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ABSTRACT

GTP-bound RAS interacts with its protein effectors in response to extracellular stimuli, leading to chemical inputs
for downstream pathways. Significant progress has been made in measuring these reversible protein-protein
interactions (PPIs) in various cell-free environments. Yet, acquiring high sensitivity in heterogeneous solutions
remains challenging. Here, using an intermolecular fluorescence resonance energy transfer (FRET) biosensing
approach, we develop a method to visualize and localize HRAS-CRAF interactions in living cells. We demonstrate
that the EGFR activation and the HRAS-CRAF complex formation can be concurrently probed in a single cell. This
biosensing strategy discriminates EGF-stimulated HRAS-CRAF interactions at the cell and organelle membranes.
In addition, we provide quantitative FRET measurements for assessing these transient PPIs in a cell-free envi-
ronment. Finally, we prove the utility of this approach by showing that an EGFR-binding compound is a potent
inhibitor of HRAS-CRAF interactions. The outcomes of this work form a fundamental basis for further explo-

rations of the spatiotemporal dynamics of various signaling networks.

1. Introduction

Mitogen-activated and extracellular signal-regulated protein kinase
(MEK/ERK) signaling is critical for cell growth, differentiation, and
proliferation [1]. RAS proteins are small monomeric guanosine tri-
phosphatases (GTPases) that participate in this pathway [2]. They
function as molecular switches between an active GTP-bound state and
an inactive GDP-bound state, mediating the transmission of external
signals to downstream effectors. Because mutations of upstream re-
ceptors, such as the epidermal growth factor receptor (EGFR) and RAS
proteins, are frequently encountered in numerous cancers, this signaling
network is a crucial therapeutic target [3,4]. For example, selective and
specific mutations in RAS proteins lead to subsequent constitutive
activation of the MEK/ERK signaling, a driver in oncogenesis [5-7].
EGFR signaling is initiated by binding the epidermal growth factor
(EGF) ligand to EGFR (Fig. 1), leading to receptor dimerization and
subsequent activation of intracellular signaling cascades. Once EGF in-
duces EGFR dimerization, autophosphorylation occurs, attracting Grb2/
SOS. This process stimulates HRAS on the cell membrane, and the
nucleotide exchange factor replaces GDP with GTP. Activated RAS
transmits the signal downstream via the RAF/MEK/ERK pathway into
the nucleus, leading to transcriptional regulation of target genes that

promote cell proliferation and survival. The proper membrane locali-
zation and interaction of RAS with its downstream effectors, including
RAF, are facilitated by farnesylation and palmitoylation. These two
processes employ lipid modifications that occur on the C-terminal
cysteine residue of RAS and play a central role in the proper localization
and stability of these proteins at the cell membrane. Therefore, farne-
sylation and palmitoylation are significant in initiating and propagating
the EGFR signaling pathway.

Among the three isoforms, HRAS has been studied as representative
of the specific structural fingerprint at the interface of RAS with its
regulatory proteins and effectors [5]. Activated RAS switchers associate
with their RAF protein effectors for further signaling transmission via
RAS/RAF/MEK/ERK [8-10]. There are three RAF isoforms, BRAF,
CRAF, and ARAF. CRAF is essential for the input transmission of HRAS-
activated signaling in mammalian cells [11]. Therefore, it is imperative
to develop tractable, versatile, and sensitive approaches that can be used
to probe, localize, and evaluate these transient protein-protein in-
teractions (PPIs) [12-14]. In addition, it is desirable to explore their
spatiotemporal dynamics and coordination with other events of a spe-
cific signaling pathway.

Quantifications of the kinetics and affinity of RAS-RAF interactions
were previously performed using various prevailing techniques for
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characterizing transient PPIs in homogeneous solutions, such as
isothermal calorimetry (ITC) [15], fluorescence microscopy [16], bio-
layer interferometry (BLI) [6], surface plasmon resonance (SPR) [17],
and fluorescence polarization (FP) spectroscopy [18]. Furthermore, a
bioluminescence resonance energy transfer (BRET)-based imaging
method has been developed to monitor binding preferences for RAS with
various RAF family members in living cells [19]. Detections of small
GTPase activity and RAS-effector interactions in living cells have also
been conducted using intramolecular fluorescence resonance energy
transfer (FRET) sensors [20,21]. The dynamic range is usually lower in
intramolecular FRET because the binding domains and the FRET pair are
fully interconnected. However, a significant advantage of intermolec-
ular FRET is that its dynamic range is significantly broader [22,23]. In
intermolecular FRET, the donor and acceptor fluorophores are attached
to two separate interacting proteins [24-26]. In general, the cyan (CFP) -
yellow (YFP) fluorescent protein pair is the most routinely utilized
couple of protein fluorophores for in vitro and in vivo FRET assays
[27-29], including those for reversible PPIs [30]. mVenus is a mono-
meric yellow fluorescent protein (mYFP) with high photostability and
brightness [31,32]. Furthermore, mScarlet-I is the least phototoxic flu-
orophore in HeLa cells. It is also the brightest fluorophore among all
monomeric red fluorescent proteins (mRFPs) [33].

Here, we propose acceptor-photobleaching (abFRET) and sensitized-
emission (seFRET) FRET approaches to detect and quantify HRAS-CRAF
interactions at high spatiotemporal resolution using a yellow-red pair.
To enhance our understanding of HRAS-CRAF dynamics in living cells,
we have generated different variants of HRAS and CRAF. We then
extensively characterized their interactions in living cells and a cell-free
environment. In addition, we demonstrated that this yellow-red fluo-
rescent protein pair is highly compatible with a cyan fluorescent protein,
thereby achieving spatiotemporal dissection of targeted activity under
dynamic control of cellular functions. Using the HRAS- and CRAF-
labeled proteins, along with an engineered EGFR biosensor, we
spatially identified specific activity profiles of EGFR and subsequent
HRAS-CRAF interactions in a single cell. This development proved the
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utility of our approach for the real-time monitoring of the EGFR
signaling pathway at the cellular and sub-cellular levels.

2. Results and discussion
2.1. Development and characterization of a yellow-red pair

To evaluate this pair of fluorophores, we created pmScarlet-I-PEP-
mVenus and pmScarlet-I-T2A-mVenus fusion proteins as positive- and
negative-FRET controls, respectively (Materials and Methods). These
constructs include two short peptides, PEP and T2A, whose sequences
are SGSGLRSSDPPVAT and EGRGSLLTCGDVEENPGP (Supplementary
Fig. S1, Fig. S2a, Table S1), respectively [34]. T2A has a self-cleaving
peptide sequence that enables the expression of multiple proteins from
a single mRNA transcript. This peptide sequence functions by inducing a
“ribosomal skip” event during the translation, in which the ribosome
pauses and resumes the translation downstream of the T2A sequence.
This process releases the nascent polypeptide chain containing the up-
stream protein of interest while the downstream protein is simulta-
neously synthesized. Following the expression of positive and negative
FRET controls, lysates of HeLa cells were subjected to an immunoblot
analysis, which confirmed their molecular weight (Supplementary
Fig. S2b). The transfected cells were then characterized by lambda-
scanning mode (Materials and Methods). Fluorescence images and
emission spectrum were recorded by exciting the sample with the donor
excitation for both positive and negative FRET controls. We observed the
acceptor emission peak at the RFP channel in positive FRET control-
expressing cells by the excitation of the donor (Supplementary
Fig. S2c¢). This finding confirms the seFRET signal of the mVenus -
mScarlet-I pair. However, very low emission of mScarlet-I was noted in
the negative FRET control-expressing cells (Supplementary Fig. S2d).
The immunoblot analysis confirmed the expression and size of mVenus,
mVenus-HRAS, mVenus-HRAS-DN, RBD-mScarlet-I, mScarlet-I, and
CRAF-mScarlet-I (Supplementary Fig. S3a). Here, RBD is the RAS-
binding domain of CRAF [35], which mainly interacts with HRAS

Fig. 1. MEK-ERK signaling pathway involving
HRAS-CRAF interactions. Signal propagation
through HRAS compartmentalizes signal trans-
duction both at the cell surface and through dif-
ferential interactions with endomembranes.
Epidermal growth factor (EGF)-induced dimeriza-
tion of epidermal growth factor receptor (EGFR)
activates HRAS on the cell membrane by attracting
Grb2/SOS and transmitting the signal via HRAS/
CRAF/MEK/ERK. The signal flows by these com-
ponents into the nucleus, which leads to the cell
proliferation in response to external stimuli. In
addition, Src is also recruited to activated EGFRs at
the cell membrane. The activation of Src amplifies
the intracellular calcium, leading to the activation
of GRP1 protein. Then, GRP1 translocates to Golgi,
stimulating HRAS.
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[36]. HRAS-DN, an S17N HRAS mutant, is a dominant-negative HRAS
variant exhibiting weak interactions with CRAF [16]. Upon expressing
mVenus-HRAS in HeLa cells, we observed that HRAS was localized at the
cell membrane and membranes of Golgi and endoplasmic reticulum (ER)
(Supplementary Fig. S3b; Movie Sla), similar to the endogenous HRAS
[37]. We found that the distributions of HRAS at the cell and Golgi
membranes were more heterogeneous than at the ER endomembrane
(Supplementary Fig. S3c). Next, we validated the organelle localization
of HRAS using Golgi and ER markers. Co-expression analysis showed a
significant signal overlap between mVenus-HRAS and mScarlet-I-giantin
(Golgi) as well as between mVenus-HRAS and mScarlet-I-KDEL (ER)
(Supplementary Fig. S4a-b). Giantin is a widely expressed Golgi-
conserved membrane protein frequently used as a biomarker for Golgi
visualization [38]. Biochemical evidence suggests giantin's role in
tethering endosomes in intracellular signaling [39]. CRAF was localized
into the cytosol of HeLa cells (Supplementary Fig. S4c1). In addition to
RBD, the cysteine-rich domain (CRD) of CRAF (RBDCRD) also shows
interactions with HRAS [36]. However, the interaction pattern of this
domain was not characterized in living cells. The RBD and RBDCRD do
not have cytosol-specific localization, so they diffused into the nucleus
(Supplementary Fig. S4c2-c3). Hence, we genetically fused a nuclear
export signal (NES) peptide to RBD. The NES was an extension to the C-
terminus of mScarlet-I to avoid any interference with HRAS-RBD in-
teractions. Therefore, we localized the RBD-mScarlet-I NES within the
cytosol (Supplementary Fig. S4c4; Supplementary Movie S1b).

2.2. Probing HRAS-CRAF interactions in living cells using seFRET

For most FRET pairs, the spectral overlap necessitated for the FRET
output is also a cause of FRET signal contamination. On the one hand,
the acceptor is directly excited by the donor excitation, also named the
acceptor spectral bleed-through (ASBT). On the other hand, some donor
emission overlaps with the acceptor emission, also called the donor
spectral bleed-through (DSBT). We experimentally determined these
factors by examining HeLa cells expressing either the donor or the
acceptor (Materials and Methods; Supplementary Fig. S5, Table S2). The
NFRET is the normalized seFRET, which was obtained by subtracting
ASBT and DSBT from the raw FRET signal. HeLa cells were transfected
with positive- and negative-FRET control plasmids and subjected to
imaging in living cells. Initially, three groups of cells were selected,
expressing different concentrations of FRET pairs, and NFRET values
were calculated (Materials and Methods; Supplementary Fig. S6).
NFRET values did not change if the ratio of donor emission to acceptor
emission was maintained. Next, NFRET values of positive FRET control-
expressing cells showed a high FRET efficiency (Fig. 2a), likely due to
the proximity of the donor to the acceptor. In contrast, negative FRET
control-expressing cells did not exhibit any significant NFRET signal
(Fig. 2b). We then interrogated HRAS-CRAF interactions in the presence
of EGF, which stimulates the MEK/ERK pathway [40]. The seFRET
analysis of the co-expressed mVenus-HRAS-DN and RBD-mScarlet-I
confirmed weak interactions (Fig. 2c). The Q61L mutation of HRAS,
also named HRAS-CA, produces constitutive activity of this GTPase
[5,41,42]. HRAS-CA is associated with several types of cancer [43].
Images of HeLa cells co-expressing mVenus-HRAS-CA + RBD-mScarlet-
[_NES were recorded and analyzed at various channels (Supplementary
Fig. S7a). In this case, we noted high NFRET values, suggesting a robust
interaction between HRAS-CA and RBD as compared to that between
HRAS-DN and RBD (Supplementary Fig. S7b). Therefore, these HRAS
mutations have contrasting effects on the interaction strength with RBD.
In addition, images of HeLa cells co-expressing mVenus-HRAS +
RBDCRD-mScarlet-I and mVenus-HRAS + CRAF-mScarlet-I were
analyzed (Supplementary Fig. S8). High NFRET values were observed
between mVenus-HRAS and RBD-mScarlet-I (Fig. 2d), which diffused
across the cell. Remarkably, Fig. 2e shows that co-expression of mVenus-
HRAS with RBD-Scarlet-I_NES results in a further increase in NFRET.
NFRET values for positive- and negative-FRET controls and all
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interacting pairs are shown in Fig. 2fg. To check the effect of the varying
acceptor and donor levels on FRET, the NFRET values were calculated
and plotted against the acceptor-to-donor (A:D) ratio. NFRET was
amplified by increasing the A:D ratio and saturated at high acceptor
concentrations (Fig. 2h).

2.3. HRAS and CRAF association at the endomembranes

To validate our intermolecular FRET sensing approach, we examined
HRAS-CRAF interactions at the endomembranes [44,45]. It is difficult to
simultaneously observe HRAS at the cell and organelle membranes
without any loss in the fluorescence signal. To overcome this challenge,
we captured the z-stacks of HeLa cells expressing either mVenus-HRAS
or mVenus-HRAS-DN and RBD-mScarlet-I NES to get a better visuali-
zation of organelles (Movie S2). We found that the EGF-activated HRAS
activity was most prominent at the cell membrane, moderate at the
Golgi membrane, and modest at the ER membrane (Supplementary
Fig. S9ab). To examine whether giantin is directly involved in the
interaction with HRAS, we co-transfected the HeLa cells with pmVenus-
HRAS and pmScarlet-I-giantin and analyzed the cells by seFRET. We
noted the localization of HRAS and giantin at the Golgi body, as shown
in the merge channel (Supplementary Fig. S9c). No significant HRAS-
giantin interaction was observed at the Golgi membrane (Supplemen-
tary Fig. S9d).

2.4. Time-dependent HRAS-CRAF association in living cells

Next, time-lapsed FRET imaging was conducted. Initially, a basal
FRET level was detected in the absence of EGF, and we observed a
modest change in NFRET in HRAS-DN expressing HeLa cells even after
the addition of EGF (Fig. 3ab, Movie S3a). In contrast, the HRAS showed
a strong FRET signal in the presence of EGF (Fig. 3cd, Movie S3b). A
detectable basal FRET level in the absence of EGF suggests the existence
of pre-formed complexes brought about by sporadic interactions be-
tween a small fraction of HRAS and RBD molecules. Hence, this finding
highlights the preexisting junctions between HRAS and CRAF, where a
weak interaction occurs without the EGF inducer. To assess the photo-
stability of mVenus and mScarlet-I, we conducted experiments where
cells expressing these fluorophores were exposed to either a time-lapsed
or continual illumination setting using the same laser intensity. First,
cells were exposed to a 595 s-long time-lapsed illumination. In this case,
we observed either a minor decrease of ~13 % in the intensity of
mVenus (Supplementary Fig. 10a) or a slight reduction of ~9 % in the
intensity of mScarlet-I (Supplementary Fig. 10b). These results indicate
that both fluorophores are photostable at a time-lapsed illumination and
can be used for long-term imaging without losing significant brightness.
Second, cells were exposed to a 720-s-long continual illumination. We
noted a drastic decline in the fluorescence intensity of mVenus (Sup-
plementary Fig. S11a) and mScarlet-I (Supplementary Fig. S11b). This
finding suggests that prolonged continual exposure to high-intensity
light leads to a significant loss in the fluorescence intensity of these
fluorophores.

2.5. Comparative analysis of HRAS-CRAF interactions using acceptor-
photobleaching FRET

The conceptual formulation of abFRET is illustrated in Supplemen-
tary Fig. S12a. A typical bleaching pattern was used to bleach the
acceptor (Movie S4). When the acceptor-specific high-intensity excita-
tion light was turned on, the acceptor emission intensity decreased in a
time-dependent manner (Supplementary Fig. S12b). Initially, the
acceptor bleaching was performed for positive and negative FRET
control-expressing cells, and images of pre- and post-bleached HeLa cells
were obtained (Supplementary Fig. S13ab). Adding EGF activates EGFR
and subsequent HRAS-CRAF interactions [46-48]. Images of pre- and
post-bleached HelLa cells in the presence of 50 ng/ml EGF were acquired
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Fig. 2. Sensitized-emission FRET (seFRET) analysis for HRAS-CRAF interaction. Images of the three detection channels (donor, raw FRET, and acceptor) are shown,
and the corrected NFRET image after the subtraction of spectral bleed-through [54]. (a) seFRET microscopy images of a positive FRET control. (b) seFRET microscopy
images of a negative FRET control. (¢) mVenus-HRAS-DN in combination with RBD-mScarlet-I. (d) mVenus-HRAS in combination with RBD-mScarlet-I. (¢) mVenus-
HRAS in combination with RBD-mScarlet-I_NES. (f) NFRET values for the negative- and positive-FRET controls. The numbers of cells, n, were 28, 23, respectively. (g)
NFRET values for various binding partners (min 0 to max 0.5). From the left to right, the number of cells, n, were 25, 36, 16, 27, 31, respectively. (h) NFRET values
for various acceptor to donor ratios of the mVenus-HRAS + RBD-mScarlet-I NES pair. Error bars represents the standard deviation. Data are obtained using n = 19
cells from three independent transfections. Experiments pertinent to (c), (d), (e), (g), and (h) were obtained in the presence of 50 ng/ml EGF. Data in (f), (g), and (h)
show mean + s.d. from three independent transfections. In this study, the reported NFRET values are specifically recorded for the plasma membrane. The horizontal
scale bar is 10 pm.

for co-expressed mVenus-HRAS + CRAF-mScarlet-I, mVenus-HRAS + (Supplementary Fig. S13c-e and Fig. S14). We found that the donor
RBD-mScarlet-I, mVenus-HRAS + RBD-mScarlet-I NES, mVenus-HRAS- emission intensity increased in positive FRET control-expressing cells
DN -+ RBD-mScarlet-I NES, and mVenus-HRAS+RBDCRD-mScarlet-I after acceptor photobleaching (Supplementary Fig. S15a).
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However, there was no detectable change in the donor intensity in
negative FRET control-expressing cells (Supplementary Fig. S15b).
mVenus-HRAS-DN and RBD-mScarlet-I co-expressing cells showed no
significant difference in the post-bleaching donor intensity (Supple-
mentary Fig. S15c¢). Compared with the negative FRET control, HRAS
and CRAF, as well as HRAS and truncated CRAF variants, showed an
increase in the post-bleaching donor emission intensity (Supplementary
Fig. S16). A high FRET efficiency (36 %) was observed in the positive
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Fig. 3. Time-lapsed FRET recording in HeLa cells. (a)
Real-time NFRET images of HeLa cells expressing
mVenus-HRAS-DN and RBD-mScarlet-I at various time
points in the presence of 50 ng/ml EGF. (b) Time
dependence of NFRET values were recorded under the
same experimental conditions as in (a) for 10 min. Data
are obtained using n = 7 cells from three independent
transfections. (c¢) NFRET images of mVenus-HRAS and
RBD-mScarlet-I NES expressing HeLa cells at various time
points. Alterations in the FRET signal at the membrane
were clearly noted. (d) Time dependence of NFRET values
were recorded under the same experimental conditions as
in (c) for 10 min. In this case, the NFRET signal increased
until ~8 min, then it became saturated. Data are obtained
using n = 9 cells from three independent transfections.
The edges of the cells were selected as region of interest.
NFRET varies between 0 and 0.5. In this study, the re-
ported NFRET values are specifically recorded for the
plasma membrane. The horizontal scale bar is 10 pm.

control because of the proximity of fluorophores, as compared to the
negative control (5 %) (Supplementary Fig. S17a). Again, we found a
high FRET efficiency in HeLa cells expressing truncated CRAF variants
compared to the wild-type protein (Supplementary Fig. S17b). Among
many formulations of FRET approaches [22], abFRET is a relatively
more straightforward but underutilized qualitative method [24],
necessitating fewer controls than seFRET [49]. However, to determine
energy transfer efficiency, only the donor is considered, making it a less
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Fig. 4. In vitro FRET assay for the
determination of the equilibrium disso-
ciation constants, Kp. (a) mVenus-

HRAS-GTP

Ko=1.2%0.1 uM

HRAS-GDP was titrated against various
concentrations of RBD-mScarlet-I_NES.
(b) mVenus-HRAS-GTP was titrated
against various concentrations of RBD-
mScarlet-I NES. (¢) mVenus-HRAS-GTP
that was titrated against various con-
centrations of CRAF-mScarlet-I. (d)
mVenus-HRAS-GTP was titrated against
various concentrations of either RBD-
mScarlet-I or RBDCRD-mScarlet-I. Dose
responses were recorded at the donor,
FRET, and acceptor channels. Finally,
NFRET values were extracted and
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sensitive approach. In contrast, seFRET is a significantly more complex
method because numerous instrumentation and post-image processing
details must be considered. For example, seFRET suffers from photo-
physical contaminations at donor and acceptor channels. Yet, seFRET is
less prone to the photodamage of fluorophores than abFRET, so it is a
practical alternative for long-term imaging in living cells. Therefore,
seFRET also enables repetitive FRET data acquisition, which is
unachievable with abFRET. Notably, this method has the advantage of
much faster rates of imaging acquisition than abFRET [50]. Hence,
seFRET is more sensitive and can provide a continual time-dependent
readout of energy transfer [51].

2.6. Quantitative determination of HRAS-CRAF interactions in a cell-free
environment

We next measured the binding affinity between purified mVenus-
HRAS and CRAF-mScarlet-I or its truncated versions using seFRET.
These affinity determinations were conducted in the presence of either
GDP or non-hydrolyzable GTP analog (Gpp(NH)p). We found weak in-
teractions of RBD with GDP-bound HRAS compared to RBD with GTP-
bound HRAS (Fig. 4ab). GTP-complexed HRAS binds with RBD-
mScarlet-I NES with high affinity, at least 10-fold higher than GDP-
complexed HRAS with RBD-mScarlet-I NES. CRAF has a lower binding
affinity with HRAS than RBD (Fig. 4bc). Instead, RBDCRD has a slightly
higher affinity over RBD (Fig. 4d). Notably, these binding affinities agree
well with previously determined values using other existing methods
(Table 1).

RBD or RBDCRD-mScarlet-I (M)

Table 1
Comparison of equilibrium dissociation constants, Kp, using other approaches in
cell-free homogeneous solutions.

Methods Protein pairs Kp (pM) References
Single-molecule fluorescence HRAS-RBD 0.35 [16]
microscopy” HRAS-CRAF 3.6
HRAS-DN- ~1300
CRAF
BLI” KRAS-CRAF 0.41 [61
BLI KRAS-CRAF ~1 [7]
ITc! HRAS-RBD 0.45 [571
Intermolecular seFRET® HRAS-RBD 1.0+ This work.
HRAS-CRAF 0.1
7.1+
0.2

@ The reaction buffer was 10 mM HEPES, 10 mM MgCl,, and 0.01 % Triton X-
100, pH 7.5.

b The reaction buffer was 20 mM HEPES, 50 mM NacCl, 20 mM MgCl,, 1 mM
DTT, 1 % v/v glycerol, pH 7.5.

¢ In these experiments, the BLI running buffer was 20 mM HEPES, 100 mM
NaCl, 5 mM MgCl,, 2 mM TCEP, 0.01 % BSA, and 0.005 % Tween-20.

4 HRAS was used in its GTP-bound form. These experiments were conducted
in 50 mM Tris-HCl, pH 7.4, 5 mM MgCl,, 100 mM NaCl.

¢ This work. These FRET measurements were performed using a running
buffer containing 20 mM Tris-HCl, 150 mM NacCl, 10 mM MgCl,, 1 mM TCEP,
pH 8. Data are reported as mean + s.e.m.
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2.7. Multiplexed imaging of the EGFR activation and HRAS-CRAF
interaction in living cells

In contrast to HeLa cells, A-549 cells have a large cytoplasmic vol-
ume that can be advantageously utilized to visualize the dynamics of
EGFR internalization and endocytic vesicle formation [52]. Multiplexed
imaging enables simultaneous observations of two or more activities in
living cells. Therefore, we asked whether we could concurrently pursue
the real-time imaging of the EGFR activation and HRAS-CRAF in-
teractions. We developed the SH2 domain (Grb2)-based biosensor to
visualize and characterize the EGFR activation. A-549 cells were trans-
fected with pmTurquoise2-SH2 and allowed to express for two days. In
these experiments, we decided to use RBD instead of CRAF because of a
relatively stronger interaction with HRAS (Table 1). Initially, the

0 min
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successful expressions of mTurquoise2-SH2, mVenus-HRAS, and RBD-
mScarlet-I_ NES were tested, and confocal images were acquired at the
CFP, YFP, and RFP channels, respectively (Supplementary Fig. S18). To
examine the EGFR activation and subsequent HRAS-RBD association, A-
549 cells were EGF-activated (Fig. 5a-d). We visualized the cyan fluo-
rescence at the edge of A-549 cells after EGF-induced activation because
of the relocation of mTurquoise2-SH2 and binding to EGFR [52]
(Fig. 5a). The mTurquoise2-SH2 signal was observed at the A-549
membrane about 1 min after EGF was added to the well. This initial
observation confirmed the rapid EGF-induced activation and relocation
of mTurquoise2-SH2 to the plasma membrane [53]. The HRAS-RBD
interaction was noted about 2 min after EGF was added to the well, as
evidenced by the NFRET panel (Fig. 5d). Next, we evaluated the HRAS-
RBD interaction by recording the NFRET values within the same cell.

2 min 3 min

4 min

-o- EGF % No EGF

Time (min)

0.3
AG-1478
1_
= 0.2
L
14
LL EGF
Z 0.1 l
|
0.0 1 Ll l
0 5 10 15
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Fig. 5. Multiplexed imaging of the EGFR activation and HRAS-RBD interactions in living A-549 cells. In these experiments, we decided to use RBD instead of CRAF
because of a relatively stronger interaction with HRAS (Table 1). Detection of the EGFR activation was performed in the presence of 50 ng/ml EGF. Activation of the
receptor was checked by recording the images at the CFP channel. Increased cyan fluorescence was observed at the cell membrane as a function of time. HRAS-RBD
interactions were detected by acquiring time-dependent FRET images. (a) mTurquoiuse2-SH2 at the CFP channel. (b) mVenus-HRAS at the YFP channel. (c) RBD-
mScralet-I_NES at the RFP channel. (d) NFRET imaging. In (a) and (d), arrows indicate hot spots of the EGFR activation and HRAS-RBD interactions, respectively. In
panels (a), (b), (c), and (d), the horizontal scale bar is 10 pm. (e) The NFRET values after the EGF-induced stimulation (n = 23). (f) Assessing the reversal of the EGF-
induced stimulation. First, the EGF-induced saturation of the NFRET values was reached. Then, 250 nM AG-1478 was added to the cells after the 6-minute-long EGF
incubation, and changes in the NFRET values were tracked for the following 10 min (n = 7). In this study, the reported NFRET values are specifically recorded for the
plasma membrane. Each data point shows mean + s.d., which were obtained from three independent replicates.
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NFRET values, which were calculated according to Xia and Liu (2001)
[54], increased with time and became saturated after 5 min (Fig. Se).
The fast relocation of mTurquoise2-SH2 to the plasma membrane and
the rapid kinetic response of the HRAS-RBD interaction emphasize the
timescale and correlation of these two processes in signal transduction.
They also prove the power and utility of our biosensor for further ex-
plorations of molecular mechanisms beyond the context of EGFR
signaling.

To validate that the EGF-induced association of HRAS and RBD was
dependent on EGFR activation, we added AG-1478 after 6 minute-long
EGF stimulation, which resulted in a gradual decrease in the NFRET
signal (Supplementary Fig. 5f). AG-1478, an EGFR antagonist, functions
by its binding to the ATP-binding site of the EGFR tyrosine kinase
domain, preventing the receptor from autophosphorylation and trig-
gering downstream signaling pathways that promote cell proliferation
and survival. The signal was almost 90 % reversed after 9 min of AG-
1478 treatment, indicating that the EGF-induced association of HRAS-
RBD can be slowly reversed by inhibiting the kinase activity of EGFR.
These findings suggest that this EGFR-specific inhibitor has the potential
to reverse the EGF-induced stimulation of cellular signaling pathways.
In a complementary experiment, we pre-incubated A-549 cells for 10
min with AG-1478. Cells were then treated with EGF, and NFRET values
were recorded. Despite the EGF treatment, we found that the subsequent
HRAS-RBD interaction was significantly blocked (Supplementary
Fig. S19). This data demonstrates that the EGF-induced HRAS-RBD as-
sociation was due to EGFR activation and suggests that AG-1478 may be
a promising therapeutic compound for disrupting the HRAS-RBD
interaction.

Confocal imaging of the biosensor-expressing A-549 cells showed the
presence of mTurquoise2-SH2 throughout the cells (Supplementary
Fig. S20a). No vesicle was observed in unstimulated A-549 cells (Sup-
plementary Fig. S20b). Cells were treated with 50 ng/ml EGF, and im-
ages were acquired every 10 min. Following EGF-based stimulation, the
SH2 domain of the Grb2 protein binds to the phosphorylated adaptor
site at the cytosolic portion of EGFR [55]. We observed the formation of
endocytic vesicles about 30 min after EGFR activation, which is in
accord with a previously reported study (Supplementary Fig. S21) [55].
Then, the number of vesicles in A-549 cells increased with time. In this
study, we selected the cells that were not saturated with the fluorescence
signal (Fig. 5a and Supplementary Fig. S18, Figs. S$20-S21). The NFRET
value for A-549 cells was notably lower than that for HeLa cells (Fig. 2g,
Fig. 3d, and Fig. 5e), despite similar expressing constructs in both cell
lines. The exact reason for this discrepancy has yet to be made clear. One
possible explanation is related to the expression of mTurquoise2-SH2 in
A-549 cells, which may have a reversal effect on EGFR-driven signaling
by sequestering phosphorylated tyrosine residues (pTyr) of EGFR and
preventing the SOS recruitment (Fig. 1).

2.8. Concluding remarks

This paper describes a yellow-red pair-based intermolecular FRET
method for examining HRAS-CRAF interactions in living cells and the
EGFR activation through multiplexed imaging. This approach is moti-
vated by the pressing need for novel approaches to reveal the spatio-
temporal coordination of cell signaling pathways. Our method utilizes
genetically encoded fluorophores with low cytotoxicity, expanded op-
tical stability, and amplified brightness. Orthogonal affinity de-
terminations validate these measurements in a cell-free environment.
These confirmatory steps involve the same FRET pair and HRAS-CRAF
interactors under GTP-activated and GDP-inactivated conditions.
Finally, we measure the effect of the inhibitor on the HRAS-CRAF
interaction under EGF-activated conditions. Hence, this strategy might
be applied to validate the disruption of transient PPIs using critical
antagonist reagents.
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3. Materials and methods
3.1. Plasmids and generation of expression clones

The cDNA of HRAS was cloned in the pmVenus-C1 vector (Addgene
#27794, Watertown, MA) at BglIl and HindIII sites. A point mutation was
introduced by Q5 site-directed mutagenesis kit (New England BioLabs,
Ipswich, MA) in the HRAS to produce S17N HRAS [16], a dominant
negative (DN) variant of HRAS, also named HRAS-DN. The HRAS in
pmVenus-HRAS was replaced with HRAS-Q61L (HRAS-CA) at BglII and
HindIII sites. The CRAF and its truncated variants, such as the RAS
binding domain (RBD, residues 51-131) and RBD with cysteine-rich
domain (RBDCRD, residues 51-184), were cloned in pLifeAct-
mScarlet-I-N1 (Addgene #85054) at Nhel and BamHI sites, in which
LifeAct was replaced by our targeted gene. The nuclear-export sequence
[NES, SELQNKLEELDLDSYK] [34] was genetically attached at the C
terminus of the fluorophore to generate the cytosol-targeted variant of
RBD-mScarlet-I. pmScarlet-I-PEP-mVenus and pmScarlet-I-T2A-mVenus
were used as positive- and negative-FRET controls, respectively (Sup-
plementary Fig. S22). Here, the sequences of PEP and T2A were
SGSGLRSSDPPVAT and EGRGSLLTCGDVEENPGP, respectively [34].
pmScarlet-I-Giantin (Addgene #85048) and pmScarlet-I-KDEL (Addg-
ene #137805) plasmids were used to visualize and identify the Golgi
and ER in HelLa cells. The SH2 domain of Grb2 protein was cloned at the
C terminus of pmTurquoise2 (Addgene #54842). A list of primers was
used to amplify the cDNAs of the proteins mentioned above (Supple-
mentary Table S3). All mutagenesis work was validated by DNA
sequencing (Genscript, Piscataway, NJ, USA). Schematic representa-
tions of all the constructs and FRET reporters used in this study are
provided in Supplementary Fig. S1 and Table S1. pmVenus-C1 was a gift
from Steven Vogel (Addgene plasmid #27794). pLifeAct_mScarlet N1,
pmScarlet-I_Giantin, pmScarlet-I KDEL, and pmTurquoise2-C1 were
provided by Dorus Gadella. The corresponding Addgene plasmids are
#85054, #85048, #137805, and #54842, respectively.

3.2. Cell culture and transfection

HeLa and A-549 cells were seeded on collagen-coated or non-coated
six-well plates (Cellvis, Mountain View, CA) at a density of ~3 x 10°
cells per well and maintained in 5 % CO2 and 70 % relative humidity at
37 °C. A-549 cells were cultured in Dulbecco's modified eagle medium
(DMEM-F12; ThermoFisher Scientific, Carlsbad, CA). A PCR test was
used to detect mycoplasma contamination in cultures. HeLa and A-549
cells were transfected in serum-free DMEM using Fugene-HD (Promega,
Madison, WI) and Lipofectamine 3000 (Invitrogen by ThermoFischer
Scientific), respectively. The transfection mixture was prepared in Opti-
MEM (ThermoFisher Scientific) with a transfection reagent and a
plasmid DNA (1:1 ratio of donor and acceptor plasmids for co-
transfection). A plasmid concentration in the range of 500-800 ng/
well was used to obtain low expressors only so that the recombinant
expression level was comparable to endogenous GTPase. The trans-
fection mixture was incubated for 15-20 min at room temperature and
then mixed with the cells. After 5-6 h, the transfection mixture was
replaced by complete media and allowed to express the recombinant
proteins. 24 h of post-transfection, the medium was replaced by DMEM
for 12 h for serum starvation. Cells were washed with Dulbecco phos-
phate buffer saline (DPBS) and then replaced by imaging media (DMEM
with 25 mM HEPES and no phenol red (ThermoFischer Scientific) before
the imaging of living cells.

3.3. Live-cell imaging

The live-cell imaging was performed using a Leica SP8 confocal
microscope (Leica Microsystems, Wetzlar, Germany) equipped with a
white-light laser and plan apochromat objectives (63X and 100X, 1.4
NA, Leica) and controlled by LASX software (Leica). For the imaging,
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living cells were maintained in an incubation chamber (Okolab USA
Inc., Ambridge, PA) throughout the experiments in 5 % COg at 37 °C.
Initially, the imaging was performed to check the distribution of HRAS
and CRAF fusion proteins, as well as single fluorescent proteins in HeLa
cells. Excitation lines for mTurquoise2, mVenus, and mScarlet-I were
405, 514, and 569 nm, respectively. Spectral emissions for mTur-
quoise2, mVenus, and mScarlet-I were collected at 460-500 nm,
520-570 nm, and 585-670 nm, respectively. To prevent bystander FRET
[56], a low-concentration of the plasmid was used. This was confirmed
by fluorescence measurements of mVenus using a negative-FRET control
experiment. The cells were imaged 40-48 h post-transfection. To
generate the varying ratio of donor and acceptor, different amounts of
the donor and acceptor plasmids were used in separate wells at the time
of transfection. Living cells were first tested for positive- and negative-
FRET controls (Supplementary Fig. S22). Cells were transfected sepa-
rately with the acceptor and donor-only plasmids to measure the direct
excitation of the acceptor at the donor excitation and the emission of the
donor into the FRET channel, respectively. Cells were transfected with
pmScarlet-I-PEP-mVenus and pmScarlet-I-T2A-mVenus. 24 h post-
transfection, the cells were imaged in the lambda-scanning mode of
the microscope. Positive- and negative-FRET controls expressed in HeLa
cells were excited by 510 nm, and the emission was recorded at
520-650 nm with a step-size of 3 nm for both samples. To check the
photostability of mVenus and mScarlet-I, HeLa cells were transfected
with pmVenus and pmScarlet-I, and imaging was performed under time-
lapsed and continuous illumination at a 2 % laser intensity. The exci-
tation and emission lines were set up as indicated above.

3.4. Sensitized-emission FRET microscopy (seFRET) for determining
HRAS-CRAF interactions

HelLa cells were transfected with the donor only, the acceptor only,
and the donor plus acceptor fluorophores containing plasmids. They
were stimulated by applying 50 ng/ml EGF. The seFRET imaging was
conducted at 63x magnification with 50 % neutral density filters. As
mentioned earlier, the cells were illuminated with a specific laser, and
the emission was captured on a cooled charge-coupled device (CCD)
camera. The emission was collected using HyD detectors for mVenus, a
yellow fluorescent protein (YFP; 500 ms excitation), mScarlet-I, a red
fluorescent protein (RFP; 500 ms), and seFRET (sensitized RFP emission;
514 nm excitation filter, 500 ms, 585-670 nm spectral emission filter).
The donor bleed-through and acceptor crosstalk were corrected by the
donor-only and the acceptor-only expressing cells. The normalized
sensitized-emission FRET (NFRET) efficiency effectively compares the
FRET-positive and FRET-negative samples, providing more tractable
FRET measurements with a reduced standard error (<5 %). A pseudo
color was given to every image, and the background was subtracted.
NFRET was calculated according to Xia and Liu (2001) [54]:

IFRET — aImScarlel—I - ﬁImVenus (1)

Y ImScarlel—IImVenus

Here, I;mscarlet1 iS the intensity of the acceptor, and I yenys denotes the
intensity of the donor. Ipggr is the FRET intensity. a indicates the
acceptor spectral bleed-through. g is the donor spectral bleed-through.
NFRET is based on the measurement of three distinct combinations of
excitation wavelengths and spectral emission filters: (i) a donor-
detection channel combining a donor-specific excitation with a donor-
specific emission filter, (ii) a raw FRET channel employing a donor-
specific excitation and an acceptor-specific emission filter, and (iii) an
acceptor channel using an acceptor-specific excitation and an acceptor-
specific emission filter. For the organelle visualization, z-stacks were
captured with a 5.4 pm-thick slice. Each section was 0.415 pm, which
started at —12.35 pm and ended at —17.75 pm.

NFRET =
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3.5. Affinity measurements in a cell-free environment

29,39-O-N methyl anthraniloyl-GppNHp (Gpp(NH)p), a non-
hydrolyzable GTP, and GDP were added to purified mVenus-HRAS
and mVenus-HRAS-DN. Samples were incubated in the presence of 15
mM ethylene diamine tetra acetic acid (EDTA) for 30 min at 37 °C,
followed by adding 10 mM MgCl, to the reaction. The excess Gpp(NH)p
and GDP were removed with a desalting column. Various concentrations
of the purified CRAF-mScarlet-1, or its truncated versions, were mixed
and incubated at room temperature for 30 min. FRET emissions were
measured using a Spectramax i3 multimodal automated plate reader
(Molecular Devices, San Jose, CA). This instrument was equipped with
monochromators that allow the individual optimization of wavelengths
for the excitation and emission using photomultiplier tubes (PMT). Ex-
citations of mVenus and mScarlet-I were performed at 500 and 570 nm,
respectively. The FRET emission was read at 595 nm. NFRET values
were determined using the acceptor crosstalk and donor bleed-through
contributions. The FRET signal between mVenus and mScarlet-I was
quantified with a sensitized emission of the acceptor. A graph was
plotted between the NFRET value and the ligand concentration. The
dissociation constant, Kp, was calculated using the following equation:

FRET,.« [L] + NS[L] + B[L]
Kp + [L]

NFRET = (2)
A single-site binding model determined Kp values by fitting the
steady-state response against the acceptor concentration. Here, NFRET
and FRETmax are the normalized seFRET signal and the maximum FRET
value at saturation, respectively. [L], NS, and B, denote the ligand con-
centration, the FRET signal due to non-specific binding, and the FRET
signal due to non-specific binding without the acceptor, respectively.

3.6. Multiplexed imaging of the EGFR activity and HRAS-CRAF
interactions

To visualize the EGFR activity in living cells, we selected A-549 lung
cancer cells, which provide an opportunity to monitor vesicle formation
post-EGF stimulation. We constructed a biosensor using the SH2 domain
of Grby protein genetically fused at the C terminus of mTurquoise2,
generating mTurquoise2-SH2. A-549 cells were seeded in a six-well glass
bottom plate and grown in advanced DMEM-F12 supplemented with 10
% fetal bovine serum (FBS; ThermoFisher Scientific) and 1 % penicillin-
streptomycin in 5 % CO; at 37 °C. Cells were transfected at 60-70 %
confluency by pmTurquoise2-SH2 using Lipofectamine 3000 (Invi-
trogen) and grown for an additional 40-48h. Cells were washed with
warm DPBS three times, and the medium was exchanged with DMEM for
overnight serum starvation. Finally, cells were washed with DPBS, and
the imaging medium was added. For multiplexed imaging, A-549 cells
were co-transfected with three plasmids, namely, pmTurquoise2-SH2,
pmVenus-HRAS, and pRBD-mScarlet-I NES, and allowed to express the
recombinant proteins for 40-48 h. Crosstalk and bleed-through contri-
butions were corrected, and final NFRET images were generated.

This file includes the following items: Supplementary methods; list of
constructs used in this study; characterization of positive- and negative-
control FRET constructs; localization and distribution of HRAS and
CRAF in living cells; sensitized-emission FRET of HRAS-CRAF in-
teractions; acceptor-photobleaching FRET of HRAS-CRAF interactions;
characterization of EGFR biosensor and time-dependent EGFR activa-
tion; list of primers used in this work; supplementary references.Sup-
plementary data to this article can be found online at doi:https://doi.org
/10.1016/j.bbamem.2023.184173.
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