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The transmembrane helices of receptor tyrosine kinases
(RTKs) have been proposed to switch between two different
dimeric conformations, one associated with the inactive RTK
and the other with the active RTK. Furthermore, recent work
has demonstrated that some full-length RTKs are associated
with oligomers that are larger than dimers, raising questions
about the roles of the TM helices in the assembly and function
of these oligomers. Here we probe the roles of the TM helices
in the stability of EphA2 RTK oligomers in the plasma mem-
brane. We employ mutagenesis to evaluate the relevance of a
published NMR dimeric structure of the isolated EphA2 TM
helix in the context of the full-length EphA2 in the plasma
membrane. We use two fluorescence methods, Förster Reso-
nance Energy Transfer and Fluorescence Intensity Fluctuations
spectrometry, which yield complementary information about
the EphA2 oligomerization process. These studies reveal that
the TM helix mutations affect the stability, structure, and size
of EphA2 oligomers. However, the effects are multifaceted and
point to a more complex role of the TM helix than the one
expected from the “TM dimer switch” model.

Receptor tyrosine kinases (RTKs) are single-pass trans-
membrane proteins that control cell growth, differentiation,
motility, and metabolism (1–3). They transduce biochemical
signals via lateral oligomerization in the plasma membrane.
The catalytic activity of the intracellular kinase domains is
stimulated by cross-phosphorylation of neighboring RTK
molecules assembled in dimers and oligomers, which results in
the activation of downstream signaling cascades that deter-
mine cell behavior (2, 4–6). Dysregulation of RTK activity has
been linked to many human diseases, including most cancers
(2, 3, 7, 8). Thus, RTKs are promising drug targets, and a
number of RTK inhibitors are already used in the clinic (9–12).

The single transmembrane (TM) helix embedded in the
plasma membrane connects the extracellular and intracellular
portions of an RTK and may thus play a critical role in signal
transduction across the plasma membrane. Work in the past
two decades has demonstrated that contacts between TM
helices can contribute to the overall stability of RTK dimers
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and oligomers (13–16). Furthermore, RTK TM helices have
been proposed to interact via two specific dimerization motifs
characteristic of either inactive or active RTK states, suggest-
ing a role of the TM helix in RTK activation (13, 17–21). The
switch from one well-defined TM dimer structure to the other,
occurring upon ligand binding, could be a mechanism
enabling the transmission of information about the presence of
a bound ligand to the kinase domain (22). However, this
concept of a “TM dimer switch” has been mainly supported by
experimental data obtained with isolated TM helices and by
computational modeling (19–21, 23). On the other hand, the
consequences of TM helix mutagenesis on the function of full-
length RTKs have been difficult to interpret based simply on
the TM dimer switch model (24, 25).

We seek to understand the role of the TM helix in the
activation of EphA2, an RTK that plays important roles in
cancer, inflammation, atherosclerosis, and infections (26–28).
The architecture of EphA2 includes an extracellular region
(with an N-terminal ligand-binding domain, a cysteine-rich
region, and two fibronectin type III domains) (29, 30), a sin-
gle TM helix, a flexible juxtamembrane segment of �50 amino
acids, and a tyrosine kinase domain (29, 30). The EphA2
intracellular portion also includes a sterile alpha motif (SAM)
domain and a short C-terminal tail. Interactions between
EphA2 molecules in the plasma membrane are complex since
EphA2 can form not only dimers but also higher order olig-
omers of different sizes (29–31). Oligomerized EphA2 mole-
cules phosphorylate each other on tyrosines in the
juxtamembrane segment, the kinase domain, and the SAM
domain (32). Tyrosine phosphorylation promotes EphA2 ki-
nase activity and downstream signaling that controls cell
morphology, adhesion, migration, proliferation, and survival
(33–37).

The structure of the dimeric EphA2 TM helix, embedded in
lipid bicelles mimicking the plasma membrane, has been
solved by NMR (19). These studies utilized a peptide that in-
cludes EphA2 residues 523 to 563, encompassing a short N-
terminal hydrophilic segment (corresponding to the end of the
second fibronectin type III domain and an extracellular seven
amino acid linker), the hydrophobic membrane-embedded
sequence of the TM helix, and the HRRRK stop-transfer
sequence representing the positively charged N-terminal
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EphA2 transmembrane helix interactions
portion of the juxtamembrane segment. In the bicelles, the
EphA2 TM helices interact via an extended “heptad repeat
(HR)” motif that includes residues G539, A542, and G553 (19).
Mutagenesis studies suggest that a shorter segment,
comprising EphA2 residues 531 to 563 including the TM helix
and the N-terminal portion of the juxtamembrane segment,
dimerizes in cells via a different “glycine zipper (GZ)” interface
involving residues G540 and G544 (23). These and other
studies of the isolated EphA2 TM helix have been interpreted
on the basis of the ligand-induced “TM dimer switch” model,
which proposes a switch in the conformation of dimerized TM
helices from a discrete inactive conformation involving the HR
interface to a different active conformation involving the GZ
interface (18, 20). However, the relevance of this model to the
behavior of full-length EphA2 in the plasma membrane is
unknown.

EphA2 can be differentially activated by multiple ligands.
The ligand most widely used to activate EphA2 is the engi-
neered dimeric ephrinA1-Fc (32, 38), a chimeric protein
composed of ephrinA1 fused to an antibody Fc region.
EphrinA1-Fc potently promotes EphA2 kinase-dependent
signaling (32, 39). The endogenous form of ephrinA1 is
anchored on the cell surface by a glycosylphosphatidylinositol
linkage, but can also be released in a monomeric form (m-
ephrinA1) that can also activate EphA2 (40, 41). Studies of
these two ligands, and engineered peptide ligands, have
revealed that EphA2 ligands do not always cause substantial
EphA2 kinase activation (41, 42). For instance, the small
monomeric peptide ligand YSA (YSAYPDSVPMMSGSGSK)
activates EphA2 only very weakly (41, 42). Even in the
absence of ligand, EphA2 can be phosphorylated in HEK293T
cells (43). Further, there are differences in the sizes of the
oligomers forming in response to the different ligands, as
determined by Fluorescence Intensity Fluctuations (FIF)
spectrometry (44). In the absence of a ligand and when the
YSA peptide is bound, the most abundant EphA2 oligomer
detected is a dimer, while binding of m-ephrinA1 or eph-
rinA1-Fc shifts the oligomer distribution to higher EphA2
oligomer sizes. However, recently published pulsed-
interleaved excitation fluorescence cross-correlation spec-
troscopy (PIE-FCCS) experiments show that EphA2 can
associate into oligomers even in the absence of ligand (45).
Taken together, these published data suggest that EphA2 can
exist in heterogeneous populations of dimers and oligomers,
with the ligands inducing the fusion of EphA2 oligomers into
larger ones. Given this complex behavior, it is not clear if and
how “the TM switch model” applies to EphA2 activation in
the plasma membrane.

Here we investigate how mutations in the HR and GZ in-
terfaces of the EphA2 TM helix affect the dimerization/olig-
omerization of EphA2 molecules in cells in the absence of
ligand and the presence of ephrinA1-Fc, m-ephrinA1, and the
YSA peptide. Given the complex oligomerization behavior of
EphA2, we used two fluorescent techniques (Förster Reso-
nance Energy Transfer (FRET) and FIF spectrometry) to un-
derstand the effects of the mutations on different aspects of the
oligomerization process.
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Results
We first characterized the homo-association of EphA2 wild-

type, the G539I/A542I/G553I HR mutant, and the G540I/
G544I GZ mutant in the plasma membrane of HEK293T cells
using FRET. The mutations were introduced in full-length
EphA2 labeled at the C-terminus with mTurquoise (mTurq,
the donor) or enhanced yellow fluorescent protein (eYFP, the
acceptor), attached via a (GGS)5 flexible linker. We have
shown that these fluorescent proteins do not perturb EphA2
autophosphorylation (46).

We used a quantitative FRET technique termed Fully
Quantified Spectral Imaging FRET, which involves the acqui-
sition of complete FRET and acceptor spectra using a two-
photon microscope (47). This technique employs an
assumption-free, fully resolved system of equations to calcu-
late (i) the donor concentrations, (ii) the acceptor concentra-
tions, and (iii) the FRET efficiencies in hundreds of live cells
(47). We used transient transfections to vary EphA2 expression
over a broad range, from �100 to >6000 receptors per square
micron, and we combined data from at least 100 cells to obtain
FRET interaction curves.

Experiments to compare EphA2 wild-type with the HR and
GZ mutants were performed in the absence of ligand as well as
in the presence of saturating/near saturating concentrations of
ephrinA1-Fc (50 nM), m-ephrinA1 (200 nM) or YSA peptide
(50 mM) (41) to ensure that most EphA2 receptors were ligand
bound, and therefore that essentially only liganded dimers/
oligomers contributed to the FRET signal. The measured
FRET efficiencies were plotted as a function of the total EphA2
receptor (EphA2-mTurq + EphA2-eYFP) concentrations
(Fig. 1), with each data point corresponding to one cell.

The single-cell FRET data were fitted using (Equation 3) and
the effective equilibrium dissociation constant Kdiss was
calculated using (Equation 4). Kdiss represents the receptor
concentration for which half of the receptors are monomeric
and half form dimers or higher order oligomers. This recently
introduced thermodynamic constant reports on the stability of
the oligomers, independently from oligomer sizes (48). The
best-fit Kdiss values for the wild-type and the two mutants
(Table 1) were used to construct the oligomerization curves in
Figure 2. The data analysis suggested that the HR mutant has a
lower Kdiss than EphA2 wild-type in the case of m-ephrinA1
and ephrinA1-Fc, but there are no statistically significant dif-
ferences in the cases of no ligand and YSA (Tables 1 and 2).
This indicates that the HR mutation stabilizes EphA2 oligo-
mers bound to m-ephrin and ephrinA1-Fc. The GZ mutation
has no statistically significant effect on EphA2 oligomer sta-
bility under any condition.

In addition to Kdiss, the FRET experiments also yield a
structural parameter called intrinsic FRET, Ẽ, which depends
on the distance, dynamics, and orientation of the fluorescent
proteins in the oligomers. A change in Ẽ due to a mutation
indicates that the mutation induces a structural change in the
EphA2 oligomers. Here we see that the HR mutation has a
highly statistically significant effect on Ẽ, compared to WT, in
the presence of YSA or m-ephrinA1 and also significantly af-
fects Ẽ in the presence of the dimeric ligand ephrinA1-Fc. The



Figure 1. FRET data for EphA2 wild-type (black), the EphA2 HR mutant (green), and the EphA2 GZ mutant (purple). FRET efficiency is shown as a
function of EphA2 concentrations for either no added ligand (A), 50 mM YSA (B), 200 nM m-ephrinA1 (C), or 50 nM ephrinA1-Fc (D).

EphA2 transmembrane helix interactions
GZ mutation has a highly statistically significant effect,
compared to WT, in the absence of ligand and in the presence
of YSA and m-ephrinA1 but not in the presence of ephrinA1-
Fc. In all cases, Ẽ values are smaller for the EphA2 mutants
than for EphA2 wild type, indicating a larger separation be-
tween the fluorophores in the mutant oligomers as compared
to wild-type.

To gain further insight into the effects of the HR and GZ
mutations on EphA2 dimerization/oligomerization, we used
Table 1
Best-fit parameters for the FRET experiments

EphA2 Kdiss (rec/mm
2) Ẽ N

no ligand
WT 581 ± 128 0.47 ± 0.02 255
HR 731 ± 293 0.40 ± 0.04 236
GZ 297 ± 170 0.33 ± 0.02 359

YSA
WT 310 ± 140 0.60 ± 0.04 105
HR 155 ± 59 0.42 ± 0.02 193
GZ 49 ± 43 0.40 ± 0.02 257

m-ephrinA1
WT 243 ± 71 0.66 ± 0.02 226
HR 40 ± 30 0.52 ± 0.02 187
GZ 144 ± 73 0.54 ± 0.03 152

ephrinA1-Fc
WT 220 ± 84 0.59 ± 0.02 196
HR 36 ± 27 0.50 ± 0.02 144
GZ 137 ± 96 0.54 ± 0.03 156

Kdiss, dissociation constant; Ẽ, intrinsic FRET; N, number of individual cells analyzed in
each experiment.
FIF spectrometry. FIF measures molecular brightness, which is
known to scale with oligomer size (49). For the FIF experi-
ments, HEK293T cells were transiently transfected with plas-
mids encoding wild-type and mutant EphA2-eYFP as well as
LAT-eYFP as a monomer control (50, 51) and E-cadherin-
eYFP as a dimer control (52). Following the expression of the
fluorescent proteins, the plasma membrane in contact with the
substrate was imaged in a confocal microscope. Molecular
brightness values were calculated in small regions of the
plasma membrane (15 × 15 pixels) according to (Equation 5),
as described (49), and values from thousands of such regions
were used to construct a histogram (Fig. 3).

In the presence of ephrinA1-Fc and m-ephrinA1, EphA2
wild-type and mutant brightness distributions are shifted to
higher brightness compared to the cases of no ligand and YSA
peptide (Fig. 3), indicating the formation of higher order
oligomers in accordance with published work (44). The effects
of the mutations were assessed by fitting the different FIF
distributions with a log-normal function, which is character-
ized by two best-fit parameters (m and u, see (Equation 6)).
These two parameters are used to calculate the mean of the
log-normal distributions (Table 3), enabling comparisons of
the FIF data to determine if there are statistically significant
differences in oligomer sizes (Table 4). Comparing the means
of the FIF brightness distributions shows that the HR mutation
significantly shifts the FIF distributions to lower brightness
J. Biol. Chem. (2024) 300(7) 107441 3



Figure 2. Association curves from the FRET data, showing the fraction of oligomerized EphA2 as a function of EphA2 concentration. Plots shown are
for either no added ligand (A), 50 mM YSA (B), 200 nM m-ephrinA1 (C), or 50 nM ephrinA1-Fc (D). The association model (Equation 3) was fitted to all FRET
data and the solid lines are constructed for the best-fit values of Kdiss reported in Table 2. The symbols are averaged experimental data.
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values compared to EphA2 wild-type in the presence of YSA
and m-ephrinA1, indicating smaller oligomer sizes (Tables 3
and 4). On the other hand, the GZ mutant shows significantly
smaller oligomer sizes than EphA2 wild-type in the absence of
ligand and in the presence of all three ligands (Tables 3 and 4).
Discussion

EphA2 has been long known to form oligomers in the
plasma membrane, and not just classical dimers (30). The
distribution of oligomer sizes is heterogeneous, especially for
Table 2
Statistical analyses of the EphA2 FRET best-fit parameters

The p-values for Kdiss were determined using two-sample t-tests withWelch’s correction
for unequal SDs. The p-values for Ẽ were calculated with ANOVA in Prism followed by
Tukey’s multiple comparison test. Comparisons with 0.001<p< 0.05 are colored light
grey and comparisons with p ≤ 0.001 are colored dark grey.
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EphA2 bound to m-ephrinA1 and ephrinA1-Fc (44). In the
absence of ligands and in the presence of YSA, the distribution
is characterized by lower oligomer sizes, with dimers being
prevalent (44). However, oligomers larger than dimers have
been observed even in the absence of ligands (45). This het-
erogeneity in oligomer sizes makes comparisons of association
behaviors of EphA2 variants challenging, as both stability and
oligomer size may be affected by mutations. Recent method-
ological developments, however, enable the study of the effect
of EphA2 TM helix mutations on EphA2 oligomerization in
the plasma membrane. Here we used FRET to probe for
changes in the EphA2 effective dissociation constant Kdiss and
in intrinsic FRET, a structure-sensitive parameter, due to TM
helix mutations. We also used FIF to assess changes in the
distribution of EphA2 oligomer sizes due to mutations. We
mutated residues in the TM helix of EphA2 that have been
previously reported to mediate contacts between the isolated
TM helices in an NMR structure (19) as well as contacts
identified in isolated TM helices in the plasma membrane of
cells (18, 23). The interfaces we mutated are believed to be
important in the context of the TM helix switch model for
EphA2. Table 5 summarizes the effects of the mutations on the
three parameters measured, Kdiss (a measure of oligomer sta-
bility), Ẽ (a measure of oligomer structure), and brightness (a
measure of oligomer size).

According to the TM dimer switch model, we would
expect effects due to only one of the mutated interfaces in



Figure 3. FIF data for EphA2 wild-type (black), the EphA2 HR mutant (green), and the EphA2 GZ mutant (purple). Shown are molecular brightness
distributions for EphA2 with no added ligand (A), 50 mM YSA (B), 200 nM m-ephrinA1 (C) and 50 nM ephrinA1-Fc (D) as averages and standard errors. The
monomer control LAT (orange) and the dimer control E-cadherin (turquoise) are also shown in each panel.
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the absence of ligand or the presence of YSA and effects
due to only the other mutated interface in the cases of m-
ephrinA1 and ephrinA1-Fc. This expectation is based on
published functional characterization of EphA2, which has
demonstrated that m-ephrinA1 and ephrinA1-Fc activate
EphA2 very efficiently, while the unliganded and YSA-
bound EphA2 receptor is inefficiently auto-
phosphorylated, and is incapable of strong activation of
downstream signaling (41). Our results are not consistent
with this expectation (Table 5), indicating that the TM
dimer switch model does not apply to EphA2. The only
case in which a mutation does not change any of the three
EphA2 oligomerization parameters is the HR mutation in
the absence of a ligand. This suggests that the HR interface
is not involved in the stabilization of EphA2 unliganded
dimers/oligomers, pointing to the significance of the GZ
interface in the stabilization of EphA2 unliganded dimers/
Table 3
Best-fit parameters for the FIF distributions

Protein m u Mean

LAT 0.49 ± 0.02 0.71 ± 0.01 2.10 ± 0.04
E-cadherin 1.05 ± 0.02 0.70 ± 0.02 3.65 ± 0.08
no ligand - EphA2 WT 0.74 ± 0.01 0.60 ± 0.01 2.52 ± 0.03
no ligand - EphA2 GZ 0.61 ± 0.01 0.45 ± 0.01 2.04 ± 0.02
no ligand - EphA2 HR 0.76 ± 0.02 0.56 ± 0.01 2.51 ± 0.04
YSA - EphA2 WT 1.06 ± 0.01 0.58 ± 0.01 3.42 ± 0.04
YSA - EphA2 HR 0.84 ± 0.01 0.49 ± 0.01 2.62 ± 0.02
YSA - EphA2 GZ 0.90 ± 0.01 0.71 ± 0.01 3.16 ± 0.05
m-ephrinA1 - EphA2 WT 1.52 ± 0.01 0.67 ± 0.01 5.74 ± 0.07
m-ephrinA1 - EphA2 HR 1.42 ± 0.01 0.63 ± 0.01 5.04 ± 0.05
m-ephrinA1 - EphA2 GZ 1.34 ± 0.01 0.71 ± 0.01 4.93 ± 0.08
ephrinA1-Fc - EphA2 WT 1.48 ± 0.01 0.78 ± 0.01 5.97 ± 0.09
ephrinA1-Fc - EphA2 HR 1.50 ± 0.02 0.74 ± 0.01 5.86 ± 0.11
ephrinA1-Fc - EphA2 GZ 1.29 ± 0.01 0.77 ± 0.01 4.88 ± 0.07
m and u are the two best-fit parameters of the log-normal distribution (Equation 6).
They are used to calculate the mean according to (Equation 7).
oligomers. However, both the HR and GZ interfaces play a
role in the stabilization of ligand-bound EphA2 oligomers.

Functional studies of mutations engineered to destabilize
either the HR or the GZ interface in full-length EphA2 also did
not support the ligand-induced TM dimer switch model (18).
Although mutations in the HR and GZ motifs increase and
decrease EphA2 tyrosine phosphorylation, respectively, as
compared to the wild-type receptor, the effects of the mutations
were the same in the presence and absence of ligand (18). Other
recent findings further raise the possibility that the specific
arrangement of the TM helices in EphA2 dimers and oligomers
may not be critical for receptor activation. For instance, the
deletion of most of the juxtamembrane segment (residues
565–606) severely compromises the ability of EphA2 molecules
to cross-phosphorylate on the remaining tyrosine residues
(including Y772 in the activation loop of the kinase domain and
Y930 in the SAM domain) (41). This suggests that the flexible
juxtamembrane sequence, connecting the TM helix with the
Table 4
Statistical analysis of FIF means

Statistical analysis of FIF means was performed with ANOVA followed by Tukey’s
multiple comparison test. p < 0.0001, dark grey, indicates very high statistical
significance.

J. Biol. Chem. (2024) 300(7) 107441 5



Table 5
Summary of results

“+” indicates statistical significance (0.001<p < 0.05, light grey) and “+++” indicates
very high statistical significance (p ≤ 0.001, dark grey). “–“ indicates p >0.05.
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kinase domain, allows differential positioning of EphA2 mole-
cules for cross-phosphorylation on different tyrosine residues.
The flexibility of this segment argues against tight structural
coupling between the TM helix and the kinase domain and thus
against a major impact of TM dimeric arrangements on EphA2
tyrosine phosphorylation and activation.

It is possible that the TM dimer switch model does not
apply to EphA2 because EphA2 forms oligomers, and not just
dimers. Thus, the TM domains may interact as oligomers such
as trimers or consecutively engage different interfaces.
Notably, functions other than control of EphA2 activation
have been proposed for the EphA2 TM helix, such as the
regulation of EphA2 localization at epithelial cell-cell junctions
(53).

An alternative way to interpret our results is to hypoth-
esize that the TM helices in EphA2 dimers and oligomers
can interact promiscuously and transiently, via different
non-unique interfaces. The existence of an ensemble of TM
helix dimer interfaces utilized within an RTK dimer could
provide an explanation of our results since mutagenesis
could switch the relative preference to interfaces that are
more stable. The existence of an ensemble of TM helix in-
terfaces populated within an RTK dimer or oligomer could
be one of the reasons explaining why the RTK TM helices
have remained unresolved in cryo-EM structures. It can be
speculated that this plasticity in TM helix contacts may
augment the overall conformational space that is accessible
to the EphA2 intracellular region. This could facilitate the
formation of diverse intracellular arrangements of EphA2
dimers and oligomers to ensure their ability to cross-
phosphorylate and/or phosphorylate substrate proteins.
Thus, the TM helices may be critical for the ability of
EphA2 to trigger diverse downstream signaling cascades, but
not in the simple manner predicted by the TM dimer switch
model.

While our study shows that EphA2 association is not
consistent with the TM dimer switch model, it also reveals that
mutagenesis of the TM helices affects EphA2 stability, struc-
ture, and oligomer size, as summarized in Table 5. Thus, the
interactions between the helices contribute to the self-
association of EphA2 in the plasma membrane, consistent
6 J. Biol. Chem. (2024) 300(7) 107441
with the published functional studies that also revealed an
effect (18). The exact mechanism appears more complex and
perhaps more subtle than proposed by the TM dimer switch
model, and is yet to be uncovered.

Experimental procedures

Plasmid constructs

The EphA2 plasmid in the pcDNA3.1(+) vector encodes for
human EphA2 tagged at the C-terminus with a fluorescent
protein (either eYFP or mTurquoise) via a 15 amino acid
GGS5 linker (43). The glycine zipper (GZ, G540I, G544I) and
heptad repeat (HR, G539I, A542I, G553I) variants were cloned
using the QuikChange II Site-Directed Mutagenesis Kit ac-
cording to the manufacturer’s instructions (Agilent Technol-
ogies, #200523). All plasmids were sequenced to confirm the
correct sequences (Genewiz).

Cell culture and transfection

HEK293T cells were purchased from the American Type
Culture Collection. They were tested for mycoplasma and
were free of contamination. The cells were cultured in
Dulbecco’s modified eagle medium (Gibco, #31600034)
supplemented with 10% fetal bovine serum (HyClone,
#SH30070.03), 20 mM D-Glucose and 18 mM sodium bicar-
bonate at 37 �C in a 5% CO2 environment.

24 h prior to transfection, cells were seeded in 35 mm glass
coverslip, collagen-coated Petri dishes (MatTek, P35GCOL-
1.5–14-C) at a density of 2.5*105 cells per dish to reach �70%
confluency at the day of the experiment. For transfection,
Lipofectamine 3000 (Invitrogen, #L3000008) was used ac-
cording to the manufacturer’s protocol. Single transfections
were performed using 1 to 3 ug plasmid DNA. Co-
transfections were performed with 1 to 4 ug total plasmid
DNA in a 1:3 donor:acceptor ratio. 12 h after transfection the
cells were rinsed twice with phenol-red free, serum-free star-
vation media and then serum starved for at least 12 h. For
experiments with added ligand, the starvation medium was
supplemented with 0.1% BSA to coat the wall of the dishes.

Two photon microscopy

Before imaging, HEK293T cells were subjected to reversible
osmotic stress by replacing the serum-free medium with a 37
�C, 1:9 serum-free medium:diH2O, 25 mM HEPES solution. In
cells. the plasma membrane is normally highly ruffled and its
topology in microscope images is virtually unknown (47). The
reversible osmotic stress eliminates these wrinkles and allows
to convert effective 3D protein concentrations into 2D re-
ceptor concentrations (47). In experiments with ligands, the
swelling media was supplemented with 200 nM monomeric
EprhinA1 (Novoprotein, #CA70), 50 nM dimeric EphrinA1-Fc
(R&D Systems, #602-A1-200), or 50 mM of the engineered
peptide ligand YSA (YSAYPDSVPMMSGSGSK). The cells
were allowed to equilibrate for 10 min at room temperature.
Fully Quantified Spectral Imaging FRET, a quantitative fluo-
rescent microscopy imaging and analysis technique, was used
to measure donor (EphA2-mTurquoise) concentrations,
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acceptor (EphA2-eYFP) concentrations, and FRET efficiencies
in individual cells (47). Images of cells (100 to 350 cells per
condition, see Table 2) were acquired using a two-photon
microscope equipped with the OptiMiS spectral imaging sys-
tem (Aurora Spectral Technologies). Two scans were per-
formed for every cell– a FRET scan (l1=840 nm) in which the
donor (mTurquoise) is primarily excited and an acceptor scan
(l2=960 nm) in which the acceptor (eYFP) is primarily excited.
The output of each scan is composed of 300 × 440 pixels,
where every pixel contains a full fluorescence spectrum in the
range of 420 to 620 nm. Images of cells were acquired for up to
2 h. Micron-sized regions of the plasma membrane that are
not in contact with adjacent cells were analyzed to obtain the
donor concentration, the acceptor concentration, and the
FRET efficiencies as described (Equations 1–3 in ref (48)).

We calculate the effective dissociation constant by fitting a
monomer-oligomer model to the FRET data, given by the
following reaction scheme:

n½m�#½oligomer� (1)

Here n is the best estimate of the average oligomer order. The
dissociation constant for this reaction is defined as:

Koligomer
D ¼ ½m�n

½oligomer� (2)

Details about the calculation of Koligomer
D are given in published

work (48). Briefly, we fit the FRET data to the following
equation

FRET ¼
½T�−½m�

�
½T�;Koligomer

D ; n
�

½T�xDXn−1
k¼1

kðn − kÞ~E
1 þ ðn − k−1Þ~E

�
n

k

�
xkDx

n−k
A

(3)

Here xD & xA are the fraction of donors and acceptors, and ~E is
the so-called “intrinsic FRET” which depends on the distance
between the fluorophores in the oligomer. ½T� is the total
receptor concentration (sum of donor- and acceptor-labeled
EphA2). The parameters xA, xD, ½T�, and FRET efficiency
(after correction for proximity (54, 55)) are measured in the
experiment for each cell. Koligomer

D and ~E are the unknowns,
and their best-fit values are determined in the fit.

We then use this dissociation constant, which has units of
(receptors/mm2)n-1, to calculate an effective dissociation con-
stant with units of EphA2 concentration in the membrane
according to.

Koligomer
Deff

¼ ½T�� ¼ 2

 
Koligomer
D

n

! 1
n−1

(4)

As shown previously, Koligomer
Deff

does not depend on the value of

n chosen for the fit (48). Further, Koligomer
Deff

has a very well
defined physical meaning as it is the concentration for which
50% of the receptors are associated into oligomers and thus
active and 50% are monomeric and thus inactive.
Fluorescence Intensity Fluctuations spectroscopy and analysis

FIF experiments were performed with a TCS SP8 confocal
microscope (Leica Biosystems, Wetzlar, Germany) equipped
with a HyD hybrid detector. Images (1024 × 1024, 12 bit) of
plasma membranes of cells expressing EphA2-eYFP were ac-
quired in photon counting mode with a scanning speed of
20 Hz and a 488 nm diode laser excitation. The emission
spectra of eYFP were collected from 520 to 580 nm.

eYFP was excited using a 488 nm diode laser at 0.1% to
avoid photobleaching, at a scanning speed of 20Hz. Cells were
subjected to osmotic stress with a hypoosmotic media of 75%
water. This swelling minimizes the effect of ruffles, folds, in-
vaginations, or other irregularities in the plasma membrane,
while also preventing endocytosis of the receptor.

A total of �100 to 150 cells were imaged and analyzed. A
large region in the plasma membrane was selected for each cell
and was then divided into segments of 15 × 15 (225 pixels2) as
described (49), yielding a total of �10,000 segments per ligand.
Histograms of pixel intensities were constructed. Errors were
calculated using a bootstrapping methods, where cells were
grouped into three random pools. The histograms were aver-
aged and the standard error was calculated.

The histograms were fitted with a Gaussian function, yielding
two parameters: <Isegment>, the center of the Gaussian, and
ssegment, the width of the Gaussian for each segment.

The molecular brightness of each segment εsegment was
calculated as:

εsegment ¼
s2segment

CIsegmentD
− 1 (5)

The brightness values from thousands of segments were
binned and used to generate a histogram.

These brightness distributions were fitted using Origin Lab
with a log-normal function given by:

y¼ A

ux
ffiffiffiffiffiffi
2p

p exp

 
−

ðlnðxÞ−mÞ2
2u2

!
(6)

Here m is the mean of the respective ln(x) Gaussian distri-
bution and u is the width of the distribution. These two pa-
rameters were used to calculate the mean of the log-normal
distribution according to:

mean¼ exp

�
mþ

�
u2

2

��
(7)
Statistical analysis

The means of the brightness distributions (from FIF ex-
periments) and the eE values (from FRET experiments) were
J. Biol. Chem. (2024) 300(7) 107441 7
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compared using ANOVA in Prism. We compared Kdiss for
wild-type EphA2 and the two mutants using two-sample
t-tests. Because F-tests for unequal variances showed highly
significant differences between SDs in this case, we used
Welch’s corrected t-tests for unequal variances.
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