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Often considered to be a “dead” kinase, erbB3 is implicated in escape from erbB-targeted cancer therapies. Here, heregulin stim-
ulation is shown to markedly upregulate kinase activity in erbB3 immunoprecipitates. Intact, activated erbB3 phosphorylates
tyrosine sites in an exogenous peptide substrate, and this activity is abolished by mutagenesis of lysine 723 in the catalytic do-
main. Enhanced erbB3 kinase activity is linked to heterointeractions with catalytically active erbB2, since it is largely blocked in
cells pretreated with lapatinib or pertuzumab. erbB2 activation of erbB3 is not dependent on equal surface levels of these recep-
tors, since it occurs even in erbB3-transfected CHO cells with disproportionally small amounts of erbB2. We tested a model in
which transient erbB3/erbB2 heterointeractions set the stage for erbB3 homodimers to be signaling competent. erbB3 homo-
and heterodimerization events were captured in real time on live cells using single-particle tracking of quantum dot probes
bound to ligand or hemagglutinin tags on recombinant receptors.

ErbB3 is a member of the epidermal growth factor receptor
(EGFR)/erbB family of receptor tyrosine kinases that has been

implicated in escape from targeted therapies (1, 2). In the classic
view of erbB3 signaling, ligand binding to this “kinase-dead” re-
ceptor leads to dimerization with erbB2 or another kinase-com-
petent family member (3, 4). The dimerizing partner is then solely
responsible for phosphorylating erbB3 and any binding partners
recruited to the erbB3 tail (5). When expressed alone, the erbB3
extracellular domain or full-length receptor is refractory to acti-
vation by ligand (6–9). These data, along with experiments using
chimeric forms of erbB3 (10), led to the assumption that erbB3
does not homodimerize and that erbB2 is obligatory for erbB3
signaling. Interpretation of these findings must now be revisited in
the context of the evolving understanding of both extracellular
and intracellular erbB dimerization interfaces (11), as well as new
evidence that the erbB3 cytoplasmic tail is capable of measurable
kinase activity (12, 13). We reexplored erbB3’s catalytic activity,
using an in vitro peptide substrate and immunoisolated wild-type
or mutant forms of the receptor. One goal of this work was to
determine whether native, full-length erbB3 can engage in pro-
ductive homointeractions (dimers or possibly higher-order oli-
gomers). By conducting our work in live cells, these results
strengthen the case that erbB3 signals in part through its modest
catalytic activity, as proposed recently by the molecular dynamic
simulations of Telesco et al. (14).

Several recent advances now make it possible to directly ob-
serve dimerization dynamics for receptors in live cell membranes.
When conjugated to ligands or antibodies, quantum dots (QDs)
serve as improved probes for single-particle tracking (SPT) (15–
17). Our group recently used two-color QD-based probes to track
the diffusion-limited interactions of EGFR/erbB1, including ob-
servations of homodimerization in real time (18). New analytical
methods were developed that distinguish between membrane do-
main coconfinement and true dimerization events. Mathematical
algorithms also permit the estimation of dimer off rates from these
data sets. We now apply these novel techniques to the study of
erbB3 homo- and heterointeractions, using QD probes conju-
gated to either erbB3 ligand (heregulin [HRG]) or Fabs that rec-
ognize hemagglutinin (HA) tags on recombinant erbB receptors.

Note that the term “dimerization” refers herein to two labeled
receptors interacting; our methods cannot detect nor rule out the
presence of other unlabeled receptors within the complex. The
sub-second dynamics captured by SPT complements our prior
evidence for nanometer-scale erbB3 signaling patches, based
upon immunoelectron microscopy techniques (19).

The results of these studies show that, while ligand-induced
homointeractions readily occur on the surface of live cells, erbB3
activation remains dependent on its transient interactions with
erbB2 (6, 9). We suggest a modified model for erbB3 signaling,
where the first step toward kinase activation is heterodimerization
and transphosphorylation. As in prior models, phosphorylated
tyrosines on the erbB3 cytoplasmic tail would then serve as dock-
ing sites for the p85 subunit of phosphatidylinositol 3-kinase (PI3-
kinase) and other adaptor molecules (20, 21). In the revised
model, however, activated erbB3 homodimers should also be
competent for both transphosphorylation (12) and phosphoryla-
tion of cytoplasmic partners. This work has strong implications
for computational models of erbB signal transduction, which dif-
fer widely in their consideration of erbB3 dimer states and their
associated signaling outcomes (14, 22–28).

MATERIALS AND METHODS
Cell lines and reagents. SKBR3 cells and CHO cells were cultured in
McCoy’s media and Dulbecco modified Eagle medium, respectively, sup-
plemented with 10% fetal bovine serum (HyClone), penicillin-strepto-
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mycin, and 2 mM L-glutamine. HRG-�1 was from US Biological (Swamp-
scott, MA), staurosporine from Calbiochem (La Jolla, CA) and lapatinib
from Eton Biosciences, Inc. (San Diego, CA). Recombinant human
NRG1-�1/HRG1-�1 extracellular domain (R&D Systems, Minneapolis,
MN) was singly biotinylated using NHS-ester conjugation chemistry
(Biotin-XX, sulfosuccinimidyl ester; Invitrogen). HRG-biotin and anti-HA
Fab-biotin (Roche) were conjugated to Qdot 655 or Qdot 585 streptavidin
conjugate (Invitrogen) in phosphate-buffered saline plus 1% bovine se-
rum albumin (BSA) to generate stock solutions of 30 nM 1:1 monovalent
QD-conjugates. Anti-erbB1 SC-03 antibody was from Santa Cruz (Santa
Cruz, CA); this reagent cross-reacts with erbB2. erbB2 antibodies
RB9040-P and MS-325 were from Labvision (Fremont, CA). Mouse 2C4
anti-erbB2 antibody and the expression plasmids, pcDNA6-erbB3wt-
mCitrine and pcDNA3-ErbB2wt-mYFP, were gifts from D. Arndt-Jovin
(Max Planck Institute for Biophysical Chemistry). The humanized anti-
body (pertuzumab; Genentech) was purchased from the UNM pharmacy.
erbB3 antibodies, SC-285 and SC-415, and p85 antibodies SC-1637 and
SC-423 were from Santa Cruz; the p85 06-497 antibody was from UBI
(Lake Placid, NY). Antibodies for phospho-Y1248-erbB2 and phospho-
Y1289-erbB3 were from Cell Signaling; horseradish peroxidase (HRP)-
conjugated PY20 antibodies were from BD Transduction.

erbB2 and erbB3 site-directed mutagenesis, modification, and
transfection. HA-tagged versions of erbB2 and erbB3 were produced us-
ing the pcDNA3.1 cytomegalovirus-based expression plasmid (15). The
HA tag was introduced between the erbB3 signal peptide sequence and the
sequence of the mature erbB3 or erbB2 protein by fusion PCR. Kinase
domain mutations were produced using the QuikChange site-directed
mutagenesis kit (Stratagene, Santa Clara, CA) with PAGE-purified mu-
tagenesis primers and their reverse complement from Integrated DNA
Technologies (Coralville, IA). Plasmids were transfected into CHO cells
using Lipofectamine 2000 (Invitrogen) or Amaxa Nucleofector reagents
(Lonza). Blasticidin-resistant transfectants expressing erbB3-mCit were
sorted by Moflo, followed by single cell growth in 96-well plates and se-
lection of clones with membrane fluorescence. CHO cells expressing HA-
tagged receptors were labeled with anti HA Fab-fluorescein isothiocya-
nate (FITC; Roche) and sorted by Moflo. SKBR3 cells were transiently
transfected with HA-erbB3 by AMAXA nucleofection and imaged 2 days
posttransfection. For heterodimer tracking, CHO cells stably transfected
with HA-erbB2 were transiently transfected with untagged erbB3. Cells
were imaged 2 days posttransfection. Membrane localization of the HA-
tagged receptors was confirmed by labeling live cells with anti-HA Fab–
FITC and imaging on a Nikon TE2000 fluorescence microscope.

Immunoblotting and immunoprecipitation. Cells were serum
starved for 4 h, stimulated with ligands with or without inhibitors as
reported in the legends, and solubilized in cold NP-40 lysis buffer (19).
Protein concentrations in cleared lysates were measured by BCA assay
(Pierce, Rockford, IL). Where stated, amounts of erbB3-mCit protein
samples were normalized by quantifying total mCitrine fluorescence us-
ing a Qubit fluorometer (Life Technologies) prior to immunoprecipita-
tion. Supernatants were prewashed with protein A-beads (Amersham GE
Healthcare, Chicago, IL), followed by incubation at 4°C with fresh beads
and primary antibodies. Incubation with rabbit IgG (Cell Signaling)
served as a negative control. Immune complexes were denatured and sep-
arated by SDS-PAGE, transferred to nitrocellulose membranes, probed
with primary and HRP-conjugated secondary antibodies, and detected by
the enhanced chemiluminescence method.

In vitro tyrosine kinase assay. Kinase activity in immune complexes
was measured using multiwell strips that were coated with 1 �g of EAY
peptide/ml and blocked with BSA (K-LISA). Aliquots of precipitate/slurry
were transferred in triplicate to EAY precoated wells, followed by incuba-
tion in kinase reaction buffer with 200 �M ATP for 30 min. at 30°C.
Phosphorylated substrate was detected using a PY20-HRP antibody and a
soluble TMB solution. The optical density at 450 nm was measured to
assess the color change of the TMB after the addition of 0.5 N sulfuric acid.
For the erbB2 titration assay, total protein from serum-starved SKBR3

lysate was quantified by a BCA assay. Dilutions of the lysate (30 �g to 1 mg
of total protein) were immunoprecipitated with an anti-erbB2 antibody,
RB9040-P, and the kinase activity was measured for each protein amount.
These values were compared to the kinase activity of erbB3 immunocom-
plexes with or without HRG precipitated from 1 mg of total protein.
Replicate samples for each protein amount were assayed for erbB2 or
erbB3 kinase activity or subjected to SDS-PAGE and immunoblotted for
semiquantitative evaluation. Significant differences in kinase activity were
evaluated by using the Student t test on values from at least three trials.

Single particle tracking (SPT), image registration, and processing.
Cells plated for 24 h in eight-well Lab-Tek chambers (Nunc, Rochester,
NY) were serum starved for 1 h and then imaged in Tyrode’s buffer sup-
plemented with 0.1% BSA–20 mM glucose. Where indicated, 500 nM
lapatinib was added 30 min before and during imaging. Cells were labeled
with QD anti-HA (100 pM) for 15 min at 37°C and/or QD-HRG (20 pM)
for 5 min and washed three times with Tyrode’s buffer. Labeled receptors
on the apical surface of individual cells were then imaged. Images were
acquired at 20 frames/s using an Olympus IX71 inverted microscope with
a 60� 1.2-numerical-aperture water objective lens. An objective heater
(Bioptechs, Butler, PA) maintained samples at 34 to 35°C. A mercury
lamp with a 436/10-nm BP excitation filter provided wide-field excitation.
Emission was collected by an electron multiplying charge-coupled device
camera (Andor iXon 887) using a QuadView or DuoView image splitter
(Optical Insights) to simultaneously image the QD585 (585/20 BP) and
QD655 (655/40 BP) probes. Image processing was performed using Mat-
lab (The MathWorks, Inc., Natick, MA) functions in conjunction with the
image processing software DIPImage (Delft University of Technology).
Single molecule localization, trajectory elongation, and two-channel im-
age registration were performed as previously described (18, 29) with the
addition of an affine transform to generate channel overlays. Pairwise
trajectories were analyzed to determine the degree of correlated motion
(16, 18). Diffusion was calculated based on the mean square displacement
of all QD 655 tracks per condition per experiment. Average diffusion was
calculated using data from at least three experiments (�the standard error
of the mean).

Analysis of dimer states. Dimer events were identified using a three-
state hidden Markov model (HMM), adapted from earlier work (18). The
observed parameter is the separation between candidate pairs. Distribu-
tion of the displacements between the QDs is modeled by a zero mean
Gaussian distribution in each (x, y) dimension using �dimer and �domain,
respectively. The resulting distribution of displacements is a derivation of
the actual displacements and the errors in measurement, which are also
assumed to contribute as unbiased Gaussian distributions. The value
�dimer is estimated by combining information from crystal structure mea-
surements, homology modeling, and the size of QDs. For the “separated”
state in the model, the probability density is calculated as a function of the
observed distance in the previous frame and a characteristic diffusion
constant. Rate constants are determined by maximizing the likelihood
over all interactions of two QDs for a specific condition. Standard errors
for parameters are calculated as (Hi,i

�1)�0.5, where H is the Hessian ma-
trix of the negative log likelihood and i denotes one of the estimated rate
constants. The Viterbi algorithm (30) is used to identify the most likely
state within individual QD interactions. For diffusion by state calcula-
tions, tracks from all candidate pairs from a given condition were parti-
tioned based on interaction state (as determined by HMM analysis and
the Viterbi algorithm) and all QD-655 track segments in a given state were
analyzed.

RESULTS
Isolated erbB3 receptor complexes contain HRG-induced ty-
rosine kinase activity. The isolated erbB3 intracellular domain
was recently shown to be capable of weak autophosphorylation
(12). To observe the activity of endogenous full-length erbB3, we
measured kinase activity in erbB3 immune complexes using a
nonradioactive, microplate-based peptide substrate assay (19).
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Our initial model system was the SKBR3 breast cancer cell line that
does not express erbB4. Thus, any HRG-dependent changes can
be attributed to stimulation of erbB3. Expression of the other erbB
family members in SKBR3 cells was previously determined:
�200,000 erbB1, 2 million erbB2, and 70,000 erbB3 per cell (16).
As shown in Fig. 1A, isolated erbB3 immune complexes were able
to phosphorylate an EAY peptide substrate in a ligand-dependent
manner. This kinase assay provides the first concrete evidence that
HRG treatment markedly upregulates erbB3 tyrosine kinase activ-
ity. Stimulation of erbB3 catalytic activity reached a maximum
after 2 min exposure to 12 nM HRG and was strongly correlated
with an increase in erbB3 tyrosine phosphorylation (PY blot, Fig.
1A). erbB2 immune complexes are shown alongside erbB3 im-
mune complexes as a control for this assay (Fig. 1B). Note that
erbB2 kinase activity is reduced upon HRG stimulation consistent
with decreased erbB2 phosphorylation after HRG treatment in
this cell line (19).

Kinase activity in erbB3 immune complexes is not attributed
to associated erbB1, erbB2, or Src kinases. Because of the long-
standing presumption that erbB3 kinase activity is negligible, it
was important to rule out that the kinase activity in erbB3 immune
complexes is not due to coprecipitation with its dimerizing part-
ners in SKBR3 cells. erbB3 immunoprecipitates were subjected to
SDS-PAGE and blotted for potential partners, erbB1 or erbB2
(Fig. 1C). As shown, erbB1 and erbB2 were not detectable in the
erbB3 immunoprecipitates.

We considered the remote possibility that the kinase activity is
attributable to trace amounts of coprecipitating erbB2 not detect-
able by Western blotting. We addressed this two ways. First, erbB2
immunoprecipitates were prepared from between 1 mg and 30 �g
of total protein to immobilize various concentrations of erbB2 on
the beads. Replicate samples under each condition were assayed
for constitutive erbB2 kinase activity or subjected to SDS-PAGE
and immunoblotted for semiquantitative evaluation. As shown in
Fig. 1D, erbB2 protein levels sufficient to match the kinase activity
of the erbB3 sample can clearly be detected by immunoblotting.
Thus, while minute amounts of coprecipitating erbB2 cannot be
completely ruled out, the titration experiment strongly supports
the conclusion that erbB2 alone is not responsible for the kinase
activity of erbB3 immune complexes.

As a second approach to rule out potential contribution by
coprecipitating kinases, we applied a panel of ATP-binding com-
petitive inhibitors directly to the in vitro kinase reaction. No inhi-
bition was seen with erbB1-2 inhibitors AG1478, AG879 and
PD153035 or with the Src inhibitor PP2 (data not shown). Inhi-
bition of HRG-dependent erbB3 kinase activity was observed only
with staurosporine (Fig. 1E); this inhibitor is known to have very
broad specificity (31). Although these results are not definitive, we
speculate that the inability to completely block erbB3 activity with
staurosporine could be due to the unusual catalytic site proposed
for erbB3 (12).

A TranSignal phosphotyrosine profiling array (Panomics,
Redwood City, CA) was screened for potential erbB3 binding ki-
nases. This array, spotted with SH2-domains derived from 13 cy-
toplasmic tyrosine kinases (Abl, Csk, BTK, Zap-70, and all Src-
family members), was incubated with SKBR3 lysates then probed
for erbB2 or erbB3. None of the panel of cytoplasmic tyrosine
kinases bound to erbB3. erbB3-specific binding was only seen with
the p85 regulatory subunit of PI3 kinase, which has no tyrosine

kinase activity and is a known binding partner of erbB3 (data not
shown).

The K723M mutation in the erbB3 kinase domain abrogates
kinase activity. Our next goal was to directly alter erbB3 kinase
activity using a mutagenesis approach. The erbB3 kinase domain
lacks a catalytic aspartic acid conserved in the other three erbB
family members (D813 in erbB1). In place of the aspartic acid,
erbB3 has an asparagine (N815). Shi et al. suggested the possibility
that erbB3 compensates for loss of the catalytic base by using an
alternate reaction pathway for phosphoryl transfer (12). Based
upon this information, and prior knowledge of specific kinase
domain mutations that inhibit erbB activity (32–35), we focused
on a conserved lysine at position K723 in erbB3 as a site for mu-
tagenesis. This lysine (K721 in erbB1) is required for ATP-binding
in erbB1 (32), erbB2, and erbB3 (12) and, when substituted by a
methionine in the recombinant erbB3 cytoplasmic tail, abolished
in vitro erbB3 activity (12). We constructed expression vectors for
both full-length wild-type erbB3 (erbB3wt) and the K723M mu-
tant (erbB3K723M). Both constructs were fused in frame to
mCitrine to facilitate flow sorting and to confirm comparable
plasma membrane localization of the recombinant proteins when
stably expressed in Chinese hamster ovary (CHO) cells. CHO cells
lack endogenous erbB3 but express low levels of endogenous
erbB2. Here, the cell lines expressing these erbB3 proteins are re-
ferred to as erbB3wt-mCit and erbB3K723M-mCit.

Results in Fig. 1F and G compare the relative phosphorylation
and activity of wild-type and mutant erbB3. As shown in Fig. 1F,
phosphorylation of erbB3wt-mCit was robust in response to 12
nM HRG treatment, indicating that the low levels of endogenous
erbB2 are sufficient to activate erbB3. Phosphorylation of
erbB3K723M-mCit in response to HRG treatment was dramatically
lower despite the observation that the total amount of mutant
protein was significantly higher than wild type. Lysates from
erbB3wt-mCit and erbB3K723M-mCit CHO cells were prepared
with or without HRG stimulation, normalized based upon
mCitrine fluorescence, and the kinase activity of erbB3 immune
complexes was compared. The results show that HRG fails to in-
crease kinase activity in erbB3K723M-mCit immune complexes
above background levels (Fig. 1G). Together, the data suggest that
erbB3 is an autophosphorylation substrate, as well as a substrate of
erbB2.

As an additional control, we evaluated the kinase activity of
both the wild type and a K753M mutant of erbB2 expressed in
CHO cells as fluorescent fusion proteins. Figure 1F shows that
wild-type human erbB2-YFP was phosphorylated in live CHO
cells. As shown in Fig. 1G, erbB2wt-YFP also had measurable in
vitro kinase activity in anti-human erbB2 immune complexes (Fig.
1G). By comparison, activity was abolished in the human
erbB2K753M-YFP mutant. These results validate the approach and
demonstrate that mutation of the homologous crucial lysine in the
ATP-binding domain of either erbB2 or erbB3 abolishes kinase
activity. Furthermore, these data provide definitive evidence that
kinase activity in erbB3 immune complexes, prepared from either
SKBR3 or CHO cells expressing wild-type receptor, is a reflection
of erbB3’s own catalytic potential.

erbB2 mediates activation of erbB3. To explore the link be-
tween erbB2-mediated phosphorylation of erbB3 (36) and erbB3
kinase activity, we pretreated cells with erbB2 inhibitors prior to
stimulation with HRG and immunoprecipitation of erbB3. We
chose two classes of erbB2 inhibitors: (i) lapatinib, a dual erbB1-
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FIG 1 Robust tyrosine kinase activity in erbB3 immune complexes correlates with erbB2-dependent HRG-induced erbB3 phosphorylation. (A) SKBR3 cells
were stimulated with 12 nM HRG-� for the indicated treatment interval, lysed, and immunoprecipitated with an erbB3-specific antibody. Immune complexes
were evaluated for kinase activity by in vitro K-LISA using an EAY peptide substrate (top panel). Relative kinase activity is reported as changes in the 450-nm
absorbance of the chromogen substrate. Bars are the mean of three replicates � the standard deviations (SD). (B) SKBR3 cells were stimulated with HRG-� as
in panel A for 2 min, lysed, and immunoprecipitated with a rabbit IgG control or for erbB2 or erbB3 as indicated. (C) Other erbB family members are not present
in erbB3 immunoprecipitates (IPs). SKBR3 total lysates or erbB3 IPs were immunoblotted and probed with an anti-EGFR antibody that recognizes both EGFR
and erbB2, and erbB2-specific or erbB3-specific antibodies. (D) Dilutions of SKBR3 total lysate were immunoprecipitated with anti-erbB2 antibody and tested
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erbB2 cell-permeable tyrosine kinase inhibitor, and (ii) the mono-
clonal 2C4 antibody that blocks the erbB2 dimerization arm (37).
The humanized form of 2C4, pertuzumab, is used for treatment of
erbB2-positive tumors (38).

Results for experiments in SKBR3 cells are shown in Fig. 2A
and B. 2C4 had little effect on erbB2 phosphorylation, possibly
due to the high basal phosphorylation of erbB2 in these cells.
However, pretreatment with 2C4 reduced the HRG-dependent
increase in erbB3 phosphorylation. Treatment with lapatinib
abolished erbB2 phosphorylation and significantly blocked the
increase in erbB3 tyrosine phosphorylation seen in response to
HRG. Note that lapatinib increased the level of total erbB2 as
reported previously (39). Lapatinib also appears to stabilize total
erbB3 levels. The top panels in these figures show blotting results,

while the graphs below report erbB3 tyrosine phosphorylation as a
ratio to total erbB3. Importantly, pretreatment with the erbB1-2
inhibitor lapatinib also blocked upregulation of erbB3 kinase ac-
tivity in response to HRG (Fig. 2C). erbB2 kinase activity was only
partially reduced after pretreatment with lapatinib, likely due to
the reversible nature of lapatinib inhibition. Pretreatment with
2C4 antibodies or lapatinib also blocked erbB3 activation in CHO
cells expressing erbB3wt-mCit (Fig. 2D and E).

Several important conclusions can be drawn from these exper-
iments. First, since lapatinib does not directly affect erbB3 activity
(12), erbB3’s phosphorylation and activation status is linked to its
encounters with catalytically active erbB2. Second, these encoun-
ters require the erbB2 dimerization arm that is blocked by pre-
treatment of cells with 2C4. Third, the ability of erbB2 to activate

for kinase activity or immunoblotted and probed for erbB2 protein. K-LISA results are shown as the average activity of two to three trials � the SD. erbB2 protein
was detectable in all erbB2 immune complexes (representative blot below the graph). No erbB2 band was visible in the erbB3 IPs. (E) Kinase activity of erbB3 IPs
with or without 1 �M staurosporine that was added directly to the kinase reaction. Rabbit IgG was used as a negative control. (F and G) Mutation of the erbB3
kinase domain modulates erbB3 phosphorylation and kinase activity. (F) Immunoblot shows the phosphorylation status detected by an anti-PY20 antibody of
erbB2 or erbB3 IPs from CHO cells expressing erbB2 wt, erbB2 K753M, erbB3 wt, or erbB3 K723M with or without 2 min of stimulation with 12 nM HRG. (G)
erbB kinase activity was measured in erbB IPs identical to those shown in panel F. The kinase activity was significantly higher in erbB3 wt plus HRG than without
HRG. erbB3-K723M IPs showed no HRG-dependent increase in kinase activity. Values are normalized to erbB2 kinase activity and represent the mean value of
three independent experiments � the SD. P values are based on statistical analysis by using the Student t test. N.S., not significant.

FIG 2 erbB3 activation is erbB2 dependent. (A) The anti-erbB2 antibody, 2C4, reduces HRG-dependent erbB3 phosphorylation in SKBR3 cells. SKBR3 lysates
from cells that were untreated (�), treated for 1 h with 100 nM 2C4 (2C4), stimulated 2 min with 3.2 nM HRG (	HRG), or treated for 1 h with 100 nM 2C4 and
stimulated 2 min with 3.2 nM HRG (2C4	HRG) were separated by SDS-PAGE and immunoblotted with antibodies against phospho or total erbB3 and erbB2.
The graphs in panels A and B report the ratio of p-erbB3 to total erbB3 based upon quantitative analysis of band intensity. (B) Lapatinib inhibition of erbB3
phosphorylation in SKBR3 cells. SKBR3 lysates from cells treated with or without 500 nM lapatinib for 4 h and then with or without 12 nM HRG for 2 min were
immunoblotted as in panel A. (C) Pretreatment of SKBR3 cells with lapatinib reduces erbB2 and erbB3 kinase activity. SKBR3 cells were treated as in panel B,
followed by immunoprecipitation with anti-erbB2 or erbB3 antibodies. Note that erbB2 kinase activity was only reduced by 
50%, likely due to the reversible
nature of lapatinib inhibition (54). (D) 2C4 pretreatment, as in panel A, reduces erbB3 phosphorylation after 3.2 nM HRG stimulation in CHO erbB3wt-mCit
cells. (E) Lapatinib treatment inhibits erbB3 phosphorylation in CHO erbB3wt-mCit cells. Cells were serum starved, pretreated with 1 �M lapatinib for 30 min,
and then stimulated with 12 nM HRG for 2 min. Western blot analyses were performed, and bands were quantified as in panel A.
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erbB3 is not tightly coupled to their levels of expression, since
erbB3 can be activated in both SKBR3 cells that overexpress erbB2
and in CHO cells that have much lower levels of endogenous
erbB2 compared to the recombinant erbB3. Thus, it is possible
that serial engagements with a small number of erbB2 are able to
activate a larger number of erbB3.

It is worth noting that, unlike lapatinib, 2C4 treatment had
negligible effects on erbB2 autophosphorylation. We speculate
that erbB2 homodimers may be stabilized by the bivalent antibody
and that the dimer may be active for transphosphorylation despite
the bulky antibody bridging the two dimerization arms.

QD probes permit tracking of erbB3 and erbB2 receptors.
Our next goal was to apply SPT methods to track the interactions

of erbB3 and erbB2 on the surfaces of SKBR3 and CHO cells.
Figure 3A depicts the structures of two hypothetical receptor
dimer pairs bound to our QD probes: an erbB3 homodimer (top)
and an erbB3/erbB2 heterodimer (bottom). For tracking of li-
gand-bound erbB3, HRG-� was biotinylated and conjugated to
commercial streptavidin-QDs. We confirmed that conjugation of
ligand to QDs does not affect its ability to activate erbB3 by treat-
ing SKBR3 cells with 12 nM unconjugated or QD-conjugated
HRG (a concentration of ligand that yields robust erbB3 phos-
phorylation). The extent of erbB3 phosphorylation was compara-
ble to unconjugated HRG (Fig. 3B, upper panel).

To track erbB2 or unliganded erbB3, we expressed HA-tagged
versions of these two receptors in both SKBR3 and CHO cells. The

FIG 3 Characterization of erbB3 diffusion by single particle tracking (SPT). (A) Configuration of QD probes bound to hypothetical dimer structures: an erbB3
homodimer tracked with two QD-HRG probes (top) and an erbB3/erbB2 heterodimer tracked with a QD655-HRG probe and a QD585 anti-HA Fab probe
(bottom). Structural information from erbB1 dimers, erbB2, Fab fragments, and reported QD diameters (55) was used to estimate the distance between QDs in
a dimer pair. Homology modeling indicates that erbB3 homodimer distances would be comparable to those of erbB1 (43). (B) For the top panel, SKBR3 cells were
stimulated for 2 min with 12 nM unlabeled HRG, biotinylated HRG (bHRG), or biotinylated HRG conjugated to QDs (QD-HRG). erbB3 phosphorylation was
assessed by immunoblotting with the phospho-specific PY1289 erbB3 antibody and normalizing to the total erbB3. The lower panel shows that binding of the
QD-conjugated anti-HA Fab to HA-erbB3 does not interfere with erbB3 phosphorylation. To ensure that steric hindrance of the QDs do not disrupt erbB3
activation, serum-starved CHO-HA-erbB3 cells were incubated for 30 min with or without QD anti-HA Fab and then stimulated with 12 nM HRG for 2 min. (C)
Diffusion coefficients of ligand-bound erbB3 tracked on the surface of SKBR3 cells with QD-HRG with or without 30 min pretreatment with 500 nM lapatinib.
In SKBR3 cells transiently transfected with HA-erbB3, unliganded erbB3 was tracked with QD anti-HA and liganded erbB3 was tracked with QD anti-HA plus
100 nM unlabeled HRG or QD-HRG. (D) Diffusion coefficients of unliganded or liganded HA-erbB3 (wild type or kinase dead [K723M]) tracked on the surface
of CHO cells. The diffusion coefficients shown in panels C and D were calculated by fitting the ensemble mean square displacement (MSD) of each experiment,
and the average of at least three experiments was plotted (�the standard error of the mean). P values are based on statistical analysis using the Student t test.
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design of these constructs is described in Materials and Methods.
A biotinylated anti-HA Fab antibody fragment was conjugated to
quantum dots (Fig. 3A). Binding of the anti-HA Fab-QD probe
did not effect phosphorylation of erbB3 after stimulation with 12
nM unlabeled HRG (Fig. 3B, lower panel). For all SPT experi-
ments, cells were grown on chamber slides and mounted on an
inverted Olympus microscope equipped with an objective heater.
Picomolar concentrations of QD probes were added directly to the
imaging buffer using pairs of QDs with distinct emission spectra
(QD585 and QD655); the low labeling ensures the ability to resolve
individual particles during analysis. All data reported were col-
lected after focusing on the apical (upper) surface of adherent
cells.

erb3 diffusion reflects its activation state. Figure 3C shows
the diffusion characteristics of QD-bound erbB3. Average diffu-
sion coefficients were calculated by fitting the ensemble mean
square displacement of all trajectories tracked within a single ex-
periment. Values are the average of at least three experiments �
the standard error. Endogenous ligand-bound erbB3 on the sur-
face of SKBR3 cells tracked using the HRG-QD probe had an
average diffusion coefficient of 0.013 �m2/s (white bar). Impor-
tantly, preincubation of SKBR3 cells with the erbB2 inhibitor,
lapatinib, increased the diffusion coefficient of liganded erbB3 to
0.021 �m2/s (hatched bar). This increased diffusion may be due to
effects of blocking erbB signaling capabilities, remodeling of the
local membrane environment or its associated cytoskeleton, or on
the failure of lapatinib-bound erbB2 (which is locked in an “inac-
tive” kinase domain configuration) to form a stable interaction
with erbB3.

By expressing HA-tagged erbB3 in SKBR3 cells, the diffusion
characteristics of unliganded and liganded receptor could be com-
pared in the presence of high levels of endogenous erbB2. Unli-
ganded erbB3 tracked with the QD anti-HA Fab probe was the
fastest with a diffusion coefficient of 0.038 �m2/s (black bar). This
is in agreement with diffusion of erbB3 (0.036 �m2/s) measured
by FRAP in untreated A431 cells expressing erbB3-mCitrine (40).
Ligand-bound receptor tracked with the QD-HRG probe (track-
ing both endogenous and exogenous erbB3) was significantly
slower with an average diffusion coefficient of 0.010 �m2/s, which
is comparable to that of ligand-bound endogenous receptor alone
(compare white bars). This slower diffusion of ligand-bound re-
ceptors may be associated with receptor activation as seen with
EGF-bound erbB1 (18). Tracking with the QD anti-HA Fab probe
in the presence of excess dark HRG (100 nM) yielded intermediate
diffusion values (gray bar), which may reflect a mixed population
of liganded and unliganded receptors.

Since SKBR3 cells express endogenous erbB3 and overexpress
erbB2, we compared the diffusion characteristics of wild-type ver-
sus K723M erbB3 in transfected CHO cells, where erbB3 expres-
sion is restricted to recombinant tagged forms (HA-erbB3wt or
HA-erbB3K723M). The results are summarized in Fig. 3D. Of note,
HA-erbB3wt showed a diffusion coefficient of 0.019 �m2/s in the
absence of ligand (black bar). The slightly slower diffusion of un-
liganded erbB3 in CHO cells, compared to SKBR3 cells, may re-
flect cell-specific topographical features. In CHO cells, ligand-
bound HA-erbB3wt tracked with the QD-HRG probe was
significantly slower than unliganded receptor (P � 0.014) with an
average diffusion coefficient of 0.010 �m2/s (white bar), similar to
measurements in SKBR3 cells.

Finally, HA-erbB3 bearing the K723M mutation showed

markedly faster diffusion than HA-erbB3wt even in the absence of
ligand (Fig. 3D). This faster diffusion combined with the reduced
phosphorylation of erbB3K723M when expressed in CHO cells (Fig.
1F) suggests that this mutation may alter the structure of the ki-
nase domain in a way that affects N-lobe mediated receptor inter-
actions (41). The fast diffusion of resting HA-erbB3K723M with a
diffusion coefficient of 0.031 �m2/s was only slightly diminished
by the addition of ligand (0.025 �m2/s) (white bar, Fig. 3D), a
finding consistent with the very small change in phosphorylation
(Fig. 1F, far right lane). Diffusion of ligand-bound HA-
erbB3K723M was �2-fold faster than HA-erbB3wt (P � 0.05).

QD probe tracking captures erbB3-erb2 heterointeractions
and erbB3-erbB3 homointeractions. Previous work showed that
single particle methods permit the visualization of erbB dimeriza-
tion in real time (18, 42). In the present study, erbB3 homo- and
heterointeractions were observed in both SKBR3 cells that over-
express erbB2 and in CHO cells that express low levels of endo-
genous erbB2. Figure 4A and B show representative distance traces
with inset images of an erbB3/erbB2 heterodimerizing event (Fig.
4A) and an erbB3 homodimerizing event (Fig. 4B) captured on
the surface of live cells. The individual QD-bound receptors are
distinguished based on the distinct emission spectra of the two
probes (insets in Fig. 4D to I). erbB3-erbB2 pairs were tracked in
CHO cells expressing erbB3 and HA-tagged erbB2. Heterointer-
actions were not tracked in SKBR3 cells since the high expression
of endogenous erbB2 overwhelmingly favors “dark” (unlabeled)
interactions. At the start of imaging in Fig. 4A, one erbB3 (bound
to QD-HRG) is separated by over a micron from an HA-erbB2
(bound to QD anti-HA Fab) on the surface of a CHO cell. These
receptors diffuse, approach, and form a dimer at 
41 s into the
image acquisition; they dissociate after 5 s.

erbB3 homointeractions were observed in both CHO cells ex-
pressing HA-erbB3 and SKBR3 cells tracking endogenous erbB3
or HA-erbB3. Figure 4B shows single particle analysis applied to
an erbB3 homodimer on the surface of an SKBR3 cell using two
different colors of HRG-conjugated QDs. A notable feature seen
in the distance trace in Fig. 4B is that before the two receptors form
a homodimer, and between dimerization events, they are tran-
siently trapped together in a restricted membrane compartment
(denoted with a magenta bar). This phenomenon is referred to as
“coconfinement” (18, 43) and has been variously attributed to
trapping by cytoskeletal corrals (16, 44) or short-term residency in
lipid rafts (45) or protein islands (46). Coconfinement and
dimerization events can be quantitatively evaluated by our three-
state hidden Markov model (HMM) analysis that classifies the
kinetics of pairs of receptors interacting in three states: distant
(“separated”), coconfined, or interacting (“dimer”). Further, by
applying a Viterbi algorithm, it is possible to assign these states to
the changing relationships of receptor pairs during imaging (18).
In the HMM analysis, the probability is optimized if the separa-
tion distance approaches the predicted dimer distance based on
structural features of the dimer and the QD probe pair (47) (Fig.
3A). As previously observed for erbB1 (18), HMM analysis re-
vealed that coconfinement in domains promotes repeated ho-
modimerization events between individual pairs of erbB3 recep-
tors. In this figure, the two tracked receptors dimerize, dissociate
and redimerize four times over the 50 s of image acquisition. Mov-
ies of the interactions plotted in Fig. 4A and B are provided in the
supplemental material.

Because two-color SPT requires underlabeling of receptors and
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can only resolve interactions between two receptors labeled with
spectrally distinct QDs, it is important to acknowledge that unla-
beled erbB2 may be influencing the interactions of labeled erbB3
receptors. Figure 4C depicts the interactions of a pair of QD-la-
beled erbB3 receptors within the three interaction states: “sepa-

rated,” “coconfined,” or interacting as a “bound pair” in the pres-
ence of high levels (left) or low levels (right) of unlabeled erbB2.
The advantage of tracking erbB3 interactions in both SKBR3 cells
and CHO cells is that interactions with unliganded erbB2 are more
likely to occur in SKBR3 cells that overexpress endogenous erbB2

FIG 4 Single particle tracking (SPT) detects short-lived erbB2-erbB3 heterodimers and longer-lived erbB3 homodimers. (A and B) Receptor dimerization
behavior based on tracking of a pair of QD-tagged receptors over time. Shown are representative plots of separation distances for an erbB2-erbB3 heterodimer
on CHO cells expressing exogenous HA-erbB2 and untagged erbB3 (A) and endogenous erbB3 receptors interacting on SKBR3 cells (B). Horizontal lines indicate
state calls (right axis, dimer, coconfined, or separated receptors) as determined by a Viterbi algorithm. Insets show images of pairs at specific time frames. Scale
bar, 1 �m. (C) Diagram illustrating interaction states of erbB3 tracked with two colors of QD-HRG and with different levels of unlabeled erbB2 (gray spheres).
(D to I) Histograms plotting the distribution of dimer lifetimes for receptor pairs as indicated (diagrams). koff values are predicted from the HMM analysis.
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compared to CHO cells. Similar erbB3 interactions seen in both
cell lines could indicate that these interactions are not entirely
dependent on erbB2.

Figure 4D to I illustrate dimer lifetimes obtained from tracking
tens to hundreds of individual interaction events per probe set.
The plots in these graphs show the distribution of hetero- and
homodimer lifetimes, measured in seconds. The results are shown
for erbB3 interactions when tracked on both cell types (SKBR3
and CHO) and using both QD probes for erbB3 (QD anti-HA Fab
or QD-HRG). Since dissociation is a stochastic process, interac-
tions persist from �1 s to �50 s. Importantly, increases in the
number of long-lived events reflect a higher dimer stability and
provide insight into receptor signaling capacity. For example, al-
though erbB3 receptors interact in the absence of ligand, these
interactions are remarkably short-lived. This is illustrated in Fig.
4D, where �75% of minimal dimers dissociate within 2.5 s. By
comparison, almost 50% of liganded-erbB3 homointeractions
persist longer than 2.5 s, with a significant number of events rang-
ing from 5 to 50 s in duration (Fig. 4E, H, and I). On the whole,
erbB3-erbB2 interactions are less stable than liganded erbB3 pairs,
with the majority of events lasting �2.5 s (Fig. 4F).

An important output of HMM analysis is estimation of dimer
stability (18). The off rates for heregulin-bound erbB3 minimal
homodimers measured using the QD-HRG probe on two differ-
ent cell lines are similar, with values ranging from 0.13 � 0.04 s�1

(CHO-HA-erbB3) to 0.18 � 0.02 s�1 (SKBR3). By comparison,
erbB3 pairs that interact in the absence of ligand have fast disso-
ciation rates (between 0.44 � 0.08 s�1 [CHO-HA-erbB3] and
1.08 � 0.1 s�1 [SKBR3-HA-erbB3]).

The off rates for erbB3-erbB2 minimal heterodimers are esti-
mated to be 0.41 � 0.06 s�1. Heterodimer dissociation was mea-
sured only in CHO cells, which were transfected with HA-erbB2
and have low endogenous erbB2 levels. This strategy was not ap-
plicable to the SKBR3 system because the abundant (unlabeled)
endogenous erbB2 dominates the behavior of the system, and

there is a low probability of capturing rare heterodimer events
with the small fraction of tagged receptors.

Slowed diffusion of interacting receptor pairs can be an indi-
cation of productive receptor interactions that lead to down-
stream signaling (18). Analyzing the mean square displacement of
QD-labeled erbB3 and erbB2 receptors based on their interaction
state shows that receptors, when they are part of an interacting
pair, diffuse slower than receptors that are either coconfined or
separated (Fig. 5). In both cell types, unliganded erbB3 interacting
pairs have a similar diffusion coefficient of 0.024 � 0.004 �m2/s.
Liganded erbB3 diffusion is slower (0.002 to 0.004 �m2/s) when
observed to pair as homo- or heterodimers. Although erbB2-
erbB3 heterointeractions appear to be transient, reduced diffusion
of interacting pairs suggests that these interactions may still be
productive. In SKBR3 cells, QD-HRG-labeled erbB3 is uniformly
slow, presumably due to interactions with abundant dark erbB2.
The slowdown is less pronounced in CHO cells, where dark erbB2
is scarce. We assume that the slower diffusion of unliganded erbB3
in CHO cells even when separated (Fig. 5B, red bars) reflects un-
known topological differences between CHO and SKBR3 mem-
branes.

Population analysis of all erbB3 trajectories confirms erbB3
homointeractions are significant events. The importance of
erbB3 homodimerization has been debated in the literature (10,
48, 49). To rigorously address this, Fig. 6 shows the results of a
statistical evaluation of erbB3 homointeractions based upon the
entire data set of trajectories on SKBR3 cells using combinations
of two-color QD probes. Pairs of two-color, QD-labeled erbB3
receptors with a separation distance of �1 �m were analyzed for
two criteria that reflect dimerization: uncorrelated jump distance
and jump magnitude (18). Uncorrelated jump distance reflects
the fact that trajectories for each candidate pair of receptors are
uncorrelated unless the two receptors are tightly bound, in which
case their motion becomes correlated. At long separation dis-
tances between pairs of receptors, this quantitative analysis will
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always report their uncorrelated motion, since they are too far
apart to interact. At short distances, binding events may occur and
are indicated as a sharp decrease in uncorrelated motion. Note
that receptors, which are coconfined (in a signaling patch, for
instance), may be physically close together but will not show cor-
related motion (16). Jump magnitude, the average displacement
of receptors between imaging frames, can report changes in mo-
bility observed as receptors form complexes. As shown in Fig. 6,
both of these values are informative when plotted as a function of
receptor proximity.

Liganded erbB3 shows a reduction in uncorrelated jump dis-
tance and a concurrent reduction in jump magnitude at short
separation distances consistent with stable homodimer formation
(Fig. 6A). This correlated motion is less pronounced in the pres-
ence of lapatinib (Fig. 6B), suggesting the possibility that ho-
mointeractions are stabilized if one or both receptors have been
phosphorylated by erbB2 in an earlier interaction. Unliganded
HA-erbB3 shows limited correlated motion at short separation
distances with no decrease in jump magnitude (Fig. 6C). These
data are consistent with a fast off rate (0.44 s�1 [Fig. 4D]) for
homointeractions observed between unliganded erbB3; these in-
teractions are so transient that they may rarely result in transpho-
sphorylation and recruitment of docking partners that contribute
to receptor slowdown (18).

After the addition of 12 nM unlabeled HRG, sharp decreases in
uncorrelated jump distance and jump magnitude are observed for
HA-tagged erbB3, suggesting dimer formation of ligand-bound
receptors (Fig. 6D). When events were tracked using HRG-conju-

gated QDs (Fig. 6E), the cumulative data also validate the forma-
tion of stable erbB3 minimal homodimers that occur while ligand
is bound (off rate of 0.16 s�1 for SKBR3-HA-erbB3 cells). These
events show both correlated motion at short distances and the
slowed mobility expected for a larger protein complex comprised
of erbB3 receptors and associated docking partners. Similar re-
sults were observed in CHO cells expressing HA-erbB3.

DISCUSSION

erbB3 was formerly thought to be an obligate heterodimer due to
the difficulty of measuring homodimerization (8–10) and ty-
rosine kinase activity (3, 4, 36). It is important to note that early
studies of erbB3 kinase activity relied on measurements using only
the cytoplasmic tail or measured activity of erbB3 without ligand
or in the absence of activation by other erbB family members (3, 4,
9). Indeed, our results agree with prior work concluding that
erbB3 basal kinase activity is weak (Fig. 1, unstimulated cells).
However, we now show that upregulation of kinase activity in the
intact erbB3 receptor is markedly dependent on diffusion-limited
interactions with a heterodimeric partner, such as the constitu-
tively active erbB2. Ligand binding promotes this step. Low levels
of erbB2, as found in CHO cells, were sufficient to phosphorylate
wild-type erbB3 upon HRG stimulation (Fig. 1F). However, the
kinase-dead erbB3 mutant, K723M, showed little phosphoryla-
tion in these cells, suggesting that erbB3 autophosphorylation
may contribute to total erbB3 phosphorylation. Alternatively, the
K723M mutant could alter the structure of the kinase domain,
thereby limiting heterointeractions and reducing erbB3 phos-
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phorylation by erbB2. Although the proposed catalytic mecha-
nism for erbB3 is thought to be unique (12), mutation of a con-
served lysine in the ATP-binding domain, K723M, can ablate
HRG-dependent kinase activity (Fig. 1G). Taken together with the
observations of Lemmon and coworkers that in vitro activity of the
erbB3 cytoplasmic tail is highly dependent on achieving an appro-
priate local density on the surface of beads (12), it is not surprising
that erbB3’s role as a kinase has been undervalued.

In agreement with previous work, erbB3 phosphorylation was
shown to be erbB2-dependent in our system (6, 9, 35, 50). We
further suggest a role for erbB2 in the transactivation of erbB3,
since erbB3 kinase activity was reduced after pretreatment with
lapatinib (Fig. 2). Thus, transient binding of erbB3 to erbB2 may
lead to activation of erbB3. By analogy with the integrin receptors
that undergo “inside-out” upregulation (51), the transactivation
step could potentially involve marked conformational changes in
either the extracellular or intracellular domains that enable sub-
sequent erbB3 homodimerization. Since erbB2-erbB3 interac-
tions are accompanied by phosphorylation of erbB3, the simplest
explanation may be that erbB2 directly phosphorylates erbB3 on a
residue in the kinase domain to upregulate its catalytic activity.
Interestingly, a Y849E mutation was introduced into the erbB3
activation loop by Shi et al. (12); rather than acting as a phospho-
mimetic to activate kinase activity, this mutation reduced erbB3
autophosphorylation. If tyrosine phosphorylation of erbB3 is the
activating stimulus for erbB3 kinase activity, it is likely to occur at
another tyrosine site.

In the current asymmetric dimer model for activation of erbB
kinase domains, one kinase domain serves as an “activator” for the
other (52). The isolated kinase domain of erbB3 is able to bind as
an activator but not an acceptor even when coincubated with the
erbB2 kinase domain (41, 53). Interestingly, chimeras composed
of erbB3 extracellular and erbB1 intracellular domains showed
differential HRG-dependent activity depending on which trans-
membrane domain was used in the construct, stressing the impor-
tance of interdomain interactions (10, 50). If active erbB3 forms
asymmetric dimers, then the transactivation of erbB3 by erbB2 is
likely influenced by interactions outside the kinase domain. We
note that lapatinib treatment increased erbB3 diffusion (from
0.013 to 0.021 �m2/s), which may be linked to the fact that this
inhibitor stabilizes the “inactive” conformation of its target kinase
domain (54).

We took advantage of our capabilities in single-particle track-
ing (16–18, 55) to show that erbB3 receptors slow down upon
ligand binding, becoming nearly immobile in both SKBR3 and
CHO cell lines. This is similar to changes in diffusion seen with
ligand binding to erbB1 (18). erbB3 readily engages in both ho-
mointeractions and heterointeractions with erbB2. When mea-
sured in transfected CHO cells, erbB3 minimal homodimers are

3-fold-more stable than erbB3-erbB2 minimal heterodimers
(off rates of 0.13 versus 0.41 s�1). This is consistent with our pre-
vious immunoelectron microscopy colocalization analyses, show-
ing reorganization of erbB3 into large “signaling patches” and
only partial overlap with erbB2 (19).

This work supports a reinterpretation of the traditional erbB3
signaling model. After ligand binding leads to stabilization of the
extended form of the erbB3 extracellular domain, erbB3 more
readily engages in both hetero- and homointeractions. Based
upon inhibition by 2C4, which blocks the erbB2 dimerization
arm, erbB2-erbB3 pairs are likely to form “conventional” dimers

using both dimerization arms. However, our data still allow for
the possibility of tetramers formed from two heterodimers (56).
Although bound to erbB2, erbB3 is transactivated. Due to a rela-
tively fast off rate (0.41 s�1), minimal heterodimers dissociate
readily. Activated erbB3 monomers are available to rebind erbB2
or to form homodimers, where at least one of the erbB3 mono-
mers has measurable kinase activity. This model is compatible
with the lateral signaling hypothesis proposed by others (57, 58).
One important aspect of this “transient activation” model is the
reduced reliance on equivalent (or greater) levels of expression of
erbB3 dimerizing partners, since multiple erbB3 could conceiv-
ably be activated by a single erbB2. This is supported by the robust
erbB3 kinase activity seen in CHO cells that have 
16 times less
erbB2 than SKBR3 cells. Assuming that phosphorylation is the key
event in activation, recruitment of a tyrosine phosphatase would
be the essential step to limit the duration of erbB3 activation.

It is interesting that our single-particle tracking studies were
able to capture a significant number of homodimer events be-
tween unliganded erbB3, albeit with a very short lifetime (off rate
of 0.44 to 1.08 s�1). Our experimental protocol does not permit us
to evaluate the structural basis for these interactions between rest-
ing receptors. Others have suggested that erbB3 could form “back-
to-back” ligand-independent oligomers (59, 60), as suggested by
the orientation of crystallized erbB1 (47). Based on homology
modeling (not shown), more traditional dimerization using the
erbB3 dimerization arms are also possible. Continued discovery of
the unique features of erbB3 has important implications for both
normal development and disease, particularly in carcinogenesis
where erbB3 is a potential therapeutic target.
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