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Ligand-driven dimerizations of ErbB receptor subunits fulfill a
fundamental role in their activation. We have used the number
and brightness analysis technique to investigate the existence of
preformed ligand-independent dimers and clusters and to charac-
terize the initial steps in the activation of ErbB1 and ErbB2. In cells
expressing 50,000–200,000 receptors, ErbB1 was monomeric in the
absence of ligand stimulation, whereas in CHO cells with receptor
levels >500,000 as much as 30% of ErbB1was present as preformed
dimers. EGF induced the formation of ErbB1 dimers aswell as larger
clusters (up to pentamers) that colocalized with clathrin-coated
pits. The distribution of unstimulated ErbB2 in cells expressing
3·105 − 106 receptors was fundamentally different, in that this
receptor was present in preformed homoassociated aggregates
containing 5–10 molecules. These constitutive ErbB2 homoclusters
colocalized with caveolae, increased in size at subphysiological
temperatures, but decreased in size upon EGF stimulation. We
conclude that these ErbB2 clusters are promoted primarily by
membrane-mediated interactions and are dispersed upon ligand
stimulation.
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ErbB proteins (ErbB1-4, HER1-4) constitute the best charac-
terized family of receptor tyrosine kinases (1). Biochemical

analysis has demonstrated that ErbB1, the prototypical member
of the family (also known as the epidermal growth factor recep-
tor, EGFR or HER1) undergoes ligand-induced homodimeriza-
tion as a key step in its activation (2). More recent crystallo-
graphic studies reveal that ligand binding induces a transition
from a closed conformation of ErbB1 to an extended configura-
tion with the capacity to dimerize via intermolecular interactions
mediated by domain II (3, 4). The ultrastructural data also
confirm that dimerization of ErbB1 plays a fundamental role in
activating the kinase domain by a mechanism resembling that of
cyclin dependent kinases (5, 6). The coreceptor ErbB2 has no
known ligand but upon transactivation expresses the most potent
kinase activity of the ErbB family, thereby increasing the
efficiency of signaling mediated by ErbB2-containing heterodi-
mers (7). ErbB2 constitutively adopts an extended conformation
potentiating the formation of heterodimers (8, 9) that can be
inhibited by pertuzumab, a monoclonal antibody sterically block-
ing the heterodimerization arm of ErbB2 (10). Although the
extracellular domain of ErbB2 has failed to form crystallographic
homodimers, molecular biological and fluorescence resonance
energy transfer (FRET) experiments have shown that full-length
ErbB2 exists in dimers or higher-order aggregates in the plasma
membrane (11, 12). The implication is that the transmembrane,
juxtamembrane and other intracellular domains (5, 13, 14) act
in conjunction with the membrane environment (15) to mediate
the dimerization and, thereby, functional states of ErbB proteins.

Many investigators have sought to determine the distribution
of ErbB1 in the plasma membrane in an attempt to explain the

molecular basis for the apparent high- and low-affinity ligand
binding. The findings suggest the existence of preformed (i.e.,
ligand-independent, ErbB1 receptor dimers) (16, 17) or larger
aggregates (18) in addition to the classical dimers formed upon
ligand-induced activation of receptor monomers. However, the
different techniques, cell types, and conditions of the experiments
have resulted in conflicting and contradictory results. Several
studies using fixed cells and/or low temperature incubations
based on hetero- or homo-FRET have indicated that <10% to
as much as 50% of ErbB1 may exist as preformed dimers or
oligomers (17, 19, 20). Inhibition of the tyrosine kinase activity
of the receptor led to disaggregation of the transient dimers
and clusters to monomers (18), suggesting that some measure-
ments may have been made on nonstarved cells with preactivated
receptors. On the other hand, fluorescence correlation spectro-
scopy (FCS) measurements on living, starved cells were consis-
tent with earlier evidence for low levels of preformed dimers
and very few oligomers (21). Recently, flow cytometric homo-
FRET data demonstrated that homoclustering of ErbB2 was
significantly stronger than ErbB1 and that homoaggregates of
ErbB2, containing inactive proteins, were recruited into ErbB1-
or ErbB3 containing heterodimers upon ligand binding (22).

We have utilized a new correlation method introduced by
the Gratton lab (23) that directly assesses the molecular size
of diffusing macromolecules in living cells by number and bright-
ness (N&B) determinations based on the analysis of sequential
confocal microscopy images acquired by calibrated single photon
detection. The fluctuation of fluorescence intensities in single
pixels provides a measure of molecular brightness (i.e., the num-
ber of detected photons emitted by a single diffusing unit of a
given fluorescent species during the pixel dwell time). We found
that ErbB1 is monomeric at low expression levels, but forms
ligand-independent dimers in an expression-level and cell-type
dependent manner. Binding of EGF induces a practically com-
plete dimerization of ErbB1, with higher-order clusters primarily
associated with clathrin-coated pits. On the contrary, ErbB2
forms homoclusters containing 5–10 proteins in the absence of
stimulation, and these clusters are reduced in size after stimula-
tion by EGF. In the absence of ligand the ErbB2 clusters increase
in size at subphysiological temperatures. Our results resolve many
of the published contradictions regarding the existence of pre-
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formed ErbB clusters and their rearrangement after ligand stimu-
lation and show that expression levels as well as temperature-
dependent membrane rearrangements lead to significantly differ-
ent receptor distributions.

Results
Preassociated ErbB1 Is Induced to Dimerize in Cells Expressing the Re-
ceptor at a High Level. The F1-4 line (transfected CHO cells stably
expressing ∼600;000 ErbB1-eGFP/cell (24) was used as a model
system for cells overexpressing the ErbB1 receptor. Clustering
of ErbB1 in starved cells was measured using the N&B approach.
The distribution of brightness values was homogeneous indicating
that clustering of ErbB1 did not show a steep dependence on the
local density of the protein within the limited concentration range
sampled on a single cell (Figs. 1A and 2A). The molecular bright-
ness values of ErbB1-eGFP were ∼30% higher than those of
monomeric eGFP implying that a fraction of ErbB1 was present
in preformed receptor clusters (Table 1). The existence of pre-
formed receptor dimers in F1-4 cells was confirmed by photo-
bleaching ∼80% of the fluorescence after which the molecular
brightness of ErbB1-eGFP approximated that of soluble, mono-
meric eGFP (Fig. 1B and Table 1). Stimulation of F1-4 cells by
100 nM EGF for 3 min at room temperature increased the cluster
size of ErbB1 significantly (Figs. 1A and 2B) to a value that was
∼80% higher than monomeric eGFP (Table 1). The brightness
histogram shifted homogenously to higher values upon EGF
treatment (Fig. 1A), but the dependence of the brightness on
the fluorescence intensity was weak (Fig. 2B and Fig. S1E). These
observations indicate that the growth factor induced an almost
complete dimerization of the receptor population.

Preformed Clusters of ErbB1 Are Absent in Cells Expressing the Recep-
tor at Low Levels. The observation of preformed ErbB1 clusters in

unstimulated F1-4 cells might not represent the behavior of the
receptor under physiological conditions due to the high overex-
pression in these cells. We investigated two other model systems
with significantly lower levels of ErbB1 expression. F1-10 is
another transfected CHO line stably expressing ∼50;000 ErbB1-
eGFP/cell (25), whereas the human HeLa-ErbB1eGFP line ex-
presses ∼200;000 ErbB1-eGFP/cell in a background of 50,000
endogenous, unlabeled ErbB1 receptors. The molecular bright-
ness of ErbB1-eGFP measured in starved F1-10 and HeLa-
ErbB1eGFP cells was only 3–5% higher than that of monomeric
eGFP, indicating that themajority ofErbB1-eGFPwasmonomeric
in unstimulated cells expressing moderate to low levels of the re-
ceptor (Fig. 1C, Fig. S1C, and Table 1). The brightness of ErbB1-
eGFP showed a steeper dependence on its local density in F1-10
than in F1-4 cells (Fig. 2 A and C). Stimulation of both F1-10 and
HeLa-ErbB1eGFP cells led to significant increases in the molecu-
lar brightness of ErbB1-eGFP (Table 1), and the distribution in
EGF-stimulated F1-10 cells deviated significantly from a unimo-
dal Gaussian (Fig. 1C), correlating strongly with the local density
(mean fluorescence intensity) of ErbB1-eGFP (Fig. 2C). Larger
clusters of the receptor induced by EGF (Fig. 2D and Fig. S1 F
and G) were colocalized with clathrin-coated pits after fixation
and immunfluorescence labeling (S1H and Figs. S2A). Such clus-
ters were not observed in either quiescent or stimulated F1-4 cells
(Fig. S1 A and B). Three overlapping Gaussians were required to
fit the brightness distribution of EGF-stimulated F1-10 cells
(Fig. 1D), rightmost peak corresponding to ∼5 ErbB1-eGFP in
clathrin-coated pits.

The Propensity of ErbB2 to Form Homoclusters Is Greater than that
of ErbB1. Starved A4erbB2 cells (26) expressing ∼1.2·106 and
106 endogenous ErbB1 and ErbB2-mYFP, respectively, showed
remarkably heterogeneous clustering of ErbB2 both at the micro-
scopic and molecular levels. Conspicuous “macroclusters” of
ErbB2 were observed in microscopic images (Fig. S3). The mo-
lecular brightness of ErbB2-mYFP was significantly higher in
these macroclusters than outside them (Figs. 3 A and C and 4
A–D), but the N&B analysis demonstrated that ErbB2 was homo-
associated in both locations (Table 1). A similar tendency was

Fig. 1. Clustering of ErbB1 in quiescent and EGF-stimulated cells. (A). Starved
F1-4 cells were measured before and after stimulation with EGF for 3 min.
The brightness histograms are plotted for quiescent (black) and the EGF-
stimulated cells (red). The brightness histogram of soluble monomeric eGFP
is shown by the green line. (B). Starved F1-4 cells were photobleached until
their fluorescence intensity reached ∼20% of the initial value and the bright-
ness histograms of the control (black) and the bleached cells (blue) are shown.
(C). Brightness histograms of starved (black) and EGF-stimulated (red) F1-10
cells. (D). The brightness histogram of EGF-stimulated F1-10 cells (red) was
fitted by three overlapping Gaussians (green lines). The sum of the
three fitted Gaussian distributions perfectly overlapping the experimentally
determined histogram is shown by the black, long dashed line.

Fig. 2. N&B contour plots of quiescent and EGF-stimulated cells expressing
ErbB1. N&B contour plots of starved (A) and EGF-stimulated (B) F1-4 cells, and
starved (C) and EGF-stimulated F1-10 cells were calculated. The horizontal
scales (mean fluorescence intensity) were divided into 50 bins and the
average brightness calculated for each bin is shown by the red trend lines.
The gated part in (D) marked by the green box corresponds to the gated
pixels marked by red in Fig. S1G.
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observed in CHO cells stably expressing ∼300;000 ErbB2/cell but
lacking the other ErbB proteins. However, in this cell line the size
of molecular homoclusters of ErbB2 was even larger (Table 1),
averaging 5–15 inside and 3–4 ErbB2 molecules outside the
macroclusters. ErbB2-mYFP in the central and most intense part
of the macroclusters had a lower molecular brightness than at the
periphery (Fig. S3A and Fig. 4B). We attribute this observation to
a lower mobility of ErbB2 in the central and most dense part of
the clusters.

Temperature changes are expected to affect the clustering
properties of integral membrane proteins that associate with
specific lipid environments (15, 27, 28). Macroclusters of ErbB2
gradually increased in size and density after transferring cells
from 37 °C to room temperature over a period of 2 h (Fig. S3).

Several factors might contribute to increased homoaggregation
of ErbB2 compared with ErbB1: (i) the C-terminal PDZ binding
motif that interacts with intracellular proteins such as Erbin and
Pick1 (29); (ii) linker regions to the mYFPmoiety (26); or (iii) the
mYFPmoiety itself (30). Additional transgenes were constructed:
ErbB2-short-mYFP, with a dipeptide linker; ACP-ErbB2, an
amino terminal acyl carrier protein (ACP) sequence insertion
(31); and C-terminal VPV deletion mutants of both constructs.
N&Bmeasurements on transiently transfected HeLa cells expres-
sing ErbB2-short-mYFP yielded data identical to those observed
with the original ErbB2-mYFP vector (Fig. S4A and Table S1).
Enzymatic covalent labeling of the ACP-ErbB2 in the plasma
membrane of transfected HeLa cells with Atto-565-CoA dis-
played identical clustering properties to mYFP-labeled ErbB2
(Fig. S4B and Table S1). Finally, the cluster sizes of wild-type
ErbB2 and ΔVPV-ErbB2 were not significantly different from
each other in cells transfected with either mYFP-tagged or
ACP-conjugated versions of the vectors (Fig. S4 A and B and
Table S1). Colocalization experiments with immunolabeling

are described in SI Text and confirmed that no fluorescence signal
contributions from internal vesicles or binding to extracellular
matrix contributed to the molecular brightness determinations
while macroclusters colocalize with caveolin (Fig. S5).

ErbB2 Is Removed from Preformed Homoclusters upon EGF Stimula-
tion. A4erbB2 cells were used to measure the effect of EGF
stimulation on the molecular clustering of ErbB2. EGF signifi-
cantly decreased the size of molecular clusters of ErbB2 inside
macroclusters without affecting external molecules (Fig. 3 B
and C and Table 1). Ligand-activated ErbB1 recruited ErbB2
from homoclusters into ErbB1-2 heterodimers. Pertuzumab, an
antibody blocking the heterodimerization of ErbB2, decreased
the molecular brightness values of ErbB2-mYFP in starved
cells and abolished the decrease induced by EGF (Table 1). We
conclude that the observed EGF-induced decrease in the size
of molecular homoclusters of ErbB2 was the consequence of the
recruitment of ErbB2 into heterodimers by ligand-activated
ErbB1.

Discussion
According to the widely accepted molecular scheme underlying
the biology of ErbB receptor tyrosine kinases, inactive mono-
meric receptors undergo ligand-induced dimerization and activa-
tion (32). Although several lines of evidence (3, 4), support this
view, both recent and earlier evidence (16–18, 20–22) have sug-
gested that two aspects of the classical model need to be recon-
sidered: (i) inactive receptors are not necessarily monomeric,
such that (ii) higher-order clusters of inactive and/or activated
receptors may exist. We chose the novel technique of N&B
analysis (23) to investigate these issues. Clusters detected by
N&B analysis are defined in terms of joint mobility, whereas
FRET measurements resolve aggregates based on proximity.
The underlying principles of N&B and FCS measurements are
the same and both measure the distribution and association states
of molecules in live cells. N&B data are statistically more reliable
due to the larger number of pixels used in the analysis compared
with FCS. Fluorescence intensity distribution analysis and photon
count histogram analysis have the potential to yield information
on the distribution of cluster sizes within single pixels, something
that cannot be achieved by N&B analysis. However, their require-
ment for highly accurate photon statistics necessitates high
illumination intensities leading to photodamage (21).

The molecular brightness value of ErbB1-eGFP in unstimu-
lated F1-4 cells expressing the receptor at a high level (>500;000∕
cell) was higher than that of monomeric eGFP and approached a
value characteristic of preformed dimers in pixels with the highest
local density. The brightness value indicated the presence of∼30%
preformed dimerswith no indication of higher oligomers, in agree-
ment with previous FCS results (21). In contrast, unstimulated

Fig. 3. N&B contour plots of quiescent and EGF-stimulated A4erbB2 cells.
Starved A4erbB2 cells were stimulated with 100 nM EGF for 3 min. The
N&B contour plots were calculated for the control (A) and EGF-stimulated
cells (B). The top and bottom boxes in part A were used to gate pixels with
high and low brightness values, respectively, and these pixels are shown in
red in Fig. 4 C and D, respectively. (C). Brightness values separately analyzed
for pixels inside (dashed line) and outside (solid line) ErbB2 macroclusters
both in quiescent (black lines) and EGF-stimulated cells (red lines).

Table 1. Molecular brightness values of ErbB1-eGFP and ErbB2-mYFP

ErbB1 soluble eGFP
F1-4 F1-10 HeLa-ErbB1-eGFP

starved bleached +EGF starved +EGF starved +EGF

mol. br. 0.118 ± 0.002 0.158 ± 0.002 0.128 ± 0.002 0.217 ± 0.003 0.122 ± 0.001 0.175 ± 0.003 0.126 ± 0.005 0.172 ± 0.005
(mol/cluster) (1.3) (1.0) (1.8) (1.0) (1.5) (1.0) (1.5)

ErbB2 soluble mYFP
A4erbB2 CHO-ErbB2mYFP

starved +EGF pertuzumab pertuzumab+EGF starved pertuzumab

mol. br. 0.063 ± 0.01 In mc 0.4 ± 0.02 0.283 ± 0.025 0.35 ± 0.023 0.33 ± 0.017 0.91 ± 0.056 0.75 ± 0.053
(mol/cluster) (6.3) (4.5) (5.6) (5.2) (14.4) (11.9)

outside mc 0.182 ± 0.008 0.164 ± 0.019 0.16 ± 0.021 0.14 ± 0.023 0.28 ± 0.037 0.28 ± 0.03
(2.9) (2.6) (2.5) (2.2) (4.4) (4.4)

Molecular brightness values (�SEM) of quiescent and EGF-stimulated cells, and that of soluble, monomeric eGFP and mYFP are shown in the table. The
numbers in parentheses represent the average number of ErbB1-eGFP or ErbB2-mYFP in a molecular cluster determined by dividing the molecular brightness
values of cells with that of soluble monomeric fluorescent protein. The displayed values were calculated from 5–10 cells. (mc ¼ macrocluster)
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ErbB1 was monomeric in two different cell lines (F1-10, HeLa-
ErbB1eGFP) expressing the receptor at a lower level (50;000–
200;000∕cell) found on primary, nononcogenic cells. These obser-
vations suggest that the existence of preformed ErbB1 dimers is
strongly dependent on the expression level and density of the
receptor, and thus, may reflect the establishment of thermody-
namic equilibrium. There may also be a contribution of lipid rafts
and gangliosides to the tendency of ErbB1 to form preformed
dimers (15, 33, 34). The fact that CHO cells do not express
GM1 should also be taken into consideration (35).

Stimulation of cells with EGF led to an increase in the cluster
size of ErbB1. In the high-expression F1-4 cell line the brightness
histogram shifted homogeneously to larger values after EGF
stimulation and the mean value of the unimodal distribution
was∼1.8-times that ofmonomeric eGFP, demonstrating an almost
complete dimerization of ErbB1 upon EGF treatment. F1-10 cells
expressing ErbB1 at a much lower level (∼1∕10) behaved differ-
ently. The EGF-induced increase in the average molecular bright-
ness was lower and the brightness histogram was unsymmetrical.
Decomposition of the brightness histogram revealed that the
main peak and the brightest subpopulation corresponded to
monomeric and pentameric ErbB1, respectively. After fixation
pentameric clusters could be colocalized with clathrin-coated
pits by antibody labeling. We conclude that EGF-stimulation
led to activation anddimerization ofErbB1 followed by immediate
recruitment to clathrin-coated pits, leaving behind the remaining
inactive and monomeric receptors. In F1-4 cells with high ErbB1-
eGFP expression there was rapid recruitment of almost all the
ErbB1 molecules into activated dimers after addition of EGF,
masking the rather low number of clathrin-coated pits that were
presumably saturated (36).

Whereas biochemical data (37) and X-ray crystallography
(3, 4) suggest that inactive ErbB1 is monomeric, hetero-FRET
(16–18), homo-FRET (19, 22, 38), and FCS (20, 21, 25) measure-
ments have found evidence for dimers, or in a few cases for
higher-order clusters. We propose that several cell- and measure-
ment-dependent factors contribute to the discrepancies in the
literature: (i) the strong dependence of preformed ErbB1 dimers
on expression levels established in this study accounts for the
presence of preformed clusters in cells (e.g., A431) with high
receptor densities (16, 17); (ii) fixation and labeling by bivalent
antibodies may artificially generate receptor aggregates (39); and
(iii) the continuous cycle of phosphorylation and dephosphoryla-
tion of ErbB1 induced by autocrine stimulation or lack of starva-
tion. ErbB1 is fully inactivated only in serum-deprived cells (40),
and some protocols have even used phosphatase inhibitors (41), a
situation promoting the formation of activated dimers. Thus,
the observation of ErbB1 clusters persisting in nonstarved cells
(20) leads to the erroneous conclusion that they preexist in
unstimulated cells.

The perception of clusters, extending from dimers to aggre-
gates containing hundreds of proteins (22, 42), may also reflect
the size-dependent selectivity of the methods used to investigate
them. Dimers observed by X-ray crystallography are direct asso-
ciations on the molecular level, whereas positive FRET signals

imply molecular proximity but not necessarily specific molecular
interactions. Furthermore, hetero-FRET cannot discriminate
between small and large aggregates, because cluster size only
slightly affects the transfer efficiency (43), whereas homo-FRET
is more suitable for the detection of higher-order associations
(22, 38, 44). In addition, methods based on the measurement
of fluorescence correlations, including N&B analysis, detect
joint mobility, which can arise not only from tight molecular as-
sociations, but also by mutual confinement by membrane struc-
tures (45). The use of image correlation techniques [image
correlation spectroscopy or dynamic image correlation spectro-
scopy (DICS)] (27, 46) to determine molecular associations ap-
plied to fixed cells is much less reliable due to fixation artifacts,
photon statistics, and the optical resolution of the microscope.
The overestimation of clustering or aggregate formation by DICS
is apparent even in live cells from the calculated diffusion con-
stant of 2.5·10−11 cm2∕s for ErbB1 (27), compared to values
greater by one to two orders of magnitude obtained by fluores-
cence recovery after photobleaching (47, 48), FCS (21, 25), and
single particle tracking (49).

We propose the following model for the ErbB1 receptor, one
which is in agreement with most experimental results.

• Inactive ErbB1 is monomeric when expressed at physiological,
nononcogenic levels.

• Density-dependent formation of preformed clusters occurs in
cells expressing the receptor at high levels. Molecules in these
preformed clusters can be held together by two different types
of interactions: (i) Mutual confinement by membrane- or cy-
toskeleton-mediated indirect interactions. Because lipid rafts
harbor ErbB1 and influence its association state they are likely
candidates for exerting the membrane-mediated confinement
of ErbB1 (34, 50). The existence of preformed dimers stabi-
lized by indirect interactions is supported by the observation
of such transient protein clusters in which the distance between
proteins is larger than the range of direct molecular interac-
tions. Therefore, these clusters do not constitute stable mole-
cular associations such as those arising after ligand binding
(45). (ii) Direct protein–protein interactions mediated by
the dimerization arm of ErbB1. It has recently been demon-
strated that preformed ErbB1 dimers stabilized by their dimer-
ization arms can arise transiently (51) but these are highly
dependent upon receptor density.

ErbB2 showed a behavior strikingly different from ErbB1. In
the absence of stimulation the receptors were present in pre-
formed clusters. Microclusters of 5–15 ErbB2 receptors were
found associated in larger macroclusters of ∼1 μm (probably also
composed of other proteins as shown in the supplementary data).
Outside of these macroclusters 3–5 ErbB2 molecules were homo-
associated and little monomeric protein was observed. The size of
ErbB2 homoclusters was significantly larger in cells in which
ErbB2 was expressed as the only member of the ErbB family
(CHO-ErbB2mYFP) compared to A4erbB2 cells that coexpress
∼1.2·106 ErbB1 with 106 ErbB2-mYFP. We assume that the more
extensive formation of ErbB2 homoclusters in CHO-ErbB2-

Fig. 4. Molecular brightness is different inside and outside ErbB2 macroclusters. (A–D). A4erbB2 cells were starved in the absence of serum, and 100 images
were acquired for N&B analysis. The mean and brightness values are shown in (A) and (B), respectively. Pixels displaying high and low brightness values were
gated as shown in Fig. 3, and the masks representing pixels with high (C) and low (D) brightness values were overlaid on the mean intensity image. (E). Starved
A4erbB2 cells were fixed, permeabilized, and labeled with a monoclonal antibody against caveolin followed by secondary labeling. The fluorescence intensity
of ErbB2-mYFP and the antibody against caveolin are shown in green and red, respectively. [Bars: 2 μm in (A), valid for (A–D); 1 μm in (E)].
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mYFP cells was due to the absence of other competing ErbB
proteins. This interpretation is supported by earlier near field
optical microscopy data that demonstrated larger ErbB2 clusters
in a CHO cell line expressing less than 105 receptors/cell com-
pared with the cluster size in MDA453 cells expressing ErbB2,
ErbB3, and ErbB4, each at levels of ∼105 (42). Macroclusters
of ErbB2 colocalized with caveolin and ErbB1, a finding in accor-
dance with the presumed raft-association of ErbB2 (15) and the
colocalization of ErbB1 with caveolin in resting cells (50). EGF
led to a decrease in the homoaggregation state of ErbB2 within
macroclusters by recruitment and heterodimerization without
significantly affecting the bulk of the ErbB2, in agreement with
previous homo-FRET data (22). In polarized epithelial cells
ErbB2 is targeted to the basolateral membrane by PDZ do-
main-containing proteins such as Erbin and may be clustered
at specific sites by interaction with PICK1 (29). We eliminated
the C-terminal PDZ binding sequence as well as a valine and
proline-rich cloning linker to the mYFP tag with VPV deletion
mutants and ACP-ErbB2 constructs. No changes in the cluster
size or frequency were detected in these constructs compared
with wild-type ErbB2. In addition to the PDZ binding motif
several other domains of ErbB2 have been reported to contribute
to its peculiar association properties, including the transmem-
brane domain (13) and the sequence 966–968 in the intracellular
domain (52). Although not explicitly shown to be important for
the homoassociation of ErbB2 the juxtamembrane domain (53)
and the kinase domain (6) of ErbB1 are known to regulate dimer-
ization; therefore the role these regions in inducing ErbB2 homo-
cluster formation cannot be excluded. In addition, interactions of
the extracellular glycosolation chains and the EGF-like domain
of the membrane-bound mucin Muc-4 (54) could also promote
ErbB2 homoaggregation.

We observed a time-dependent growth of ErbB2 macroclusters
after a temperature shift from 37 to 20 °C. Such thermally in-
duced increase in the clustering of ErbB1 (27) and other proteins
(28) has been reported previously. The finding of temperature-
dependent cluster formation of ErbB2 is in accordance with
the observation of lipid phase separation in plasma membrane
vesicles in the temperature range of 15–25 °C (55) and the raft
association of ErbB2 (15). Because incubation at nonphysiogical
temperatures can drastically alter the natural state of receptor
distribution, conclusions regarding clustering of membrane pro-
teins derived from data obtained in experiments involving
long-term incubation at room temperature or even short-term
incubation on ice should be treated with great caution.

In conclusion, we have shown that although inactive ErbB1
molecules dimerize in a density-dependent manner, these asso-
ciations are not equivalent to the stable molecular dimers that
form after ligand stimulation. ErbB2 has a much stronger propen-
sity for homocluster formation, but is recruited away from these
homoaggregates after EGF stimulation and formation of hetero-
associations. Our results provide significant insights into the
underlying molecular processes taking place during the initial
steps of ErbB protein activation. Two-color N&B experiments
(56) will reveal the composition of heteroclusters and provide
unique insights into the mechanisms of potentiated signaling
in cells expressing different sets of ErbB family members.

Materials and Methods
Cell Lines. All cell lines have been described previously (24–26, 38). Character-
ization of the expression levels are detailed in SI Materials and Methods. For
microscopy experiments cells were cultured in 2- or 8-well coverglass cham-
bers (Nalgene Nunc International) and stimulated with 100 nM EGF (R&D
Systems) at room temperature.

Plasmids. Protocols for generating the ACP-ΔVPV-ErbB2, ErbB2-short-mYFP,
and ΔVPV-ErbB2-short-mYFP are given in SI Materials and Methods.

Antibodies, Cell Labeling, and Fluorescence Microscopy for Colocalization. Infor-
mation about the antibodies and experimental conditions for the data
shown in Fig. S5 are given in SI Materials and Methods.

Number and Brightness Analysis. An IX81 Olympus microscope with the Fluo-
View FV1000 confocal configuration was used to carry out number and
brightness analysis according to Digman et al. (23). Live cells were analyzed
at room temperature in Tyrode’s buffer with 10 mM glucose and 0.1% BSA.
Measurements were started immediately after removing cells from 37 °C and
finished within 30 min to avoid changes in the distribution of receptors at
room temperature. Image series of 50–100 single optical slices of the cell
membrane adjacent to the coverslip were acquired in the pseudophoton
counting mode with a pixel size of 41 nm at laser powers of 70 μW of
488 nm for eGFP, 90 μW of 514 nm for mYFP and 130 μW of 543 nm
for Atto565-labeled samples. See SI Text for additional details concerning
imaging and analysis methods.
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SI Text
SI Results. Determination of molecular brightness and cluster size
for ErbB2-short-mYFP or ACP-ErbB2 transfected HeLa cells. The
PDZ domain binding motif (VPV) was deleted from ErbB2-
short-mYFP and ACP-ErbB2, and HeLa cells were transfected
with plasmids coding for the ΔVPV-deletion mutants or wild-type
ErbB2-short-mYFP or ACP-ErbB2 respectively. Cells expressing
ACP-tagged ErbB2 were labeled with Atto565 using Sfp transfer-
ase two days after transfection. Atto565-labeled and mYFP-
expressing cells were analyzed by the N&B method (Fig. S4).
The molecular brightness of ErbB2 was analyzed inside and out-
side macroclusters and the means� standard errors of ∼10 cells
are displayed in Table S1. The molecular brightness of soluble
monomeric fluorophores was also determined. To determine
the average number of ErbB2 molecules in a molecular cluster
(displayed in parentheses, Table S1) cellular molecular brightness
values were divided by that of the soluble fluorophore. Because
HeLa cells express ∼30;000 endogenous ErbB2, these numbers
had to be corrected for the presence of “dark,” unlabeled ErbB2.
The total number of ErbB2 in transfected cells was ∼5·105 and
∼3·105 in the case of cells transfected with mYFP- and ACP-
tagged proteins, respectively (numbers determined by Qifikit).
Therefore, the number of molecules/cluster was divided by
0.94 and 0.9 in the two cases. In cells expressing ACP-tagged
proteins a further correction was necessary to account for the
incomplete labeling of the ACP-tag by Sfp transferase. It was
determined in a separate experiment that ∼60% saturation of
the ACP-tag is achieved with 5 μM Atto565-CoA; therefore
the number of molecules/cluster was divided by 0.6. The data
shown in Table S1 and Fig. S4 show conclusively that the high
potential for ErbB2 to form clusters is independent of the
C-terminal PDZ binding sequence and not influenced by the
mYFP moiety.

Colocalization analysis of ErbB2 with membrane components and/
or internal vesicles. We eliminated potential artifacts arising from
internal vesicles or receptor binding to the extracellular matrix as
causes of increased molecular brightness in ErbB2 cells by colo-
calization experiments. Upon labeling intact cells with a fluores-
cent antibody against the extracellular portion of ErbB2, a strong
correlation between the antibody and the ErbB2-mYFP signals
was observed, confirming that ErbB2 homoclusters reside in
the plasma membrane and internal vesicles do not contribute
to the observed signal (Fig. S5 A and B). Furthermore, there
was no colocalization between ErbB2 macroclusters and focal
contacts (Fig. S5 C and D), clathrin-coated pits (Fig. S5 E and
F) or endocytic vesicles (Fig. S5 G and H). However, labeling
of caveolin revealed a significant degree of colocalization with
ErbB2 macroclusters (Fig. S2B and Fig. 4E). Although the cor-
relation coefficient was intermediate in value (r ¼ 0.5), visual
inspection of the images revealed a tendency of ErbB2 macro-
clusters to be surrounded by caveolae (Fig. 4E). This observation
suggests that the colocalization is driven more by the local mem-
brane environment around caveolae rather than a specific asso-
ciation of ErbB2 with caveolin itself. ErbB1 was also found to
colocalize with ErbB2 macroclusters (Fig. S5 I and J).

SI Materials and Methods. ErbB expression levels in stably transfected
cell lines. The CHO clones, designated F1-4 and F1-10 (1, 2),
express ∼6·105 and ∼5·104 ErbB1-eGFP/cell, respectively. Ex-
pression levels were characterized by flow cytometry using Qifikit
(Dako-Cytomation, DAKO). HeLa-ErbB1eGFP cells express

∼2·105 ErbB1-eGFP/cell (3). The cells, designated A4erbB2,
express ∼1·106 ErbB2-mYFP/cell and ∼2·104 endogenous ErbB2
(4). A4erbB2 cells express ∼1.2·106 endogenous ErbB1/cell.
CHO cells express endogenous ErbB proteins at a level undetect-
able by flow cytometry or Western blot. The cell line, designated
CHO-ErbB2mYFP, expresses ∼3·105 ErbB2-mYFP/cell (5). For
microscopy experiments cells were cultured in 2- or 8-well cover-
glass chambers (NalgeneNunc International) and stimulated with
100 nM EGF (R&D Systems) at room temperature.

Plasmids, transfection.A 21 amino acid acyl carrier protein (ACP)
sequence mt1.3 was derived by Natalie George (6) through mu-
tagenesis and selection from the full length Escherichia coli ACP.
To generate ACP-ErbB2, which can be labeled by Sfp transferase,
this sequence was inserted after residue 23 of the signal peptide of
the ErbB2 ORF by In-Fusion cloning into an EcoRV digest of
pcDNA3-ErbB2 with the following oligonucleotide sequence:
TTTTGGTGGGGCCTGGATTCCCTGGATACCGTG-
GAACTGGTGATGGCGCTGGAAGAAGAATTT. The ΔVPV
deletion mutant (ΔVPV-ACP-ErbB2) was created by PCR of
the ACP-ErbB2 ORF and ligated into pcDNA3 with Not1 and
Xba1 at the 5′ and 3′ ends, respectively. The wild-type andmutant
ErbB2 plasmids were confirmed by sequencing.

The original ErbB2mYFP (A206K) in the pEYFP N1 vector
has a long, 19 amino acid linker sequence containing several valine
and proline residues (4). To eliminate any possible influence of
either the linker or the terminal VPV amino acids in ErbB2 we
recloned the wild-type ErbB2 and ΔVPV-ErbB2 with Nhe1/
HindIII into mYFP pcDNA3.1zeo+ (mYFP inserted HindIII
toXhoI). The names of the resultant vectors are ErbB2-short-
mYFP and ΔVPV-ErbB2-short-mYFP. This strategy results in
only a lysine-leucine dipeptide linker from the HindIII site be-
tween ErbB2 and the mYFP sequence.

For transfection ∼1 million HeLa cells were electroporated
by the Nucleofector device of Lonza using 2 μg plasmid DNA,
solution R, and program I-013.

Isolation of Sfp transferase, synthesis of Atto565-CoA and labeling of
cells expressing ACP-tagged ErbB2 using Sfp transferase. Sfp phos-
phopantetheinyl transferase-His6 enzyme was purified from
pET29-Sfp (the kind gift of Jun Yin, Harvard Medical School)
according to author’s protocol (7). Atto565-CoA was synthesized
from Atto565-maleimide (Atto-Tec GmbH) and CoA dilithium
salt (Sigma–Aldrich) according to published protocols (7, 8)
and purified on a C18 column by HPLC with an acetonitrile/
ammonium acetate gradient. ACP-ErbB2 was labeled in the
membrane of expressing cells with 0.2 μM Sfp transferase and
5 μM Atto565-CoA in the presence of 10 mM MgCl2 in Tyrode’s
buffer for 20 min at room temperature followed by washing and
subsequent N&B analysis of the cells.

Antibodies, cell labeling, and fluorescence microscopy for colocaliza-
tion experiments. Mab528, a monoclonal antibody against the ex-
tracellular portion of ErbB1, was prepared from the supernatant
of the HB-8509 hybridoma cell line obtained from ATCC. The
anti-ErbB2 antibody, trastuzumab, was purchased from Roche
Ltd. Mab528 and trastuzumab were labeled with AlexaFluor647
(Invitrogen–Molecular Probes) according to the manufacturer’s
specifications. ErbB1 phosphorylated at Tyr1068 and the light
chain of clathrin were detected with the mouse monoclonal anti-
body 2236L (Cell Signaling) and CON.1 (Dianova), respectively.
α-actinin and caveolin were labeled with rabbit polyclonal anti-
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bodies (α-actinin: A2543, Sigma–Aldrich; caveolin: ab18199, Ab-
cam). Cells were fixed in 3.7% formaldehyde for 30 min on ice
and labeled with the primary antibodies in permeabilization buf-
fer (PBS containing 0.1% ðv∕vÞ Triton X-100 and 1 mg∕mL BSA)
for 30 min followed by secondary labeling with Cy5-conjugated
anti-mouse or anti-rabbit IgG.

To investigate the uptake of transferrin cells were starved of
iron in iron poorMedium 199 for 24 h and subsequently incubated
in the presence of 10 μg∕mL AlexaFluor633-conjugated holo-
transferrin (Invitrogen–Molecular Probes) for 30 min at 37 °C.

Number and brightness analysis.An IX81Olympusmicroscope with
the FluoView FV1000 confocal configuration was used to carry
out number and brightness analysis according to Digman et al.
(9). Live cells were analyzed at room temperature in Tyrode’s buf-
fer with 10 mM glucose and 0.1% BSA. Measurements were
started immediately after removing cells from 37 °C and finished
within 30 min to avoid changes in the distribution of receptors
at room temperature. Image acquisition was performed in the
pseudophoton counting mode with an UPlanSApo 60× (NA ¼
1.35) objective. The pixel dwell and frame times were 10 μs and
3.26 s, respectively, for imaging transfected cells, or 2 μs and
1.1 s, respectively, for imaging soluble eGFP, mYFP, or Attot565.
eGFP and mYFP were excited at 488 and 514 nm, respectively,
using an AOF-adjusted laser intensity of 0.1% corresponding to
∼70 and ∼90 μW, respectively, delivered to the sample. Atto565

was excited at 543 nmusing a laser intensity of 130 μWmeasured at
the sample. A single frame consisted of 512 × 512 pixels and the
pixel size in the x and ydirectionswas 41nm.The central part of the
images was used for analysis to eliminate artifacts arising from
scanner speed nonlinearity at the borders. A single optical slice
containing the membrane adjacent to the glass coverslip was
imaged 50–100 times. The image stack was analyzed using a cus-
tom-written Matlab program (Mathworks Inc.) incorporating
functions of the DipImage toolbox (Delft University of Technol-
ogy). The images were first registered (i.e., corrected for lateral
shift) using the correctshift function of DipImage. Then, themean
fluorescence intensity of every slice was determined. Next, the
pixel variance taken along the 3rd axis (i.e., the temporal dimen-
sion was calculated as a function of the number of slices in the
stack). If the mean decreased by more than 10% due to stage shift
or photobleaching or if the pixel variance did not converge to zero
with increasing stack size, the stack was discarded. The apparent
brightness (B) and the molecular brightness (ε) of each pixel was
calculated according to the following equation:

B ¼ σ2

hki ¼ εþ 1

where σ2 and hki are the variance andmean, respectively, of a given
pixel signal.

1. Brock R, Hamelers IH, Jovin TM (1999) Comparison of fixation protocols for adherent
cultured cells applied to a GFP fusion protein of the epidermal growth factor receptor.
Cytometry 35:353–362.

2. Brock R, Jovin TM (2001) Fluorescence correlation microscopy (FCM): Fluorescence
correlation spectroscopy (FCS) in cell biology. Fluorescence Correlation Spectroscopy:
Theory and Applications, eds Rigler R, Elson EL (Springer, Berlin), Vol 65, pp 132–161.

3. Waterman H, et al. (2002) A mutant EGF-receptor defective in ubiquitylation and
endocytosis unveils a role for Grb2 in negative signaling. EMBO J 21:303–313.

4. Lidke DS, et al. (2004) Quantum dot ligands provide new insights into erbB/HER
receptor-mediated signal transduction. Nat Biotechnol 22:198–203.

5. Lidke DS, et al. (2003) Imaging molecular interactions in cells by dynamic and static
fluorescence anisotropy (rFLIM and emFRET). Biochem Soc T 31:1020–1027.

6. George N (2006) A new method for protein labeling with small molecules based on
acyl carrier protein. PhD thesis (Ecole Polytechnique Féderal, Lausanne).

7. Yin J, Lin AJ, Golan DE, Walsh CT (2006) Site-specific protein labeling by Sfp phospho-
pantetheinyl transferase. Nat Protoc 1:280–285.

8. Vivero-Pol L, George N, Krumm H, Johnsson K, Johnsson N (2005) Multicolor imaging
of cell surface proteins. J Am Chem Soc 127:12770–12771.

9. Digman MA, Dalal R, Horwitz AF, Gratton E (2008) Mapping the number of molecules
and brightness in the laser scanning microscope. Biophys J 94:2320–2332.

Fig. S1. Mean fluorescence and calculated brightness images of ErbB1 in quiescent and EGF-stimulated cells. (A–D). Mean fluorescence intensity images for
F1-4 cells (A, B) and F1-10 cells (C, D). One hundred fluorescence images were recorded for the N&B analysis, and the mean fluorescence images of the starved
(A, C) and EGF-stimulated cells (B,D) are shown. (E–F). Brightness values in F1-4 (E) and F1-10 cells (F) stimulated by EGF for 3min shown on a pixel-by-pixel basis.
(G). Pixels displaying high brightness values in EGF-stimulated F1-10 cells marked by red. These pixels are within the gate in Fig. 2D. (H). Colocalization between
ErbB1-eGFP (green) and coated pits (red). F1-10 cells stimulated with EGF for 10 min were fixed, permeabilized and labeled by a monoclonal antibody
against the light chain of clathrin followed by labeling with a Cy5-tagged secondary antibody. The bar in part A corresponds to 2 μm, and is valid for
A-G. The bar in H is also 2 μm.

Nagy et al. www.pnas.org/cgi/doi/10.1073/pnas.1002642107 2 of 5

http://www.pnas.org/cgi/doi/10.1073/pnas.1002642107


Fig. S2. Colocalization between ErbB1 and clathrin, and ErbB2 and caveolin. Two dimensional histograms showing the correlation between the fluorescence
intensities of ErbB1-eGFP vs. clathrin (A) and ErbB2-mYFP vs. caveolin (B) were calculated. F1-10 cells were stimulated with 100 nM EGF for 5 min, fixed in 3.7%
formaldehyde, permeabilized, and immune-labeled for coated pits with mAb against the light chain of clathrin (A). Starved A4erbB2 cells were labeled for
caveolin by secondary immunofluorescence (B). The correlation coefficients (r) are also displayed in the figure. The corresponding fluorescence images are
shown in Fig. S1H and Fig. 4E.

Fig. S3. Large-scale ErbB2 clusters grow at room temperature. A4erbB2 cells were starved in the absence of serum, and the same area of a single cell kept at
room temperature was imaged in the confocal microscope at the indicated time points. The bar corresponds to 2 μm.

Fig. S4. The high cluster forming potential of ErbB2 is independent of the PDZ domain binding motif and the mYPF tag. A.HeLa cells were transfected with
ErbB2-short-mYFP (black lines) or ΔVPV-ErbB2-short-mYFP (red lines) and N&B analysis was carried out two days after transfection. Brightness was determined
inside (dashed lines) and outside (continuous lines) macroclusters of ErbB2. (B). HeLa cells were transfected with ACP-ErbB2 (black lines) or ACP-ΔVPV-ErbB2
(red lines), labeled with Atto565 two days after transfection and analyzed using the N&B method. Brightness was determined inside (dashed lines) and outside
(continuous lines) macroclusters or ErbB2.
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Fig. S5. Colocalization analyses of A4erbB2 cells. (A, B). Starved A4erbB2 cells were labeled with Cy5-tagged trastuzumab against ErbB2 without permea-
bilization. (C–F). Starved A4erbB2 cells were fixed, permeabilized and labeled with fluorescent antibodies against α-actinin (C, D) or clathrin light chain (E, F).
(G–H). Starved A4erbB2 cells were incubated in the presence of fluorescent transferrin and fluorescence images of ErbB2-mYFP and transferrin were recorded.
(I, J). Starved A4erbB2 cells were labeled with Cy5-taggedMab528 (against ErbB1) without permeabilization. The red trend line shows themean ErbB1 intensity
corresponding to a given ErbB2-mYFP fluorescence intensity.The green and red intensities in the fluorescence images correspond to ErbB2-mYFP and the
fluorescent antibody, respectively. The correlation between the green and red fluorescence intensities is displayed above the fluorescence images as contour
plots. The correlation coefficients (r) are displayed in each contour plot. (Bars: B—3 μm; D—4 μm; F—2 μm; H—2.5 μm; J—2 μm)
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Table S1. Molecular brightness of Atto565-labeled ACP-ErbB2 and ErbB2-mYFP in wild-type and ΔVPV-ErbB2

Soluble mYFP Wild-type ErbB2-short-mYFP ΔVPV-ErbB2-short-mYFP

Mol. brightness (mol/cluster) 0.063 ± 0.01 Inside macroclusters 0.89� 0.06 (14.1) 0.96� 0.08 (15.2)
Outside macroclusters 0.38� 0.05 (6.0) 0.4� 0.04 (6.4)

Soluble Atto565 Wild-type ACP-ErbB2 ΔVPV-ACP-ErbB2

Mol. brightness (mol/cluster) 0.19 ± 0.01 Inside macroclusters 0.81 ± 0.04 (7.8) 0.76 ± 0.04 (7.3)
Outside macroclusters 0.44 ± 0.03 (4.2) 0.39 ± 0.04 (3.7)

The PDZ domain bindingmotif (VPV) was deleted from ErbB2-short-mYFP and ACP-ErbB2, and HeLa cells were transfected with plasmids coding
for the ΔVPV-deletion mutants or wild-type ErbB2-short-mYFP or ACP-ErbB2 respectively. Cells expressing ACP-tagged ErbB2 were labeled with
Atto565 using Sfp transferase two days after transfection and Atto565-labeled and mYFP-expressing cells were analyzed by the N&Bmethod. The
molecular brightness of ErbB2 was analyzed inside and outside macroclusters and the means� standard errors of ∼10 cells are displayed. The
molecular brightness of soluble monomeric fluorophores was also determined. To determine the average number of ErbB2 molecules in a
molecular cluster (displayed in parentheses) cellular molecular brightness values were divided by that of the soluble fluorophore. Because
HeLa cells express ∼30;000 endogenous ErbB2, these numbers had to be corrected for the presence of dark, unlabeled ErbB2. The total
number of ErbB2 in transfected cells was ∼5 · 105 and ∼3 · 105 in the case of cells transfected with mYFP- and ACP-tagged proteins,
respectively (numbers determined by Qifikit). Therefore, the number of molecules/cluster was divided by 0.94 and 0.9 in the two cases. In
cells expressing ACP-tagged proteins a further correction was necessary to account for the incomplete labeling of the ACP-tag by Sfp
transferase. It was determined in a separate experiment that ∼60% saturation of the ACP-tag is achieved with 5 μM Atto565-CoA; therefore
the number of molecules/cluster was divided by 0.6.
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