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The transmembrane protein HER2, a member of the epidermal growth factor receptor family of tyrosine
kinase, plays important roles in many fundamental cellular processes as well as the pathogenesis of many
cancers. In this work, we have applied the single-molecule fluorescence microscopic method to study lateral
mobility change of HER2 on activation by imaging and tracking individual GFP-tagged HER2 molecules on
the membrane of living cells. The single HER2 molecules displayed different diffusion rates and modes. It
was interesting to find that the mobility of HER2 increased upon stimulation by heregulin β1, the specific
ligand of HER3. The faster diffusion was related to the tyrosine phosphorylation of HER2 or EGFR. The
results provided new information for the understanding of HER2 activation and molecular mechanism of
signal transduction through HER2/HER3 heterodimerization.

Introduction
The receptor tyrosine kinase HER2 or erbB2 is a member of
the epidermal growth factor receptor (EGFR or erbB1) family,
which also includes HER3/erbB3 and HER4/erbB4. The erbB
family proteins are engaged in an extensive network of homoand hetero-associations regulating many important biological
processes such as development, cell proliferation, apoptosis,
differentiation and oncogenesis.1 HER2 plays a critical role in
the cellular effects of the erbB receptor network. The significance of HER2 is underscored by its overexpression in many
types of cancers, e.g., about 30% of breast carcinomas, and its
overexpression is associated with poor prognosis.2,3
As the only ligand orphan receptor in erbB family, HER2 is
activated by heterodimerization with another ligand-activated
erbB receptor. The HER2 kinase amplifies the signal by
modulating receptor internalization and prolonging signal transduction. Recent years have witnessed increasing interest in the
study of HER2 activation through its complexing with HER3,
since HER2/HER3 is the most representative heterodimer found
in breast cancer.4 HER3 is a kinase-defective protein. It is known
that upon binding to its ligand, such as heregulin β1 (HRG),
HER3 heterodimerizes with either HER2 or EGFR, and the
constitution of HER2/HER3 is preferential. This leads to the
phosphorylation of HER2 or EGFR receptor, the coupling of
other intracellular downstream mediators, and the activation of
the signal pathways of PI3K (phosphatidylinositol 3-kinase),
MAPK, etc. Although previous studies have shown that the
signal pathways activated by HER2/HER3 are involved in the
proliferation, survival, adhesion, and motility of tumor cells,
the molecular mechanism and biological consequences of HER2/
HER3 association are not yet completely known.5 Efforts have
been made to apply a variety of biochemical assays, which were
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mainly carried out in vitro with fixed cells, cell lysates, or
purified recombinant proteins, to study the molecular interaction
of HER2 with HER3 and HER2 activation.6-9
Single-molecule fluorescence microscopy has been recently
developed as a new tool for biomolecular study not only in vitro
but also in living cells.10-17 It provides information on the spatial
and temporal heterogeneity of molecules which may be obscured
by the averaging in conventional ensemble biochemical experiments. Single-molecule tracking of proteins in living cells is
becoming a powerful method to study protein local environments and interactions that constrain their mobility. Many single
molecule studies on signaling receptors have offered new
insights into their localization, assembly, and activation during
the singal transduction process.18-26 In these studies, a decrease
in receptor lateral mobility after receptor activation is usually
observed. For example, single-molecule imaging of small G
protein Ras revealed that Ras diffusion slowed down on
activation.18 It indicated the formation of large Ras-signaling
complexes, which provided a platform for transducing Ras signal
to effector molecules. Douglass et al. reported that during T
cell signaling, the plasma membrane microdomains, which were
created by the clustering of the coreceptor CD2, adaptor protein
LAT, and tyrosine kinase Lck, concentrated or excluded other
cell surface proteins.19 This led to a significant reduction in
single-molecule LAT diffusion. We recently investigated the
effect of lipid rafts on transforming growth factor TGFβ1
signaling.26 The reduced diffusion of individual TGFβ type I
receptors (TβR1) after TGFβ1 stimulation reflected their
heteromeric assembly with type II receptors.
In this work, we studied the diffusion dynamics of HER2
when it is heterodimerized with HER3 by single-molecule
imaging and tracking of HER2 in living cells. The plasmid of
GFP-tagged HER2 was constructed, and the individual HER2GFP molecules expressed on the cell surface were monitored
before and after they were activated by HRG, the specifc ligand
of HER3. The coupling of GFP to HER2 provided an easy way
to achieve single-dye labeling of HER2 and obtain information
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on extracellular ligand stimulation. Interestingly, unlike other
reported membrane receptors with decreased mobility upon
activation, we found that HER2 molecules diffused faster after
HRG treatment. Further analysis indicated the increased movement was related to tyrosine phosphorylation of HER2 or EGFR,
the two HER3 dimerization partners. The living cell singlemolecule analysis offered a valuable approach to better understanding of HER2 activation and signal transduction mechanism
of HER2/HER3.
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Experimental Section
Plasmid Construction. The DNA fragments encoding fulllength HER2 were subcloned from pcDNA3.1/CT-GFP-TOPO
into Kpn I/Sma I sites of pGFP-N1 (Clontech) to obtain HER2GFP expression vectors.
Cell Culture and Transfection. The MCF-7 breast tumor
cell line, a gift from Professor Qinwei Yin (Institute of
Biophysics, Chinese Academy of Sciences, People’s Republic
of China), was grown on glass-bottom culture dishes (MatTek
Co.) in pH 7.4 RPMI1640 (Gibco BRL, Grand Island, NY)
supplemented with 10% fetal calf serum (HyClone Logan, UT),
100 units/mL penicillin, 100 µg/mL streptomycin, and 5%
carbon dioxide at 37 °C. Subconfluent cells were transfected
with HER2-GFP expression vectors using Lipofectamin2000
(Invitrogen). In all experiments, cells transiently expressing
GFP-tagged proteins were used. The expression levels in each
experiment were closely matched. All the cells were serumstarved in the phenol red-free medium for 24 h before drug
application and fluorescence imaging. The cells were kept in
this serum-free medium during the drug treatment and imaging.
Drug Application. All the reagents used for the cell treatment
including heregulin β1 (HRG), AG1478, and AG825 were
purchased from Sigma (St. Louis, MO). The addition of the
reagent to the cell culture medium was carried out under a dark
condition. 10 nM HRG was used to stimulate the cells at 37 °C
5 min before the microscopy observation. 50 µM AG825, the
specific tyrosine kinase inhibitor of HER2, and/or100 µM
AG1478, the specific tyrosine kinase inhibitor of EGFR,27,28
were added into the medium an hour prior to the addition of
HRG when needed. 10 µg/mL anti-HER3 monoclonal antibody
(NeoMarkers, Fremont, CA) was used to inhibit heregulin β1
binding to HER3.29 Destabilization of cell cytoskeleton was
achieved by 30-min incubation at 37 °C in the medium
supplemented with 0.5 µM LatrunculinB (Calbiochem, San
Diego, CA).30
Single-Molecule Fluorescence Imaging. An objective-type
total internal reflection fluorescence microscope, which was
based on an inverted microscope (IX-71, Olympus) with a total
internal reflective fluorescence illuminator and a 100× oilimmersion objective (Olympus, Japan,NA1.45) was used for
single-molecule fluorescence imaging. The 488-nm laser line
from an argon ion laser (Melles Griot, USA) was used to excite
GFP. Fluorescence signals were collected by the objective and
passed through two filters, BA510IF long pass filter (Chroma,
USA) and HQ525/50 band-pass filter (Chroma, USA), before
directed to an intensified CCD camera (I-Pentamax EEV 512
× 512 FT, Roper Scientific, USA). Images were acquired with
100-ms exposure time and analyzed with MetaMorph6.1
software (Molecular Devices Corp., USA)
Imaging of GFP on Coverslips. Single molecule fluorescence imaging of GFP on coverslips was performed as a control
experiment for that of HER2-GFP on living cell surface. GFP
protein purified from E. coli was first dissolved in a high salt
buffer (600 mM NaCl, 150 mM PBS buffer, pH 7.4) to prevent
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dimer formation and then immobilized on the coverslips through
biotinylated GFP antibody (Clontech) using the method reported
previously.13 Those fluorescence spots of GFP whose size were
within the diffraction limit (2 × 2 pixels, 460 nm × 460 nm)
and bleached in a single step were identified as single GFP
molecules.
Mobility Analysis of Single Molecules. Time-lapse series
of single HER2-GFP images were taken up to 200 images per
sequence. The positions of individual fluorescent HER2-GFP
molecules were determined in each image, and the twodimensional trajectories of these molecules in the plane of the
basal membrane were reconstructed by MetaMorph6.1 software
(Molecular Devices Corp., USA). For the calculation of diffusion
coefficient, we plotted the mean square displacement (MSD)
from each trajectory against time (t).25 For each molecule, the
slope of the first four time points in the MSD-t plot was used
to calculate the diffusion coefficient according to the equation
MSDtf0 ) 4Dt.25,26 The distributions of HER2 diffusion
coefficients were obtained under different conditions (different
cell treatments), and each distribution histogram represented the
data from 106 to 158 single HER2 molecules in 10-15 cells.
Those exhibiting D100ms < 0.01167 µm2/s (derived by the
Gaussian fitting to the data on single GFP molecules on glass
as a 95 percentile point) were defined as immobile molecules
under our microscopic resolution.26 Moreover, the confinement
length (L) of HER2 in different conditions was calculated by
plotting the overall change of MSD of all single molecules vs
time from 100 ms to 2 s and then fitting the curve according to
the equation below,31 where r2(t) is the time dependence of mean
MSD and D is the mean diffusion coefficient

r2(t) )

(

(

))

-12Dt
L2
1 - exp
3
L2

Results and Discussion
Single-Molecule Imaging of HER2 in Living Cells. As
shown in Figure 1, we achieved single-molecule fluorescence
imaging of HER2-GFP expressed on the membrane of MCF-7,
a model cell line extensively used to study erbB family signal
transduction.8,32 The expression level of HER2-GFP was kept
low, so individual HER2 molecules could be observed as welldispersed fluorescent spots by TIRFM (Figure 1A). The
fluorescent spots that displayed the size within the diffraction
limit (2 × 2 pixels, 460 nm × 460 nm) and the characteristics
of one-step photobleaching (Figure 1C) were identified as single
HER2 molecules followed for later diffusion tracking. The
collected single HER2-GFP molecules were also fluorescent
more than 10 image frames to exclude the background noise
and ensure the diffusion coefficient analysis. The intensity
distribution of those single HER2- GFP molecules was similar
to that of single purified GFP molecules imaged on the
coverslips (Figure 1B), confirming the single HER2 imaging
on cell membrane.18,25
Analysis of HER2 Diffusion in the Resting State. On the
basis of the consecutive images of the single HER2 molecules
on the basal membrane of the cells, the diffusion trajectories of
each molecule were obtained (Figure 2A). The MSD changes
over time for each trajectory were plotted (shown as Figure 2B)
and the diffusion coefficients (D) of individual HER2 molecules
were derived. Different molecules showed different diffusion
characteristics. The majority (∼89%) of the molecules were
mobile, and most of them displayed restricted diffusion (Figure
2, trajectory 2) as previously reported.25 However, a few
molecules (∼11%) were found immobile, and some mobile
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Figure 1. (A) Single-molecule fluorescence imaging of HER2-GFP on the living cell membrane. Scale bar: 5 µm. (B) Fluorescence intensity
distributions of individual HER2-GFP spots on the living cell membrane (dashed dark bar) and single GFP molecules on the coverslips (light gray
bar). The histograms were generated from 260 HER2-GFP molecules on the cells and 232 GFP molecules on the coverslips. (C) Fluorescence
intensity trajectories of two typical single HER2-GFP molecules shown by the circles in part A displaying typical one-step photobleaching.

Figure 2. (A) Illustrative examples of single HER2 molecules with different diffusion trajectories. (B) Plots of the MSD vs time for the three
trajectories shown in part A.

molecules (22%) appeared as simple diffusion (Figure 2,
trajectory 1) judged from their trajectories and MSD-t curves.18,19
The diffusion coefficient distribution of all the single HER2
molecules was shown in Figure 3A with the mean value at 0.055
µm2/s.
Orr et al. recently reported the single-molecule diffusion of
EGFR and HER2 under different conditions of cholesterol
contents to study the association of lipid rafts with the two
receptors.25 They used AF-546 dye labeled antibodies to monitor
EGFR and HER2 (e.g., Fab fragment of mAb 7C2 for HER2)
in HME184A1 cell, and calculated the change of overall MSD
of all single molecules in 4 s of observation. They suggested
the diffusion of HER2 was restricted with the D of
0.035 µm2/s. In our work of tracking GFP-tagged HER2, we
calculated the change of MSD with time for each molecule and
found that the molecules may display more diffusion modes.
The mean value derived from our single-molecule D distribution
was a little larger than that Orr reported. Worth mentioning is
that most of individual HER2-GFP could only be tracked for
about 2-4 s before photobleaching. In Figure 2, the molecules
with fluorescent time longer than 4 s (about 12% of single
HER2-GFP molecules) were selected to compare the reported
result from 4 s of observation by the dye labeling.25 The short
fluorescent time of GFP did not affect the calculation of

diffusion coefficient (D) as only the first four time points (0400 ms) in the MSD t plot were used for calculation. If we
used the statistical method as they did and plotted the overall
MSD change of our single molecules against time (see Supporting Information), it could also result in the curve fitting for
the restriction mode.25 However, the derived diffusion coefficient
(0.055 ( 0.0030 µm2/s) was still a little larger than they
reported. Besides the difference in labeling strategy, different
diffusion coefficient may be due to the study of HER2 in
different cell lines.33 In our experiment, the average diffusion
coefficient (0.055 ( 0.0035 µm2/s) as well as the diffusion
distribution of HER2 all fell within the range of reported
diffusion coefficients of membrane proteins, which were from
0.005 to 0.5 µm2/s.18,19,22-24,34 Moreover, we just compared the
relative mobility of HER2 before and after HRG acitivation in
the same cell batch for the later study.
Faster Diffusion of HER2 on HRG Activation. It is known
that the activation of HER2 can be achieved by the administration of HRG, which binds specifically to HER3 and promotes
the heterodimerization of HER3 with HER2. As there existed
relatively high levels of endogenous HER3 in the cell line we
used,8 we then monitored the diffusion of single HER2
molecules after HRG activation and compared their diffusion
behavior to that in the resting cells.
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Figure 3. (A-F) Distributions of HER2 diffusion coefficients under different conditions: (A) resting cells, (B) after HRG stimulation, (C) treating
with anti-HER3 monoclonal antibody before adding HRG, (D) treating with EGFR phosphorylation inhibitor AG1478 before adding HRG, (E)
treating with HER2 phosphorylation inhibitor AG825 before adding HRG, and (F) treating with both EGFR phosphorylation inhibitor AG1478 and
HER2 phosphorylation inhibitor AG825 before adding HRG. The mean values for A-F is 0.055 ( 0.0035, 0.085 ( 0.0032, 0.045 ( 0.0031, 0.082
( 0.0051, 0.077 ( 0.0047, and 0.037 ( 0.0038 µm2/s, separately. (G) Mean diffusion coefficients of HER2 obtained from the D distribution
histograms shown in A-F. There is a significant statistical difference in diffusion coefficient values between A and B (p < 0.001), B and C (p <
0.001), B and F (p < 0.001). No significant difference was found between B and D (p > 0.05) and B and E (p > 0.05).

As shown in parts A and B of Figure 3, there was an apparent
increase in HER2 diffusion upon stimulation. The immobile
molecules could be hardly found. The distribution of the
diffusion coefficients shifted to the higher values with the mean
at 0.085 ( 0.0032 µm2/s, which were larger than those in the
resting state with the mean at 0.055 ( 0.0035 µm2/s (p < 0.001
in the student’s t test for the two groups of D).
We have also calculated the averaged length of confinement
domain of HER2.31 It also increased upon HRG stimulation
(from 0.64 ( 0.018 to 0.96 ( 0.029 µm). Therefore, unlike

other reported signaling receptors,18,19,26 HER2 moved faster
and more freely on activation.
We further confirmed that the faster diffusion of HER2 was
due to HRG stimulation using anti-HER3 monoclonal antibody
Ab-5. This antibody has been reported to inhibit the binding of
HRG to HER3 without affecting the cell growth.29 As shown
in parts C and B of Figure 3, in the presence of the antibody,
D100ms distribution after HRG treatment (mean value at 0.045
( 0.0031 µm2/s) shifted back to the resting level, and the
confinement domain shifted back to 0.54 ( 0.014 µm.

4144 J. Phys. Chem. B, Vol. 112, No. 13, 2008

Xiao et al.

Downloaded by LIBRARY OF CHINESE ACAD SCI on October 11, 2009 | http://pubs.acs.org
Publication Date (Web): March 7, 2008 | doi: 10.1021/jp710302j

Figure 4. (A) Histograms of diffusion coefficients of individual HER2 molecules before (light gray) and after (dash) HRG stimulation in the cells
treated with Latrunculin B. The mean diffusion coefficients were 0.077 ( 0.0038 and 0.073 ( 0.0036 µm2/s respectively. No significant difference
was found between the two distributions (p > 0.05) as shown in part B.

Correlation between the Increased Mobilty of HER2 and
Receptor Phosphorylation. The following question is why
HER2 was more mobile after stimulation. We further examined
whether the inhibition of tyrosine phosphorylation of the receptor
would affect HER2 mobility in the presence of HRG. Figure
3E showed that, although HER2 phosphorylation was blocked
by adding its specific tyrosine kinase inhibitor, the HER2
molecules still displayed the similar diffusion behavior after
HRG stimulation as that before (mean value from 0.085 (
0.0032 to 0.077 ( 0.0047 µm2/s, p > 0.05). However, if both
tyrosine kinase inhibitors of HER2 and EGFR were added, the
diffusion of HER2 substantially slowed down (mean from 0.085
( 0.0032 to 0.037 ( 0.0038 µm2/s, p < 0.001, Figure 3F).
Moreover, the tyrosine kinase inhibitor of EGFR alone had no
effect on the diffusion of the activated HER2 (mean from 0.085
( 0.0032 to 0.082 ( 0.0051 µm2/s, p > 0.05, Figure 3D). Our
results indicated that either the phosphorylation of HER2 or
EGFR would cause the faster diffusion of HER2 after HRG
stimulation.
The analysis of the size change in HER2 diffusion confinement domain showed the consistent results with that of the D
change. For example, if the tyrosine phosphorylation of either
EGFR or HER2 took place by HRG stimulation, HER2 diffused
within a microdomain of 0.97 ( 0.029 or 0.91 ( 0.019 µm,
which was larger than that in the resting state (0.64 ( 0.018
µm). Only under the condition that the tyrosine phosphorylations
of both EGFR and HER2 were prevented, the diffusion diameter
decreased significantly (0.36 ( 0.0020 µm). As both HER2 and
EGFR are the heteromerization partners of HER3, treating the
cells with HRG might induce an increase in the tyrosine
phosphorylation of not only transfected HER2 and but also
endogenous EGFR.9,32 Therefore, the inhibition of tyrosine
phosphorylation of one receptor is not enough to inhibit HRG
signaling and HER2 diffusion change. Thus, the increased
mobility of HER2 upon HRG stimulation is correlated with the
tyrosine phosphorylation of HER2 or EGFR.
The change in receptor mobility is often caused by the change
in the local membrane environment, where many factors such
as cytoskeleton, lipid rafts, or adaptor molecules are involved.
Therefore, it is expected that the HRG signaling by either
tyrosine phosphorylation of HER2 or EGFR would alter the
local environment of HER2, which facilitates its diffusion. Adam
et al. reported that HRG stimulation resulted in an enhancement
of F-actin expression, membrane ruffling, and cell migration.5
Thus cytoskeletal reorganization upon HRG activation is a
possible reason for the HER2 mobility change. We have tested
the cells treated with LatrunculinB, a toxin that distrupts the

actin cytoskeleton.30 As shown in Figure 4, no obvious change
was found in the D distribution before and after activation (p
> 0.05), indicating that HRG stimulation did not lead to HER2
mobility change in those cells. We also observed that F-actin
disrupting by Latrunculin B treatment resulted in the increase
of HER2 mobility in rest cells (mean value is from 0.055 (
0.0035 to 0.077 ( 0.0038 µm2/s), which was different from
the previous report.25 It is possibly due to different F-actin
disrupting reagent and different cell line used in our experiment.
In this study, we only concerned HER2 diffusion change before
and after HER2 simulation in the cells after F-actin disrupting.
On the basis of these observations in Figure 4, we expected
that, upon HRG stimulation, the cytoskeletal reorganization was
initiated by either HER2 or EGFR phosphorylation, which
speeded the diffusion of HER2. However, the detailed mechanism of how the receptor phosphorylation and cytoskeletal
reorganization resulted in the increase of HER2 mobility needs
further investigation.
Conclusion
We have imaged single molecules of GFP-tagged HER2 in
living cells and characterized their diffusion mobility under
different conditions. Our results showed the heterogeneity in
the diffusion behavior of individual HER2 molecules, and, more
importantly, the faster diffusion upon HRG stimulation and the
tyrosine phosphorylation of HER2 or EGFR. It is proposed that
the increase in HER2 mobility correlates with the reorganization
of cytoskeleton.
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D. J. Phys. Chem. B 2003, 107, 5445-5452.
(15) Hellriegel, C.; Kirstein, J.; Bräuchle, C.; Latour, V.; Pigot, T.;
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