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The proposed plan was to construct ErbB chimeras as myristylation domain 
fusion and use such chimera for synthetic ligand inducible dimerization. However, 
myristylation domain fused ErbB chimeras fail to express themselves in Ratl fibroblasts. 
I'm not certain as to why these chimeras failed to express in Ratl based cell lines, one 
possible explanation might be that the cells were not able to tolerate stable expression of 
EGFR kinase domain fused to the myrisylation sequence. Hence, the chimeric receptors 
have been redesigned as follows: the extracellular domain of ErbB receptors were deleted 
and replaced with the extracellular domain of the low affinity NGF receptor (p75) (Figure 
1 in the enclosed manuscript). The small molecule drug binding domains were fused to the 
C-terminal tail of the chimera as described Figure 1 (in the attached manuscript). The 
cytoplasmic domains of ErbB 1, ErbB2 and ErbB4 have been subcloned in to the 
expression vector to make the p75.Bl; p75.B2; p75.B4 chimeric proteins (Technical 
objective #1, Year 1). 

Stable cell lines expressing ErbBl and ErbB2 chimeras have been generated using 
Ratl fibroblasts (Figure 2, and 4). These cell lines were used to evaluate the biological 
and biochemical outcomes synthetic ligand induced receptor dimerization (Year 1 and part 
of Year 2). In the enclosed manuscript I have demonstrated that the synthetic ligand 
induced homodimers are able to undergo: 

(1) a dose-dependent tyrosine phosphorylation (Figure2, 4) 
(2) associate with cytoplasmic signaling protein in an activation 

dependent manner (Figure 3) 
(3) activation of downstream signaling molecules MAPK and Akt 

(Figure 2 and 4) 
(4) synthetic ligand induced dimers retain their kinase specificity- 

Previous studies have shown that ErbB 1 homodimers can induce 
phosphorylation of c-Cbl whereas ErbB2 homodimers are unable to 
induce phosphorylation. Using the dimerization strategy I have 
developed I was able to show that synthetic ligand induced ErbBl 
and ErbB2 dimers retain their kinase specific functions (Figure. 11) 

(5) like natural ligand activated ErbBl receptors, synthetic ligand 
induced ErbBl dimers also undergo activation dependent receptor 
internalization (Figure 5) 

(6) both ErbBl and ErbB2 receptor activation using synthetic ligands 
results in stimulation of cell cycle progression (Figure 6) 

(7) Activation of receptor dimerization results in acquisition of 
transformed morphology (Figure 8) 



(8) These studies provide first clear evidence that ErbBl homodimers 
and ErbB2 homodimers a differ in their transforming abilities (Figure 
7, and Table 1) 

(9) I have also demonstrated that cell lines expressing different chimeras 
can be established and homodimers or heterodimers can be selectively 
induced using homodimerizing or heterodimerizing synthetic ligands 
(Figure 9). 

(10) This approach reveals, for the first time, that ErbBl homodimers and 
ErbBl/ErbB2 heterodimers may form different signaling complexes. 

In conclusion, using Ratl fibroblasts I have provided biochemical and biological evidence 
that strongly argues that small molecule induced dimerization strategy can be used to 
study homo and heterodimerization between ErbB family members (SOW for Year 1 and 
part of Year 2). 
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Abstract 

The four members of the ErbB family of receptor tyrosine kinases are involved in a 

complex array of combinatorial interactions involving homo and heterodimers. Since most cell 

types express more than one member of the ErbB family, it is difficult to distinguish the 

biological activities of different homo and heterodimers. Here we describe a method for 

inducing homo or heterodimerization of ErbB receptors using synthetic ligands without 

interference from the endogenous receptors. ErbB receptor chimeras containing synthetic 

ligand binding domains (FKBP or FRB) were homodimerized using the bivalent FKBP ligand, 

AP1510, and heterodimerized using the bifunctional FKBP-FRB ligand, rapamycin. AP1510 

treatment induced tyrosine phosphorylation of ErbB 1 and ErbB 2 homodimers and recruitment 

of SH2 domain containing proteins (She and Grb2). In addition, ErbBl and ErbB2 

homodimers activated downstream signaling pathways leading to Erk2 and Akt 

phosphorylation. However, only ErbBl homodimers were internalized upon AP1510 

stimulation and only ErbB 1 homodimers were able to associate and induce phosphorylation of 

c-Cbl. Cells expressing AP1510-induced ErbBl homodimers were able to form foci, however 

cells expressing ErbB2 homodimers displayed 5-7 fold higher focus forming ability. Using 

rapamycin-inducible heterodimerization we show that c-Cbl is unable to associate with ErbB 1 

in a ErbBl/ErbB 2 heterodimer most likely because ErbB 2 is unable to phosphorylate the c-Cbl 

binding site on ErbBl. Thus, we demonstrate that ErbBl and ErbB2 homodimers differ in 

their ability to transform fibroblasts and provide evidence for differential signaling by ErbB 

homodimers and heterodimers. These observations also validate the use of synthetic ligands to 

study signaling and biological specificity of selected ErbB dimers in any cell type. 



Introduction 

ErbB family receptor tyrosine kinases, ErbBl (also known as HER1 or EGFR), ErbB2 

(also known as HER2 or Neu), ErbB3 and ErbB4, consist of an extracellular ligand-binding 

domain, a single transmembrane domain, an uninterrupted tyrosine kinase domain and a 

cytoplasmic tail. The ErbB family members play important roles during growth and 

development of a number of organs including the heart (9, 17), the mammary gland (9, 27, 

77), and the central nervous system (9, 17, 28). In addition, ErbB overexpression is associated 

with tumorigenesis of the breast, ovaries, brain and prostate gland (1, 9, 36). Experiments in 

transgenic mice and cell culture models clearly indicate that ErbB receptors and their ligands 

can promote development and progression of mammary tumorigenesis (36, 74). 

There are at least 16 different EGF family ligands that bind ErbB receptors (55). The 

ligands can be grouped into three categories: (1) those that bind to ErbBl alone (EGF, TGFa, 

amphiregulin); (2) those that bind to ErbB3 and ErbB4 (neuregulin 1 (NRG1) and NRG2) and 

(3) those that bind to ErbBl and ErbB4 (betacellulin, heparin binding-EGF, NRG3 and 

epiregulin) (32, 55). Binding of EGF family ligand to its cognate receptor results in 

dimerization and activation of the receptor (76). 

ErbB family members partake in a complex process of lateral signaling (also referred to 

as combinatorial interactions) by forming ligand-induced heterodimers between different family 

members (1, 18, 55). It is likely that heterodimerization is mediated by ligand bivalency (71). 

Each ligand has been shown to favor certain dimeric combinations over others suggesting that 

in cells expressing all four ErbB receptors a given ligand induces a hierarchical order of ErbB 

receptor dimerization (72). Among the ErbB RTKs, ErbB2-containing heterodimers are 

preferred over other ErbB homo or heterodimers suggesting that ErbB 2 plays a central role in 

both ligand binding and signal transduction (4, 29, 37, 52, 62, 73). EGF-stimulation of cells 

engineered to lack surface expression of ErbBl results in defective ErbB 2 phosphorylation, 

and EGF or NRG 1-stimulation of cells engineered to lacksurface expression of ErbB2 results 
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in impaired ErbBl, ErbB3 and ErbB4 phosphorylation (30). Taken together, these 

observations highlight the importance of combinatorial interactions in ErbB receptor signaling. 

Although ErbB2 is recruited into many heterodimers it is likely that different heterodimers have 

distinct signaling specificities. The evidence that different ligands induce distinct 

phosphorylation patterns on ErbBl and ErbB2 is consistent with this possibility (19a, 51). 

Activation of ErbB receptors results in generation of Src Homology 2 (SH2) binding 

sites for multiple cytoplasmic signaling molecules such as the p85 subunit of phosphoinositide 

3' kinase (PI 3'-kinase) (61), PLOy, (16), Src family kinases (5), protein tyrosine 

phosphatases, SHP1 and SHP2 (25), She and Grb2 (13), Grb7 (20), GrblO (20), c-Cbl (44) 

(47), Nek (6), Crk (6), Eps8 (22), and Epsl5 (23). ErbB receptors also induce tyrosine 

phosphorylation of proteins involved in cell adhesion signaling such as the focal adhesion 

kinase (FAK) (54), Crk associated substrate (Cas) (50), paxillin (58), cortactin (8), and 

catenins (35). It is likely that different ErbB dimers recruit/activate different sets of signaling 

molecules. For example, the p85 subunit of PI3' kinase is thought to associate only with 

ErbB3 (24, 39, 53, 64), c-Cbl with ErbBl (41), and Chk with ErbB2 (80). c-Src associates 

with both ErbBl and ErbB2, though it appears that c-Src prefers ErbB2 over ErbBl (49). Very 

little is known about how ErbB homodimers and heterodimers differ in their biological 

properties and it is also not known whether heterodimers possess unique signaling properties 

compared to homodimers. Since almost all fibroblasts and mammary epithelial cells express 

more than one member of the ErbB receptor family, it is not possible to determine the signaling 

and biological specificities of different ErbB receptor homo or heterodimers using natural 

peptide ligands. In this report, we demonstrate that synthetic dimerizing ligands can be used 

effectively to study homo and heterodimerization of chimeric ErbB receptors independent of 

endogenous receptors and their ligands. 

Synthetic dimerizing ligands have been used to induce dimerization and activation of 

transcription factors (33, 57), T cell receptor subunits (70), Src family kinases (69), the 

guanine nucleotide exchange factor, SOS, (34), PDGF receptor (78), caspases (45), Fas 
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receptor (68), erythropoetin receptor (7) and integrins (31). Here we demonstrate that synthetic 

ligand induced homodimerization of either ErbB 1 or ErbB2 in rat fibroblasts results in tyrosine 

phosphorylation of the receptor, phosphorylation of downstream signaling molecules in a 

kinase-specific manner, induction of DNA synthesis, ligand-dependent foci formation and 

ligand-dependent acquisition of transformed morphology. Our results also indicate that ErbB 1 

homodimers were 5-7 fold weaker in their ability to induce focus formation compared to ErbB2 

homodimers. In addition, using a synthetic ligand that selectively induce heterodimers, we 

demonstrate that c-Cbl prefers ErbB 1 in a homodimer over ErbB 1 in a heterodimer with ErbB2 

suggesting that homo and heterodimers recruit distinct cytoplasmic signaling proteins. 

10 
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Materials and Methods 

DNA constructs 

The expression vectors for the ErbB chimeras were constructed as follows: the extracellular 

and transmembrane domains of low affinity NGF receptor (p75) was PCR amplified as an 

EcoRl/BamHl fragment and subcloned into the retroviral expression vector 

SRaMSVTKNeo (kindly provided by O.Witte). To generate the EcoRl/BamHl fragment 

the 5' primer was engineered to have an EcoRl site and the 3' primer was engineered to 

have inframe Spel and Xbal sites followed by either a HA or Flag epitope tag, stop 

codons and BamHl restriction site. The resulting vectors were referred to as either p75.HA 

or p75.Flag. The ligand binding domains (FKBP (one or two copies) and FRB (57) were 

subcloned as Xbal/Spel fragments into p75.HA and p75.Flag to generate p75.Fl.HA (Fl: 

one copy of FKBP) or p75.F2.HA (F2: two copies of FKBP) or p75.Rl.Flag (Rl: one 

copy of FRB domain) (Fig. IB). FRB is the FKBP-Rapamycin Binding domain of FRAP 

(57). The intracellular domains of ErbB 1 (Bl) and ErbB2 (B2) were obtained by PCR 

using Pfu DNA polymerase (Stratagene). The primers were designed such that they contain 

inframe Xbal and Spel restriction sites in the 5' and 3' end respectively. ErbBl was 

amplified with the primers 5' GCGATCTCTAGACGAAGGCGGCCA CATCGTTCGG 

and 5' GCATCGACTAGTTGCTCCAATAAATTCACTGCTTTG using a T47D cDNA 

library (generated by random priming poly A selected mRNA). The kinase dead ErbBl 

(kdBl) was amplified using the Met721Ala mutant human ErbBl cDNA (kindly provided 

by Alan Wells). Both ErbBl and kdBl PCR fragments were subcloned into a shuttle vector 

digested with Xbal and Spel restriction enzymes. The ErbB2 cytoplasmic domain was 

amplified as two fragments from a Rat Neu cDNA (kindly provided by William J. Müller) 

making use of an internal unique Ncol site. The 5' fragment was amplified using 

5'GCGATCTCTAGAAAACGAAGGAGACAGAAGATCCand 

11 



F 
5'GGAGGTCGGGGTACCTGTCATGG primers. The 3' fragment was amplified using 

5'CCATCCAGCCCCATGGACAGTACC and 

5'GCATCGACTAGTTACAGGTACATCCAGGCCTAGG primers. The 5' and 3' 

fragments were subcloned into a Xbal/Spel cut shuttle vector by a three way ligation. The 

ErbB 1 and ErbB2 PCR products, in shuttle vectors, were subject to automated sequencing 

to verify the nucleotide sequence. The intracellular domains of ErbB 1, ErbB2 and kdErbBl 

were subcloned as Xbal/Spel fragments into the Xbal site in p75 fusion vectors (Fig. IB) 

to generate p75.Bl.Fl.HA, p75.Bl.F2.HA, p75.B2.F2.HA and p75.kdBl.Rl.Flag. 

Retroviral stocks 

Retroviral stocks were prepared using the phoenix packaging cells following the protocol 

outlined at http://www.stanford.edu/group/nolan/NL-reteropage.html. The viral stocks 

were stored at -80°C. 

Cell culture and stable cell lines 

Ratl cells (kindly provided by Peter Siegel and William J. Müller) were grown in DMEM 

supplemented with 10% FBS and antibiotics. Stable cell lines expressing p75.Bl.Fl.HA, 

p75.Bl.F2.HA and p75.B2.F2.HA were derived by infecting Ratl fibroblasts with 

retrovirus expressing respective RTK chimera and selecting infected cells with 500 |ig/ml 

G418 containing media. Clones were screened by either anti-HA blots or by florescence 

activated cell sorting (FACS) of cells stained with anti-p75 antibodies and FITC conjugated 

anti-mouse secondary antibodies . Clones that showed comparable levels p75 surface 

staining were used for the experiments (p75.Bl.Fl.HA clone-9, p75.Bl.F2.HA clone 3 or 

6, and p75.B2.F2.HA clone 4). Cells coexpressing FKBP and FRB (p75.kd.Bl.Rl.Flag) 

fusion were derived by transfecting the p75.Bl.F2 (clone-6) and p75.B2.F2 (clone-4) 

expressing cells with the p75.kdBl.Rl.Flag and pBabe Hygro (48) and selected in media 

12 



containing 200 |ig/ml hygromycin (Boehringer Manheim). Hygromycin resistant colonies 

were pooled and early passages (between 3 and 10) were used for heterodimerization 

experiments (Fig.9). Transient assays in COS7 cells (Fig. 10) were carried out by plating 

1.2 xlO6 cells per 10 cm plate and lipofection was carried out 16-18 hrs after plating. The 

lipofection mix was prepared using 30 |il of lipofectamine; 3.0 jxg of p75.kdBl.Rl.Flag 

and 1.0 |ig of either p75.Bl.F2.HA or p75.B2.F2.HA following manufacturer's protocol 

(Gibco-BRL). Lipofection was carried out for 5 hrs and the cells were analyzed 48 hrs after 

transfection. 

Cell lysis and immunoprecipitation. 

Sub-confluent or confluent cultures were stimulated with indicated amounts of API510, or 

rapamycin for 15 minutes at 37°C. The ligands were stored as 2000x stock in 100% 

ethanol at -20°C. After stimulation, the cells were rinsed once with ice-cold PBS containing 

1 mM Sodium orthovananadate and lysed in Triton X-100 lysis buffer (150 raM NaCl; 50 

mM Tris.Cl (pH 8.0); 5 mM NaF; 1% Triton X-100; 1 mM Sodium orthovanadate; 5 

|ig/ml Aprotinin; and 5 |Xg/ml Leupeptin) for 25-35 minutes. The lysates were cleared by 

centrifugation at 13,000 rpm for 15 minutes at 4°C. Protein concentrations were measured 

using Bradford assay (BioRad). Cell lysates were incubated with anti-HA (HA.l 1, BabCo) 

or anti-flag (anti-Flag M2 beads, Sigma) or anti-Cbl (SC#14, Santacruz) antibodies in 500 

(il total volume. Protein G Sepharose beads (Pharmacia) were added to the lysate-antibody 

mix and incubated on a rotating platform for a 2.5-3.5 hrs at 4°C and washed 3-4 times 

with lysis buffer. The immunoprecipitates or total cell lysates were resolved on a 8.0 or 

9.0% SDS-PAGE gel and transferred onto PVDF membranes (NEN). The blots were 

blocked for 1.5-3.0 hrs in 3% BSA in TBS-T (20 mM Tris.Cl (pH 7.5); 150 mM NaCl; 

0.1% Tween-20) and immunoblotted for 1.5-3.0 hrs with either anti-pTyr (PY20-HRP, 

13 



Transduction Labs, 1:3000) or anti-EGFR (1:1000, Transduction Labs) or, anti-Erk2 ( 

1:1000, UBI), or antiphospho-473 Akt (1:1000, New England Biolabs), or anti-Akt 

(1:1000, New England Biolabs), or anti-Flag (1:1000, M2, BabCo,), or anti-She (1:1000, 

Transduction Labs) or anti-Grb2 (1:1000, Transduction Labs) or anti-betal integrin 

(1:1000) antibodies. The immunoblots were washed 5-7 and incubated with appropriate 

HRP conjugated secondary antibody subsequently, washed 5-7 times, reacted with 

Enhanced Chemiluminescence (NEN) and subject to autoradiography. To strip the blots 

were incubated in strip buffer (62.5 mM Tris.Cl (pH 6.8); 2% SDS; 0.7% 

mercaptoethanol) at 50°C for 30 min. 

Receptor internalization experiments were carried out as follows: Cells were 

stimulated with Apl510 or the ethanol alone for indicated lengths of time. The cells were 

rinsed three times with ice-cold PBS (pH 8.0) and incubated with PBS containing 

0.5mg/ml NHS-S-S-Biotin (Pierce) at 4°C for 1 hour. The cells are subsequently rinsed 

three times with ice-cold PBS and were lysed in IX modified radioimmunoprecipitation 

buffer (RIPA:150mM NaCl, 20mM Tris.HCL (pH 7.5), 0.1% SDS, 1.0% Sodium 

deoxycholate, 1.0% TritonX-100, 2ug/ml Aprotinin and 2ug/ml Leupeptin). Equal 

amounts of lysates (300ug) were incubated with 75ul of sepharose beads coupled to 

NeutrAvidin (Pierce) on a rotating platform for 1-1.5 hours. The immunoprecipitates were 

washed three times with modified RIPA and resuspended in IX sample buffer. 

Cell  cycle analysis. 

Parental Ratl cells or p75.Bl.Fl.HA (clone-9) or p75.Bl.F2.HA (clone-6) or 

p75.B2.F2.HA (clone-4 were plated at 8xl04 cells per well in a six well plate. After 48hrs 

the cells were switched to serum-free media for 24hrs and subsequently stimulated with 

indicated amounts of AP1510 or 10 ng/ml EOF for 18-20hrs. Cells were trypsinized and 

resuspended in 1.0 ml of 10% serum containing medium and transferred to a tube 

14 



containing 10.0 ml of lx PBS. The cells were pelleted by centrifugation at 1,200 rpm for 4 

min. Pellets were washed again with 10.0 ml of lx PBS and the resuspended in 0.5mls of 

lx PBS. The resuspended cells were fixed overnight in 5.0 ml of ice-cold 100% ethanol. 

Ethanol was added very slowly, while vortexing, to avoid cell clumping. The fixed cells 

were pelleted and washed twice in 5.0 ml of lx PBS containing 2.0% FBS. After the 

second wash the cells were resuspended in 0.5 mis of lx PBS containing 2% FBS; 0.1% 

Tween-20; 20 ug/ml RNase A; and 10 ug/ml Propidium Iodide, incubated at 37°C for 2-3 

hrs and analyzed by FACS. The data were analyzed by the ModFit program (Becton and 

Dickson) to calculate the percentage of cells in G0-G1, S and G2-M stages of cell cycle. 

The fold increase in the percentage of cells that are in S and G2-M phase was plotted. 

Focus forming assay. 

Ratl fibroblasts were plated at 2xl04 cells per well in a twelve well plate. The cells were 

infected with retro viruses expressing appropriate ErbB fusion at the rate of 150-250 CFU per 

well. Infected cells (24 hrs after infection) were trypsinized and replated on 10 cm plates 

containing different concentrations of AP1510. Cells from one infected well were plated onto a 

10 cm plates in media containing 500 Ug/ml G418 for 10-12 days. The focus assay was carried 

out 14 days by changing the drug-containing media once every three days. The plates were 

fixed with 4% formalin and stained with 4% Giemsa. Previous experiments have shown that 

AP1510 is active at least for 4 days as dilute aqueous solutions at 37°C (data not shown). For 

the experiment shown in Figure 7, Rat 1 cells were plated at 3x 105 cells per 10 cm plate and 

infected with higher amount of virus stock and the exact number of CFU per plate was 

estimated by trypsinizing and plating one infected plate under 750 |ig/ml G418. 

15 
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Results 

Synthetic ligand-mediated ErbB dimerization. 

To study the signaling and biological specificities of different ErbB dimers we have 

designed a dimerization strategy that employs synthetic bivalent dimerizing ligands (also called 

as Chemical Inducers of Dimerization, CIDs) and their binding proteins (Fig. 1, for a review 

see (67)). For homodimerization, we employed ligands that bind to the FK506 binding protein, 

FKBP12. The first reported homodimerizing compound, FK1012, was derived by chemical 

coupling of the monomeric FKBP ligand FK506 (70). Each molecule of FK1012 or a synthetic 

analog, API 510 (2), binds to two copies of the ligand binding domain FKBP (Fig. 1A) and 

can induce homodimerization of proteins fused to FKBP. To induce heterodimerization, we 

used the natural product rapamycin that binds to one copy of FKBP and one copy of the FRB 

domain of FKBP-Rapamycin Associated Protein (FRAP) (Fig. 1A). 

To create dimerizable ErbB receptors, the FKBP or FRB domains and an epitope tag 

were fused to the C-terminal end of ErbB cytoplasmic domain (Fig. 1C). To prevent binding of 

EGF family ligands released by autocrine secretion, the extracellular and transmembrane 

domains of the low affinity NGF receptor, p75, were substituted for the analogous domains of 

ErbB 1 and B2. Using FKBP- or FRB-containing ErbB receptor chimeras it is possible to 

generate homodimers using API510 or heterodimers using rapamycin (Fig. ID). 

Dimerization of ErbBl cytoplasmic domain using synthetic ligands result in a 

dose- dependent stimulation of receptor and substrate phosphorylation. 

To establish whether synthetic ligands can be used to dimerize ErbB receptors we 

examined dimerization and activation of ErbBl cytoplasmic domain (Bl) fused to one copy of 

FKBP (Fl) (denoted as p75.Bl.Fl.HA) (Fig. 1C). Stable cell lines expressing the 

p75.Bl.Fl.HA chimera were derived using Ratl fibroblasts. AP1510, but not FK506, 

treatment resulted in a dose-dependent increase in tyrosine phosphorylation of cellular proteins 

16 
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(Fig. 2A compare lanes 1-6 and 7-8). As expected, the cells were still sensitive to EGF 

stimulation (Fig. 2A lane 9). Interestingly, the pattern of tyrosine phosphorylation after 

AP1510 stimulation was comparable to the pattern obtained after EGF stimulation (Fig. 2, 

compare lanes 6 and 9). For example, the adapter protein She and proteins with approximate 

molecular mass of 35,42, 44, 60, 79 and 100 kDa (marked with asterisks) were 

phosphorylated by both EGF and AP1510 stimulation (Fig.2A). As expected, EGF stimulation 

resulted in phosphorylation of endogenous EGFR while API510 stimulation did not result in 

phosphorylation of any protein in the mobility range of EGFR. (Fig. 1A, compare lanes 2-6 

and 9). Similar results were obtained in three independent Ratl clones expressing 

p75.Bl.Fl.HA (data not shown). AP1510 stimulation of the parental Ratl fibroblasts did not 

have any effect on tyrosine phosphorylation of cellular proteins (data not shown). To 

specifically examine the tyrosine phosphorylation status of the chimeric receptor, anti-HA 

immunoprecipitates were immunoblotted with anti-pTyr antibodies. The p75.Bl.Fl chimera 

was inducibly tyrosine phosphorylated with maximal stimulation at 500 nM AP1510 (Fig. 2B 

lanes 1-6). As expected, neither the monomeric ligand nor EGF induced tyrosine 

phosphorylation of the ErbBl chimera (Fig. 2B lanes 7-9). Synthetic ligand-mediated 

activation of the p75.B 1 .Fl .HA receptor did not show any increase in tyrosine 

phosphorylation levels of the endogenous ErbB2 receptor (data not shown). Thus, activation 

of chimeric receptor appears to be independent of both EGF ligands and endogenous ErbB 

receptors. 

Synthetic ligand-activated receptors are competent in recruiting signaling 

molecules and activating a downstream target. 

Stimulation of wild type ErbBl receptor by EGF results in recruitment of multiple 

cytoplasmic signaling molecules including Grb2 and She (1). To examine whether AP1510- 

activated chimeric ErbB 1 receptors can recruit SH2-containing proteins, we 

immunoprecipitated the chimeric receptors and immunoblotted with antibodies to Grb2 and She 
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(Fig. 3A). Both Grb2 and She coimmunoprecipitated with tyrosine phosphorylated 

p75.Bl.Fl.HA in AP510-treated cells (Fig. 3A lanes 4-7) suggesting that synthetic ligand- 

activated ErbB 1 receptors were competent to recruit known cytoplasmic signaling molecules. 

Activation of EGF receptor is known to activate a signal transduction pathway leading 

to activation of extracellular signal regulated kinase 2 (Erk2 or MAPK). To test whether 

activation of the chimeric ErbBl receptor results in activation of Erk2, p75.Bl.Fl.HA 

expressing cells or the parental Ratl cells were stimulated with API510 and total cell lysates 

were immunoblotted with anti-Erk2 antibodies. Interestingly, AP1510 stimulation induced a 

characteristic mobility shift of Erk2 suggesting that synthetic ligand mediated dimerization of 

p75.Bl.Fl.HA leads to activation of downstream signaling targets. 

Synthetic ligands activate other members of the ErbB family and the activated 

receptors retain their kinase specificity. 

In order to examine whether dimerization of cytoplasmic domains can activate other 

ErbB family members and whether synthetic ligand-activated ErbB kinases retain their kinase 

specificity, we derived Ratl-based stable cell lines expressing AP1510-inducible ErbB2 

chimeras. We found that cell lines expressing ErbB2 chimeras with one copy of FKBP 

(p75.B2.Fl.HA) had very high levels of basal tyrosine phosphorylation (data not shown); 

however, cells expressing p75.B2.F2.HA, which contains two copies of FKBP (F2), had low 

levels of basal tyrosine phosphorylation and showed AP1510-inducible phosphorylation. To 

make an objective comparison between ErbB 1 and ErbB2 homodimers, we derived cell lines 

expressing two-FKBP variants of either ErbBl or ErbB2 (p75.Bl.F2.HA or p75.B2.F2.HA). 

As observed with cells expressing the single FKBP ErbBl chimera (p75.Bl.Fl.HA), addition 

of synthetic ligand to cells expressing the double FKBP ErbBl chimera (p75.Bl.F2.HA) 

resulted in increased phosphorylation of the chimeric receptor and selected proteins (Fig. 4A, 

lanes 1-3). AP1510 stimulation also resulted in tyrosine phosphorylation of the ErbB2 

chimera, p75.B2.F2.HA, and other protein substrates (Fig. 4A, lanes 5-7). 
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In order to examine whether downstream signaling pathways are activated by the 

ErbB2 chimera, we examined the activation of Erk2 and Akt, a serine/threonine protein kinase 

that is activated by ErbB receptors (10).. Homodimerization of both ErbBl and ErbB2 resulted 

in the characteristic mobility shift of Erk2 (Fig.4C). To examine activation of Akt, total cell 

lysates were immunoblotted with anti-Akt antibodies that specifically recognize Akt 

phosphorylated at serine 473 (Fig.4B). Phosphorylation of both Thr 308 and Ser 473 on Akt is 

required for full activation (19). AP1510 stimulation induced Ser473 phosphorylation in cells 

expressing either ErbBl or ErbB2 chimeras (Fig. 4B). The difference in signal strength 

between lanes 1-4 and 5-8 (Fig.4A) is likely due to difference in the levels of protein loaded 

(compare lanes 1-4 and 5-8 in Fig.4B lower panel). It should be noted that both the cell lines 

used in this experiment express comparable levels of the ErbB chimera as determined by FACS 

analysis (see Materials and Methods). 

It is known that c-Cbl is tyrosine phosphorylated only by ErbB 1 and not by other ErbB 

family members (41). We examined c-Cbl tyrosine phosphorylation status upon synthetic 

ligand-mediated dimerization of either ErbB 1 or ErbB2. Homodimerization of ErbB 1 resulted 

in c-Cbl tyrosine phosphorylation (Fig. 4D), whereas phosphorylation of c-Cbl was barely 

detectable following ErbB2 homodimerization. This differential phosphorylation of c-Cbl was 

also observed in Cos7 cells transiently transfected with either p75.Bl.F2.HA or 

p75.B2.F2.HA chimeras (data not shown). These observations suggest that dimerization of 

ErbB receptors activated by synthetic ligands can retain their kinase-specific functions as 

monitored by their ability to phosphorylate c-Cbl. 

ErbBl but not ErbB2 chimeras are internalized after AP1510 stimulation. 

EGF activation has been shown to induce endocytosis of activated ErbB 1 receptors 

(65). It has also been shown that ErbB chimeras containing the extracellular domain of ErbBl 

and the cytoplasmic domains of ErbB2, ErbB3 or ErbB4 do not undergo EGF-induced 

receptor endocytosis (3). In order to determine whether synthetic ligand-activated ErbB 
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receptors undergo internalization, we stimulated p75.Bl.F2.HA or p75.B2.F2.HA expressing 

cells with AP1510 for different lengths of time and the cell surface proteins were subsequently 

labeled with biotin at 4°C. The cell lysates were then subject to precipitation using 

NeutrAvidin-coupled beads and the bound proteins were immunoblotted with HA tag 

antibodies to determine the amount of chimeric receptor present at the cell surface. API510 

treatment of ErbBl, (Fig. 5A lanes 5-7) but not ErbB2 (Fig. 5A lanes 12-14), expressing cells 

resulted in a significant decrease in the amount chimeric receptors present at the cell surface. 

This observation suggests that AP1510-stimulation results in internalization of activated ErbBl 

receptors. The significant decrease in the levels of ErbBl receptors at the cell surface afterlO 

minutes of AP1510 stimulation is consistent with the internalization rates observed for the 

peptide ligand, EGF (65). Stimulation of p75.Bl.F2.HA expressing cells with the carrier alone 

did not result in any change in the levels of ErbBl chimera (Fig. 5A, lanes 1-4). Since 

NeutrAvidin would precipitate all biotin labeled cell surface proteins the same blot was 

reprobed with anti-beta 1 integrin antibodies (Figure 5B) to demonstrate that the decrease in the 

p75.Bl.F2 levels was receptor-specific. 

Immunofluorescent labeling of ErbB 1 expressing cells with anti-p75 antibodies also 

showed a ligand activation dependent internalization of the chimeric p75.Bl.F2.HA receptor 

(data not shown). These observations suggest that ErbBl chimeras undergo synthetic ligand- 

dependent endocytosis and also demonstrate that the ErbB chimeras retain their differential 

regulation of receptor internalization. 

Activation of ErbB homodimers results in induction of cell cycle progression. 

To establish whether activation of ErbB receptors by synthetic ligands can induce cell 

cycle progression, cells expressing either ErbBl fused to one copy of FKBP (P75.B1.F1.HA) 

or ErbBl fused to two copies of FKBP (p75.Bl.F2.HA) or ErbB2 fused to two copies of 

FKBP (p75.B2.F2.HA) were starved in serum-free media for 24 hours. The cells were then 

stimulated with indicated amounts of API510 for 16-18 hours and the DNA content was 
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measured by Florescence Activated Cell Sorting (FACS) of propidium iodide-labeled cells 

(Fig. 6). The fold increase in the percentage of cells that have left the G0-G1 stage of cell cycle 

was calculated (see Materials and Methods). API510 stimulation of p75.Bl.Fl.HA, 

p75.Bl.F2.HA and p75.B2.F2.HA expressing cells resulted in a 1.5-2.0 fold increase and 

EGF-stimulation resulted in a 1.8-2.5 fold increase in the percentage of cells that have left the 

G0-G1 stage of cell cycle (Fig.6) These results suggest that ErbBl and ErbB2 chimeras 

activated using synthetic ligands were able to promote cell cycle progression. 

ErbBl and ErbB2 homodimers differ in their ability to induce focus formation 

in rat fibroblasts. 

Since ErbB family members are known to be potent oncogenes, we examined 

whether ErbB 1 or ErbB2 homodimers can induce focus formation in fibroblasts. Ratl 

fibroblasts were infected with retroviruses expressing either ErbBl or ErbB2 fused to one or 

two copies of FKBP (p75.Bl.Fl.HA, p75.Bl.F2.HA, p75.B2.Fl.HA or p75.B2.F2.HA). 

The infected cells were maintained in the presence of different doses of AP1510 for 14 days. 

The number of infected cells was determined by G418 selection since the virus carried the gene 

encoding for neomycin (see Materials and Methods). Fifty five to sixty five percent of cells 

infected with p75.B2.F2.HA retrovirus formed foci in the presence of AP1510 (Fig. 7, Table 

1). In contrast, expression of ErbBl chimera fused to two FKBP (p75.Bl.F2.HA) showed 

weak focus forming activity (Fig.7) with only 10% of the infected cells forming foci (Table 1). 

In addition, the foci induced by ErbB 1 chimera had a diffuse morphology and showed faint 

Giemsa staining relative to the dense, intensely-stained foci induced by the ErbB2 chimera 

(Fig. 7). Expression of ErbB2 chimera with one copy of FKBP (p75.B2.Fl.HA) resulted in a 

low level of ligand-independent focus formation, nevertheless showed a 6-7 fold ligand 

inducibility (Fig. 7, Table 1). Surprisingly, ErbBl chimera with one copy of FKBP 

(p75.Bl.Fl.HA) failed to induce any detectable focus formation (Fig. 7, Table 1). The 

difference in the focus inducing ability was not due to differences in expression levels of the 
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chimeric proteins since we detected comparable levels of expression by both anti-HA 

immunoblots and FACS analyses of the infected Ratl cells stained with anti-p75 antibodies 

(data not shown). 

Both ErbBl and ErbB2 homodimers can induce a reversible morphological 

transformation of fibroblasts. 

Transformed fibroblasts are known to display a refractile morphology and lose contact 

inhibition. We examined whether dimerization of the cytoplasmic domains of ErbBl or ErbB2 

induce morphological changes and whether these changes are reversible after ligand 

withdrawal. Stable cell lines expressing comparable levels of ErbBl with one copy of FKBP 

(p75.Bl.Fl.HA) or ErbBl with two copies of FKBP (p75.Bl.F2.HA) or ErbB2 with two 

copies of FKBP (p75.B2.F2.HA) (see Materials and Methods) were grown in the presence of 

API510 for 48 hrs and the changes in morphology were recorded (Fig.8). Cells expressing 

p75.Bl.F2.HA (g-i) or p75.B2.F2.HA (m-o), but not cells expressing p75.Fl.HA (a p75 

chimera without ErbB cytoplasmic domain, Fig. IB) (a-c), lost their contact-inhibited flat 

morphology and assumed a transformed, refractile morphology in the presence of AP1510. 

Consistent with lack of focus forming ability, AP1510 did not induce morphological changes 

in cells expressing p75.Bl.Fl.HA (d-f). 

After trypsinization and replating of the AP1510-treated cells in media without the 

ligand, the cells reverted to a non-transformed state, displaying a well-spread morphology and 

contact inhibition (j and p). This observation suggests that the morphological changes require 

continuous presence of the dimerizing ligand. 

Synthetic ligand induced heterodimerization between ErbB receptors. 

It has not been possible to study the signaling specificities of different ErbB 

heterodimers in isolation since most cell types express more than one ErbB family member. In 

order to establish whether synthetic ligands can be used to form heterodimers of selected ErbB 
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receptors, we generated a chimera containing the kinase-dead variant of ErbBl (kdBl) fused to 

the FRB domain and a flag epitope tag (p75.kdBl.Rl.Flag, see Materials and Methods). The 

p75.kdB l.Rl.Flag chimera was not phosphorylated on tyrosine when expressed transiently in 

Cos7 cells (data not shown). Stable pools of Ratl cells coexpressing the kinase-dead ErbBl- 

FRB chimera (p75.kdBl.Rl.Flag) and either the wild type ErbBl-FKBP chimera 

(p75.Bl.F2.HA) or the wild type ErbB2-FKBP chimera (p75.B2.F2.HA) were generated 

(Fig. 9A). As illustrated in Fig. ID, addition of the FKBP-binding ligand, AP1510, to these 

cells should result in formation of either B1/B1 or B2/B2 homodimers while treatment with the 

heterodimerizing ligand, rapamycin, should result in either Bl/kdBl or B2/kdBl heterodimers. 

As expected, AP1510 induced homodimerization and tyrosine phosphorylation of both ErbBl- 

FKBP (p75.Bl.F2.HA, Fig. 9B, lanes 1-3) and ErbB2-FKBP (p75.B2.F2.HA, Fig 9B, 

lanes 7-9) chimeras. Interestingly, the kinase-dead ErbB 1 chimera fused to the FRB domain, 

expressed in the same cell, was not tyrosine phosphorylated by AP1510 stimulation (Fig. 9C, 

lanes 1-3 and 7-9) likely due to the inability of API510 to bind FRB fused chimeras. 

However, rapamycin stimulation resulted in tyrosine phosphorylation of the kinase-dead 

ErbBl-FRB chimera (p75.kdBl.Rl.Flag) (Fig. 9C, lanes 4-6, and 10-12) by both kinase- 

active ErbBl-FKBP (lanes 4-6) and kinase-active ErbB2-FKBP (lanes 10-12). Since 

rapamycin is known to dimerize a FKBP and a FRB domain (Fig. 1) this observation suggests 

that rapamycin can induce heterodimers between the kinase-dead ErbBl-FRB and kinase-active 

ErbB-FKBP receptors. Rapamycin stimulation did not change the phosphorylation status of 

either kinase-active ErbBl-FKBP (Fig. 9B, lanes 4-6) or kinase-active ErbB2-FKBP (Fig. 

9B, lanes 10-12) possibly because the dimer comprises of one kinase active and one kinase 

dead receptor. This is consistent with the notion that that the tyrosine phosphorylation of ErbB 

receptors occur primarily by trans-phosphorylation within a dimer (76). The kinase active 

receptors observed in the anti-flag immunoprecipitates from rapamycin stimulated cell lysates 

(Fig.9C, lanes 4-6 and lanes 10-12) was due to the ability of rapamycin to induce a stable 

heterodimeric complex between the flag-tagged kinase dead and the weakly-phosphorylated 
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kinase active ErbB receptors (Fig. 9B lanes 1 and 7). Since the tyrosine phosphorylation levels 

neither ErbBl (Fig. 9B, compare lane 1 and lanes 4-6) nor ErbB2 (Fig. 9B, compare lane 7 

and lanes 10-12) change in response to rapamycin stimulation it is unlikely that rapamycin 

stimulation affects the tyrosine phosphorylation status of FKBP-fused kinase-active ErbB 

chimeras. These results demonstrate that rapamycin can be used to form heterodimers in the 

absence of homodimers and API510 can be used to form homodimers in the absence of 

heterodimers. 

c-Cbl can differentiate ErbBl in homodimers from ErbBl in ErbBl/ErbB2 

heterodimers. 

It is possible that heterodimers have different signaling specificity compared to 

homodimers. We tested whether the kinase-dead ErbB 1 receptor phosphorylated by either a 

kinase-active ErbB 1 (homodimer) or a kinase-active ErbB2 (heterodimer) differed in its ability 

to associate with cytoplasmic signaling molecules. Since c-Cbl has been shown to bind 

selectively to ErbBl but not to other ErbB receptors (41), we asked whether c-Cbl can 

differentiate between the kinase-dead ErbB 1 phosphorylated by a kinase-active ErbB 1 receptor 

(homodimer) from a kinase-dead ErbB 1 phosphorylated by a kinase-active ErbB 2 receptor 

(heterodimer). The kinase-dead ErbBl receptor fused to FRB domain (p75.kdBl.Rl.Flag) 

was cotransfected with either kinase-active ErbB 1-FKBP chimera (p75.B 1.F2.HA) or kinase- 

active ErbB2-FKBP chimera (p75.B2.F2.HA) in Cos7 cells. In the presence of rapamycin the 

kinase active FKBP-fused ErbBl and ErbB2 receptors coimmunoprecipitate with the kinase- 

dead ErbBl-FRB .Flag chimera (Fig. 9 and 10). Rapamycin stimulation resulted in increased 

phosphorylation of the kinase-dead ErbBl-FRB chimera (p75.kdBl.Rl.Flag) by both ErbBl- 

FKBP (p75.Bl.F2.HA) (Fig.10 lanes 1-3) and ErbB2-FKBP (p75.B2.F2.HA) (Fig.10, lanes 

4-6) receptors as determined by anti-flag immunoprecipitation and anti-pTyr immunoblotting. 

Endogenous c-Cbl was also immunoprecipitated from the same cell lysates and the precipitates 

were blotted with anti-pTyr antibodies (Fig.10 lanes 7-12) to identify the ErbB chimeras that 
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bind to c-Cbl. c-Cbl was able to coimmunoprecipitate the tyrosine phosphorylated, kinase- 

dead, ErbBl-FRB chimera (p75.kdBl.Rl.Flag) only when the kinase-dead ErbBl was 

phosphorylated by kinase-active ErbBl chimera (p75.Bl.F2.HA) (Fig. 10 lanes 7-9) but not 

when kinase-dead ErbBl was phosphorylated by kinase-active ErbB2 chimera 

(p75.B2.F2.HA) (Fig.10 lanes 10-12). This observations suggest that c-Cbl can differentiate 

ErbBl molecules in a homodimer (p75.Bl.F2/p75.kdBl.Rl) from ErbBl molecules in a 

heterodimer with ErbB2 (p75.B2.F2/p75.kdBl.Rl). 

Discussion 

We demonstrate that synthetic dimerizing ligands can selectively activate homo and 

heterodimers of the ErbB family of receptors and result in activation of signal transduction 

pathways. Synthetic ligand-mediated dimerization and activation also induces a dose-dependent 

stimulation of phenotypic alterations known to be regulated by ErbB receptors (e.g. stimulation 

of cell proliferation, morphological transformation and foci formation). In addition, using a 

heterodimerizing ligand we demonstrate that c-Cbl can associate with ErbB 1 in an 

ErbBl/ErbBl homodimer but does not associate with ErbBl in an ErbBl/ErbB 2 heterodimer. 

These observations suggest that this approach can be used to study the signaling and biological 

specificities of ErbB homodimers and heterodimers and provide the first clear evidence for 

differential signaling by ErbB homo and heterodimers. 

The extracellular cysteine-rich domains of ErbB receptors play important roles in ligand 

binding and receptor dimerization (11, 12, 14, 59, 60, 66). Mutation or addition of Cys 

residues at the juxtamembrane region and generation of unpaired Cys residues results in 

dimerization of ErbB2 (12, 60). Interestingly, a number of such dimers fail to induce 

transformation suggesting that forced dimerization is not sufficient for functional activation of 

ErbB2 (11). The transmembrane and the juxtamembrane regions of ErbB2 form a helical 

structure and receptor dimerization is thought to promote a helix-helix interaction (12). It is 

proposed that some of the Cys modification-induced dimerization may result in packing the 
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helices in an "unfavorable or non-permissive" orientation for signaling (12). Results presented 

in this report suggest that dimerization of the cytoplasmic domain was sufficient to activate both 

ErbBl and ErbB2 receptors. This is consistent with an earlier report which suggests that 

membrane localization of the cytoplasmic domain of ErbB2 was sufficient to induce kinase 

activation and transformation (26). It will be interesting to progressively change the 

orientation/location of the synthetic ligand binding domains within the chimera to ask whether 

the ErbB cytoplasmic domains requires a specific dimerization interface. 

Synthetic ligand-inducible dimerization was able to activate both biochemical and 

biological processes that are known to be stimulated by ErbB receptors. Both ErbBl and 

ErbB2 homodimers were able to induce activation of the serine threonine kinase Akt (Fig. 4). 

Akt is a known downstream target of activated PI 3'-kinase. It is unclear how either of these 

homodimers activate the PI 3'-kinase pathway since neither ErbBl nor ErbB2 possess the 

binding site for the SH2 domain of p85 subunit of PI 3'-kinase (24, 39, 53, 64). It is possible 

that c-Cbl mediates the ErbBl homodimer-induced activation of PI 3'-kinase (63), whereas, c- 

Cbl is unlikely to play a role in ErbB2 homodimer-induced activation of the PI 3'-kinase 

pathway since ErbB2 does not show strong association with c-Cbl (Fig. 4 and 8). Further 

experiments will be necessary to understand the underlying mechanism leading to activation of 

PI 3'-kinase by ErbBl and ErbB2 homodimers. 

Activation of ErbB 1 or ErbB 2 dimers using synthetic ligands resulted in a ligand- 

dependent acquisition of transformed-cell morphology while removal of API510 caused a 

reversion to a normal morphology. These observations demonstrate the continuous requirement 

of dimerization signal for maintenance of the transformed morphology. It will be of interest to 

determine whether the ligand-dependent transformation and reversion can be induced in animal 

models where other mutations are involved during tumorigenesis. Development of such a 

model with inducible activation of specific homo and heterodimers of different ErbB receptors 

would be very useful in understanding the early events of tumor progression in adult animals. 
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The biological effects of ErbB 1 homodimerization in fibroblasts or other cell types is 

unclear since almost all cell types express more than one member of the ErbB receptor family. 

Previous reports have shown that ErbB 1 is able to induce foci formation in a ligand-dependent 

manner in NIH 3T3 clones which either lack ErbB 1 (21) or lack expression of all ErbB family 

members (79) and that EGF-activated ErbB 1 possesses weaker foci forming activity than 

activated ErbB2 (21). It is possible that these cell lines are not devoid of ErbB receptors and 

the observed phenotype may be a result heterodimers involving ErbBl. Studies using ErbB 

receptor-deficient hemopoietic cells that require IL-3 for survival and growth have suggested 

that ErbB 1 homodimers are not effective in inducing proliferation but can induce BL-3- 

independent survival (56). The approach presented here enables us to study the effect of 

homodimers in the absence of lateral/combinatorial interactions with other ErbB family 

members in cells that naturally express these receptors; hence, we believe that our observations 

provide a clear demonstration of the biological differences between ErbBl and ErbB2 

homodimers in fibroblasts (see below). 

It is unclear why synthetic ligand-induced ErbB 1 homodimers possess 5-7 fold weaker 

foci forming activity compared to ErbB2 homodimers. It is possible that ErbB 1 homodimers 

do not activate signaling molecules that mediate transformation as effectively as ErbB2 (58). 

Alternatively, the homodimers may couple to negative regulators of signaling. 

Heterodimerization of ErbB 1 with other ErbB receptors can either generate novel 

autophosphorylation sites for activating cytoplasmic signaling molecules or may fail to generate 

certain autophosphorylation sites to preclude interactions with negative regulator(s). We 

present evidence which suggests that ErbBl homodimers and ErbBl/ErbB 2 heterodimers 

differ in their ability to recruit a cytoplasmic signaling protein, c-Cbl. It is possible that such 

differences may play role in determining the biological specificity of homo and heterodimers. 

c-Cbl has been implicated both as a positive and negative regulator of cell signaling (44, 

47). The mechanism by which Cbl functions is not known. Recent observations suggest that 

c-Cbl promotes ubiquitination and degradation of activated EGF and PDGF receptors (42,47). 
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Interestingly, only ErbBl, and not ErbB3, is ubiquitinated and downregulated by c-Cbl and 

this is dependent on the presence of ErbBl cytoplasmic tail (42). It is possible that ErbBl 

homodimers and ErbBl/ErbB2 heterodimers are differentially ubiquitinated and 

downregulated. Such a possibility is consistent with the observation that ErbB 1 homodimers 

are endocytosed (Figure 5) and degraded while ErbBl/ErbB2 heterodimers are recycled to the 

membrane after EGF stimulation (40). However, the differential association with c-Cbl may 

also regulate multiple downstream signaling pathways that play a role in signaling by ErbBl, 

ErbB2 homo and heterodimers. 

It is unclear why ErbBl chimeras with one copy of FKBP (p75.Bl.Fl) did not induce 

morphological changes or focus formation (Fig. 7 and 8). One copy of FKBP was sufficient to 

activate the receptor since AP1510 induced tyrosine phosphorylation of multiple cellular 

proteins including Erk2 (Fig. 2) as well as stimulation of DNA synthesis in cells expressing 

p75.Bl.Fl.HA chimera (Fig.6). In addition, AP1510-activation of the single FKBP version of 

the ErbB2 chimera, p75.B2.Fl, results in induction of focus formation (see Fig. 7 and Table 

1). It is possible that simple dimerization of ErbBl is not sufficient for morphological 

transformation whereas dimerization of ErbB2 is sufficient. Consistent with that possibility, 

the Val664-Glu mutation in ErbB2 promotes homodimerization, activation of the kinase and 

transformation of fibroblasts (75). Interestingly, insertion of a similar mutation into ErbB 1 

does not result in ligand-independent transformation of fibroblasts (15, 38,46) suggesting that 

homodimerization of ErbBl may not be sufficient for transformation. Our results suggest that 

p75.Bl.F2.HA chimera which contains two copies of FKBP can induce only a weak 

transformation. It should be noted that two FKBP containing chimeras can form higher-order 

complexes however, sucrose gradient centrifugation of p75.Bl.F2.HA expressing cell lysate 

showed a ligand-dependent formation of a dimeric complex (data not shown). Further 

experiments are required to better understand the difference between the ErbB 1 chimeras 

consisting of one or two copies of FKBP. 
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We will not be able to use the heterodimerizing ligand, rapamycin, in biological studies 

since rapamycin is a known immunosuppressive drug that can negatively regulate cellular 

kinases FRAP and p70S6K. However, synthetic versions of rapamycin (rapalogs) have been 

generated which do not bind endogenous FRAP and instead can only bind to a FRAP molecule 

that has been appropriately engineered to fit the modification on rapamycin (18a, 43). These 

'rapalogs' possess no immunosuppressive functions (18a, 43). We are in the process of 

constructing ErbB chimeras with the modified FRB domain which will enable us to study the 

biological effects of distinct ErbB heterodimers. 

To our knowledge the results presented here provide the first direct evidence for 

differential signaling by ErbBl homodimers and ErbBl/ErbB2 heterodimers. It will be of 

interest to apply this strategy to understand the signaling specificities of different ErbB receptor 

homo- and heterodimers. Since synthetic ligand mediated activation of chimeric ErbB receptors 

is independent of the endogenous levels of ErbB receptor expression this approach could be 

well suited to study the biological effects of different ErbB receptor dimers in the cell type of 

choice. 
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Figure Legends 

Figure 1. Synthetic ligands for ErbB dimerization. 

The ligand binding domains FKBP12 and FKBP-Rapamycin Binding domain (FRB) (A) were 

subcloned as single or double copies to generate expression vectors in panel B. The 

intracellular domain of ErbB receptors were PCR amplified and subcloned into the expression 

vectors (B) as described under Materials and Methods. Addition of AP1510 to cells expressing 

a FKBP fused ErbB receptors will result in generation of 'homodimers' (D), while addition of 

rapamycin to cells coexpressing ErbBl-FKBP chimera (p75.BLFl.HA) and ErbB2-FRB 

chimera (p75.B2.Rl.Flag) will result in a p75.Bl.Fl.HA/p75.B2.Rl.Flag heterodimer (D). 

Figure 2. Dimerization of ErbBl cytoplasmic domain using synthetic ligands 

results in a dose-dependent stimulation of receptor and substrate 

phosphorylation. 

Ratl fibroblasts expressing ErbBl fused to one copy of FKBP (p75.BLFl.HA) were 

stimulated with increasing amounts of AP1510 (nM) (lanes 2-6) or FK506 (lanes 7-8) for 15 

minutes or stimulated with 50ng/ml of EGF for 5 minutes. Cell lysates were collected and 45 

|LLg of protein was resolved and immunoblotted with anti-phosphotyrosine (anti-pTyr) 

antibodies (A). The blot was stripped to reprobed with anti-She antibodies and the p46 and p52 

isoforms of She and other cellular proteins that were tyrosine phosphorylated by ligand 

stimulation are indicated by asterisks. 700 (Xg of lysate was used for immunoprecipitation with 

anti-HA antibodies and immunoblotted with anti-pTyr (B, upper panel). The anti-pTyr blot was 

subsequently stripped and reprobed with anti-EGFR antibodies (B, lower panel). 
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Figure 3. Synthetic ligand activated receptors are competent in recruiting 

signaling molecules and activating a downstream target. 

HA epitope-containing proteins were immunoprecipitated (lanes 4-7) from 500 |ig of cell lysate 

and the membrane was probed with antibodies against anti-pTyr (A. first panel), anti-Grb2 (A, 

second panel), or anti-She (A, third panel). The blot from the first panel was stripped and 

reprobed with anti-EGFR (A, fourth panel). The normal mouse serum (NMS, lanes 1-3) was 

used as a nonspecific control. Total cell lysate from p75.Bl.Fl.HA or Ratl cells stimulated 

with API510 (nM) were immunoblotted with anti-Erk2 antibodies (B). 

Figure 4. Synthetic ligands can activate other members of the ErbB family and 

the activated receptors retain their kinase specificity. 

Total cell lysates from cells stimulated with AP1510 (nM) or EGF (50 ng/ml) were resolved 

and blotted with anti-pTyr antibodies (A). The positions of p75.Bl.F2.HA, p75.B2.F2.HA 

and She are indicated. Top two third of the blot in panel A was stripped and reprobed with anti- 

phospho-473 Akt antibody (B, upper panel) and the blot was re-stripped and blotted with anti- 

Akt antibody (B, lower panel). The lower third of the blot in panel A was stripped and 

reprobed with anti-Erk2 (C). c-Cbl was immunoprecipitated from 750 (i.g of lysate and 

immunoblotted with anti-pTyr antibodies (D, upper panel) and the blot was subsequently 

stripped and reprobed with anti-Cbl antibodies (D, lower panel). The position of the 

coimmunoprecipitated p75.Bl.F2.HA is indicated. 

Figure 5.   ErbBl but not ErbB2 chimeras are internalized after AP1510 

stimulation. 

Cell lines expressing either ErbB 1 or ErbB2 chimeras were stimulated with carrier alone 

(ethanol) or with 500nM of AP1510 for indicated lengths of time. The cell surface proteins 

were subsequently biotinylated by incubating with NHS-S-S-Biotin at 4°C for Ihr. The 
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biotinylated proteins were immunoprecipitated using sepharose conjugated NeutrAvidin beads 

and immunoblotted with either anti-HA (A) or with anti-betal integrin (B) antibodies. 

Figure 6.   Activation of ErbB homodimers results in induction of cell cycle 

progression. 

The parental Ratl cells or cell lines expressing different ErbB chimeras were serum starved, 

stimulated and analyzed by FACS as described under Materials and Methods. The graph 

represents fold increase in the percentage of cells that have left G0-G1 stage of cell cycle. The 

parental Ratl cells (open squares), cells expressing ErbBl with one copy FKBP (p75.Bl.Fl) 

(closed squares), cells expressing ErbBl with two copies of FKBP (p75.Bl.F2) (open circles) 

and cells expressing ErbB2 with two copies of FKBP (p75.B2.F2) (open triangles) were used 

for the analysis. EGF was used at 10 ng/ml concentration. 

Figure 7.   ErbBl and ErbB2 homodimers differ in their ability to induce foci 

formation in Rat fibroblasts. 

Ratl cells were infected with retro viruses containing different ErbB fusion. The cells were 

maintained in media containing indicated amounts of AP1510 (nM) for 14 days and fixed and 

stained with Giemsa stain. One set of infected cells were trypsinized and 1/10* of the cells 

were replated in media containing G418 to ascertain the number of CFU infected per plate. 

Figure 8.   Both ErbBl and ErbB2 homodimers are able to induce reversible 

morphological transformation of fibroblasts. 

The cells were plated in the presence of AP1510 (nM) and allowed to grow for 48hrs. The 

morphology of the cells were recorded (a-i and m-o). The cells in 'i' and 'o' were trypsinized 

and replated either in media without (j and p) or with AP1510 (k,l,q and r). P75.F1 (Fig. IB) 

corresponds to cells expressing the chimera without ErbB cytoplasmic domain. 
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Figure 9.   Synthetic ligand induced heterodimerization between ErbB 

receptors. 

P75.B1.F2.HA and p75.B2.F2.HA expressing cells were transfected with p75.kdBl.Rl.Flag 

and stable pools containing B1.F2.HA + kdBl.Rl.Hag and B2.F2.HA + kdBl.Rl.Flag were 

selected. The relative expression levels of each chimera in both the pools were examined by 

immunoblotting cell lysates with either anti-HA or anti-Flag antibodies (A). The parental Ratl 

cell lysate was used as negative control. The pools were either stimulated with API510 (nM) 

(lanes 2-3 and 8-9) or with rapamycin (nM) (lanes 4-6 and 10-12) and immunoprecipitated 

with either anti-HA (B) or anti-Flag (C) antibodies and immunoblotted with anti-pTyr 

antibodies. The blots in the upper panel of B and C were stripped and reprobed with anti-HA 

or anti-Flag antibodies respectively (B and C, lower panels). 

Figure 10.   c-Cbl can differentiate ErbBl in homodimers from ErbBl in 

ErbBl/ErbB2 heterodimers. 

Cos7 cells were cotransfected with p75.kdBl.Rl.Flag and p75.Bl.F2.HA (lanes 1-3 and 

7-9) or p75.B2.F2.HA (lanes 4-6 and 10-12). The cells were stimulated with indicated 

amounts of rapamycin (nM) and 1.5 mg of lysates was used for immunoprecipitation with 

anti-Flag antibodies (lanes 1-6) or with anti-Cbl (lanes 7-12) antibodies and immunoblotted 

with anti-pTyr antibodies (upper panel). The c-Cbl portion of the blot (lanes 7-12) was 

stripped and reprobed with anti-Cbl antibodies (lower panel) 
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TABLE. 1: Transformation of Ratl fibroblasts by ErbBl or ErbB2 homodimers*. 

^AP1510_ 
ErbB chimera 

0 50nM lOOnM 250nM 500nM lOOOnM 

p75.Bl.Fl 0 0 0 0 0 1 

p75.Bl.F2 0 2±1 7±3 10 ±4 8±1 7±1 

p75.B2.Fl 6±1 6 + 2 8±1 19 ±2 47 ±6 34 ±10 

p75.B2.F2 1 16 ±3 38 ±7 55 ±3 62 ±9 58 ±6 

*Number of foci per 100 CFU. 
Each value represents an average of at least three independent experiments 
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