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Abstract

The purpose of this study was to characterize three recurrent, cancer-associated missense mutations in
ErbB2, R143Q, R678Q, and V842, located in the extracellular, juxtamembrane and kinase domains,
respectively, to determine how single amino acid substitutions affect receptor organization and dynamics.
Using confocal microscopy, Forster resonance energy transfer (FRET) and fluorescence recovery after
photobleaching (FRAP), we assessed homo- and heteroassociation, lateral diffusion and tyrosine phos-
phorylation of ErbB2 cancer-associated variants either alone or co-expressed with EGFR. The only indi-
vidual biophysical property that differentiated the mutation-activated ErbB2 variants from the wild-type
was an accelerated diffusion in the absence of EGFR coexpression. Correlative analysis of the biophys-
ical properties of ErbB2 revealed that ErbB2-activating mutations, including the cancer-associated
R143Q, R678Q and V842l mutations, may promote a pre-dimerized receptor state associated with accel-
erated lateral mobility, but without full-scale activation implied by the lack of growth factor-independent
tyrosine phosphorylation. The faster mobility of mutation-activated ErbB2 contrasted with the EGF-
induced slowing down of its lateral diffusion. In summary, single amino acid substitutions across ErbB2
domains may modulate receptor dynamics, organization, and responsiveness.

© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction

The ErbB family of receptor tyrosine kinases is
one of the most extensively studied
transmembrane signaling systems, with well-
established roles in human physiology and
disease. Its founding member, the epidermal
growth factor receptor (EGFR/ErbB1), is a typical
receptor activated by a wide range of EGF-like
ligands [1]. It shares significant sequence homology
with the three other members of the family, ErbB2-4
[2]. Whereas neuregulins activate ErbB3 and ErbB4
[3], ErbB2 is unique. It lacks a known ligand and
mainly acts as a ligand-independent co-receptor,

forming heterodimers with other ErbB proteins to
enhance signaling output [4—6].

Structural studies have provided detailed insights
into the molecular basis of both ligand-induced
activation and ligand-independent co-receptor
function. Crystallographic analyses showed that
EGFR, ErbB3, and ErbB4 adopt a closed
conformation in the absence of ligand, while ligand
binding stabilizes an extended extracellular
structure with the dimerization arm exposed [7].
By contrast, the ectodomain of ErbB2 adopts a
pre-extended conformation, with its dimerization
arm constitutively exposed, and autoinhibitory
intramolecular interactions preventing uncontrolled
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activation [8,9]. EGF-stabilized extracellular domain
homodimers of EGFR are symmetric [10]. While
asymmetric homodimers of EGFR induced by other
ligands may seem to be the exception [11], asym-
metry is the rule for heterodimers involving the
ErbB2 extracellular domain [12,13]. Live-cell imag-
ing showed that EGF stimulation reduces EGFR dif-
fusion [14,15] while ErbB2 mobility remains mostly
constant, highlighting the stability of ErbB2-
containing heterodimers [12]. ErbB2 expression
increases the ligand-binding affinity of partner
receptors, reduces their lysosomal degradation
and prolongs their signaling activity [16,17].

Moreover, at high expression levels, ErbB2 can
form homodimers and large clusters. These
supramolecular assemblies organize receptors
into structures that both Ilimit and improve
signaling based on their conformational state
[6,12,18,19]. Recent super-resolution analyses
have demonstrated that therapeutic interventions,
like antibody binding, can disrupt ErbB2 nanoscale
clustering. This highlights the sensitivity of mem-
brane organization to external or structural changes
[20].

Dimerization of the extracellular domain is
relayed through the membrane, resulting in
asymmetric dimerization and activation of the
kinase domains, with the activator kinase turning
on the other kinase, which is in the receiver
conformation [21]. More recently, the formation of
asymmetric kinase domain dimers has also been
observed for ErbB heterodimers. The ErbB3 kinase
domain with impaired activity has been shown to
play the activator role to activate the ErbB2 kinase
allosterically [22]. A strict sequential activation
model has been suggested for the EGFR/ErbB2
heterodimer with ligand-bound EGFR always
assuming the receiver role first [23], while others
replace this strict sequence with a preference of dif-
ferent ErbB kinase domains for adopting the recei-
ver role [24].

Additionally, membrane characteristics like lipid
composition, curvature, and dipole potential affect
receptor clustering and conformational changes
[25—-27]. Moreover, transmembrane proteins
undergo lateral diffusion, which links their mobility
to activation state and oligomerization. Activation
often coincides with increased turnover and
cytoskeleton-mediated transport, whereas cluster-
ing or oligomerization restricts diffusion through
steric and cytoskeletal restrictions [14,15,28-30].
Dimerization, lateral mobility, and phosphorylation
collectively shape the organization and movement
of ErbB2 at the plasma membrane.

While gene amplification is the most recognized
form of ErbB2 dysregulation, occurring in about
30% of breast cancers and linked to a poor
prognosis [31,32], it is now clear that missense
mutations also occur frequently across multiple
cancer types [33-35]. Amplification and mutations
both disturb receptor behavior. Amplification alters

receptor abundance and clustering, while missense
mutations can directly reshape conformation,
dimerization propensity, diffusion dynamics, and
phosphorylation patterns of individual receptor
molecules [36]. Recent research has shown that
missense mutations can act as oncogenic drivers
[37] or passenger mutations [38], highlighting the
need for detailed, mutation-specific characteriza-
tion. Importantly, some mutations are found with rel-
atively high frequency in patient cohorts, indicating
that they may confer structural or regulatory
changes relevant to tumor biology [39,40].

Among the numerous missense mutations in
ErbB2, V842I, R143Q, and R678Q are among the
most common ErbB2 variants identified in patient
datasets [41,42]. V842I, a recurrent mutation in the
kinase domain, is associated with increased activity
[43]. R678Q, located in the juxtamembrane region,
is frequently observed in various tumor types and
may impact the interaction between the transmem-
brane and kinase domains [37,44,45]. R143Q,
located in the extracellular domain, is less character-
ized, but due to its localization, it could impact folding
stability or dimerization interactions [46,47].

In this study, we investigate the effect of these
three missense mutations on the behavior of
ErbB2 at the plasma membrane. By comparing
V842l, R143Q, and R678Q with wild-type ErbB2,
we established a biophysical framework that
would help us understand how structural changes
in different domains influence  receptor
organization and dynamics. Rather than directly
connecting these effects to function or treatment,
this work highlights the membrane-level impacts
of individual missense mutations.

Methods

Cells plasmids and antibodies

Chinese hamster ovary (CHO) cells were
obtained from the American Type Culture
Collection (Manassas, VA) and cultured according
to their specifications. The constructs expressing
mutant ErbB2 were prepared as previously
described [42]. The missense and nonsense muta-
tions in the ErbB2 variants are shown in Figure 1.
ErbB2-expressing CHO cells were generated by
transient transfection of the wild-type or one of the
mutant ErbB2-pcDNA3.1 plasmids using Lipofec-
tamine® 2000 (Thermo Scientific, Waltham, MA).
ErbB2 and EGF receptor-coexpressing CHO cells
were generated by double transfection in a 1:1 ratio
by one of the ErbB2 plasmids and human EGFR
cloned into pcDNA3 (from Donna Arndt-Jovin,
Max Planck Institute for Multidisciplinary Sciences,
Gottingen, Germany) [48]. We used Alexa Fluor
564-trastuzumab and Alexa Fluor 647-
trastuzumab for labeling ErbB2. Trastuzumab, mar-
keted under the name of Trazimera, was obtained
from Pfizer as a lyophilized powder intended for
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Figure 1. Schematic representation of full-length and the truncated (AIC) ErbB2 variants. The diagram
illustrates the organization of the ErbB2 receptor, including the extracellular domain (ECD), the transmembrane
domain (TMD), the juxtamembrane domain (JMD), and the tyrosine kinase domain (KD). The missense mutations
analyzed are indicated: R143Q in the ECD, V959E (positive control, constitutively active) in the TMD, R678Q in the
JMD, while K753M (negative control, kinase inactive), G778D (positive control, kinase active) and V842I are located
in the KD. The mutant AIC, truncated at amino acid 689, lacks the intracellular domain and acts as a negative control

(figure created in BioRender.com).

preparation of infusion for human use. The lyophi-
lized powder containing 150 mg antibody, L-His,
L-His hydrochloride monohydrate, saccharose and
polyoxyethylene sorbitan monolaurate, was dis-
solved in PBS at a final trastuzumab concentration
of 20 mg/mL. The antibody was labeled with Alexa
Fluor 564 (A-20002, Thermo Scientific) and Alexa
Fluor 647 (A-20006, Thermo Scientific) fluorescent
dyes using their N-hydroxysuccinimidyl ester
derivatives. Briefly, the antibody to be labeled was
dissolved at a concentration of 2 mg/mL in a total
volume of 750 puL in PBS supplemented with
75 pL of 1 M carbonate buffer. Depending on the
degree of labeling to be achieved, 3—10 pL of the
N-Hydroxysuccinimide derivative of the dye was
added to the mixture followed by a 1-hour incuba-
tion at 25°C under constant agitation. Unreacted
dye was removed by passing the reaction mixture
through a Sephadex G-50 column (Sigma-Aldrich,
GE17-0043-02) removing molecules smaller than
~30 kDa from the mixture. The degree of labeling
was determined by spectrophotometry. The absor-
bance of the labeled antibody stock was measured
at two wavelengths corresponding to the absorption
maximum of the dye and to the absorption of amino
acids in the UV range (280 nm):

A(/ldye) = Adye (/ldye) = dee Cdye‘M L (1)

A(280) = Aigc(280) + Agye(280)
= €19 Cigam L + Adye (idye) CF 2

where A is the absorbance of the species specified
in the subscript measured at a wavelength specified
in parentheses. ¢4z is the molar absorption
coefficient of the antibody at 280 nm and &yye is
the molar absorption coefficient of the dye at its

absorption maximum. cgem and cggm are the
molar concentrations of the dye and the antibody,
respectively, L is the optical path length in cm and
CF is a correction factor specifying the relative
absorption of the dye at 280 nm compared to its
absorption at its absorption maximum. These
correction factors are available from the
manufacturer or can be determined by measuring
the absorption spectrum of the free dye. The
molar concentrations of the dye and the antibody
were determined from the equations above:

A(280) — Agpe (},dye) CF
Eiga L ’

_ Ao (o)
gdyeL

ClgaMm = dyeM (3)
The degree of labeling is the ratio of the two molar

concentrations:

poL — S¥eM (4)
CigGM

Trace amounts of unreacted dye, as well as
residual amino acid additive conjugated to
fluorescent dyes, may remain in the stock
solutions, but they do not interfere with the
microscopic measurements because only the
fluorescent antibodies bound to their antigen
contribute to the measured signals due to
extensive washing after labeling of cells.

In order to quantify phosphotyrosines,
monoclonal antibody PY99 (sc-7020, Santa Cruz
Biotechnology, Dallas, TX) was used, while ErbB2
phosphorylated at Tyr1248 and EGFR
phosphorylated at sites Tyr1048 and Tyr1173 was
quantified by mouse monoclonal antibodies Ab18
(MS-1072, Thermo Scientific), EM-1 (11-575,
ExBio) and 1H12 (2236, Cell Signaling),
respectively, followed by staining with Alexa
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Fluor647-conjugated  goat
(A21236, Thermo Scientific).
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Transfection and staining of cells for
measuring protein clustering and lateral
diffusion

CHO cells transiently transfected with wild-type or
one of the mutant ErbB2 versions were stained with
a mixture of Alexa Fluor564-trastuzumab and Alexa
Fluor647-trastuzumab followed by measuring
ErbB2 homoclustering using intensity-based
Forster resonance energy transfer (FRET)
between the donor and the acceptor on a Zeiss
LSM880 confocal laser scanning microscope (Carl
Zeiss AG, Oberkochen, Germany). For measuring
heterodimerization of EGF receptor and ErbB2,
CHO cells were double-transfected with plasmids
coding for wild-type EGF receptor and one of the
ErbB2 variants. Twenty-four hours after
transfection, cells underwent overnight serum
starvation in medium containing 0.1% serum. For
measuring EGFR-ErbB2 heteroassociation under
unstimulated conditions, cells were labeled with a
mixture of TAMRA-EGF (50 nM, E3481,
ThermoFisher Scientific) and AlexaFluor647-
trastuzumab (20 pg/mL) for 20 min on ice followed
by washing and fixation in 1% formaldehyde for
20 min on ice. Since the cells were kept strictly on
ice throughout the whole procedure, TAMRA-EGF
did not result in their stimulation. For measuring
heteroassociation between EGFR and ErbB2 in
EGF-stimulated samples, cells were labeled by
50 nM TAMRA-EGF for 20 min on ice followed by
incubating the samples for 10 min at 37°C to allow
EGF to stimulate the cells. Afterwards, these
samples were labeled by 20 pg/mL
AlexaFluor647-trastuzumab for 20 min on ice
followed by washing and fixation. In order to
measure lateral mobility, cells were single or
double-transfected as described above, and cells
were serum-starved overnight in two days after
transfection. Unlabeled EGF at a concentration of
50 nM was added to the cells on the thermostated
stage of the microscope at 37°C for 10 min
followed by measuring the lateral mobility of
ErbB2 both in these EGF-stimulated and the
unstimulated cells using fluorescence recovery
after photobleaching (FRAP) based on the GFP
fluorescence of the ErbB2 constructs.

Measurement of protein—protein interactions
using FRET

Images were acquired with a Zeiss LSM 880
confocal microscope (Carl Zeiss, Oberkochen,
Germany) using a C-Apochromat 40x (NA = 1.2)
objective. Fluorescence in the donor channel
(Alexa Fluor546) was excited at 543 nm and
recorded in the spectral range 548-628 nm.
Directly-excited fluorescence of Alexa Fluor647
was detected in the range of 638—-755 nm after

excitation at 633 nm. The excitation wavelength of
the donor (543 nm) and the emission range of the
acceptor (638—755 nm) were used for recording
the sensitized emission of the acceptor (FRET
channel). Images were analyzed using rFRET, a
custom-written program in MATLAB implementing
Diplmage commands [49]. First, every image was
segmented using manually-seeded watershed seg-
mentation. All subsequent calculations were only
carried out with membrane pixels constituting the
foreground in the resulting mask images. Overspill
parameters of the donor were determined using
donor-only samples. Overspill of the donor to the
FRET channel (parameter S;) was calculated by fit-
ting a line on the graph of fluorescence in the FRET
channel vs. fluorescence in the donor channel using
Deming regression. The slope of the line fitted on
the graph showing fluorescence in the acceptor
channel vs. fluorescence in the donor channel (pa-
rameter S3) was used as the overspill of the donor
to the acceptor channel. A similar principle was
used to determine acceptor overspill parameters
by using cells labeled with the acceptor only.
Parameters S, and S, correspond to the overspill
of acceptor fluorescence to the FRET and donor
channels, respectively. Furthermore, the a-value
corresponding to the ratio of the intensity of an
excited acceptor, measured in the FRET channel,
to that of an excited donor, measured in the donor
channel, was calculated using two microbead sam-
ples labeled with equal numbers of donors and
acceptors [50]. Once the overspill parameters and
the a-value were determined, the FRET efficiency
was calculated using the pixel-by-pixel method
available in rFRET [51]. Because the laser intensi-
ties and detector voltages were adjusted identically
in every experiment, the overspill parameters
(Sy = 0.05, S, ~ 0.03, S; ~ 910 °, S, ~ 0.003)
and the o-value (~0.6) did not change significantly
between experiments.

Measurement of lateral diffusion

CHO cells transfected with GFP-containing
constructs of wild-type or mutant ErbB2 were
seeded at a density of 2:10* cells/well on p-slide
8-well chambered coverglass (iBIDI) pre-treated
with 0.1 mg/mL poly-L-lysine for 15 min and dried
for 30 min. Before measurement, the cells were
washed with PBS to remove any remaining media,
and pre-heated Hank’s Balanced Salt Solution
was added to the wells. Fluorescence recovery
after photobleaching (FRAP) measurements were
carried out at 37°C using a C-Apochromat 40x
(NA = 1.2) water immersion objective in a Zeiss
LSM 880 confocal microscope. The ErbB2-GFP
fusion protein was excited at 488 nm, and its
fluorescence was detected between 493 and
630 nm. Fluorescence intensity was recorded
before and after photobleaching in a pre-
determined region of interest (ROI) in the cell
membrane (bleached ROI). Three images were
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taken before bleaching to determine the initial
fluorescence intensity, followed by reducing the
intensity in the bleached ROI to 30—-60% of the
initial intensity using the 543 nm laser.
Fluorescence recovery was followed until the
fluorescence in the bleached ROI stopped
increasing (3—4 min). The image series was
analyzed in Matlab using a custom-written
program, FRAPTit [52]. The stacks were corrected
for displacement (registration), and then three ROls
were defined: the bleached ROI, whose coordinates
were obtained from the stored stack; the
unbleached or total cell ROl generated by water-
shed segmentation; and the background ROI
defined by specifying a cell-free area in the stack.
Raw intensity values were triple-normalized, which
sets the intensity of the bleached ROI prior to and
immediately after the bleaching pulse to 1 and O,
respectively. The following double exponential
recovery function was fitted to the triple-
normalized curves:

R(t)=(-b) {f1 (1 - 97%) +(1- f1)(1 - e’%)] (5)

where R({) is the time-dependent, triple-normalized
recovery of fluorescence, b is the immobile fraction,
74 and t, are the empirical recovery time constants,
and f; is the fractional contribution of the first
component to the recovery. The amplitude-
weighted time constant of the exponential function
was calculated and along with the immobile
fraction, it was used for characterizing the lateral
mobility of the ErbB2 variants. The amplitude-
weighted time constant was in the range of 10—
40 s, whereas 14 and 1, ranged from 5 to 25 s,
and from 60 to 140 s, respectively. The fast
recovery typically accounted for ~50-80% of the
total recovery, and both recovery components
changed upon EGF treatment. Since no
meaningful relationship could be established
between the components, the variants and the
treatment, and both changed upon EGF
stimulation, we report only their amplitude-
weighted average in the manuscript.

Two different approaches were used for
evaluating and reporting the FRAP data. Individual
recovery curves were averaged, and the average
curve was fitted to Eq. (5). This approach provides
the confidence interval of the fitted parameters,
i.e., how precisely the fitted parameters are
estimated. A narrow confidence interval means
the data constrains that parameter tightly; a wide
confidence interval, on the other hand, means the
data does not constrain it well. This approach is
used in Figures 3BC and 4AB. In the second
approach, individual recovery curves were fitted,
and the mean and the standard deviation of the
fitted parameters are reported. This approach is
used in Figure 4EF. While the first approach
reveals the reliability of fitting as explained above,
the second approach sheds light on potential
biological variability. Since biological variability

was not significant compared to measurement
error, the two approaches gave practically
identical results.

Measurement of tyrosine phosphorylation

CHO cells were transiently transfected with the
wild-type ErbB2 or one of its mutant variants, or
co-transfected with one of the ErbB2 versions and
EGFR. To measure baseline ErbB2
phosphorylation in single transfected cells 24 h
after transfection, the cells were fixed with 3.7%
paraformaldehyde for 30 min at 4°C, followed by
permeabilization with 0.1% Triton X-100 for
10 min on ice. For the double-transfected cells,
twenty-four hours after transfection, the cells were
cultured in serum-starvation medium (0.1% fetal
bovine serum) overnight followed by stimulation
with 50 nM of EGF for 10 min at 37°C. Afterwards,
the cells were fixed and permeabilized as
mentioned before. In both cases, after
permeabilization, cells were labeled with one of
the following primary antibodies in 0.1%
BSA + 0.1% Triton X-100 in PBS for 30 min at 4°
C: 2.5 pg/mL Ab18 (against ErbB2 phosphorylated
at Tyr1248), 1 ug/mL PY99 (pan-phosphotyrosine
antibody), 3 pg/mL pEGFR Y1048 or with 2 ng/mL
pEGFR Y1173. Staining with primary antibodies
was followed by staining with a 4 pg/mL solution
of goat anti-mouse Alexa Fluor 647 secondary
antibody. After antibody labeling, the cells were
fixed with 1% formaldehyde for 20 min at 4°C and
visualized by a Nikon N-STORM (Tokyo, Japan)
confocal microscope equipped with an Apo 60x
water immersion objective. For analysis, images
were segmented using manually seeded
watershed segmentation based on the GFP
channel, generating a mask for cell boundaries.
All image analysis was performed in MATLAB
(Mathworks, Natick, MA) using custom-written
programs implementing Diplmage (Delft University
of Technology, Delft, The Netherlands)
commands. The GFP channel and the PY99-,
Ab18-, pEGFR Y1048- or pEGFR Y1173-stained
images were extracted to measure tyrosine
phosphorylation levels, with the GFP image used
for defining regions of interest, and the PY99,
Ab18, pEGFR Y1048, or pEGFR Y1173
intensities quantifying phospho-tyrosine levels.
Background correction was performed using a
region of interest placed in a cell-free area of the
image, and background-corrected phosphorylation
values were exported for subsequent analysis.

Results

To explore how domain-specific amino acid
substitutions alter the membrane behavior of
ErbB2, we focused on three clinically relevant
ErbB2 missense mutations, R143Q, R678Q and
\V842|, localized in the extracellular,
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juxtamembrane and kinase domains, respectively
(Figure 1). These mutations are identified across
large pan-cancer cohorts [39,45] or circulating
tumor DNA studies [53]. Interestingly, all three
mutations have been reported with a frequency of
four orders of magnitude higher than expected from
the reported human mutation rate in the male germ-
line [42]. This observation highlights their potential
relevance as “pre-sensitized” loci that could lead
to functional significance upon somatic selection in
tumors. We aimed to determine whether the bio-
physical properties of these mutant receptors are
directly linked to their signaling and oncogenic
potential, or whether the mutations instead cause
more subtle disruptions in receptor oligomerization
and diffusion that can only be detected by correlat-
ing multiple parameters.

Homo- and heteroclustering of ErbB2 variants
measured by Forster resonance energy
transfer (FRET)

Since receptor activation begins with alterations
in the clustering and lateral diffusion of receptors,
we measured the homo- and heteroclusters in
CHO cells transiently transfected with different
versions of ErbB2 (Figure 2). We compared wild
type with two negative controls, a kinase-dead
variant (K753M) [54] and a truncated mutant lacking
the intercellular domain (AIC), two gain-of-function
positive controls (+C), V659E [55] and G778D
[56], and the three selected ErbB2 variants
(R143Q, R678Q and V842l). Although overex-
pressed ErbB2 is expected to form homodimers or
homoclusters [18,57,58], FRET measurements did
not provide evidence for strong ErbB2 homoassoci-
ation in any of the cell lines transfected with one of
the ErbB variants (Figure 2B). While uncertainty in
the FRET calibration factor o can potentially lead
to an underestimation of the energy transfer effi-
ciency [59], the fact that the ErbB2 variants were
identical within experimental error shows that the
mutations did not lead to significant changes in their
homoassociation tendency. Since CHO cells are
practically devoid of endogenous expression of
any of the ErbB receptors [60], we co-transfected
them with wild-type EGFR and one of the ErbB ver-
sions to generate an expression profile more char-
acteristic of the situation in vivo. All ErbB2 variants
showed heteroassociation with EGFR character-
ized by a FRET efficiency in the range between
20% and 30% without statistically significant differ-
ences (Figure 2C). Stimulation with EGF resulted
in a significantly enhanced heterointeraction
between EGFR and wild-type ErbB2, and this effect
was preserved for the AIC variant lacking the whole
intracellular domain and the V659E mutant harbor-
ing a mutation in the transmembrane domain (Fig-
ure 2C). However, neither the kinase-dead
(K753M), nor the version with the mutation-
activated kinase domain (G778), nor the three
selected, cancer-associated ErbB2 variants

(R143Q, R678Q, V842l) showed any change in
their heteroassociation with EGFR upon EGF treat-
ment. Since the labeling strategy includes labeling
control and EGF-treated cells with trastuzumab,
we wanted to exclude the possibility that EGF-
induced EGFR-ErbB2 heterodimers do not bind
the anti-ErbB2 antibody, trastuzumab. Therefore,
we compared the fluorescence intensity of trastuzu-
mab in control- and EGF-pretreated cells and found
no significant EGF-induced change in the amount of
trastuzumab binding to ErbB2 revealing that EGF
treatment does not interfere with trastuzumab bind-
ing (Suppl. Figure 1A). These experiments also
showed that the approximate membrane expres-
sion level of ErbB2 was comparable in all samples
except for the one transfected with the AIC variant,
in which the surface expression level of ErbB2 was
~3-fold higher than in the other variants. Addition-
ally, it has been suggested that trastuzumab
induces dimerization upon binding [61]. To rule
out this possibility, we co-transfected CHO cells
with ErbB2 constructs containing YFP or CFP at
the N-terminal. The transfected cells were labeled
by trastuzumab at 4°C or 37°C and the YFP-CFP
heteroassociation was measured. There was no
significant difference in ErbB2 homodimerization
between the two labeling temperatures indicating
that ErbB2 dimerization was not induced by trastu-
zumab (Suppl. Figure 1B). This result could be
due to the largely monovalent binding of bivalent
antibodies at concentrations well above their Ky
[62]. Next, we analyzed the correlation between
the baseline association between ErbB2 and EGFR
and the EGF-induced response. If the inactive
ErbB2 versions were not considered (AIC,
K753M), there was a negative correlation charac-
terized by a correlation coefficient of —0.75 between
ErbB2/EGFR heteroassociation and the EGF-
induced increase thereof. Although the individual
ErbB2 versions vary substantially, these results
reveal a general tendency whereby variants with
higher baseline activation are less likely to respond
to EGF stimulation with increased ErbB2-EGFR
heterodimerization (Figure 2D).

Lateral mobility of ErbB2 variants measured by
fluorescence recovery after photobleaching
(FRAP)

We next assessed the lateral diffusion of the
ErbB2 variants in living cells to determine how
each mutation affects receptor mobility within the
membrane (Figure 3). When comparing the lateral
mobility of ErbB2 versions expressed as the only
member of the ErbB family, the positive controls
(V659E, G778D) revealed ~2-fold faster recovery
times (Figure 3B) and the V659E variant also
showed a ~25% reduced immobile fraction
(Figure 3C) than the wild-type, implying higher
mobility. The AIC variant lacking the whole
intracellular domain was even more mobile with a
4-fold lower immobile fraction (Figure 3C) than the
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Figure 2. FRET-based analysis of ErbB2 homo- and hetero-association. (A) Representative images of cells for
FRET measurements. CHO cells were transfected with EGFR and wild-type ErbB2 followed by labeling them with
50 nM TAMRA-EGF for 20 min on ice, followed by 10 min incubation at 37°C for cell stimulation and then labeled with
20 pg/mL AlexaFluor647-trastuzumab for 20 min on ice followed by washing, fixation and confocal microscopic
investigation for measuring EGFR-ErbB2 heteroassociation. A differential interference contrast (DIC) image as well
as fluorescence images in the donor (TAMRA), acceptor (Trastuzumab A647) and FRET channels were recorded.
The overlay of the fluorescence images is shown on the right. (B) The homoassociation of wild-type or one of the
mutant ErbB2s transfected into CHO cells was measured by confocal microscopic FRET. No significant difference
was revealed by one-way analysis of variance. (C) CHO cells were transfected with one of the ErbB2 variants and
wild-type EGFR followed by overnight serum starvation commencing twenty-four hours after transfection. For
measuring quiescent cells, double-labeling with TAMRA-EGF and Alexa Fluor647- trastuzumab was performed on ice
preventing the fluorescent EGF from stimulating the cells (empty bars). For measuring EGF-stimulated cells, they
were stained with TAMRA-EGF and warmed up to 37°C for 10 min (hatched bars) followed by labeling with Alexa
Fluor647-tagged trastuzumab on ice and fixation with 1% PFA. Error bars correspond to the standard deviation.
Pairwise comparisons by Sidak multiple comparisons test between untreated and EGF-treated samples were carried
out after significant results in two-way ANOVA (**p < 0.01). A sample FRET image set is shown in panel A. In panels
B and C, the mean + SD of 10-15 individual measurements from three biological replicates is plotted. An individual
measurement represents recording a slide region with ~20 cells, i.e., 3-5 slide regions/biological replicate. (D) The
EGF-induced increase in the heteroassociation between ErbB2 and EGFR is plotted against the baseline FRET
values for their heteroassociation. The points and the error bars represent the mean and the standard error of the
mean, respectively. The red and black symbols correspond to the active and the inactive versions of ErbB2,
respectively. The correlation coefficient of the line fitted on the red symbols is —0.75.

WT variant, most likely due to the absence of
potential cytoskeletal interactions. The cancer-
associated ErbB2 variants, R143Q, R678Q,
V842I, exhibited a ~2-fold faster recovery and 10—
30% lower immobile fractions compared to the
wild-type, resembling the positive controls
(Figure 3BC). It can be concluded that the
mutationally-activated positive controls and the
cancer-associated  ErbB2  versions  exhibit
accelerated diffusion when expressed as the only
member of the ErbB family.

We also examined the lateral mobility of the
ErbB2 variants in an EGFR-expressing

background. The lateral diffusion of wild-type
ErbB2 co-expressed with EGFR in the absence of
EGF stimulation was 2-fold faster than in cells
expressing ErbB2 as the only member of the ErbB
family (Figure 4A). Stimulation of these cells with
EGF led to retarded diffusion of ErbB2 as
revealed by a slower recovery time (Figure 4A)
and higher immobile fraction (Figure 4B). The
kinase-dead K753M version did not respond to
EGF stimulation with regard to its lateral mobility
although its baseline mobility did not show any
obvious difference from the wild-type before EGF
stimulation. All the other versions, including the
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Figure 3. Lateral mobility of ErbB2 variants in the absence of EGFR coexpression. (A) Representative
images of cells for FRAP measurements. CHO cells were transfected with EGFR and wild-type ErbB2 and FRAP
measurements were performed using the GFP tag present in the wild-type ErbB2 as described in the Methods
section. The image sequence shows the pre-bleach image (t: —5 s), the image recorded just after the bleaching pulse
(t: 0 s) followed by three images recorded during the recovery period (t: 30 s, 60 s, 90 s). The green rectangle shows
the bleached region of interest in which the recovery was monitored. (B-C) CHO cells were transfected with one of the
ErbB2 variants and FRAP experiments were carried out using the GFP tags of the proteins. Recovery curves were
averaged and fitted by a double-exponential function from which the amplitude-weighted recovery time constants (B)
and the immobile fractions (C) were determined as described in detail in the Methods section. The fit parameters and
their 95% confidence interval are plotted in the graph. (D) The FRAP recovery curves recorded for ErbB2-only
expressing cells are shown. To obtain the average recovery curves for panels B—-C, 15-20 cells (15—20 curves) from

five biological replicates were averaged.
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AIC and all the kinase-active variants, responded to
EGF by a retarded diffusion without a noticeable
correlation between kinase activity and lateral
mobility (Figure 4AB). However, when the EGF-
induced changes in the lateral diffusion
parameters were plotted as a function of their
baseline values, an obvious relationship could be
spotted (Figure 4EF). Although the negative
controls (AIC, K753M) stood out from this obvious
negative correlation, the rest of the variants
established that the more immobile ErbB2 is
before EGF stimulation, the less immobilization
response it exhibits after EGF challenge
(Figure 4E). A weaker, but similar tendency was
revealed by the plot of the baseline immobile
fraction and its EGF-induced change (data not
shown). Although the activated ErbB2 versions
(the positive controls and the cancer-associated
variants) did not significantly differ from the wild-
type in either the heterodimerization or the
mobility measurements, plotting their baseline
FRAP recovery time constants against ErbB2/

EGFR heterodimerization revealed another
notable correlation. All the activated ErbB2
variants exhibited higher baseline

heterodimerization with EGFR than the wild-type,
and they also tended to show higher lateral
mobility (Figure 4F). Although the individual
differences are not substantial, an obvious

(Figure 3BC) and in the presence (Figure 4F) of
EGFR coexpression.

EGF-induced tyrosine phosphorylation in cells
expressing the ErbB2 variants

In order to investigate the biological significance
of these ErbB2 mutations at the cellular level, we
measured the amount of ErbB2 phosphorylated at
Tyr1248 and the general increase in the total
cellular amount of phospho-tyrosine. Staining of
untransfected and unstimulated cells for tyrosine
phosphorylation or secondary staining without
prior addition of primary antibodies of transfected
cells confirmed the specificity of labeling (Suppl.
Figure 2). In CHO cells single-transfected with one
of the ErbB2 variants and cultured under normal
conditions, i.e., in the presence of serum, ErbB2
tyrosine phosphorylation was 3-fold and 5-fold
lower in the AIC and K753M mutants,
respectively, and 2-fold higher in the constitutively
active transmembrane domain mutant (V659E)
and the variant harboring a kinase domain with
increased activity (G778D) compared to the wild-
type (WT) (Figure 5, Suppl. Figure 3). From the
studied ErbB2 substitutions, only the kinase
domain variant (V842I) showed a higher ErbB2-
specific tyrosine phosphorylation (Figure 5A).
General tyrosine phosphorylation in cells

correlation emerges when several ErbB2 mutants
spanning a wide range of pre-activation states are
investigated. This correlation implies that while
growth factor-induced dimerization leads to
retarded diffusion of ErbB2 (Figure 4AB), its
mutational  activation is  associated  with
accelerated diffusion both in the absence

expressing the AIC version was 2-times lower,
whereas in cells transfected with the V659E
mutant, it was 3-fold higher than in the wild-type
(Figure 5B, Suppl. Figure 4). In CHO cells
expressing both EGFR and one of the ErbB2
variants, both the baseline tyrosine
phosphorylation (in unstimulated, serum-starved

<

Figure 4. Lateral mobility of ErbB2 variants in the presence of EGFR co-expression. (A-B). For the
investigation of ErbB2 variants co-expressed with EGFR, CHO cells were transfected with one of the ErbB2 variants
and wild-type EGFR. The cells were serum-starved overnight twenty-four hours after transfection, followed by
measuring the lateral mobility of ErbB2 in these unstimulated cells (empty boxes). EGF stimulation was achieved by
warming the samples to 37°C on the microscope stage for 10 min allowing the unlabeled EGF, already bound to the
cells, to stimulate them followed by measuring the lateral mobility of ErbB2 (hatched boxes). The boxes represent the
mean and the 95% confidence interval of the amplitude-weighted recovery time constant (A) and the immobile fraction
(B) obtained by fitting the mean recovery curves. (C-D) The FRAP recovery curves recorded for ErbB2-EGFR
coexpressing cells without (C) and with EGF stimulation (D) are shown. Recovery curves were triple-normalized,
setting the pre-bleach and post-bleach intensities to 1 and 0, respectively. 10-20 such individual, triple-normalized
curves were averaged, and these mean curves are displayed in the panels C and D. (E). Alternatively, individual
curves were also fitted, and the recovery times were averaged to obtain the baseline values and their EGF-induced
changes. The EGF-induced change in the mean recovery time constant is plotted against the baseline value before
EGF stimulation. The points and the error bars represent the mean and the standard error of the mean, respectively.
The red and black symbols correspond to the active and the inactive versions of ErbB2, respectively. The correlation
coefficient of the line fitted on the red symbols is —0.91. (F) Correlation between baseline FRET values for ErbB2/
EGFR heterodimerization and the mobility of ErbB2. The FRAP recovery time constants and FRET values measured
for ErbB2/EGFR heterodimerization in the absence of EGF stimulation are plotted against each other. The error bars
represent the standard error of the mean. The variant lacking the intracellular domain (AIC) and the wild-type are
marked by black and blue symbols, respectively. A line was fitted to all the points except the one corresponding to the
AIC variant (r= —0.85).
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Figure 5. Investigation of tyrosine phosphorylation in ErbB2-only expressing cells. CHO cells transfected
with wild-type ErbB2 or one of the mutant variants were stained for ErbB2 phosphorylated at Tyr1248 (A) or with an
antibody against any phospho-tyrosine (B) followed by secondary antibody staining and confocal microscopy.
Asterisks correspond to significant differences compared to the wild-type determined by Dunnet’s test after ANOVA
implying significant between-group differences (*p < 0.05, ***p < 0.01, ****p < 0.0001). The error bars in all subpanels
in the figure correspond to the standard error of the mean calculated from 15 to 20 images, containing approximately

250 cells, recorded in three independent experiments.

cells) and the EGF-induced response were
determined. Regarding baseline general tyrosine
phosphorylation, only the constitutively active
V659E mutant exhibited a significant, 2-fold
increase compared to the WT (Figure 6C, Suppl.
Figure 5). We observed a significant, EGF-
induced increase in the tyrosine phosphorylation
of ErbB2 in all versions except the AIC and
K753M mutants (Figure 6AB). As far as the EGF-

induced increase in general tyrosine
phosphorylation is concerned, we observed a
similar pattern with the following notable

differences (Figure 6C). (i) Although the K753M
ErbB2 mutant is kinase-dead, EGF was able to
elicit increased pan-tyrosine phosphorylation. (i)
The V659E constitutively active version was so
greatly pre-activated in serum-starved cells that
no further EGF-induced response could be
elicited. (iii) The three variants R143Q, R678Q
and V842l responded to EGF-stimulation with the
V842| variant having the least response.
Moreover, in the co-transfected cells, EGFR
phosphorylation was measured at two tyrosine
phosphorylation sites, Y1048 (Figure 7A, Suppl.
Figure 6) and Y1173 (Figure 7B, Suppl. Figure 7).
Out of the three cancer-associated variants,
R678Q and V842l showed a ~2-times lower
unstimulated pEGFR Y1048 phosphorylation than
the WT (Figure 7A) and a similar phosphorylation
state at the Y1173 site (Figure 7B). Upon EGF
stimulation, none of the cancer-associated
variants (R143Q, R678Q, V842l) showed an

11

increase in tyrosine phosphorylation in any of the
analyzed tyrosines of EGFR (Figure 7AB).
Although these investigations aimed to reveal
potential differences between the activated
mutants and the wild-type ErbB2, no obvious
correlation could be seen in the tyrosine
phosphorylation response itself. Therefore,
bivariate analyses were performed and the plot of

EGF-induced increase in ErbB2 tyrosine
phosphorylation and EGFR-ErbB2
heterodimerization  exhibited a remarkable

correlation. Although all the ErbB2 versions with a
functional kinase domain responded to EGF with a
similar change in ErbB2 tyrosine phosphorylation,
both positive controls (V659E, G778D) and the
three cancer-associated variants achieved this
with  a lower increase in EGFR-ErbB2
heterodimerization (Suppl. Figure 8A). This
correlation was less discernable in the plot of pan-
tyrosine  phosphorylation and EGFR-ErbB2
heterodimerization (Suppl. Figure 8B). Although
for EGFR-ErbB2 heterodimerization and ErbB2
lateral mobility, EGF-induced changes negatively
correlated with baseline values (Figures 2D, 3E),
no such correlation could be established for the

tyrosine  phosphorylation  response  (Suppl.
Figure 8C).

In conclusion, neither the tyrosine
phosphorylation response, nor the

heterointeraction between EGFR and ErbB2 was
suitable for discriminating between activated and
wild-type ErbB2, their correlated comparison
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Figure 7. EGFR tyrosine phosphorylation state in cells co-expressing ErbB2 variants. CHO cells double-
transfected with EGFR and one of the ErbB2 variants were serum-starved overnight. EGFR phosphorylation at
Tyr1048 (A) and Tyr1173 (B) labeled and measured by immunofluorescence was quantified in quiescent cells (empty
boxes) and cells stimulated by 50 nM EGF (hatched boxes). The figures show data from approximately 200 cells (~15
images with 10—15 cells/image from three biological replicates). Pairwise comparisons by Sidak multiple comparisons
test between untreated and EGF-treated samples were carried out after significant results in two-way ANOVA
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

revealed that the three ErbB2 cancer-associated
variants resembled other activated ErbB2 mutants
in that the same tyrosine phosphorylation
response required less pronounced growth factor-
induced increase in heterodimerization than in the
wild-type.

Discussion

The aim of this study was to describe how three
clinically relevant ErbB2 variants, R143Q, R678Q
and V842l affect the clustering and lateral
diffusion of ErbB2 and the ligand-induced
reorganization thereof, which will provide insight
into the understanding of how single amino acid

membrane interactions and dimerization potential.
We chose to examine these variants for two main
reasons. First, they occur in high frequencies in
the human germline [42] and cancer sequencing
datasets [45]. Second, they represent strategic
structural positions, R143Q in the extracellular
domain, R678Q in the juxtamembrane domain,
and V842| in the kinase domain. Together with
known activating mutants (V659E, G778D) and
inactive controls (AIC, K753M), these substitutions
provide a framework for correlating the biophysical
properties of receptors on a wide range of pre-
activated states.

When these variants were expressed in the
absence of other ErbB proteins, only lateral

substitutions distributed across different domains
of ErbB2 influence receptor conformation,

<

Figure 6. Tyrosine phosphorylation state of ErbB2 variants co-expressed with EGFR. (A) Representative
images of the measurement of ErbB2-specific tyrosine phosphorylation are shown. CHO cells cotransfected with
EGFR and with one of the ErbB2 variants, displayed on the left, underwent overnight serum starvation twenty-four
hours after transfection. Then, the EGF stimulated samples were treated with 50 nM EGF at 37°C for 10 min. Both the
stimulated and the control samples were fixed with 3.7% paraformaldehyde at 4°C for 30 min followed by
permeabilization with 0.1% Triton X-100 for 10 min. The permeabilized cells were labeled with Ab18 against ErbB2
phosphorylated at Tyr1248 followed by secondary labeling with goat anti-mouse Alexa Fluor 647 secondary antibody.
Images recorded in the GFP channel, showing the GFP fluorescence of the ErbB2 constructs, as well as images
showing ErbB2 tyrosine phosphorylation along with the transmission images (DIC) are shown in the figure. All images
were processed identically to preserve intensity differences. (B—C) CHO cells double-transfected with EGFR and one
of the ErbB2 variants were serum-starved overnight. ErbB2 phosphorylation at Tyr1248 (B) and pan-tyrosine
phosphorylation (C) measured by immunofluorescence as in Figure 5, was quantified in quiescent cells and cells
stimulated by 50 nM EGF. The figures show data from approximately 200 cells (~15 images with 10—15 cells/image
from three biological replicates). Pairwise comparisons by Sidak multiple comparisons test between untreated and
EGF-treated samples were carried out after significant results in two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001).

mobility was predictive of the activation state of
the protein with all the activated variants showing

13
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accelerated diffusion (Figure 3BC). However, this
observation has limited value for human
physiology or pathology since ErbB2 is never
expressed in the absence of other ErbB receptors.
EGF stimulation has been previously shown to
induce retarded diffusion of EGFR [15], and our
findings also revealed slower diffusion of ErbB2
after EGF stimulation (Figure 4AB). This result con-
trasted the tendency of mutation-activated ErbB2
variants to exhibit accelerated diffusion (Figure 4F).
Although neither lateral diffusion nor ErbB2/EGFR
heterointeraction alone appeared to be a reliable
marker for activated ErbB2 variants, these
mutation-activated versions consistently displayed
higher ErbB2/EGFR heterodimerization and faster
diffusion in the absence of EGF stimulation, reveal-
ing a clear correlation. The opposing effects of
growth factor- and mutation-induced activation on
the lateral diffusion of ErbB2 suggest that two
antagonistic processes are at work. Activation is
often associated with increased lateral mobility of
receptors [30,63] attributed to increased membrane
turnover or cytoskeleton-mediated transport [64].
These effects do not pertain to oligomeric receptors
[28] that are hindered in their mobility due to crowd-
ing [29] and cytoskeletal anchoring [14]. The former
effect may contribute to the increased mobility of
activated ErbB mutants in the absence of EGF stim-
ulation (Figure 4F). On the other hand, clustering-
and cytoskeleton-dependent effects may cause
the retarded lateral mobility of ligand-activated
ErbB2 coexpressed with EGFR (Figure 4AB).

Further correlations were revealed by analyzing
the EGF-induced responses as a function of the
baseline heterodimerization or diffusion properties.
The more predimerized with EGFR a certain
ErbB2 mutant was, the less EGF-induced
heterodimerization it showed with the most pre-
heterodimerized  variants  being  practically
unresponsive to the growth factor (Figure 2D).
Although there was a similar negative correlation
for the FRAP recovery time constants (slower
baseline diffusion — less EGF-induced retardation
of diffusion), all the activated ErbB2 mutants
responded to EGF (Figure 4AB). As far as the
tyrosine phosphorylation response is concerned,
there was no correlation between baseline tyrosine
phosphorylation and the EGF response (Suppl.
Figure 8C). As a consequence, the same EGF-
induced, ErbB2-specific tyrosine phosphorylation
response was achieved by less growth factor-
dependent increase in heteroassociation in the
activated ErbB2 versions (Suppl. Figure 8A).

We propose the following model to account for
these observations (Figure 8). Mutation-activated
variants of ErbB2 are not all-out activated, but
they are predimerized forming ligand-independent,
constitutive  heterodimers with EGFR. The
supramolecular structure of these ligand-
independent dimers is not identical to the fully
activated dimers since they are not tyrosine

14

phosphorylated and they exhibit slightly
accelerated lateral diffusion (Figure 4F). EGF
stimulation converts these non-phosphorylated,
constitutive dimers to full-fledged, signaling
competent dimers characterized by retarded
lateral diffusion. As discussed above, mutation-
activated ErbB2 displays higher mobility when
expressed alone (Figure 3BC) or together with
EGFR (Figure 4F), while its ligand-mediated
stimulation  results in  retarded diffusion
(Figure 4AB). We suspect that the cytoskeleton
may be behind both phenomena. Activation-
induced increased membrane turnover and
receptor transport may lead to accelerated
diffusion via the cytoskeleton [30,63,64] but if
oligomerization is extensive and tethering to the
cytoskeleton is very stable, retarded diffusion is
the consequence [14,15,28,29]. The mechanism
of ligand-independent dimerization is not known
for all ErbB2 mutants, but the dimerization of the
V659E variant is known to be driven by the trans-
membrane domain [55], and the G778D version
with the upregulated kinase activity may be dimer-
ized by the kinase domain since it is known to form
dimers reminiscent of the cyclin-CDK complex [65].
This model could account for the contradictory
observations made with the R678Q mutant, which
behaved as other activated ErbB2 mutants in terms
of dimerization [45], but its effect on baseline,
ligand-independent signaling was found to be mar-
ginal [37]. This contradiction is only apparent and
is in fact in perfect agreement with the proposed
model, according to which these oncogenic muta-
tions pre-dimerize the receptors without forming
full-fledged, signaling-competent dimers.

As far as the kinase-dead, K753M mutant is
concerned, it did not respond to EGF by increased
EGFR-ErbB2 heterodimerization (Figure 2C),
retarded lateral mobility (Figure 4AB) or increased,
ErbB2-specific tyrosine phosphorylation
(Figure 6B), but the growth factor did increase
general tyrosine phosphorylation even in these
cells (Figure 6C). This finding is at odds with the
sequential, receiver-activator model proposed by
Macdonald-Obermann et al [23]. According to this
model, EGF-bound EGFR first adopts the receiver
role and is activated first, and phosphorylates
ErbB2, its heterodimerization partner. Therefore,
the heterodimer of a kinase-dead ErbB2 and EGF-
bound, wild-type EGFR should be kinase-active
since the wild-type, EGF-bound EGFR should be
activated by the kinase-dead ErbB2 allowing ErbB2
to be transphosphorylated. In their experiments,
Tyr-1221 of the kinase-dead ErbB2 was phosphory-
lated, whereas we could not detect phosphorylation
of Tyr-1248 of ErbB2 under the same circum-
stances. Additionally, no EGF-induced EGFR phos-
phorylation at tyrosines Y1048 (Figure 7A) and
Y1173 (Figure 7B) was detected in cells coexpress-
ing EGFR with one of the cancer-associated ErbB2
mutants. These results support the idea that, in
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EGFR ErbB2

resting state mutated ErbB2 fully active dimer
¢ no/loose interactions e accelerated diffusion o firmly cytoskeleton-tethered
¢ unphosphorylated ¢ pre-dimerized o retarded diffusion
¢ unphosphorylated e phosphorylated

Figure 8. Model for heterodimerization of EGFR with wild-type and mutation-activated ErbB2. In the absence
of growth factor stimulation, wild-type ErbB2 and EGFR are mostly monomeric, although the non-zero FRET
efficiency characterizing constitutive EGFR/ErbB2 heterodimerization suggests that some kind of loose association
may take place (not displayed in the figure). Activation by mutation induces ligand-independent dimerization in the
absence of appreciable amount of tyrosine phosphorylation. Mutation-activated ErbB2 is labeled by a star symbol in
the transmembrane domain although the activating mutation is not necessarily present in this part of the protein.
These constitutive dimers display slightly elevated lateral diffusion whose reason is unknown, but may be related to
cytoskeleton-mediated increased membrane turnover or receptor transport. Growth factor-dependent activation of
either kind of heterodimer results in the formation of fully active, phosphorylated dimers firmly anchored to the
cytoskeleton. The conformation and arrangement of monomers in the pre-dimerized, mutation-activated heterodimers
and in the ligand-dependent dimers are displayed only schematically since extensive interactions are known to take
place between the extracellular, transmembrane and kinase domains in ligand-activated dimers, and these
interactions are most likely different in the non-fully functional dimers formed by mutation-activated ErbB2 (figure
created in BioRender.com).

addition to catalytic competence, the precise struc-  complex that can only be revealed by a correlated
tural alignment along the receptor domains is nec- multiparameter analysis.

essary for EGFR-ErbB2 heterodimer activation.

Such mutations may destabilize the active, asym- CRediT authorship contribution

metric dimer or alter receptor trafficking and cluster-

ing, thereby impeding receptor transactivation [66]. statement
These results suggest that either the sequential
activation model proposed by Macdonald-
Obermann is context-dependent, or EGFR cannot
phosphorylate Tyr-1248 of ErbB2. Further experi-
ments will be required to resolve this contradiction.
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Supplementary Figure 1. Lack of interference of trastuzumab with the measurements.
(A) CHO cells double-transfected with EGFR and one of the ErbB2 variants were stimulated
with 50 nM unlabeled EGF or left untreated. Both kinds of samples were subsequently stained
with AlexaFluor647-trastuzumab, and the fluorescence intensity of trastuzumab was
evaluated in the cell membrane. The bars show the mean (£SD) of fluorescence intensity of
trastuzumab in the control and the EGF-pretreated samples. None of the pairwise
comparisons revealed any significant difference in the binding of trastuzumab between the
control and the EGF-treated samples. (B) CHO cells were transfected with plasmids pcDNA3-
ErbB2-YFP and pcDNA3-ErbB2-CFP, were labeled at 4°C and 37°C for 30 min, followed by
washing, fixation and confocal microscopic investigation for measuring ErbB2-YFP and ErbB2-
CFP heteroassociation. No significant difference was revealed by one-way analysis of variance

indicating the lack of effect of trastuzumab on ErbB2 homoassociation.



Alexa647 GFP DIC

e
ol <
o] =]
ol €
&N
)

S

o
El& <
|
=]
<N

WT ErbB2
2nd Ab

+EGF
2nd Ab

WT ErbB2
+EGFR,

Supplementary Figure 2. Control samples showing specificity of antibody labeling.
Untransfected CHO cells were fixed with 3.7% paraformaldehyde at 4°C for 30 minutes
followed by permeabilization with 0.1% Triton X-100 for 10 minutes and staining with anti-
mouse Alexa Fluor 647 secondary antibody (A) or with Ab18 against ErbB2 phosphorylated at
Tyr1248 followed by secondary staining (B). CHO cells were transfected with wild-type ErbB2
followed by fixation, permeabilization and staining with mouse Alexa Fluor 647 secondary
antibody (C). The same secondary staining-only procedure was carried out with samples
cotransfected with wild-type ErbB2 and EGFR after EGF stimulation. Images recorded in the
AlexaFluor647 and GFP channels corresponding to the signal of the secondary antibody and
ErbB2-GFP, respectively, as well as differential interference contrast (DIC) images are shown

in the figure.
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Supplementary Figure 3. ErbB2-specific tyrosine phosphorylation in cells transfected with the
ErbB2 variants. CHO cells were transfected with the wild-type or one of the mutant versions
of ErbB2. Two days after transfection cells cultured under normal conditions without serum
starvation were fixed with 3.7% paraformaldehyde at 4°C for 30 minutes followed by
permeabilization with 0.1% Triton X-100 for 10 minutes. The permeabilized cells were labeled
with Ab18 against ErbB2 phosphorylated at Tyr1248 followed by secondary labeling with goat
anti-mouse Alexa Fluor 647 secondary antibody. The tyrosine phosphorylation signal, the GFP
signal corresponding to ErbB2 expression level, and the differential interference contrast
(DIC) images are shown in the figure. All images were processed identically to preserve
intensity differences.
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Supplementary Figure 4. General tyrosine phosphorylation in cells transfected with the ErbB2
variants. CHO cells were transfected with the wild-type or one of the mutant versions of
ErbB2. Two days after transfection cells cultured under normal conditions without serum
starvation were fixed with 3.7% paraformaldehyde at 4°C for 30 minutes followed by
permeabilization with 0.1% Triton X-100 for 10 minutes. The permeabilized cells were labeled
with PY99 against phosphotyrosine followed by secondary labeling with goat anti-mouse
Alexa Fluor 647 secondary antibody. The tyrosine phosphorylation signal, the GFP signal
corresponding to ErbB2 expression level, and the differential interference contrast (DIC)
images are shown in the figure. All images were processed identically to preserve intensity
differences.
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Supplementary Figure 5. Baseline and EGF-stimulated general tyrosine phosphorylation in
cells transfected with one of the ErbB2 variants and EGFR. CHO cells were transfected with
wild-type EGFR and one of the ErbB2 versions. Beginning one day after transfection, cells were
serum-starved overnight followed by stimulation with 50 nM EGF at 37°C for 10 min. Both the
stimulated and the control samples were fixed with 3.7% paraformaldehyde at 4°C for 30
minutes followed by permeabilization with 0.1% Triton X-100 for 10 minutes. The
permeabilized cells were labeled with PY99 against phosphotyrosine followed by secondary
labeling. Images recorded in the GFP channel, showing the GFP fluorescence of the ErbB2
constructs, as well as images showing tyrosine phosphorylation along with the transmission
images (DIC) are shown in the figure. All images were processed identically to preserve
intensity differences.
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Supplementary Figure 6. Baseline and EGF-stimulated tyrosine phosphorylation of EGFR at
tyrosine 1048 in cells transfected with one of the ErbB2 variants and EGFR. CHO cells were
transfected with wild-type EGFR and one of the ErbB2 versions. Beginning one day after
transfection, cells were serum-starved overnight followed by stimulation with 50 nM EGF at
37°C for 10 min. Both the stimulated and the control samples were fixed with 3.7%
paraformaldehyde at 4°C for 30 minutes followed by permeabilization with 0.1% Triton X-100
for 10 minutes. The permeabilized cells were labeled with pEGFR EM-1 Y1048 against EGFR
phosphorylated at tyrosine 1048 followed by secondary labeling. Images recorded in the GFP
channel, showing the GFP fluorescence of the ErbB2 constructs, as well as images showing
EGFR tyrosine phosphorylation along with the transmission images (DIC) are shown in the
figure. All images were processed identically to preserve intensity differences.
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Supplementary Figure 7. Baseline and EGF-stimulated tyrosine phosphorylation of EGFR at
tyrosine 1173 in cells transfected with one of the ErbB2 variants and EGFR. CHO cells were
transfected with wild-type EGFR and one of the ErbB2 versions. Beginning one day after
transfection, cells were serum-starved overnight followed by stimulation with 50 nM EGF at
37°C for 10 min. Both the stimulated and the control samples were fixed with 3.7%
paraformaldehyde at 4°C for 30 minutes followed by permeabilization with 0.1% Triton X-100
for 10 minutes. The permeabilized cells were labeled with pEGFR 1H12 Y1173 against EGFR
phosphorylated at tyrosine 1173 followed by secondary labeling. Images recorded in the GFP
channel, showing the GFP fluorescence of the ErbB2 constructs, as well as images showing
EGFR tyrosine phosphorylation along with the transmission images (DIC) are shown in the
figure. All images were processed identically to preserve intensity differences.
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Supplementary Figure 8. Correlation between EGF-induced change in general tyrosine
phosphorylation, phosphorylation of ErbB2 at Tyr1248 and ErbB2-EGFR heterodimerization.
(A) The EGF-dependent increase in ErbB2-specific tyrosine phosphorylation is plotted against
the EGF-induced increase in EGFR-ErbB2 heterodimerization, obtained as the difference
between FRET in the EGF-treated and control samples in Figure 2C. (B) The EGF-dependent
increase in general tyrosine phosphorylation is plotted against the EGF-induced increase in
EGFR-ErbB2 heterodimerization, obtained as the difference between FRET in the EGF-treated
and control samples in Figure 2C. (C) Baseline, ErbB2-specific tyrosine phosphorylation and
its EGF-induced change, obtained from the data shown in Figure 6B, are plotted against each
other. For all panels, the red and black symbols correspond to the active and the inactive

versions of ErbB2, respectively. The error bars correspond to the standard error of the mean.
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