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B I O P H Y S I C S

Phosphatidylinositol 4,5-bisphosphate drives the 
formation of EGFR and EphA2 complexes
Pradeep Kumar Singh1†, Jennifer A. Rybak2†, Ryan J. Schuck3, Amita R. Sahoo4, Matthias Buck4, 
Francisco N. Barrera3*, Adam W. Smith1*

Receptor tyrosine kinases (RTKs) regulate many cellular functions and are important targets in pharmaceutical 
development, particularly in cancer treatment. EGFR and EphA2 are two key RTKs that are associated with onco-
genic phenotypes. Several studies have reported functional interplay between these receptors, but the mecha-
nism of interaction is still unresolved. Here, we use a time-resolved fluorescence spectroscopy called PIE-FCCS to 
resolve EGFR and EphA2 interactions in live cells. We tested the role of ligands and found that EGF, but not ephrin 
A1 (EA1), stimulated heteromultimerization between the receptors. To determine the effect of anionic lipids, we 
targeted phospholipase C (PLC) activity to alter the abundance of phosphatidylinositol 4,5-bisphosphate (PIP2). 
We found that higher PIP2 levels increased homomultimerization of both EGFR and EphA2, as well as heteromul-
timerization. This study provides a direct characterization of EGFR and EphA2 interactions in live cells and shows 
that PIP2 can have a substantial effect on the spatial organization of RTKs.

INTRODUCTION
Cell surface proteins are crucial for responding to stimuli and com-
municating with surrounding cells. Understanding the molecular 
level interactions of proteins in the plasma membrane is vital to target-
ing them in drug development (1, 2). The human genome contains 58 
receptor tyrosine kinases (RTKs) that share similar downstream path-
ways (3, 4). RTKs play crucial roles in cell growth, migration, and dif-
ferentiation and are common targets of cancer therapies (5, 6). RTKs 
also share common structural features, including a single transmem-
brane (TM) helix that connects an extracellular domain to an intracel-
lular kinase domain. In the canonical model for RTK activation, 
kinase function is initiated by ligand-induced dimerization (4). How-
ever, many RTKs display alternate activation mechanisms including 
ligand-induced conformational changes to pre-existing dimers and 
the formation of higher-order oligomers (4, 7, 8). Increasingly, cross-
interactions between RTKs are seen as an important aspect of their 
function (5). Many early efforts were made to characterize heterodi-
mers within RTK subfamilies, and there has recently been additional 
focus on heterodimerization across subfamilies (5, 9).

The most studied cross-family interaction is between epidermal 
growth factor receptor (EGFR) and EphA2 (5). Individually, EGFR 
and EphA2 each have important cellular functions. EGFR is a mem-
ber of the HER (or ErbB) family of RTKs and plays a role in cell 
proliferation, motility, growth, and differentiation (4, 7, 10). EphA2 
is a member of the largest subfamily of RTKs, the Eph receptors, and 
is essential to development (11–13). EphA2 is implicated in many 
processes that affect cellular behaviors between cells, including ad-
hesion and repulsion (11, 13, 14). In addition, both receptors are im-
plicated in cancer. Although EphA2 expression is usually low in 
normal adult tissue, EphA2 overexpression in certain tumors is often 

correlated with poor prognosis (15–17). The Smith laboratory and 
collaborators recently showed how different multimerization inter-
faces contributed to distinct downstream signaling and oncogenic 
functions (18). EGFR contributes to the development and progres-
sion of cancer and is a validated target for therapeutic intervention in 
various solid tumors (10, 19–23). EphA2 has been implicated in anti-
EGFR cancer therapy, where its role in drug resistance has been as-
cribed to direct interactions with EGFR and ErbB2 (24, 25).

Because of EGFR and EphA2’s relationship in cancer, recent ef-
forts have focused on the characterization of their functional inter-
action (26–29). Binding between EphA2 and EGFR is proposed to 
activate Ras/mitogen-activated protein kinase and RhoA signaling 
pathways (27,  28). However, several studies have proposed that 
EGFR/EphA2 heterodimers can lead to the recruitment of different 
adaptor proteins and thus different biological effects (30, 31). For 
example, it was reported that Ephexin A1 bridges the interaction 
between EphA2 and EGFR (31), inducing oncogenic, noncanonical 
signaling through AKT pathways in the presence of EGF (27). In 
cases where EphA2 is overexpressed or phosphorylated at S897, 
there is an increased likelihood of interacting with EGFR (25, 26, 31). 
Despite these previous reports of EGFR-EphA2 cross-talk, there is 
insufficient experimental evidence to characterize the interactions 
and determine the factors that affect the interactions.

One factor that we expect to affect EGFR-EphA2 interactions is 
the membrane lipid environment, especially anionic lipids, which 
play an important role in RTK structure and function (32, 33). The 
juxtamembrane (JM) domain of all human RTKs contains several 
positively charged amino acid residues that interact with negatively 
charged lipids (34). Molecular dynamic simulations suggest that in 
the absence of ligands, negatively charged membrane lipids interact 
with and stabilize the inactive state of EGFR (35). Live-cell imaging of 
EGFR using dSTORM, showed that the lipid phosphatidylinositol 
4,5-bisphosphate (PIP2) induces the formation of nanoclusters (36). 
Simulation studies suggested that EphA2 homomultimerization is af-
fected by negatively charged membrane lipids, similar to the effect 
seen in EGFR (37, 38). Previous work from the Barrera laboratory 
revealed that dimerization of the isolated TM domain of EphA2 can 
be promoted by PIP2 (39). However, the effect of PIP2 on dimerization 
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of full-length EphA2 has not yet been investigated. In addition, it is 
not known if lipids regulate the interaction between EphA2 and 
EGFR. In this study, we investigate the hypothesis that PIP2 contrib-
utes to the multimerization state of EphA2 and EGFR receptors.

Many biophysical techniques have been developed to characterize 
RTK multimers and their impact on cell signaling (5, 40, 41). Single-
molecule (SM) fluorescence approaches are an important class of meth-
ods that have been developed to resolve membrane protein interactions 
in cells (41, 42). However, these SM methods are typically limited to 
very low expression levels (<1 molecule/μm2), far below the physiolog-
ical expression level of many RTKs (42). Fluorescence fluctuation spec-
troscopy (FFS) has emerged as a valuable method for resolving 
membrane protein multimerization (43–46). FFS methods use time-
dependent fluctuations to circumvent the optical diffraction limit. In 
this study, we use a two-color FFS technique called pulsed-interleaved 
excitation fluorescence cross-correlation spectroscopy (PIE-FCCS) (47) 
to examine the interaction between EGFR and EphA2 in cell mem-
branes. PIE-FCCS can resolve membrane protein expression levels, dif-
fusion coefficients, and the degree of cross-correlation (abbreviated as 
fc), which is a direct measure of how strongly the proteins diffuse to-
gether as dimers, trimers, and small oligomers (44). It is primarily sensi-
tive to diffusing proteins and so does not detect immobile aggregates 
nor internalized proteins. As the degree of cross-correlation depends on 
correlated diffusion, we can interpret the codiffusing species as stable 
over the timescale of the transit time (~10−1 s), although it cannot re-
solve association lifetimes directly. The measurements described below 
were taken in live cells at physiological expression levels and thus pro-
vide direct evidence for membrane protein interactions in situ.

Our initial PIE-FCCS measurements did not detect interactions 
between EphA2 and EGFR in resting cells. This unexpected result was 

then investigated using various ligand-binding conditions and PIP2 
modulation studies to determine the factors that affect EGFR-EphA2 
interactions. By testing the effects of ligands and PIP2-modifying 
compounds, we found that both EGF and increased PIP2 levels led to 
significant EGFR-EphA2 heteromultimerization. We then tested the 
phosphorylation levels under these conditions and found that the 
PIP2-induced multimers were less active than ligand-induced multi-
mers, suggesting that PIP2 was not stabilizing an active conformation 
of the receptors. Overall, our work demonstrates the important role of 
PIP2 in modulating the degree of interaction between EGFR and 
EphA2. The results suggest that other putative RTK interactions could 
also be affected by PIP2 levels in the plasma membrane.

RESULTS
EGFR does not associate with EphA2 in resting cells
To investigate the interaction between EGFR and EphA2, we per-
formed PIE-FCCS measurements using two pulsed lasers and time-
correlated single-photon counting (TCSPC) (Fig. 1A). We transfected 
cells with expression vectors encoding C-terminally tagged fluores-
cent proteins [eGFP and mCherry (mCH)], beginning with SRC and 
GCN4 as controls for monomer and dimer states, respectively (48). 
These control constructs have a short, lipidated peptide sequence for 
membrane anchoring and, in the case of GCN4, an α-helical leucine 
zipper motif for dimerization. We then collected data from individu-
al COS-7 cells expressing the exogenous proteins in a physiological 
range of 100 to 1500 molecules/μm2 in the plasma membrane. From 
the correlation functions (Fig. 1, D to F), we obtained the fraction of 
cross-correlation (fc) and the effective diffusion coefficients of the 
eGFP and mCH-labeled proteins as described previously (44, 49, 50). 

Fig. 1. Sketch layout of PIE-FCCS and its role in membrane protien interaction. (A) Diagram illustrates the optical path of dual-color PIE-FCCS. A super-continuum, pulsed 
laser-generated excitation beams (488 and 561 nm) that were directed into the sample by a dichroic mirror and microscope objective. The lasers were focused to a diameter 
of about 250 nm on the plasma membrane of live cells. Fluorescence emission was collected by the objective, filtered, and directed to single-photon counting modules con-
nected to a TCSPC module for data recording. (B) Epifluorescence images are shown for COS-7 cells expressing EGFR-mCH (top) and EphA2-eGFP (bottom). (C) Summary data 
from independent experiments collected on five different days of single-cell measurements are shown for the controls and EGFR with EphA2 (***P < 0.0004). (D to F) Repre-
sentative single-cell PIE-FCCS data are shown for a monomer control (SRC), dimer control (GCN4), and EGFR with EphA2 in COS-7 cells, respectively. In each graph, the green 
line is the autocorrelation function (ACF) for eGFP, the red line is the ACF for mCH, and the blue line is the cross-correlation function (CCF) between both protein constructs.
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The fc values are indicative of codiffusion of the two receptors. The 
median fc value of 0.01 for SRC (Fig. 1C, light gray) and 0.15 for 
GCN4 (Fig. 1C, medium gray) are indicative of their monomeric and 
dimeric state on the plasma membrane. The dimer fc value of 0.15 is 
smaller than that observed for a covalent dimer (e.g., duplex DNA; 
figs. S1 and S2). The fc values from live-cell measurements such as 
those used here have been explained previously using a stochastic 
model (44,  48). Briefly, the cross-correlation is affected by volume 
mismatch in the detection system, fluorescent protein dark states, 
and stochastic association of red and green fluorescent labels. We 
next coexpressed EGFR-mCH (Fig. 1B, top) and EphA2-GFP (Fig. 
1B, bottom) under ligand-free conditions. The median fc value for 
EGFR and EphA2 was 0.04 (Fig. 1C, dark gray), indicating that they 
do not heteromultimerize in the absence of ligand. These unexpected 
results seem to contradict earlier reports of direct interactions be-
tween EGFR and EphA2 (26). In the next section, we investigate the 
hypothesis that PIP2 levels in the plasma membrane could affect the 
degree of interaction between these two RTKs.

A PLC inhibitor increases EGFR homodimerization and 
EphA2 homomultimerization
PIP2 lipids play an important role in RTK signaling despite constitut-
ing a minor portion of the total phospholipid composition of cell 
membranes (51,  52). In cell signaling, PIP2 is broken down by 
phospholipase C (PLC) into the second messengers: Diacylglycerol 
(DAG) and inositol 1,4,5-triphosphate (IP3) (53). PLC-ƴ1 is ex-
pressed in most cell types and is activated downstream of RTKs (53). 
Several activators and inhibitors of PLC have been used to under-
stand its role in cell signaling and development. U73122 is an inhibi-
tor of PLC activity (54, 55). m-3M3FBS is a PLC activator (56, 57). In 
our current work, we use these two drug molecules to regulate PLC 
activity and thus increase (with U73122) or decrease (with 3M3FBS) 
PIP2 lipid density in the plasma membrane. As a control, we per-
formed live-cell imaging experiments in an assay adapted from 
Balla et  al. (58), which confirmed that U73122 increased while 
3M3FBS decreased plasma membrane levels of PIP2 (fig. S3).

We began by investigating how EGFR and EphA2 ligands and 
PIP2-modifying drugs affect the homomultimerization of each re-
ceptor. For EGFR, we coexpressed EGFR-mCH and EGFR-eGFP in 
COS-7 cells. The PIE-FCCS measurements were recorded at ex-
pression densities between 100 and 1400 molecules/μm2, before 
and after treatment. In untreated cells, EGFR had a median fc value 
of 0.02 (Fig. 2A, white), consistent with it being primarily mono-
meric as reported by our laboratory previously (59, 60). We added 
an EGFR ligand, EGF, and observed a median fc value of 0.24 (Fig. 
2A, gray), consistent with ligand-induced multimerization (60). 
The addition of EGF ligand to EGFR also led to receptor internal-
ization, which can be seen in the epifluorescence images (Fig. 2C). 
PIE-FCCS data were then collected after increasing the level of PIP2 
by treating the cells with a PLC inhibitor (U73122, 5 μM) for at 
least 15 min. The median fc value with the inhibitor was 0.10, indi-
cating PIP2 induced dimerization of EGFR (Fig. 2A, blue). In con-
trast, decreasing PIP2 levels with a PLC activator (3M3FBS, 25 μM) 
resulted in a median fc value of 0.03 (Fig. 2A, green). Therefore, 
reduction of PIP2 did not significantly affect the multimerization 
nor diffusion of EGFR. The interpretation of the fc values is further 
supported by the diffusion coefficients of the receptors. The diffu-
sion coefficients of EGFR decreased from 0.42 to 0.15 μm2/s with 
EGF treatment (Fig. 2B, gray) and to 0.36 μm2/s after U73122 

treatment (Fig. 2B, blue). There was no statistically significant 
change in the diffusion coefficient with the PLC activator (0.40 μm2/s) 
compared to EGFR in the resting cells (0.42 μm2/s). Single-cell 
PIE-FCCS data (fig. S4) and fit parameters (table S1) can be found 
in the Supplementary Materials.

To determine the effect of PIP2 levels on EphA2 homomultimer-
ization, we expressed EphA2-GFP and EphA2-mCH in COS-7 cells. 
PIE-FCCS data were collected with and without ephrin A1 (EA1) or 
PLC regulators as described above. Before the ligand or drug treat-
ment, the median fc value was 0.20, indicating substantial homo-
multimerization (Fig. 2D, white) as we have reported recently (61). 
The fc values for EphA2 receptors without ligand were larger than 
those for dimer controls (Fig. 1C) and more comparable to those 
for multimer controls (48). We next added EA1, an EphA2-specific 
ligand, and observed a median fc value of 0.37 (Fig. 2D, gray), in-
dicative of ligand-induced multimerization. The EphA2 diffusion 
coefficient decreased from 0.29 (Fig. 2E, white) to 0.16 μm2/s (Fig. 
2E, gray) with EA1 ligand treatment, which supports our median fc 
value interpretations. The addition of the PLC inhibitor (U73122, 
5 μM) resulted in a larger median fc = 0.27 (Fig. 2D, blue) compared 
to resting cells. Similar to the EGFR results above, we interpret this 
as PIP2-induced multimerization of EphA2. We next treated cells 
with a PLC activator (3M3FBS, 25 μM), which resulted in a reduced 
median fc = 0.07. This result indicates that lower PIP2 reduced the 
ligand-independent multimerization of EphA2. The diffusion coef-
ficients support these interpretations. The PLC inhibitor reduces 
protein mobility from 0.29 (Fig. 2E, white) to 0.24 μm2/s (Fig. 2E, 
blue), and the PLC activator enhanced it to 0.33  μm2/s (Fig. 2E, 
green). Together, these results demonstrate that PIP2 induces EGFR 
homodimerization and EphA2 homomultimerization. Single-cell 
PIE-FCCS data (fig. S5), and fit parameters (table S2) can be found 
in the Supplementary Materials.

PIP2 and EGF positively regulate 
EGFR-EPHA2 heteromultimerization
We next tested the effect of PIP2 on the interaction between the 
EGFR and EphA2 receptors. COS-7 cells were transfected with both 
receptors (EGFR-mCH and EphA2-eGFP), and PIE-FCCS mea-
surements were performed as described above. During data 
collection, cells were selected with a nearly equal expression of both 
proteins. Under resting cell conditions, no statistically significant 
cross-correlation was observed between EGFR and EphA2, as indi-
cated by the median fc value of 0.04 (Fig. 3A, white). We next incu-
bated cells with epidermal growth factor (EGF) (500 ng/ml) or EA1 
(500 ng/ml). PIE-FCCS data were collected between 15 and 90 min 
after ligand stimulation. After EGF treatment, the median fc value 
increased from 0.04 to 0.10, indicating the increased formation of 
heteromultimers. This increase in cross-correlation is consistent 
with previous reports that EGF can enhance the association of 
EGFR and EphA2 (31). Combined with our observations in the pre-
vious section, we conclude that the heteromultimers consisted of 
EGFR dimers and EphA2 multimers, which could have a size range 
of four to eight proteins. This interpretation is supported by the dif-
fusion coefficient data in which we observe that the mobility of 
EGFR decreases significantly from 0.37 to 0.15 μm2/s, while the 
diffusion coefficient of EphA2 reduced from 0.25 to 0.20 μm2/s (Fig. 
3, B and C). We next added the EphA2-specific ligand, EA1. In the 
presence of EA1, the median fc value was 0.02 (Fig. 3A, orange), 
statistically indistinguishable from the untreated cells, supporting 
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the notion that EA1 does not lead to heteromultimerization be-
tween EGFR and EphA2. The reduction in the diffusion coefficient 
of the EphA2 receptor from 0.25 to 0.16 μm2/s is explained by EA1-
induced homomultimerization of EphA2 (Fig. 3C).

We next tested the effect of the PLC inhibitor and observed a 
significant change in the median fc value, from 0.04 to 0.15, indica-
tive of heteromultimerization (Fig. 3A, green). The average diffu-
sion coefficient of EGFR decreased from 0.37  to 0.28 μm2/s. The 
mobility of EphA2 receptors also decreased from 0.25 to 0.14 μm2/s. 
The median fc value remained unchanged after adding the PLC 
activator compared to resting cells, as shown in Fig. 3A (blue). 
The molecular diffusion of EGFR indicated no change in protein 
mobility (Fig. 3B, blue), consistent with the fc values. The mobility 
of the EphA2 receptor increased after treatment with the PLC acti-
vator, consistent with the disruption of homomultimerization ex-
plained in the previous section. Single-cell PIE-FCCS data (fig. S6) 
and fit parameters (table S3) can be found in the Supplementary 
Materials. Lifetime analysis of eGFP shows a slight reduction in 
lifetime with ligand (EGF) and PLC inhibitor, while mCH slightly 

increases. No statistically significant changes were observed with 
the EA1 ligand and PLC activator (fig. S8). A combined treatment 
of both ligand and PLC inhibitor (U73122) shows no signifcant in-
crease in the median fc value of EGFR-EphA2 heteromultimer (fig. 
S9). To analyze the effect of the PLC protein drug effect on the JM 
and kinase domains of both proteins, we also performed a similar 
experiment with truncated constructs of EGFR and EphA2 with 
only the intracellular domains (ICDs). The ICD constructs showed 
no significant cross-correlation; however, the addition of PLC in-
hibitor (U73122) leads to a significant increase in cross-correlation 
similar to the full-length proteins (fig. S10F). These ICD data sup-
port the interpretation that PIP2 levels in the inner leaflet of the 
plasma membrane affect the conformation and dimerization pro-
pensity of EGFR and EphA2 through direct contacts with the ICD 
region of the proteins.

PIP2 -induced EGFR and EphA2 heteromultimers are inactive
Once we determined how PLC drugs affected EGFR and EphA2 
homo- and heteromultimerization, we investigated the activity of 

Fig. 2. PIE-FCCS investigation of the homomeric interactions of EGFR and EphA2. (A) Self-assembly of EGFR was studied under various conditions. PIE-FCCS data were 
recorded, and the resulting fc values are reported before treatment (white), after the addition of EGF (gray), after treatment with the PLC inhibitor U73122 (blue), and after 
treatment with the PLC activator 3M3FBS (green). (B) Diffusion coefficients for EGFR are shown for each treatment condition. (C) Epifluorescence images of EGFR express-
ing COS-7 cells without (top) and with (bottom) EGF ligand treatment. (D) Homomultimerization state of EphA2 was recorded under the same treatments except the li-
gand treatment was with EA1. (E) Diffusion coefficients are shown for EphA2 under each treatment condition. (F) Epifluorescence images of EphA2 expressing COS-7 cells 
are shown without (top) and with (bottom) EA1 ligand treatment. In the box-and-whiskers plots, the whiskers indicate the maximum and minimum values; the box indi-
cates the 25th to 75th percentile, and the line is the median value (median value shown as text). We performed one-way analysis of variance (ANOVA) tests with uncor-
rected Fisher’s least significant difference (LSD) post hoc tests to obtain adjusted and individual P values (*P < 0.0367, **P < 0.0034, and ****P < 0.0001). Diffusion 
coefficient data are represented as mean values ± SEM. NS, not significant.
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the multimers. Phosphorylation of key tyrosine residues is com-
monly used as an indicator that RTKs are in their active conforma-
tion. In addition, EphA2 S897 has been shown to be important for 
heterodimer formation and activity (31). We therefore used Western 
blotting to determine whether these phosphorylation sites were 
affected by the PLC drugs (Fig. 4). We began by treating A375 cells 
with EA1 and EGF to confirm the normal activation of endogenous 
proteins in our system. EGF caused a marked increase in EGFR 
pY1068 (fig. S10A), showing that EGFR was successfully activated. 
EGF treatment also caused an increase in EphA2 pS897 (Fig. 4C) 
correlating with EGFR-EphA2 heterodimerization. As expected, 
EA1 induced a strong increase in EphA2 pY588 (fig. S10B). We 
chose a 15-min treatment time to minimize the amount of EphA2 
endocytosis and lysosomal degradation resultant from activation. 
However, there was a small reduction in total EphA2 levels (Fig. 4D) 
due to degradation (62). Together, these results demonstrate the 
successful activation of EGFR and EphA2 homo- and heteromulti-
mers by their respective ligands.

To determine the effects of PIP2 on EGFR and EphA2 phosphory-
lation, we treated A375 cells with 5 μM U73122 for 15 min or 25 μM 
3M3FBS for 45 min. Neither up- nor down-regulation of PIP2 caused 
phosphorylation changes for EGFR pY1068 or EphA2 pY588, indi-
cating that PIP2 changes do not trigger signaling associated to 
ligand-dependent activation (fig. S10). The PIE-FCCS data above 
show that PIP2 promotes self-assembly of each receptor (Fig. 2, A 
and D); however, the phosphorylation data indicate that these are 

inactive multimers. We were intrigued to find that a similar phe-
nomenon occurred for EphA2 pS897: Regulation of PIP2 via PLC 
drugs had no effect on the level of EphA2 pS897 (Fig. 4C). This dem-
onstrates that the PIP2-induced heteromultimers do not affect the 
availability of EphA2 as an Akt substrate (63). Together, the func-
tional data support the conclusion that PIP2-induced EGFR-EphA2 
heteromultimers trap the proteins in an inactive state.

We also investigated if ligand activation of EGFR and EphA2 was 
affected by PIP2 levels. We treated A375 cells first with the PLC mod-
ifiers, followed with EGF or EA1 treatment. Treatment with EA1 af-
ter down-regulation of PIP2 had no effect on the levels of EphA2 
pY588 (fig. S10B). This suggests that EA1 can induce activation of 
EphA2 regardless of the initial oligomer size. Intriguingly, EA1 did 
not cause a decrease in total EphA2 in cells with decreased PIP2 (Fig. 
4D). Although activation occurs normally, this suggests that there 
may be a difference in the ability of activated EphA2 to be degraded 
after ligand treatment. EGF treatment after down-regulation of PIP2 
was not tested, as 3M3FBS had no effect on EGFR homodimerization 
nor EGFR-EphA2 heterodimerization (Figs. 2 and 3).

EA1 treatment of cells containing higher PIP2 caused EphA2 pY588 
to increase to the same level as cells with basal amounts of PIP2 (fig. 
S10B). This result suggests that PIP2-mediated EphA2 homomultimers 
can still convert to active multimers successfully. Up-regulation of PIP2 
before EA1 treatment decreased pS897 levels (Fig. 4C) similar to EGF 
treatment of cells containing up-regulated PIP2. There was no PIP2-
induced change in EGFR pY1068 (fig. S10A), suggesting successful 

Fig. 3. Heteromultimerization of EGFR and EphA2 in the presence of ligands and PLC drugs. (A) PIE-FCCS data for EGFR-mCH and EphA2-eGFP coexpressed in COS-7 
cells. Data were recorded before treatment (white), after the addition of EGF (gray) or EA1 (orange), and after treatment with the PLC inhibitor U73122 (blue) or with the 
PLC activator 3M3FBS (green). (B) Diffusion coefficients of EGFR-mCH after treatment with ligands and PLC-regulating drugs. (C) Diffusion coefficients of EphA2-eGFP after 
treatment with ligands and PLC-regulating drugs. (D) Representative epifluorescence images from each set of experiments. One-way ANOVA tests with uncorrected 
Fisher’s LSD post hoc tests show the individual P values (*P < 0.0259, **P < 0.003, and ****P < 0.0001). Diffusion coefficient data are represented as mean values ± SEM.
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activation of EGFR homomultimers, similar to that of EphA2 activa-
tion. However, when PIP2 levels were increased before EGF treatment, 
the increase in EphA2 pS897 characteristic of EGF treatment alone did 
not occur (Fig. 4C). Because EphA2 pS897 was decreased by both EA1 
and EGF in high PIP2 cells, we hypothesize that this change is due to 
conformational differences resulting from heterodimerization.

Computational predictions of the dimerization 
conformation of the EGFR and EphA2 intracellular 
domain dimer
On the basis of our data, we conclude that EGFR-EphA2 heteromul-
timers have two conformations: an inactive conformation that is not 
EphA2 S897 phosphorylated and an active conformation where 
S897 is phosphorylated. Our results additionally indicate that PIP2 
stabilizes the inactive complex. There are no structures for EGFR-
EphA2 heterodimers. However, recent advances in artificial intelli-
gence allow us to obtain robust predictions of protein complexes. 
AlphaFold Multimer (AlFoM) is an extension of AlphaFold2 devel-
oped to predict protein-protein complexes (64). We applied AlFoM 
to predict the structure of the inactive and active EGFR-EphA2 het-
erodimer. We performed AlFoM simulations of the EGFR-EphA2 
ICDs, which have been proposed to interact (65). The results show 
asymmetric kinase dimerization (Fig. 5A) similar to that observed 

for the active state of EGFR homodimers (66). To benchmark the 
predicted structures, they were overlayed with crystal structures for 
EGFR [Protein Data Bank (PDB): 2GS6] or EphA2 (PBD: 7KJA) 
(65, 67), and the root mean square deviation (RMSD) was 2.9 and 
8.7 Å, respectively (fig. S11). The larger RMSD for EphA2 can be 
attributed to the change in the conformation of the sterile alpha mo-
tif (SAM) domain, but SAM domain movement is both expected 
and necessary for EphA2 activation. Therefore, to obtain a more ac-
curate RMSD that reflects the structural similarities between the 
predicted and experimental structures while removing the con-
founding factor of the SAM domain orientational change, we split 
the EphA2 ICD into two pieces and repeated the RMSD calculation. 
EphA2 residues 559 to 875—which cover the kinase domain—
overlay with our predicted structure with an RMSD of 1.8 Å, while 
SAM domain residues 904 to 976 overlay with an RMSD of only 0.8 Å 
(fig. S11), suggesting that the predicted structures are supported by 
experimentally determined structures. We additionally plotted the 
local distance difference test (lDDT) values per residue (fig. S12). 
The lDDT is a superposition-free score that evaluates local dis-
tance differences of all atoms in a model, where scores above 70 are 
generally considered to be modeled well (68). Our modeling scores 
show a relatively high level of confidence in these predictions over 
the structured portions of the proteins.

Fig. 4. EGFR and EphA2 phosphorylation changes after treatment with ligand and PLC drugs. (A) Representative Western blots after treatment with EA1 (15 min, 
500 ng/ml), 3M3FBS (45 min, 25 μM), or 3M3FBS followed by EA1. (B) Representative Western blots after treatment with U73122 (15 min, 5 μM), EA1 (as above), EGF 
(15 min, 100 ng/ml), or U73122 followed by each ligand. (C) Quantification of EphA2 pS897 levels in all conditions normalized to the corresponding total EphA2 bands. 
N = 6 to 12. Statistical analysis was performed using a Kruskal-Wallis test [H(7) = 19.45, P = 0.007] with a Mann-Whitney U test for comparisons between groups. Signifi-
cance values were adjusted by the Bonferroni correction for multiple tests. (D) Quantification of total EphA2 levels in all conditions normalized to actin. N = 6 to 12. Sta-
tistical analysis was performed using a Kruskal-Wallis test [H(7) = 38.44, P = 3.0 × 10−6] with a Mann-Whitney U test for comparisons between groups. Significance values 
were adjusted by the Bonferroni correction for multiple tests. *P < 0.05, **P < 0.01, and ***P < 0.001.
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It was previously reported that EphA2 phosphorylation at S897 
and S901 causes a configurational change of the SAM domain that 
allows a change in the function of the EphA2 homodimer (65). In 
addition, our Western blot data show that S897 is also an essential 
factor in signaling by the EGFR-EphA2 heterodimer. We therefore 
repeated the AlFoM prediction with a previously validated phos-
phomimetic mutant of EphA2 in which S897 and S901 have been 
mutated to glutamic acid (EphA2S897E/S901E; Fig. 5B) (65). In this 
prediction, the RMSD of EGFR with its crystal structure provided 
an RMSD of 2.9 Å. The two-part EphA2 comparison was repeated, 
and the kinase domain had an RMSD of 1.8 Å, while for the SAM 
domain was only 0.7 Å, showing excellent agreement between the 
crystal structure and the AlFoM model.

We were intrigued to find that pS897-mimetic mutations caused 
a large difference in the orientation of EGFR with respect to wild-
type EphA2. Specifically, when EGFR interacts with EphA2WT, 
EGFR is positioned such that the active site of the EphA2 kinase 
domain (Fig. 5, yellow) is partially obstructed, while EGFR interact-
ing with EphA2S897E/S901E results in a more open kinase active site. 
We further noticed that the EGFR JM helix is positioned differently 
in each structure. The positively charged residues in the EGFR JM 
strongly interact with negatively charged PIP2, and this interaction 
regulates EGFR homodimer stability and activity (69–72). We there-
fore hypothesized that this interaction might regulate the conforma-
tion of the EGFR-EphA2 heterodimer as well. To test this hypothesis, 
we performed additional PIE-FCCS measurements with EGFR and 
the EphA2S897E mutant that showed a higher median fc (0.16) value 
compared to EphA2WT (fig. S14A). On the basis of the AlFoM mod-
el results, we hypothesize that when PIP2 levels are increased, the JM 
is sequestered at the membrane, disallowing the flexibility required 
for EGFR to shift into its more open and active conformation.

We next performed all-atom molecular simulations to analyze 
the behavior of the EGFR-EphA2 dimer in an explicit lipid bilayer 
environment. Over time, the heterodimer of EphA2 and EGFR 
underwent slow conformational transitions within the lipid bilayer, 
which appear reasonably converged by RMSD from the starting 
structures. The predominant conformation exhibited stable interac-
tions between the ICDs of the two receptors. As depicted in Fig. 6, 

both EphA2 and EGFR engage with membrane lipids, specifically 
PIP2 and phosphatidylserine (POPS), which help stabilize the het-
erodimeric complex. A comparative analysis of lipid interactions re-
vealed that EphA2 demonstrated a stronger preference for PIP2 
binding than EGFR (10 residues for EGFR versus 14 of 15 residues for 
EphA2). Notably, the cationic residues within the JM region of EphA2 
exhibited significantly higher interactions with PIP2 compared to the 
JM region of EGFR (fig. S15). This disparity can likely be attributed to 
the involvement of the EGFR JM region in the heterodimeric inter-
face, forming a short helix and making it less available for interaction 
with the membrane. Conversely, the JM region of EphA2 remains 
more exposed, converting to an extended structure and allowing for 
stronger interactions with the lipid bilayer. The superimposition of 
the initial and final structures for both EphA2 and EGFR (fig. S16) 
indicates a more pronounced movement in the JM and SAM domains 
of EphA2 compared to EGFR. This suggests greater flexibility and 
conformational changes in these regions for EphA2 during the simu-
lation. Moreover, this heterodimeric interface between EphA2 and 
EGFR is stabilized by several noncovalent interactions such as H-
bonds, salt bridges, and hydrophobic interactions (table S4). Further 
experimental investigation into this model is required, but these 
structural predictions offer interesting possibilities for the effects of 
PIP2 on EGFR-EphA2 conformation and dimerization.

DISCUSSION
Decades of effort have characterized many RTK homodimer states, 
but there is still a poor understanding of heteromultimerization, in-
cluding the conditions under which each multimer state is present. 
Our data indicate that EGFR-EphA2 heterocomplexes are not present 
under basal conditions or after EA1 treatment. Only in the presence 
of EGF do we detect heteromultimerization of EGFR and EphA2 (Fig. 
3). Previous reports of EGFR-EphA2 interaction conditions are some-
what contradictory. One study reported that endogenous EphA2 and 
EGFR showed increased coimmunoprecipitation (co-IP) after EGF 
treatment, but only after 24 hours (26). Co-IP only occurred under 
basal conditions in cell lines where EGFR was constitutively activated/
phosphorylated, which suggests that EGFR activation is necessary for 

Fig. 5. AlFoM model of the heterodimer of EGFR residues 669 to 1210 (cyan) and EphA2 residues 559 to 976 (purple). Predictions are shown for EphA2 WT (A) or 
for the S897E/S901E mutant (B) representative of phosphorylation at serine residues (red bubbles). Yellow residues indicate the active site of each kinase region. The 
purple halo encompasses the EphA2 SAM domain, while the cyan halo shows the EGFR JM domain. The red arrow indicates the EphA2 kinase active site, which is steri-
cally blocked by the EGFR kinase domain in (A), but not in (B).
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heterodimer formation (26). A more recent study that used overex-
pressed proteins reported an increase in co-IP in as little as 5 to 30 min 
after EGF treatment (31). While it appears that the time at which 
heterodimerization occurs could be dependent on cell line, these 
studies agree with our findings that activation of EGFR by EGF in-
duces formation of EGFR-EphA2 heteromultimers. However, another 
recent study reported the opposite: Fluorescence resonance energy 
transfer showed that heterodimers are strong under basal conditions 
and are decreased by EGF treatment (73). It is important to consider, 
although, that these experiments were predominantly performed 
with truncated versions of the receptors that do not contain the ICDs, 
suggesting that the ICDs participate directly in the conformational 
changes induced by EGF. The importance of the ICDs is supported by 
our findings that ICD-only constructs (fig. S10) also undergo PIP2 
dependent homo- and heterodimerization, which is expected because 
PIP2 lipids predominantly localized to the inner leaflet of the plasma 
membrane. Future work will be essential to determine how protein 
mutations, expression levels, different cell lines, and variations in sig-
naling networks affect ligand-mediated EGFR-EphA2 heterodimer 
formation.

Our data show that PIP2 is an important factor in membrane 
receptor assembly. Because EGFR is one of the most well-studied 
RTKs, a notable effort has been undertaken to understand how PIP2 
affects EGFR homodimers. Both computational and experimental 
studies have shown that PIP2 binds to the JM segment via electro-
static interactions to stabilize the active conformation of EGFR 

homomultimers (70, 71). In addition, Western blot studies of EGFR 
phosphorylation suggest that PIP2 facilitates the activation of EGFR 
by EGF (72). However, while we observed homodimer stabilization 
under high PIP2 conditions (Fig. 2), our Western blot data did not 
support the hypothesis that PIP2 levels alone could drive ligand-
independent EGFR phosphorylation (fig. S10). One possibility for 
this discrepancy is the difference in our methods used to disrupt 
PIP2. Michailidis et al. (72) worked in oocytes treated with wortman-
nin, a PI4K inhibitor that decreases PIP2 levels by blocking lipid syn-
thesis, rather than affecting degradation like U73122 and 3M3FBS. In 
addition, PIP2 changes do not have an effect on EGFR phosphoryla-
tion in HeLa cells (72), indicating the effect might be cell line 
dependent. It is important to continue to study why PIP2 level 
changes have an effect in some cells but not in others, as this effort 
will result in a better understanding of the molecular mechanisms 
of RTK heterodimerization.

A large-scale molecular dynamics simulation study suggested that 
PIP2 binding to the JM region is conserved across RTKs (34). Hedger 
and coworkers (34) found that the conserved, positively charged JM 
residues of all 58 known RTKs bind to and induce clustering of 
anionic lipids, including PIP2. The Barrera laboratory recently showed 
that PIP2 specifically promotes dimerization of a construct that con-
tains the TM domain and a short JM span of EphA2. This effect was 
specific, as it only occurred in the ligand-independent dimer confor-
mation (39). However, before this study, it was not known if PIP2 
played a role in the multimerization of full-length EphA2. Here, we 

EGFR
EphA2
Chol
PIP2
POPC
POPS

A

B

Fig. 6. Comparison of EGFR and EphA2 interactions with the lipid bilayer. (A) Snapshots illustrating the predominant conformation of the EGFR-EphA2 heterodimer 
after molecular dynamics simulations. The intracellular view highlights the EGFR-EphA2 heterodimer’s association with the lipid bilayer, where EGFR is shown in salmon 
and EphA2 in purple-blue surfaces. Cholesterol, PIP2, and POPS are depicted as cyan, green, and yellow spheres, respectively, while POPC is displayed as gray lines for 
clarity. The image on the right shows the interaction interface surface of the heterodimer viewed from the intracellular side. (B) Comparison of the number of contacts 
between EGFR and EphA2 with PIP2 in the membrane over the course of the simulation. The number of contacts is averaged across four replica simulations, considering 
a 6-Å cutoff distance. KD, kinase domain; SAM, sterile alpha motif.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of T

ennessee K
noxville on D

ecem
ber 12, 2024



Singh et al., Sci. Adv. 10, eadl0649 (2024)     4 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 14

report that PIP2 promotes the formation of EphA2 homomultimers 
(Fig. 2). Intriguingly, tyrosine autophosphorylation does not occur 
in these multimers (fig. S10), indicating that they are inactive. This 
result agrees with Stefanski et al.’s (39) hypothesis that PIP2 pref-
erentially promotes ligand-independent multimerization. This is 
particularly interesting, as unliganded EphA2 oligomers promote 
tumorigenesis (18, 63, 74). On the basis of our data, we propose that 
tumors with elevated levels of PIP2 might suffer worse prognosis 
than those with lower levels. If this idea was correct, pharmaco-
logical regulation of PIP2 levels might be clinically beneficial to 
control EphA2-mediated cancers. Future work is necessary to test 
this hypothesis.

Because PIP2 promotes homodimerization of both EGFR and 
EphA2, it would be plausible to assume that it would reduce hetero-
multimerization simply by the laws of mass action. However, we were 
surprised to find that PIP2 also promotes heteromultimer formation 
(Fig. 3). Our study sets the stage for future work to determine how 
other anionic lipids such as phosphatidylserine or cholesterol, might 
regulate the heterodimerization of other RTKs, as well as the switch 
between homo- and heterodimerization. The phosphorylation data 
presented above suggest that PIP2 promotes an inactive form of the 
EGFR-EphA2 heteromultimer (Fig. 4C). Therefore, our data put for-
ward a mechanism by which there may be more than one EGFR-
EphA2 functional state. Because RTKs including EphA2 and EGFR 
have more than one homodimer conformation relating to active and 
inactive states (3, 63, 75, 76), it is not unreasonable to suggest that 
this extrapolates to heteromultimers.

In accordance with the finding presented here, we propose the 
following model outlined in Fig. 7. Under basal conditions, EGFR 
and EphA2 do not bind, and only form heterocomplexes in response 
to EGF activation. The EGF-induced heteromultimer is phosphory-
lated at EGFR Y1068, corresponding to EGFR kinase activity, and 
EphA2 S897, corresponding to kinase activation and the availability 
of EphA2 as a substrate for serine/threonine kinases (63). The Al-
FoM predictions and all-atom molecular simulations provide useful 
insights to the conformation of inactive and active heterodimers 
(Fig. 5). Low-cellular PIP2 allows the JM to move freely such that the 

kinase domains adopt an active conformation where the active 
pockets are free to perform phosphorylation. In contrast, increased 
levels of PIP2 cause the EGFR JM to bind tightly to the membrane. 
This conformation would promote an inactive heterodimer confor-
mation, where the EphA2 active pocket is sterically blocked by the 
EGFR kinase domain, hindering EphA2 phosphorylation activity. It 
is also possible that PIP2 interactions work in concert with the roto-
meric state of the helical JM domain of EGFR, which is important 
for ligand-induced conformational coupling across the membrane 
(77). These mechanistic details will require additional structural 
studies, but our model provides an important conceptual frame-
work that will help guide future experiments. More work is needed 
to establish the mechanism for the conformational transition from 
an inactive to active heterodimer and how PIP2 affects EGFR-EphA2 
heterodimers.

MATERIALS AND METHODS
Plasmids and cloning
EGFR was subcloned to eGFP-N1 and mCH-N1 vectors by Xho I 
and Age I digest as described previously (78). Human EphA2 cDNA 
(residues 1 to 971 based on NM_004431.4) with C-terminal GFP 
and mCH tag was purchased from Origene in gateway donor vec-
tors as described previously (61). PH-PLCD1-GFP was a gift from 
T. Balla (Addgene, plasmid # 51407; http://n2t.net/addgene:51407; 
RRID: Addgene_51407) (79).

Cell culture and ligand stimulation
For the culture and expression of the receptor proteins, the COS-7 
cells were transiently transfected using standard methods. This 
study used Dulbecco’s modified Eagle’s medium supplemented with 
10% fetal bovine serum and 1% penicillin-streptomycin. Transfec-
tion of the plasmids was carried out with 70 to 80% confluent cells 
in 35-mm glass-bottom MatTek dishes. The cells were transiently 
transfected approximately 20 hours before the data collection with 
the protein of interest using Lipofectamine 2000 reagent (Thermo 
Fisher Scientific). A total of 2.5 μg of DNA (1:1) ratio of mCH and 
eGFP-tagged plasmids was used to express both fluorescent tags 
evenly and acquire a local density of 100 to 1500 receptors/μm2. Be-
fore measuring FCCS, the medium was changed to Opti-MEM I 
Reduced Serum Medium (Thermo Fisher Scientific) without phenol 
red. For each complex, measurement was taken for both the ligand-
free and ligand-stimulated state using either recombinant human 
EGF (Sigma-Aldrich, St. Louis, MO) or EA1 as ligand. To stimulate 
receptor-expressing cells, a stock solution (20 μg/ml) was diluted to 
Opti-medium (500 ng/ml; imaging media) and added approximate-
ly 15 min before data collection. Data were collected for a maximum 
of 1 hour following stimulation.

We have previously published control constructs useful in inter-
preting fc values for monomers, dimers, and higher-order oligo-
mers. Moreover, these control constructs indicate that the fluorescent 
proteins themselves do not promote or inhibit dimerization states of 
the proteins. According to a homotypic interaction, the fc values be-
low 0.09 indicate monomers, 0.09 to 0.17 indicate dimers, and above 
0.17 indicate higher-order oligomers.

Cells were incubated with different concentrations of PLC regu-
lators to determine the optimum concentration. The PLC inhibitor 
(U73122) was incubated for 15 min at 1.0 to 5.0 μM concentration 
before data collection. Concentration ranges of 1.0 to 4.0 did not 

Fig. 7. Model for EGFR-EphA2 heterodimerization. When PIP2 levels are normal, 
EGFR (blue) and EphA2 (orange) do not interact in the absence of ligand. When EGF 
is present, active heterodimer forms in which EGFR Y1068 and EphA2 S897 are 
phosphorylated. The active conformation of the ICDs allows a more open EphA2 
kinase domain with the EGFR JM free to move away from the membrane. Under 
increased PIP2 conditions, PIP2 promotes inactive heterodimer formation. The inac-
tive dimer is likely stabilized by the EGFR JM electrostatically interacting with the 
membrane, and the EGFR ICD is pulled toward the membrane to close the EphA2 
kinase domain.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of T

ennessee K
noxville on D

ecem
ber 12, 2024

http://n2t.net/addgene:51407


Singh et al., Sci. Adv. 10, eadl0649 (2024)     4 December 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 14

show any significant changes; however, concentration ranges of 5.0 
did show a significant change. After 15 min of PLC activator (m-
3M3FBS) stimulation, EFGR/EphA2 did not show a detectable fc 
value change with 5, 10, 15, and 20 μM concentration. However, the 
further experiments with 25 μM concentration and 45-min incuba-
tion, the median value of cross-correlation changed from 0.20 to 
0.04, indicating monomeric forms of EphA2 receptors.

PIE-FCCS instrumentation, data collection, and analysis
The time-time autocorrelation function is used for single color 
FCS to analyze intensity fluctuations. The results were plotted on a 
semi-log axis to better view the time scale. In principle, ACF am-
plitude is inversely proportional to the average number of mole-
cules in the observation area. In FCCS, two fluorescent probes are 
used to analyze the emission independently of one another using 
two separate spectrally distinct probes. As a result, both popula-
tions have a corresponding ACF, and molecular density can be 
determined independently. With PIE-FCCS, two laser pulses are 
phase-delayed, calculating the exact arrival time of each laser 
pulse’s emission photons.

The FCCS data were recorded using pulsed interleaved excitation 
and time-correlated single-photon detection with a custom inverted 
microscope setup. A supercontinuum pulsed laser (9.2-MHz repeti-
tion rate, SuperK NKT Photonics, Birker*d, Denmark) was split 
into two beams of 488 and 561 nm using a series of filter and mirror 
combinations. To achieve PIE, the beams are directed through sepa-
rate optical fibers of varying lengths, causing a delay in arrival time 
between them. This eliminates spectral cross-talk between the de-
tectors. Before entering the microscope, the beams were overlapped 
by a dichroic beam splitter (LM01-503-25, Semrock) and a custom-
ized filter block (zt488/561rpc, zet488/561 m, Chroma Technology). 
The overlapping beams of light were focused by the objective (×100 
total internal reflection fluorescence) to a limited diffraction spot on 
the peripheral membrane of a COS-7 cell expressing the receptor 
constructs. In time-tagged time-resolved mode, photons were de-
tected by individual avalanche photodiodes (Micro Photon Devic-
es). To verify the alignment of the system, including the overlap of a 
confocal volume, a short fluorescently tagged DNA fragment was 
used. Before the experimental samples, positive and negative con-
trols (Fig. 1, D and E, and figs. S1 and S2) were tested to compare the 
fit parameters.

The excitation beams were focused on the peripheral membranes 
to measure only membrane-bound receptors. Only the cell’s flat, pe-
ripheral membrane area was scanned to prevent fluorescence from 
cytosolic organelles or vesicles. The data collection was performed 
on one area of the membrane in each sample. Each area was assessed 
six times, with each acquisition lasting 10 s. MATLAB scripts were 
used to calculate each sample’s auto- and cross-correlation curves. 
As described in the previous work, we fit a single component, the 
two-dimensional (2D) diffusion model, to the averaged curves of six 
consecutive acquisitions per area

The intensity fluctuations were gated using PIE before cross-
correlation and autocorrelation analyses. The intensity at time F(t) 
was compared to the intensity at a later time F(t  +  τ) in an 

autocorrelation analysis. As a function of time, self-similarity al-
lowed for the interpretation of quantitative information, such as dif-
fusion and particle number. In the equation above, the intensity 
fluctuations were divided into 10-s bins and normalized to the 
square of the average intensity. The autocorrelation functions were 
fit to the following model for 2D diffusion in the membrane that 
accounts for triplet relaxation and dark state dynamic

The diffusion coefficient of the sample has been calculated by us-
ing the standard formula given below

Last, the cross-correlation (fraction of correlation) was calculated 
by using the autocorrelation function of both fluorophores

For control samples for fraction of correlation (fc) calculation, we 
applied two samples for the calculation of fc value of membrane pro-
teins. The first, a monomer, is the SRC-derived peptide fused di-
rectly to the fluorescent protein. The second, a dimer control, is a 
lipid-anchored peptide derived from SRC fused to the GCN4 (SRC-
GCN4) α-helical dimerization motif and a C-terminal attached flu-
orescent protein, i.e., eGFP or mCH. The SRC and SRC-GCN4 
constructs were used as negative and positive controls, respectively, 
for cross-correlation in the experiment. The absence of any cross-
correlation in SRC indicates that PIE has successfully eliminated any 
artifacts that could have caused inaccurate cross-correlation read-
ings and that the fluorescent proteins themselves did not play a role 
in promoting dimerization. The data from SRC-GCN4 demonstrate 
the maximum limit for a system that is strongly dimerized, which 
can be attributed to protein dark states and the existence of dimers 
having the same fluorescent protein tags. Laser powers were set to 
0.350 and 0.80 μW for the 488- and 561-nm lasers, respectively.

To calibrate the highest fluorescence value of a sample, we used 
double-labeled DNA strands. These strands were also used as DNA stan-
dards to calibrate confocal volumes. A 40-nucleotide sequence with 
<50% G-C content (ACAAGCTGGAGTACAACTACAACAGCCA-
CAACGTCTATAT) was labeled with carboxy-tetramethylrhodamine 
(TAMRA) at the 5′ end and 6-carboxyfluorescein (FAM) at the 3′ end 
(Integrated DNA Technologies). An excess of the unlabeled strand was 
used to anneal the synthesized complementary strand pair as per the 
supplier’s protocols. The double-stranded DNA, labeled with both 
TAMRA and FAM (TAMRA-40-FAM), was diluted to a final concentra-
tion of 100 nM using 10 mM Tris-EDTA buffer. For the 3D sample data 
collection, laser powers were set to 7 and 7 μW for the 488- and 561-nm 
lasers, respectively.

Live-cell microscopy of PLCδ1PH-GFP
Live-cell imaging was performed to verify the effect of the PLC drugs 
in an assay adapted from Balla and Várnai (58). To prepare cells for 
imaging, A375 cells were plated at 60% confluency on a #1.5 glass-
bottom eight-well chamber slide. The glass was coated in fibronectin 
(10 μg/ml) for 30 min at 37°C before plating, and cells were allowed 
to adhere for 24 hours. Cells were then transfected in OptiMEM 
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medium with PLCδ1PH-GFP using a 3:1 ratio of polycation polyeth-
ylenimine to DNA with 0.2 μg of DNA per well and allowed to incu-
bate overnight. Cells were washed using phosphate-buffered saline, 
starved of serum for 4 hours, and stained with Hoechst 33342 for 
20 min to allow visualization of the nucleus. Cells were lastly placed 
in FluoroBrite medium for optimal imaging.

Time-lapse imaging of cells were performed using an inverted 
Zeiss LSM 900/Airyscan laser scanning confocal microscope (ZEISS) 
with a 63× oil immersion objective. For a given well, three to six 
spots containing multiple fluorescent cells were chosen. The well was 
then treated with 0.5% (v/v) dimethyl sulfoxide (DMSO), and the 
desired Z plane was found using DefiniteFocus. For cells planned for 
U73122 treatment, images were taken every 5 min for 20 min, and 
for cells planned for 3M3FBS treatment, images were taken every 
10 min for 50 min. Following the experiment, DMSO was replaced 
with either U73122 or 3M3FBS, the DefiniteFocus was re-established, 
and time-lapse images were repeated as above.

Images were processed and quantified using the ImageJ software. 
Four representative membrane areas and four representative cyto-
solic areas were chosen. The mean pixel intensity for each section 
was determined, and the normalized ratio of membrane to cytosol 
intensity for each single cell was calculated using the following 
equation

Western blot
A375 cells were plated to approximately 80% confluency in a 12-
well culture dish and allowed to adhere for 24 hours. Cells were 
then starved of serum overnight. Treatments were made in serum-
free DMEM, and cells were treated with 5 μM U73122 for 15 min 
or 25 μM 3M3FBS for 45 min and then treated with EA1 (500 ng/ml) 
or EGF (100 ng/ml) for 15 min. Control cells were treated with 
equal amounts of DMSO as PIP2-modifying drugs. Once treat-
ments were complete, cells were scraped from the plate and lysed 
in TEN-T lysis buffer [50 mM tris (pH 7.5), 100 mM sodium chlo-
ride, 1 mM EDTA, and 1% Triton X-100] containing protease and 
phosphatase inhibitors for 30 min on ice. Lysates were centrifuged 
at 13,000g for 10 min to remove insoluble material. A total of 10 ng 
of protein was run on a 10% SDS–polyacrylamide gel electropho-
resis gel and transferred to 0.45-μm nitrocellulose. Membranes 
were blocked with 5% milk for total protein blots or 3% bovine 

serum albumin for phospho-protein blots for 1 hr at room tem-
perature and then incubated with primary antibodies (Table 1) 
overnight at 4 °C. Secondary antibodies (Table 1) were incubated 
1 hr at room temperature and imaged for fluorescence on an Odys-
sey CLx Imaging System (LI-COR, Lincoln, Nebraska). Bands were 
quantified using Image Studio Lite. Phospho-protein bands were 
normalized to the corresponding total protein levels, while total 
protein bands were normalized to their corresponding actin load-
ing control bands.

AlphaFold Multimer
AlFoM (56) was used to predict ICD dimerization of:

EGFR(R669RRHIVRKRTLRRLLQERELVEPLTPSGEAPNQAL
LRILKETEFKKIKVLGSGAFGTVYKGLWIPEGEKVKIPVAIKEL
REATSPKANKEILDEAYVMASVDNPHVCRLLGICLTSTVQLIT- 
QLMPFGCLLDYVREHKDNIGSQYLLNWCVQIAKGMNYL-
EDRRLVHRDLAARNVLVKTPQHVKITDFGLAKLLGAEEKEY-
HAEGGKVPIKWMALESILHRIYTHQSDVWSYGVTVWELMT-
FGSKPYDGIPASEISSILEKGERLPQPPICTIDVYMIMVKCWMI-
DADSRPKFRELIIEFSKMARDPQRYLVIQGDERMHLPSPTDSN-
FYRALMDEEDMDDVVDADEYLIPQQGFFSSPSTSRTPLLSSL-
SATSNNSTVACIDRNGLQSCPIKEDSFLQRYSSDPTGALTED-
SIDDTFLPVPEYINQSVPKRPAGSVQNPVYHNQPLNPAPSRD-
PHYQDPHSTAVGNPEYLNTVQPTCVNSTFDSPAHWAQKG-
SHQISLDNPDYQQDFFPKEAKPNGIFKGSTAENAEYLR-
VAPQSSEFIGA1210) and EphA2WT(H559RRRKNQRARQSPEDVY- 
FSKSEQLKPLKTYVDPHTYEDPNQAVLKFTTEIHPSCVTRQK
VIGAGEFGEVYKGMLKTSSGKKEVPVAIKTLKAGYTEKQRVD-
FLGEAGIMGQFSHHNIIRLEGVISKYKPMMIITEYMENGALD-
KFLREKDGEFSVLQLVGMLRGIAAGMKYLANMNYVHRD-
LAARNILVNSNLVCKVSDFGLSRVLEDDPEATYTTSGGKIPIR-
WTAPEAISYRKFTSASDVWSFGIVMWEVMTYGERPYWELSN-
HEVMKAINDGFRLPTPMDCPSAIYQLMMQCWQQERARRPK-
FADIVSILDKLIRAPDSLKTLADFDPRVSIRLPSTSGSEGVPFRT-
VSEWLESIKMQQYTEHFMAAGYTAIEKVVQMTNDDI-
KRIGVRLPGHQKRIAYSLLGLKDQVNTVGIPI967).

For EphA2S897E/S901E, the two bolded S residues were replaced 
with E. The crystal structures of EGFR (PDB: 2GS6) (59) and 
EphA2 (PDB: 7KJA) (60) were obtained from www.rcsb.org/. For 
each simulation, five models were provided, and the Best Model was 
used for further analysis. RMSDs were calculated using the ChimeraX 
matchmaking tool.

Norm.Membrane∕Cytosol =
Membrane: Cytosol Ratio at T = x

Membrane: Cytosol Ratio at T = 0

Table 1. List of antibodies used in Western blots. Each antibody is listed by the name used in the text. The source of the antibody, solvent, dilution ratio, and 
host species are also provide.CST, Cell Signaling Technology. TBS, tris-buffered saline; BSA, bovine serum albumin.

Antibody Catalog # Solvent Dilution Host species

Total EGFR 4267S, CST 5% milk in TBS 1:1000 Rabbit

 pEGFR(Y1068) 3777S, CST 3% BSA in TBS 1:1000 Rabbit

Total EphA2 97535S, CST 5% Milk 1:1000 Rabbit

 pEphA2(Y588) 12677, CST 3% BSA 1:1000 Rabbit

 pEphA2(S897) 6347S, CST 3% BSA 1:1000 Rabbit

 Actin 3700S, CST 5% milk 1:5000 Mouse

 Anti- mouse 925-68020, LiCore 5% milk 1:5000 Goat

 Anti- rabbit 926-32211, LiCore 5% milk 1:5000 Goat
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Modeling of the EGFR-EphA2 heterodimer
We used Alphafold2 Multimer (64) to model the heterodimer of the 
intracellular region (ICR) of EphA2 and the kinase domain of 
EGFR. To gain deeper insights into the protein-lipid interface, we 
predicted the models of the TM-JM regions of both EphA2 (resi-
dues E530-H609) and EGFR (residues I646-I706) separately before join-
ing them with the ICRs. In addition, we extended the TM-JM 
models by adding eight extra residues at the N terminus in an ex-
tended conformation (ϕ, ψ  =  ±120°), as these extramembrane 
proximal regions are known to enhance stability with the lipid bi-
layer. ATP and Mg2+ were also incorporated into the respective ki-
nase domains to complete the model.

Set up for all-atom molecular dynamics simulation
To analyze the heterodimerization of EGFR-EphA2 system, we placed 
the starting model in the lipid bilayer perpendicular to the plane of the 
membrane, which has a lipid composition of POPC (55%), cholesterol 
(30%), POPS (10%), and PIP2 (5%). The system consists of 440 POPC, 
240 cholesterol, 80 POPS, and 40 PIP2 lipids molecules, which were en-
cased in a box with dimensions measuring 150 Å by 150 Å × 160 Å. The 
system was solvated using the TIP3P water model. To ensure neutrality, 
Na+ ions were added, and 150 mM NaCl was introduced using the 
CHARMM-GUI interface (80). Molecular dynamics simulations were 
performed using GROMACS 2021.5 (81) with the CHARMM36m 
force field (82). The long-range electrostatic interactions were managed 
using the particle mesh Ewald method, while hydrogen-containing co-
valent bonds were constrained using the SHAKE algorithm. The system 
underwent energy minimization through the steepest descent algo-
rithm, consisting of 5000 steps. System equilibration followed a sequen-
tial process of six steps, wherein the harmonic restraints on proteins 
and lipids were gradually reduced. The initial two equilibration steps 
were conducted within the constant number of particles, volume, and 
temperature (NVT) ensemble, while the subsequent four steps 
occurred under the constant number of particles, pressure, and tem-
perature (NPT) ensemble to maintain an isobaric-isothermal condi-
tion. A total of four replica simulations were conducted for 200 ns each.

Simulation data analysis
Trajectory analysis was conducted using the integrated modules 
within GROMACS. Subsequently, the data were visualized and plot-
ted using Origin.

Supplementary Materials
This PDF file includes:
Figs. S1 to S16
Tables S1 to S4
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