catalytically competent

human EphB kinase domains EphB1, 2, 3, and 4 in

terms of their amenability to recombinant expres-

sion in E. coli, their intrinsic stability, their enzy-

matic parameters and, importantly, their compound

inhibition profiles.25 In this study, we sought to

explore how these differences, most notably their

recombinant expression and intrinsic stability, corre-

lated with their amenability to structure determina-

tion by X-ray crystallography.

Crystallization of wild-type EphB kinases
To determine their intrinsic crystallizability, samples

of each of the four EphB wild-type kinase-domain

proteins were subjected to crystallization screening

by sitting-drop vapour diffusion against 192 separate

conditions, using three different ligand and buffer

formulations. Three of the four proteins (EphB1,

EphB2, and EphB4) produced a number of proteina-

ceous crystalline hits, some of which were suitable

for X-ray diffraction testing. The highest hit-rate

was observed for EphB4, which produced hits in

�6% of conditions tested, compared with EphB1 and

EphB2, which had a �2% hit rate. No screening hits

were, however, obtained for EphB3 in any of the

conditions/formulations tested. The initial screening

hits required one to two rounds of optimization at

microliter scale to produce diffraction-quality crys-

tals from which diffraction data-sets for EphB1, B2

and B4 could be obtained [Fig. 1(B)].

Crystals obtained for EphB2 and EphB4 were

suitable for collection using in-house X-ray genera-

tors, whereas those obtained for EphB1 required a

synchrotron light source to achieve the required

data quality. The apoprotein structure of EphB2 and
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structure of EphB4 co-complexed with staurosporine,

were solved by molecular replacement using previ-

ously published structures of the same proteins. The

novel EphB1 structure was solved by using the pub-

lished EphB2 structure, 1JPA, as a search model;

refinement statistics and Protein Data Bank (PDB)

accession codes for the three structures can be found

in Table I.

Predictably, all EphB structures reported here

adopt the traditional bi-lobed kinase fold, with a few

observed differences; these are, to a large extent, the

result of the hinge motion of the kinase domains

upon ligand binding. As illustrated in Figure 1(A),

the staurosporine-bound EphB4 adopts the most

closed conformation, with the Gly-rich loop folding

tightly over the ligand, while the apoprotein struc-

tures of EphB1 and EphB2 are more open, with the

Gly-rich loops partly disordered. The asymmetric

unit of the novel EphB1 structure contains nine mol-

ecules, with only minor differences between them.

The EphB4 structure is different from the previously

published EphB4 structures23,24 in that it exhibits a

much more ordered activation loop with a phospho-

rylation on Tyr774, and slight changes in the glycine

loop to accommodate the staurosporine molecule.

The EphB2 structure is the first published apopro-

tein EphB2 structure, and is also the first wild-type

human EphB2 kinase domain structure, although

the two previously published EphB2 structures use

a mouse sequence (UniProtKB/Swiss-Prot: P54763),

which is identical to the human sequence in the

kinase domain region.

EphB3 kinase domain model and mutant design

Instead of screening a greater number of conditions,

ligands and alternative phosphoforms for the EphB3

kinase domain, we chose to identify a crystallizable

form of the protein using rational engineering. In

order to identify potential sites on EphB3 for muta-

tional engineering, we used SWISS-MODEL (http://

swissmodel.expasy.org/26), with its default settings,

to construct a three-dimensional model of the EphB3

kinase domain, using the highest resolution EphB

structure in the PDB, that of EphB4 in co-complex

with a small-molecule kinase inhibitor (PDB:

2VWX). EphB4 shares an 86% identity with EphB3

within the chosen domain boundaries. The resultant

model is shown in Supporting Information Figure

1(A). The model highlights the residues in EphB3

that are not conserved in the three other EphB

kinases for which the X-ray structures have so far

been solved (EphB1, EphB2, and EphB4). In total 19

residues are found only in EphB3 within our previ-

ously determined kinase domain boundaries, of

which 15 are visible within the model. The majority

of these unique residues are found in loop regions

and as surface exposed hydrophilic residues on

a-helices, together with a few conservative hydro-

phobic residue differences. The most striking differ-

ence, from a structural perspective, was an alanine

residue at position 899. In each of the other three

EphB kinases, this residue is a proline [Supporting

Information Fig. 1(B)] that creates a kink in the

structure between two helices just before the

C-termini of the kinase domains. This kink allows a

Figure 1. Structural gallery of the EphB kinase domains. (A) Backbone ribbon representations of the kinase domain structures

of EphB1 (pink), EphB2 (cyan), EphB3 A899P (green), and EphB4 plus staurosporine (yellow). (B) Corresponding light micro-

scope images of diffraction-quality crystals of EphB kinase domains. PyMol was used to prepare all structure images

(http://www.pymol.org).
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small section of a-helix to fold back and associate

with the rest of the C-terminal lobe, making a series

of stabilising interactions. We hypothesised that the

lack of a proline in this position in EphB3 might

lead to a destabilisation in this region of the C-

terminal lobe, and also its recalcitrance to crystal

formation and X-ray structure determination.

EphB3 A899P expression and stability profiling

A single point mutation of the EphB3 kinase domain

(616–910) was created to determine whether swap-

ping the alanine at position 899 for a proline (subse-

quently referred to as A899P), as found in the EphB

paralogues, would lead to increased stability and

potentially aid crystallogenesis. E. coli expression

studies were undertaken in the presence and absence

of human PTP1B, which we had previously shown to

be essential for obtaining soluble, homogeneously

unphosphorylated EphB3.25 We found that the

A899P mutation did not have a detrimental effect on

soluble recombinant expression, and, in the presence

of PTP1B, the expression of A899P was enhanced by

around threefold compared with the wild-type protein

(Fig. 2). We also determined that both proteins were

active when recombinantly expressed, as evidenced

by auto-phosphorylation, and that co-expression with

PTP1B enabled production of homogeneously unphos-

phorylated material (Fig. 2).

Large-scale expression and purification resulted

in sufficient quantities of purified material to

attempt stability analysis, to determine whether this

single point-mutation had enabled the production of

a more thermodynamically stable enzyme. The

intrinsic stability of the isolated EphB3 A899P

kinase domain was investigated using two separate

techniques: thermal denaturation using Circular

Dicroism (CD), and chaotropic unfolding following

changes in intrinsic tryptophan fluorescence. Initial

wavelength scans were performed by CD in phos-

phate buffer at physiological pH, and demonstrated

very similar secondary-structure profiles for the

wild-type and mutant enzymes [Fig. 3(A)]. Clear

unfolding transitions were observed for both pro-

teins over a 20�C to 80�C range [Fig. 3(B)], which

demonstrated a large increase in thermal stability

for the mutant A899P versus the wild-type enzyme

of 17.2�C (Table II).

We have previously shown a very distinct

chaotrope-induced unfolding-profile for the wild-type

EphB3 enzyme compared with other EphB family

Table I. Summary of Data Collection and Refinement Statistics

EphB1 EphB2 EphB4 1 Staurosporine EphB3 A899P

PDB accession code 3ZFX 3ZFM 3ZEW 3ZFY
Data collection

Space group P32 P1 P21 P1
Cell dimensions

a 195.99 34.59 52.17 46.99
b 195.99 41.19 88.17 56.48
c 60.21 54.47 80.78 61.35
a 90 92.65 52.17 93.02
b 90 97.15 88.71 90.65
g 120 114.79 80.78 90.03

Resolution (Å) 2.50 (2.50–2.64) 2.27 (2.27–2.39) 2.50 (2.50–2.59) 2.20 (2.28–2.20)
Total observations 464,293 (62,305) 45,906 (6452) 73,290 (9852) 58,327 (4795)
Unique reflections 89,433 (13,046) 11,890 (1679) 22,752 (3102) 29,560 (2529)
Completeness 100.0 (100.0) 95.1 (92.6) 91.3 (90.3) 92.31 (83.0)
Rmerge 0.154 (0.600) 0.035 (0.117) 0.111 (0.328) 0.054 (0.144)
<I/r(I)> 8.3 (2.8) 25.7 (10.3) 6.3 (2.4) 9.7 (3.8)

Refinement
Resolution 2.50 2.27 2.50 2.20
No. reflections 84,918 11,689 22,656 28,046

R (%) 19.09 23.7 24.98 22.82
Rfree (%) 21.80 26.11 28.03 25.24

No. atoms
Protein 18,042 1933 4235 3989
Other 102 79 284 111

Ramachandran (%)
Favored 96.5 96.3 95.8 94.3
Allowed 2.8 3.7 2.2 4.3
Disallowed 0.7 0.0 2.0 1.4

r.m.s. deviations
Bonds (Å) 0.014 0.009 0.009 0.010
Angles (degrees) 1.373 1.050 1.040 1.289
Mean isotropic B values 28.31 28.66 65.75 33.02

Data in parentheses refer to the highest resolution shell.
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members, monitoring tryptophan fluorescence at 345

nm in the presence of increasing GdnHCl concentra-

tion.25 In this study we have compared the EphB3

A899P unfolding-profile to that of the wild-type

unfolding-profile (Fig. 4). The wild-type protein

shows a distinct minimum in tryptophan fluores-

cence at �1M GdnHCl, indicating some degree of

structural rearrangement, presumably resulting in

the exposure of one or more of the tryptophan’s to

an aqueous environment. As the GdnHCl concentra-

tion is further increased, the protein appears to

undergo additional restructuring events, resulting in

a partial re-gain of tryptophan fluorescence and sta-

ble “third” state at �2M GdnHCl. As the GdnHCl

increases further, up to a concentration of �3M, the

tryptophan signal finally reaches a stable minimum,

indicating complete unfolding. The unfolding-profile

for the A899P mutant is markedly different; the

mutant protein lacks the distinct minimum at 1M

GdnHCl, but like the wild-type protein it does have

the stable tryptophan signal at �2M and the mini-

mal signal from �3M GdnHCl. This altered unfold-

ing profile for the mutant protein now closely

resembles those of the other EphB family members

EphB1 and EphB2,25 indicating that the A899P

mutation may be giving rise to a structural change

within the C-terminal lobe of the kinase.

Kinetic analysis of EphB3 A899P
An in vitro peptide phosphorylation assay was

employed to investigate the intrinsic activity of the

EphB3 A899P mutant to determine whether this

residue has an effect on the catalytic activity of the

protein. Unphosphorylated kinase domains were

incubated with the generic tyrosine-kinase substrate

poly(Glu,Tyr), and the level of substrate phosphoryl-

ation was monitored over time using an ADP-

production luminescence assay. This assay was used

to determine the comparative Km of both kinases for

ATP and substrate, as well as kcat and Vmax values

(Table II). We have found that the A899P mutant

showed an increase in turnover number compared

with the wild-type enzyme (Table II), indicating that

the increased stability afforded by the A899P muta-

tion also affords a modest increase in activity. We

Figure 2. E. coli expression results of EphB3 kinase

domains. (A) shows an SDS PAGE gel analysis of hexahisti-

dine affinity-purified samples from soluble fraction of E. coli

cell lysates; 0.5 ml of culture equivalent loaded per lane, -/1

refers to co-expression with PTP1B. (B) Shows an anti-

phosphotyrosine western blot analysis of the same affinity

purified samples; 0.5 mg of kinase loaded per lane.

Figure 3. Thermal unfolding of EphB3 kinases. (A) shows a

molar concentration adjusted 260 to 195 nm CD wavelength

scan of each of EphB3 and EphB3 A899P kinase domains to

demonstrate their secondary-structure profiles, n 5 3—the

web server K2d27 was used to estimate the percentages of

protein secondary structure from these circular dichroism

spectra; EphB3 wild-type: 32% alpha helical, 15% beta

strand, 52% random coil, EphB3 A899P: 36% alpha helical,

16% beta strand, 48% random coil. (B) Shows averaged

thermal-unfolding transitions obtained from CD experiments

monitored at 222 nm (alpha-helical response). Unfolding tran-

sition data were fitted to a six-parameter unfolding equa-

tion,28 using Prism software to generate comparative melting

temperatures (Tm) and van’t Hoff enthalpies of unfolding

(DUH(Tm)).
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also examined the inhibitor-binding profile of

EphB3 A899P compared with the wild-type

enzyme, using both ITC and a biochemical assay

using three previously described EphB kinase

inhibitors; CMPD1, 2 and 3.25 EphB3 gave affin-

ities and IC50 (half maximal inhibitory concentra-

tion) values that were in very close agreement with

those of the wild-type enzyme (Table II). This con-

firmed that not only is the A899P mutation suffi-

ciently remote from the binding site so as not to

compromise compound binding, but also that this

enzyme would be a suitable surrogate for enzy-

matic and biophysical studies of EphB3 protein–

ligand interactions.

EphB3 A899P crystallization and structure
determination

Having demonstrated the A899P mutant to have

substantially improved thermal and chaotropic sta-

bility, we attempted to obtain crystals of this protein

to facilitate structure determination. A homogeneous

sample of the kinase was subjected to crystallization

screening by sitting-drop vapour diffusion, and

screened against 192 separate conditions, using four

different ligand and buffer formulations at nanoliter

scale. A few proteinaceous crystal hits were

observed, the best crystals appearing in 35% diox-

ane. These initial hits were further optimised by

reduction of the dioxane concentration and the addi-

tion of 10 mM MgCl2 to obtain crystals suitable for

in-house X-ray diffraction testing [Fig. 1(B)].

The structure of EphB3 A899P was solved by

using the published EphB4 structure, 2VWX24 as a

search model; refinement statistics for the structure

can be found in Table I. A fully refined model of the

EphB3 catalytic domain to 2.2Å has now been depos-

ited in the PDB: 3ZFY [Fig. 1(A)]. Overall, the cata-

lytic domains in the EphB family exhibit only minor

structural differences. The C-terminal domains are

essentially identical (average r.m.s.d. after pairwise

superposition: 0.34 Å), while somewhat larger differ-

ences can be found when comparing the N-terminal

lobes (average r.m.s.d. after pairwise superposition:

0.60Å), mainly due to the inherent flexibility of the

N-terminal domain and differences induced by com-

pound binding in one of the structures. A small

hinge-movement between the N- and C-terminal

domains can also be observed (overall average

r.m.s.d. after pairwise superposition: 0.72 Å) which

is also illustrated in Figure 5(A). The EphB3 struc-

ture does however highlight the position of Cys717

in the hinge loop which confirms the likelihood of

steric clash with the EphB4 kinase inhibitor CMPD1

[Fig. 5(B)], which has been shown to have reduced

potency against EphB3 compared with other EphB

isozymes.25 Interestingly, the EphB3 structure also

contains a partial ordering of the activation loop

containing Tyr792 [Fig. 5(C)]. A portion of the

observed activation loop including the tyrosine is

lying in the substrate binding site as previously

determined crystallographically in EphA3.22 The

non-phosphorylated Tyr792 is pointing into the

Table II. Enzymatic and Thermodynamic Parameters for EphB3 Enzymes

EphB3 WT EphB4 A899P

CD thermal unfolding Tm (�C) 45.0 6 0.1 52.2 6 0.1
DUH(Tm) (kJ mol21) 106.2 6 3.7 137.7 6 4.5

Steady-state kinetics Km ATP (mM) 506 6 48 660 6 46
Km Subs. (mg/mL) 943 6 91 1014 6 123
kcat (s21) 0.43 6 0.01 0.77 6 0.02
Vmax (nmol/min per mg) 764.1 6 22.9 1382.1 6 41.5

CMPD1 ITC N 1.00 6 0.08 1.1706 0.05
Kd (mM) 11.47 6 2.83 8.07 6 1.45
DH (kJ M21) 251.71 6 13.30 246.40 6 6.68

CMPD1 Inhibition IC50 (mM) 5.065 4.849
95% CIR 1.166 1.206
R2 0.987 0.985

CMPD2 Inhibition IC50 (mM) 0.149 0.117
95% CIR 1.172 1.211
R2 0.991 0.987

CMPD3 Inhibition IC50 (mM) 0.036 0.032
95% CIR 1.116 1.190
R2 0.997 0.992

Chemical structures of CMPD1, 2, and 3 can be found in Ref. 25, errors shown are standard errors, n�3 for all
experiments.
Abbreviations: A280, absorbance at 280 nm; ADPNP, 50-adenylyl b,g-imidodiphosphate; Camr, chloramphenicol resistance
marker; CHES, N-cyclohexyl-2-aminoethanesulfonic acid; DTT, dithiothreitol; GdnHCl, guanidine hydrochloride; IC50, half
maximal inhibitory concentration; IMAC, Immobilized metal ion affinity chromatography; IPTG, isoproyl b-D-thiogalacto-
pyranoside; ITC, isothermal titration calorimetry; Kanr, kanamycin resistance marker, LB, Luria-Bertani; Ni-NTA, nickel-
nitrilotriacetic acid; OD600, optical density at 600 nM; PEG, polyethylene glycol; PTP1B, phosphotyrosine phosphatase 1
beta; RTK, receptor tyrosine kinase; TCEP, tris(2-carboxyethyl)phosphine; Tetr, tetracycline resistance marker; TEV,
tobacco etch virus.
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active site and appears to be coordinated by Asp758

of the HRD motif and Arg762 as would be required

for catalysis.

Discussion

EphB kinase crystallizability versus stability
Given the high level of sequence identity between

these four enzymes (ranging from 83% between

EphB2 and EphB4, to 89% between EphB1 and

EphB225), one might have expected all four enzymes

to be equally accessible to structure determination

by X-ray crystallography, but this was not the case.

EphB4 appears to be the most crystallizable of the

four isozymes, despite also being the most difficult

to produce recombinantly, and exhibiting the lowest

stability profile.25 This does, however, agree with

previously published data from large structural-

biology laboratories, suggesting that stability is not

the overriding factor in protein crystallizability.29

Although we have demonstrated that the EphB3

A899P mutant is substantially more stable than the

EphB3 wild-type enzyme, we cannot say for certain

that this increase in stability alone is the dominant

factor leading to successful crystallization. For

example, one could imagine that an alternative rea-

son could be the reduced entropy of the mutant pro-

tein caused by the conformational inflexibility of the

proline residue versus the alanine residue found in

the wild-type enzyme. Similar types of proline muta-

tion had been exemplified previously in other sys-

tems to aid protein stabilisation,30–32 but this one

has a clear additional benefit in driving crystalliza-

tion. Interestingly, EphB3 is the only one of the four

wild-type kinase domains to exhibit a “salting-out”

effect when placed on ice at crystallization concen-

trations (i.e., �10 mg/mL); the EphB3 kinase domain

solution becomes opaque, but does not precipitate in

the temperature range between 1�C and 5�C, and

can be dissolved back into solution by increasing the

temperature. This “salting-out” effect is not seen

with the A899P mutant.

Figure 4. Chaotropic unfolding of EphB3 kinases. Unfolding

of EphB3 wild-type and A899P kinase domains with increas-

ing GdnHCl was monitored by following the progressive

quenching of internal tryptophan fluorescence (Ex 295 nm,

Em 345 nm). Units shown on the y-axis are relative fluores-

cence units. Curves were fitted to both two-state (dotted line)

and three-state (unbroken line) models. n 5 3 for all.

Figure 5. EphB3 structure observations. (A) Backbone representation of EphB catalytic domain structures [color scheme follows Fig.

1(A)], after superposition on the C-terminal lobes. (B) A ribbon overlay of the active sites of EphB4 (black) with CMPD1 (grey) (PDB:

2VWU), and EphB3 (green) highlighting the key difference at Gly699 (Cys717 in EphB3) and Ala700 (Ser706 in EphB2), the surface shown

is that of EphB3; (C) surface representation of the EphB3 substrate-binding groove with the partially ordered EphB3 activation loop

and HRD motif (green sticks), overlaid with part of the EPHOPT peptide (orange sticks) from the EphA3 complex structure (3FXX).
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EphB active site differences and clinical

exploitation
We have previously demonstrated clear differences

in both the kinetic activity and inhibitor-binding

profiles of the four EphB kinases.25 Access to the

three-dimensional structures of each of the isozymes

allows us to probe these differences in more detail;

similar to the backbone of the molecules, the active

sites appear to be highly conserved. As shown in

Figure 5(B), nonconserved side chains mostly point

toward the solvent, and hence have little influence

on the shape and charge properties of the ligand-

binding pocket. However, two of the nonconserved

positions, 699 and 700 (EphB4 numbering), form the

edge of the binding site towards the solvent. Position

699 is occupied by Gly in all except EphB3, where it

is Cys, whereas 700 is Ala in all except EphB2,

where it becomes Ser. As predicted, the Gly to Cys

substitution renders the solvent channel much

narrower, which is likely to sterically hinder the

binding of molecules such as CMPD1 (an anilinoqui-

nazoline) and CMPD2 (a 2,4-bisanilinopyrimidine),

which lie across the conserved Gly in the other

EphB enzymes. This Cys alters the ligand-binding

profile of EphB3 relative to other kinases by induc-

ing a sharp drop in potency for certain compounds

that are otherwise good inhibitors across the rest of

the family.25 Interestingly, Gly is conserved at this

position within the hinge loop in all human tyrosine

kinases except EphB3. This Gly is important in a

number of kinases for dictating resistance/sensitivity

to small molecules and is regarded as a hotspot for

clinical resistance mutations to type I and type II

kinase inhibitors.33–35

From the structural and ligand-binding data

that we have presented, it is clear that, should it be

required for clinical purposes, there may be some,

albeit limited, opportunity to design EphB-selective

small molecules to modulate the kinase activity of

these receptors. However, this is likely to depend on

which of the four enzymes one would need to select

for or against. Obtaining small molecules that selec-

tively target or avoid EphB3 should be feasible,

given the presence of Cys717 in the active-site

region. Similarly, targeting Ser706 of EphB2 may

afford some degree of isozyme selectivity. However,

as the active sites of EphB1 and EphB4 are so simi-

lar, it may be very difficult to obtain molecules that

target one of these enzymes and not the other, with-

out exploiting differences remote from the active

site. This is not to say that this would be impossible

as there is precedent for identifying allosteric or

non-ATP competitive kinase inhibitors.36 Given that

there is such complexity and disparity in the disease

profiles of the various EphB isozymes, not least in

the oncological setting,4 it is unclear at present

whether there would be clinical benefit in: (a) pro-

ducing a small-molecule EphB kinase inhibitor or

activator, and (b) ensuring that this molecule is

selective for one or more of the EphB isozymes over

the other Eph receptors.

EphB3 activation loop conformation hints at a
possible cis-activation mechanism

The constructs used for this study do not contain

the juxtamembrane regions required for auto-

inhibition of catalysis,19 hence the kinases are free

to adopt active-like conformations. The structure of

EphB3 demonstrates the ability for this kinase to

bind its own activation loop within its substrate

binding groove. Although this phenomena has been

observed previously for the insulin receptor tyrosine

kinase (PDB: 1IRK37), this is the first crystallo-

graphic evidence for such a binding event within the

EphB family. The unphosphorylated activation loop

tyrosine appears to be coordinated in an orientation

that would allow for catalysis with its hydroxyl

group within hydrogen bonding distance to the side

chains of Arg762 and Asp758, and is similar to that

observed for synthetic substrate peptides in EphA3

[Fig. 5(C)].22 However, this structure does not repre-

sent a fully active conformation as the catalytic

lysine (Lys665) is partially disordered, and the gly-

cine (Gly776) of the DFG motif at the start of the

activation loop is in a position where it would almost

certainly clash with both the a and b phosphates of

ATP if it were present. The phenylalanine (Phe777)

is however partially flipped out as would be required

for an active conformation, but not as far as

described in the active structures of EphB2 (PDB:

2HEN20) and EphA3 (PDB: 2QOC21). It is unclear

whether in the presence of ATP, there would be

enough flexibility in the activation loop, and in par-

ticular the five amino acids that are not visible in

the electron density, to allow it to bind in the sub-

strate grove and maintain the orientation of Tyr792

in a catalytically competent pose. There is at pres-

ent, insufficient evidence in the currently available

EphB structures to unequivocally support the notion

of cis-phosphorylation within the Eph kinase activa-

tion pathway as described for a number of other

kinases.38 Additional biochemical activity studies

with very careful analysis of enzyme kinetics would

be required to probe the cis versus trans autophos-

phorylation mechanism. Such studies might involve

examining the effects of addition of a ’kinase dead’

EphB mutant to an autophosphorylating EphB wild-

type assay which would not be expected to substan-

tially change the kinetics of autophosphorylation if a

cis-autophosphorylation mechanism is favored.

Conclusions

The novel EphB1, EphB2, EphB3, and EphB4

kinase domain structures that we have solved now

give us a more comprehensive picture of the EphB

family of catalytic domains. These structures,
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together with those of the EphA kinases that have

previously been determined, will provide researchers

with more comprehensive information with which to

design potent and selective Eph-kinase inhibitors.

These compounds in turn will be valuable tools to

enable a greater understanding of the respective

Eph biological pathways and disease-linked mecha-

nisms and potentially even facilitate clinical candi-

dates for disease intervention.

This study also emphasises both the value of

testing several homologues when attempting struc-

tural studies of specific members of protein families,

and also the power of structure-based protein design,

where even single point-mutations can trigger the

difference between precipitation and crystallization.

Materials and Methods
All chemicals were obtained from Sigma, unless oth-

erwise stated.

Molecular biology

E. coli expression constructs for the four wild-type

EphB-kinase catalytic-domain proteins used for initial

crystallization screening were synthesised in vitro by

GENEART AG (Life Technologies); EphB1 residues

602–896 (UniProtKB/Swiss-Prot: EPHB1_HUMAN,

P54762), EphB2 residues 604–898 (UniProtKB/Swiss-

Prot: EPHB2_HUMAN, P29323), EphB3 residues

616–910 (UniProtKB/Swiss-Prot EPHB3_HUMAN,

P54753) and EphB4 residues 598–892 (UniProtKB/

Swiss-Prot: EPHB4_HUMAN, P54760). All sequences

were codon-optimised for E. coli expression. The syn-

thetic genes were sub-cloned into the GatewayVR -

adapted pT7#3.3 (Tetr) E. coli expression vector,39

using the GatewayVR Cloning System (Life Technolo-

gies). The expression constructs contained a 6His

purification tag, the residual GatewayVR sequence, and

a TEV (Tobacco Etch Virus) protease recognition

sequence N-terminal to each EphB catalytic domain:

MHHHHHHGSTSLYKKAGSENLYFQGSS. An addi-

tional expression vector containing a single copy of

the human PhosphoTyrosine Phosphatase 1 Beta

(PTP1B) protein (UniProtKB/Swiss-Prot: PTN1_HU-

MAN, P18031, residues 1-288) inserted into the pRSF-

1b plasmid (Kanr, EMD Chemical, Merck KGaA) was

also constructed: pRSF1-PTP1B.

Additional synthetic EphB3 wild-type and

EphB3 A899P mutant E. coli expression constructs

were created using the same protein sequence and

domain boundaries as the above-described EphB3

wild-type construct. These synthetic gene fragments

were restriction-ligation sub-cloned into a modified

version of pET28b (Kanr, Merck) using flanking

BamHI and XhoI sites. The resultant expression vec-

tors contained the following sequence N-terminal to

the EphB3 kinase domains: MHHHHHHGGGEN-

LYFQGSS. An additional PTP1B vector for co-

expression with these EphB3 constructs was also

created: pT7#3.3-GST-PTP1B contained a single copy

of the human PTP1B inserted into pT7#3.3 down-

stream of the glutathione-S-transferase (GST) gene.

Protein expression and purification
Kinase expression vectors were transformed into

E. coli BL21 StarTM(DE3) cells (Life Technologies) in

the presence of pRSF1-PTP1B for the four original

EphB kinase vectors, or pT7#3.3-GST-PTP1B for the

two EphB3 constructs in pET28b. The EphB4-

containing cells were also co-transformed with the

GroES-GroEL containing vector pGro7 (Camr,

Takara Bio).

E. coli cells were cultured in 2 l conical flasks con-

taining LB (Luria-Bertani) broth plus antibiotics, at

37�C, 220 rpm. The temperature was reduced to 18oC

prior to induction of kinase (and phosphatase) expres-

sion with 0.1 mM IPTG (ISOPROYL b-D-thiogalacto-

pyranoside) at an average OD600 of �0.80 for 20 hrs.

Cells were harvested by centrifugation at 12,000g. For

the EphB4, pGro7-containing cultures, the addition of

L-(1)-arabinose to a final concentration 1 g/L was

required to induce chaperone expression.

Frozen cell pellets equivalent to 6 L of E. coli

culture were re-suspended in a base buffer contain-

ing 40 mM Hepes, 500 mM NaCl, 1 mM TCEP, pH

8.0, supplemented with 10 mM imidazole, 1 mg/mL

hen egg-white lysozyme, 0.1 mL/mL BenzonaseVR

Nuclease HC (Novagen) and EDTA-free Complete

Protease Inhibitor Cocktail Tablets (Roche). Cells

were lysed with a single pass through a 2.2 kW TS

series cell-lysis system (Constant Systems) at 25

kpsi. Lysates were clarified by centrifugation at

35,000g for 60 min and fractionated by using Ni-

NTA (Nickel-NitriloTriacetic Acid) Superflow resin

(Qiagen). The resin containing bound proteins was

washed to A280 baseline with base buffer containing

20 mM imidazole, and eluted with, 500 mM imidaz-

ole in the same buffer. Elution fractions were pooled,

and N-terminal 6His tags removed with rTEV prote-

ase (Life Technologies) during overnight dialysis at

4oC versus 40 mM Hepes, 500 mM NaCl, 5 mM

imidazole, 1 mM TCEP, pH 8.0. Cleaved EphB

kinase proteins were further purified by a subtrac-

tive Ni-NTA step to remove the TEV protease, 6His

tags and any uncleaved material, followed by a final

gel-filtration step, using a 120 mL Superdex S75 col-

umn (GE Healthcare) into crystallization buffer (50

mM Mops, 50 mM NaCl, 1 mM DTT pH 7.5). Mono-

meric fractions containing >95% pure EphB kinase,

as judged by SDS-PAGE, were pooled and concen-

trated to between 9 and 11 mg/mL. Concentrated

proteins were flash frozen in liquid nitrogen and

stored at 280�C. All chromatographic manipulations

were performed at 14�C.

Western blotting was used to detect

tyrosine phosphorylation of 0.5 mg of affinity-purified

kinase using 1:2000 anti-phosphotyrosine mouse
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monoclonal primary antibody (pY100; NEB Cell Sig-

nalling) with 1:1000 HorseRadish Peroxidase (HRP)-

rabbit anti-mouse secondary antibody (Sigma), and

using Supersignal West Femto ECL detection rea-

gent (Thermo Scientific Pierce).

Crystallization and structure determination

EphB kinase samples were supplied for crystalliza-

tion at between 9.5 and 11.5 mg/mL in crystalliza-

tion buffer. The kinases were screened as apo-

protein, and in the presence of either 1 mM Stauro-

sporine or 1 mM ADPNP, plus 5 mM MgCl2. Protein

samples were incubated 6 ligand for 1 hr at 4�C and

then centrifuged at 12,000g for 10 min at 4�C.

Screens were performed by sitting-drop vapour-diffu-

sion using standard in-house broad-matrix screens

in MRC Innovaplate SD-2 plates (Hampton

Research), using a MosquitoVR drop maker (TTP Lab

Tech), with an 80 mL reservoir volume. One hundred

ninety two conditions were set up for each protein

formulation; 1:1 protein to reservoir ratios (250 nL

each), and plates were incubated at 20�C in a Crys-

TEL plate hotel (Emerald Biosystems), and imaged

using the Crymon software (Emerald Biosystems).

Initial hit conditions were further optimised to dif-

fraction quality; 1 mL plus 1 mL sitting drops in

CombiClover, Jr. crystallization plates (Emerald Bio-

systems Inc) using a 200 mL reservoir volume; plates

were incubated at 20�C. Crystals typically appeared

after 12 to 36 h, and reached maximum size with 3

days.

Final reservoir conditions identified for each of

the three proteins were as follows: EphB1, 100 mM

CHES pH9.5, 18% PEG-3350; EphB2, 8.8% PEG-

1500, 10% PEG-8000; EphB4, 100 mM MES NaOH,

25% PEG-8000; and EphB3 A899P, 16–20% 1,4-diox-

ane, 10 mM MgCl2. Crystals typically appeared after

12 to 24 h, and reached maximum size within 3

days. For crystal diffraction testing at low tempera-

ture, the crystals were cryo-protected with reservoir

solution containing 15 to 20% glycerol or ethylene

glycol for EphB1, EphB2 and EphB4, and 20% 2,3-

butanediol for EphB3 A899P. Crystals were frozen

at 100 K using an Oxford Cryostream 700 series,

before transferring to liquid nitrogen.

Diffraction data were collected and processed as

follows: EphB1—data were collected at the ID14

beamline at ESRF to 2.5 Å resolution, integrated

using XDS40 and scaled with Scala of the CCP4 soft-

ware suite;41 EphB2—data were collected on a

Rigaku FRE X-ray generator equipped with VariMax

HR optics and a Mar345 detector, and processed

using XDS and scaled with Scala; EphB4—data

were collected on a Rigaku FRE X-ray generator

equipped with VariMax HF optics and a Saturn944

detector, and processed using d*trek.42 EphB3—

A899P data were collected at the Diamond Light

Source I04-1 beamline. Data were integrated with

XDS and scaled with Scala. All structures were

solved with molecular replacement using Phaser.43

Models were built using Coot44 and refined with

Buster.45 Data-processing and refinement statistics

are listed in Table I.

Biophysical and kinetic analyses
Thermal and chaotrope-induced protein unfolding

measurements, enzyme kinetics, and compound

profiling experiments were conducted as described.25

Atomic coordinates

The atomic coordinates and structural factors have

been deposited in the Protein Data Bank under the

accession codes: 3ZFX (EphB1), 3ZFM (EphB2), 3ZEW

(EphB4 1 staurosporine), 3ZFY (EphB3 A899P).
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