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Evidence for a new signaling mechanism consisting of ligand-independent lat- 
eral propagation of receptor activation in the plasma membrane is presented. 
We visualized the phosphorylation of green fluorescent protein (GFP)-tagged 
ErbBl (ErbB1-GFP) receptors in cells focally stimulated with epidermal growth 
factor (EGF) covalently attached to beads. This was achieved by quantitative 
imaging of protein reaction states in cells by fluorescence resonance energy 
transfer (FRET) with global analysis of fluorescence lifetime imaging micros- 
copy (FLIM) data. The rapid and extensive propagation of receptor phospho- 
rylation over the entire cell after focal stimulation demonstrates a signaling 
wave at the plasma membrane resulting in full activation of all receptors. 

Ligand-driven ErbB l activation is generally 
thought to occur through the formation of 
stable receptor dimers (1-5). The proximity 
of the two ErbBl receptors in the stable 
dimer allows subsequent transactivation by 
cross-phosphorylation of target tyrosine resi- 
dues by the receptor tyrosine kinase domain, 
both located in the cytoplasmic tail of the 
receptor (6, 7). Signal transduction then pro- 
ceeds through recruitment to the receptors of 
phosphotyrosine-binding adaptor and effector 

'Cell Biology and Cell Biophysics Program, European 
Molecular Biology Laboratory, Meyerhofstrasse 1, 
69117 Heidelberg, Germany. *Cell Biophysics Labora- 
tory, Imperial Cancer Research Fund, 44 Lincoln's Inn 
Fields, London, WCZA 3PX, UK. 

*These authors contributed equally t o  this work. 
?To whom correspondence should be addressed. E-
mail: philippe.bastiaens@embl-heidelberg.de 

proteins, such as Grb2, SHC, and p85 (8-10). 
We provide evidence for a different ErbBl 
signaling mechanism of ligand-independent 
lateral propagation of receptor activation in 
the plasma membrane where the activated 
receptor dimer is a transient rather than a 
stable feature. To show this, we induced local 
activation of ErbBI-GFP by applying EGF 
covalently attached to beads (EGF-beads) 
and monitored the phosphorylation state of 
the receptors across the whole cell. The ex- 
tent of ErbBl receptor phosphorylation was 
mapped by measuring FRET between ErbB 1- 
GFP and a Cy3-labeled antibody to phospho- 
tyrosine (Cy3RY72). 

The occurrence of FRET causes the fluo- 
rescence lifetime of the phosphorylated re-
ceptor to decrease (11-13), which is detected 
using FLIM (14-17). Efficient FRET will 
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occur only when the Cy3 acceptor is brought 
within nanometer range of the GFP donor by 
binding of the antibody to the phosphorylated 
receptor (11). A global FLIM analysis tech- 
nique was developed (18) that uses the un- 
derstanding that the receptor exists in two 
states, phosphorylated or unphosphorylated, 
each with a unique associated fluorescence 
lifetime (Fig. IA). As a result, quantitative 
maps of the populations of each state are 
obtained (Fig. IB). In addition, the lifetime of 
each state is determined, from which the true 
FRET efficiency in the receptor-antibody 
complex can be calculated. This approach 
allows quantitative and precise mapping of 
the relative concentration of phosphorylated 
protein in cells, whereas earlier approaches 
were qualitative (12, 19). 

To study the lateral propagation of ErbB 1- 
GFP phosphorylation, the population distri- 
bution of phosphorylated receptors in cells 
after focal stimulation with 0.8-pm diameter 
EGF-beads (20, 21) was compared with the 
distribution after exposure to a saturating 
dose (0.1 pgiml) of soluble EGF. Groups of 
MCF7 cells expressing ErbB 1 -GFP were mi- 
croinjected with Cy3-labeled Fab fragments 
(22) of a phosphotyrosine-specific antibody 
(Cy3iFabPY72) and stimulated. Average 
ErbBI-GFP expression levels in MCF7 cells 
(5 X lo5) were half that of A431 cells. as 
judged by the fluorescence intensity of recep- 
tor-bound Cy3-EGF. Cells treated with solu- 
ble EGF showed a homogeneous phosphoryl- 
ation pattern at the plasma membrane that 
was maximal 15 min after stimulation (Fig. 
2A). Cells stimulated with EGF-beads (red 
dots, Fig. 2A) also exhibited an extended 
phosphorylation pattern, to the same extent as 
found after stimulation with soluble EGF, 
indicative of extensive lateral spreading of 
ErbB l phosphorylation. 

In these experiments, the kinetics of anti- 
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body binding are rate-limiting, and steric hin- 
drance after antibody binding can slow the 
phosphorylation reaction. To properly cap- 
ture the initial phosphorylation in the prox- 
imity of the bead and the subsequent propa- 
gation across the plasma membrane, cells 
were stimulated with CyS-labeled EGF-beads 
for short periods (10 to 60 s) and immediately 
fixed and incubated with Cy3/PY72 anti- 
body. By controlled manipulation, we were 
able to retain the majority of the ErbBl- 
bound EGF-beads at their original location, 
as verified by microscopy. Indeed, soon after 
stimulation (10 to 30 s), phosphorylated 

FLlM data Populations 

Fig. 1. Quantitative imaging of ErbBl phospho- 
rylation using FLlM coupled with global analysis 
techniques. (A) FRET between the GFP on 
ErbBl and Cy3 on antibodies to  phosphoty- 
rosine can bedetected through a shortening o f  
the GFP fluorescence lifetime (TI measured bv 
FLlM (11-13). Efficient FRET wi l l  only occir 
when the Cy3 acceptor is brought within nano- 
meter range of the CFP donor by binding of the 
antibody t o  the phosphorylated receptor. The 
high signal specificity of these binding events 
arises from the measurement of FRET through 
the donor lifetime exclusively, even when the 
acceptor-carrying antibody is not specific for its 
epitope or present in excess ( l l ) ,  enabling the 
use of generic antibodies t o  phosphotyrosine. 
Two receptor states, bound and unbound to  
antibody, exist at every spatially resolvable im- 
age element (pixel), each associated with a 
unique spatially invariant fluorescence lifetime 
corresponding to  the presence (7,) or absence 
(7,) of FRET. However, the parameters of inter- 
est are the populations of the two protein 
states in each pixel. (B) Global analysis (33) of 
FLlM data (18) uses the understanding that 
only two protein states, with their spatially 
invariant fluorescence lifetimes are present in 
each pixel. All pixels are simultaneously ana- 
lyzed giving the two lifetimes and the popula- 
tion maps (a, and a,) that show the relative 

' concentrations of molecules in each state. The 
true FRET efficiency in the protein complex (EJ 
is calculated by E, = 1 - T,/T,. Global analysis 
can be applied to  large collections of sets, 
thereby greatly improving accuracy and preci- 
sion. From an error analysis, we calculated that 
the errors of the populations in each pixel 
ranged from 5 to  10%. 

ErbBl was found in a patch containing the 
EGF-bead, clearly demonstrating lateral 
spreading of receptor activation originating 
from the point of stimulation (Fig. 2B). At 
60 s, a homogenous activation pattern en- 
compassing the whole plasma membrane was 
observed, demonstrating that lateral signal 
spreading is a rapid process. 

To determine the evolution of ErbBl phos- 
phorylation precisely in time, a comparison 
between responses to stimulation with solu- 
ble EGF (Fig. 3A) and EGF-beads (Fig. 3B) 
was performed on large sets of cells. Soon 
after exposure, the cells stimulated with sol- 
uble EGF already showed a homogenous phos- 
phorylation pattern as opposed to the patches 
of phosphorylated receptor found after EGF- 
bead stimulation (Fig. 3, A and B). Later, the 
extent of ErbBl phosphorylation for both 
focal and homogenous stinlulation was indis- 
tinguishable. Receptor internalization was 

Fig. 2. Phosphorylation 
of ErbB1-CFP in re- 
sponse to EGF-bead 
stimulation. (A) Popula- 
tions of phosphorylated 
ErbB1-GFP. receptors in 
live cells. MCF7 cells 
growing on glass-bot- 
tom culture dishes were 
stawed in Dulbecco's 
modified Eagle's medi- 
um (DMEM) containing 
0.5% serum for 5 hours 
before transfer to phe- 
nol red and ribofla- 
vin-free, low-bicarbon- 
ate DMEM medium sup 
~lemented with 25 mM 
Hepes, pH 7.4, before 
microinjection with Cy31 
FabPY72. Left panel, 
stimulation with EGF B I 
(in minutes); right pan- 
el, stimulation with 
ECF-beads (red dots, 
top left panel). Top 
~anels. ErbB1-GFP and 
k y 3 / ~ a b ~ ~ 7 2  fluores- 
cence intensity images; 
lower panels, images of 
the ErbB1-GFP phos- 
phorylation state. Color 
bars represent popula- 

global analysis of sll 
FLlM data sets (n = 12) 
yielded fluorescence 
lifetimes of T, = 2.2 ns 
and T~ = 0.56 ns (E, = 
75%). (B) Correlation 
between phosphowlat- 

observed within the whole cell after 20 to 30 
min for both types of stimuli, thus providing 
independent evidence for the existence of 
activated receptors not bound to EGF ligand. 
This occurrence of endocytosis was also con- 
firmed by confocal microscopy of ErbBl- 
GFP in live MCF7 cells stimulated with Cy3- 
labeled EGF-beads, clearly showing the up- 
take of vesicular structures inside the cell. For 
both stimulation conditions, plasma mem- 
brane populations of phosphorylated receptor 
locally approached 100%. 

Generally, lower population sizes of phos- 
phorylated receptor were found in the center 
of the cell because of the presence of ErbB 1- 
GFP that was not exposed to the extracellular 
stimulus; either de novo receptor in transit to 
the plasma membrane, or receptors paitici- 
pating in endocytosis before stimulation. The 
average populations of phosphorylated ErbBl 
for EGF and EGF-bead stimulation for each 

tion values. A single 

ed E~~BI~GFP'  and the 
position of EGF-beads (red dots, top row). cellshere fixed with 4% formaldehyde after incubation with 
Cy5-labeled EGF-beads on the indicated time points to capture the initial phosphorylation wave. 
Permeabilization and incubation with antibody were performed under controlled conditions that 
maintain the position of the bead throughout the procedure as verified by microscopic observation. Top 
row, ErbB1-GFP fluorescence intensity (green) overlaid with Cy5-labeled EGF-bead fluorescence (red); 
middle row, Cy31PY72 fluorescence intensity images; bottom row, Population of phosphorylated 
ErbB1-GFP receptors. Color ban represent population values. A single global analysis of all FLlM data 
sets (n = 55) yielded fluorescence lifetimes of T, = 2.4 ns and T, = 0.94 ns (E, = 61%). 
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time point are shown in Fig. 3C, computed in icantly lower for bead-stimulated cells be- tinguishable and reach the maximal level. 
each case from a global analysis o f  the F L I M  cause o f  the presence o f  phosphorylated re- These populations then decrease over longer 
measurements o f  several hundred cells. Soon ceptor in patches. After a 1-min incubation stimulation periods because o f  shielding o f  
after stimulation (<1 min), the average pop- with EGF or EGF-beads, the average popu- the phosphorylated tyrosine residues b y  re- 
ulation o f  phosphorylated receptors is signif- lations o f  phosphorylated receptors are indis- cruitment o f  proteins to internalized ErbB1- 

GFP (13). 
Spreading o f  phosphorylation after focal 

stimulation implies di&ocIation o f  activated 
receptors from dimers and subsequent activa- 
tion o f  receptors without ligands located out- 
side the area stimulated b y  the EGF-bead. 
Fluorescence recovery after photobleaching 
(FRP) was performed to exclude the possibil- 
i ty  o f  ligand-induced spreading o f  ErbB 1 phos- 
phorylation b y  di f f is ion and exchange with 
bead-bound receptors. The high GFP fluores- 
cence intensity observed around the bead d id 
not reappear after photobleaching, showing 
that receptors underneath the bead are tightly 
bound and do not exchange on the time scale 
in which spreading o f  phosphorylation is ob- 
served (~ ig .  4). 1n addition, diffusion o f  the 
ErbB l  receptors as calculated from FRP data 
(legend to Fig. 4) was considerably slower 
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, 0.5 c 0.4 - 
0 0 .a E - 0 a 
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0 1 0.3 
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Fig. 3. Time course of phosphorylation of ErbB1-GFP receptors in MCF7 cells stimulated with EGF 
and EGF-beads. Fixation and antibody incubation were performed as described previously (73). (A) 
Populations of phosphorylated ErbB1-GFP receptors after stimulation with EGF. A single global 
analysis of all FLlM data sets (n = 97) returned fluorescence lifetimes of T, = 2.2 ns and T, = 0.84 
ns (E, = 62%). A single representative cell is shown out of a set of 10 measurements for each time 
point. Top panels, ErbB1-GFP fluorescence intensity; middle panels, Cy31PY72 fluorescence inten- 

t$' ; lower panels, populations of phosphorylated receptor. Color bar represents population values. 
Populations of phosphorylated ErbB1-GFP after local stimulation with EGF-beads. A single 

global calculation of all FLlM data sets (n = 81) yielded fluorescence lifetimes of T, = 2.2 ns and 
T, = 0.83 ns (E, = 62%). (C) Average population of phospho lated ErbB1-GFP receptors plotted 
as a function of incubation time with soluble EGF (filled circleyor EGF-beads (filled squares). Also 
plotted are average populations of phosphorylated ErbB1-GFP receptors in EGF-bead-stimulated 
MCF7 cells incubated with the Src family kinase inhibitor PP2 (open squares). (D) EGF dose- 
response curve of ErbB1-GFP receptor phosphorylation. The average populations of phosphorylated 
ErbB1-GFP in the absence (circles) and presence (squares) of 1 p M  phosphatase inhibitor PA0 is 
plotted as a function of EGF concentration. 

Fig. 4. FRP experiments. Cells incubated for 10 
min with Cy3-labeled EGF-beads were imaged 
with a Zeiss LSM 510 confocal microscope. A 
region of interest was photobleached with a 
488-nm argon laser at full power. Fluorescence 
recovery was monitored at 2-5 intervals using a 
488-nm argon laser (GFP channel, LP505 emis- 
sion filter) and a 543-nm HeNe laser (Cy3 
channel, LP530 emission filter). Shown are red/ 
green overlays of the intensities of ErbB1-GFP 
(green) and Cy3-labeled EGF-beads (red) for 
four images out of a series of 120 (2-5 interval). 
Before GFP photobleaching of a circular region 
(2.3-pm radius), the intensities of all beads on 
the cell strongly correlated to  those of ErbBl- 
GFP (yellow dots), indicating a high quantity of 
ErbB1-GFP receptors binding to  the EGF-beads. 
After photobleaching, only the Cy3 signal (red) 
rqmained on the beads in the bleached region. 
At 1 min, most ErbB1-GFP fluorescence has 
recovered by diffusion, except at the bead po- 
sitions, showing that the photobleached ErbBl- 
GFP is bound to  the bead. The diffusion con- 
stant of ErbB1-GFP in the plasma membrane 
was 0.032 5 0.010 pm2/s, calculated from 10 
independent experiments with the method de- 
scribed in (34). 
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than the lateral signal propagation. The rela- 
tive immobility of the beads observed in 
these measurements also precludes large-
scale movements of the beads as a cause for 
extended distribution of phosphorylated ErbB 1. 

Independent evidence that dissociation of 
activated receptors induces lateral spreading 
of phosphorylation was obtained by using 
intrinsically kinase-dead (23) ErbB3-GFP 
(24) cotransfected with ErbB 1 at low ErbB 1- 
to-ErbB3-GFP expression ratios. When 
dimers are indeed a transient feature, activat- 
ed ErbBl receptors should be able to phos- 
phorylate multiple neighboring ErbB3-GFP 
receptors that, on their own, are not able to 
propagate the signal, and the proportion of 
phosphorylated ErbB3-GFP receptors should 
exceed that of ErbB 1. An average population 
of 43 +. 8% (n = 13 cells) phosphorylated 
ErbB3-GFP was found when the expression 
ratio of ErbB1 to ErbB3-GFP was 1 : 10, after 
a 5-min incubation with 0.1 ~ g l m l  EGF. This 
is significantly more than the fraction of 
ErbBl receptors (lo%), strongly corroborat- 
ing transient dimerization as a key feature of 
the propagation of phosphorylation. 

Control cells expressing only ErbB3-GFP 
did not show EGF-induced phosphorylation. 
To exclude inside-out signaling by a cytoso- 
lic tyrosine kinase instead of ErbB1 transphos- 
phorylation, two additional experiments were 
performed. Cells were permeabilized with 
streptolysin 0 (25), to remove soluble protein 
from the cytosol before stimulation (5 min) 
with EGF or EGF-beads. The same whole- 
cell activation pattern was observed, showing 
that no soluble protein factor is involved in 
the lateral signaling process. Also, to exclude 
the involvement of Src-type tyrosine kinases 
in the ErbBl transphosphorylation process, 
the cells were also stimulated with EGF-
beads after incubation with 50 nM of PP2, an 
inhibitor of the SRC family kinases (Calbio- 
chem, San Diego, California). Again, full and 
extended phosphorylation of ErbB 1-GFP in 
the plasma membrane was seen (Fig. 3C). 
Owing to inhibition of Src-type kinases by 
PP2, delayed internalization of ErbBl was 
observed (26), which resulted in sustained 
measured phosphorylation levels (13) (Fig. 
3C). 

To investigate the role of receptor tyrosine 
phosphatases (27) in ErbBl lateral signaling, 
we compared average ErbB 1 phosphorylation 
levels at different EGF concentrations in the 
presence and absence of the phosphatase inhib- 
itor phenylarsine oxide (PAO, Sigma). The 
steep dependence of receptor phosphorylation 
on EGF concentration was lost after addition of 
PAO, resulting in maximal ErbBl activation 
(Fig. 3D). These results indicate that ErbBl 
kinase activity is suppressed by phosphatase 
activity in resting cells that must be overcome 
to initiate lateral signal propagation. 

Evidence of ErbBl dimerization as a 

mechanism of activation has been provided in 
the past by in vivo cross-linking experiments 
(4, 28, 29). In these studies, only a minor 
fraction of ErbB 1 receptors was separated as 
dimers by gel electrophoresis, which was ex- 
plained by inefficient cross-linking. In our 
view, this observed dimer band was minor 
owing to the small steady-state population of 
transient dimers in the lateral signaling pro- 
cess after growth factor stimulation. Lateral 
ErbBl signaling is also supported by previ- 
ous immunoprecipitation studies on cells co- 
expressing different ErbB family members. 
Paradoxical ErbB 1 -ErbB2 dimers were de-
tected after stimulation with the ErbB31 
ErbB4 ligand heregulin (HRG) and ErbB2- 
ErbB31ErbB4 dimers after stimulation with 
the ErbB1-ligand EGF (30, 31). 

These findings also corroborate an activa- 
tion mechanism involving transient rather 
than stable receptor dimers. Signal propaga- 
tion at the plasma membrane provides an 
early amplification mechanism, preceding 
that in the extensively investigated axial di- 
rection. This mechanism will spread the sig- 
nal of localized ErbB stimulation events, for 
example, in the case of cell-cell contact be- 
tween ErbB1-bearing cells and cells expos- 
ing membrane-bound ligands (pre-EGF, pre- 
transforming growth factor* or heparin-
bound EGF). 

The existence of this mode of ErbBl re-
ceptor activation further implies that local 
threshold concentrations of growth factors 
can fully activate ErbB 1-linked growth regu- 
latory signal cascades. This threshold is set 
for each cell individually by its specific in- 
trinsic phosphatase activity. A possible initi- 
ation mechanism for ErbB 1 activation is that 
ligand-induced receptor aggregation locally 
increases the kinase activity sufficiently to 
overcome phosphatase action. Lateral signal 
propagation then proceeds via a phosphoryl- 
ation-induced increase in kinase activity of 
ErbB 1 or by phosphorylation-dependent in-
hibition of phosphatases. In either case, the 
cell is committed to a phosphorylation cas-
cade that is no longer dependent on growth 
factor. As the ErbB growth factor receptor fam- 
ily has been implicated in the development and 
progression of human cancers (32), lateral sig- 
nal transduction might represent an attractive 
target for pharmacological intervention of ma- 
lignant ErbB activation at an early and accessi- 
ble stage in the signaling process. 
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