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In this report, we investigated the role of the C-termi-
nal tail of the platelet-derived growth factor (PDGF)
B-receptor in the control of the receptor kinase activity.
Using a panel of PDGF B-receptor mutants with progres-
sive C-terminal truncations, we observed that deletion
of the last 46 residues, which contain a proline- and
glutamic acid-rich motif, increased the autoactivation
velocity in vitro and the V. of the phosphotransfer
reaction, in the absence of ligand, as compared with
wild-type receptors. By contrast, the kinase activity of
mutant and wild-type receptors that were pre-activated
by treatment with PDGF was comparable. Using a con-
formation-sensitive antibody, we found that truncated
receptors presented an active conformation even in the
absence of PDGF. A soluble peptide containing the Pro/
Glu-rich motif specifically inhibited the PDGF B-recep-
tor kinase activity. Whereas deletion of this motif was
not enough to confer ligand-independent transforming
ability to the receptor, it dramatically enhanced the
effect of the weakly activating D850N mutation in a fo-
cus formation assay. These findings indicate that allos-
teric inhibition of the PDGF B-receptor by its C-terminal
tail is one of the mechanisms involved in keeping the
receptor inactive in the absence of ligand.

The platelet-derived growth factor (PDGF)! receptors are
receptor tyrosine kinases that trigger essential cellular re-
sponses such as proliferation, migration, and survival, partic-
ularly in the developing embryo (1). Four polypeptide chains,
namely PDGF-A, -B, -C, and -D, form homodimeric and het-
erodimeric ligands that bind to two structurally related PDGF
receptors, PDGFRa and PDGFRp (2). Each receptor contains a
large extracellular domain involved in growth factor binding
and an intracellular region that includes a split tyrosine kinase
domain flanked by a juxtamembrane domain and a C-terminal
tail. PDGF stimulation induces receptor dimerization, which
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causes a dramatic increase in its kinase activity, resulting in
the autophosphorylation of a number of tyrosine residues in the
intracellular domain that act as docking sites for cytoplasmic
signaling proteins (2).

PDGF participates in the development of certain tumors, as
illustrated first by the observation that the simian sarcoma
virus oncogene v-sis is functionally identical to PDGF-B (3, 4).
Aberrant expression of PDGF ligands or receptors occurs in
certain forms of neoplasia, such as gliomas. In addition, genetic
alterations of the PDGF receptor genes have been found in
different types of human cancer cells. These modifications pro-
duce ligand-independent activated receptors, which stimulate
cell growth in an uncontrolled manner. For instance, in chronic
monomyelocytic leukemia, chromosomal translocations lead to
the production of oncogenic chimeric proteins in which the
PDGFRpB kinase domain is fused to an oligomerization motif,
such as the transcription factor Tel (5). Moreover, activating
point mutations were described in the PDGFRa juxtamem-
brane domain and the activation loop in certain gastrointesti-
nal stromal tumors (6).

The mechanism by which the PDGF receptor kinase is acti-
vated by ligand binding is not fully understood. In several other
receptor tyrosine kinases, such as the insulin receptor, a struc-
turally conserved mobile segment containing key regulatory
tyrosines, called the activation loop, controls the access to the
active site cleft. Dimerization of the kinase domain upon ligand
binding provokes the trans-phosphorylation of the activation
loop, which moves from a closed conformation to a position that
allows substrate binding (7, 8). In the PDGF B-receptor, how-
ever, the role of the phosphorylation of the activation loop
tyrosine, located at position 857, has been debated. The muta-
tion of that residue has only a moderate effect on receptor
phosphorylation (9), whereas the corresponding mutation in
other tyrosine kinase receptors, such as the hepatocyte growth
factor receptor (c-Met) and insulin receptors, severely impairs
their kinase activities (10). In addition, introduction of the
D850N mutation in the PDGFR activation loop is not enough
to confer transforming potential (this report and footnote 2),% in
contrast to the homologous mutations in the stem cell factor
receptor (c-Kit) and c-Met, which have been found in tumors
(11-14). Altogether, these observations suggest that additional
mechanisms may control the activation of PDGFR. In this
respect, the receptor juxtamembrane region, which resembles a
WW domain, was suggested to play a self-inhibitory role in the
receptor kinase activation (15). Finally, protein tyrosine phos-
phatases may also prevent receptor activation in the absence of
ligand (16).

In this study, we reveal an additional intramolecular mech-

2 F. Chiara and R. Heuchel, unpublished results.

This paper is available on line at http://www.jbc.org
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anism that keeps PDGFR in an inactive state in the absence
of PDGF. We show that deletion of the PDGFRp C-terminal tail
increases the autoactivation velocity and the V. of the recep-

max
tor kinase in the absence of ligand. The kinase activities of

mutant and wild-type receptors were comparable when the
receptors were subjected to ligand-mediated dimerization be-
fore the assay. The inhibitory function of the C-terminal tail
could be mimicked by a soluble peptide comprising part of that
domain. Deletion of the PDGFRB C terminus did not confer
ligand-independent activation in cells but cooperated with the
D850N mutation in the activation loop to produce a transform-
ing receptor.

EXPERIMENTAL PROCEDURES

Mutagenesis—Site-directed mutagenesis was performed on a cDNA
encoding the full-length human PDGFRp inserted into the pcDNA3
cloning vector (Invitrogen) using the QuikChange kit (Stratagene). The
mutations were confirmed by sequencing.

Cell Culture, Reagents, and Transfection—COS-1 simian kidney ep-
ithelial cells (American Type Culture Collection, Manassas, VA) and
porcine aortic epithelial (PAE) cells were cultured in Dulbecco’s modi-
fied Eagle’s medium and Ham’s F12, respectively, supplemented with
10% fetal bovine serum (Sigma). NIH3T3 mouse fibroblasts and L6
myoblasts were grown in Dulbecco’s modified Eagle’s medium in the
presence of 10% calf serum (Invitrogen). Anti-phosphotyrosine (pY99,
catalog number sc-7020) was obtained from Santa Cruz Biotechnology.
Polyclonal anti-PDGFRB R3 and monoclonal antibodies B1 and B2,
raised against the extracellular region of PDGFR, have been described
elsewhere (16). Purified human PDGF-BB was generously provided by
Amgen. Serum LW4, raised against fibroblast growth factor receptor-1
(FGFR-1) was kindly provided by Lena Claesson-Welsh.

Peptides, corresponding to amino acids residues 1063-1088 (PE1/2),
1063-1077 (PE1), and 1078-1088 (PE2) of the human PDGFRpB C-
terminal tail (amino acid sequences are PLEPQDEPEPEPQLELQVE-
PEPELEQ, PLEPQDEPEPEPQLE, and LQVEPEPELEQ), respectively)
or a peptide derived from the C-terminal tail of human FGFR1 (PSF-
PDTRSSTCSSGEDSVFSHEPLPEEP) were synthesized on an Applied
Biosystems 433A instrument using Fmoc (N-(9-fluorenyl)methoxy-
carbonyl) chemistry and purified by preparative reversed phase
chromatography.

Transient transfection of COS cells and stable transfection of PAE
cells was performed using a DNA-calcium phosphate procedure (Cell-
Phect transfection kit, Amersham Biosciences) or Lipofect AMINE Plus
reagent (Invitrogen) according to the manufacturer’s instructions.
PDGF-BB stimulation (10 ng/ml) was performed on serum-starved COS
or PAE cells for 7 min at 37 °C. Focus formation assays were performed
as described (17). Briefly, cells (1.5-10° cells per 100-mm plate) were
transfected with the appropriate pcDNAS3 plasmid (10 ug/plate) by the
calcium phosphate method in the presence of 10% calf serum (Colorado
Serum Company, Denver, CO). After 24 h, serum concentration was
reduced to 5%, and the cells were cultured for additional 21 days. The
medium was changed every 3 days. Foci were scored after fixation and
staining with Giemsa dye.

Western Blot Analysis—Protein extracts were obtained by solubiliz-
ing cells in lysis buffer (100 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 1%
Triton X-100, 10% glycerol, 1 mM sodium orthovanadate, 1% Trasylol,
and 1 mM Pefabloc). Extracts were clarified by centrifugation, and
protein concentration was determined by BCA protein assay system
(Pierce).

Approximately 600—-1000 ug of extracted protein were used per im-
munoprecipitation reaction. The PDGFRB was immunoprecipitated us-
ing 3 pg of B1 and B2 monoclonal antibodies kindly provided by Dr. K.
Rubin. Incubation of antibodies with extracts was performed for 2 h at
4 °C after pre-incubation of 40 ul of protein A-Sepharose beads (Phar-
macia) with rabbit anti-mouse antibodies (Pierce) for 30 min at 4 °C.
The beads were then washed four times with buffer (20 mm Tris-HCI,
pH 7.5, 5 mm EDTA, and 150 mm NaCl), boiled for 5 min in 2X Laemmli
SDS-sample buffer, and run on an 8% polyacrylamide gel. Proteins were
then transferred to nitrocellulose membranes and probed with anti-
phosphotyrosine antibodies or anti-PDGFRB antibodies (Santa
Cruz Biotechnology).

Kinase Assays—Transiently transfected COS cells were lysed in lysis
buffer in the absence of sodium orthovanadate to allow dephosphoryl-
ation, and PDGFRB was immunoprecipitated with anti-PDGFRp anti-
bodies. Immunopurified proteins were then washed three times with
lysis buffer and two times with kinase buffer (25 mm HEPES, pH 7.1, 5

19733

A

extracellular D.

juxtamembrane D.
kinase D.

insert Y857

kinase D.

<+— Ab-P2
C terminal tail

C175—P|
SVLY1009TAVQPNEGDNDY 921 [IPLPDPKPEVADEGPLEGSPSL
APE1
ct 46—»| E//—;zm
ASSTLNEVNTSSTISCDSPLEPQDEPEPEPQLELQVEPEPELEQ
PE1 PE2
PE1/2
LPDSGCPAPRAEAEDSFL]

Fic. 1. PDGFRpB domains and sequence of the C-terminal tail.
A, the various domains of PDGFRB and the epitope recognized by the
Ab-P2 antibody are shown. Tyr-857 (Y857) is a phosphorylated tyrosine
residue of the activation loop of human PDGFRB. D., domain. The
sequence of the C-terminal domain is shown in panel B. The P/E repeats
are highlighted with a gray background. The four different deletion
mutants used in this study are indicated (ct29, ct46, ct75, and APE1).
The sequences of the PE1/2, PE1, and PE2 peptides used for kinase
experiments are underlined. The NHERF binding site is boxed.

mM MgCl,, and 100 mM NaCl). The phosphorylation reaction was per-
formed in kinase buffer with [y-*2P]JATP (5 uCi) and 50 uM unlabeled
ATP for increasing periods of time at 20 °C. The reaction was stopped by
addition of boiling Laemmli SDS sample buffer. The samples were
analyzed by 4-12% gradient SDS-PAGE (Invitrogen), Western immu-
noblotting with anti-PDGFRp antibodies, and autoradiography. Signal
quantification was performed using a PhosphorImager apparatus and
Image Quant software (Amersham Biosciences).

For exogenous substrate phosphorylation assays, the phosphoryla-
tion reaction was performed in the presence of increasing concentra-
tions of myelin basic protein (MBP) and 10 uM unlabeled ATP and
[y-*?P]ATP in kinase buffer for 30 min at 4 °C and blocked by the
addition of EDTA. The samples were analyzed as above. Inhibitory
peptides (diluted in kinase buffer, pH 8) were added to the reaction
mixture at the indicated concentrations.

RESULTS

The C-terminal Tail of PDGFRB Negatively Regulates Recep-
tor Kinase Activity—To test if the PDGFRB C-terminal tail is
involved in a self-inhibitory mechanism, we constructed dele-
tion mutants lacking the last 29, 46, and 75 amino acid resi-
dues of the receptor, referred to as ct29, ct46, and ct75, respec-
tively (Fig. 1). We compared the kinetics of activation of these
mutants with wild-type receptors, with or without activation by
ligand stimulation.

We first performed in vitro autophosphorylation assays on
immunopurified receptors from lysates of transiently trans-
fected COS cells in the presence of [y->2P]JATP. To avoid ligand-
independent receptor activation induced by over-expression,
only limited amounts of expression vectors were used for trans-
fection. Receptors were immunoprecipitated from cell lysates
by using a monoclonal antibody against the extracellular part
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Fic. 2. Partial deletion of the C-terminal tail increases
PDGFRpB autophosphorylation in the absence of ligand. Wild-
type (Wt) or mutated PDGFRB was transiently expressed in COSI.
Cells were starved for 1 day in medium containing 0.1% bovine serum
albumin and left untreated (A) or stimulated with PDGF-BB (B). Im-
munopurified receptors from COS lysates were incubated in the pres-
ence of [y->?P]ATP for increasing periods of time, and the extent of
autophosphorylation was determined by SDS-PAGE and analyzed by a
PhosphorImager. Total amounts of receptor were determined by West-
ern blotting and used to normalize the values. The average of three
independent experiments with S.D. is shown. A.U., arbitrary units.

of human PDGFRp, as described under “Experimental Proce-
dures.” As illustrated in Fig. 24, the receptor mutants ct46 and
ct75, in the absence of ligand stimulation, were autophospho-
rylated at a substantially higher rates as compared with those
of wild-type PDGFRB and ct29; ct46 and ct75 reached full
activation after 30 min of reaction at 20 °C, whereas wild-type
PDGFRB and ct29 were phosphorylated more slowly. The in-
creased auto-activation velocity of the ct46 and ct75 receptor
mutants was observed only in the absence of the ligand; ligand-
dimerized receptors and receptor mutants had comparable ki-
netics of auto-activation (Fig. 2B).

We next compared the in vitro kinase activity of wild-type
and deleted receptors toward an exogenous substrate, MBP. In
the experiment presented in Fig. 3A, the unstimulated wild-
type PDGFRB and ct29 displayed an initial linear phase with a
slow rate of MBP phosphorylation, gradually reaching the sat-
uration at 60 min of reaction. By contrast, ct46 and ct75 rapidly
phosphorylated MBP, reaching saturation after 30 min of re-
action (Fig. 3A). Ligand stimulation enhanced the kinase ac-
tivity of wild-type and ct29 mutant receptors, which reached
maximal MBP phosphorylation at 30 min, whereas ct46 and
ct75 reached full phosphorylation of the substrate after only 15
min (Fig. 3B). In this assay, ct75 was slightly more active than
ct46. The relevance of that small difference was not clear,
because it was not confirmed in other assays (see Fig. 2 and
below).

To further characterize the mutant receptors, their kinase
activities were measured in the presence of different concen-
trations of substrate. Fig. 4A shows that the extent of MBP
phosphorylation was higher in unstimulated ct46 and ct75
mutants compared with that in the ct29 and wild-type recep-
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Fic. 3. Partial deletion of the C-terminal tail increases the
catalytic activity of the PDGFRpB toward an exogenous sub-
strate. Wild-type (W¢) or mutated PDGFRB was immunoprecipitated
from COS cells left untreated (A) or stimulated with PDGF-BB to
pre-activate receptors (B), as described in the legend of Fig. 2. Immu-
noprecipitated proteins were incubated in the presence of [**P]ATP and
MBP for increasing periods of time. The extent of MBP phosphorylation
was determined by SDS-PAGE followed by analysis by a PhosphorIm-
ager. Values were treated as described in the Fig. 2 legend. A.U.,
arbitrary units.

tors. Again, after PDGF stimulation there was no difference in
phosphorylation rates between the wild-type and truncated
receptors (Fig. 4B).

These data suggested a major regulatory role for the amino
acid sequence located between positions 46 and 29 in the C
terminus of PDGFRp. This region contains a glutamic acid/
proline repeat flanked by glutamine residues, referred to as the
PE1 motif (see Fig. 1). Interestingly, a similar motif, named
PEZ2, is also present in the last 29 amino acids of the receptor.
To test the importance of the PE1 motif directly, we designed a
new mutant receptor, called APE1, in which 15 residues, in-
cluding the PE1 motif, were deleted, and we compared its
autokinase activation kinetics with wild-type and mutated re-
ceptors. As shown in Fig. 54, in the absence of ligand stimula-
tion the APE1 mutant was autophosphorylated at the same
rate as ct46 and ct75 and reached full activation after 30 min,
whereas wild-type PDGFRB and ct29 were phosphorylated
more slowly. As observed previously, the advantage of deleted
mutants was lost after ligand stimulation. Altogether, these
data suggest that the region containing the PE1 motif in the
C-terminal tail of the PDGFRB is involved in an autoinhibition
mechanism, which is cancelled by ligand binding to the
receptor.

A Soluble Peptide Mimics the Inhibitory Function of the
C-terminal Domain—To further test the role of the P/E-rich
sequences in the C-terminal tail, we designed soluble peptides
containing the PE1 motif, the PE2 motif, or both (PE1/2, see
Fig. 1). The effect of these peptides on receptor kinase activity
was tested in autophosphorylation assays performed in vitro.
We observed that the PE1 and PE1/2 peptides efficiently in-
hibited PDGFRB autophosphorylation (Fig. 6). The PE2 pep-
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FiG. 4. Removal of the C-terminal tail increases the affinity of
the receptor for its substrate. Wild-type (W¢) or mutated PDGFRB
receptors were transiently expressed in COS cells. Cells were left un-
treated (A) or stimulated with PDGF-BB (B), and the receptors were
isolated by immunoprecipitation and used to phosphorylate MBP for 15
min at 20 °C. The amount of [y->?*P]ATP incorporated into MBP at
different substrate concentrations was determined by SDS-PAGE fol-
lowed by analysis by a PhosphorImager. A.U., arbitrary units.

tide did not affect the kinase activity even at 1.25 mwm, the
highest concentration used. These results are in agreement
with the data obtained on mutant receptors, because deletion of
the PE2 motif (ct29 mutant) had no effect, whereas deletion of
the PE1 motif enhanced the kinase activity (ct46 and APE1l
mutants). As an additional specificity control, a synthetic pep-
tide containing a proline-rich sequence derived from the C-
terminal tail of human FGFR1 was included in the experi-
ments. This peptide had essentially no effect on the kinase
activities of PDGFRB (Fig. 6) and FGFR1 (data not shown). We
also found that the PDGFRpB-derived peptides had no inhibi-
tory activity on two other receptor tyrosine kinases, FGFR1
and EGFR (data not shown).

These results prompted us to test whether the addition of the
PE1/2 peptide to deleted receptors could compensate for the
loss of kinase self-inhibition during its activation in the ab-
sence of ligand stimulation. To explore this possibility, we
performed an in vitro kinase assay on unstimulated receptors,
which were immunoprecipitated from PAE cells stably express-
ing ct75, to measure their auto-phosphorylation kinetics and
their ability to phosphorylate an exogenous substrate in the
presence or in the absence of the PE1/2 peptide. We found that
the auto-phosphorylation rate of the c¢t75 mutant was mark-
edly decreased in the presence of PE1/2, reaching a rate similar
to that of wild-type PDGFRp in the absence of peptide. The
inhibitory peptide also delayed the activation of the wild-type
receptor, thus enhancing the inhibitory effect of the C-terminal
tail, but did not affect the maximal auto-kinase activity. Thus,
the ct75 mutant was more sensitive to inhibition by the PE1/2
peptide compared with the wild-type receptor, which was to be
expected if this peptide mimics the region that is lacking in
ct75 (Fig. 7A). Similar results were obtained in MBP phospho-
rylation experiments (Fig. 7B). In conclusion, these results
further support the notion that a proline- and glutamic acid-
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FiG. 5. Deletion of the PE1 motif enhanced the PDGFRp ki-
nase activity. Wild-type (W¢) or mutated PDGFRB was transiently
expressed in COS1. Cells were starved for 1 day in a medium containing
0.1% bovine serum albumin and left untreated (A) or stimulated with
PDGF-BB (B). Immunopurified ct46, APE1, and ct75 deleted receptors
from COS lysates were incubated in the presence of [y-*2P]ATP for
increasing periods of time, and the extent of autophosphorylation was
determined by SDS-PAGE and PhosphorImager analysis. Total
amounts of receptor were determined by Western blotting and used to
normalize the values. One representative experiment of two is shown.
A.U., arbitrary units.

rich motif in the C-terminal part of PDGFRB negatively regu-
lates its kinase activity.

Active Conformation of Truncated PDGFR in the Absence of
Ligand—Bishayee and colleagues (18) have suggested that the
PDGFRpB C-terminal tail may undergo a conformational change
upon ligand binding, based on experiments performed with a
conformation-sensitive antibody, called Ab-P2, raised against
the unphosphorylated peptide corresponding to amino acid res-
idues 932-947 located close to the kinase domain (Fig. 1 and
Ref. 18). This antibody is able to recognize the native wild-type
receptor in its activated form only, indicating that the epitope
is buried in the inactive receptor and becomes accessible upon
ligand binding. The Ab-P2 antiserum was used to immunopre-
cipitate wild-type PDGFR and ct75 from PAE cells. As shown
in Fig. 8A (upper panel), Ab-P2 recognized ct75 even in the
absence of PDGF. By contrast, the wild-type receptor was im-
munoprecipitated only after ligand stimulation, as expected.
By a parallel immunoprecipitation with the monoclonal anti-
PDGFRp antibodies B1 and B2, which are directed against
the extracellular domain, we confirmed equal receptor ex-
pression (Fig. 8A, lower panel). Thus, the change of confor-
mation of the C-terminal region of PDGFR, which is induced
by ligand binding, is mimicked by truncation of the last 75
amino acid residues; it is possible that this region interacts
with the kinase domain or the juxtamembrane domain and
thereby restricts the availability of the active site of the
kinase domain.

We next asked whether receptor dimerization was enough to
displace the tail from its inhibitory conformation or whether
receptor phosphorylation is needed. To address this issue, we
analyzed the conformation of a receptor devoid of kinase activ-
ity (K634A mutant), which dimerizes upon ligand binding but
is not phosphorylated. Using Ab-P2, we could not immunopre-
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Fic. 6. Peptides containing the PE1 motif inhibit PDGFRB
kinase activity. PDGFRB was immunoprecipitated (IP) from tran-
siently transfected COS cells, starved for 24 h, and stimulated with
PDGF-BB. Immunocomplexes were subjected to in vitro kinase assay in
the presence of the indicated peptide concentrations and [y-*>P]JATP
under conditions described under “Experimental Procedures.” Auto-
phosphorylated receptors were separated by SDS-PAGE and analyzed
by autoradiography and immunoblotting (IB). After PhosphorImager
analysis, values were normalized by dividing by the total amount of
receptor. The arrows indicate the 190-kDa mature and 170-kDa imma-
ture forms of PDGFRB. C-term., C terminus.

cipitate K634A receptors from PDGF-stimulated transfected
COS cells, in contrast to the stimulated wild-type receptor (Fig.
8B, upper panel). These data suggest that the change in con-
formation of the C-terminal region is dependent on phospho-
rylation. We also tested the importance of the phosphorylation
of tyrosine 857 in the activation loop. First, we observed that
deletion of the C-terminal tail did not modify the phosphoryl-
ation of tyrosine 857, as tested by Western blotting with a
phospho-specific antibody (data not shown). Mutation of this
residue reduces but does not abolish receptor phosphoryla-
tion (9). The Ab-P2 antibody did not recognize the Y857F
receptor mutant, not even after PDGF stimulation, although
the stimulated receptor showed, as described previously (9),
some residual auto-phosphorylation (Fig. 8B). Altogether,
these results suggest that tyrosine 857 phosphorylation is a
prerequisite to induce the change of conformation of the
PDGFRB C-terminal domain. This conformational change
likely removes the autoinhibition of the PDGFRp kinase,
because it can be mimicked by deletion of the C-terminal
inhibitory motif.

Transforming Ability of PDGFR by Concomitant Deletion of
the C Terminus and Mutation of the Activation Loop—The
observation that the truncated PDGFRB mutants show in-
creased kinase activities in the absence of PDGF led us to
investigate whether they could be constitutively activated in
vivo. For a comparison, we introduced in the PDGFR activa-
tion loop a D850N mutation, which corresponds to mutations
found in oncogenetic versions of ¢-Kit and c-Met (11, 12, 19). We
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Fic. 7. The PE1/2 peptide mimics the PDGFR C-terminal tail.
PDGFRp was immunoprecipitated from transiently transfected COS-1
cells, starved for 24 h in starvation medium containing 0.1% bovine
serum albumin, and immunocomplexes were subjected to in vitro ki-
nase assay for various periods of time in the presence of the indicated
peptide (0.6 mm) and [y-*2P]ATP to evaluate the receptor autophospho-
rylation (A) or MBP to measure the activity toward an exogenous
substrate (B). Proteins were separated by SDS-PAGE and analyzed by
a PhosphorImager. Shown are results from one representative experi-
ment of two performed. Wt, wild-type; A.U., arbitrary units.

first investigated tyrosine phosphorylation of immunoprecipi-
tated receptors isolated from transfected COS cells that were
left untreated or stimulated with PDGF-BB. All mutants dis-
played a strong ligand-dependent phosphorylation with little
background in unstimulated cells (Fig. 9A). Because neither
ct46 nor D850N were constitutively phosphorylated to any
appreciable extent, we produced a double mutant, ct46-D850N,
harboring both modifications; its phosphorylation was still de-
pendent on PDGF stimulation (Fig. 9A).

The four most C-terminal amino acid residues in the
PDGFRB, DFSL, have been shown to interact with the PDZ
domains of NHERF, which was claimed to play a role in the
activation of the receptor (20, 21). To investigate whether
NHERF binding is important for receptor activation in our
system, we added back a DFSL motif at the end of the ct46
receptor, which restored NHERF binding as expected (Fig. 9B).
However, addition of the DFSL motif did not change the kinase
activation parameters in vitro (data not shown) and had no
major effect on the phosphorylation of the receptor in
COS cells.

The transforming potential of deleted PDGF receptors was
assessed by a focus formation assay in NIH3T3. Each receptor
was transfected alone or in combination with a plasmid encod-
ing the PDGF-B ligand, creating an autocrine stimulation loop.
Co-transfection of wild-type PDGFRB with PDGF-B gave rise
to a basal number of transformed colonies (Fig. 9C). The ct46 or
D850N mutations increased the number of transformed colo-
nies to some extent, but still showed strong ligand depen-
dences. By contrast, the double mutant ct46-D850N increased
focus formation in NIH3T3 cell cultures even the absence of
PDGF to an extent that was almost comparable to transfection
with an activated Ras isoform (M-Ras Q71K; Ref. 22). The
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Fic. 8. Ct75 presents an active conformation in the absence of
ligand. A, PAE cells stably expressing the wild-type (WT) PDGFR or
ct75 mutant were starved for 24 h and stimulated with PDGF-BB. Cell
lysates were subjected to immunoprecipitation (IP) with immunopuri-
fied Ab-P2 antiserum or B1 and B2 monoclonal antibodies, followed by
SDS-PAGE and immunoblotting (IB) with PDGFRB antiserum R3 or
antibody anti-phosphotyrosine (pY99). B, COS cells were transiently
transfected with wild-type PDGFRB or with K634A (kinase dead) or
Y857F mutated receptors, treated, and analyzed as described above.

addition of the DFSL motif to these receptors did not change
their abilities to promote the formation of foci (Fig. 9D), sug-
gesting that NHERF is not important in the process. In con-
clusion, these results further illustrate the inhibitory role of
the PDGFRB C-terminal tail and show that several mecha-
nisms collaborate to keep the receptor inactive in the absence
of PDGF.

DISCUSSION

Uncontrolled activation of receptors has dramatic conse-
quences in vivo. In the case of receptor tyrosine kinases, several
mechanisms concur to silence receptors in the absence of
ligand. In the present report, we demonstrate that, in
PDGFRB, one such inhibitory control is exerted by the C-
terminal part of the receptor. This conclusion is based on
three lines of evidence. First, deletion of the PDGFRB C
terminus enhanced its in vitro kinase activity toward itself or
an exogenous substrate. Second, peptides corresponding to a
Glu/Pro-rich motif present in the C-terminal tail specifically
inhibited PDGFRp activity; and finally, introduction of a
C-terminal truncation increased the transforming potential
of the D850N PDGFRB mutant.

We speculate that the PDGFRB C terminus moves from an
inhibitory conformation to a more permissive position upon
PDGF binding. Using the Ab-P2 conformation-sensitive anti-
body, Bishayee and colleagues had already suggested that a
region located just after the PDGFRp kinase domain undergoes
a conformational change that, upon ligand binding, unmasks
the epitope of the antibody (18). We show that Ab-P2 was able
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Fic. 9. Concomitant deletion of the PDGFRB C terminus and
mutation of the activation loop produce a potent ligand-inde-
pendent transforming receptor. A, wild-type (W¢) and PDGFRB
mutants were immunopurified from lysates of COS cells transiently
transfected with the indicated construct, starved, and then stimulated
with PDGF-BB or left untreated. Immunoprecipitated proteins were
separated by SDS-PAGE using a 4-12% gradient polyacrylamide gel
and analyzed by Western blotting (IB) using anti-phosphotyrosine
(pY99) and anti-PDGFRp antibodies. B, NHERF protein was immuno-
precipitated from lysates of HEK293T cells transiently transfected with
wild-type PDGFR, ct46, and ct46DSFL. As a control, we immunopre-
cipitated PDGFRB from transiently transfected cells with B1 and B2
monoclonal antibodies (Ct¢rl). Samples were separated on a 4-15%
SDS-PAGE gel and analyzed by Western blot using anti-NHERF and
anti-PDGFRp antibodies. C and D, NTH3T3 cells were transfected with
the indicated receptor alone (open bars) or co-transfected with a
PDGF-B plasmid (closed bars). Cells were then grown in medium con-
taining 5% serum for 3 weeks and then were fixed and stained. The
number of foci was scored for each 10-cm dish.

Number of foci

to recognize ct75 in the absence of PDGF, suggesting that the
C-terminal tail of PDGFR} is required to stabilize the inactive
conformation. Ab-P2 binding also depended on PDGFRS tyro-
sine phosphorylation, particularly at Tyr-857 in the activation
loop. It is possible that the PE1 motif directly interacts with the
activation loop, which is reminiscent of what was proposed for
the insulin receptor (23). In this respect, the crystal structure
of another receptor tyrosine kinase, TIE2, revealed that its C
terminus is located close to the active cleft (24). However, we
can not exclude the possibility that mutation of Tyr-857 has an
indirect effect on the conformation of the C-terminal domain by
controlling the phosphorylation of other residues. The PDGFR
tail could also interact with the juxtamembrane domain, which
resembles a WW domain, and may therefore bind to proline

0T0Z ‘0T UdJelN uo ‘eaipaN-02160joig |qig Te 610 9g[ Mmm woly papeojumod


http://www.jbc.org/

19738

rich sequences such as the PE1 motif. Further work is required
to elucidate the exact structure of the PDGFRB C-terminal
domain and to determine whether it folds back over the kinase
domain or the juxtamembrane domain.

Recently, we and others showed that the PDGFRB C termi-
nus acts as a binding site for the PDZ domain of NHERF (20,
21). NHERF recruitment to PDGFRB was suggested to poten-
tiate the receptor activity in cells overexpressing the receptor
(20), which was not observed in cells expressing both proteins
at physiological levels (21). Our results further suggest that
NHERF does not play a major role in PDGFRp activation,
because the addition of a functional NHERF-binding site to the
ct46 mutant did not change its activity and transforming po-
tential. Interestingly, a change in conformation of the PDGFR]
C terminus upon PDGF stimulation could provide an explana-
tion for the observation that NHERF recruitment is ligand-de-
pendent (21).

The deregulated activation of receptor tyrosine kinases can
mediate cell transformation. In this report, we show that the
deletion of 46 amino acid residues of the C-terminal tail of the
PDGFRp confers a transforming potential in a focus formation
assay in the presence of the ligand, whereas the concomitant
deletion of the C terminus and mutation of the activation loop
results in full ligand-independent oncogenic activity. Previous
studies have shown that one modification of a receptor is some-
times not enough. For example, the v-kit oncogene found in the
acute transforming feline retrovirus HZ4-FeSV and amino acid
residues in the juxtamembrane domain and the C-terminal
sequence are deleted, compared with c-ki¢ (25). The activated
form of c-Met, D1228N, which was found in tumors, mediates
both transformation and tumorigenicity but still requires a
ligand to generate foci in a focus-forming assay (26). This
mutation overcomes the otherwise required phosphorylation of
both tyrosines in the activation loop, thus reducing the thresh-
old for activation of the Met receptor (17); introduction of a
second mutation makes the receptor fully transforming and
ligand-independent (27). Nevertheless, single mutations that
fully activate tyrosine kinase receptors have also been de-
scribed, e.g. in PDGFRa and c-Kit (6, 11, 12).

The PDGFRp C-terminal sequence is poorly conserved in the
other members of the family, i.e. PDGFRe, c¢-Kit, Flt-3, and the
CSF-1 receptor, in contrast to the case in other domains. We
could not identify any similar Glu/Pro-rich sequence in other
tyrosine kinase receptors. In addition, the PE1 peptide had no
effect on EGFR and FGFR1. Therefore, if similar mechanisms
for autoinhibition occur in other tyrosine kinase receptors,
completely different epitopes are involved. In this respect, the
PE1 peptide used in this report could serve as a basis for
designing specific PDGFR inhibitors. Observations suggesting
that the C-terminal tail may prevent activation of tyrosine
kinase receptors were also provided in studies of the insulin
receptor and TIE2 (24).

In conclusion, we provide evidence that a 15-residue-long

Autoinhibition by the PDGF B-Receptor C-terminal Tail

Glu/Pro-rich motif in the C terminus of PDGFRS negatively
regulates the activation of the receptor kinase. Future studies
will have to determine how this mechanism cooperates with the
activation loop, the juxtamembrane domain, or other parts of
the intracellular domain of the receptor in keeping the receptor
inactive in the absence of ligand.
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