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Receptor tyrosine kinases (RTKs) are single-pass membrane
proteins that control vital cell processes such as cell growth, sur-
vival, and differentiation. There is a growing body of evidence that
RTKs from different subfamilies can interact and that these
diverse interactions can have important biological consequences.
However, these heterointeractions are often ignored, and their
strengths are unknown. In this work, we studied the heterointer-
actions of nine RTK pairs, epidermal growth factor receptor
(EGFR)-EPH receptor A2 (EPHA2), EGFR-vascular endothelial
growth factor receptor 2 (VEGFR2), EPHA2-VEGFR2, EPHA2-
fibroblast growth factor receptor 1 (FGFR1), EPHA2-FGFR2,
EPHA2-FGFR3, VEGFR2-FGFR1, VEGFR2-FGFR2, and
VEGFR2-FGFR3, using a FRET-based method. Surprisingly, we
found that RTK heterodimerization and homodimerization
strengths can be similar, underscoring the significance of RTK
heterointeractions in signaling. We discuss how these heteroin-
teractions can contribute to the complexity of RTK signal trans-
duction, and we highlight the utility of quantitative FRET for
probing multiple interactions in the plasma membrane.

The 58 human receptor tyrosine kinases (RTKs) are grouped
into 20 subfamilies based on the homology of their N-terminal
extracellular (EC) domains (1-4). They are single-pass membrane
receptors, which are activated upon dimerization and phosphoryla-
tion of tyrosines in their C-terminal intracellular (IC) kinase
domains (3, 5-8). Adaptor proteins bind to the phosphorylated
tyrosines, leading to the initiation of downstream signaling cascades
that control cellular processes such as growth, motility, survival,
and differentiation (9-14). Moreover, RTKs are often dysregulated
in many growth disorders and diseases, such as cancer (15-20).

Whereas RTKs are best known for forming signaling homo-
dimers, they are also known to interact with many other binding
partners, including other RTKs from the same subfamily, G pro-
tein—coupled receptors, and cell adhesion molecules (21-26). Fur-
thermore, it is becoming clear that they are capable of interacting
with RTKs from unrelated subfamilies. A recent review of the liter-
ature identified nearly 100 studies that support the idea that RTKs
from different subfamilies can interact (27). Despite these studies,
heterodimerization across subfamilies has largely been ignored,
both in conceptual models of RTK signaling and in the interpreta-
tion of RTK signaling data. However, these heterodimers have
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been shown to play important and diverse roles, such as amplifying
or inhibiting downstream signaling (28—-34), increasing the signal
diversity (35—38), or providing signaling back-up (27).

It is also becoming increasingly apparent that unliganded
RTK dimers can form in physiological contexts and can have
important effects, especially in disease (39-41). RTK overex-
pression has been linked to many cancers, as it promotes RTK
interactions even in the absence of ligand (17, 18). Interestingly,
some of these cancers are associated with not just increased
RTK expression, but loss of ligand as well. It can be expected
that such conditions (high RTK expression and no ligand) also
favor the formation of heterodimers of unrelated RTKs, as
these RTKs typically do not share ligands. However, it is cur-
rently not clear how likely cross-subfamily heterointeractions
are to occur, and it is thus difficult to say how significant a role
they play in RTK signaling. Indeed, heterointeraction strengths
for RTKs from different subfamilies are unknown, as prior
work has had limited quantification capabilities.

In this work, we study the heterointeractions of nine RTK
pairs (EGFR-EPHA2, EGFR-VEGFR2, EPHA2-VEGEFR2,
EPHA2-FGFR1, EPHA2-FGFR2, EPHA2-FGFR3, VEGFR2—-
FGFR1, VEGFR2-FGFR2, and VEGFR2-FGFR3) using a fluo-
rescence-based method: fully quantified spectral imaging Forster
resonance energy transfer (FSI-FRET). The FSI-FRET method
reports on the occurrence of specific interactions and yields the
strength of the interactions (1). We advance this FRET methodol-
ogy to also enable the determination of the oligomer size (e.g
dimer, trimer, tetramer) of the heterointeraction. For three of the
RTK pairs, we demonstrate that they form dimers in the absence
of ligand, and we quantify their heterodimerization strengths.
Surprisingly, we find that the heterodimerization and homodime-
rization strengths are similar. This suggests that the heterodimers
are likely to form under physiological and pathological condi-
tions. Furthermore, we show that the presence of ligands modu-
lates the abundance of the heterodimers. This work underscores
the significance of heterointeractions in RTK signaling and high-
lights a method that can be used to study a multitude of interac-
tions in the plasma membrane of live cells.

Results
Heterointeraction models

In most cases, RTKs are thought to signal as homodimers
(2, 3). Accordingly, if two different RTKs, X and Y, were to
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Figure 1. RTK models. Shown are cartoon representations of the different RTK interaction models (A-C) and RTK constructs used in the study (D) (not drawn to
scale and not meant to represent a mechanism of dimerization (e.g. the TM domains might not be directly interacting)). A, heterodimer model. B, heterotrimer
model. C, heterotetramer model. D, fluorescent proteins (a FRET pair) are attached to the C termini of the RTK constructs used in this work.

interact, the obvious assumption is that they would form a het-
erodimer, XY. However, there is no experimental evidence that
excludes the possibility of higher-order heterooligomers (e.g.
trimers, tetramers) forming. For example, as each RTK explores
a monomer-dimer equilibrium, it is possible that a dimer, YY,
and a monomer, X, interact to form a trimer, XYY. It is also
possible that two dimers interact to form a tetramer, XXYY.
These cases are illustrated in Fig. 1. Here, we develop physical-
chemical models for these cases, which can be used to identify
the model that best describes experimental data.

Heterodimers (Fig. 1A)

The heterodimer case has been considered previously by
Del Piccolo et al. (42). Even in this simplest case, three
coupled reactions are needed to describe the fact that both
X and Y form homodimers, XX and YY, in addition to the
heterodimer, XY.

X]+[X] & [xX]
[Y]+[¥] & [YY]
[x]+[Y] & [xY]

Reactions 1—3

Here, Kx and Ky are the homodimer association constants,
and Ky is the heterodimer association constant. These three
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association constants can be written in terms of the concentra-
tions of the monomers and dimers.

Ky = [XXZ] (Eq 1)
X]
K = XY €
Y — 2 q. 2)
Y]
_ Xy
Kxy = XI[Y] (Eq. 3)

Assuming that the total concentration of each RTK is
constant—an assumption that is valid for the conditions
under which the FRET experiments are performed (43)—
then simple equations for mass conservation can be written
as follows.

[Xtotal] - [X]+2[XX]+[XY] (Eq 4)

(Eq. 5)

By substituting in the values of Kx and Ky from Equations 1—-
2, the total concentrations can be written in terms of the mono-
mer and heterodimer concentrations as follows.

[Yeora] = [Y]+2[YY]+([XY]

Xeota] = [X]+2Kx[X]* +[XY] (Eq. 6)

Yiotal] = [Y]+2Ky [Y]* +[XY] (Eq. 7)

SASBMB



These are quadratic equations which can be solved for in
terms of the monomer concentration.

— _1+\/1 — 8Kx ([XY] - [Xtotal])

X] 4Kx

(Eq. 8)

-1 1- 81<Y [XY] - Ytota
[Y] = . \/ 4‘I<(Y [ ID

(Eq. 9)

Last, the concentration of the heterodimer can be written in
terms of the monomer concentrations and the heterodimer
association constant by rearranging Equation 3 as follows.

[XY] = Kxy[X][Y] (Eq. 10)

By substituting the values of [X] and [Y] from Equations 8
and 9 into Equation 10, we arrive at an equation where Kxy
and [XY] are defined in terms of [X(otall, [Ytotall» Kx, and Ky.
As described previously (1, 6, 42, 44), quantitative FRET
experiments can directly measure [Xota] and [Yiorar], and
the FRET efficiency. FRET efficiency is a function of [XY], as
shown in Equation 32 (see “Materials and methods”).
Accordingly, if Kx and Ky have been measured previously,
then FRET experiments can be used to determine the best-
fit Kxy. For a detailed description of this fitting process, see
Ref. 42.

Heterotrimers (Fig. 1B)

There are two possible heterotrimers, XYY and XXY;
however, these are equivalent, as the assignment of X and Y
for the two RTKs can be switched. Accordingly, only the
case of XYY will be considered here. We begin with defining
the three coupled reactions needed to fully describe the for-
mation of the homodimers, XX and YY, and the hetero-
trimer, XYY:

[X]+[X] < [xX]

Y]+ Y] < [yY]

IX]+[YY] & [xYY]
Reactions 4—6

where Kxyy is the heterotrimer association constant. These
three association constants can be written in terms of the con-
centrations of the monomers, homodimers, and heterotrimers:

Ky = [X—Xz] (Eq. 11)
X]
[YY]
(Y - T2 E . 12
] (Eq. 12)
_[XYY]
XYy = m (Eq. 13)
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The equations for mass conservation can be written as
follows.

Xiotal] = [X]+2[XX]+[XYY] (Eq. 14)

Yeowa] = [Y]+2[YY]+2[XYY] (Eq. 15)

and these can be rewritten in terms of the association
constants.

Xeo] = [X]+2Kx[X]” +[XYY] (Eq. 16)

Yiotal] = [Y]+2Ky [Y]> +2[XYY] (Eq. 17)

These are quadratic equations which can be solved for in
terms of [X] and [Y].

_ —1++/1 — 8Kx (IXYY] — [Xeotal])

[X] 4Kx

(Eq. 18)

1+ \/ 1 — 8Ky (2[XYY] — [Yiotal])

Y] = 4Ky

(Eq. 19)

Finally, the concentration of the heterotrimer can be written
in terms of the monomer concentrations and the heterotrimer
association constant by rearranging Equation 13.

XYY = Kxyy[XI[YY] = Kyy [XIKy[Y)? (Eq. 20)

By substituting the values of [X] and [Y] from Equations 18
and 19 into Equation 20, we arrive at an equation where Kxyy
and [XYY] are defined in terms of [X;otatl, [Yiotal, Kx, and Ky, as
in the case of the heterodimer. Analogously to the heterodimer
case, the best-fit Kxyy can be determined by fitting this model
to the experimental FRET data.

Heterotetramers (Fig. 1C)

Here, we consider two dimers, XX and YY, forming a tet-
ramer, XXYY. We begin with defining the three coupled reac-
tions needed to fully describe the formation of the homodimers
and the heterotetramer,

[X]+[x] & [xX]

Ky

[Y]+[Y] = [YY]

IXX]+[YY] 2 [XXYY]
Reactions 7—9

where Kxxyy is the heterotetramer association constant.
These three association constants can be written in terms of
the concentrations of the monomers, dimers, and tetramers as
follows.
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Ky = % (Eq. 22)
Ky — LY (Eq. 23)
XY= Xy E

The equations for mass conservation are written as follows,

Xeotat] = [X]+2[XX]+2[XXYY] (Eq. 24)

Yeow] = [Y]+2[YY]+2[XXYY] (Eq. 25)

and these can be rewritten in terms of the association
constants.

Xeota] = [X]+2Kx[X]* +2[XXYY] (Eq. 26)

[Yeotal] = [Y]+2Ky [Y]* +2[XXYY] (Eq. 27)

The monomer concentration can be determined by solving
these quadratic equations.

_ 1441 — 8Kx (2[XXYY] — [Xiotal])
4K

X] (Eq. 28)

—144/1 — 8Ky (2[XXYY] — [Yiota
Y] = \/ EH(Y [ l])

(Eq. 29)

Last, the concentration of the heterotetramer can be written
in terms of the monomer concentrations and the heterote-
tramer association constant by rearranging Equation 23 as
follows.

[XXYY] = Kxxyy XX][YY] = KxoeyyKx [X]*Ky[Y]* (Eq. 30)

By substituting the values of [X] and [Y] from Equations 28
and 29 into Equation 30, we arrive at an equation where Kxxyy
and [XXYY] are defined in terms of [X;otail, [Ytotall, Kx, and Ky.
As with the heterodimer and heterotrimer cases, FRET can be
used to determine Kxxyy and hence heterotetramer stability.

Experimental assessments of heterointeractions

The first RTK pair that we studied was EGFR and EPHAZ2.
EGEFR is a member of the ErbB family and is important for cell
growth, division, migration, and survival (45-47). It is known
to be overexpressed or mutated in many cancers (48, 49).
EPHA2 is a member of the EPH family, and it plays a role in
neuronal development, cell proliferation, and axon guidance
(50-52). Overexpression and mutations of the EPH receptor
are generally oncogenic (16, 53), but unliganded EPHA?2 dimers
have been shown to suppress tumorigenic signaling (54). Both
EGFR and EPHA?2 can be expressed in the same cells (55-57),
and they have been reported to interact, based on fluorescence
colocalization and coimmunoprecipitation (58). Moreover,
there is a report that increased EPHA?2 levels in colorectal can-
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cer correlates with a poor response to the EGFR inhibitor
cetuximab (59). Taken together, these studies indicate that the
EGFR-EPHA?2 interaction could be affecting signaling and
could be a potential target in therapeutic strategies. Therefore,
we asked whether we could detect the heterointeraction
between EGFR and EPHA?2 using FRET.

To study heterointeractions using FRET, one RTK must be
labeled with a donor fluorophore, and the other RTK must be
labeled with an acceptor fluorophore. If the receptors interact,
the donor will be brought close to the acceptor, and FRET will
occur. In these FRET experiments, HEK 293T cells were transi-
ently co-transfected with plasmids that encode for full-length
EGER labeled with mTurquoise (MT, a FRET donor) and full-
length EPHAZ2 labeled with eYFP (a FRET acceptor). The cells
were grown for at least 24 h after transfection and were serum-
starved for at least 12 h prior to imaging to ensure that no
ligands were present.

FRET experiments were performed using the FSI method,
which has been described in detail previously (1). In brief, the
cells were imaged using a two-photon microscope. Two scans
were taken of each cell: one scan to maximally excite the donor
and one scan to maximally excite the acceptor. Fluorescence
intensities were converted into concentrations using purified
solutions of the fluorophores of known concentrations. The
cells were analyzed using MATLAB to determine the 2D con-
centration of the donor, the 2D concentration of the acceptor,
and the apparent FRET efficiency of selected regions of the
plasma membrane.

We encountered difficulties in these experiments: whereas
the co-transfection was performed with a 2:1 or 3:1 EGFR-
MT/EPHA2-YEFP ratio of pasmid DNA, all cells had very low
EGER expression. It appeared that EPHA2 expression supressed
EGER expression, such that only a small percentage of the cells
that we imaged had quantifiable concentrations of both EGFR
and EPHA2 in the plasma membrane. A representative image of
such a cell that was selected for analysis is shown in Fig. 2A. For
this cellular subset, the experimentally measured (i.e. apparent)
FRET efficiencies (E,pp) for the EGFR-EPHA2 pair are shown
in Fig. 2B as a function of acceptor concentration (EPHA2-
YFEP). Each black star represents the measurement for a 2—3-pum
stretch of plasma membrane; two such membrane regions were
selected per cell. The blue line in Fig. 2B is a previously modeled
monomer proximity line (60, 61), which represents the max-
imum proximity FRET that can occur at a given acceptor
concentration. Proximity FRET increases with increasing
fluorophore concentration, as it occurs when a donor and
acceptor are randomly close to each in the absence of spe-
cific interactions.

We sought to experimentally validate the predicted mono-
mer proximity FRET using a monomer control protein. To do
this, we performed FRET experiments with linker for activation
of T cells (LAT). LAT is a single-pass membrane protein that
plays a key role in T-cell receptor downstream signaling
(62—-64), and it has been used as a monomer control in the liter-
ature (65). HEK 293T cells were transfected with versions of
LAT that have been labeled by either MT or eYFP on the C ter-
minus via a flexible linker. As seen in the plot of apparent FRET
versus acceptor concentration in Fig. 2C, the LAT FRET
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Figure 2. Heterointeractions between full-length EGFR and full-length EPHA2. A, representative image of a HEK 293T cell co-transfected with EGFR-
MT and EPHA2-eYFP. Regions selected for analysis are shown with the red stars surrounded by blue boxes. B, measured FRET versus acceptor concentra-
tion in cells co-expressing EGFR-MT and EPHA2-eYFP. The cells were transfected with varying donor/acceptor ratios, with a total of 1-2 ug of EPHA2
DNA and 2-4 pg of EGFR DNA. Each black star represents the measurement for a 2-3 um stretch of plasma membrane. Two regions were selected per
cell, for a total of 48 data points. The solid blue line is the monomer FRET proximity as a function of acceptor concentration, which represents the maxi-
mum FRET that can occur at any given acceptor concentration in the absence of specific interactions (60, 61). Almost all points lie above the proximity
line, demonstrating specific interactions. C and D, FRET data for LAT, a monomeric control. HEK 293T cells were transiently transfected with LAT-MT
and LAT-eYFP in a 1:3 donor/acceptor ratio with a total of 1-4 pug of DNA. C, the apparent FRET is plotted as a function of LAT-eYFP concentration,
along with the monomer FRET proximity (solid blue line). The FRET data (a total of 288 points) effectively straddle the proximity line, providing an ex-
perimental validation for the proximity FRET prediction. D, distribution of FRET efficiencies after the FRET has been corrected for proximity. Red line,

Gaussian fit. The mean is —0.0009, and the S.E. is 0.005.

effectively straddles the monomer proximity line, confirming
that the modeled monomer proximity line accurately describes
the proximity FRET of a monomer. Further evidence is seen in
Fig. 2D, where the FRET data in Fig. 2C have been corrected for
the monomer proximity FRET contribution, histogrammed
(blue bars), and fit to a Gaussian (red line). As expected, the
result is effectively random noise (i.e. a Gaussian centered
around zero).

As can be seen in Fig. 24, almost all of the FRET data for the
EGFR-EPHA2 pair lie above the modeled proximity line. This
is indicative of a specific interaction occurring between EGFR
and EPHAZ2, consistent with the literature (58, 59). Thus, we were
able to observe the heterointeraction between full-length EGFR
and EPHA?2 using FRET. However, we were not able to calculate
the heteroassociation constant, as a much larger data set is
needed to fit the data with the models shown in Fig. 1 (A-C).

There is a published report that the deletion of amino acids
in the EGFR post-kinase tail may improve EGFR expression
(66). Accordingly, we created an EGFRATail construct where
the post-kinase tail (~220 amino acids) was deleted and
replaced with a fluorescent protein (MT). We also used an
EPHA2ASAM construct where the SAM domain was replaced
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with a fluorophore (eYFP), such that the fluorescent proteins
were attached to the kinase domains in both constructs (see
Fig. 1D, middle). This design should ensure that the FRET pair
will be in close proximity if heterointeractions occur, allowing
us to measure FRET.

The overall expression of EGFR was improved upon the dele-
tion of the post-kinase tail, but most of it did not traffic to the
plasma membrane, and thus the concentration of EGFR in
the plasma membrane was still low. Only a small fraction of the
imaged cells had a quantifiable amount of both receptors. For
these cells, Fig. 3A shows the FRET efficiency versus the acceptor
concentration for the EGFRATail-EPHA2ASAM pair. Again,
almost all of the data lie above the modeled proximity line, indi-
cating that a specific interaction is occurring between EGFR and
EPHAZ2. Accordingly, the post-kinase tail of EGFR and the SAM
domain of EPHA2 are not required for the interaction to occur.

In Fig. 3B, we show FRET data reporting on the interactions
between VEGFR2 and EPHA2. Specifically, we studied the
interactions between VEGFR2ATail-MT and EPHA2ASAM-
YEP, as the full-length VEGFR2 exhibited virtually no plasma
membrane expression in HEK 293T cells. VEGFR?2 is critically
important for angiogenesis. It plays a role in organ development

J. Biol. Chem. (2020) 295(29) 9917-9933 9921



RTK heterointeractions

A EGFRATail-EphA2ASAM
0.35
> 03
=
Eo25 * K
x + * %
= 0.2} *
a 0. *
i R
- 0.15¢ * . Al P’
c 4 ¥ * +
i * ++ :
o 041 * +
o + + *
© % ;
wy 0.05F +/
*+ i +
g=== 4 '
0 500 1000 1500

Acceptors / um?

e
o

VEGFR2ATail-EphA2ASAM

e o 9
- o (%]
+

E-app and E-proximity
o
+%

1000 1500 2000 2500

Acceptors / pm?

00 500 3000

Figure 3 Heterointeractions between truncated EGFR and EPHA2 (A) and truncated VEGFR2 and EPHA2 (B). In the case of EPHA2, the SAM domain was
replaced with eYFP, and in the case of EGFR and VEGFR2, the post-kinase tail was replaced with MT. The cells were transfected with varying donor/acceptor
ratios, with a total of 0.5-3 g of EPHA2-eYFP DNA and either 1-5 g of EGFR-MT DNA (A) or 3-8 ng of VEGFR2-MT DNA (B). Each black star represents the
measurement for a 2-3-um stretch of plasma membrane in a cell. Two regions were selected per cell, for a total of 56 and 50 data points in A and B, respec-
tively. The solid blue line is the modeled monomer FRET proximity as a function of acceptor concentration (60, 61). In both cases, almost all data points lie

above the monomer proximity line, demonstrating specific interactions.

and wound healing and is overexpressed in many cancers (30,
67). We chose to study this interaction, as VEGFR2 is sometimes
expressed in the same cells as EGFR and EPHA?2 (55-57). More-
over, EPHA2 is also involved in angiogenesis, and its activity is at
least partly dependent on VEGFR2 (68-70).

Nearly all of the FRET data in Fig. 3B lie above the proximity
line, indicative of a specific interaction between VEGFR2 and
EPHAZ2. Thus, these FRET experiments suggest that VEGFR2
and EPHA?2 interact in the membrane. However, no quantita-
tive information about the interaction could be determined, as
a much larger data set is needed to differentiate betwen the dif-
ferent oligomerization models in Fig. 1 (A-C).

Finally, we wanted to see whether EGFR and VEGFR?2 inter-
act. There is substantial evidence of cross-talk between the
EGFR and VEGEFR?2 signaling pathways, especially in cancer
(71-73). In fact, the use of EGFR inhibitors to treat cancer is
associated with increased VEGFR2 activity. Furthermore, re-
sistance to VEGFR2 inhibitors is associated with increased
EGER activity (74-76). We attempted to study the EGFRA-
Tail-VEGFR2ATail pair, but we were unable to collect any
data, as both receptors had poor expression on the plasma
membrane.

In previous works, insights about RTK interactions and func-
tion were gained by using truncated RTK constructs where the
IC domains were replaced by fluorophores (Fig. 1D, right)
attached directly to the TM domains via flexible linkers; such
constructs are referred to as “ECTM RTKs.” (1, 77, 78). In other
words, an ECTM RTK is a construct with an EC and TM do-
main, but no IC domain. The fluorescent proteins in these
ECTM constructs are in close enough proximity for FRET to
occur if an interaction is occurring, and the proteins both
express and traffic to the plasma membrane efficiently. Accord-
ingly, we used these truncated versions of the RTKs of interest
in the FRET experiments to gain quantitative insights into the
interactions. Because RTK kinase domains have a high degree
of homology (79, 80) and the kinase domains almost always
have an attractive interaction (6, 78), we expect that the general
conclusions for the truncated receptors will hold for the full-
length receptors.

9922 J Biol. Chem. (2020) 295(29) 9917-9933

ECTM EGFR and ECTM EPHA2 form a heterodimer

We next performed FRET experiments with ECTM EGFR
and ECTM EPHA2, following the same imaging protocol as in
the full-length and post-kinase tail deletion cases. Fig. 44 shows
the apparent FRET for the ECTM EGFR-ECTM EPHA2 pair
as a function of acceptor concentration. These data combine
the results of two types of experiments, one where EGFR was
labeled with MT while EPHA2 was labeled with eYFP (orange)
and one where EGFR was labeled with eYFP while EPHA2 was
labeled with MT (green). Fig. 4B shows the concentration of
EGER versus the concentration of EPHA?2 for the entire data
set. We see that the FRET data in Fig. 44 lie above the proxim-
ity line, which indicates that a specific interaction is occurring
between ECTM EGFR and ECTM EPHA2.

Next, we asked which of the different interaction models
(dimer, trimer, or tetramer) in Fig. 1 (A—C) (described above
under “Heterointeraction models”) best describe these data. To
answer this question and to determine the heteroassociation
constant, we need to know the homodimer association con-
stants, Kx and Ky, for both ECTM EGFR and ECTM EPHA2.
The homodimer association constant Kggpgr has been measured
previously (77), but Kgppao has not been. To measure it, we
performed FRET homodimerization experiments in HEK 293T
cells that were co-transfected with plasmids for ECTM
EPHA2-MT and ECTM EPHA2-eYFP, and we followed a
well-established homodimer data analysis protocol (1, 81). Fig.
4C shows the apparent FRET efficiency versus the total concen-
tration of receptors, and Fig. 4D shows the donor versus
acceptor concentration. The ECTM EPHA2 homodimer asso-
ciation constant is determined by fitting a monomer-dimer
model to the FRET data (1, 81). The best-fit value for Kgppiao is
0.0012 * 0.0001 wm?/receptor, and the corresponding dis-
sociation constant (Kgppas ') is 860 + 50 receptors/um?.
Using AG = —RTInK—where R is the ideal gas constant and
T is temperature—and a reference state of 1 nm?*/receptor
gives a AGgppas of —4.0 = 0.1 kcal/mol.

With Kegrr and Kgpizao known, the heterointeraction FRET
data in Fig. 4 (A and B) were fit to predictions derived from the
three heterodimerization models in Fig. 1 (A-C) as well as a
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Figure 4. ECTM EGFR and ECTM EPHA2 form a heterodimer. A and B, HEK 293T cells were transiently co-transfected with versions of EGFR and EPHA2
where the IC domain has been replaced with a fluorophore: either MT as the donor or eYFP as the acceptor. Orange, ECTM EGFR-MT and ECTM EPHA2—-eYFP.
Green, ECTM EGFR-eYFP and ECTM EPHA2-MT. The cells were transfected with varying ratios of EGFR and EPHA2, with a total of 0.5-4 ug of EGFR DNA and
0.5-3 ng of EPHA2 DNA. A, apparent FRET versus acceptor concentration. Each data point represents the measurement for a 2-3 um stretch of the plasma
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for the different interaction models in Fig. 1 (A-C). The heterodimer model yields the best fit. F, dimer fraction as a function of EGFR and EPHA2 concentrations.
The purple symbols are the experimentally determined dimeric fractions, and the solid cyan surface is the best-fit surface for the heterodimer model.

monomer model where the proximity line is regarded as the squared errors (MSEs) were calculated for each of the four

best fit (60, 61). For these four models, the best-fit theoretical models, as shown in Fig. 4E. The lowest MSE in Fig. 4E is
FRET was compared with the experimental FRET, and mean observed for the heterodimer, suggesting that EGFR and
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Table 1

Homo- and heterodimerization strengths for three of the studied
RTKs

Shown are K, and dimer stabilities (AG) for EGFR homodimers, EPHA2 homodimers,
VEGFR2 homodimers, EGFR-EPHA2 heterodimers, EGFR—VEGFR2 heterodimers,
and EPHA2-VEGFR2 heterodimers. Errors represent the 95% confidence interval
from the fit. All values are for the ECTM versions of the receptors. Values for the
EGFR and VEGFR2 homodimers have been measured previously (1, 77).

Kd AG
receptors/um’ kecal/mol
EGFR 2800 = 200 —35*0.1
EPHA2 860 = 50 —4.0 £0.1
VEGEFR2 2700 = 450 —3.5%0.1
EGFR-EPHA2 5000 = 1000 —3.1%0.2
EGFR-VEGFR2 5200 *= 1200 —3.1*0.2
EPHA2-VEGFR2 2900 = 900 —34*0.2

EPHAZ2 likely form a heterodimer and not higher-order oligom-
ers. Fig. 4F shows the dimeric fractions, which depend on both
EGER and EPHAZ2 concentrations. The experimentally derived
fractions are shown as purple circles, and the best-fit surface is
shown in c¢yan. The best-fit Kegrr_epHa2 ! for the heterodimer
is 5000 + 1000 receptors/um?, corresponding to a heterodimer
stability of AGggrr_gpHa2 = —3.1 £ 0.2 keal/mol. In Table 1,
these values are compared with the previously determined
homodimer dissociation constants and AG values for the EGFR
and EPHA2 homodimers. We see that the heterointeraction
strength is very similar to the homointeraction strengths.

ECTM EGFR and ECTM VEGFR2 form a heterodimer

Next, we studied the heterointeraction between ECTM
EGFR and ECTM VEGFR2 using the same FRET imaging pro-
tocol. Fig. 5A shows the apparent FRET efficiencies versus
acceptor concentration data for the ECTM EGFR-ECTM
VEGFR?2 pair. Again, experiments were performed with two dif-
ferent labeling schemes: ECTM EGFR-MT, ECTM VEGFR2-
eYFP (orange) and ECTM EGFR-eYFP, ECTM VEGFR2-MT
(green). Fig. 5B shows the expression of VEGFR2 versus EGFR
expression. Virtually all of the data in Fig. 54 lie above the prox-
imity line, which indicates that a specific interaction is occurring
between ECTM EGFR and ECTM VEGFR2.

The data in Fig. 5 (A and B) were fit to the models shown in
Fig. 1 (A-C) and the monomer model using the previously meas-
ured values of Kggpr (77) and Kypgrro (1). An MSE analysis for
the different heterointeraction models is shown in Fig. 5C, and it
suggests that EGFR and VEGFR2 form a heterodimer. Fig. 5D
shows the dimeric fraction as a function of EGFR and VEGFR2
concentrations, where the best-fit surface is in cyan and the data
are the purple circles. The best-fit Kegpr_vegrra  for the hetero-
dimer is 5200 + 1200 receptors/um?, which corresponds to het-
erodimer stability of AGggrr_vegrre = —3.1 = 0.2 kcal/mol.
These values are comparable with the previously determined
homodimerization constants and AG values for the ECTM EGFR
and ECTM VEGFR2 homodimers, as shown in Table 1.

ECTM EPHA2 and ECTM VEGFR2 form a heterodimer

We also studied the heterointeractions between ECTM
EPHA2 and ECTM VEGFR2. Fig. 6A shows the apparent FRET
efficiencies versus acceptor concentration for the EPHA2-
VEGFR2 pair, and Fig. 68 shows the expression of the two
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RTKs. As with the previous pairs, experiments were performed
both with ECTM EPHA2-MT and ECTM VEGFR2-eYFP,
shown in green, and ECTM EPHA2—eYFP and ECTM VEGFR2-
MT, shown in orange. Nearly every data point in Fig. 6A lies above
the proximity line, indicating the presence of specific interactions
between ECTM EPHA2 and ECTM VEGFR2.

The data in Fig. 6 (A and B) were fit to the models in Fig. 1
(A-C) and a monomer model. An MSE analysis of the differ-
ent models is shown in Fig. 5C. The lowest MSE is attained
for the heterodimer, suggesting that EPHA2 and VEGFR2
form a heterodimer. Fig. 6D shows the dimeric fraction versus
the concentration of EPHA2 and VEGFR2, where the best-fit
surface is in cyan and the data are shown as purple circles.
The best-fit Kepriaz_vegrra - for the heterodimer is 2900 +
900 receptors/um?, corresponding to a heterodimer stability
of AGepHa2-vEcEr2 = —3.4 * 0.2 kcal/mol. In Table 1, these
values are compared with the previously determined homo-
dimer dissociation constants and AG values for ECTM
EPHA2 and ECTM VEGFR2, and again these values are very
similar.

ECTM EPHA2 and ECTM VEGFR2 both engage in
heterointeractions with ECTM FGFR1, ECTM FGFR2, and ECTM
FGFR3

We performed FRET experiments with FGFR1, FGFR2, and
FGER3, with the goal to study their heterointeractions with
EPHA2 and VEGFR2. The FGFRs are important for musculo-
skeletal development (82, 83), and their misfunction has been
linked to many growth disorders (20, 84). These three FGFRs
have been shown to interact with each other (42), and immuno-
precipitation studies suggest that they can also interact with
many RTKs from other subfamilies (27). To the best of our
knowledge, no interactions have been reported for FGFRs and
EPHA2 or for FGFRs and VEGFR2. However, all FGFRs have
been shown to interact with EPHA4 (85, 86). We therefore
hypothesized that there may be FGFR interactions, in particular
FGFR-EPHA?2 interactions, that have not yet been identified.

In the experiments, HEK 293T cells were co-transfected with
either ECTM VEGFR2-MT or ECTM EPHA2-MT and one
of ECTM FGFR1-eYFP, ECTM FGFR2-EYFP, or ECTM
FGFR3-eYFP. The apparent FRET efficiencies for all six pairs
are shown as a function of acceptor concentration in Fig. 7,
with the EPHA2 data in Fig. 7A and the VEGFR2 data in Fig.
7B. In all cases, virtually all of the data lie above the proximity
line, which indicates that EPHA2-FGFR1, EPHA2-FGFR2,
EPHA2-FGFR3, VEGFR2-FGFR1, VEGFR2-FGFR2, and
VEGFR2-FGFR3 all engage in specific heterointeractions.

EGF and mEphrin-A1 Fc ligands decrease the
heterointeractions

The data presented above suggest that RTK homo- and het-
erodimers are approximately equally likely to form in the ab-
sence of ligand; accordingly, their abundance will depend on
the expression of the RTKs. If ligands are present, however,
homodimers that are bound to their cognate ligand will be sta-
bilized, and thus the concentration of monomers will decrease,
which is expected to lead to a depletion of the heterodimer
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Figure 5. The truncated ECTM EGFR and ECTM VEGFR2 form a heterodimer. HEK 293T cells were transiently co-transfected with versions of EGFR and
VEGFR2 where the IC domain has been replaced with a fluorophore: either MT for the donor or eYFP for the acceptor. The cells were transfected with varying
ratios of EGFR and VEGFR2, with a total of 0.5-4 ug of EGFR DNA and 3-6 ug of VEGFR2 DNA. A, apparent FRET efficiency as a function of acceptor concentra-
tion. Shown are 844 data points (388 points for VEGFR2-MT and EGFR-eYFP (green) and 456 points for EGFR-MT and VEGFR2-eYFP (orange)). The solid blue
line is the monomer FRET proximity (60, 61). B, VEGFR2 concentration versus EGFR concentration. C, the MSE plot, showing that the heterodimer model gives
the best fit. D, dimer fraction as a function of EGFR and VEGFR2 concentration. The purple symbols are the experimentally determined dimeric fractions, and

the solid cyan surface is the best-fit surface for the heterodimer model.

population. In other words, if the ligands do not bind the heter-
odimers, the heterodimer population will decrease as the ligand
concentration is increased. Thermodynamic predictions have
shown that when the ligand concentration substantially exceeds
the ligand dissociation constant (27), the heterodimer population
becomes near zero.

With these considerations in mind, we quantified the effect
of the EGF ligand on the ECTM EGFR-ECTM VEGER?2 heter-
odimer population. We used 10 nm EGF, which is about an
order of magnitude higher than the reported EGF-EGFR appa-
rent dissociation constant (87-90). Cells were prepared identi-
cally to the EGFR-VEGFR2 experiments, except 0.1% (w/v)
BSA was added to the starvation and imaging media to prevent
ligand binding to the imaging dish, and the ligand was added 10
min prior to imaging. In Fig. 84, the apparent FRET versus
acceptor concentration is shown for cells in the presence of 10
nmol of EGF; EGF data are shown in red, and the no-ligand
data (see Fig. 5A) are in black. We observe a marked decrease in
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the FRET efficiency in the presence of EGF, as the FRET effi-
ciency now appears to be straddling the monomer proximity
line. Thus, a substantial decrease in the heterointeraction
occurred, as expected.

Under the conditions of this experiment, over 90% of the
EGER present is expected to be ligand-bound. We therefore
considered these data in the context of the models in Fig. 1 (A—
C), where one receptor is EGF-bound EGFR, and the other re-
ceptor is unliganded VEGFR2. The homodimerization constant
for EGF-bound EGFR has been measured previously as 0.053
um?/receptor (77). The MSE analysis, shown in Fig. 8B, reveals
that the monomer model exhibits the lowest MSE, supporting
the fact that EGF largely abolished the heterointeraction.

We further analyzed the FRET data by first correcting for the
monomer proximity FRET contribution and then histogram-
ming the corrected FRET data. As seen in Fig. 8C, the data for
EGFR-VEGFR2 in the presence of EGF is effectively a Gaussian
centered around zero, similar to the case of the monomer
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Figure 6. The truncated ECTM EPHA2 and ECTM VEGFR2 form a heterodimer. HEK 293T cells were transiently co-transfected with versions of EPHA2 and
VEGFR2 where the IC domain has been replaced with a fluorophore: either MT for the donor or eYFP for the acceptor. The cells were transfected with varying
ratios of EPHA2 and VEGFR2, with a total of 0.5-3 g of EPHA2 DNA and 3-6 ng of VEGFR2 DNA. A, apparent FRET efficiency versus acceptor concentration.
Shown are 856 data points (592 for VEGFR2-MT and EPHA2-eYFP (green) and 264 for EPHA2-MT and VEGFR2-eYFP (orange)). The solid blue line is the mono-
mer proximity FRET (60, 61). B, EPHA2 concentration versus VEGFR2 concentration. C, an MSE plot, showing that the heterodimer model gives the best fit. D, di-
meric fraction as a function of VEGFR2 and EPHA2. The purple symbols are the experimentally determined dimeric fractions, and the solid cyan surface is the

best-fit surface for the heterodimer model.

control LAT (Fig. 2D) but very different from the case of
EGFR-VEGEFR2 in the absence of ligand. In agreement with
this assessment, an analysis of variance indicates that the LAT
and EGF data are not significantly different, but the no-ligand
data and EGF data are very significantly different (» < 0.0001).
These results provide more evidence that EGF substantially
decreases the EGFR-VEGEFR heterointeraction, consistent
with expectations.

Next, we performed a similar experiment, adding the ligand
ephrin-Al-Fc to ECTM EGFR-ECTM EPHA?2 heterodimers.
This is a ligand with subnanomolar affinity for EPHA2, which
induces EPHA2 cluster formation (91, 92). It is dimeric, as it is
fused to the Fc fragment of an antibody that dimerizes constitu-
tively. As shown in Fig. 8D, the presence of 50 nm ephrin-Al-Fc
caused a substantial decrease in FRET. Of note, the majority of
the measured FRET efficiencies are very low and now lie below
the monomer FRET proximity line. This can be explained by

9926 J Biol. Chem. (2020) 295(29) 9917-9933

the fact that the liganded EPHA2 forms clusters, and thus the
monomer proximity FRET model is now inaccurate. Indeed, it
has been shown previously that the contribution of proximity
FRET decreases as the cluster size grows (60, 61). Thus, the
data in Fig. 8D are consistent with the idea that ephrin-Al-Fc
sequesters EPHA?2 into clusters and decreases its heterointerac-
tions with EGFR.

Discussion
FRET as a tool to study heterointeractions

Here, we demonstrate that RTKs from unrelated subfamilies
can interact with each other in the absence of ligand using a
quantitative FRET technique that reports on the heterointerac-
tion strength in live cells. We expand the previously published
methodology (42) to determine the type of heterooligomer that
forms when two different RTKs interact. In particular, we
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acceptor in varying ratios, with a total of 1-3 g of the DNA for the FGFR and 0.5-3 g of EPHA2 DNA or 2-4 j1g of VEGFR2 DNA. Shown is apparent FRET effi-
ciency versus acceptor concentration. Black stars, FGFR1; maroon triangles, FGFR2; gold plus signs, FGFR3. There are 136 EPHA2-FGFR1 data points, 112 EPHA2-
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solid blue line is the modeled monomer FRET proximity as a function of acceptor concentration (60, 61). In all cases, almost all of the points lie above the FRET

proximity line, indicative of specific interactions.

develop models that describe heterodimers, heterotrimers, and
heterotetramers, and then we fit these models to FRET data to
determine which of these models best describe the data. This
method requires the acquisition of FRET binding curves over a
broad range of concentrations. We were able to collect such
binding curves for ECTM versions of several RTKs and to
determine the oligomer size and the stability of the oligomer.
Constructs that incorporated the kinase domains had poor
plasma membrane expression, such that only a small fraction of
the imaged cells had both receptors in their plasma mem-
branes. Thus, whereas we showed that these RTKs interact, we
were not able to quantitatively assess the interactions. In all
cases where we were able to determine the oligomer size, we
showed that the RTKs interact as heterodimers.

Although such heterointeractions have been studied previ-
ously, almost all of the research has been done with qualitative
techniques. The most common method used in the literature
to assess heterointeractions is co-immunoprecipitation (co-IP),
followed by Western blotting (93, 94). One of the RTKs is
immunoprecipitated, and the other RTK is blotted against. In
this case, some concerns arise as the interactions in the native
plasma membrane and in the immunoprecipitate may be differ-
ent. Whereas the two-dimensional, hydrophobic membrane
imposes structural constraints on RTKs, these may be relieved
or altogether absent in the aqueous immunoprecipitate. Fur-
thermore, weak interactions can easily fall apart during the lys-
ing and precipitation process, meaning that such interactions
are likely to be missed. Co-IP alters the concentrations of the
interacting partners, and it thus cannot yield binding curves
and association constants.

Another method that has been used to assess propensities
for interaction is chemical cross-linking, where a chemical
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cross-linking agent is added before Western blotting is per-
formed under nondenaturing conditions (44, 95, 96). This helps
to stabilize weak or environment-dependent interactions that
are often lost in co-IP. However, in addition to having similar
issues as co-IP and not being able to provide interaction free
energies, it has other shortcomings. First, the cross-linker is
nonspecific, meaning that it cross-links all proteins in close
proximity. As a result, bands of cross-linked proteins on gels
are smeared and generally cannot be accurately quantified. Sec-
ond, the cross-linking propensities depend not only on close
proximity, but also on structure. Third, the cross-linker itself is
expected to drive the equilibrium toward the oligomeric state,
although this effect has not been investigated in detail.

Although less common than the previous two methods,
another method that is used to study heterointeractions rel-
atively frequently is the proximity ligation assay (97-100).
In this technique, DNA probes are attached to primary or
secondary antibodies against the proteins of interest. When
the probes come in close proximity, a rolling circular ampli-
fication reaction occurs, and this DNA product can be
hybridized with fluorescently labeled oligonucleotides. This
assay is performed in cells rather than lysates, preserving the
native environment, although fixation and permeabilization
are generally required. However, this assay is not able to
provide information about interaction energies or stoichio-
metries, as it simply reports on the close proximity of the
proteins of interest.

Whereas these methods will continue to have utility in the
future, the FRET method that we use here can be used in con-
junction with these methods to yield a more comprehensive
description of the interactions. We are thus hopeful that this
method will have a broad applicability in RTK research.
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FRET as a function of acceptor concentration (60, 61). The presence of ligand decreases the apparent FRET efficiency. B, mean square error as a function of
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on or below the FRET proximity line, showing that the ligand abolishes the heterointeractions.

Strength of heterointeractions

Here we find that in the absence of ligand, EPHA2 interacts
with FGFR1, FGFR2, and FGFR3; VEGFR2 interacts with
FGFR1, FGFR2, and FGFR3. We further show that EGFR—
VEGFR2, EGFR-EPHA?2, and EPHA2-VEGFR2 all form heter-
odimers. Surprisingly, we find that the stabilities of the hetero-
dimers are quite similar to the stabilities of the homodimers in
the absence of ligand. This is an unexpected result, and it sug-
gests that these heterointeractions could have a significant
effect in regulating RTK function. As the strengths of interac-
tion are similar, both homodimers and heterodimers are
expected to form under physiological conditions and to depend
primarily on the relative RTK expression levels, in accordance
with the law of mass action. In cancer, RTKs are often overex-
pressed, and ligand levels can be reduced (17, 18). Under these
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conditions, unliganded RTK heterodimers are expected to
form with high probabilities.

Open structural and mechanistic questions

An open question is what physical contacts between the
RTKs are enabling these heterointeractions. One possibility
is that the TM domains play a key role, as it has been argued
in the literature that the interactions between RTK TM
domains are promiscuous, forming many weak, nonspecific
interactions (15, 101, 102). It is also possible that interactions
between the kinase domains contribute, as the kinase domain
is highly conserved across families (79, 80). Previous FRET
studies of RTK homodimers have shown that the deletion of
their intracellular domains usually leads to dimer destabiliza-
tion, both in the presence and absence of ligand (6, 78).
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However, the intracellular domain is not required, as the
ECTM versions of all RTKs that were studied here engaged in
heterointeractions. It is also possible that there is no universal
mechanism for the heterointeraction, but rather, each pair
interacts differently.

High-resolution structural information about RTK heter-
odimers is currently not available, and the steps leading to
their phosphorylation and signaling are unknown. The
mechanism of activation of the different RTK homodimers
is believed to be different. For instance, EGFR is believed to
be activated through a distinct allosteric mechanism that
involves the formation of asymmetric dimers (103). Ques-
tions therefore arise as to how the EGFR kinase and the
other kinases will function within heterodimers. Further
work is needed to understand the mechanistic details of
RTK heterodimer formation and activation.

Interactions with ligands and the RTK interactome

We investigated the effect of ligand on heterointeractions by
adding the cognate ligands of EGFR, EGF, and EPHA?2, eph-
rinA1-Fc. We showed that the presence of saturating quantities
of these ligands abolished the EGFR-VEGFR2 and EGFR-
EPHA2 interactions, respectively. This means that the presence
of ligand does not just shift the population of RTKs from mono-
mers to dimers, but also decreases the concentration of hetero-
dimers. One study found that an interaction between ROR1
and ErbB3 resulted in a unique tyrosine on ErbB3 being phos-
phorylated, and this resulted in a novel modulation of the
Hippo-YAP pathway (38). Thus, the ligand can act as a signal-
ing modulator that alters the extent to which a signaling path-
way is being activated, by altering the equilibrium between het-
erodimers and homodimers.

It is possible that all RTKs interact with each other and form
an interaction network, which we called the “RTK interactome”
(27). In this view, each RTK can influence numerous intercon-
nected signaling pathways via direct interactions with RTK part-
ners in the plasma membrane. There exists a complex equilib-
rium between multiple RTKs and their ligands, which is
controlled by the expression of all interaction partners and the
association constants that govern every interaction. This greatly
increases the degree of signaling complexity that RTKs are able
to achieve and makes the signaling highly responsive to environ-
mental changes that alter RTK and ligand concentrations. The
data presented here provide experimental support for this view
and add a quantitative perspective to our understanding of the
RTK interactome.

Implications

The RTK interactome concept may provide an explanation
for differences in experimental data acquired for an RTK in dif-
ferent cell lines (27). Typically, the expression of unrelated
RTKs is not taken into account, and the possibility of RTK het-
erodimer formation is ignored. However, it is conceivable that
the presence of these heterodimers greatly influences the cell
signaling outcomes. The data in this study are consistent with
this view.
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Heterointeractions, such as the ones quantified here, need to
be considered in the design of RTK inhibitors for cancers and
other diseases or disorders (27). Even if a drug successfully
inhibits the signaling of an RTK homodimer, the drug will not
have the desired effect if signaling-competent heterodimers are
also present. Therefore, the RTK expression pattern in a cell
type may be a critical factor in determining the performance of
the inhibitor. Because an inhibitor can affect the functions of
both homodimers and heterodimers—or possibly even affect the
entire RTK interactome—it can lead to many unanticipated con-
sequences. Accordingly, the understanding of RTK heterointer-
actions may help in understanding drug resistance in cancer ther-
apy and in designing more effective treatments. Significant work
is still needed to quantify all homo- and heterointeractions and to
arrive at a comprehensive understanding of RTK signaling and
its biological functions. The use of quantitative experimental
methodologies and a theoretical framework will help guide such
investigations.

Materials and methods
Plasmids

Plasmids encoding for different constructs of EGFR, EPHA2,
VEGFR2, FGFR1, FGFR2, FGFR3, and LAT were used. In
almost all cases, the plasmids was in the pcDNA3.1+ vector,
and the fluorescent protein (either MT or eYFP, which together
form a FRET pair) was positioned at the C terminus of the RTK
constructs, attached via a flexible (GGS); linker to enable free
rotation (104). The one exception is the full-length EGEFR,
which is in the pSSX vector and has a GGS linker. The plasmids
encoding for ECTM EGFR, ECTM VEGFR2, ECTM FGFR],
ECTM FGFR2, ECTM FGFR3, EPHA2ASAM, full-length
EGEFR, and full-length EPHA2 have been described in detail in
previous studies (1, 77, 78, 81, 92, 105, 106). The plasmids
encoding for ECTM EPHA2, EGFRATail, VEGFR2ATail, and
LAT were cloned using Gibson assembly. In all four cases, the
receptor constructs were cloned into the pcDNA3.1+ vector
using the NEBuilder HiFi DNA assembly kit (New England
Biolabs, E5520S), and the primers were designed using the
online NEBuilder assembly tool. For ECTM EPHA2, the last
amino acid in the TM domain before the hydrophilic flexible
(GGS); linker was Ile-558; for EGFRATail, the last amino acid
was Leu-979; and for VEGFR2ATail, the last amino acid was
Asn-1162; numbering is based on the sequences for isoform 1
in UniProt.

Cell culture and transient transfection

HEK 293T cells were purchased from ATCC. The cells were
cultured in Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific, 31600034) supplemented with 3.5 g/liter glu-
cose, 1.5 g/liter sodium bicarbonate, and 10% fetal bovine se-
rum (Hylone, SH30070.03). The cells were maintained at 37 °C
with 5% CO, and passed every third day.

For the FRET experiments, HEK 293T cells were seeded at a
density of 2.0 X 10 cells/dish in collagen-coated, glass-bottom
Petri dishes (MatTek, P35GCOL-1.5-14-C). Approximately 24
h later, the cells were transfected with the desired plasmids
using Lipofectamine 3000 (Invitrogen, L3000008) according to
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the manufacturer’s protocol. Twelve hours after transfection,
cells were serum-starved by replacing the medium with fetal
bovine serum—free Dulbecco’s modified Eagle’s medium that
also lacked phenol red (MilliporeSigma, D2902) to ensure that
endogenous ligands were not present during imaging. To
remove all traces of phenol red, the imaging dishes were
washed twice with the phenol red—free medium. When using
the VEGFR2 plasmids, 10 nm sodium butyrate was added 6 h af-
ter transfection and after serum starvation to increase expres-
sion. In the case of ligand experiments, 0.1% (w/v) BSA was
added to the imaging dish during starvation to prevent ligands
from binding to the imaging dish.

FRET imaging and data analysis

FRET experiments were performed using the FSI method
described previously (1). The medium in the imaging dish was
replaced with hypoosmotic swelling medium (1:9 serum-free
media/distilled H,O, 25 mm HEPES), as this reversibly
“unwrinkled” the plasma membrane (107), enabling accurate
concentration measurements. If ligands—either 10 nm EGF
(Cell Signaling Technology, 8916SC) or 50 nm dimeric Ephrin-
Al Fc (R&D Systems, 602-A1-200)—were used, 0.1% (w/v)
BSA was added to the swelling medium, and then the ligands
were added. Each dish was imaged for no more than 2 h. Imag-
ing was done using a two-photon microscope equipped with
the OptiMiS True Line Spectral Imaging system (Aurora Spec-
tral Technologies, Shorewood, W1, USA) (108, 109). A Mai Tai
laser (Spectra-Physics, Santa Clara, CA, USA) was used to gen-
erate femtosecond mode-locked pulses, and two images were
acquired per cell: one at 840 nm to primarily excite the donor
and one at 960 nm to primarily excite the acceptor. Cells singly
transfected with a construct labeled with MT as well as cells
singly transfected with a construct labeled with eYFP were also
imaged to obtain the fluorescent spectra of the fluorophores.
Pixel-level fluorescent intensities were converted into 2D con-
centrations using purified MT and eYFP solutions (110) to cre-
ate calibration curves as described (1).

Cells were analyzed in MATLAB as described previously
(1, 42). For each cell, two 2-3-pm stretches of plasma mem-
brane were analyzed. The 2D concentration of the RTK la-
beled with the donor ([donor]), the 2D concentration of the
RTK labeled with the acceptor ([acceptor]), and the appa-
rent FRET efficiency (E,,,) were determined in each mem-
brane region. Proximity FRET (E,.ox) (111, 60) was cor-
rected for using the following,

Eapp - Eprox
1 — 2Eprox +2EappEprox

Eoligo = (Eq 31)

where Ejg is the FRET due to sequence-specific interac-
tions (61).
Furthermore,

[heterooligomer|E

Eoligo = (Eq 32)

[donor]

where [heterooligomer] is the concentration of either hetero-
dimers, heterotrimers, or heterotetramers and E is the intrinsic
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FRET, a structural parameter depending on the distance
between the two fluorophores and their orientation (112). By
combining this with the equations under “Heterointeraction
models,” a two-parameter fit for the heteroassociation con-
stant, Kpetero (€. Kxy, Kxyy), and E was performed using the
experimentally measured [donor], [acceptor], and E,,. Data fit-
ting was performed as described previously using MATLAB (1,
42). Statistical significance was determined using one-way analy-
sis of variance in PRISM.
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