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EphB6 and EphA10 are two poorly characterised pseudokinase members of the Eph
receptor family, which collectively serves as mediators of contact-dependent cell—cell
communication to transmit extracellular cues into intracellular signals. As per their active
counterparts, EphB6 and EphA10 deregulation is strongly linked to proliferative diseases.
However, unlike active Eph receptors, whose catalytic activities are thought to initiate an
intracellular signalling cascade, EphB6 and EphA10 are classified as catalytically dead,
raising the question of how non-catalytic functions contribute to Eph receptor signalling
homeostasis. In this study, we have characterised the biochemical properties and top-
ology of the EphB6 and EphA10 intracellular regions comprising the juxtamembrane (JM)
region, pseudokinase and SAM domains. Using small-angle X-ray scattering and cross-
linking-mass spectrometry, we observed high flexibility within their intracellular regions in
solution and a propensity for interaction between the component domains. We identified
tyrosine residues in the JM region of EphB6 as EphB4 substrates, which can bind the
SH2 domains of signalling effectors, including Abl, Src and Vav3, consistent with cellular
roles in recruiting these proteins for downstream signalling. Furthermore, our finding that
EphB6 and EphA10 can bind ATP and ATP-competitive small molecules raises the pros-
pect that these pseudokinase domains could be pharmacologically targeted to counter
oncogenic signalling.

Introduction

Receptor tyrosine kinases (RTKs) govern all levels of cell proliferation, differentiation and migration
[1]. Point mutations and aberrant expression of RTKs that cause hyperactive kinase activity are fre-
quently associated with malignancies. Interestingly, 8 out of 58 RTKs contain pseudokinase domains
rather than conventional protein kinase domains, and they are predicted to be devoid of catalytic
activity [2]. In contrast with conventional protein kinases, pseudokinases are catalytically inactive as
they lack one or more key catalytic residues [3-5]. While the biological functions of receptor tyrosine
pseudokinases are incompletely understood, changes in their expression level are typically linked to
proliferative diseases like cancer. Many pseudokinases exert their non-catalytic functions by allosteri-
cally regulating the kinase activity of their kinase-active counterparts [6]. For example, ErbB3/Her3, a
pseudokinase of the EGFR family, promotes the tyrosine kinase activity of EGFR via heterodimerisa-
tion [7]. Other signalling functions have been proposed for pseudokinases, including nucleating
assembly of signalling hubs [8], serving as molecular switches or integrators of signals [9,10], and as
competitive signalling effectors [6,11]. Among the receptor tyrosine pseudokinases, PTK7, RYK and
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ROR1/2 were recently shown to exhibit conformational plasticity that could be modulated by conventional
protein kinase inhibitors [12,13], raising the prospect that they may function as conformational switches. More
broadly, understanding the mechanisms by which pseudokinases orchestrate many critical signalling events
raises the possibility of novel approaches for therapeutic intervention, including in cancers [14], neurodegenera-
tive [15] and inflammatory diseases [16].

EphB6 and EphA10 are members of the erythropoietin-producing human hepatocellular (Eph) receptors,
which comprise the largest RTK protein family. Collectively, Eph receptors govern many developmental pro-
cesses, such as neuronal development and tissue patterning [17-19], and their expression is often deregulated
in cancer [19-21]. This family consists of nine EphA receptors (EphA1-A8 and EphA10) and five EphB recep-
tors (EphB1-B4, EphB6), categorised by sequence similarity and preferential binding to their ephrin-A
(ephrin-A1-A5) and ephrin-B (ephrin-B1-B3) ligands [18,21]. Besides their ectodomains, Eph receptors
harbour four major intracellular components: an N-terminal juxtamembrane (JM) region, a kinase domain, a
sterile o-motif (SAM) domain, and a PDZ domain-binding motif (PBM) located at the C-terminus: a domain
architecture shared by EphB6 and EphA10. Upon binding to their membrane-tethered ephrin ligands on an
opposing cell through the ectodomains, active Eph receptors undergo dimerisation and oligomerisation [18,21].
The first intracellular event following Eph receptor dimerisation/oligomerisation is autophosphorylation, which
in turn creates binding sites on the JM region for downstream Src homology 2 (SH2) domain-containing sig-
nalling and adaptor proteins [21]. Eph receptor tyrosine kinase activity, therefore, plays an essential role in sig-
nalling; however, the presence of two pseudokinases within the Eph receptor family suggests additional,
non-catalytic functions must also contribute to their functions.

The EphB6 and EphA10 pseudokinases are predicted to lack catalytic activity, yet they appear to play crucial
roles in signal transduction owing to the association of their deregulated expression with oncogenesis [22-25].
EphB6 expression level is frequently reported to be down-regulated in aggressive malignancies [22,23].
However, recent studies have also reported that EphB6 may accelerate cell proliferation in triple-negative breast
cancer cell lines [26], suggesting different mechanisms of action depending on cellular context. Up-regulation
of EphA10 expression is also associated with multiple cancers [21,27]. EphB6 was reported to interact with
EphA2, EphB1 and EphB4, potentially forming heterodimers and oligomers at the plasma membrane [28-30].
Although the downstream signal transduction upon interacting with kinase-active Eph receptors remains
largely unknown, possible EphB6-mediated signalling pathways have been implied from reported interactions
with effectors, such as Fyn kinase and Cbl E3 ligase [30,31].

Currently, our functional understanding of the EphB6 pseudokinase is limited, while EphA10 is unstudied.
Here, we have undertaken a biochemical and structural characterisation of their intracellular regions to deduce
their non-catalytic functions that are critical for signalling. In this study, using small-angle X-ray scattering
(SAXS) and cross-linking-mass spectrometry of the intracellular regions of EphB6 and EphA10, we observed
high interdomain flexibility in solution, suggesting that the pseudokinase and SAM domains behave largely
independently. By mass spectrometry, we identified that the JM region of EphB6 is a substrate of EphB4. Once
phosphorylated, the EphB6-JM region provides a binding site for downstream SH2 domain-containing adaptor
and signalling proteins, such as Abl, Src and Vav3, which facilitate signal transduction. Like ~30% of pseudoki-
nases [32], the pseudokinase domains of EphB6 and EphA10 exhibited the propensity to bind ATP, suggesting
that a conformational switch might contribute to their regulation, as proposed for other nucleotide-binding
pseudokinases [6]. In keeping with this propensity, both EphB6 and EphA10 could bind type I and type II
kinase inhibitors, raising the possibility that either may be targetable by small molecule inhibitors.

Materials and methods

DNA construct synthesis and cloning

The DNA constructs encoding human Eph receptors used in this study: EphB6 (residues 625-1021), WT- and
FF-AN-EphB6 (residues 643-1021), human EphA10 (residues 600-1008), AN-EphA10 (residues 618-1008),
human WT- and FF-EphB4 (residues 588-987; bearing an N-terminal non-cleavable streptavadin-binding
peptide (SBP) tag) were codon optimised for insect cell expression and synthesised by GenScript (Nanjing,
China). The resulting constructs were cloned into a vector derived from pFastBac Dual (Invitrogen) under the
Polyhedrin promoter that encodes a Hiss tag and a TEV protease cleavage sequence N-terminal to the insert.
The DNA constructs encoding human SH2 domain inserts: Abl-SH2 (residues 112-232), Vav2-SH2 (residues
667-782), Vav3-SH2 (residues 666-781), Nckl-SH2 (residues 281-377), CrkII-SH2 (residues 6-121),
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Grb7-SH2 (residues 415-532), Grb10-SH2 (residues 487-591) were synthesised and subcloned by Genewiz into
an in-house modified pCold IV vector (Takara Bio Inc.) bearing a Hisg tag and a TEV protease cleavage
sequence. The inserts of human Nck2-SH2 (residues 284-380), CrkL-SH2 (residues 1-104) and Src-SH2 (resi-
dues 144-252) domains were obtained by amplifying these sequences from template DNA synthesised by
Genewiz. Following subcloning of these inserts into the modified pCold IV vector, insert sequences were vali-
dated by Sanger sequencing (Micromon, Monash University, Australia).

Protein expression and purification

EphB6, EphA10 and EphB4 recombinant proteins were expressed in Spodoptera frugiperda 21 (Sf21) insect cells
following infection with baculovirus generated from their pFastBac Dual vectors. Insect cells were cultured at
90 rpm, 27°C for 48 h after baculovirus infection and cells were harvested at 500xg for 5 min. For protein purifi-
cation, cell pellets were lysed in 50 ml Lysis Buffer (500 mM NaCl, 10% glycerol, 20 mM Tris, 5 mM imidazole,
0.1% Thesit, 0.5 mM PMSEF, 0.5 mM TCEP, pH 8.0) by sonication. The cell lysates were clarified by centrifuga-
tion at 38 500xg for 30 min, and the supernatant was loaded onto HisTag Ni-NTA resin (Roche). The protein-
bound Ni-NTA column was washed intensively using Wash Buffer 1 (500 mM NaCl, 10% glycerol, 20 mM Tris,
10 mM imidazole, 0.1% Thesit, 0.5 mM TCEP, pH 8.0) then Wash Buffer 2 (500 mM NaCl, 10% glycerol,
20 mM Tris, 10 mM imidazole, 0.5 mM TCEP, pH 8.0). Proteins were eluted with Elution Buffer (500 mM
NaCl, 10% glycerol, 20 mM Tris, 250 mM imidazole, 0.5 mM TCEP, pH 8.0), followed by concentration and
application to a HiLoad 16/600 Superdex 75 column (Cytiva) in SEC Buffer (150 mM NaCl, 5% glycerol,
20 mM Tris, 0.5 mM TCEP, pH 8.0). The protein peak fractions were pooled and TEV protease was added to
cleave the N-terminal Hisg tag overnight at 4°C. TEV protease was then eliminated from the preparation by
Superdex 200 Increase 10/300 GL (Cytiva) chromatography. The fractions containing the protein of interest
were concentrated to 5 mg/ml, aliquoted, snap-frozen and stored in —80°C prior to the subsequent assays.

For SH2 domain constructs, all proteins were expressed in E. coli C41(DE3), and purified by Ni-NTA and
size exclusion chromatography. Briefly, plasmid-transformed cells were cultured in Super Broth in the presence
of 100 ug/ml Ampicillin shaking at 200 rpm, 37°C to ODgg 0.6-0.8 before the temperature was reduced to
16°C and expression induced by 0.5 mM IPTG with shaking at 16°C overnight. Cells were pelleted by centrifu-
gation and lysed by sonication in the presence of lysozyme (Sigma) and DNase (Sigma). The purification
process was similar to that of Eph recombinant proteins. Protein purity was assessed by analytical SEC with a
Superdex 75 Increase 10/300 GL column (Cytiva) and reducing SDS-PAGE with SafeStain visualisation.

Thermal shift assays

A thermal shift assay was used to determine the binding of the nucleotides and kinase inhibitors to EphB6 and
EphB4 recombinant proteins; 5-10 ug protein was diluted in Assay Buffer (20 mM HEPES, 150 mM NaCl, pH
7.5) to a total volume of 25 ul in the presence of 250x concentrated SYPRO Orange Stain (Life Technologies, U.S.
A)). The concentration of the small molecules tested is indicated in the main text or in the figure legends. Kinase
inhibitors were obtained from SYNkinase (Australia). Assays were performed in duplicate in a Rotor-Gene Q
PCR machine, using an established method [32-34], where SYPRO Orange was excited at 470 nm, and the emis-
sion at 555 nm was recorded. Protein denaturation curves were fitted to the Boltzmann sigmoid equation to
obtain the melting temperature (T,,,). Independent assays were performed at least twice with consistent results.

Chemical cross-linking experiments

A concentration series of the cross-linkers (Sigma) was used in the presence of 2.5 mg protein in the Assay
Buffer. BS® (bis(sulfosuccinimidyl)suberate) was used at 2 mM, 1 mM, 0.5 mM, 0.25 mM and 0.1 mM final
concentrations; DMTMM (4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride) at 100 mM,
60 mM, 30 mM, 15mM and 7.5 mM. The cross-linking reactions were carried out at 20°C for 30 min and
stopped by the addition of reducing SDS-based sample buffer and boiling for 5-10 min. The cross-linked pro-
teins were resolved by SDS-PAGE gel; bands corresponding to the monomeric forms of cross-linked proteins
were excised and subjected to in-gel tryptic digest for mass spectrometry identification. Protein bands were
visualised with SimplyBlue SafeStain (ThermoFisher) and manually excised for in-gel reduction with 10 mM
DTT (Sigma) for 30 min, alkylated for 30 min with 50 mM iodoacetamide (Sigma) and digested with 375 ng
Trypsin Gold (Promega) for 16 h at 37°C. The extracted peptide solutions were then acidified (0.1% formic
acid) and concentrated to 10 ul by centrifugal lyophilisation using a SpeedVac AES 1010 (Savant). Extracted
peptides were injected and separated by reversed-phase liquid chromatography on a M-class UHPLC system
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(Waters, U.S.A.) using a 250 mm X 75 um column (1.6 pm C18, packed emitter tip; IonOpticks, Australia) with
a linear 90-min gradient at a flow rate of 400 nl/min from 98% solvent A (0.1% Formic acid in Milli-Q water)
to 35% solvent B (0.1% Formic acid, 99.9% acetonitrile). The nano-UPLC was coupled inline to a Q-Exactive
Orbitrap mass spectrometer equipped with a nano-electron spray ionisation source (Thermo Fisher Scientific,
Bremen, Germany). The Q-Exactive was operated in a data-dependent mode, switching automatically between
one full-scan and subsequent MS/MS scans of the ten most abundant peaks. The instrument was controlled
using Exactive series version 2.6 and Xcalibur 3.0. Full-scans (m/z 350-1 850) were acquired with a resolution
of 70 000 at 200 m/z. The 10 most intense ions were sequentially isolated with a target value of 10 000 ions and
an isolation width of 3 m/z and fragmented using HCD with normalised collision energy of 27 and stepped
collision energy of 15%. Maximum ion accumulation times were set to 50 ms for full MS scan and 200 ms for
MS/MS. Underfill ratio was set to 2% and dynamic exclusion was enabled and set to 30 s.

Raw files were analysed using MaxQuant (version 1.6.5.0). The database search was performed using the Uniprot
Homo sapiens database plus common contaminants with strict trypsin specificity allowing up to two missed clea-
vages. MaxQuant APL files were converted to MGF files using the APL to MGF converter software (https:/www.
wehi.edu.au/people/andrew-webb/1298/apl-mgf-converter). Cross-linked peptides were identified from the MGF
files using StavroX software (version 3.6.0.1). Lysines, protein N-termini, serines, threonines and tyrosines were set
as reaction sites of the cross-linker NHS-esters (BS’) or lysines or protein N-termini linked to aspartic and glutamic
acids or protein C-terminus (DMTMM). Trypsin was set as the enzyme allowing for three missed cleavages at
lysines and two at arginines. Precursor precision was set at 10 ppm with fragment ion precision set at 20 ppm.

Cross-linked EphB6 peptides were scored based on the mass spectrometry identification confidence. Residues
with a cut-off score above 120 were mapped on to a sequence alignment (by Clustal Omega) with EphA2 to iden-
tify the equivalent residues. The visualisation was achieved using the PyXlinkViewer [35] Pymol plug-in, where
the EphA2 crystal structure (PDB: 7KJB) was used as a model to represent the EphB6 cross-linking events.

Small-angle X-ray scattering experiments

SAXS data were collected at the SAXS/WAXS beamline at the Australian Synchrotron. Protein samples were
eluted from an inline Superdex 200 5/150 Increase GL column (Cytiva, Australia) in the path of the X-ray
beam [36] via a capillary fitted with a co-flow laminar sheath [37] to eliminate protein exposure to, and fouling
of, the capillary wall. 50 pl of 4-5 mg/ml (100-120 uM) protein was injected onto the in-line SEC column pre-
equilibrated with SEC Buffer (150 mM NaCl, 5% glycerol, 20 mM Tris, 0.5 mM TCEP, pH 8.0), at 12°C, and
the protein was eluted at a flow rate of 0.2 ml/min into the path of the beam where serial 1 s exposures were
recorded using an Eiger 2M detector.

The 2D intensity plots corresponding to the protein elution peak were radially averaged, and subtracted by
the SEC buffer scattering intensities using the Scatterbrain software package (Stephen Mudie, Australian
Synchrotron). The ATSAS software package (Primus) was used to perform Guinier analysis, pairwise distribu-
tion function P(r) analysis and to calculate the maximum interparticle dimension (Dy,,,) [38]. The molecular
mass of proteins was calculated by SAXSMoW [39]. CRYSOL [40] was used to fit the scattering profile to
EphA2 crystal structure (PDB: 7KJB and 7KJA) [41] or human EphB6 or EphA10 models derived from
AlphaFold [42], and the y* value was used to evaluate the fitting. The data collection and processing statistics
are presented in Supplementary Table S1.

In vitro kinase activity assays
Recombinant wild-type EphB6 and SBP-tagged wild-type EphB4 were mixed in equal amounts in the presence
of 1 mM ATP and 5 mM MgCl,. Phosphorylation was allowed to proceed at 20°C for 1 h, and the reaction was
stopped by adding reducing SDS sample buffer, boiling for 5-10 min, before proteins were resolved on SDS-
PAGE gels and either subjected to Coomassie Blue staining or western blotting using an anti-phosphotyrosine
antibody (4G10 clone, Merck, Germany).

Generation of phospho-EphB6 recombinant proteins for surface plasmon

resonance

Phosphorylated wild-type EphB6 recombinant proteins were prepared using in vitro kinase reactions, as
described above. The protein mixture was diluted in Buffer A (20 mM Tris, 5% glycerol, 0.5 mM TCEP, pH
8.0) to a final concentration of 40 mM NaCl, prior to application to MonoQ column (Cytiva) pre-equilibrated
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in 4% Buffer B (20 mM Tris, 5% glycerol, 1 M NaCl, 0.5 mM TCEP, pH 8.0). Gradient elution was set as 1%
Buffer B/min. The peak fractions corresponding to the non-phosphorylated, Py and Py wild-type EphB6 were
further purified using a S75 10/300 column in a HEPES-based buffer (20 mM HEPES, 150 mM NaCl, 0.5 mM
TCEP, pH 7.5) for optimal protein purity and elimination of Tris buffer prior to biotinylation for the surface
plasmon resonance (SPR) experiments.

Identification of phosphorylation sites by mass spectrometry

Protein material was subjected to tryptic digestion using the FASP method as previously described [43,44].
Peptides were lyophilised using CentriVap (Labconco) prior to reconstituting in 25 pl 0.1% FA/2% acetonitrile
(ACN). Peptide mixtures (1 ul) were separated by reverse-phase chromatography on a C18-fused silica column
(ID. 75 pm, O.D. 360 um x 25 cm length) packed into an emitter tip (IonOpticks), using a nano-flow HPLC
(Dionex Ultimate 3000). The HPLC was coupled to an Orbitrap Eclipse™ Tribrid (Thermo Scientific) mass
spectrometer. Peptides were loaded directly onto the column at a constant flow rate of 400 nl/min with 0.1%
formic acid in MilliQ water and eluted with an 18 min linear gradient from 2% to 34% buffer B (99.9% aceto-
nitrile and 0.1% formic acid). MSI1 spectra were acquired in the Orbitrap (R =60 k; normalised AGC target =
200%; MaxIT = Auto; RF Lens =30%; scan range = 350-1500; profile data). Dynamic exclusion was employed
for 30 s excluding all charge states for a given precursor. MS2 spectra were collected in the Orbitrap (R=15k;
first mass = 120 m/z; normalised AGC target = 200%; MaxIT =45 ms).

Raw files consisting of high-resolution MS/MS spectra were processed with MaxQuant (version 1.6.17.0)
for feature detection and protein identification using the Andromeda search engine as previously described
[45]. Extracted peak lists were searched against the reviewed H. sapiens (UniProt, August 2020) database as
well as a separate reverse decoy database to empirically assess the false discovery rate (FDR) using strict
trypsin specificity, allowing up to two missed cleavages. The mass tolerance for precursor ions and fragment
ions were 20 ppm and 0.5 Da, respectively. The search included fixed modification of carbamidomethyl
(cysteine) and variable modifications including oxidation (methionine), phosphorylation (serine, threonine
or tyrosine) and Protein-N terminal acetylation. PSM and protein identifications were filtered using a
target-decoy approach at an FDR of 1%. MS spectra were manually validated using IPSA (http://www.
interactivepeptidespectralannotator.com) [46].

Surface plasmon resonance experiments

To measure interactions of (pY)-EphB6 with SH2 domains, non-phosphorylated and pTyr EphB6 recombinant
proteins in HEPES-based buffer were pre-biotinylated using EZ-Link™ NHS-PEG,-Biotin (A39259,
ThermoFisher Scientific, Australia) according to the manufacturer’s instructions, and immobilised on Series S
streptavidin (SA) sensor chips (GE Healthcare Life Sciences, Sweden), with immobilisation levels indicated in
the figure legends. SPR experiments with SH2 domains were carried out with the following parameters (flow
rate 10 pl/min, injection contact time 120 sec, dissociation time 340-440 sec). A regeneration step using 1 M
NaCl was included after each binding cycle (regeneration cycle injection time 30 sec, flow rate 30 pl/min) to
ensure the response units of each cycle return to the baseline.

To measure interactions between (pY)-EphB6 peptides and SH2 domains, SH2 domains were immobilised
by amine coupling onto Series S CM5 chips (Cytiva) in either 10 mM acetic acid solution, pH 5.5 or 10 mM
HEPES solution, pH 7.0 as the immobilisation buffer depending on the pl of the proteins. EDC, NHS and
ethanolamine from the amine coupling kit (Cytiva, US) were used according to the manufacturer’s instructions.
The final immobilisation level of each protein is indicated in the figure legends. (pY)-EphB6 peptides synthe-
sised to >95% purity (Mimotopes, Australia) were reconstituted in 100 mM Tris, pH 8.0 to a final concentra-
tion of 5mM; the pH of all the stock solution was confirmed as approximately pH 7.5 using pH strips.
Peptides were diluted in Running Buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% Tween 20,
0.5 mM TCEP, pH 7.5) to the concentrations used in the SPR experiments (flow rate 10 pl/min, contact time
injection 120 sec, dissociation time 200-600 sec). A regeneration step using 50 mM phenyl phosphate
in the Running Buffer was included after each binding cycle (regeneration cycle injection time 30 sec, flow rate
30 pl/min) to ensure the response units of each cycle returned to the baseline.

All SPR binding experiments were run on a Biacore S200 instrument with Running Buffer. The sample
holder was set at 12°C and binding measurements were performed at 20°C. The dissociation constant, Kp, was
calculated by fitting the experimental data to a 1:1 steady-state binding affinity model. At least three independ-
ent measurements were performed to calculate the Kp.
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Results
The pseudokinase domains of EphB6 and EphA10 lack conserved catalytic
residues

Protein kinases consist of an N-lobe and C-lobe with an intervening cleft that houses crucial residues that cata-
lyse the transfer of the y-phosphate from ATP to a protein substrate (Figure 1A). In the N-lobe, the glycine-rich
loop plays an important role in ATP binding; and a conserved Lys on the B3-strand plays an essential role in
positioning ATP via interaction with the B-phosphate of ATP, as well as maintaining an active kinase conform-
ation through a salt bridge with a conserved Glu in the oC helix. In the C-lobe, the Asp of the HRD motif in
the catalytic loop plays an essential role in the transfer of the ATP y-phosphate to the substrate, while the Asp
of the DFG motif binds a Mg®" cofactor, which favourably positions ATP for phosphoryl-transfer. The loss of
one or more of these critical residues typically results in the loss of kinase activity, as would be expected for
EphB6 and EphA10, which have substitutions of the B3 Lys, and Asp residues in both the activation and cata-
lytic loops (Figure 1B).

In Eph receptors that exhibit catalytic activity, phosphorylation of the conserved JX1 and JX2 tyrosine resi-
dues relieves association of the JM region (Figure 1B) with the kinase domain to allow activation of the kinase
domain [47,48]. Intriguingly, the JX1 and JX2 tyrosine residues are conserved in EphB6, but not EphA10
(Figure 1B). Thus, it is of interest to deduce the functional role of JX1 and JX2 in EphB6 and, in particular,
whether phosphorylation of these residues by their catalytically active Eph receptor cousins might regulate
EphB6 function.

EphB6 and EphA10 pseudokinase domains bind nucleotides

Pseudokinases can be broadly categorised into four subgroups, based on their nucleotide-binding properties:
(1) non-binding, (2) nucleotide binding, (3) cation binding and (4) nucleotide and cation binding [32]. Given
that nucleotide binding propensity has been proposed to reflect the capacity of pseudokinases to adopt multiple
conformations, we examined the nucleotide-binding abilities of the intracellular domains of both EphB6 and
EphA10 using thermal stability assays. Each of EphB6 and EphA10 bound ATP with an apparent Kp, of 94 uM
and 95 uM, respectively (Figure 1C,D and Supplementary Figure S1B-E), which is comparable to the affinities
of many kinase and pseudokinase domains for ATP [49,50]. Inclusion of the flanking JM region and SAM
domains did not impinge upon the capacity of EphB6 to bind ATP, which had previously been reported quali-
tatively for its core pseudokinase domain [32]. Interestingly, the presence of Mg>* decreased EphB6 and
EphA10 protein stability (Supplementary Figure S1B,C). This may be due to substitutions of the Mg**-binding
Asp in the DFG motif at the start of the activation loop of conventional protein kinases, where substitutions of
DFG to RLG for EphB6 or GFG for EphA10 could give rise to activation loop disorganisation in the presence
of Mg”*. We then assessed whether EphB6 and EphA10 can bind kinase inhibitors with different modes of
action. Type I and II kinase inhibitors lock the kinase domains in an active and an inactive conformation,
respectively. Remarkably, both EphB6 and EphA10 are able to bind both Type I (Dasatinib) and Type II (AMG
Tie2-1) kinase inhibitors. While the binding of both Type I and Type II inhibitors appear to be tighter com-
pared with ATP, we were not able to reliably estimate the Ky, values, as the binding seems to be accompanied
by a conformational transition (Figure 1E-H and Supplementary Figure S1B,C). These data suggest that EphB6
and EphA10 pseudokinase domains can sample different conformations, which might reflect a molecular
switch function that has been proposed for other ATP-binding pseudokinases [9,12,32,50]. Although the bio-
logical consequences of EphB6 and EphA10 binding to ATP in cells remains to be investigated, our data
suggest that the conformations of their pseudokinase domains can be modulated by ATP and ATP competitive
kinase inhibitors.

The intracellular domains of EphB6 and EphA10 exist as monomers

Kinase-competent Eph receptors autophosphorylate upon dimerisation/oligomerisation. While oligomerisation
has been proposed to be primarily driven by ligand binding to the extracellular domain and by the oligomerisa-
tion properties of the extracellular domain [21,51], the presence of dimerisation/oligomerisation domains
within the intracellular region raises the possibility that the cytoplasmic portion of the receptor might contrib-
ute to higher order assemblies [52]. For example, the C-terminal SAM domains of the Eph receptors are char-
acterised as dimerisation/oligomerisation domains known to form higher-order structures [53-56]. Kinase and
pseudokinase domains also frequently form stable dimers, with diverse modes of interaction evident from
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Figure 1. EphB6 and EphA10 pseudokinase domains bind nucleotides and protein kinase inhibitors.

(A) An exemplar crystal structure of an Eph receptor kinase domain (EphA3; PDB: 2Q02 [48]), with the conserved motifs (residues) responsible for
kinase activity (as tabulated in panel (B)) highlighted. (B) A schematic diagram showing the intracellular domain/motifs of EphB6/EphA10, which
contains the juxtamembrane (JM) region, the pseudokinase domain (PsKD), the sterile-a-motif (SAM) domain and the C-terminal PDZ
domain-binding motif (PBM). The sequences of the N-JM and partial C-JM of EphB6, EphA10 and EphB4 are highlighted, with the JX1 and JX2
positions coloured in brown. The underlined tyrosine residues in the N-JM region are conserved in all and only Type B Eph receptors. In the table,
the conserved catalytic motifs (residues) required for protein kinase activity, and corresponding residues in the pseudokinase domains of EphB6
and EphA10 are listed. (C) The estimated Kp for ATP binding to EphB6 is 94 uM. (D) The estimated Kp for ATP binding to AN-EphA10 is 95 uM.
Titrations of type | (Dasatinib) kinase inhibitor for binding to EphB6 (E), AN-EphA10 (F). Titrations of type Il (AMG-Tie 2-1) kinase inhibitors for
binding to EphB6 (G), AN-EphA10 (H). Titrations were done in triplicate and error bars represent the standard error of the mean (SEM). At least two
independent experiments were carried out for each titration, and representatives are shown here.
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structural studies [33,57]. Additionally, most RTKs, including Eph receptors, contain a JM region within the
cytoplasmic portion, N-terminal to the kinase domain. In the case of the EGFR receptor family, the JM region
is known to play a crucial role in enabling dimerisation of their kinase domains and thus regulation of kinase
activation [58,59]. This raises the possibility that the JM regions of EphB6 and EphA10 could function as a
latch to augment the formation of higher order pseudokinase domain assemblies.

To examine whether the JM region and SAM domain of EphB6 and EphA1l0 contribute to higher order
assembly, we generated recombinant proteins encompassing all the intracellular domains of EphB6 (residues
625-1021) and EphA10 (residues 600-1008), and versions with the N-terminal portion of the JM region trun-
cated, termed AN-EphB6 (residues 643-1021) and AN-EphA10 (residues 618-1008) (Figure 1B and
Supplementary Figure S1A). By analytical size exclusion chromatography, all four proteins eluted at retention
times consistent with them occurring as monomers in solution (Figure 2A). Although we noticed that the
EphA10 recombinant protein containing all the intracellular domains eluted markedly earlier in analytical size
exclusion chromatography compared with AN-EphA10 (Figure 2A), we confirmed its monomeric state by SAXS,
where the estimated molecular mass is similar to the predicted monomeric molecular mass (Supplementary
Table S1). Furthermore, the radius of gyration (R,) of EphA10 derived from the inline SEC-SAXS remained con-
stant across the eluted SEC peak, consistent with EphA10 occurring as a monomer in solution (Supplementary
Figure S2A). The monomeric states of EphB6 (residues 625-1021), as well as AN-EphB6 (residues 643-1021)
and N-EphA10 (residues 618-1008), in solution, were also supported by SAXS data (Supplementary Table S1).
Together, these data indicate that, under the conditions tested, neither the EphB6 and EphA10 pseudokinase or
SAM domains homodimerise and, in contrast with EGFR [59], the N-terminal JM region did not mediate the
formation of EphB6 or EphA10 intracellular region higher order assemblies.

The component domains within the EphB6 and EphA10 intracellular regions

are not tightly associated in solution

Like other Eph receptors, the pseudokinase and the SAM domains of EphB6 and EphAl10 are connected
through a ~40 amino acid long SAM domain linker that is predicted to be unstructured. This suggests there is
likely to be some conformational plasticity between the pseudokinase and SAM domains, which may allow for
intramolecular interaction and potential allosteric regulation. Although yet to be demonstrated, the conform-
ational plasticity of the Eph receptor intracellular domains may decide the propensity of binding to other inter-
actors, such as to the SAM domain-containing effectors [52], which could influence downstream signal
transduction.

To obtain insights into the conformations of the EphB6 and EphA10 intracellular regions in solution, and
whether ATP binding affects their topology, we performed SAXS experiments. Using an inline size exclusion
chromatography setup with elution into the path of the X-ray beam, we subjected the complete intracellular
regions of EphB6 and EphA10, and their AN JM region counterparts, to SAXS. Guinier analysis indicated that
all samples were monodispersed with no evident aggregation or inter-particle interaction (Figure 2B-E and
Supplementary Figure S2B-E). In the absence of an EphB6 intracellular domain crystal structure, we compared
the experimental scatter of AN-EphB6 to the theoretical scatter calculated using the EphB6 structure
co-ordinates (EphB6 entry: O15197) generated form AlphaFold [42] using CRYSOL. These co-ordinates
showed excellent agreement with the AN-EphB6 (y* =0.129, Figure 2B,F), suggesting the protein conformation
in solution resemble closely to that predicted by AlphaFold. As protein structures from AlphaFold are compu-
tationally calculated, we sought to also capitalise on experimental crystal structures of the EphA2 intracellular
domains, that were recently determined by X-ray crystallography [41]. Our scattering data closely resemble the
theoretical scatter calculated for the elongated EphA2 structure (PDB: 7KJB; y°=0.178, Supplementary
Figure S2B). In this conformation, the SAM domain linker is fully extended, moving the SAM domain away
from the C-lobe of the kinase domain. A comparison of our scattering data to the theoretical scatter calculated
for the more compact EphA2 structure (PDB: 7KJA), however, rendered a poor x> value (y>=1.292,
Supplementary Figure S2J), consistent with AN-EphB6 adopting an extended conformation in solution. The
presence of AMPPNP (a non-hydrolysable ATP analogue) did not impact the gross topology of AN-EphB6, as
the scattering profile of AMPPNP-bound AN-EphB6 largely resembled its apo form, with a comparable elon-
gated conformation in solution (Figure 2C and Supplementary Figure S2C). Next, we sought to understand if
the inclusion of the N-terminal JM region can impact the overall protein conformation in solution. The scatter
of the complete intracellular regions of EphB6 and EphA10 compared favourably with the theoretical scatter
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Figure 2. The EphB6 and EphA10 intracellular domains are monomeric and exhibit elongated conformations

in solution. Part 1 of 2
(A) Recombinant EphB6 (residues 625-1021), AN-EphB6 (residues 643-1021), EphA10 (residues 600-1008) and AN-EphA10
(residues 618-1008) elution profiles from an S200 Increase 10/300 GL gel filtration column. The following molecular mass
markers, Thyroglobulin (670 kDa), bovine y-globulin (158 kDa), chicken ovalbumin (44 kDa), equine myoglobin (17 kDa), and
vitamin B12 (1.35 kDa) (Bio-Rad) were used to estimate the molecular mass of the eluted proteins. (B) The AN-EphB6 SAXS
profile compared with the theoretical scatter of the AlphaFold EphB6 structure co-ordinates (EphB6 entry: 015197, residues
643-1021) by CRYSOL (32 =0.129). The Guinier plot (inset) shows monodispersed proteins in solution, free from aggregation
and inter-particle interaction. (C) The AN-EphB6 + AMPPNP SAXS profile compared with the theoretical scatter of the EphB6
structure co-ordinates predicted by AlphaFold (EphB6 entry: 015197, residues 643-1021) by CRYSOL (2 = 0.130). The Guinier
plot (inset) shows monodispersed proteins in solution, free from aggregation and inter-particle interaction. (D) The EphB6 SAXS
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Figure 2. The EphB6 and EphA10 intracellular domains are monomeric and exhibit elongated conformations

in solution. Part 2 of 2
profile fitted to the theoretical scatter of the AlphaFold EphB6 structure co-ordinates (EphB6 entry: 015197, residues
625-1021) by CRYSOL (¢2 = 0.309). The Guinier plot (inset) shows monodispersed proteins in solution, free from aggregation
and inter-particle interaction. (E) The EphA10 SAXS profile fitted to the theoretical scatter of the AlphaFold EphA10 structure
co-ordinates (EphA10 entry: Q5JZY3, residues 600-1008) by CRYSOL (42 = 0.220). The Guinier plot (inset) shows
monodispersed proteins in solution, free from aggregation and inter-particle interaction. Pairwise distribution analysis is shown
for AN-EphB6 (F), AN-EphB6 + AMPPNP (G), EphB6 (H) and EphA10 (I), with the corresponding structures of EphB6 and
EphA10 from AlphaFold presented.

calculated for the relaxed conformation observed in the EphA2 crystal structure (PDB: 7KJB) and the structures
of EphB6 and EphA10 derived from AlphaFold (Figure 2D,E, Supplementary Figure S2D,E), whereas the scat-
tering for each was inconsistent with the EphA2 compact structure (PDB: 7KJA) (y* = 9.156 for EphB6 and y°
=3.495 for EphA10, Supplementary Figure S2J). The inclusion of the JM region in the EphB6 and EphA10
constructs leads to further elongation of the structure, as evident from a larger maximum particle dimension
(Dmax) in the pairwise distribution analysis (Figure 2F-I), consistent with the N-terminal extension acting
autonomously from the pseudokinase and SAM domains. Dimensionless Kratky plots calculated from the
scatter of each EphB6 and EphA10 construct are consistent with each protein adopting a flexible and asymmet-
ric conformation (Supplementary Figure S2F-I). Such flexibility is reflected in excellent fits of both AlphaFold
models and the elongated experimentally determined EphA2 structure (PDB: 7K]JB) to our experimental scat-
tering profiles, and is consistent with the propensity of EphB6 and EphA10 to adopt multiple conformations in
solution.

SAXS allows the calculation of the average shape of a protein of interest, but does not capture transient intra-
and inter-domain interactions. To obtain more detailed information of these transient interactions, we per-
formed chemical cross-linking on the recombinant EphB6 intracellular region using two cross-linkers with dif-
ferent spacer lengths, DMTMM (0 A) and BS® (11.4 A), resolution by SDS-PAGE, followed by tryptic digest of
the excised monomer gel bands and mass spectrometry to identify the cross-linked peptides. DMTMM cross-
links an amine (N-terminus or Lys sidechain) to the sidechain of an Asp or Glu residues, and as it is a zero-
length cross-linker, it recognises two residues in close proximity that can potentially form salt bridges. BS® cross-
links two amine moieties and, owing to an eight-carbon spacer, couples sites 11.4 A apart. Cross-linked EphB6
resolved by SDS-PAGE remained largely monomeric (Figure 3A), consistent with its behaviour in SEC and
SAXS experiments. We mapped cross-linked amino acids to the EphB6 structure derived from AlphaFold
(Figures 3B,C), and their counterparts on the EphA2 crystal structure (PDB: 7KJB) (Supplementary Figures S3A,
B). In both cases, residues with an estimated 8-15 A distance within the pseudokinase domain could be cross-
linked by DMTMM (Figure 3B,C, Supplementary Figure S3A,B), suggesting that the EphB6 pseudokinase core is
highly dynamic in solution. Additionally, we identified a cross-linking hotspot on the o5 helix of the SAM
domain, to which residues in both the N-lobe and C-lobe of the pseudokinase domain were zero-length cross-
linked (Figure 3B,C, Supplementary Figure S3A,B). Additionally, the C-terminal PBM cross-linked the oJ helix
of the pseudokinase domain (Figure 3B,C). These data indicate that the SAM domain is highly mobile and can
occupy a vast array of positions around the pseudokinase domain, resulting in high conformational plasticity
within the EphB6 intracellular portion and frequent interdomain interaction. Interestingly, the SAM domain a5
helix interaction hotspot is conserved in all Eph receptors except for EphA10 [21], and contributes to the SAM-
SAM heterodimerisation interface in other receptors, including EphAl, EphA2, EphA5 and EphA6 with their
SAM domain-containing effector proteins [52]. Consequently, we predict that binding of SAM domain-
containing effector proteins downstream of activation of Eph receptors including EphB6 would favour intracellu-
lar region elongation, which may influence the conformation of the Eph kinase/pseudokinase core.

The conserved EphB6 JM domain JX1 and JX2 sites are phosphorylation sites
for EphB4

In contrast with the kinase-active receptors that rely on their catalytic activity for signal transduction, how
EphB6 and EphA10 signal remains unknown. For kinase-active Eph receptors, autophosphorylation of two
conserved tyrosine residues in the C-terminal JM region (named JX1 and JX2, Figure 1B) enables them to
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Figure 3. EphB6 intracellular domains exhibit dynamic inter-domain interaction by chemical cross-linking-mass

spectrometry experiments.

(A) Reducing SDS-PAGE of the EphB6 recombinant proteins cross-linked by a concentration series of DMTMM and BS®
stained with Simply Blue SafeStain. (B) The amino acid residues cross-linked by DMTMM (0 A spacer) are highlighted in cyan,
and the amino acid residues cross-linked by BS® (11.4 A spacer) are highlighted in magenta. The distance of the backbone
carbon and the secondary structures in the AlphaFold EphB6 structure (EphB6 entry: 015197, residues 625-1021) are
highlighted in light yellow. C’: the carboxylic end of proteins. (C) The cross-linked amino acid residues are connected by cyan
lines (cross-linked by DMTMM), and by magenta lines (cross-linked by BS®) in the Alphafold EphB6 structure (EphB6 entry:

015197, residues 625-1021).
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acquire full kinase activity and provides binding sites for SH2 domain-containing proteins. EphB6 harbours the
JX1 (Y645) and JX2 (Y651) tyrosines, suggesting EphB6 similarly may engage adaptor proteins via their SH2
domains upon phosphorylation. In EphA10 the equivalent JX1 and JX2 residues are Phe and Cys, respectively,
suggesting that for EphAl0 engagement of downstream effectors likely relies on distinct mechanisms
(Figure 1B). Interestingly, EphB6 contains another conserved tyrosine residue on the o2 helix of the SAM
domain (Y965), which, when phosphorylated, has been reported to interact with Grb7 and Grb10 in other Eph
receptors such as EphB1 and EphA2 [60,61]. EphB6 also possesses two conserved tyrosine residues located at
the N-terminal portion of the JM region that are unique to EphB receptors (Figure 1B), and are thought to
underpin distinct regulatory mechanisms in Type A and Type B Eph receptors [21].
We speculated that EphB6 may be regulated via phosphorylation of its tyrosines by kinase-active counter-
parts to generate binding sites for cytosolic SH2 domain-containing adaptor and effector proteins. EphB1 and
EphB4 were previously reported to phosphorylate EphB6 in cells [29,30]; however, the phosphorylation sites
were not identified. The lack of molecular detail and the functional consequences resulting from EphB6 phos-
phorylation prompted us to characterise EphB6 tyrosine phosphorylation sites.
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Figure 4. The EphB6 C-terminal JM region is the site of phosphorylation by EphB4.

(A) EphB6 recombinant proteins (WT and the YY — FF (JX1 and JX2) mutant) were phosphorylated by recombinant EphB4 (WT and the YY — FF
(JX1 and JX2) mutant) in vitro. The reaction mixture was resolved by reducing SDS-PAGE and probed using an anti-phosphotyrosine antibody
(Clone: 4G10). (B) Different phosphorylated EphB6 recombinant proteins: AN-EphB6 (P.: low level of phosphorylation, Py: high level of
phosphorylation) were separated by anion-exchange chromatography (MonoQ column). (C) The phosphorylation level of a selected phosphopeptide
including pY651 (JX2) and a phosphopeptide including pY669 identified is shown by the relative abundance of phosphorylation in the
non-phosphorylated, P, - and Py-EphB6 measured by mass spectrometry. (D) SEC profiles from an S75 10/300 GL gel filtration column of
phosphorylated AN-EphB6 recombinant proteins demonstrating that they remain monomeric in solution.
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We first generated recombinant EphB4 encompassing the C-terminal portion of the JM region to the PBM
(residues 588-987) (Supplementary Figure S1A), which, as expected, was catalytically active (Figure 4A). We
then performed in vitro kinase activity assays using purified EphB4 as the kinase and EphB6 as its substrate.
No basal phosphorylation was detected by western blot and mass spectrometry for the complete EphB6 intra-
cellular region or the AN-EphB6 recombinant proteins alone (Figure 4A, Supplementary Figure S4A,B), and
neither exhibited any residual catalytic activity, with no autophosphorylation observed upon addition of ATP/
Mg*" (Figures 4A, Supplementary Figure S4A,B). In contrast, recombinant EphB4 readily phosphorylated both
EphB6 (residues 625-1021) and AN-EphB6 (residues 643-1021) (Figure 3A). On the other hand, the Y645F/
Y651F AN-EphB6 protein (termed FF-AN-EphB6) in which the JX1 and JX2 sites were mutated proved to be a
much poorer substrate for EphB4 than wild-type EphB6 (Figure 4A, Supplementary Figure S4A,B), implicating
the JX1 and JX2 tyrosines as the major phosphorylation sites. In addition, to evaluate whether phosphorylation
of the JX1 and JX2 tyrosines is crucial to EphB4 kinase activity, we generated the EphB4 JX1 (Y590) and JX2
(Y596) double phenylalanine mutant (Y590F/Y596F; termed FF-EphB4). By using EphB6 as a substrate, we
found that FF-EphB4 retained catalytic activity (Figure 4A), but its kinase activity was reduced relative to the
wild-type counterpart, indicating that phosphorylation of the JX1 and JX2 tyrosines is necessary for the kinase
to adopt a fully active conformation (Supplementary Figures S4A,B). This is in agreement with previously
reported biochemical and structural studies conducted on other Eph receptors [47,48,62,63].

To confirm the precise phosphorylation sites on EphB4-treated EphB6 and AN-EphB6 we used mass spec-
trometry. To our surprise, we did not detect any phosphorylation on the two tyrosine residues (Y628 and
Y635) on the N-JM, suggesting these conserved tyrosines in the Type B Eph receptors are not substrates of
EphB4. While we were able to identify JX2 (Y651) with high confidence, we were unable to determine unam-
biguously which of Y644 and the JX1 tyrosine, Y645, were phosphorylated (Supplementary Figure S4C).
Although phosphorylation on Y644 was not detected in FF-AN-EphB6 (Supplementary Figure S4C), phosphor-
ylation of Y644 may require prior phosphorylation of the adjacent Y645, via a priming mechanism akin to that
reported for the EGFR receptor JM region [64]. To explore this possibility, we used anion exchange chromatog-
raphy to resolve different phosphorylated forms of WT-AN-EphB6 for mass spectrometry analysis (Figure 4B).
From the phosphorylated elution fractions P; (low-degree phosphorylated) and Py (high-degree phosphory-
lated), we were able to unambiguously identify Y644, Y645 (JX1), Y651 (JX2) and Y669 as the EphB6 sites
phosphorylated by EphB4, all of which are located on the C-terminal portion of the JM region (Figure 4C,
Supplementary Figure S4D-F). Notably, phosphorylation of AN-EphB6 did not influence its oligomeric status;
both the highly (Py) and lowly (Pr) phosphorylated fractions of AN-EphB6 behaved comparably to unpho-
sphorylated AN-EphB6 in analytical SEC (Figure 4D), thus excluding a role for JM phosphorylation in EphB6
oligomerisation.

pJX2 is the major binding site for SH2 domain-containing signalling/adaptor

proteins

Having established that EphB6 can be phosphorylated by EphB4, we next sought to understand if phosphory-
lated EphB6 can interact with SH2 domains. We selected the SH2 domains from the Abl, Vav2, Vav3, Nckl,
Nck2, CrKkIl, CrkL, Grb7 and Grbl0 signalling/adaptor proteins based on their consensus recognition sequence
corresponding to that of the EphB6 phosphorylated tyrosine motif (Table 1). The majority of these SH2
domain-containing proteins was also reported to interact with other kinase-active Eph receptors [21]. We mea-
sured their binding affinities by SPR by immobilising the non-phosphorylated, low- (P1) and high-degree (Py)
phosphorylated EphB6 isolated from anion exchange chromatography (Figure 4B) on the SPR chips as ligands,
and used purified SH2 domains as the analytes. As expected, the SH2 domains did not bind to non-
phosphorylated EphB6, whereas they displayed robust binding to both the P;- and Py-EphB6, with K, values
ranging 20-90 uM (Figure 5 and Supplementary Figure S5, and Table 1). SH2 domains generally display a low
micromolar affinity for their tyrosine-phosphorylated binding partners [68], although it is important to note
that the SH2 domain adaptors examined here typically co-occur with other protein interaction domains, such
as SH3 domains, which together could enhance overall binding affinity through avidity effects.

To precisely pinpoint which of the four phosphorylated tyrosine residues on the JM region is critical for
SH2 domain binding, we measured the binding affinities of the EphB6 JM peptides containing each of these
individual phosphorylation sites. While we did not observe substantive binding to the EphB6 pY669 site, we
found that a pJX2 (pY651)-containing peptide bound the Abl, Src and Vav3 SH2 domains with an affinity
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Table 1. Binding affinities of SH2 domains against dephospho- and phospho-AN-EphB6

Proteins Kp of Kp of Kp of pY recognition sequence Full length-protein
tested AN-EphB6 P_-AN-EphB6  Py-AN-EphB6  [65-67] functions
Abl-SH2 Non-specific 454+1.3 39.9+1.8 Y-E/A-N(E)-P/V/L Tyrosine kinase
Vav2-gHp+  Pinding 19318 174220 Y-LX-P Guanine Exchange
Vav3-SH2 322413 256+1.0 No data, but high SH2 domain ~ Factors (GEFs)
sequence similarity with Vav2-SH2
Nck1-SH2 96.7 +6.5 69.0+4.9 Y-D/E-X-V/P Adaptor proteins
Nck2-SH2 70.2+6.6 52.0+4.0 Y-D/E-X-V/P
Crkll-SH2 42.3+3.4 30.0+1.5 Y-X-X-P
Or
Y-D-LV-P
CrkL-SH2 499+1.6 443+1.2 Y-X-X-P
Or
Y-D-LV-P
Grb7-SH2* 26.0+0.8 16.8+£0.5 P-Q-P-E-Y-N-Q-P-D
Grb10-SH2* 26.1+0.9 16.6+0.4 No data, but high SH2 domain

sequence similarity with Grb7-SH2

Binding affinities, Kp in uM, were calculated by averaging three independent measurements. Errors represent the standard error of the mean (SEM).
*Indicates proteins exist as dimers in solution.

equivalent to, or stronger than to those measured from the purified phosphorylated EphB6 (Figure 6 and
Supplementary Figure S6; Tables 1 and 2). We observed a range of Kp, values from 3 to 25 uM for EphB6 pJX2
binding to the Abl, Src and Vav3 SH2 domains, suggesting there is a hierarchy of affinities for downstream
interactors, and some intrinsic selectivity (Table 2). Interestingly, the pJX1 (pY645) EphB6 peptide exhibited
~5-fold weaker binding affinity for Abl, Src and Vav3 SH2 domains compared with pJX2, indicating that pJX2
is the principal site for SH2 domain binding. Surprisingly, a synergistic effect was observed when Y644, JX1
and JX2 tyrosine residues were all phosphorylated. This triply phosphorylated EphB6 peptide bound all the
SH2 domains tested with a low micromolar Kp (1-5uM) (Figure 6C, Supplementary Figures S6C,I, and
Table 2), which is a range of affinity typical of functional SH2 domain:phosphopeptide interactions in cells
[68]. A previous study on EphA3 showed that the phosphorylation on its JM region occurs via sequential
events, in which the JX2 tyrosine is first phosphorylated, followed by the JX1 tyrosine residue [62]. Our data
suggest a similar hierarchy within the EphB6 JM domain might be possible, owing to a greater affinity of SH2
domains from Abl, Src and Vav3 for the EphB6 phosphoryated JX2 tyrosine residue, although this relative
selectivity (at least with respect to Abl, Src and Vav3) is reduced when Y644, JX1 and JX2 tyrosine residues are
all phosphorylated (Table 2). These data indicate that phosphorylation of the JX2 tyrosine confers a primary
layer of selectivity for SH2 binding toward EphB6, while phosphorylation of the JX1 (Y645) and its adjacent
tyrosine (Y644) may further enhance SH2 affinity but do so with reduced selectivity, enabling interaction with
a broader repertoire of SH2-domain-containing proteins. This suggests differential phosphorylation within the
JM region of EphB6 can drive diverse signalling output (Figure 7).

Discussion
Much of our understanding about the cellular roles of Eph receptors has been dominated by the catalytic activ-
ities of the kinase-active family members. However, the existence of the catalytically dead EphB6 and EphA10
receptor pseudokinases illustrates that the mechanistic details of Eph regulation are far from being completely
resolved. While the lack of kinase activity in the EphB6 and EphA10 receptors has led to limited attention to
their cellular roles, it is evident from the down-regulation of EphB6 expression in metastatic tumor tissue, and
EphA10 overexpression in oncogenesis, that these proteins serve important signalling functions.

Here, we sought to address how the intracellular regions of the catalytically dead Eph receptor family
members, EphB6 and EphA10, are organised and how they engage downstream signalling adaptors and effec-
tors. Remarkably, not only the central pseudokinase domain, but also the flanking JM region and SAM domain
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Figure 5. Binding of SH2 domains to the phosphorylated EphB6 (Py-AN-EphB6) measured by surface plasmon

resonance (SPR).

Binding of Py-AN-EphB6 to the SH2 domains of Abl (A), Vav2 (B), Vav3 (C), Nck1 (D), Nck2 (E), Crkll (F), CrkL (G), Grb7 (H) and
Grb10 (I). The immobilisation level of Py-AN-EphB6 on the SA sensor chip was 1705.1 RU.

exhibit tremendous dynamicity. The central pseudokinase domains of both EphB6 and EphA10 lack catalytic
activity, but our finding that each can bind ATP, Type I and Type II kinase inhibitors suggests these domains
are dynamic and their conformations could be modulated by small-molecule binders. The precise effect such
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Figure 6. Binding of Abl SH2 domain to different phosphorylated EphB6 peptides measured by surface plasmon
resonance (SPR).

Binding of Abl SH2 domain to pJX2 EphB6 peptide (A), pJX1 EphB6 peptide (B) and p644, pJX1 and pJX2 tri-phospho EphB6
peptide (C). (D) No binding was observed for the non-phosphorylated EphB6 peptide and Abl SH2 domain. (E) p669 EphB6
peptide binding to Abl SH2 domain. (F) No binding was observed for the non-phosphorylated EphB6 peptide and Abl SH2
domain. The immobilisation level of Abl SH2 domain on the CM5 chip was 1599.5 RU.

conformational modulation would have on the domains flanking the pseudokinase domain in EphB6 and
EphA10 remains an open question. It is possible that conformational changes in the pseudokinase domain
could impact its capacity to engage the SAM domain in cis, which would enable the N-terminal segment of the
SAM domain o5 helix to be more readily available for SAM-SAM interactions, like those reported for other
Eph receptors [52]. Similarly, EphB6 and EphA10 pseudokinase domain conformational modulation may lead
to greater access of the JM region to downstream effector proteins and, in the case of EphB6, allowing phos-
phorylation by EphB4.

The phosphorylation catalysed by kinase-competent Eph receptors is an essential element of their capacity to
propagate cytoplasmic signals. Ephrin ligation to the Eph receptor ectodomains promotes receptor oligomerisa-
tion, which in turn amplifies Eph receptor autophosphorylation as an upstream signalling event. The conserved
JX1 and JX2 tyrosines located on the C-terminal portion of the JM region are the key phosphorylation sites
that govern Eph receptor kinase activity and interaction with SH2 domain-containing effectors. While previous
studies using overexpressed receptors have implicated EphB6 as an EphB4 substrate [30], here we have
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Table 2. Binding affinities of EphB6 peptides against SH2 domains

Proteins/peptides tested Abl-SH2 Src-SH2 Vav3-SH2
GLGVKYYIDPSTYEDPCQA N.D. N.D. N.D.
GLGVKYYIDPST[pY]EDPCQA 11.2+0.8 246+3.0 34+06
(pYB51 = pdX2)

GLGVKY[pY]IDPSTYEDPCQA 725+2.8 >100 27.9+2.7
(pYB45 = pdX1)

GLGVK[pY][pY]IDPST[pY]EDPCQA 2.3+04 49+04 1.1+0.1
(pYB44, pY645 (JX1) and pY6B51 (JX2))

REVDPAYIKIEEV N.D. N.D. N.D.
REVDPA[pPY]IKIEEV (pY669) >100 >100 >100

Binding affinities, Kp, in uM, were calculated by averaging three independent measurements. Errors
represent the standard error of the mean (SEM).

pinpointed the substrate residues using biochemical approached and mass spectrometry. Our finding that
EphB4 phosphorylates the EphB6 JM region raises the prospect that other Eph receptors could similarly phos-
phorylate others in trans to induce their recruitment of SH2 domain-containing signalling adaptors and effec-
tors (Figure 7). In contrast with EphB6 and other Eph receptor family members, EphA10 lacks the JX1 and
JX2 tyrosine residues in its JM region through substitution with phenylalanine and cysteine, respectively. The
JX1 substitution of tyrosine for phenylalanine is structurally conservative, but precludes phosphorylation and
interaction with SH2 domain-containing effectors, while it is possible that the JX2 cysteine may act as a redox
sensor, a regulatory mechanism adopted by other protein kinases [70,71]. The expression of EphA10 in normal
tissues is restricted to the testes, but elevated in multiple types of cancer. Because of the hypoxia and free
oxygen radicals that is experienced by tumour cells, it is possible that up-regulation of EphA10 could play a
role in sensing oxidative stress and that oxidation of the JX2 cysteine could influence interactions with down-
stream effectors and ensuing signal transduction. The identities of the downstream effectors of EphA10 and
how they are engaged in the absence of the conventional JX1 and JX2 phosphotyrosines remains of outstanding
interest.

Evolutionarily, the amino acid sequences of the human Eph receptors share greater than 90% identity with
their mouse orthologues, including EphB6 and EphA10, which similarly lack key catalytic residues and are also
pseudokinases in rodents. Interestingly, only EphB6 orthologues in mammals are predicted to be catalytically
inactive, while those in fish, reptiles and birds are predicted to be catalytically active owing to the retention of
all the essential catalytic residues to catalyse ATP hydrolysis. In contrast with the truncated activation loop in
the human EphBe6, the zebrafish orthologue has an intact loop containing a conserved tyrosine residue, suggest-
ing a role in activating kinase once phosphorylated. Although it requires experimental validation, all these
characteristics suggest that the zebrafish EphB6 is a catalytically active kinase and that the ancestral form of the
protein, which likely arose through duplication of an Eph receptor gene, is likely to be an active kinase. The
conserved tyrosines on the JM region in human EphB6, and their ability to bind SH2 domains once phos-
phorylated, have likely manifested the signalling properties inherited from their ancestral kinase-active form.
Unlike EphB6, all EphA10 orthologues lack the essential catalytic residues and are thus categorised as pseudo-
kinases. While a tyrosine residue in the JX1 position is present in some orthologues, including the Japanese
rice fish, all known EphA10 orthologues possess a cysteine residue at the JX2 position. The conservation of a
cysteine residue on this salient position throughout species may imply an irreplaceable role of EphA10 pseudo-
kinase in redox sensing and signal transduction, although the precise role of the JX2 cysteine in EphA10 regula-
tion awaits further investigation. Meanwhile, whether the repertoire of interaction partners bound by the
EphB6 JX2 pTyr is common between orthologues, remains an open question for future investigation.

Together, our data suggest the EphB6 and EphA10 pseudokinase domains may serve several functions in
cells: as a hub for the assembly of signalling complexes, as for example, observed for the PEAK pseudokinases
SgK223 and SgK269 [57,72]; as a possible conformational switch, as proposed for other pseudokinases, such as
MLKL [9,50]; and possibly as an allosteric regulator of catalytically active Eph receptors, as observed for HER3
regulation of EGFR [7]. Additionally, while most studies of catalytically active Eph receptors to date have
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Figure 7. Proposed model for signalling by the EphB6 pseudokinase.

The ectodomains of EphB6 and EphB4 can potentially dimerise and oligomerise following the binding of ephrin ligands. Upon
dimerisation, the EphB4 kinase domain undergoes autophosphorylation, and then phosphorylates the JM region of EphB6. The
phosphorylated EphB6 JM region can then serve as a docking site for downstream SH2 domain-containing signalling
adaptors, such as Src, Abl and Vav3. Therefore, phosphorylated EphB6 can promote the assembly of specific signalling hub
depending on the SH2 domain-containing proteins recruited. However, whether EphB6 can also potentially homodimerise/
oligomerise upon binding to ephrin ligands and amplify the recruitment of downstream interactors to elicit EphB6 specific
driven signalling output remains to be investigated. The crystal structure of the EphB6 ectodomains (PDB: 7K7J [69]) was used
to generate the schematic illustration of the EphB6 ectodomains. The crystal structure of the EphA2 ectodomains (PDB: 3FL7
[51]) was used to generate the schematic illustration of the EphB4 ectodomains. SH2: SH2 domain-containing proteins. JM:
juxtamembrane region. PsKD: pseudokinase domain. KD: kinase domain. SAM: sterile-a-motif domain. PBM: PDZ
domain-binding motif.
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focused on the roles of their kinase activity, our findings support a crucial role for their non-catalytic functions
in mediating signal transduction. The dynamics of engagement of downstream effectors, and their cellular con-
texts, remain of enormous interest to understanding both kinase-competent and pseudokinase Eph receptors.
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