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The protein kinase Bcr is a negative regulator of cell proliferation and oncogenic transformation. We
identified Bcr as a ligand for the PDZ domain of the cell junction and Ras-interacting protein AF-6. The Bcr
kinase phosphorylates AF-6, which subsequently allows efficient binding of Bcr to AF-6, showing that the Bcr
kinase is a regulator of the PDZ domain-ligand interaction. Bcr and AF-6 colocalize in epithelial cells at the
plasma membrane. In addition, Bcr, AF-6, and Ras form a trimeric complex. Bcr increases the affinity of AF-6
to Ras, and a mutant of AF-6 that lacks a specific phosphorylation site for Bcr shows a reduced binding to Ras.
Wild-type Bcr, but not Bcr mutants defective in binding to AF-6, interferes with the Ras-dependent stimulation
of the Raf/MEK/ERK pathway. Since AF-6 binds to Bcr via its PDZ domain and to Ras via its Ras-binding
domain, we propose that AF-6 functions as a scaffold-like protein that links Bcr and Ras to cellular junctions.
We suggest that this trimeric complex is involved in downregulation of Ras-mediated signaling at sites of
cell-cell contact to maintain cells in a nonproliferating state.

Ras proteins are small GTP-binding proteins mediating sig-
nal transduction pathways from plasma membrane receptors to
the nucleus. They are involved in the control of cell prolifer-
ation, differentiation, and apoptosis. A direct downstream ef-
fector of activated Ras is the serine/threonine kinase Raf (29).
Raf phosphorylates and activates the kinase MEK, which in
turn stimulates the kinase ERK (17). Another Ras-dependent
pathway signals through phosphatidylinositol 3-kinase and
Akt. Recently, a cross-talk between these two Ras-dependent
pathways was described which can lead to either cell prolifer-
ation or differentiation (36, 50). A further putative Ras effector
is the AF-6 protein (19).

The human AF-6 gene has been described first as a fusion
partner of the ALL-1 gene in a subset of acute lymphoblastic
leukemia caused by a chromosomal translocation t(6;11) (32).
The N-terminal part of AF-6 contains two Ras-binding do-
mains (31), a forkhead-associated domain (14), and a class V
myosin homology region, DIL (30). Furthermore, a PDZ
(PSD-95, Dlg, ZO-1) domain and a proline-rich region are
located at the C-terminal part of AF-6 (Fig. 1A). PDZ domains
are 80 to 90 amino acids long and are characterized by a
hydrophobic pocket with a conserved motif, G-L-G-F (37).
This pocket interacts with the C-terminal residues of ligands,
which can be divided into two major classes depending on the
corresponding PDZ domains (40). Class I PDZ domains
mainly interact with ligands containing the motif S/T-X-�,
where � is a hydrophobic residue, such as valine, leucine, or
isoleucine, and X is an unspecified residue. Class II PDZ
domains prefer a C-terminal �-X-� sequence. Other ligands
can be divided into minor classes (12). PDZ domain-contain-
ing proteins promote clustering of receptors or other proteins
preferentially at cellular junctions (8, 11). AF-6 contains one

PDZ domain and interacts via this domain with proteins such
as the junctional adhesion molecule JAM, the poliovirus re-
ceptor-related protein PRR2/nectin, and several members of
the Eph receptor family of receptor tyrosine kinases (4, 6, 13,
42). In addition, AF-6 binds in a PDZ domain-independent
manner to cytoplasmic proteins, such as the small GTPases
Ras and Rap1, the deubiquitinating enzyme FAM, the tight
junction protein ZO-1, the vinculin-binding protein ponsin,
and profilin, a modulator of actin polymerization (1, 25, 43,
48). AF-6 colocalizes with tight junctions and adhesion junc-
tions and is involved in connecting the junctional complexes
with the cortical actin cytoskeleton. The importance of AF-6
during development has been demonstrated with AF-6-defi-
cient mice, which died 10 days postcoitum due to defects at
cell-cell junctions and had reduced cell polarity of neuroepi-
thelial cells (49). The Drosophila melanogaster homologue of
AF-6, Canoe, is also targeted to junctional complexes in em-
bryonic epithelia. Loss-of-function mutants of Canoe lead to
failure in the dorsal closure of embryonic epidermis, demon-
strating an essential function in Drosophila morphogenesis
(41).

The human Bcr (breakpoint cluster region) is a multidomain
protein with several enzymatic functions. Bcr contains a serine/
threonine protein kinase domain, PK (26), a guanine nucleo-
tide exchange factor (GEF) function, and a GTPase-activating
protein (GAP) domain (Fig. 1B). The GEF and GAP domains
can modulate the activity of Rho-type GTPases (2, 46). Fur-
thermore, Bcr contains an oligomerization domain at its N
terminus, a pleckstrin homology domain, which may be in-
volved in protein-protein interaction or binding of acidic phos-
pholipids, and a C-terminal sequence (S-T-E-V) that is a li-
gand for a PDZ domain as shown in this study.

Bcr is a negative regulator of the small GTPase Rac. This
has been demonstrated with Bcr-deficient mice, where the loss
of Bcr upregulates the production of a reactive oxygen species
by the NADPH-oxidase complex through Rac (45). Simulta-
neous disruption of Bcr and the closely related protein Abr
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leads to specific abnormalities in postnatal cerebellar develop-
ment that correlates with the loss of Bcr and Abr RacGAP
activity (16). In addition, Bcr reduces via its GAP function the
Rac1-dependent activation of the protein kinase Pak1, an ac-
tivator of the JNK pathway (24).

Bcr is well known as part of the chimeric fusion protein
Bcr-Abl that arises by translocation of Bcr from chromosome
9 to 22, t(9;22). This translocation is named Philadelphia chro-
mosome, and it is found in 95% of patients with chronic my-
elogenous leukemia (7). The Bcr-Abl fusion protein carries a
constitutively active, highly upregulated tyrosine kinase activity
compared to that of the kinase activity of c-Abl in normal cells.
Bcr and Abl downregulate each other’s kinase activity. On the
one hand, Abl and Bcr-Abl phosphorylate tyrosine residues in
the kinase domain of the Bcr protein and in the Bcr part of
Bcr-Abl, thereby downregulating the serine/threonine kinase
activity of Bcr and Bcr-Abl (22, 23). On the other hand, the N
terminus of Bcr negatively regulates the tyrosine kinase activity
of Abl and Bcr-Abl and thereby reduces their transformation
abilities (47).

Except for the autophosphorylation of Bcr, only one sub-
strate has been described, the adaptor protein 14-3-3 (34).
Furthermore, Bcr has been shown to bind to Raf through
14-3-3, but the function of this complex is unclear (3).

Here we demonstrate the colocalization of Bcr with AF-6 in
epithelial cells at the plasma membrane. Bcr phosphorylates
AF-6, which allows efficient binding of the C terminus of Bcr to
the PDZ domain of AF-6. We mapped the major Bcr-depen-
dent phosphorylation site on AF-6 to Thr 893. This residue is
involved in the regulation of the interaction between Bcr and
AF-6. Bcr increases binding of AF-6 to Ras, and an exchange
of Thr 893 to Val reduces this interaction. In addition, Bcr
interferes with the Ras-dependent stimulation of the Raf/
MEK/ERK signal transduction pathway. We suggest that AF-6
is a scaffold-like protein that links Bcr and Ras to a single
complex. This trimeric complex could be important for down-
regulation of Ras-mediated signaling at cell-cell junctions to
maintain cells in a nonproliferating state.

MATERIALS AND METHODS

Antibodies. Immunoprecipitation and immunoblotting of Bcr and AF-6 pro-
teins were performed with rabbit polyclonal anti-Bcr C20 and anti-Bcr N20
antibody (Santa Cruz Biotechnology) for Bcr and mouse monoclonal antibody
(MAb) clone 35 (Transduction Laboratories) for AF-6, respectively. Ras was
immunoprecipitated with rat MAb clone Y13-238 (Calbiochem) and was blotted
with mouse MAb Ras clone 18 (Transduction Laboratories). ERK2 was detected
with anti-ERK C14 antibody (Santa Cruz Biotechnology), and activated forms of
ERK1 and ERK2 were detected with anti-phospho p44/p42 mitogen-activated
protein kinase (Cell Signaling Technology, Inc.). The hemagglutinin (HA)- and
Flag-tagged proteins were analyzed by using mouse MAb 12CA5 (Roche Diag-
nostics) for HA and mouse MAb M2 (Sigma) for Flag. Expression of glutathi-
one-S-transferase (GST) fusion proteins was controlled by immunoblotting with
anti-GST antibody (Amersham Pharmacia Biotech).

Plasmids. The full-length bcr cDNA (44) was subcloned into the expression
vector pcDNA3 (Invitrogen), resulting in a plasmid expressing wild-type Bcr
(BcrWT) (Fig. 1B). The mutant BcrV1271A, in which the C-terminal residue
valine was replaced by alanine, was prepared by in vitro site-directed mutagenesis
(QuikChange; Stratagene). Bcr�NT is an N-terminal deletion mutant which
expresses the residues 168 to 1271 of Bcr. In addition, an HA-tagged Bcr (HA-
BcrWT) was constructed by insertion of an oligonucleotide which codes for the
HA tag in frame 5� to the coding sequence of Bcr.

The cytomegalovirus-driven vectors coding for the full-length human AF6
(AF6-Flag) and the PDZ domain of murine AF-6 (Flag-AF6 PDZ-L) were
described elsewhere (4) (Fig. 1A). The AF-6 mutants AF6-T893D-Flag and

FIG. 1. Bcr is a ligand of the PDZ domain of AF-6. (A) Scheme of
the domain structure of AF-6. Numbers indicate the amino acid posi-
tions. The human AF-6 contains two Ras-binding domains (RBD), a
forkhead-associated (FHA) domain, a class V myosin homology region
named the DIL domain, a PDZ domain, and a proline-rich region
(Pro). Constructs used in this study express full-length AF-6 (AF6), the
N terminus of AF-6 corresponding to residues 1 to 914 (AF6 NT), the
PDZ domain comprising residues 915 to 1129 (AF6 PDZ-S), and the
C terminus of AF-6 containing residues 1130 to 1612 (AF6 CT). AF6
PDZ-L is expressed by a mouse AF-6 cDNA clone coding for the
residues 867 to 1145 of mouse AF-6 that correspond to amino acids
850 to 1129 of human AF-6 (4). (B) Scheme of the domain structure
of Bcr. Numbers indicate the amino acid positions. Bcr contains an
oligomerization sequence (oligo), a serine/threonine protein kinase
(PK) domain, a GEF function, a pleckstrin homology (PH) domain,
and a GAP domain. At the extreme C terminus, Bcr contains a PDZ
domain-binding motif (STEV). Bcr constructs used express full-length
Bcr (BcrWT), a mutant in which the C-terminal valine is replaced by
alanine (BcrV1271A), and a kinase-defective N-terminal deletion mu-
tant that codes for residues 168 to 1271 (Bcr�NT). Notice that the
mutant Bcr�NT still contains the PDZ domain-binding motif. (C) C-
terminal sequences of Bcr and EphB2 were tested for their ability to
bind to the AF-6 PDZ domain (AF6 PDZ-L) in a Gal4-dependent
yeast two-hybrid assay (5). The wild-type sequences contain the C-
terminal 15 or 6 residues of Bcr (BcrCT) or EphB2 (EphB2CT) as
indicated. The construct BcrCT V1271A contains the C-terminal res-
idue alanine instead of valine, which destroys the putative PDZ do-
main-binding motif. The construct EphB2CTmut comprises threonine
instead of valine at position �2, where the last residue indicates po-
sition 0. This construct resembles the C terminus of Bcr and has been
shown to bind to the AF-6 PDZ domain (13). All C-terminal sequences
were expressed as fusions with the Gal4 DNA-binding domain (GBD),
whereas the PDZ domain of AF-6 (AF6 PDZ-L) was expressed as a
fusion to the Gal4 activation domain (GAD). Interaction between the
C-terminal sequences and the PDZ domain of AF-6 was detected by a
�-galactosidase activity assay; interaction is indicated by a plus, no
interaction is indicated by a minus (38).
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AF6-T893V were prepared by in vitro site-directed mutagenesis. Flag-AF6
PDZ-S expresses the PDZ domain of human AF-6, residues 915 to 1129. In
addition, sequences of the human af-6 cDNA coding for the N terminus (AF6
NT; residues 1 to 914), the PDZ domain (AF6 PDZ-S), and the C terminus (AF6
CT; residues 1130 to 1612) were cloned into the vector pGEX-6P2 (Amersham
Pharmacia Biotech). pGEX-AF6 PDZ-L encodes the PDZ domain of murine
AF-6 (38). The plasmids encoding HA-ERK2 and RasV12 were described else-
where (51). DNA sequencing and synthesis of oligonucleotides used for cloning
were performed by Microsynth GmbH (Balgach, Switzerland).

Preparation of GST fusion proteins. GST fusion proteins were expressed in
Escherichia coli BL21plus (Stratagene) in Luria-Bertani medium, supplemented
with 100 �g of ampicillin/ml, 100 �g of chloramphenicol/ml, and 20 �g of
tetracycline/ml. At an optical density at 600 nm of 0.6 to 0.8 the expression of the
fusion proteins was induced with isopropyl-�-D-thiogalactopyranoside (final con-
centration, 0.5 mM) for 6 h at 28°C. Cells from a 200-ml culture were harvested
and resuspended in 10 ml of a solution containing GST buffer, phosphate-
buffered saline (PBS) supplemented with 1 mM phenylmethylsulfonyl fluoride,
1.4 �g of Trasylol/ml, and 1 mM benzamidine. Cells were lysed by three freeze/
thaw cycles and subsequent sonification. The lysate was then centrifuged for 15
min at 25,000 � g at 4°C. GST fusion proteins were recovered from the super-
natant by incubation with 200 �l of glutathione (GSH)-agarose beads (Sigma) in
GST buffer supplemented with 0.1% Triton X-100. For pull-down assays GSH-
agarose beads carrying 5 �g of GST fusion protein per reaction were used. For
in vitro kinase assays GST fusion proteins were eluted from the GSH-agarose
beads by incubation with 5 mM glutathione. One microgram of eluted GST
fusion protein was used as substrate for an in vitro kinase assay.

Cell transfection. Human embryonic kidney 293 (HEK293) cells were cultured
at 37°C and 5% CO2 in Dulbecco’s modified Eagle medium containing 10% fetal
calf serum, 100 U of penicillin/ml, and 100 �g of streptomycin/ml. Transfections
were performed based on standard calcium-phosphate methods.

Briefly, cells were cultured to about 50% confluency. Four hours prior to
transfection medium was renewed. For transfection 10 to 25 �g of plasmid DNA
(per 10-cm-diameter dish) was diluted into 500 �l of 2� CaCl2 buffer (250 mM);
the amount of plasmid DNA for transfection was kept constant by addition of
empty vector pcDNA if necessary. After adding 500 �l of 2� BBS [50 mM
N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES; pH 6.91), 280 mM
NaCl, 1.5 mM Na2HPO4] the samples were vortexed for 1 min and were incu-
bated for 20 min at room temperature. The mixture was then added dropwise to
the cells. Cells were incubated at 37°C and 3% CO2 for 16 to 18 h. The medium
was replaced with fresh medium, and cells were incubated for 18 to 36 h at 37°C
and 5% CO2 prior to lysis. For transfection of cells plated on 6-cm-diameter
dishes, 4 to 10 �g of plasmid DNA and 200 �l of each 2� CaCl2 buffer and 2�
BBS were used.

Immunoprecipitations and immunoblots. Cells were washed with ice-cold PBS
and were harvested in lysis buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 0.2
mM EDTA, 1 mM dithiothreitol, 0.5% Triton X-100 supplemented with 1.4 �g
of Trasylol/ml, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 �M
leupeptin, 1 mM Na3VO4, 20 mM �-glycerol-phosphate, 25 mM NaF, 1 �g of
pepstatin/ml). Cells were lysed on ice and then were centrifuged for 10 min at
16,000 � g and 4°C. Supernatants were incubated with antibodies for 2 h, and
then protein G-Sepharose was added for 1 h. The immunocomplexes were
collected by centrifugation for 1 min at 16,000 � g and were washed three times
with 500 �l of lysis buffer. The washed immunoprecipitates were taken up in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer (2% SDS, 10% glycerine, 62.5 mM Tris-HCl [pH 6.8], 0.1% bromphenol
blue) and were boiled for 5 min at 95°C. Equal amounts of lysates were separated
by SDS-PAGE with 10% (for Bcr and AF-6) and 12.5% (for Ras) gels. Proteins
were transferred onto nitrocellulose membranes. Membranes were blocked with
Blotto buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, and
5% [wt/vol] dried low-fat milk powder) and were probed with the first antibodies
(dilution, 1:1,000) before being incubated with goat anti-mouse or goat anti-
rabbit secondary antibody coupled to horseradish peroxidase (dilution, 1:10,000).
Immunoreactive proteins were visualized by enhanced chemiluminescence
(ECL; Amersham Pharmacia Biotech).

Immunofluorescence microscopy. Madin-Darby canine kidney cells (MDCK;
American Type Culture Collection) were cultured on a coverglass, and immu-
nofluorescence microscopy was performed as described previously (4). Briefly,
cells were fixed with 3% paraformaldehyde in PBS and were permeabilized with
0.5% Triton X-100 in PBS. Samples were incubated with primary antibodies
followed by treatment with either rhodamine-conjugated anti-rabbit immuno-
globulin G (IgG) or fluorescein-conjugated anti-mouse IgG antibodies. Samples
were embedded in Mowiol (Hoechst) and were examined with a confocal laser

scanning microscope (model TCS4D; Leica). Images were further processed and
merged with the Imaris software (Bitplane).

In vitro protein kinase assays. In vitro kinase assays were performed as
described previously (33). Immunocomplexes of Bcr expressed in HEK293 cells
were washed three times with lysis buffer and twice with kinase buffer (20 mM
HEPES [pH 7.5], 50 mM NaCl, 25 mM MnCl2, 0.1 mM Na3VO4, 10 mM
�-glycerol-phosphate). Immunocomplexes were resuspended in 40 �l of kinase
buffer containing 1 �g of affinity-purified recombinant GST fusion protein as
substrate. Reactions were started by adding a mixture of 4 �l of 2 �M ATP and
0.5 �l of [	-32P]ATP (5 �Ci; Redivue; Amersham Pharmacia Biotech). After
incubation at 30°C for 30 min the reactions were stopped by adding 15 �l of 4�
SDS-PAGE sample buffer. Samples were boiled for 5 min, separated by SDS-
PAGE on 10% gels, and transferred onto nitrocellulose membrane. Radioac-
tively labeled proteins were visualized by autoradiography, and unlabeled pro-
teins were visualized by immunoblotting with the appropriate antibody as
indicated.

RESULTS

Bcr interacts with AF-6 via its PDZ domain. The extreme C
terminus of Bcr contains the amino acid sequence S-T-E-V
that is typical for a PDZ ligand. The putative PDZ domain was
unknown. We suspected that AF-6 contained this PDZ do-
main, since it binds to exactly the same C-terminal residues of
a known ligand—a mutant of the EphB2 receptor (13) (Fig.
1C). We confirmed the interaction between Bcr and AF-6 in a
yeast two-hybrid assay. Peptides corresponding to the C-ter-
minal 15 or even 6 residues of Bcr were sufficient to target the
Gal4 DNA-binding domain to the AF-6 PDZ domain fused to
the Gal4 activation domain (Fig. 1C). In contrast, a peptide of
Bcr V1271A in which the highly specific hydrophobic C-termi-
nal residue, valine, was replaced by alanine was no longer able
to bind to the AF-6 PDZ domain.

To further confirm the interaction between Bcr and AF-6 in
mammalian cells, we performed pull-down assays by using the
PDZ domain of AF-6 fused to the GST. GST-AF6 PDZ that
contains residues 915 to 1129 was designated the short
(PDZ-S) domain, whereas a longer version that carries an
additional 65 residues at the N terminus was designated the
large (PDZ-L) PDZ domain (Fig. 1A). These two GST-PDZ
fusion proteins and the GST protein alone as control were
incubated with lysates of HEK293 cells overexpressing BcrWT
and an HA-tagged version (HA-BcrWT). Furthermore, a Bcr
C-terminal mutant, BcrV1271A, was used which no longer
functions as a PDZ ligand. As expected, BcrWT but not the
mutant BcrV1271A bound to the PDZ domains of GST-AF6
PDZ-S and GST-AF6 PDZ-L (Fig. 2A, left panels). Controls
performed with the empty vector pcDNA3 or with GST pro-
tein alone did not bind. Expression of Bcr proteins in HEK293
and the amount of GST proteins used for the pull-down assays
were monitored by immunoblotting with anti-Bcr antibody and
by protein staining with Coomassie brilliant blue, respectively
(Fig. 2A, lower left panel and the right panel). Thus, the C
terminus of Bcr is a ligand of AF-6 in mammalian cells.

We extended this study by asking whether full-length protein
of AF-6 was able to bind to Bcr. For that purpose, HEK293
cells were cotransfected with plasmids expressing Flag-tagged
full-length AF6 (AF6-Flag) together with a plasmid encoding
BcrWT. Again, the mutant BcrV1271A was used together with
another Bcr mutant, Bcr�NT, which lacks the N-terminal 167
residues, including the ATP-binding site. This deletion abro-
gates the kinase activity of Bcr (data not shown) while the
C-terminal sequence is unaffected (Fig. 1B). The AF-6 protein
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was immunoprecipitated with anti-Flag antibody and was im-
munoblotted with anti-Bcr antibody (Fig. 2B, upper left panel).
BcrWT, but not the mutant BcrV1271A, coprecipitated with
the full-length AF6-Flag protein. Also, binding of AF-6 to the
mutant Bcr�NT was very weak. Full-length AF-6 behaves dif-
ferently than the isolated PDZ domain of AF-6 (Flag-AF6
PDZ-L) that bound to BcrWT as well as to the mutant
Bcr�NT (Fig. 2B, uppermost right panel). Again, as expected
BcrV1271A did not bind to the isolated PDZ domain of AF-6.
Control experiments show the expression of Flag-tagged AF-6
protein and Bcr (Fig. 2B, middle and lower panels).

These studies demonstrate that Bcr binds to the full-length
AF-6 protein via its PDZ domain only if the Bcr kinase is

FIG. 2. Bcr binds to AF-6 in a PDZ domain-dependent manner in
vitro and in vivo. (A) HEK293 cells transfected with plasmids coding for
BcrWT, BcrV1271A, and HA-BcrWT or empty vector (pcDNA3) were
lysed and incubated with GST-AF6 PDZ-L, GST-AF6 PDZ-S, or GST
immobilized on GSH-agarose beads as indicated. Proteins bound to GST
fusion proteins were fractionated by SDS-PAGE and were immunoblotted
with anti-Bcr antibody. As control for the expression of Bcr proteins,
direct lysates of 293 cells were immunoblotted with anti-Bcr antibody. The
amount of the GST fusion proteins was controlled by Coomassie brilliant
blue staining of the SDS-polyacrylamide gel (right panel). (B) HEK293
cells were cotransfected with plasmids coding for AF6-Flag or Flag-AF6
PDZ-L together with Bcr plasmids as indicated. Cell lysates were incu-
bated with anti-Flag antibody (IP). Coprecipitation of Bcr proteins was
analyzed by immunoblotting (Blot) with anti-Bcr antibody. Efficiency of
immunoprecipitation of Flag-tagged AF6 proteins with anti-Flag antibody
and the amount of Bcr protein in direct lysates was monitored by immu-
noblotting with anti-Flag and anti-Bcr antibody, respectively. (C) Copre-
cipitation of endogenous AF-6 and Bcr in MDCK cells. The lysate of
MDCK cells was incubated with anti-Bcr antibody in the absence or pres-
ence of Bcr peptide (�pep.) followed by immunoblotting with anti-AF-6
antibody (lanes 1 and 2). Expression of endogenous AF-6 and Bcr was
verified by immunoprecipitation with anti-AF6 and anti-Bcr antibody, re-
spectively, and immunoblotting with the same antibody (lanes 3 and 6) and
by analysis of direct lysate with anti-AF-6 antibody (lane 5). A control
mouse MAb (anti-cdc2/p34) (lane 4) and the Bcr peptide used as antigen
(lane 7) proved the specificity of the antibody reaction. (D) Endogenous
Bcr and AF-6 colocalize in MDCK cells. Confluent MDCK cells were
double stained with rabbit polyclonal antibody against anti-Bcr and mouse
MAb against anti-AF-6. As secondary antibodies rhodamine-conjugated
anti-rabbit IgGs and fluorescein-conjugated anti-mouse IgGs were used.
(E) Coprecipitation of endogenous AF-6 and Bcr in mouse brain extract.
The lysate was treated as indicated and described in (C). Contr. 1, mouse
monoclonal anti-cdc2/p34 antibody; Contr. 2, rabbit polyclonal anti-cdk2
antibody.
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intact. This suggests that phosphorylation induces a conforma-
tional change of AF-6, which makes its PDZ domain accessible
for efficient binding to Bcr (see below).

A convincing proof of the biological relevance of the inter-
action between Bcr and AF-6 is the interaction of the endog-
enous proteins. To test this, Bcr and AF-6 were analyzed in
epithelial MDCK cells where both proteins are well expressed
(Fig. 2C, lanes 3 and 6). Indeed, AF-6 coprecipitated with Bcr
(Fig. 2C, lane 1). Competition of the Bcr antibody by its anti-
gen reduced precipitation of AF-6 supporting the specificity of
the interaction (Fig. 2C, lane 2).

Furthermore, we analyzed the localization of endogenous
AF-6 and Bcr in MDCK cells. Double staining of confluent
cells with antibodies directed against Bcr and AF-6 demon-
strated colocalization of both proteins at the plasma mem-
brane, as shown in the overlay (Fig. 2D). Rabbit antibody
against the HA peptide and mouse antibody against the Flag
peptide were used as negative controls (data not shown).

In addition, we tested mouse brain extract for the presence
of Bcr/AF-6 complexes. In this case also we were able to show
the interaction between Bcr and AF-6 (Fig. 2E).

All in all, these experiments demonstrate that Bcr and AF-6
can form a stable complex in cells, with or without overexpres-
sion, and in brain tissue.

Bcr phosphorylates AF-6. The results of our experiments
demonstrate that the interaction between Bcr and full-length
AF-6 protein depends on a functional kinase domain of Bcr
(Fig. 2B), since deletion of the kinase domain of Bcr abrogates
its binding to AF-6. This suggests that AF-6 is a substrate for
Bcr. To test whether Bcr phosphorylates AF-6, in vitro kinase
assays were performed. Immunopurified Bcr served as the ki-
nase source, and purified GST-AF6 proteins served as the
substrates. Four different GST-AF6 fusion proteins were pre-
pared: GST-AF6 NT, GST-AF6 PDZ-S, GST-AF6 PDZ-L,
and GST-AF6 CT (Fig. 1A and Fig. 3A). The full-length GST-
AF6 protein could not be used because the protein was not
stable in E. coli (data not shown). The kinase reaction resulted
in strong phosphorylation of GST-AF6 PDZ-L by Bcr. In con-
trast, the proteins GST-AF6 PDZ-S and GST-AF6 CT were
phosphorylated only weakly, and the protein GST-AF6 NT was
not phosphorylated at all (Fig. 3B). The intensity of phosphor-
ylation of GST-AF6 PDZ-L was equal to that of casein, a
known substrate of Bcr in vitro. The specificity of the Bcr
kinase activity was demonstrated by competition of the anti-
Bcr antibody with the corresponding peptide antigen. In this
control, neither GST-AF6 PDZ-L nor casein was phosphory-
lated by Bcr. Since GST-AF6 PDZ-L was a much better sub-
strate than GST-AF6 PDZ-S, the major phosphorylation site
for the Bcr kinase should be located in the region of 65 resi-
dues unique to GST-AF6 PDZ-L. Therefore, two peptides
representing this region were tested as substrates for Bcr (Fig.
3A). Bcr phosphorylates the peptide comprising residues 881
to 898 (peptide B) but not the peptide comprising residues 851
to 885 (peptide A) (data not shown). Peptide B contains one
potential phosphorylation site, Thr 893, which is conserved in
AF-6 of human and mouse (Fig. 3A). A single amino acid was
introduced into GST-AF6 PDZ-L that replaces threonine with
valine (T893V). This protein was no longer a substrate for the
Bcr kinase, indicating that Thr 893 of AF-6 is a phosphoryla-
tion site for Bcr in vitro (Fig. 3C). In all reactions the amount

of Bcr proteins and GST fusion proteins used in the kinase
assays were controlled by immunoblotting with anti-Bcr an-
tibody and anti-GST antibody, respectively (data not
shown).

Since Bcr phosphorylates AF-6 at Thr 893, we asked
whether the mutant AF6-T893V, which lacks a phosphoryla-
tion site at residue 893, differs in binding to Bcr. Coexpression
of BcrWT with AF-6 or the mutant AF6-T893V resulted in a
similar amount of complex formation between Bcr and AF-6
(Fig. 3D). Interestingly, BcrV1271A, which contains a defec-
tive PDZ domain-binding motif, distinguished between AF-6
and AF6-T893V in that BcrV1271A showed only a residual
binding to AF-6, whereas binding to AF6-T893V was much
stronger (Fig. 3D). This indicates that phosphorylation of Thr
893 can negatively regulate the binding of BcrV1271A to AF-6.

In summary, these results demonstrate that Bcr phosphory-
lates AF-6 and that one specific phosphorylation site is Thr
893, which is located in the center of AF-6 in a linker region
close to the PDZ domain of AF-6. In addition, phosphoryla-
tion of AF-6 at Thr 893 seems to regulate the interaction
between Bcr and AF-6 under certain conditions.

Bcr forms a trimeric complex with AF-6 and Ras. AF-6 has
been described as a potential Ras effector protein that inter-
acts via its Ras-binding domain with the activated form of Ras
(19). As we have shown that AF-6 binds to Bcr, the question
arose whether AF-6 binds to both proteins at the same time
and could form a trimeric complex. To analyze this possibility,
BcrWT, AF-6, and the activated Ras mutant, RasV12, were
coexpressed in HEK293 cells, and a sequential precipitation
was carried out. First, the cell lysate was incubated with anti-
Flag antibody to precipitate AF6-Flag and AF-6-associated
proteins. After elution of AF6-Flag from the antibody by com-
petition with the Flag peptide, the eluate was immunoprecipi-
tated in a second step with anti-Ras antibody. In a trimeric
complex, AF-6, Ras, and Bcr should be detectable in the first
and second immunocomplex. This is clearly shown in the sec-
ond immunocomplex with anti-Ras antibody (Fig. 4). In the
first immunocomplex with anti-Flag antibody, where only a
fiftieth was loaded on the gel, Bcr but not Ras is detectable.
This indicates that more Bcr is complexed to AF-6 than
RasV12, suggesting that in addition to trimers, dimers between
AF-6 and Bcr also are present in this first immunocomplex.
Furthermore, Bcr can oligomerize and therefore could be
overrepresented in the AF-6 complex compared to RasV12. As
control the mutant BcrV1271A was coexpressed with AF-6 and
Ras and showed a reduced binding to AF-6 and no coprecipi-
tation with Ras. These results indicate that AF-6 is a bifunc-
tional molecule that binds Bcr via its PDZ domain and active
Ras via its Ras-binding domain, located at the C-terminal and
N-terminal part of AF-6, respectively.

Bcr increases the formation of the complex of AF-6 with
Ras. The experiments described above demonstrate that AF-6
can connect Bcr and activated Ras. Since Bcr phosphorylates
AF-6 and thereby regulates their interaction, the influence on
Ras was of interest. In order to test this, a lysate of HEK293
cells, overexpressing AF6-Flag and the activated mutant
RasV12 together with BcrWT or the mutant BcrV1271A, were
immunoprecipitated with anti-Ras antibody. The analysis of
Ras complexes by immunoblotting with anti-Flag antibody re-
vealed that overexpression of BcrWT but not of BcrV1271A
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led to an increase in the amount of AF-6 bound to active Ras
(Fig. 5A). The expression of AF-6, Bcr, and Ras was controlled
by immunoblotting the cell lysates with the appropriate anti-
bodies. This experiment showed that Bcr increased the binding

of AF-6 to activated Ras in a reaction that requires binding of
its C terminus to the PDZ domain of AF-6.

Since Bcr can increase the binding of AF-6 to Ras, the role
of its kinase activity was tested by using the AF6-T893V mu-

FIG. 3. Bcr phosphorylates AF-6 at threonine 893. (A) Schematic representation of AF-6 and its constructs used for the in vitro kinase assay.
Peptides A and B represent the sequence unique to GST–AF6 PDZ-L. The sequence of peptide B containing T893 is depicted. This sequence is
highly conserved among human and mouse AF-6 but is less conserved in the AF-6 homologs of fly and worm that lack the putative phosphorylation
site at the position corresponding to T893. (B) Bcr phosphorylates AF-6. Immunopurified BcrWT prepared from HEK293 cells overexpressing
BcrWT was used as kinase. The following GST proteins served as substrates: GST fused to AF6 PDZ-S, AF6 PDZ-L, AF6 CT, and AF6 NT. The
specificity of the Bcr kinase activity was checked by using casein and GST alone as positive and negative controls, respectively, and by competition
(comp.) of the anti-Bcr antibody with its peptide antigen. The amount of Bcr and of GST fusion proteins was verified by immunoblotting with
anti-Bcr and anti-GST antibody (data not shown). (C) Bcr phosphorylates AF-6 at Thr 893. In vitro kinase assays were performed as described
for panel B. As substrate, GST-AF6 PDZ-L and GST-AF6 PDZ-L T893V were tested. (D) Thr 893 of AF-6 regulates binding to BcrV1271A.
HEK293 cells were transfected with Bcr and AF-6 constructs as indicated. Lysates were incubated with anti-Flag antibody, and coprecipitation of
HA-Bcr proteins was analyzed by immunoblotting with anti-HA antibody. Expression of AF-6 and Bcr proteins was controlled by immunoblotting
the direct lysate with the appropriate antibody. WT, wild type.
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tant, which cannot be phosphorylated by Bcr. Another mutant,
AF6-T893D, that should mimic the phosphorylation by a neg-
atively charged residue was used for comparison. As can be
seen in Fig. 5B, the mutant AF6-T893V showed reduced bind-
ing to Ras compared to that of wild-type AF-6. The amount of
mutant AF6-T893D protein bound to Ras is not significantly
increased compared to that of wild-type AF-6. This could be
explained if the phosphorylation of the threonine residue is not
sufficiently mimicked by the replacement through a negatively
charged residue. Such a phenomenon has been described for
other proteins (35).

In summary, the experiments demonstrate that phosphory-
lation of AF-6 by Bcr is important to regulate the interaction
between AF-6 and Ras. In addition, Thr 893 of AF-6 seems to
play an essential role in this process.

Bcr downregulates Ras-mediated ERK activation. It has been
shown previously that the two Ras-interacting proteins, AF-6 and
Raf-1, can compete with each other for binding to the Ras effec-
tor domain in vitro (15). Furthermore, overexpression of the
Ras-binding domain of AF-6 downregulates the stimulation of
the fos promoter, which depended on the Ras/Raf/MEK/ERK
pathway (48). Since Bcr can form a trimeric complex with AF-6
and Ras, we tested whether Bcr could be responsible for the
downregulation of the Ras/MEK/ERK pathway. Therefore,
BcrWT, ERK2, and increasing amounts of the activated Ras
mutant RasV12 were coexpressed in HEK293 cells. HA-ERK2
was immunoprecipitated with anti-HA antibody and was immu-
noblotted with anti-phosphospecific ERK antibody that only de-
tected the phosphorylated activated form of ERK2. BcrWT in-
terferes with Ras-induced ERK stimulation, as can be seen by
comparison with cells transfected with the control plasmid (Fig.
6A, upper panel). Controls show the expression of BcrWT,
RasV12, and ERK (Fig. 6A, lower panels). Thus, Bcr negatively
regulates Ras-mediated signaling.

To test whether this effect of Bcr on Ras signaling depends
on the C terminus of Bcr, which acts as ligand to the PDZ
domain, BcrWT and BcrV1271A were compared for their

effect on ERK activation. BcrWT and BcrV1271A were co-
transfected in HEK293 cells together with activated RasV12.
Overexpression of BcrWT resulted in a significant reduction
of ERK stimulation compared to that of cells expressing
BcrV1271A (Fig. 6B, upper panel). In addition, the kinase-
defective mutant Bcr�NT did not lead to the reduction of the
Ras-dependent ERK activation, indicating a role of the Bcr
kinase activity on this inhibitory effect. The expression of the
proteins was controlled by immunoblotting with the appropri-
ate antibodies (Fig. 6B, lower panels).

These data imply that the effect of Bcr on Ras signaling
depends on a PDZ domain-containing protein. AF-6 binds to

FIG. 4. Bcr, AF-6, and Ras form a trimeric complex. HEK293 cells
were cotransfected with BcrWT or BcrV1271A, respectively, together
with RasV12 and AF6-Flag. The expression of the proteins was con-
firmed directly by immunoblot (direct lysate). The first immunopre-
cipitation (1st IP) was performed with anti-Flag antibody. The Flag
complex was eluted from the antibody by incubation with Flag peptide
(eluate of 1st IP) and was reprecipitated with anti-Ras antibody (2nd
IP). With the exception of the second immunoprecipitation, only small
aliquots of the total sample were loaded on the gel as indicated. Bcr,
AF-6, and Ras were detected by immunoblotting with appropriate
antibodies. IgGL, Ig light chain.

FIG. 5. Bcr modulates the formation of the AF-6/Ras complex.
(A) Coexpression of BcrWT increases the complex formation between
AF-6 and RasV12. HEK293 cells were transfected with BcrWT or
BcrV1271A, respectively, together with RasV12 and AF6-Flag. Cell
lysates were incubated with anti-Ras antibody, and coprecipitation of
AF6-Flag was detected by immunoblotting with anti-Flag antibody.
The amount of precipitated RasV12 and the expression of Bcr and
AF-6 were checked by immunoblotting with the appropriate antibodies
as indicated. (B) Prevention of phosphorylation of AF-6 by Bcr re-
duces binding of AF-6 to Ras. HA-RasV12 was coexpressed with
AF6-Flag or AF-6 mutant proteins, AF6 T893V and AF6 T893D, that
carry a single amino acid exchange at position 893 from Thr to Val or
Asp, respectively. Cell lysates were incubated with anti-HA antibody
for immunoprecipitation of HA-RasV12, and coprecipitation of AF6-
Flag proteins was detected by immunoblotting with anti-Flag antibody.
Expression of HA-RasV12 and AF6-Flag proteins was monitored by
immunoblotting with the appropriate antibodies as indicated. IP, im-
munoprecipitation.
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Bcr and is well expressed in 293 cells (data not shown). There-
fore, we tested whether AF-6 can interfere with Ras-depen-
dent ERK activation. Indeed, overexpression of AF-6 also
reduces ERK activation (Fig. 6C).

Taken together, these data demonstrate that an active Bcr
kinase downregulates the Ras-dependent stimulation of ERK.
This effect of Bcr depends on a functional kinase domain of
Bcr and its C terminus, which is a ligand for the PDZ domain
of AF-6.

DISCUSSION

Here we demonstrate a novel function of Bcr as a negative
regulator of Ras signaling. To achieve this effect, the Bcr kinase
phosphorylates AF-6, binds to its PDZ domain, and allows AF-
6 to interact with Ras and keep Ras away from downstream
signaling (the proposed model is depicted in Fig. 7). This mech-
anism may be responsible for maintaining the cell in a non-
proliferative state where the Bcr kinase is constitutively active.

We recognized by sequence analysis that the C terminus of
Bcr contains a motif typical for ligands of PDZ domains, S-T-

E-V, and indeed, the C terminus of Bcr binds to the PDZ
domain of AF-6. Several other ligands are known to bind to the
PDZ domain of AF-6, such as cell adhesion molecules and
signal transducers. AF-6 colocalizes with these binding part-
ners at sites of cell-cell contact. We show that AF-6 colocalizes
with Bcr at the plasma membrane in confluent epithelial cells.
Also, in primary tissue, such as brain tissue, Bcr and AF-6 are
expressed in similar regions (4, 10). Moreover, both proteins
can be coprecipitated from mouse brain lysate (Fig. 2E). These
data suggest a biological role for the interaction between Bcr
and AF-6 at the cellular membrane.

We show that Bcr phosphorylates AF-6. Since no homolog of
Bcr exists in invertebrates, Bcr-dependent phosphorylation and
regulation of AF-6 must be specific for vertebrates. The impor-
tance of phosphorylation for the interaction between Bcr and
AF-6 was demonstrated here by comparison of the BcrWT and
the kinase-defective mutant Bcr�NT and showed that the PDZ
domain of full-length AF-6 is accessible only for efficient binding
after phosphorylation. We mapped the major phosphorylation
site of Bcr on AF-6 to Thr 893, a site that is conserved in AF-6 of
human and mouse but not in AF-6 homologues of fly and worm

FIG. 6. Bcr interferes with Ras-mediated ERK2 activation in a PDZ ligand-dependent manner. (A) HEK293 cells plated on 6-cm-diameter
dishes were cotransfected with plasmids coding for HA-BcrWT or empty vector (4 �g) together with HA-ERK2 (1 �g) and increasing amounts
of RasV12 as indicated. Cell lysates were incubated with anti-HA antibody, and the activity of immunoprecipitated HA-ERK2 was determined by
immunoblotting with anti-phospho-ERK2 (anti-P-ERK) antibody. Expression of HA-BcrWT, HA-ERK2, and RasV12 was verified by immuno-
blotting with the appropriate antibodies as indicated. (B) HEK293 cells, which expressed BcrWT, Bcr�NT, or BcrV1271A together with HA-ERK2
and RasV12 (20 ng) were analyzed for the amount of phosphorylated, activated ERK2 as described for panel A. Expression of proteins was
controlled by immunoblotting with the appropriate antibodies as indicated. (C) AF-6 can reduce Ras-mediated ERK2 activation. AF-6 and control
vector were transfected in HEK293 cells together with RasV12 and HA-ERK and were analyzed as described for panel A. IP, immunoprecipitation.
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(Fig. 3A). This supports the notion that this Bcr-dependent phos-
phorylation of AF-6 is specific for vertebrates. AF-6 and AF6-
T893V did not differ in their ability to bind to BcrWT. This
indicates that in addition to phosphorylation of AF-6 at Thr 893
there has to be a further phosphorylation event which regulates
phosphorylation-dependent binding of AF-6 to BcrWT. How-
ever, the mutant BcrV1271A, which cannot bind to the PDZ
domain of AF-6, reveals differences. In the case of AF-6, which
can be phosphorylated at Thr 893, the interaction is reduced. In
the case of AF6-T893V, which can no longer be phosphorylated
at this site, the interaction to BcrV1271A is much stronger. Thus,
under certain conditions phosphorylation of AF-6 at Thr 893 may
play a regulatory role, e.g., by affecting the specificity of the bind-
ing to the PDZ domain or to another binding site.

The phosphorylation site Thr 893 is located in a linker-like
central part of AF-6 and is close to the PDZ domain. Phos-
phorylation in the proximity of a PDZ domain for regulation of
ligand binding is a novel phenomenon. In other cases, the
binding between ligand and PDZ domain is also regulated by
phosphorylation of the ligand. This is shown for the S/T-X-�
motif interacting with class I PDZ domains. Phosphorylation
of S/T in this motif regulates the binding affinity of, e.g., the E6
protein of the human papilloma virus to the PDZ protein hDlg
(18). This demonstrates the relevance of phosphorylation for
the interaction of PDZ domains with their ligands.

Bcr is not the only kinase that phosphorylates AF-6, thereby
regulating binding of its ligand to the PDZ domain. Receptor
tyrosine kinases of the Eph receptor family have been shown to
phosphorylate AF-6 (13). Bcr and Eph receptors have in com-
mon that they are both negative regulators of proliferation.
The Bcr kinase has a function in quiescent cells where it is
constitutively active. Eph receptors, when activated by ephrins,
lead to inhibition of proliferation and induction of differenti-
ation (28). In both cases AF-6 is involved in maintenance of a
nonproliferative state. We propose this in a model (Fig. 7A).

AF-6 has previously been shown to compete with Raf for bind-

ing to active Ras in vitro (15). In addition, overexpression of the
Ras-binding domain of AF-6 inhibits Ras/Raf-dependent c-fos
promoter stimulation (48). Here we show that overexpression of
the full-length AF-6 protein can interfere with Ras-dependent
signaling and inhibits activation of ERK2. This could be the result
of a residual low-affinity binding of overexpressed AF-6 indepen-
dently of its phosphorylation state. We show that BcrWT but not
the mutant BcrV1271A, which is defective in binding to AF-6,
reduced Ras-dependent activation of ERK2. We attribute this to
direct binding of BcrWT to endogenous AF-6 under conditions
where AF-6 is phosphorylated and the Ras-binding site is acces-
sible. This requires the kinase function of Bcr and its ability to
bind to the PDZ domain of AF-6. The Bcr kinase is active in
nonproliferating cells and inhibits low basal signal activity, which
we mimic here by low expression of active Ras (Fig. 6 and 7A).
However, when the Bcr kinase activity is downregulated by ty-
rosine phosphorylation, Bcr is not able to reduce Ras-dependent
signaling (20, 22) (Fig. 7B). In the developing system of the
Drosophila eye, the AF-6 homolog Canoe also modulates the Ras
activity (27), although it does so by other regulators, since a
homolog of human Bcr does not exist in Drosophila. Additional
signaling mechanisms may have evolved to control the more com-
plex organization in vertebrates.

Ras is not the only GTPase that interacts with AF-6. Other
GTPases, such as Rap1A, Rit, and Rin, also bind to the Ras-
binding domain of AF-6 (1, 21, 39). Rap1A and AF-6 colocal-
ize at the plasma membrane of epithelial cells, and overexpres-
sion of Rap1 maintains their epithelial morphology (1). In
contrast, high expression of active Ras gives rise to disruption
of cell-cell contacts. Thus, AF-6 might regulate different cellu-
lar responses, such as cell adhesion, differentiation, or morpho-
genesis, through interaction with Ras or Rap1A (52). Whether
Bcr also modulates a functional interaction between Rap1A
and AF-6 is under investigation.

We identified a trimeric complex between Bcr, AF-6, and
Ras. Alternatively, Bcr can also be linked to the Ras pathway
through the adaptor protein 14-3-3, yet the biological signifi-
cance has not been clearly shown. Indeed, Bcr phosphorylates
14-3-3 and also interacts via 14-3-3 with the Ras effector Raf
(3, 34). However, this interaction does not depend on a PDZ
domain-containing protein. Thus, there are two substrates of
Bcr, AF-6 and 14-3-3, both of which might regulate the Ras/
Raf/MEK/ERK pathway, one affecting Ras and the other one
affecting Raf. Here we demonstrate the function of Bcr as a
negative regulator of Ras, which acts via AF-6 in a PDZ do-
main-dependent manner.

Bcr contains additional functional domains besides its kinase
domain, e.g., the GAP domain, which regulates Rho/Rac-de-
pendent signaling. Rho-dependent signaling is involved in or-
ganization of the actin cytoskeleton at sites of cell-cell contact
(9). AF-6 also associates with the cytoskeleton through binding
to profilin, which is a regulator for actin polymerization and
participates in cortical actin assembly (1). Thus, the Bcr/AF-6
complex could play an important role in regulating signaling
pathways at sites of cellular junctions, but it may as well be
important for the structural organization of the cell.

ACKNOWLEDGMENTS

We thank Gunnar Schuetz for help in the initial phase of this project
and Martin Schwemmle for preparation of the mouse brain extracts. We

FIG. 7. Proposed model depicting the effect of Bcr on Ras-depen-
dent stimulation of ERK via AF-6. (A) In quiescent cells the consti-
tutively active Bcr phosphorylates AF-6 (step 1), which leads to the
interaction of the PDZ domain of AF-6 with the PDZ-binding motif of
Bcr (step 2). This interaction increases the affinity of AF-6 for Ras via
the Ras binding domain (RBD) (step 3) and prevents binding of Raf
to Ras (step 4). Under these conditions the protein kinase cascade
composed of Raf, MEK, and ERK is not activated. (B) Phosphoryla-
tion of Bcr on tyrosine residues inactivates its protein kinase activity.
Therefore, Bcr cannot phosphorylate (step 1) and cannot bind to AF-6
(step 2). Thus, AF-6 does not compete with Raf for Ras (step 3) and
does not interfere with the Ras-dependent activation of the protein
kinase cascade (step 4). P represents phosphorylation of proteins.

VOL. 23, 2003 Bcr DOWNREGULATES Ras SIGNALING VIA AF-6 4671



also thank Jochen Heinrich, Algirdas Ziogas, Jovan Pavlovic, and Bea-
trice Pilger for helpful discussion and critical reading of the manuscript.

This work was supported by the Swiss National Science Foundation,
the Swiss Cancer League, the Krebsliga des Kantons Zürich, and the
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