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Abstract
Sterile alpha motif (Sam) domains are protein interaction modules that are implicated in many
biological processes mainly via homo- and hetero-dimerization. It has been recently reported that
the lipid phosphatase Ship2 regulates endocytosis of the EphA2 receptor, a process that has been
investigated as a possible route to reduce tumor malignancy. A heterotypic Sam-Sam domain
interaction is mediating this process. Here, we report NMR and ITC (Isothermal Titration
Calorimetry) studies on the Sam domain of Ship2 revealing its three-dimensional structure and its
possible mode of interaction with the Sam domain from the EphA2 receptor. These studies have also
resulted in the identification of a minimal peptide region of Ship2 that retains binding affinity for the
Sam domain of EphA2 receptor. Hence, this peptide and the detection of key structural elements
important for EphA2 receptor endocytosis provide possible ways for the development of novel small
molecule antagonists with potential anti-cancer activity.

The Src homology 2 domain-containing phosphoinositide-5-phosphatase 2 (Ship2) catalyzes
the conversion of phosphatidylinositol(3,4,5)P3 (PtIns(3,4,5)P3) to phosphatidylinositol(3,4)
P2 (PtIns(3,4)P2), thus inhibiting processes that are activated by the phospatidylinositol 3
kinase (PI3K) (1,2) (Figure 1). Specifically, Ship2 plays a role in insulin resistance and obesity
by interfering with the phosphoinositide-dependent kinase 1 (PDK-1) activation (3,4) and
hence, it has been proposed as a potential target in drug discovery for type 2 diabetes (5). Less
clear is the role of Ship2 in cancer; however, very recently a novel function for the protein has
emerged as regulator of the Ephrin A2 (EphA2) receptor endocytosis (6). Since the EphA2
receptor is over-expressed in a variety of cancers (i.e: colon, lung, breast and prostate cancers)
(7,8), the processes of its endocytosis and the consequent degradation have been investigated
for their potential correlation to decreased tumor malignancy (8,9). In vitro studies, have
demonstrated that Ship2 over-expression in malignant breast cancer cells reduces EphA2
receptor endocytosis while decreased levels of Ship2 facilitate receptor internalization and
subsequent degradation (6), and that a heterotypic Sam-Sam domain interaction is needed to
engage Ship2 to the EphA2 receptor site (6) (Figure 1).

Here, we report on the NMR solution structure of the Sam domain of Ship2 (Ship2-Sam) and
binding studies with EphA2-Sam. ITC (Isothermal titration calorimetry) experiments indicate
that the two domains bind with a dissociation constant of 0.75 ± 0.12 µM and a 1:1
stoichoimetry. Chemical shift perturbation studies reveal the binding interfaces of Ship2-Sam
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and EphA2-Sam and show that they may adopt a canonical ML (Mid Loop)/EH (End Helix)
interaction model that is characteristic of other Sam/Sam complexes (10–12). The
identification of key structural elements necessary for the internalization of the EphA2 receptor
provides possible routes for the development of novel small molecule antagonists with potential
anti-cancer activity.

MATERIALS AND METHODS
Protein expression

Ship2-Sam and EphA2-Sam were expressed as recombinant proteins in E. coli. Synthetic genes
coding for residues from 1194 to 1258 of human Ship2 (UniprotKB/TrEMBL code: O15357)
and encompassing the Sam domain (residues from 1196 to 1258) were purchased from
Retrogen (San Diego, CA). Genes were cloned into the PET15b plasmid and transformed using
BL21-Gold (DE3) competent cells (Stratagene).

The PET15b plasmid carrying synthetic genes coding for residues from 901 to 976 of the human
EphA2 receptor (Swiss-Prot/TrEMBL: P29317) and encompassing the Sam domain (residues
from 904 to 968) was purchased from Celtek (Nashville, TN). PET15b plasmids carrying genes
for the EphA2-Sam double mutant (H924N, R950A corresponding to H45N, R71A according
to our sequence numbers) and triple mutant (K917A, R957A, Y960S i.e: K38A, R78A, Y81S
according to our sequence numbers) were purchased from Celtek (Nashville, TN). All the
protein constructs have N-terminal His-tag (See Supplemental data for sequence details).

Unlabeled protein expression was achieved by growing bacteria at 37 °C in LB medium until
OD600=0.6. Protein over-expression was then induced by isopropyl β-D-thiogalactopyranoside
(IPTG) (1 mM) for 4 hours. Expression of 15N/13C double labeled and 15N labeled proteins
was carried out in M9 minimal medium supported with 2 g/l of 13C-Glucose and/or 0.5 g/l
of 15NH4Cl. 10% fractional 13C labeling for stereo-specific assignments of Leu-CH3

δ1,2/Val-
CH3

γ1,2 methyl groups (13) was achieved by supporting the M9 medium with 3.96 g of 12C-
glucose (natural abundance) and 0.4 g of 13C-glucose. Selective Leu-13CH3

δ1,2/
Val-13CH3

γ1,2 labeling was achieved by adding 70 mg/l of α-ketoisovaleric acid sodium salt
(dimethyl-13C) (Cambridge Isotope Laboratories) to the M9 medium right before induction.
The expression protocol for uniformly or selectively labeled proteins was identical to that used
for unlabeled protein production, but in this case larger expression yields were obtained by
growing bacteria overnight, after induction at 25 °C.

After expression, cells pellets were dissolved into the following buffer: 50 mM Tris (pH=8),
500 mM NaCl, 5 mM imidazole, and cells were broken by sonication. The proteins were
purified on a nickel column (Amersham) by affinity chromatography with an AKTA prime
plus FPLC system.

Resonance assignments of Ship2-Sam and EphA2-Sam
All the experiments for resonance assignments were recorded at 25 °C on a Bruker Avance
600 MHz spectrometer equipped with a TCI cryoprobe. NMR samples consisted of 15N
or 15N/13C labeled Sam domains (800 µM) in phosphate buffer saline (PBS, 11.9 mM
phosphates, 137 mM NaCl, 2.7 mM KCl) (Fisher) at pH=7.7 with 0.3% NaN3. Sample volumes
of 500 µl (95% H2O/5% D2O) were used.

Backbone assignments were achieved by using standard triple resonance experiments (HNCA,
HNCACB, HNCO) (14). Carbon side chains were assigned through (H)CC(CO)NH and
HCCH-TOCSY experiments. Assignments for proton side chains were obtained by analysis
of the HCCH-TOCSY spectrum or by comparing 3D 15N resolved-[1H, 1H] NOESY (100 ms
mixing time) and 3D 15N resolved-[1H, 1H] TOCSY (70 ms mixing time) (22).
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Backbone assignments for the Ship2-Sam/EphA2-Sam complex were achieved through
analysis of HNCA experiments acquired on samples containing either 15N/13C double labeled
Ship2-Sam at a concentration of 1 mM and unlabeled EphA2-Sam at a concentration of 2 mM
or double labeled EphA2-Sam (1 mM concentration) and unlabeled Ship2-Sam (2 mM
concentration) with sample volumes of 500 µl (95% H2O/5% D2O). Stereo-specific
assignments for Leu-CH3

δ1,2 and Val-CH3
γ1,2 methyl groups of Ship2-Sam were achieved by

acquiring a [1H, 13C] HSQC experiment of a fractionally 13C labeled Ship2-Sam sample at a
concentration of 500 µM (13).

NMR spectra were processed with Bruker software (Topspin version 2.0) and analyzed with
NEASY (15) as implemented in Cara (http://www.nmr.ch/).

Relaxation measurements
Backbone 15N nuclear spin relaxation parameters (longitudinal relaxation rates (R1) and
transverse relaxation rates (R2)), were measured at 25 °C on a 600 MHz Bruker Avance DRX
spectrometer equipped with a TXI probe. Experiments were performed by using a 15N-labeled
sample of Ship2-Sam at a concentration of 800 µM and a sample of the Sam-Sam complex
containing 15N-labeled Ship2-Sam (100 µM) and unlabeled EphA2-Sam (300 µM).

Gradient-enhanced pulse sequences were used to minimize water saturation (16). R1 and R2
relaxation data were collected as 1D experiments (2 k data points and 512 or 256 transients).
Five experiments, with different values of the relaxation delay (0.01, 0.1, 0.3, 0.6, 1.0 s) were
performed for R1 measurements; R2 data sets were measured with the following relaxation
delays: 0.01, 0.03, 0.05, 0.07, 0.11, 0.15, 0.19 s. Average R1 and R2 values were obtained by
the reduction of signal intensity as function of the relaxation delays (17). The rotational
correlation time was estimated by the average R2/R1 values with the software tmest (A. G.
Palmer III, Columbia University), that is based on the method by Kay et al. (18).

Ship2-Sam structure calculations and analysis
Distance constraints for structure calculations were obtained from a 3D-15N resolved [1H, 1H]
NOESY-HSQC spectrum (19) (100 ms mixing time), a 3D-13C resolved [1H, 1H] NOESY-
HSQC spectrum (150 ms mixing time) and a 2D [1H, 1H] NOESY (20) (100 ms mixing time),
for the aliphatic to aromatic region, that was acquired after dissolving the lyophilized protein
sample in 99% D2O. Structure calculations were performed with CYANA version 2.1 (21) and
initiated from 100 random conformers; the 20 structures with the lowest CYANA target
functions were analyzed with the programs MOLMOL (22) and PROCHECK-NMR (23).
Colored figures were generated with MOLMOL (22). Surface representations were generated
with MOLCAD (24) as implemented in Sybyl (TRIPOS).

NMR Binding studies
To monitor the protein-protein interactions, NMR titrations were carried out by 2D [1H, 15N]-
HSQC or 2D [1H, 13C]-HSQC experiments. First, 15N-labeled Ship2-Sam (100 µM
concentration) was titrated with increasing amounts of unlabeled EphA2-Sam (10, 20, 30, 40,
50, 60, 80, 100, 200, 300, 400, 500 µM); a selectively Leu-13CH3

δ1,2/Val-13CH3
γ1,2 Ship2-

Sam sample (50 µM) was also titrated with unlabeled EphA2-Sam (50, 75, 100, 150 µM).

Additional binding studies were performed with a 15N labeled EphA2-Sam sample at a
concentration of 200 µM that was titrated with unlabeled Ship2-Sam (concentrations: 100, 200,
300, 400 µM).

The program Sparky (T. D. Goddard and D. G. Kneller, SPARKY 3, University of California,
San Francisco) was used to generate overlays of 2D spectra.
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Isothermal titration calorimetry
ITC measurements were performed on a VP-ITC apparatus (Microcal, Northampton, MA) at
25°C. For the EphA2-Sam/Ship2-Sam interaction, a solution of EphA2-Sam at a concentration
of 300 µM was titrated into a solution of Ship2-Sam (25 µM concentration). Proteins were
dialyzed against 4 l PBS (pH=7.7) overnight and all further dilutions of proteins and peptide
for ITC were made using the leftover external dialyzate.

For peptide binding studies, the peptide

Ac-EGLVHNGWDDLEFLSDITEEDL-NH2 (Shiptide), was purchased from the Protein/
DNA Facility of the Medical College of Wisconsin and dissolved in the same PBS buffer
(pH=7.7). Peptide binding was monitored by titrating a 1 mM solution of peptide into a 50 µM
solution of EphA2-Sam. To exclude the presence of artifacts due to ligand dilution into the
protein buffer, ITC runs were also performed by titrating 300 µM EphA2-Sam into the buffer
and 1 mM Shiptide into buffer. To avoid non-specific interactions between the polyHis-tag
and the highly negatively charged peptide, the tail was cut from EphA2-Sam by incubation
with thrombin.

Details on the ITC measurements as well as the ITC curves for the mutant EphA2-Sam proteins
are reported as Supplemental data (Figures S1A, B). Data were analyzed using Microcal Origin
software provided by the ITC manufacturer (Microcal, Northampton, MA).

Analytical ultracentrifugation
Sedimentation equilibrium analysis was performed with a Beckman ProteomeLab™ Optima
XL-I analytical ultracentrifuge. Three runs were carried out by using samples with
concentrations of 0.45 mg/ml, 0.15 mg/ml, and 0.05 mg/ml, respectively. The data were
collected at 20 °C at the angular velocity of 30,000 rpm. The software HeteroAnalysis (James
L. Cole; http://www.biotech.uconn.edu/auf/) was used to analyze the data.

Docking studies
A model of the Ship2-Sam/EphA2-Sam complex was generated with the program Haddock
1.3 (25) by using the NMR structures number one of both Ship2-Sam and EphA2-Sam.
Ambiguous interaction restraints were obtained from the chemical shift perturbation and
mutagenesis data. Residues H47, N48, W50, E54, F55, D58 of Ship2-Sam and K38, R67, R71,
G74, R77, Y81 of EphA2-Sam were considered active. Active residues were chosen among
the ones with the greatest normalized chemical shift deviations (Δδ >0.1 ppm) because they
either present high solvent exposure (as determined with MOLMOL (22)) or because they
could provide potential interactions at the dimer interface as indicated by analysis of
experimental structures of hetero Sam-Sam complexes. For the AIR restraints the upper
distance limit default value (i.e: 2 Å) was kept (25). Flexible interfaces were made up of
residues 44–71 and 74–81 of Ship2-Sam and EphA2-Sam respectively. In the first iteration
(i.e: the rigid body energy minimization) 2000 structures were calculated; in the second
iteration the best 200 solutions were subjected to semi-flexible simulated annealing, a final
refinement in water was also performed. The final 200 structures were clustered using a rmsd
(root-mean-square deviation) cut-off value of 2 Å by using the “cluster_struc” macro of the
Haddock program (25). Four clusters were obtained and the best structures of each cluster
(according to the Haddock score (25)) were compared. Since the structures resulted very similar
to each other, we decided to use the one with the lowest (i.e best) Haddock score as
representative of the Ship2-Sam/EphA2-Sam complex.
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RESULTS
NMR Solution structure of Ship2-Sam

To investigate the aggregation state of Ship2-Sam in solution, we measured backbone 15N R1
and R2 nuclear spin relaxation rates for the protein in its free and bound forms and performed
analytical ultracentrifugation studies.

The rotational correlation time, τc, of Ship2-Sam, estimated by the R2/R1 average value
resulted to be 6.7 ± 0.4 ns at a protein concentration of 800 µM. The τc of Ship2-Sam bound
to EphA2-Sam increased to 11.2 ± 0.5 ns, as expected for the increased molecular weight of
the complex.

Analytical ultracentrifugation measurements showed that the Ship2-Sam tendency to self-
associate was very weak in solution (Kd= 2.0 ± 0.7 mM, for the dimerization process).
Moreover, no changes were revealed in [1H, 15N]-HSQC spectra of Ship2-Sam by increasing
the concentration from 70 to 800 µM. These data indicated that at the concentration used to
calculate the Ship2-Sam NMR structure (800 µM), the protein was essentially monomeric in
solution.

The Ship2-Sam solution structure is shown in Figure 2, while key structural parameters are
listed in Table 1. The small number of residual violations (Table 1) indicates that the constraints
are well satisfied in the calculated conformers. The low root-mean-square deviation (rmsd)
values, calculated for the residues of the Sam domain (Table 1), demonstrate the high precision
of the structure determination. The structure represents a canonical Sam domain fold (Figure
2).

Ship2-Sam/EphA2-Sam interaction studies
Binding of Ship2-Sam to EphA2-Sam was monitored by means of chemical shift perturbation
studies (26,27). First, 2D [1H, 15N]-HSQC experiments were recorded for a 15N uniformly
labeled Ship2-Sam sample in presence and absence of unlabeled EphA2-Sam (Figure 3A).
Normalized chemical shifts variations were then calculated according to the equation Δδ =
[(ΔHN)2 + (0.17 * Δ15N)2]1/2 (Figure 3B) (28). The greatest Δδ (values > 0.1 ppm) were found
in the middle region of the protein, including the α3 helix, the C-terminal portion of α2 helix
and N-terminal part of the α4 helix (Figures 3B, C). To confirm these mapping data, 2D
[1H, 13C]-HSQC spectra of a selectively Leu-13CH3

δ1,2/Val-13CH3
γ1,2 labeled Ship2-Sam

sample, were also recorded for the apo protein and after addition of unlabeled EphA2-Sam
(Figure 3D). In agreement with what we had previously observed in the experiments
with 15N labeled protein, the side chains of leucine and valine residues localized in the middle
part of Ship2-Sam (i.e α3 helix and nearby regions) induced largest chemical shifts variations
upon complex formation (Figure 3D).

To map the binding surface of EphA2-Sam for Ship2-Sam, similar titration experiments were
performed with 15N labeled EphA2-Sam and unlabeled Ship2-Sam (Figure 4A). Upon binding
to Ship2-Sam, several changes occurred in the spectrum of EphA2-Sam (Figure 4A). We
evaluated normalized chemical shift deviations to identify the residues of the receptor that were
most affected by the interaction (Figure 4B). The largest deviations were localized at the
interface between the N-terminal segment of the α5 helix and the adjacent α1α2 and α4α5 loop
regions (Figures 4C, D).

Finally, ITC experiments were performed to determine the dissociation constant of the
complex. Several ITC runs were carried and indicated that the two Sam domains interact with
a Kd value of 0.75 ± 0.12 µM and a 1:1 binding stoichoimetry (Figures 5A).

Leone et al. Page 5

Biochemistry. Author manuscript; available in PMC 2009 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In order to further validate the chemical shift mapping studies, we investigated whether a
minimal peptide region of Ship2-Sam (Ac-EGLVHNGWDDLEFLSDITEEDL-NH2;
Shiptide) could still interact with EphA2-Sam. This peptide encompasses the region of Ship2-
Sam that includes the α3 helix together with part of the C-terminus of α2 and N-terminus of
α4 (aa 43–64) (Figure 3C, left panel). ITC measurements showed peptide binding to EphA2-
Sam with a Kd= 19 ± 3 µM and a single binding site model (Figure 5B).

Additional insights on the binding mode of EphA2-Sam to Ship2-Sam were derived by further
NMR and ITC studies with EphA2-Sam mutants. Two mutants were designed based on the
chemical shift mapping studies (Figure 4D) and sequence alignment data with other Sam
domains (Figure S2). The triple mutant (K38A, R78A, Y81S) failed to bind Ship2-Sam whereas
the double mutant (H45N, R71A) retained its ability to bind Ship2-Sam with a Kd= 1.8 ± 0.6
µM (Figures S1A, B). We chose to mutate K38, R71, R78 to alanine in order to perturb crucial
electrostatic interactions at the dimer interface; however, we also wanted to avoid introducing
perturbations that could disrupt the fold of the Sam domain. Hence, residues Y81 and H45
were mutated to serine and asparagine respectively since these substitutions seem allowed in
Sam domains from other Ephrin receptors.

Finally, a model of the Ship2-Sam/EphA2-Sam complex was obtained by docking studies with
the software Haddock 1.3 (25) (See Materials and Methods section). A representative solution
is shown in Figure 6. In this model, acidic residues of Ship2-Sam and basic residues of EphA2-
Sam are providing a dense network of hydrogen-bond and electrostatic interactions at the dimer
interface (Figure 6).

DISCUSSION
The EphA2 receptor has recently gained much attention by both academic and industrial
laboratories as a potential target for drug discovery in cancer. The processes of receptor
endocytosis and consequent degradation are being investigated as potential routes to reduce
cancer progression (9). Previous studies have reported on the regulatory influence of the lipid
phosphatase Ship2 in receptor endocytosis (Figure 1) (6). Ship2 exerts its function through
recruitment at the EphA2 receptor site by means of a heterotypic Sam-Sam association (6).
Due to the lack of structural information on the Ship2-Sam domain and its mode of binding to
EphA2-Sam, we have carried out structural and binding studies by means of NMR spectroscopy
and ITC experiments.

Structural details of the Ship2-Sam/EphA2-Sam interaction
Solution and X-ray structures of several Sam domains have been reported thus far (29–33). A
“blastp” search (34) of the Ship2-Sam sequence against the PDB database reveals highest
identities (34) with EphB4-Sam (pdb id: 2QKQ, Structural genomics Consortium) and EphA4-
Sam (pdb id: 1B0X, (35)) which share with Ship2-Sam 38% and 28% sequence identities,
respectively. A similar blastp search for the EphA2-Sam sequence indicates that it presents
high homology with Sam domains from other ephrin receptors. Accordingly, the 3D structure
of Ship2-Sam and EphA2-Sam (pdb i.d: 2E8N, Riken Structural Genomics Initiative) consist
of canonical Sam domains.

Sam domains may self-associate very weakly in solution, as it has been previously
demonstrated by analytical ultracentrifugation studies carried out for Sam domains from some
of the ephrin receptors, including EphA2-Sam (36).

Gel filtration and GST pull down assays have already pointed out that Ship2-Sam shows a
preference for heterotypic associations (37). Our 15N relaxation measurements indicate for
Ship2-Sam a τc equal to 6.7 ns at a protein concentration of 800 µM that is indeed similar to
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the τc value reported for other Sam domains which have been shown to be monomeric in
solution, such as Ets-1-Sam (6.9 ns) (38), DLC2-Sam (7.2 ns) (32), and EphB2-Sam (6 ns)
(39). Thus, in agreement with these previous findings on other Sam domains, our results
indicate that Ship2-Sam is mainly monomeric in solution as further confirmed by analytical
ultracentrifugation data.

The correlation time τc for Ship2-Sam in complex with EphA2-Sam is 11.2 ± 0.5 ns that is a
value compatible with that of proteins with a molecular weight of about 15 kDa and close to
that measured for the dimeric Ste11-Sam (i.e: 10 ± 0.2 ns) (40), thus suggesting that EphA2-
Sam and Ship2-Sam may form a dimer at the condition used in our NMR experiments; the
presence of high order oligomers can be excluded also because of the very high quality of the
NMR spectra for the complex.

The interaction between EphA2-Sam and Ship2-Sam has been investigated by means of ITC
measurements and chemical shift perturbation studies. ITC data show that the Sam domain of
Ship2 binds to the Sam domain of the EphA2 receptor with high affinity (Kd= 0.75 ± 0.12 µM)
with a single binding site model (Figure 5A).

Recent studies have shown that the Sam domain of Ship2 is also able to interact with the Sam
domain of the PI3K effector protein Arap3 (37). Recently reported ITC measurements show
that Arap3-Sam binds to Ship2-Sam by forming a dimer (Kd= 100 nM and a binding
stoichoimetry of 1:1) (37). The comparison between these data and our results demonstrates
that Ship2-Sam is able to interact with both Arap3-Sam and EphA2-Sam with similar binding
affinities and the same binding stoichoimetry.

By having NMR assignments and 3D structures of both EphA2-Sam (i.d: 2E8N, from RIKEN
Structural Genomics Initiative) and Ship2-Sam, it has been possible to carry out more detailed
NMR binding studies.

The binding region on Ship2-Sam for EphA2-Sam is located in the middle part of the molecule
and contains mainly negatively charged and hydrophobic residues (Figure 6 and Figure S2)
including a tryptophan, whose side chains is affected by major chemical shift changes upon
complex formation (Figure 3A), and a solvent-exposed phenylalanine (Figure 6).

The putative EphA2-Sam binding interface for Ship2-Sam is presented in Figure 4 and includes
the N-terminal part of α5 and the closest α1α2 and α4α5 loops. This binding region on EphA2-
Sam has been further confirmed by mutagenesis studies, indicating that the triple mutant K38A,
R78A and Y81S is not effective in binding Ship2-Sam (Figure 4D and Figure S1A).

The role of the N-terminal arm and the C-terminal α5 helix in directing homotypic Sam-Sam
interactions has already been pointed out for both the dimeric crystal structure of EphA4-Sam
(35) and the oligomeric crystal structure of EphB2-Sam (41). Besides, studies on different Sam
domains have confirmed the important role of the C-terminal α5 helix which seems to be a
common motif used by Sam domains to associate in different manners (40). In fact, for several
homotypic (12,41,42,43) and heterotypic (11,44) Sam-Sam complexes, the interactions in
between monomers occur through the Mid-Loop (ML) surface, where residues from the regions
close to the middle portion of the protein are providing the contact surface of one subunit, and
the End-Helix (EH) surface which involves mainly the α5 helix of another subunit and adjacent
loop regions. Analysis of chemical shift mapping data indicates indeed that Ship2-Sam and
EphA2-Sam may adopt the ML/EH binding topology. A model of the ML/EH interaction for
Ship2-Sam/EphA2-Sam (Figure 6) has been generated by molecular docking and is indeed in
good agreement with our experimental data. In fact, the Ship2-Sam sequence encompassing
the Shiptide region (Figure 3C) is mainly providing the ML interface, while the α5 helix and
nearby loop regions are proving the EH interface of EphA2-Sam (Figure 6). Phe55 of Ship2-
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Sam provides interactions with Tyr81 of EphA2-Sam, while Lys38 and Arg78 on the receptor
are involved in electrostatic interactions with Asp51 and Glu54 (Figure 6), thus explaining our
results with the EphA2-Sam triple mutant.

This model resembles closely the structures of other Sam-Sam complexes which adopt the ML/
EH binding mode (Figure 6).

In conclusion, the structural information we have obtained (i.e: the 3D solution structure of
Ship2-Sam, the identification of its putative binding mode to EphA2-Sam and the detection of
a minimal Ship2-Sam binding peptide) paves the way for future studies aiming at the
development of small-molecules inhibitors of this interaction which could be further
investigated for their effects in tumor cells over-expressing the EphA2 receptor.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations
DLC2, deleted in Liver Cancer 2
EH, End-Helix
EphA2, Ephrin A2
EphA4, Ephrin A4
EphB2, Ephrin B2
EphA2-Sam, Sam domain of the EphA2 receptor
FPLC, Fast Performance Liquid Chromatography
HSQC, Heteronuclear Single Quantum Coherence Spectroscopy
IPTG, isopropyl β-D-thiogalactopyranoside
ITC, isothermal titration calorimetry
MD, Mid-Loop
NOESY, Nuclear Overhauser Enhancement Spectroscopy
PBS, phosphate buffer saline
PDK1, 3-phosphoinositide-dependent protein kinase-1
PI3K, phospatidylinositol 3 kinase
PtIns(3,4,5)P3, phosphatidylinositol(3,4,5)P3
rmsd, root-mean-square deviation
Sam, Sterile Alpha Motif
Ship2, Src homology 2 domain-containing phosphoinositide-5-phosphatase 2
Ship2-Sam, Sam domain of Ship2
TOCSY, Total Correlation Spectroscopy.
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Figure 1.
Regulation of EphA2 receptor endocytosis by Ship2. The EphA2 receptor up-regulates PtIns
(3,4,5)P3 by interacting with PI3K, and induces activation of the RAC1 GTPase that in turn
supports receptor endocytosis. On the contrary, Ship2, that is engaged in this cycle through a
heterotypic Sam-Sam association with the EphA2 receptor, may inhibit receptor endocytosis
by either reducing PtIns(3,4,5)P3 levels (model proposed by Zhuang et al. (6)) or by direct
interaction with the receptor.
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Figure 2.
Left panel. Overlay on the backbone atoms (residues 29–85) of 20 Ship2-Sam NMR
conformers. The final structure calculation includes 989 non redundant distance constraints
(263 intra-residue, 240 short-range, 242 medium-range, 244 long-range) and 282 angle
constraints. Right panel. Ribbon drawing of one Ship2-Sam NMR conformer (number one), it
contains the following secondary structure elements: α1 (residues 30–34), α2 (residues 39–
46), α3 (residues 53–56), α4 (residues 61–66), α5 (residues 72–84).
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Figure 3.
A. Comparison of [1H, 15N]-HSQC spectra of Ship2-Sam (100 µM) in its apo form (red) and
after addition of EphA2-Sam (400 µM) (blue). B. Histogram showing normalized chemical
shift deviations (Δδ=[(ΔHN)2 + (0.17 * Δ15N)2]1/2) as function of the residue number. Residues
L45, V46, H47, G49, W50, D51, L53, E54, F55, L56, S57, D58, I59, D63, H74, L79, L82
present normalized deviations with values higher that 0.1 ppm. Δδ values in between 0.05 and
0.1 ppm are observed for the following residues: S30, A31, W32, R34, G44, N48, D52, T60,
E61, L64, E65, E66, A67, V69, Q70, D71, D80. C. Residues with normalized chemical shifts
deviations (Δδ values) greater than 0.1 ppm and included in between 0.05 and 0.1 are colored
in red and pink respectively on the 3D solution structure of Ship2-Sam (conformer number 1)
in its ribbon (left panel) and surface (right panel) representations. The peptide region used for
our studies is highlighted in the left panel. D. [1H, 13C]-HSQC spectra of selective
Leu-13CH3

δ1,2/Val-13CH3
γ1,2 labeled Ship2-Sam (50 µM) in absence (red) and presence

(green) of EphA2-Sam (150 µM).
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Figure 4.
A. Superposition of [1H, 15N]-HSQC spectra of EphA2-Sam (200 µM concentration) in its
unbound form (green) and after complex formation with Ship2-Sam (400 µM) (brown). B. Plot
of normalized chemical shift deviations (Δδ=[(ΔHN)2 + (0.17 * Δ15N)2]1/2) versus residue
number. The highest normalized chemical shift deviations (Δδ values > 0.1 ppm) are observed
for residues W33, I37, K38, M39, Y42, F46, R71, L72, H75, Q76, K77, R78, I79, A80, Y81.
Minor changes (0.05 < Δδ values < 0.1 ppm) affect amino acids T29, L34, T43, H45, T52,
A53, E55, V57, V58, Q59, T61, D64, I65, K66, S82, L83, G85, D88. Data are not shown for
residues N62 and D63 (unassigned); G74, Q41 (their peaks only appear in the spectrum of the
complex). C. Surface representation of EphA2-Sam (conformer number 1, pdb i.d: 2E8N, from
RIKEN Structural Genomics Initiative) (in the same orientation as Figure 4D-left panel),
residues exhibiting the greatest normalized chemical shift deviations (Δδ values > 0.1 ppm)
are colored in orange, those presenting minor changes (0.05 < Δδ values < 0.1 ppm) are reported
in yellow. D. EphA2-Sam mutants. Ribbon representation of EphA2-Sam (colored as in the 4C
panel). The side chains of the mutated residues are also shown together with the corresponding
mutations.
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Figure 5.
ITC studies. A. The raw and integrated data are shown in the upper and lower panels
respectively. In the lower panel, solid squares represent data from the EphA2-Sam (300 µM)
titration into Ship2-Sam solution (25 µM); the solid red line represents the fit to a single binding
site model. B. Calorimetric curve representing the EphA2-Sam (50 µM) titration with the
Shiptide peptide (1 mM).
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Figure 6.
Left panel. Crystal structure of the complex between CNK2-Sam (green) and HYP-Sam
(yellow) (pdb code: 3BS5 (11)). Residues contributing to the ML and EH interfaces (11) have
been colored in red on the ribbon representations of the two molecules. Right panel. Model,
generated with Haddock 1.3 (25) of the Ship2-Sam/EphA2-Sam complex (solution with the
lowest Haddock score). Residues with the largest chemical shift perturbations, according to
our NMR binding studies, have been reported in red. The side chains of amino acids which are
involved in interactions at the dimer interface are also shown.
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Table 1
Structure statistics for the NMR ensemble of Ship2-Sam

NOE upper distance limits 989

Angle constraints 282

Residual target function, Å2 1.08±0.13

Residual NOE violations

Number > 0.1 Å# 3

Maximum, Å 0.29±0.07

Residual angle violations

Number 0

Atomic pairwise RMSD, Å

Backbone atoms
(aa 29–85)

0.25±0.06

Heavy atoms
(aa 29–85)

0.77±0.08

Ramachandran analysis@

Residues in core regions 85.4%

Residues in allowed regions 14.4%

Residues in generous regions 0.1%

Residues in disallowed regions 0.1%
#
Average CYANA (21) violations

@
PROCHECK_NMR (23) statistics for residues 29–85
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