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Abstract

All members of the Eph receptor family of tyrosine kinases contain a SAM domain near the C
terminus, which has been proposed to play a role in receptor homotypic interactions and/or
interactions with binding partners. The SAM domain of EphA2 is known to be important for
receptor function, but its contribution to EphA2 lateral interactions in the plasma membrane has
not been determined. Here we use a FRET-based approach to directly measure the effect of the
SAM domain on the stability of EphA2 dimers on the cell surface in the absence of ligand binding.
We also investigate the functional consequences of EphA2 SAM domain deletion. Surprisingly, we
find that the EphA2 SAM domain inhibits receptor dimerization and decreases EphA2 tyrosine
phosphorylation. This role is dramatically different from the role of the SAM domain of the
related EphA3 receptor, which we previously found to stabilize EphA3 dimers and increase
EphAS3 tyrosine phosphorylation in cells in the absence of ligand. Thus, the EphA2 SAM domain
likely contributes to a unique mode of EphA2 interaction that leads to distinct signaling outputs.

INTRODUCTION

The EphA2 receptor is a member of the largest family of receptor tyrosine kinases (RTKSs).
It has many important and diverse biological functions by exerting control over cell
proliferation, differentiation, migration and tissue morphogenesis (1-5). EphA2 is
preferentially expressed in epithelial cells, for example in the skin, lens, kidney, lungs, liver,
small intestine, and colon (6). Recent studies have shown that EphA2 regulates lens
transparency, kidney repair following renal injury, bone remodeling and mammary gland
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branch morphogenesis, as well as cell transformation in a variety of tumors and pathological
forms of angiogenesis (1, 6-8). While the expression level of EphA2 in most adult tissues is
generally low, its overexpression and dysregulation leads to carcinogenesis, metastasis, and
poor clinical prognosis (1, 7, 9-12).

The EphA2 receptor is a single pass transmembrane protein with an extracellular portion and
a cytoplasmic region. The extracellular portion is composed of an ephrin ligand binding
domain (LBD), a Cystine-rich domain (CRD) and two fibronectin type 111 repeats (13). The
cytoplasmic region consists of a juxtamembrane sequence, a tyrosine kinase domain, a
sterile a motif (SAM) domain and a PDZ domain-binding motif. Both SAM domains and
the PDZ domain-binding motifs are known to mediate interactions with cytoplasmic proteins
(14, 15).

The ligands of EphA2 are called ephrin-As and are anchored to neighboring cells. Upon
binding to the ligands, the EphA2 receptor molecules cluster and cross-phosphorylate each
other, predominantly on two tyrosines in the juxtamembrane domain and on a tyrosine in the
activation loop (1). The phosphorylation triggers downstream signaling cascades that lead to
cell contraction and disruption of cell-cell contacts, generally inhibiting cell migration and
invasiveness (1, 16-18). However, EphA2 exhibits pro-oncogenic activities in the absence of
ligand, a functionality that has been linked to low Tyr phosphorylation and high
phosphorylation on S897, located between the kinase and the SAM domains (1, 19, 20).
Furthermore, it has been shown that EphA2 can form dimers in the absence of ligand, with
dimerization working to increase Tyr phosphorylation and decrease S897 phosphorylation,
thus inhibiting tumorigenic signaling (21).

The function of S897 in EphAZ2 is unique within the large RTK superfamily. A
corresponding serine is found in only one other RTK, EphALl, but there are no reports of
links between phosphorylation of this serine in EphAl and cancer. The lateral interactions
between EphA2 receptor molecules are also believed to be distinctive among the Eph family
members (22). In particular, two distinct receptor-receptor interfaces have been identified in
the EphA2 extracellular region (23, 24), while only one extracellular region interface may be
contributing to the lateral interactions of another Eph receptor, EphA4 (22).

All Eph receptors have SAM domains, positioned after the kinase domain and close to the
C-terminus. The SAM domains are known as interaction motifs, found in many proteins in
diverse organisms ranging from yeast to humans (14). They mediate protein-protein
interactions by forming homotypic and heterotypic dimers or oligomers (25-27). The SAM
domain of EphA2 is known to be important in EphA2 function. It plays a role in lens
development, and EphA2 SAM domain mutations have been implicated in the development
of cataracts (28-31). Heterointeractions between the EphA2 SAM domain and the SAM
domain of SH2 domain-containing inositol-5-phosphatase (SHIP2) have been linked to
decreased EphA2 kinase activity and endocytosis (32-34). Furthermore, the EphA2 SAM
domain is responsible for recruiting the SH2 domains of Grb7, a protein that is essential for
the regulation of cell migration (35).
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While these studies suggest a role of the EphA2 SAM domain in mediating interactions
between the EphA2 receptor and soluble cytoplasmic proteins, the role of the SAM domain
in EphA2-EphAZ2 interactions is still unclear. In part, this has been due to lack of appropriate
methodologies to probe the association of membrane receptors in the native plasma
membrane. Such work has become feasible, however, with the development of quantitative
FRET methodologies that can provide information on full-length receptor dimerization
propensities (36—38). These FRET methods have already revealed that the deletion of the
SAM domain from another Eph receptor, EphA3, significantly destabilizes the EphA3
dimer, suggesting a role for the EphA3 SAM domain in promoting homodimerization (39).

Here we directly measure the contribution of the SAM domain to the stability of EphA2
dimers in the absence of ligand binding. We also investigate the functional consequences of
EphA2 SAM domain deletion in the absence of ligand. For these studies, we compared two
pairs of EphA2 proteins with and without the SAM domain, namely wild-type EphA2 and
an EphA2 mutant in which dimerization is impaired by mutations of three extracellular
residues. The results with both sets of proteins support an inhibitory role for the EphA2
SAM domain in receptor dimerization. Thus, despite the conserved domain structure of the
different Eph receptors, we find that the role of the SAM domain in EphA2 interactions is
dramatically different from the role of the EphA3 SAM domain.

MATERIALS AND METHODS

Cloning and Mutagenesis

The cloning of pcDNA 3.1(+) EphA2-mTurq and pcDNA3.1 (+) EphA2-eYFP was
described in a previous publication (21). The EphA2 SAM domain comprises amino acids
904 to 968, and the EphA2ASAM constructs lack the sequence encoding amino acids 902 to
971. To generate them, we used the EcoRI and BamHI restriction sites occurring in the
EphA2 sequence. The EcoRl restriction site is located 1131 nucleotides before the sequence
encoding the SAM domain, while the BamHI restriction site is located 4 nucleotides after
the sequence encoding the SAM domain. We generated an EphA2 PCR product using 5’-
TTTCTCCGTGACCCTGGACG-3’ as a forward primer and 5’-
GCGGATCCCCACCGAGCCGCTCGTGCTGGGGAG-3’ as a reverse primer (containing a
BamHlI site, underlined) to amplify a portion of EphA2 lacking the SAM domain. The PCR
product was digested with EcoRI and BamHI and cloned into the EcoRI and BamHI sites of
pcDNA 3.1(+) EphA2-mTurg and pcDNAS3.1 (+) EphA2-eYFP to obtain pcDNA 3.1(+)
EphA2ASAM-mTurg and pcDNA3.1 (+) EphA2ASAM-eYFP.

The cloning of the plasmids encoding the EphA2 L223R/L254R/VV255R mutants has been
described previously (21). The SAM domain was deleted from these mutants following the
same procedure described above.

Cell culture and transfection

HEK?293T cells were purchased from American Type Culture Collection (ATCC)
(Manassas, VA, USA). The cells were seeded in 35 mm glass bottom dishes (MatTek
Corporation, MA) in Dulbecco’s modified Eagle medium (DMEM), supplemented with 10%
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fetal bovine serum (FBS, Hyclone), 3.5g/L D-glucose (19.4mM) and 1.5g/L (17.9mM)
sodium bicarbonate and cultured overnight. The cells were co-transfected with pcDNA 3.1
(+) EphA2ASAM-mTurg and pcDNA3.1 (+) EphA2ASAM-eYFP or their L223R/L254R/
V255R mutants using Lipofectamine 2000 (Invitrogen), following the manufacturers
protocol. Twelve hours after transfection, the cells were rinsed twice with starvation medium
to remove the traces of phenol red and serum-starved for at least 12 hours. The starvation
medium was replaced with hypo-osmotic medium (10% starvation medium + 90% water

+ 25 mM HEPES buffer) to swell the cells under reversible conditions as described (40).
Imaging was initiated 10 minutes after swelling, and lasted for two hours after swelling.

Two photon imaging of swollen cells

The swollen cells were imaged with a spectrally resolved two photon microscope with line-
scanning capabilities to obtain spectral images. A mode-locked laser (MaiTai™, Spectra-
Physics, Santa Clara) that generates femtosecond pulses between wavelengths 690 nm to
1040 nm was used as the excitation source for fluorophores. The design and working
principle of the microscope is given in previous publications (41, 42). The swollen cells
were imaged at two excitation wavelengths, 800 nm and 960 nm as described in (38).

Cells were starved to ensure that no soluble ligand is present. We imaged only plasma
membranes of swollen cells that were not in contact with neighboring cells. This ensured
that the EphA2 receptors did not interact with ephrins that may be present on opposing cells.
Furthermore, the starvation medium was replaced by the swelling medium just before
imaging, to remove any traces of ephrins in the solution.

Measurements of dimerization propensities

The dimerization propensities of EphA2ASAM and L223R/L254R/V255R EphA2ASAM
were characterized using the Fully Quantified Spectral Imaging FRET (FSI-FRET) method
(38). Receptor concentrations were varied over a wide range. The donor concentration,
acceptor concentration, and FRET efficiency for small membrane segments were measured
in many cells.

The protocol for further data processing has been described in detail in previous publications
(36, 38). In brief, the measured FRET is first corrected for a “by-stander” or “proximity”
contribution which arises due to the confinement of the fluorophores on the two-dimensional
membrane (43). Then, the corrected FRET for a membrane area is divided by the acceptor
fraction, yielding the product of the dimeric fraction in the membrane and Intrinsic FRET,
fpE. The data from many cells were combined and analyzed with the help of a monomer-
dimer equilibrium model given by equation (1) (36, 38):

fD E:_([T] 1+8[T]/Krdi3871)E

1 Kdiss
[T] 5

)

In equation (1), [ 7] is the total concentration of the receptors, 7 is the dimeric fraction,
K iss is the unknown dissociation constant, and £'is the unknown Intrinsic FRET. K (in
units of receptors/um?2) and E'are optimized when this equation is fitted to the experimental
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data. This allows us to calculate the dimer stability, AG. The standard state for AG of
membrane protein association in the membrane is defined as 1 nm?/receptor (36), and
therefore:

106
AG=—RTIn(—)
Kdiss (2)

The second parameter determined from the fit is the structural parameter "Intrinsic FRET”,
E, which depends primarily on the distance o between the fluorescent proteins in the dimer
according to:

Here R, is the Férster radius of the mTurq /eYFP FRET pair, 54.5 A. This equation assumes
free rotations of the fluorescent proteins, which is justified by the use of the long flexible
(GGS)s linker (44).

Western blots

Twenty four hours following transfection, the cells were lysed in lysis buffer (25mM
TrisHCI, 0.5% TritonX-100, 20mM NaCl, 2mM EDTA, 2mM Na3zVOy,, and Roche Applied
Science protease and phosphatase inhibitor). The lysed samples were collected and
centrifuged at 14,000g for 15 minutes at 4°C. The lysates were collected and stored at
—20°C. The total protein concentrations in the lysates were measured with the BCA protein
assay kit (Bio-Rad, CA). The lysates were loaded into 3-8% NuPAGEHNovexHTris-Acetate
mini gels (Invitrogen, CA). The proteins were transferred onto a nitrocellulose membrane,
and blocked using 5% non-fat milk in TBST. Total EphA2 expression, S897 phosphorylation
and Y772 phosphorylation were detected using anti-EphA2 antibodies (R&D systems, MN),
anti-phospho-S897 antibodies (Cell Signaling, MA), and anti-phospho-Y772 antibodies
(Cell Signaling, MA), respectively. Donkey anti-goat HRP conjugated antibodies (Promega,
WI1) and anti-rabbit HRP conjugated antibodies (Promega, WI) were used as secondary
antibodies. The membranes were incubated with Amersham ECL Plus™ Western Blotting
Detection Reagent (GE HealthCare Life Sciences, PA) for 2 minutes and then exposed for 1
to 60 seconds in a Chemidoc molecular imager (Bio-Rad, CA) to detect the
chemiluminescent bands.

Cell migration assay

HEK?293T cells were cultured and transfected with plasmids encoding EphA2 and
EphA2ASAM. Twelve hour following transfection, the cells were serum starved overnight.
A cell suspension of 1x106 cells per ml was prepared in serum free medium containing 0.5%
BSA. To assay the migratory behavior of cells, the CytoSelect Cell Haptotaxis Assay Kit
(CeliBiolabs, CA) was used. This kit contains inserts with polycarbonate membranes having
pores of size of 8um. Collagen I is coated on the bottom side. 500ul of medium containing
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10% FBS was placed in the well, while 300 pl of the cell suspension was loaded in the
inserts. The cells were incubated at 37°C and were allowed to migrate for 4 hours through
the pores in response to Collagen | and FBS. The medium was aspirated from the inserts,
and the top of the polycarbonate membrane was cleaned using cotton swabs to remove non-
migratory cells. The inserts were then transferred to clean wells containing 300ul of Lysis
Buffer/CyQuantR GR dye solution. After 10 minute incubation at room temperature and
transfer, the florescence of the CyQuant® GR dye solution was measured at 480nm/520nm
in a plate reader. The measured fluorescence is directly proportional to the number of cells
that had migrated to the bottom side of the polycarbonate membrane.

Deletion of the SAM domain stabilizes the EphA2 dimer in the absence of ligand binding

The goal of the present study was to measure the contribution of the SAM domain to the
dimerization of full-length EphA2 receptor in the absence of ephrin ligand binding. To do
so, we deleted the SAM domain from the full-length EphA2 receptor, and we measured the
dimerization propensity of this truncated EphA2ASAM receptor and the full-length receptor
in the absence of ephrin ligand binding (Figure 1, left side).

The dimerization propensities of EphA2ASAM and EphA2 were measured using a
quantitative FRET method termed FSI-FRET (38). To allow for FRET detection, the
receptors were tagged with a fluorescent protein (either mTurquoise (mTurq) or YFP, a
FRET pair) at their C-terminus, which was attached via a (GGS);5 flexible linker (Figure 1).
This linker was used to ensure the free rotation of fluorophores since it lacks secondary
structure (44). Moreover, this linker was previously shown not to affect dimerization of a
membrane protein (45). Here, we further assessed the effect of the fluorescent protein and
the linker on EphA2 function using Western blotting. The results demonstrate that the
attachment of the fluorescent protein via a flexible linker does not affect EphA2
phosphorylation (Figure 2).

HEK?293T cells were co-transfected with plasmids encoding either EphA2-mTurq and
EphA2-eYFP or EphA2ASAM-mTurg and EphA2ASAM-eYFP, at a ratio of 1:3. Twelve
hours post transfection, the cells were starved for at least twelve hours before imaging. Just
before imaging, the cells were subjected to reversible osmotic stress to induce swelling. This
was necessary, because the plasma membranes of cells have very complex “wrinkled”
topologies (46, 47). Thus, the receptor concentration in the plasma membrane cannot be
determined unless the cells are subjected to reversible osmaotic stress, which stretches the
membrane (38). Then, a calibration with purified fluorescent protein solutions of known
concentrations is used to calculate the receptor concentration per unit membrane area (38).

Ten minutes after swelling, the cells were imaged with a spectrally resolved two-photon
microscope. The spectral images obtained were analyzed with the FSI software (38) to
obtain (i) the donor concentrations, (ii) the acceptor concentrations, and, (iii) the FRET
efficiencies, in selected regions of the free plasma membrane of swollen cells (Figure 3). To
obtain a wide range of receptor concentrations, the total amount of DNA used for
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transfection was varied from 20 ng to 4 ug. Five hundred cells in 9 independent experiments
were imaged and analyzed to obtain the dimerization curves.

The FRET efficiencies, measured for EphA2ASAM and full-length EphA2, are shown in
Figure 4A as a function of acceptor concentration. Each data point represents a single
membrane region (Figure 3). The donor concentration versus the acceptor concentration for
each membrane region is shown in Figure 4B. From the FRET efficiencies in Figure 4A and
the donor to acceptor ratio in Figure 4B, we determined the dimeric fraction as a function of
concentration, following the step by step protocol described in (38). A model describing the
monomer-dimer equilibrium was used to fit the data according to Eqn.1, yielding the
dimerization curve. From the fitting, we obtained the optimal dissociation constants, and
their 95% confidence intervals (Table 1).

The experimentally measured dimeric fractions were binned and the averages and the
standard errors are shown in Figure 4C, together with the best-fit dimerization curves. The
comparison of the dimerization curves shows that the deletion of the SAM domain increases
the dimeric fraction, and thus the presence of the SAM domain inhibits dimerization. The
measured dissociation constants and the dimer stabilities (see equation 2) are shown in Table
1. The comparison of dimer stabilities for full-length EphA2 and EphA2ASAM in Table 1
shows that the dimers formed by EphA2ASAM are more stable by —0.9 + 0.3 kcal/mol.

Next, we performed the same FRET experiments in CHO cells, which like HEK293 cells
express EphA2 at very low levels and should therefore be suitable for these experiments.
The FRET data in HEK293T and CHO cells are compared in Figure 5. The EphA2
expression in CHO cells is much lower and does not allow analysis over a wide range of
receptor concentrations, as needed to draw reliable conclusions. The FRET efficiencies in
the two cell lines, however, overlap, indicating that EphA2 and EphA2ASAM dimerization
is the same in CHO and HEK293T cells. Thus, the conclusions of the FRET experiments
apply to at least two different cell lines.

Both EphA2 and EphA2ASAM dimers are stabilized by contacts involving L223, L254 and
V255 residues in the cysteine-rich domain

To confirm the above result, we next deleted the SAM domain from a L223R/L254R/V255R
EphA2 mutant that we have previously studied (21) (Figure 1, right side). Amino acids
L223, L254, and V255 are in the cysteine-rich domain (CRD) region of the extracellular
domain and mediate receptor-receptor contacts in the absence of ephrin ligand binding (21).
Thus, the L223R/L254R/V255R EphA2 mutant forms dimers of reduced stability. To
investigate the effect of the SAM domain in this mutant dimer, we compared FRET in the
L223R/L254R/V255R EphA2 mutant and a L223R/L254R/V255R EphA2 mutant lacking
the SAM domain (L223R/L254R/V255R EphA2ASAM). The results are shown in Figure 6
and in Table 1. Deletion of the SAM domain from the mutant receptor stabilizes the mutant
dimer, confirming our observation about the inhibitory role of EphA2 SAM domain.

The data in Figure 4 and 6 allow us to determine whether the deletion of the SAM domain
preserves the interface that stabilizes the full-length EphA2 dimers. Figure 7 compares the
dimerization curves for the wild-type and mutant Eph receptors that lack the SAM domain.
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We see that the introduced L223R/L254R/V255R mutations decreases the dimerization
propensity, suggesting that contacts involving these residues stabilize the EphA2ASAM
dimer, just as they stabilize the full-length EphA2 dimer (21).

Deletion of the SAM domain suppresses cell migration

EphA2 receptor promotes cell migration through kinase-independent mechanism that is
distinct from other RTKs (19). Recently, we have shown that enhanced cell migration is
related to a reduced ability of EphA2 to form dimers in the absence of ephrin ligand binding
(21). Since the deletion of the SAM domain promotes dimerization, we asked if this deletion
will also result in reduced migration of the cells expressing EphA2ASAM, as compared to
the full-length. To test this hypothesis, we measured cell migration using the Cell Biolabs
Cyto-Select™ cell haptotaxis assay kit (Cell Biolabs). The HEK293T cells expressing
different EphA2 variants were assessed for their ability to migrate through the pores of the
polycarbonate membrane of the insert during a 4 hour period, in response to collagen |
coated on the bottom side of the inserts as well as FBS in the lower chamber. The result of
the migration assays is shown in Figure 8. The cells expressing EphA2ASAM migrate more
slowly compared to the cells expressing full-length EphA2, consistent with the stronger
dimerization observed for EphA2ASAM compared to the full-length receptor.

Deletion of the EphA2 SAM domain leads to reduced S897 phosphorylation and enhanced
Y772 phosphorylation

Previous work has demonstrated that low EphA2 dimer stability and high migratory
propensity correlate with high EphA2 S897 phosphorylation and reduced Y772
phosphorylation (21). Consistent with expectations, Western blotting revealed that
EphA2ASAM exhibits higher Y772 phosphorylation and lower S897 phosphorylation than
full-length EphA2 (Figure 9). This result is consistent with a stronger dimerization
propensity of EphA2ASAM as compared to the full-length receptor.

DISCUSSION

Crystal structures and NMR studies of the SAM domains of EphA4 and EphB2 have
suggested that these SAM domains are capable of forming dimers and even oligomers (25—
27). A large dimer interface has been identified in the case of EphA4 SAM domain (27).
Two different interfaces, possibly mediating oligomerization, have been identified in the
case of EphB2 SAM domain (25, 26). Yet, dissociation constants for the isolated SAM
domains in solutions exceed 500 UM and are thus considered very weak (25, 27). In a
biological system, however, the SAM domains are attached to the receptor and the receptor
is embedded in the membrane. The interactions between proteins, when confined to
surfaces, are expected to be much stronger (48, 49). Here we use an approach that directly
yields the thermodynamic contribution of the EphA2 SAM domain to EphA2 lateral
interactions, in the plasma membrane (36, 37). In particular, we measured and compared the
dimerization propensities of EphA2 receptors with and without the SAM domain in cells.
Full-length EphA2 dimerization has been characterized previously (21), and the two
measurements are the same.
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In the current investigation of EphA2 SAM domain, we find that the deletion of the SAM
domain stabilizes the EphA2 dimer in the absence of ligand (Figures 4 and 6). This
surprising result is confirmed by functional assays (Figures 8 and 9). This finding may
suggest that there are specific contacts between the SAM domain and the kinase domain
within an EphA2 monomer, and that these contacts prevent the efficient dimerization of
EphA2 kinase domain. In this scenario, removal of the SAM domain would allow stronger
dimerization of the kinases domain. Alternatively, SAM domain interaction partners could
interfere with kinase domain dimerization.

The effect that we observe here for EphAZ2 is the opposite of the behavior observed
previously for EphA3 (39). In prior work, we studied EphA3 unliganded dimerization and
we found that deletion of the SAM domain in EphA3 reduced dimer stability, suggesting
that contacts that involve the SAM domain stabilize the EphA3 dimer (39). Thus, it appears
that the EphA2 and EphA3 SAM domains play very different roles in Eph-Eph interactions.
SAM domains are known to mediate diverse functions despite their close homology (14, 50),
and our work suggests that they mediate diverse functions even in the closely related Eph
family members. In support of this view, removal of the EphA4 SAM domain did not affect
EphA4 signaling in a measurable way (51), a behavior that is distinctly different from the
behaviors observed for EphA2 or EphA3.

It is well known that different Eph family members can mediate multiple and even opposing
functions, such as intercellular adhesion versus cell-cell repulsion (1, 22). It has been
proposed that the functional differences arise due to differences in lateral receptor
interactions (22). EphA2 is believed to possess distinctive interaction characteristics as
compared to EphA4 and possibly other Eph family members (22). Here we find a significant
and surprising difference in the way the SAM domain contributes to EphA2 and EphA3
dimerization in the absence of ligand binding. The behavior of the EphA2 SAM domain that
we observe may contribute to a unique mode of EphA2 interaction that leads to distinct
signaling outputs.
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Highlights

. We study the role of the SAM domain in EphA2 lateral interactions on
the cell surface

. SAM domain deletion increases EphA2 dimer stability and tyrosine
phosphorylation

. SAM domain deletion reduces EphA2 Ser897 phosphorylation and cell
migration

. The EphA2 and EphA3 SAM domains have distinctly different

functional roles

Biochim Biophys Acta. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singh et al.

Page 14

LBD:ligand binding domain
CRD: cysteine rich domain
FNII: fibronectin domain

TM: tranzmembrane domain

TK: tyrosine kinase domain
SADM: sterile alpha motif domain

FP: fluorescent protein,
attached through a linker

EphA2 L223R/L254R/V255R EphA2

Figure 1.

The four EphA2 constructs investigated in this work to elucidate the role of the EphA2 SAM
domain in receptor dimerization. For these measurements we used both the wild-type and
the EphA2 L223R/L254R/VV255R mutant, which has lower dimerization ability due to
extracellular mutations in a receptor-receptor interface. Both EphA2 wild-type and mutant
were analyzed in their full-length version and in a version lacking the SAM domain.
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Figure 2.
The fusion of YFP to the EphA2 C-terminus does not affect receptor phosphorylation. (A) A

representative Western blot. (B). Quantification from three independent experiments. The
differences in S897 and Tyr772 phosphorylation are not statistically significant (p>0.05)
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Figure 3.
A section of a cell membrane under reversible osmotic stress. The cell co-expresses

EphA2ASAM constructs tagged with the fluorescent proteins mTurg or eYFP at the C-
terminus. A homogeneous region of membrane fluorescence, ~ 3um in length (yellow), is
selected for FSI-FRET analysis to obtain one of the data points shown in Figure 2A,B and
Figure 3A,B.
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Figure 4.
FRET characterization of EphA2ASAM and EphA2 dimerization. (A) FRET efficiencies

measured for EphA2ASAM and EphA2, as a function of acceptor (EphA2ASAM-YFP or
EphA2-YFP) concentration. Every data point represents a single membrane region such as
the one shown in Figure 3. (B) Donor concentration versus acceptor concentration in each
membrane region. (C) Comparison of dimeric fractions as a function of receptor
concentrations, for EphA2ASAM and EphA2. The dimeric fractions measured for individual
membrane regions are binned, and the averages and the standard errors are shown with the
symbols. The solid lines are the theoretical curves for the best-fit dimerization model. The
deletion of the SAM domain leads to dimer stabilization by 0.9 + 0.3 kcal/mole. The dashed
vertical line indicates 600 receptors/um2, the reported EphA2 expression in A549 lung
cancer cells (52). At this level of EphA2 expression, deletion of the SAM domain increases
the fraction of dimeric receptor by 20%. The increase is more pronounced when EphAZ2 is
expressed at lower levels.
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FRET efficiencies are the same for HEK293T and CHO cells, indicative of the same EphA2
dimerization propensities in the two cell types.
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FRET characterization of L223R/L254R/VV255R EphA2ASAM and L223R/L254R/V255R
EphA2 dimerization. (A) FRET as a function of acceptor concentration. Every data point is
obtained from a small membrane region of a cell. (B) Donor concentration versus acceptor
concentration in each membrane region. (C) Comparison of the dimerization curves for
L223R/L254R/V255R EphA2ASAM and L223R/L254R/VV255R EphA2. Deletion of the
SAM domain stabilizes the L223R/L254R/VV255R EphA2ASAM dimer by 0.7 + 0.4 kcal/

mole.
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Figure 7.

Comparison of the dimerization curves for L223R/L254R/V255R EphA2ASAM and
EphA2ASAM. The L223R/L254R/V255R mutations destabilize the EphA2ASAM dimer by

1.2 £ 0.3 kcal/mole.
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Figure 8.
Results of the migration assay. The number of migratory HEK293T cells expressing full-

length EphA2 receptor is significantly higher than the HEK293T cells expressing
EphA2ASAM (p < 0.05 by ANOVA). Shown are the averages from three independent
experiments, along with the standard errors.
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Figure 9.
Phosphorylation of full-length EphA2 and EphA2ASAM. (A) Typical Western blot results.

Lane 1: Vector. Lane 2: EphA2. Lane3: EphA2ASAM. (B) Quantification from three
independent experiments (averages and standard errors). Serine phosphorylation is
decreased due to the deletion of the SAM domain (p<0.01) (C) Tyrosine phosphorylation is
increased due to the deletion of the SAM domain (p<0.05).
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Table 1
Parameters describing EphA2 unliganded dimerization
The dissociation constants Kyss and the dimerization free energies, AG, for EphA2, EphA2ASAM, L223R/

L254R/V255R EphA2, and L223R/L254R/VV255R EphA2ASAMThe differences in dimer stability due to
SAM domain deletion (AA4Gsapy) and due to the L223R/L254R/VV255R mutations (44G; ;), are also shown.

Kaiss (rec/um?) | AG (kcalimole) | AAGsaw | AAGLLV
EphA2 206 + 73 -5.03£0.25
EphA2ASAM 47 +13 -5.90 £0.17 -0.9+0.3
L223R/L254R/V255R EphA2 | 1100 + 482 -4.03+0.33 1004
L223R/L254R/V255R EphA2ASAM 343 +£80 -472+0.17 -0.7+£04 1.2+£0.2
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