SCIENCE CHINA
Chemistry

CrossMark

& click for updates

* ARTICLES -

October 2017  Vol.60 No.10:1310-1317
doi: 10.1007/s11426-017-9072-5

- SPECIAL TOPIC - Single-Molecule, Single-Particle and Single-Cell Bioimaging

Single-molecule imaging reveals the stoichiometry change of
epidermal growth factor receptor during transactivation by
B:-adrenergic receptor

Mingliang Zhang'?, Kangmin He'?, Jimin Wu', Nan Li?, Jinghe Yuan?, Wei Zhou?, Zi Ye?,
Zijian Li', Han Xiao', Zhizhen Lv', Youyi Zhang'" & Xiaohong Fang**

'Institute of Vascular Medicine of Third Hospital, Ministry of Health Key Laboratory of Cardiovascular Molecular Biology and Regulatory
Peptides, Beijing Key Laboratory of Cardiovascular Receptors and Academy for Advanced Interdisciplinary Studies, Peking University,
Beijing 100191, China
’Beijing National Laboratory for Molecular Sciences, Key Laboratory of Molecular Nanostructures and Nanotechnology, Institute of Chemistry,
Chinese Academy of Sciences, Beijing 100190, China

Received April 8, 2017; accepted April 25, 2017; published online July 4, 2017

Stimulation of G protein-coupled receptors (GPCRs) can lead to the transactivation of the epidermal growth factor receptors
(EGFR). The cross-communication between the two signaling pathways regulates several important physiological or pathological
processes. However, the molecule mechanism underlying EGFR transactivation remains poorly understood. Here, we aim to
study the GPCR-mediated EGFR transactivation process using the single-molecule fluorescence imaging and tracking approach.
We found that although EGFR existed as monomers at the plasma membrane of resting cells, they became dimers and thus
diffused slower following the activation of B,-adrenergic receptor (B,-AR) by isoproterenol (ISO). We further proved that
B.-AR-mediated changes of EGFR in stoichiometry and dynamics were mediated by Src kinase. Thus, the observations obtained
via the single-molecule imaging and tracking methods shed new insights into the molecular mechanism of EGFR transactivation

at single molecule level.
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1 Introduction

Transactivation is the process that receptors are activated
by the stimulation of ligands of other receptors. It is a typ-
ical cross-communication between different cell signaling
systems [1-3]. The transmembrane G protein-coupled re-
ceptors (GPCRs) and receptor-tyrosine kinases (RTKSs), the
two major classes of cell surface transmembrane proteins,
transduce a variety of extracellular stimulus into intracellular
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signaling to regulate multiple cellular functions [4-8]. It has
been observed that activation of GPCRs could lead to the ac-
tivation of RTKs [9,10]. The cross-communication between
the two signaling pathways regulates many physiological
and pathological processes such as cell proliferation, tumor
progression and development of cardiovascular diseases
[11-14].

As a typical member of RTK family, epidermal growth
factor receptors (EGFR) transactivation by f2-AR (a pro-
totypical member of GPCRs) has been already documented
[1,12,15,16]. However, the mechanism underlying this
process remains poorly understood. Previous works have
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led to the identification of the ligand-dependent or -inde-
pendent approaches in EGFR transactivation by GPCRs
in different context. In the ligand dependent mechanism,
stimulation of GPCRs via selective agonists triggers the
membrane-bound matrix metalloproteases (MMPs)-medi-
ated proteolytic cleavage of a Pro-Ligand, which generates a
cleaved ligand EGF that binds to EGFR and induces signal
transduction in an autocrine and paracrine manner [16—18].
The ligand-independent mechanism requires the activation
of the intracellular protein Src to directly phosphorylates
EGFR, but without the involvement of either MMP or EGF
[9,11,12]. However, these previous studies based mainly on
biochemical assays have difficulty in directly revealing of the
spatial and temporal dynamics of EGFR in living cells during
GPCRs-mediated transactivation [1,2,12,15]. Studying of
receptor stoichiometry and dynamics properties before and
after activation is of critical importance to understand the
molecular mechanism of initial signaling complex formation.
It is now well established that ligand EGF-induced EGFR
dimer formation on cell surface is the initial, yet essential step
during the classical EGFR activation and signaling process
[19-21]. Thus, the direct observation the stoichiometry
and dynamics properties of EGFR transactivation in living
cells and in real time is expected to differentiate the two
mechanisms and provide deeper insight into the molecule
mechanism of receptor transactivation.

Single-molecule fluorescence imaging and single-parti-
cle tracking (SPT) has become an emerging technique to
study the receptor stoichiometry and dynamics in living
cells [22-26]. By optimizing the single-molecule imaging
technique, we have studied and revealed the stoichiometry
of transforming growth factor B receptors [27-29], pf.-AR
[30] and EGFR [27,28] at the plasma membrane of resting
or ligand-stimulated cells. The direct tracking of diffusion
dynamics of single receptors at the plasma membrane helps
to determine the stoichiometry, kinetics and interactions of
signaling receptors during their normal activation and biased
activation [30]. In this work, for the first time, we have
applied the single-molecule total internal reflection fluores-
cence microscopy (TIRFM) imaging and SPT techniques to
the study of transactivation. We are able to reveal the stoi-
chiometry and dynamics of EGFR during its transactivation
by B.-AR, and clarify the role of Src in this transactivation.

2 Materials and method

2.1 Plasmids

The EGFR-EGFP plasmid was purchased from Addgene
(Addgene plasmid 32751) [31], The B.-AR-mcherry plas-
mid was constructed as described [30]. The plasmids were
confirmed by DNA sequencing.
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2.2 Cell culture and transfection

HeLa cells were cultured in DMEM (Gibco) supplemented
with 10% fatal bovine serun (FBS; HyClone, USA) at
37°C with 5% CO,, then they were transfected with
0.2 ng/mL EGFR-EGFP or B,-AR-mCherry in the serum-
and phenol red-free DMEM (the minimal medium) using
lipofectamine 2000 (Invitrogen, USA) according to manu-
facturer’s instructions. After transfection for 6 h, the cells
were imaged in the minimal medium using fluorescence
microscopy.

For ligand stimulation, the cells were incubated with
isoproterenol (ISO) (10°M, Sigma, USA) or EGF
(10 ng/mL, R&D Systems) in the serum free medium for
15 min and then used for live cell imaging by TIRFM. For
fixed cell imaging, the transfected cells were washed with
phosphate buffered saline (PBS) for 3 times and fixed in
4% paraformaldehyde in PBS for 20 min, and then used for
TIRFM imaging. HeLa cells were used for most imaging
experiments unless specified.

2.3 Single molecule fluorescence imaging

Single molecule fluorescence imaging was performed on an
objective-type TIRFM microscopy with a 100%/1.45NA Plan
Apochromat objective (Olympus, Japan) and a 14-bit back-il-
luminated electron-multiplying charge-coupled device cam-
era (EMCCD) (Andor iXon DU-897 BV) [25,27]. EGFP and
mCherry tagged samples were excited at 488 and 561 nm line
of lasers (Melles Griot, Carlsbad, CA, USA), respectively.
The collected fluorescent signals were passed through the fil-
ter HQ 525/50 and 617/73 (Chroma Technology, USA) corre-
sponding to 488 and 561 nm excitation, and then directed to
an EMCCD camera. The gain of the EMCCD camera was set
at 300. Movies of 300 frames were acquired for each sample
at a frame rate of 10 Hz.

2.4 Single receptor detection and tracking

Single receptor molecules were detected and tracked using
u-Track [32,33] as described in our previous study [25]. In
brief, to characterize the diffusion rate of individual recep-
tors, the positions of these individual receptors in each frame
were firstly determined by detecting significant local inten-
sity maxima and then fitted with a two-dimensional Gaussian
function. Then these detected spots were linked and the tra-
jectories of each receptor molecules were generated [25].

2.5 Image analysis

The fluorescence intensity distribution and photobleaching
steps of single EGFR molecules at the cell membrane were
analyzed according to the method we reported previously
[27]. Colocalization of EGFR-EGFP and B,-AR-mCherry



1312 Zhang et al.  Sci China Chem  October (2017) Vol.60 No.10

was determined using the JACoP ImagelJ plugin as reported
[34,35]. The background in the imaged was subtracted using
the rolling ball method before the colocalization analysis.

To analyze the diffusion dynamics of EGFR on cell mem-
brane, fluorescent trajectories lasting for at least 5 frames
were collected for trajectory analysis as described [25,36].
The mean square displacement (MSD) was calculated with
the following formula [37,38]:

1 N-l-n

MSD(ndt) = 3—1—5 > {[x(idt +ndt) —x(iot)

i=1
+[y(idt + not) — y(iot)]*}
For each EGFR molecule, the diffusion coefficient (D) was

calculated according to the equation MSD=4DA¢ using the
first four spots in the MSD-Af plot [25].

2.6 Silencing of Src expression

The control siRNA target sequence was 5'-AATTCTCC-
GAACGTGTCACGT-3". The Src siRNA target sequence
was 5'-TGTTCGGAGGCTTCAACTCCT-3" [39]. These
RNA oligos were purchased from GenePharma Co. (Suzhou,
China). Src knockdown was achieved by transfecting the
cells with 100 pmol siRNA using Lipofectamine2000 (In-
vitrogen, USA) for 48h. The knockdown efficiency was
validated by both immunofluorescence and Western blot.

For immunofluorescence assays, the control and Scr-de-
pleted HeLa cells were pretreated in PBS containing 0.5%
Triton X-100 for 8 min, fixed with the same PBS buffer
containing 4% formaldehyde for 25 min, and then incubated
with Src antibody (Cell Signaling Technology, 1:200) at
4 °C over night and Alexa Fluor 488-conjugated secondary
antibody (anti rabbit, Invitrogen, 1:400) for 1 h. The stained
cells were imaged by a fluorescence confocal microscope
(FV1000-IX81, Olympus, Japan) and a 100x/1.40NA objec-
tive was used.

2.7 Western blot analysis

Western blot analyses were performed as described in Ref.
[14]. In brief, cell lysates were separated on 8% or 10%
sodium dodecyl sulfate-polyacrylamide gelelectrophoresis
(SDS-PAGE) and then transferred by electroblotting to a
nitrocellulose membrane (Pall). Chemiluminescence detec-
tion was performed using the SuperECL reagent (Applygen,
Beijing, China) and the GeneGnome Bio Imaging System
(Syngene, UK). GAPDH was used as the loading control. Src
was detected by immunoblotting with the anti-Src antibody
(Cell Signaling Technology, 1:1000). EGFR and ERK were
detected using antibodies specific for EGFR, P-EGFR, ERK
and P-ERK (Cell Signaling Technology, USA).

2.8 Statistics analysis

For statistical analysis of samples with small sizes, the Stu-

dent’s #-tests were performed using GraphPad Prism (Graph-
Pad Software). For robust single-molecule analysis, the Non-
parametric Mann-Whiteney U test was used using GraphPad
Prism (GraphPad Software). p-Value less than 0.05 was con-
sidered statistically significant.

3 Results and discussion

3.1 EGFR molecules underwent dimerization during
B2-AR-mediated EGFR transactivation

Single molecule fluorescence imaging was used to study the
stoichiometry of EGFR during transactivation by B.-AR.
HeLa cells transfected with EGFR-EGFP were imaged using
TIRFM calibrated with single EGFP molecule sensitiv-
ity. The cells were imaged 6 h after transfection to ensure
EGFR-EGFP molecules were expressed at low density
(0.075-0.25 particle/um? ensuring the single-molecule EGFR
distribution within the spatial resolution of microscopy [27]).
As shown in the representative TIRFM image (Figure 1(a)),
EGFR-EGFP molecules appeared as well-dispersed diffrac-
tion-limited fluorescent spots (5x5 pixels) at the plasma
membrane and then got photobleached in a stepwise way
(Figure 1(b)). The stoichiometry of EGFP-fused mem-
brane-bound proteins can be determined by analyzing their
fluorescence intensity distribution [27,28] and photobleach-
ing steps [27,40]. We found that the fluorescence intensity
distribution of individual EGFP-tagged EGFR molecules
exhibited a sum of two Gaussian distributions (Figure 1(c)),
with the value of the first peak intensity which covering the
majority of the spots close to that of single purified EGFP
molecules attached to coverslips and the second peak with
the intensity of twice as the first one, suggesting that they
were monomers and dimers respectively. In cells without
stimulation, 85% of EGFR-EGFP molecules were monomers
and 15% were dimers.

The photobleaching steps of individual fluorescent EGFR-
EGFP molecules were analyzed with our newly developed
algorithm which could determine the photobleaching steps
of more than thousands of EGFR-EGFP molecules automati-
cally [30,41]. The results showed that 91.1% of EGFR-EGFP
molecules were monomers and 8.5% were dimers in the rest-
ing cells (Figure 1(f)). Therefore, our study supports the view
that EGFR exists mainly as monomers at the basal state [42].

We then examined the effect of the B,-AR agonist ISO on
EGFR dimerization during transactivation, as well as EGFR
cognate ligand EGF. Western blot analysis confirmed that ISO
could effectively activate EGFR in our system (Figure S1(a,
b), Supporting Information online). Consistent with the pre-
vious reports [1,12], ISO stimulation resulted in increased
phosphorylation of EGFR and its downstream target extracel-
lular-regulated kinase (Erk)

Next, we investigated the stoichiometry of EGFR-EGFP in



Zhang et al.

Sci China Chem  October (2017) Vol.60

1313

No.10

(b) 60 (c)
3 40 30 - | 29.62 85%)
2
% 20
C
[} —_
E o S
0 10 20 !
Time (s) 2
60 5
= 5
s 40 g
2 I
% 20
c
2
£ o0
0 10 20 30 Intensity (a.u.)
Time (s)
+EGF +1S0 Dimer
30 9 (@ 30 7 (e) M
i 4 1 34.56 (68%) RSN
s 1 S 40 |
S s -
5 201 | 3634(51%) 2 20 9
g ] & 2
2 ] 5 ] 2
c 5 5 20
(s} . o 4
s 10 64.17 (49%) T 10 58.01 (32%) °
3 © S
8 g ] g
= 8
1 [T
0 0 o |
0 40 80 120 0 40 80 120 on SEGF  +150

Intensity (a.u.)

Intensity (a.u.)

Figure 1 f,-AR agonist isoproterenol (ISO) induced EGFR-EGFP dimerization. (a) A representative single-molecule image (top panel) shows the distribution
of EGFR-EGFP molecules at the plasma membrane of a HeLa cell imaged by TIRFM. The image was generated by averaging the first five frames of a movie
and then the background was subtracted. The diffraction-limited spots enclosed with green circles (5x5 pixel) represented the detected individual EGFR-EGFP
molecules (bottom panel). Scale bar, 5 pm. (b) Two representative time courses of EGFR-EGFP emission showed one- and two-step bleaching respectively.
The red lines denote the automatically estimated bleaching steps. (c) Distribution of the fluorescence intensity of diffraction-limited EGFR-EGFP spots (n=1758
from 24 cells). The curves show the fitting of a Gaussian function and the two peaks represent the intensity of EGFR-EGFP monomer and dimer, respectively.
Correlation coefficient (R) of the Gaussian fitting is 0.98. The arrowheads indicate the peak positions of the fitting curves. Numbers in the parentheses are
the fractions of monomer and dimer. (d, ) Distribution of the fluorescence intensity of individual EGFR-EGFP molecules from the cells treated with (d) EGF
(10 ng/mL, n=1228 from 15 cells) or (¢) ISO (10° M, n=1173 from 16 cells). (f) Frequency of two-step bleaching events for EGFR-EGFP in resting and drug
stimulated cells. Data represent mean +S.E.M from 10 cells each. *** p<0.001 (color online).

cells treated with either ISO for transactivation or EGF as a
control. After treating the cells with 10 ng/mL EGF, the his-
togram of the fluorescent intensities of single EGFR-EGFP
molecules showed a distribution with 51% monomers and
49% dimers (Figure 1(d)). The photobleaching step analy-
sis also showed that the dimer population of EGFR-EGFP in-
creased to 40.23% after EGF stimulation (Figure 1(f)). More
importantly, the dimer population of EGFR-EGFP molecules
showed a significant increase from 15% to 32%, while the
monomer population decreased from 85% to 68% by ISO
transactivation (Figure 1(e)). The photobleaching step analy-
sis also showed that the dimer population of EGFR-EGFP in-
creased to 27.99% after transactivation by ISO (Figure 1(f)).

Therefore, by the single-molecule fluorescence imaging
tool, we have demonstrated that similar to EGF, the f.-AR
agonist ISO could increasing EGFR dimerization during
EGFR transactivation.

3.2 Diffusion dynamics of EGFR during p.-AR-medi-
ated transactivation

The diffusion dynamics of signaling receptors at the plasma

membrane have been suggested to be involved in cell signal-
ing activation and transduction [19-21,24,43,44]. We next
studied the diffusion dynamics of the single transactivated
EGFR at the plasma membrane by live-cell single-molecule
and SPT [25]. By tracking thousands of randomly diffused
individual EGFR-EGFP molecules, we quantified the dif-
fusion rate of EGFR-EGFP molecules. EGF stimulation
shifted the diffusion coefficients (D) of EGFR molecules
toward lower values, i.e., from 0.077 um?s in unstimulated
cells to 0.036 um?/s in stimulated cells (Figure 2, p<0.001).
Importantly, ISO stimulation slowed down EGFR diffu-
sion, with the diffusion coefficient reduced from 0.077 to
0.052 um?*/s (Figure 2, p<0.001). Since the diffusion coef-
ficient of membrane bound proteins is related to their sizes
[45], the slower diffusion of EGFR indicates the higher
order oligomerization (e.g. dimer) of EGFR induced by
ISO.

Of note, ISO induced slowdown of EGFR diffusion was
smaller than that of EGF, which is consistent with the rela-
tively less dimers in cells treated with ISO than cells treated
with EGF (Figure 1(f)). Taken together, these data have pro-
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Figure 2 Diffusion dynamics of EGFR-EGFP at the plasma membrane of cells treated without or with stimulation revealed by TIRFM imaging and single
particle tracking. Diffusion rates D of membrane-docked EGFR-EGFP molecules in (a) resting HeLa cells (n=12 cells), or HeLa cells stimulated with (b) EGF
(n=9 cells) or (c) ISO (n=10 cells). The D values from the two groups (a, c) are significantly different (p<0.001, Mann-Whiteney U test). (d) The average value
of diffusion rate of thousands molecules from (a—c). The data are presented as means + S.E.M. *** p<0.001 (color online).

ved that EGFR molecules undergo slower diffusion during
B>-AR-mediated transactivation.

3.3 Src kinase was involved in EGFR dimerization dur-
ing transactivation by p,-AR

Two different mechanisms, the ligand-dependent and -inde-
pendent mechanisms, have been proposed to explain GPCRs-
mediated in EGFR transactivation. The ligand-independent
mechanism requires the activation of the tyrosine kinase Src
[1,12]. Since the single molecule imaging approach we used
here could directly monitor the early effects (dimerization
and diffusion) of EGFR transactivation by GPCR, we then
started to investigate the potential role of Src during p.-AR-
mediated transactivation. We used two approaches to inter-
fere Src function, either by treated the cells with Src spe-
cific inhibitor PP2 or by depleting Scr expression by siRNA
(Figure S2(a, b)). We found that pre-treatment with PP2
(1 uM for 30 min) prevented ISO-induced EGFR dimer for-
mation (Figure 3(a—d)). Similarly, knocking down the ex-
pression of Scr attenuated ISO-induced EGFR dimer forma-
tion (Figure 3(e, f)). These results proved that the dimeriza-
tion of EGFR during ,-AR-induced transactivation was reg-
ulated by Src.

3.4 EGFR did not co-localize with $,-AR during trans-
activation at the cell membrane

By using co-immunoprecipitation or confocal microscopy, it
has been shown that 3,-AR-mediated EGFR transactivation
required the formation of f,-AR-EGFR complex [1,16,46].
We also confirmed the colocalzation of B,-AR and EGFR in
endocytic carries and endosomes inside the cells after ISO
stimulation by confocal imaging (Figure S3). The question
remains whether the activated individual EGFR and ,-AR
molecules form complex right after their activation at cell
surface, before their enrichment and thus colocalization in
clathrin-coated pits/vesicles.

By imaging the cells co-expressing EGFR-EGFP and
B2-AR-mCherry at the low expression level using TIRFM,
we found that the majority of individual EGFR molecules did
not colocalize with individual ,-AR molecules (Figure 4).
Although ISO stimulation increased the dimer formation of
both EGFR (Figure 1) and B,-AR [30,41], the co-localiza-
tion between individual EGFR-EGFP and B,-AR-mCherry
molecules did not increase. In the previous reports that
using traditional biochemical assays [1,16,46], it is hard to
distinguish whether the co-localization of these receptors
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Figure 3 Src regulated EGFR-EGFP dimerization during transactivation by B,-AR. (a—c) Distribution of the fluorescence intensity of individual EGFR-EGFP
spots in control cells (a), ISO-stimulated cells (b), and cells pre-treated for 30 min with Src inhibitor PP2 (1 uM) and then stimulated with ISO (c). (d) Frequency
of two-step bleaching events for EGFR-EGFP in control and drug stimulated cells. (e) Frequency of two-step bleaching events for EGFR-EGFP in the cells
transfected with the control siRNA or siRNA targeting Scr, and then treated with ISO as indicated. The data are presented as means £S.E.M. * p<0.05 and ***
p<0.001. (f-h) Distribution of the fluorescence intensity of individual EGFR-EGFP spots in the cells transfected with the control siRNA or siRNA targeting

Scr, and then treated with ISO as indicated (color online).

occurred in cytoplasm or on cell membrane. With our TIRFM
based single-molecule method only imaging the molecular
event on plasma membrane, interaction of the two receptors
can be observed on the cell membrane at single-molecule
level right after activation. Our result suggests that the trans-
activation of EGFR by B.,-AR is not induced by direct interac-
tion between the two types of receptors during the early stages
of ligand stimulation, but instead, it is regulated by the Scr ki-
nase dependent EGFR dimerization, and the dimerization of
EGFR results in EGFR phosphorylation and activation.

In present study, by employing single-molecule fluores-
cence imaging and single partial tracking method, we have
revealed the stoichiometry change of EGFR during transac-
tivation. As we known, the previously proposed ligand-in-
dependent mechanisms of transactivation involve the activa-

tion of Src family proteins, the downstream protein of B,-AR
signaling pathway, and then the direct mediation of EGFR
phosphorylation in its cytosolic domain without detectable
EGF-like ligands. On the other hand, EGF induced EGFR
dimerization is a general approach for the normal EGFR ac-
tivation as EGFR dimerization leads to its phosphorylation
and signaling. Since there isno EGF ligand release during
the ligand-independent transactivation, it is unclear whether
EGFR would dimerize to promote its activation or not in this
process. In this work, we found that EGFR became dimers
and diffused slower following the ISO stimulated transacti-
vation. The dimerization of EGFR during transactivation is
regulated by Src. Moreover, the transactivation of EGFR by
B>-AR did not involve direct interaction between the two re-
ceptors on the cell membrane. Therefore, our results suggest
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the possible approach of EGFR transactivation by Scr regu-
lated EGFR dimerization and phosphorylation.

4 Conclusions

In conclusion, with single-molecule fluorescence imaging
and single-particle tracking, we are able to directly study
the GPCR-mediated EGFR transactivation process at single
molecule/receptor level. We found the P.-AR activation
resulted in the dimer formation and slower diffusion of
EGFR. We further proved that this process was mediated
by Scr. It provides new insight into the understanding of
the mechanism of GPCR-mediated EGFR transactivation.
Our study also presents a new approach of studying receptor
transactivation by the single-molecule fluorescence imaging.
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