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Three types of mutations were introduced into the platelet-derived growth factor (PDGF) receptor to cause
a loss of PDGF-stimulated tyrosine kinase activity: (i) a point mutation of the ATP-binding site, (ii) a deletion
of the carboxyl-terminal region, and (iii) replacement of the membrane-spanning sequences by analogous
transmembrane sequences of other receptors. Transfectants expressing mutated receptors bind, 125I-labeled
PDGF with a high affinity but had no PDGF-sensitive tyrosine kinase activity, phosphatidylinositol turnover,
increase in the intracellular calcium concentration, change in cellular pH, or stimulation of DNA synthesis.
However, PDGF-induced receptor down regulation was normal in the mutant cells. These results indicate that
the transmembrane sequence has a specific signal-transducing function other than merely serving as a
membrane anchor and that the receptor kinase activity is necessary for most responses to PDGF but is not
required for receptor down regulation.

The interaction of platelet-derived growth factor (PDGF)
with its receptor causes a rapid activation of the receptor
tyrosine kinase, stimulation of several second messenger
pathways, internalization of the receptor, and initiation of
DNA replication. Little is known about the mechanism by
which binding of the ligand to the extracellular domain
causes an activation of the intracellular kinase domain.
Whether the single transmembrane sequence plays a specific
role, for example, by propagating a conformational change
across the membrane, or merely serves an anchoring func-
tion to facilitate other receptor reactions such as receptor
clustering has not been made clear.
The roles of the receptor tyrosine kinase activity and

receptor internalization have also not been determined.
There is considerable evidence that tyrosine kinase plays an
essential role in cell proliferation and transformation medi-
ated by growth factors or oncogenes. Studies of tempera-
ture-sensitive mutants of the src and abl oncogenes have
established a correlation of tyrosine kinase activity with cell
transformation (17, 21). Mutagenesis experiments in which
the tyrosine kinase of the v-src transforming protein was
inactivated by altering the ATP-binding site of the kinase
domain have shown a similar dependence of transforming
potential on tyrosine kinase activity (15, 22). The ATP-
binding sites of the tyrosine kinase domains of the insulin
and epidermal growth factor (EGF) receptors have been
similarly modified (3-5, 13). These mutated receptors lost
the ability to mediate ligand-stimulated DNA synthesis,
suggesting a crucial role for tyrosine kinase in this response.
The mutated insulin and EGF receptors with inactivated
ATP-binding sites also failed to undergo ligand-induced
down regulation (4, 13), the phenomenon of receptor loss
caused by ligand-enhanced metabolic processing of the
receptor. On the basis of these findings, it was proposed that
tyrosine kinase activity is essential for growth factor-stimu-
lated receptor down regulation as well as growth factor-
induced DNA synthesis (3, 4). However, the mechanism by
which tyrosine phosphorylation might be involved in this
process is not understood.

* Corresponding author.

A 180-kilodalton (kDa) receptor mediates PDGF-stimu-
lated DNA synthesis as well as the rapid cellular responses
to PDGF, including tyrosine kinase activity (6, 10), phos-
phatidylinositol (PI) hydrolysis (2), and change in intracellu-
lar pH (14). Recent experiments have documented that the
PDGF receptor undergoes ligand-dependent down regula-
tion and have shown that the half-life of the PDGF receptor
is reduced from 3 h to approximately 1 h when ligand is
bound to receptor-bearing cells (16). To investigate the role
of tyrosine kinase in PDGF-stimulated DNA synthesis, PI
hydrolysis, pH change, and receptor down regulation, we
constructed mutants of the PDGF receptor that were defec-
tive in PDGF-stimulated tyrosine kinase activity. To ensure
that the alterations in PDGF responsiveness observed in the
mutant receptors could be attributed to the loss of tyrosine
kinase activity, and not merely to conformational changes
induced by the mutation, we inactivated the kinase with
three independent mutations. In the first group, the ATP-
binding site was inactivated by a point mutation. In the
second group, the carboxyl terminus of the receptor was
deleted distal to the kinase sequences. In the third group of
mutations, the transmembrane sequence of the PDGF recep-
tor was replaced by corresponding transmembrane se-
quences from other membrane receptors. The mutated re-
ceptors were expressed by transfection of their respective
cDNAs into CHO cells that have few, if any, PDGF recep-
tors, and the tyrosine kinase activity and cellular responses
of mutant cells were measured. In each of the mutants there
was a loss of PDGF-stimulated tyrosine kinase activity and a
parallel loss of the ability ofPDGF to induce DNA synthesis,
PI hydrolysis, and changes in intracellular calcium and pH.
However, in these kinase-deficient mutants, PDGF-induced
receptor down regulation occurred normally, indicating that
receptor down regulation does not require tyrosine kinase
activity.

MATERIALS AND METHODS
Construction and expression of PDGF receptor mutants. A

carboxyl-terminal deletion (Act) mutant was prepared by
using restriction endonucleases (PvuII and HincII) (Fig. 1A).
A sequence of 297 base pairs encoding 99 amino acids from
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the carboxyl terminus of the receptor was deleted. This
deletion reduced the length of the carboxyl-terminal region
from 145 to 46 amino acids and removed 4 tyrosine residues
(Y935, Y939, Y977, and Y989). An ATP-binding site mutant
(K602A) was obtained by site-directed mutagenesis (29) by
using an oligomer encoding the change of lysine 602 for an
alanine residue. Transmembrane mutants were prepared by
substituting sequences encoding transmembrane regions of
the low-density lipoprotein receptor, the neu oncogene, or
the c-neu counterpart of the neu oncogene (Fig. 1B). The
DNA fiagments for each transmembrane region were chem-
ically synthesized as four overlapping oligomers that were
ligated to yield a fragment with a blunt 5' end and a 3' SacIl
site, to allow cloning into the PDGF receptor cDNA se-

quence. The synthetic transmembrane regions were inserted
into a receptor clone in which we introduced a StuI site at
the 5' end of the transmembrane region and a SacII site 3
amino acids after the 3' end of the transmembrane region. To
verify the mutations, all of the mutant cDNA clones were

sequenced by using dideoxy nucleotides and the Sequenase
sequencing system (20). All of the mutated receptor cDNAs
were cloned into an expression vector under the transcrip-
tional control of the simian virus 40 early promoter. Stable
transfectants were prepared by cotransfecting plasmids from
each receptor mutant with a plasmid that conferred resis-
tance to neomycin (pSV2neo) by the calcium precipitation
technique (24). Clones resistant to G418 (an analog of
neomycin) were expanded and analyzed for the expression
of the receptor with antibodies directed to the extracellular
domain of the receptor (rabbit polyclonal, A677). Goat
anti-rabbit immunoglobulin G conjugated to fluorescein iso-
thiocyanate was used as an indicator in a fluorescence-
activated cell sorter, as described previously (8).

Binding of `sI-labeled PDGF to mutated receptor. Cells
were plated in Ham F-12 medium supplemented with 5%
bovine serum, penicillin, and streptomycin. After 12 h the
cultures were changed to quiescent medium (Ham F-12
medium, 0.1% bovine serum albumin, and 5 ,ug of transferrin
per ml) for 48 h. Cells were collected from confluent cultures
by treatment with a solution containing 2 mM EDTA in
phosphate-buffered saline. Binding of PDGF to its receptor
was performed with cells in suspension. A total of 106 cells
were incubated with 40,000 cpm of 125I-labeled PDGF
(10,000 to 20,000 cpm/ng) (26) for 45 min at 37°C in the
presence of increasing concentrations of unlabeled PDGF.
Bound PDGF was separated from free PDGF by centrifuga-
tion of the cell suspension on a Ficoll gradient (Pharmacia
Fine Chemicals, Piscataway, N.J.) (18). The amount of
PDGF associated with the cell pellet was determined in a

gamma counter.
Expression of PDGF receptor mutants by immunoprecipi-

tation. The level of PDGF receptor expression in the mutant
cell lines was determined by immunoprecipitation of "5S-
labeled receptor with a receptor antibody. Cells (3 x 105)
were incubated with [35S]methionine (0.25 p.Ci/ml) in methi-
onine-free medium for 2 h. Cell lysates were prepared and
immunoprecipitations were performed as described previ-
ously (16). Immunoprecipitates were analyzed by sodium
dodecyl sulfate [SDS]-polyacrylamide gel electrophoresis.
Dried gels were exposed to XAR-5 film (Eastman Kodak
Co., Rochester, N.Y.) for 24 h.

Receptor tyrosine kinase activity in intact cells. The pattern
of PDGF-induced tyrosine phosphorylation in the different
receptor mutants and control cells was determined by im-
munoprecipitation with phosphotyrosine antibody (25). "5S-
labeled lysates from 3 x 105 cells that were incubated in the

presence and in the absence of 10 nM PDGF for 3 h at 4°C
were immunoprecipitated as described previously (16). La-
beled immunoprecipitates were analyzed on SDS-polyacryl-
amide gels. The receptor was detected by exposure of the
dried gel to XAR-5 film (Kodak) for 24 h.

Early celular responses. Conversion of phosphoinositides
into inositol phosphates was measured as follows. Confluent
cultures were grown in 35 mm plates and were placed in
quiescent medium for 24 h in the presence of 20 ,uM
[myo-3H]inositol. After 24 h cells were stimulated with
PDGF (10 nM) for 30 min at 37°C, and the water-soluble
inositol phosphates were separated by ion-exchange chro-
matography with 1-ml columns of AG 108 X8 (Bio-Rad
Laboratories, Richmond, Calif.) (2).

Receptor down regulation. Cells were plated in 35-mm-
diameter wells. Confluent cultures of CHO transfectants
were incubated with [35S]methionine as described above.
After treatment with PDGF (10 nM) for 0, 30, and 120 min at
37°C, the cells were lysed. Receptors were immunoprecipi-
tated with an antibody directed against the intracellular
domain of the PDGF receptor. The labeled immunoprecipi-
tates were analyzed by SDS-polyacrylamide gel electropho-
resis. The gel was dried and exposed as described above.
The amount of down-regulated receptor was determined by
densitometric analysis of the autoradiogram.

Rate of thymidine incorporation into DNA. Cells were
seeded in Ham F-12 medium containing 5% fetal bovine
serum. Twenty-four hours later the medium was replaced
with quiescent medium. After 48 h confluent cultures were
incubated with or without PDGF for 16 h. Following PDGF
treatment, the cells were incubated with 0.75 ,uCi of
[3H]thymidine (25 Ci/mmol; Dupont, NEN Research Prod-
ucts, Boston, Mass.) for 45 min at 37°C. Following incuba-
tion with thymidine, cells were rinsed with cold phosphate-
buffered saline and lysed in 1% SDS. DNA from the
solubilized samples was precipitated with 10% trichloroace-
tic acid in the cold, as described previously (7). Radioactiv-
ity in the samples was determined by scintillation counting.

RESULTS

Expression of PDGF receptor mutants. The PDGF receptor
cDNA was mutated in the following ways. The codon for the
lysine at amino acid position 602, a site that corresponds to
known ATP-binding sites of other tyrosine kinases (28), was
converted to an alanine codon (K602A mutant); the coding
sequence for the carboxyl-terminal 145 amino acids (amino
acids 922 to 1067) was deleted, thus removing most of the
sequences 3' to the kinase domain (amino acids 922 to 1020)
(Act mutant) (Fig. 1A); and the sequences that encoded the
receptor membrane spanning region were replaced by the
corresponding membrane sequences for the LDL receptor,
the neu oncogene, and the hydrophobic region from the
normal cellular counterpart (c-neu) of the neu oncogene
(transmembrane mutants) (Fig. 1B). Wild-type and mutant
receptor cDNA sequences were expressed under the tran-
scriptional control of the simian virus 40 early promoter by
transfection of CHO fibroblasts, and stable transfectants
were selected. The transfectants expressed a surface recep-
tor protein that was recognized by an antibody to the
external domain of the PDGF receptor (16) in a fluorescent-
activated cell sorter.

Analysis of the cell lines by immunoprecipitation of "S-
labeled receptor with receptor antibody directed against a

cytoplasmic domain (16) showed that the mutant cell lines
expressed receptor in levels comparable to those of wild-
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FIG. 1. PDGF receptor mutants. (A) In the carboxyl-terminal
deletion mutant (Act), the coding sequences for amino acids residues
922 to 1020 were deleted from the native receptor with the endonu-
cleases PvuII and HincII. (B) Transmembrane mutants. The coding
sequence for the transmembrane region of the PDGF receptor was
substituted by the synthesized transmembrane sequences of the
c-neu gene, the neu oncogene, and the LDL receptor. Substitution
of these sequences was possible because of the presence of an StuI
restriction site at the 5' end of the transmembrane region and a SacII
restriction site at the 3' end of the transmembrane region. Both
restriction sites were generated by site-directed mutagenesis. The
amino acid sequences of the transmembrane region of the mouse
and human PDGF receptors, c-neu, neu, and the LDL receptor are

shown for comparison. The positions of the StuI and SacII cleavage
sites are underlined.

type R18 transfectants (Fig. 2 and Table 1). The Act mutant
cells expressed abnormally high levels of a receptor precur-
sor (J1 A. Escobedo and L. T. Williams, submitted for
publication), suggesting an abnormality in receptor process-
ing (Fig. 2). The binding of 1251I-labeled PDGF to each of the
cell lines was of high affinity (Table 1). Half-maximal inhibi-
tion of binding by unlabeled PDGF occurred at 0.05 to 0.25
nM, which is the same concentration required to half maxi-
mally inhibit 1251I-labeled PDGF binding in BALB/c 3T3 cells
that have native PDGF receptors. Approximately 5,000 to
10,000 receptor sites per cell were expressed in the mutant
and wild-type receptor transfectants (Table 1).

Tyrosine phosphorylation measurements. When PDGF
binds to its receptor, the receptor tyrosine kinase is stimu-
lated. The major substrate of the receptor kinase that is
detectable with phosphotyrosine antibody is the receptor
itself (8, 10). PDGF-stimulated tyrosine kinase activity of the
receptor was measured by anti-phosphotyrosine antibody
immunoprecipitation of lysates of 35S-labeled, PDGF-stimu-
lated cells. No tyrosine-phosphorylated receptor was de-
tected in the ATP-binding site mutant, the carboxyl-terminal
deletion mutant, or the transmembrane mutants (Fig. 3). In
vitro measurements of the tyrosine kinase activity in these
receptors mutants confirmed the tyrosine kinase data from
intact cells (W. J. Fantl, unpublished data).

Early cellular responses to PDGF. PDGF is a very potent
activator of the hydrolysis of membrane PI and stimulates a

RECEPTOR ANTIBODY
FIG. 2. Expression of receptor mutants. "S-labeled cell lysates

from CHO transfectants that expressed wild-type PDGF receptor
(R18), the Act mutant, the ATP-binding site mutant (K602A), or the
transmembrane (TM) mutants (TMc-nue, TMneu, TMLDL) were ana-
lyzed by immunoprecipitation with a receptor antibody directed
against amino acids 738 to 760 in the intracellular domain (14). CHO
cells that lacked PDGF receptors were included as a control. The
upper arrow indicates the PDGF receptor protein, and the lower
arrow indicates the precursor of the receptor.

change in cellular calcium that may be linked to the PI
metabolic pathway. PDGF failed to stimulate PI hydrolysis
in any of the cell lines expressing kinase-defective mutants
(Fig. 4A). Similarly, the kinase-deficient receptor did not
mediate PDGF-stimulated changes in intracellular calcium
levels or changes in pH (data not shown). However, these
responses to PDGF could be easily measured in the wild-
type cells (14).

PDGF-stnmulated mitogenesis. The mitogenic effect of
PDGF on the receptor mutants was measured by determin-
ing the rate of [3H]thymidine incorporation into DNA after
PDGF treatment. There was no mitogenic response ob-
served in any of the kinase-defective mutants, including the
ATP-binding site mutant, the carboxyl-terminal deletion
mutant, or the transmembrane mutants (Fig. 4B). Cells

TABLE 1. Expression of receptors in different cell types

Cell type Estimated ApparentCelltype ~~~receptor no.' Kd (nM)b

R18 8,000 0.08
Act 10,000 0.25
K602A 7,000 0.05
TMcneu 4,500 0.06
TMneu 5,000 0.09
TMLDL 5,500 0.08

a Relative receptor abundance values were determined by scanning densi-
tometry of radioautograms of IIS-labeled receptor immunoprecipitates. R18
cells contained 8,000 receptors, as determined by Scatchard analysis.

b Apparent Kds were determined from binding competition curves, as
described previously (27).

c TM, Transmembrane mutant.
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FIG. 3. PDGF-induced tyrosine phosphorylation in intact cells.
35S-labeled lysates from CHO cells expressing the wild-type recep-
tor (R18), the Act mutant, or the ATP-binding site mutant (K602A)
and transmembrane (TM) mutants (TMc-neu TMneu9 and TMLDL)
incubated in the presence or absence of PDGF were immunoprecip-
itated by using a phosphotyrosine antibody. The phosphorylated
receptor band is indicated by the arrow.

expressing the wild-type form of the receptor showed the
characteristic increase in DNA synthesis in response to
PDGF.
PDGF-mediated receptor down regulation. Treatment of

wild-type cells with PDGF induces receptor internalization
(12) and the loss of receptor protein, a phenomenon termed
down regulation. To test wild-type and mutant cell lines for
receptor down regulation, cells were treated with PDGF at
37°C for 0, 30, and 120 min. The amount ofPDGF binding to
the receptor following down regulation by PDGF was deter-
mined by measuring the amount of 1251I-labeled PDGF bound
to the PDGF-pretreated cells. All mutants cell lines showed
between 15 and 48% of maximal binding after 120 min of
PDGF treatment (data not shown). A deletion mutant of the
receptor (ASal) lacking sequences encoding most of the
cytoplasmic domain (amino acid residues 603 through 1067)
was used as a control and failed to down regulate after PDGF
treatment (data not shown). The ability of the wild-type and
mutant cells to degrade the receptor in response to PDGF
treatment was determined by receptor-immunoprecipitation
analysis of 35S-labeled cells treated with PDGF for 0, 30, and
120 min at 37°C. Analysis of the immunoprecipitates by
scanning densitometry showed that the receptor mutants
degraded the receptor to an extent comparable to the down
regulation seen in the wild-type cells (Fig. SA). In separate
experiments, all these mutants down regulated their receptor
(80 to 90%) after 3 h of PDGF treatment (Fig. SB and C).

DISCUSSION

In this study, mutants of the PDGF receptor were de-
signed to investigate the roles of the receptor tyrosine kinase
and the receptor transmembrane domains in signal transduc-
tion. The tyrosine kinase activity of the receptor was elimi-
nated by three independent types of mutations. The only
obvious common feature of these mutants was the loss of

c
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FIG. 4. (A) PDGF-stimulated hydrolysis of PI. CHO cells and
transfected CHO cells were labeled with [myo-3H]inositol and
exposed to PDGF, as indicated. The release of inositol phosphates
was measured as described in the text. The values correspond to the
average of three independent measurements and are representative
of two independent experiments. The results are expressed as the
percentage of maximal release of inositol phosphates. Symbols: O,
control; *, PDGF. (B) PDGF-stimulated DNA synthesis. Changes
in the rate of thymidine incorporation in response to PDGF treat-
ment was studied in cells expressing the receptor mutants. Each
value represents the average of three independent measurements.
The standard error was less than 15%. The results are expressed as
the percentage of maximal thymidine incorporation stimulated by
l%o fetal bovine serum. Symbols: O, control; E5, PDGF; *, fetal
bovine serum.

PDGF-sensitive tyrosine kinase activity. Thus, it seems
likely that the loss of response in the kinase-deficient mu-
tants was directly related to the loss of tyrosine kinase
activity.
Our finding that the kinase-deficient mutants cannot stim-

ulate PI hydrolysis shows for the first time a direct link
between receptor-mediated PI hydrolysis and tyrosine ki-
nase. A similar link between the kinase activity and changes
in calcium and pH can also be established from these
findings. It seems likely that the PDGF receptor either
phosphorylates an activator of these responses, for example,
phospholipase c, or that the autophosphorylation reaction
alters the receptor so that it can interact with another
molecule which in turn mediates these early responses to
PDGF. The effect of kinase inactivation on PDGF-induced
mitogenesis was expected in the context of recently reported
studies on the ATP-binding site mutants of the EGF and
insulin receptors (3-5, 13). Our finding that the three inde-
pendent types of mutations cause a loss of receptor-medi-
ated mitogenesis makes a compelling case for the role of the
kinase in growth factor-stimulated cell proliferation.
An unexpected finding was that PDGF induced down

regulation of the receptor in each of the three kinase-
deficient mutants. By contrast, recently published experi-
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ments on ATP-binding site mutants of the insulin and EGF
receptors have shown that receptor down regulation appears
to depend on an intact tyrosine kinase domain (3, 4, 19).
Experiments comparable to those with our transmembrane
mutations have not been published for the insulin and EGF
receptors, and therefore, these systems cannot be directly
compared with PDGF in this respect. The PDGF receptor
may follow a degradative pathway that differs from that of
the insulin in EGF receptors. For example, it is possible that

ct- the covalent modification of the PDGF receptor by ubiquitin
(28) targets the receptor to a nonlysosomal degradative
process which might be independent of tyrosine kinase

'eu activity.LDL Several important conclusions about signal transduction
8 can be made from these results of transmembrane mutant

studies. First, there is specificity in the transmembrane
region. Simple substitution of heterologous transmembrane
regions caused a loss of signaling. These findings support the
notion that transmembrane sequences propagate a confor-
mational change across the membrane or take part in the
interaction of each PDGF receptor with another molecule,
perhaps another identical PDGF receptor. Recently obtained
sequence information on the human PDGF receptor (9, 11;
L. T. Williams, J. A. Escobedo, M. T. Keating, and S. R.

k D) a Coughlin, submitted for publication) has shown that there is
an extremely high degree of amino acid sequence conserva-

-2 00 tion (96%) between it and the mouse receptor in the trans-
membrane region, giving further support to the finding that
there is specificity in these sequences. Taken together, these

- 1 1 6 data suggest that the transmembrane region provides a
9 2 definite function other than simply serving as a membrane

anchor.
A second conclusion that can be derived from experiments

with the transmembrane mutants concerns the activating
6 8 mutation of the neu oncogene. The transforming activity of

this oncogene is caused by a single point mutation that
converts a valine in the transmembrane region of the c-neu
gene to glutamic acid, which is found in the corresponding
position of the neu oncogene (1). Our data show that this
mutation does not cause activation of the PDGF receptor
kinase domain in the chimeric molecules that we generated.
Thus, this mutation is not always a transforming mutation
for receptor kinase molecules.

Finally, the transmembrane mutants demonstrate that the
binding of ligand does not depend on the transmembrane
sequences, unlike the binding of catecholamines to the

_ -200
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FIG. 5. (A) Time course of PDGF-induced receptor down regu-
lation. [35S]methionine-labeled transfected CHO cells expressing
the wild-type receptor, the carboxyl-terminal deletion mutant, the
ATP-binding site mutant, or the transmembrane mutants were
incubated with a saturating concentration ofPDGF for 0, 30, and 120
min. "S-labeled lysates were immunoprecipitated with receptor

antibody as described above. Immunoprecipitates were subjected to
SDS-polyacrylamide gel electrophoresis. The levels of PDGF recep-
tor were determined by scanning densitometry of the radioauto-
gram. The level of down regulation is expressed as the percentage of
maximal receptor intensity following PDGF treatment. The abso-
lutes values of the amount of receptor at time zero in arbitrary
(densitometric) units for each of the transfectants were as follows:
R18, 3.0; Act, 20.0; K602A, 8.5; TMc-neu 2.5; TMneu, 4.0; and
TMLDL, 11.0 (where TM indicates transmembrane mutants). (B and
C) Long-term PDGF-induced down regulation. Cells expressing Act
and K602A mutated forms of the PDGF receptor (B) were treated
with a saturating concentration of PDGF for 4 h at 37 or 4°C, as
indicated. Cells expressing transmembrane (TM) mutants (TMcneu,
TMneu, and TMLDL) were subjected to similar treatment at 37°C (C).
The level of PDGF receptor in cell lysates was determined by
immunoblotting with a receptor antibody as described previously
(8). Cells expressing the wild-type receptor (R18) were used as a
control. In panel C, the plus and minus signs indicate whether there
was pretreatment with PDGF.
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P-adrenergic receptor which requires specific transmem-
brane sequences (23).

In summary, we designed a series of mutants to probe the
roles of the PDGF receptor tyrosine kinase and transmem-
brane domains in mediating signal transduction. Tyrosine
kinase activity was essential for a mitogenic response. Three
independent mutations that eliminated tyrosine kinase activ-
ity also caused a loss of PDGF-stimulated PI hydrolysis.
Despite the loss of kinase activity, receptor down regulation
occurred normally, thus dissociating this response from
other kinase-dependent responses. These experiments have
shown that the transmembrane sequences serve a specific
function in signal transduction for all of the measured
responses except for receptor down regulation.

ACKNOWLEDGMENTS

We are grateful to Dale Milfay, Krystyna Kilomanski, and Sutip
Navankasattusas for technical support; Jeoffry Davis for advice;
and Betty Cheung for help in preparing this manuscript.

This study was supported by Public Health Service grant RO1
HL32898 from the National Institutes of Health.

LITERATURE CITED
1. Bargmann, C. I., C.-H. Hung, and R. A. Weinberg. 1986.

Multiple independent activation of the neu oncogene by a point
mutation altering the transmembrane domain of p185. Cell 45:
649-657.

2. Berridge, M. J. 1983. Rapid accumulation of inositol triphos-
phates reveals that agonist hydrolyse polyphosphoinositides
instead of polyphosphatidylinositol. Biochem. J. 212:849-858.

3. Chen, S. C., C. S. Lazar, M. Poenie, R. Y. Tsien, G. N. Gill, and
M. G. Rosenfeld. 1987. Requirement for intrinsic protein tyro-
sine kinase in the immediate and late actions of the EGF
receptor. Nature (London) 328:820-823.

4. Chou, C. K., T. J. Dull, D. S. Russell, R. Gherzi, D. Lobwohl, A.
Ullrich, and 0. M. Rosen. 1987. Human insulin receptor mutated
at the ATP binding site lacks kinase activity and fails to mediate
post-receptor effects of insulin. J. Biol. Chem. 262:1842-1847.

5. Ebina, Y., A. Araki, M. Taira, F. Shimada, M. Mori, C.- S.
Craik, K. Siddle, S. B. Pierce, R. A. Roth, and W. J. Rutter.
1987. Replacement of the lysine residue 1030 in the putative
ATP-binding region of the insulin receptor abolishes insulin- and
antibody-stimulated glucose uptake and receptor kinase activ-
ity. Proc. Natl. Acad. Sci. USA 84:704-708.

6. Ek, B., and C.-H. Heldin. 1982. Characterization of a tyrosine
specific kinase activity in human fibroblast membranes stimu-
lated by platelet-derived growth factor. J. Biol. Chem. 257:
10486-10491.

7. Ellis, L., D. 0. Morgan, S.-M. Jong, L.-H. Wang, R. A. Roth,
and W. J. Rutter. 1987. Heterologous transmembrane signaling
by a human insulin receptor-v-ros hybrid in Chinese hamster
ovary cells. Proc. Natl. Acad. Sci. USA 84:5101-5105.

8. Escobedo, J. A., M. T. Keating, H. E. Ives, and L. T. Williams.
1988. Platelet-derived growth factor receptors expressed by
cDNA transfection couple to a diverse group of cellular re-
sponses associated with cell proliferation. J. Biol. Chem. 263:
1482-1487.

9. Escobedo, J. A., S. Navankasattusas, L. S. Cousens, S. R.
Coughlin, G. I. Bell, and L. T. Williams. 1988. A common PDGF
receptor is activated by homodimeric A and B forms of PDGF.
Science 240:1532-1534.

10. Frackelton, A. R., P. M. Tremble, and L. T. Williams. 1984.
Evidence for the platelet-derived growth factor-stimulated tyro-
sine phosphorylation of the platelet-derived growth factor re-
ceptor in vivo. J. Biol. Chem. 259:7909-7915.

11. Hart, C. E., J. W. Forstrom, J. D. Kelly, R. A. Seifert, R. A.
Smith, R. Ross, M. J. Murray, and D. F. Bowen-Pope. 1988. Two
classes of PDGF receptor recognize different isoforms of

PDGF. Science 240:1529-1531.
12. Heldin, C.-H., B. Ek, and L. Ronnstrand. 1983. Characterization

of the receptor of platelet-derived growth factor on human
fibroblasts. Demonstration of an intimate relationship with a
185,000 dalton substrate for the platelet derived growth factor-
stimulated kinase. J. Biol. Chem. 258:10054-10061.

13. Honegger, A. M., T. J. Dull, S. Felder, E. van Obberghen, F.
Bellot, D. Szapary, A. Schmidt, A. Ulirich, and J. Schlessinger.
1987. Point mutation at the ATP-binding site of EGF receptor
abolishes protein tyrosine kinase activity and alter cellular
routing. Cell 51:199-209.

14. Ives, H. E., and T. 0. Daniel. 1987. Interrelationship between
growth factor-induced pH changes and intracellular Ca2 . Proc.
Natl. Acad. Sci. USA 84:1950-1954.

15. Kamps, M. P., and B. M. Sefton. 1986. Neither arginine nor
histidine can carry out the function of lysine 295 in the ATP-
binding site of p60Sr. Mol. Cell. Biol. 6:751-757.

16. Keating, M. T., and L. T. Williams. 1987. Processing of the
platelet-derived growth factor. Biosynthetic and degradation
studies using anti-receptor antibodies. J. Biol. Chem. 262:7932-
7937.

17. Kipreos, E. T., G. J. Lee, and J. Y. J. Wang. 1986. Isolation of
temperature-sensitive tyrosine kinase mutants of v-abl onco-
gene by screening with antibodies for phophotyrosine. Proc.
Natl. Acad. Sci. USA 84:1345-1349.

18. Orchansky, P., M. Rubinstein, and D. G. Fischer. 1986. The
interferon-gamma receptor in human monocytes is different
from the one in nonhematopoietic cells. J. Immunol. 136:169-
173.

19. Russel, D. S., R. Gherzi, E. L. Johnson, C.-K. Chou, and 0. M.
Rosen. 1987. The protein tyrosine kinase activity of the insulin
receptor is necessary for insulin-mediated receptor down-regu-
lation. J. Biol. Chem. 262:11833-11840.

20. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

21. Sefton, B. M., T. Hunter, and K. Beemon. 1980. Temperature-
sensitive transformation by Rous sarcoma virus, and tempera-
ture-sensitive protein kinase activity. J. Virol. 33:220-229.

22. Sneyder, M. A., J. M. Bishop, J. P. McGrath, and A. D.
Levinson. 1985. A mutation at the ATP-binding site of pp6(,'
abolishes kinase activity, transformation, and tumorigenicity.
Mol. Cell. Biol. 5:1772-1779.

23. Strader, C. D., I. S. Sigal, R. B. Register, M. R. Candelore, E.
Rands, and R. Dixon. 1987. Identification of residues required
for ligand binding to the beta-adrenergic receptor. Proc. Natl.
Acad. Sci. USA 84:4384-4388.

24. Van der Eb, A. J., and F. L. Graham. 1980. Assay of transform-
ing activity of tumor virus DNA. Methods Enzymol. 65:826-
839.

25. Wang, J. Y. J. 1985. Isolation of antibodies for antiphosphoty-
rosine by immunization with a v-abl oncogene-encoded protein.
Mol. Cell. Biol. 5:3640-3643.

26. Williams, L. T., P. M. Tremble, and H. N. Antoniades. 1982.
Platelet-derived growth factor binds specifically to receptor in
vascular smooth muscle cells and the binding in nondissociable.
Proc. Natl. Acad. Sci. USA 79:5867-5870.

27. Williams, L. T., P. M. Tremble, and M. F. Lavin. 1984.
Platelet-derived growth factor receptor form a high affinity state
in membrane preparations. J. Biol. Chem. 259:5287-5294.

28. Yarden, Y., J. A. Escobedo, W. J. Kuang, T. L. Yang-Feng,
T. 0. Daniel, P. M. Tremble, E. Y. Chen, M. E. Ando, R. N.
Harkins, U. Francke, V. A. Fried, A. Ullrich, and L. T. Wil-
liams. 1986. Structure of the receptor for platelet-derived
growth factor helps to define a family of closely related growth
factor receptors. Nature (London) 325:226-232.

29. Zoller, M. J., and M. Smith. 1982. Oligonucleotide-directed
mutagenesis using M13-derived vectors: an efficient and general
procedure for the production of point mutations in any fragment
of DNA. Nucleic Acid Res. 10:6487-6500.

VOL. 8, 1988 5131


