
A Common PDGF Receptor ISActivated by tion triggers a diverse groupof early cellular 

Homodimeric A and B Forms of PDGF 
responses including the activation of recep-
tor tyrosine kinase (6),increased phosphati-
dylhositol turnover (7),enhanced expres-
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PDGF can be attributed to a single type ofiaccptor and show that the AA hrm, like sequence was determinedfrom a full-length 
the BB hrm,is a truemitogen. cDNA clone (4).The extracellular portion 

of this mouse receptor consistsof a series of 
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kinase activity. Although the mouse recep-
tor that binds lZSI-labeledPDGF in the AB 
form has been identified, p d e d  (3), and A CHO-HRS 

sequenced (4),it has not bcenclear whether AB (dil) BB (nM)  AA (nM)
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into two portions by a 107-amino acid 
"kinase insert" (KI) region that is essential 
for PDGF-induced DNA synthesis (1 6).We 
have now obtained the Gll-length human 
cDNA clone (17). The sequences of the 
human and mouse receptors are highly con- 
served in the intracellular region (96% iden- 
tity) and very similar in the extracellular 
domain (77% identity). The human recep- 
tor, like its murine homolog, contains five 
immunoglobulin-like domains in the extra- 
cellular region as well as kinase and kinase 
insert regions in the intracellular region. 

To  determine whether A chain and B 
chain homodimers can activate a common 
receptor and whether they can elicit similar 
responses in the same target cells, we ex- 
pressed the human receptor cDNA in CHO 
cells, which normally lack PDGF receptors. 
The expression of the receptor protein in the 
transfectants was demonstrated by using 
antibodies that recognize an intracellular 
sequence in the receptor (18). The clone 
that had the highest level of human receptor 
expression was chosen for further study. 
This transfectant had receptors that could be 
labeled with '25~-labeled PDGF (Fig. 1). We 
tested the ability of the human recombinant 
AA and BB homodimers to compete for the 
receptor sites and displace 125~-labeled 
PDGF. Each homodimer was ~roduced se-
lectively by a yeast expression system that 
uses a hybrid promoter (regulatory region 
of the alcohol dehydrogenase I1 promoter 
(ADH-11) and the 3' region of the glyceral- 

Fig. 3. Rate of DNA 
synthesis and cell pro- 
liferation in CHO-
transfected cells. (A) 
Balblc 3T3 cells and 
CHO cells transfected 
with the human PDGF 
receptor cDNA 
(CHO-HR5) were 
grown in quiescent 
media [Ham's F-12 
supplemented with 
0.1% bovine serum 
albumin (RSA) (Sig-
ma) and transferrin (5 
pglml)]. Then cultures 
were incubated with 
saturating concentra-
tions of the three 
forms of PDGF ( A 4  
30 nM, BB, 3 nM; and 
AB, 1:100 dil). Un- 
treated cells and cells 
treated with 10% fetal 

dehyde 3-phosphate promoter) and the al- 
pha-factor leader sequence to allow secre- 
tion of the recombinant protein (19, 20). 
The expressed A chain in-this system con- 
tains 110 amino acids, starting at a serine 
residue that defines the amino terminus of 
the mature form of A chain PDGF produced 
by human umbilical vein endothelial cells 
(21, 22). The B chain expressed in yeast 
starts at the serine residue that defines the 
amino terminus of the mature form of B 
chain PDGF and includes 109 amino acids 
from the PDGF B form (23).Each homo- 
dimer was purified from yeast medium that 
is devoid of other mesenchymal cell growth 
factors, thus avoiding the artifact of con- 
tamination by factors that might be present 
in mammalian expression systems. Both AA 
and BB forms of PDGF competed for the 

partially purified AB PDGF to activate the 
receptor tyrosine kinase. The yeast-derived 
AA and BB homodimeric forms and the 
platelet-derived AB form stimulated auto- 
phosphorylation of the transfected human 
receptor (Fig. 2A). The concentration of 
each form that was effective in stimulating 
autophosphorylation of the transfected hu- 
man receptor was identical to the concentra- 
tion that gave a similar autophosphorylation 
to the native mouse 3T3 receptor (Fig. 2B) 
or the transfected mouse receptor (24). 
These results show that the AA form of 
PDGF activates the receptor tyrosine kinase 
and that the human cDNA encodes a recep- 
tor that is hnctionally equivalent to the 
wild-type receptor that is responsible for 
PDGF-stimulated tyrosine kinase activity in 
mouse 3T3 cells. In addition, immuno-

in the human precipitation of lysates from cells stimulated sites labeled with 1 2 5 ~ - ~ ~ ~ ~  
receDtor transfectants. For the transfected 
human receptor as well as the native mouse 
receptor, the BB form was of higher affinity 
than the AA form (Fig. 1). It is possible that 
when expressed in yeast, the ,%A form of 
PDGF is processed aberrantly, thus giving it 
a low affinity. Regardless, the consistency of 
the pattern of competition shows that the 
AA form interacts with the transfected hu- 
man receptor in the same way as it does with 
the native mouse 3T3 receptor and suggests 
that these receptors are functionally identi- 
cal. 

We also tested the ability of recombinant 
AA and BB homodimers and of human 

Control 

0FCS 
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with the different forms of PDGF (AA, BB, 
and AB) followed by immunoblot with an 
antibody to phosphotyrosine indicates that 
all forms of PDGF induced receptor auto- 
phosphorylation (Fig. 2C). 

Transfection of C H O  cells with either 
human or mouse PDGF receptor confers a 
PDGF-sensitive mitogenic response (Fig. 
3). All forms of PDGF stimulated DNA 
synthesis in both the human receptor trans- 
fectant and the mouse cells bearing the 
native receptor (Fig. 3). These data show 
that the A chain homodimer and the B chain 
homodimer, like the AB platelet-derived 
form, are mitogens that can act through the 
receptor encoded by this human cDNA 
sequence. The mitogenic action of these 
forms of PDGF on mouse 3T3 cells appears 
to be mediated by a receptor that is func- 
tionally identical to the transfected human 
receptor. The apparent affinity of the A 
chain homodimer for both 3T3 and the 
transfectants is lower than the affinity of the 
B chain homodimer. All of the effects of the 
A chain homodimer exhibit this low appar- 
ent affinity, an indication that the A chain 
homodimer used for these experiments 
might be aberrantly processed in the yeast 
system. Although we cannot exclude the 
possibility that additional forms of PDGF 
receptor exist in other cell types, all of the 
responses we have measured in Balb/c 3T3 
cells can be attributed to a single type of 
receptor. 

These experiments were made possible by 
the availability of growth factor prepara- 
tions devoid of contamination with other 
growth factors and by the use of a receptor 
expression system in which all of the mea- 
sured PDGF responses could be attributed 
to this single transfected receptor cDNA. 
Our study indicates that in 3T3 cells and in 
the CHO transfectant (CHO-HR5) a single 
receptor type can account for the binding of 

calf serum (FCS) were used as negative and positive controls, respectively. The level of [3H]thymidiie 
incorporation into DNA was determined by measuring the radioactivity of the acid-precipitable 
material as described (21). The result is expressed as percentage of maximum thymidine incorpora- 
tion. Means (+ SD) of three independent determinations are shown. (B) CHO cells and CHO-HR5 
cells transfected with the human cDNA were plated in 24-well plates at a cell density of 2500 cells per 
well. After 3 days in quiescent media (as above), the cells were stimulated with a saturating 
concentration of PDGF (AA, BB, or AB) as indicated. Cell number was determined by counting the 
cells at 24-hour intervals. The values in this figure represent the means of three independent 
determinations. 
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ligand to its receptor, activation of tyrosine 
kinase, and the stimulation of DNA synthe- 
sis by both the AA and BB forms of PDGF. 
The native mousc receptor and the human 
reccptor encoded by the cDNA sequence 
reported here are functionally identical in 
mediating these activities. These findings 
show that the AA form of PDGF is an 
authentic growth factor that acts through 
the same mitogenic pathways as previously 
studied RB and AR forms. 
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Chloroplast Transformation in Chlamydommmwith 
High Velocity Microprojectiles 

Bombardment of three mutants of the chloroplast atpB gene of Chlamydmnonm 
reinhardtii with high-velocity tungsten microprojectiles that were coated with cloned 
chloroplast DNA carrying the wild-type gene permanently restored the photosynthetic 
capacity of the algae. In most transformants of one of the mutants, a fragment with a 
2.5-kilobase deletion was restored to normal size by a homologous replacement event; 
in about 25 percent of the transformants the restored restriction fragment was 50 to 
100 base pairs smaller or larger than that of wild type. About one-fourth of the 
transformants of this mutant contained unintegrated donor plasmid when first 
examined. This plasmid persisted in four different transformants after 65 cell genera- 
tions of continuous liquid culture but was lost from all transformants maintained on 
plates of selective medium. The restored wild-type atpB gene remains in all transfor- 
mants as an integral part of the chloroplast genome and is expressed and inherited 
normally. 

VIEW OF THE EASE WITH WHICH 

nuclear genes of plant and animal cells IN 

can be transformed, the lack of reliable 
methods for introducing genes into mito- 
chondria or chloroplasts is noteworthy. 
While mitochondria1 transplantation by mi- 
croinjection has been successful ( I ) ,  previ-
ous accounts of DNA mediated transforma- 
tion of yeast mitochondria (2)and tobacco 
cl~loroplasts(3)have not been verified in the 
literature. However, indirect "transforma- 
tion" of chloroplasts or mitochondria has 
been accomplished by introducing con-
structs into the nucleus carrying an organelle 
gene with an added amino-terminal transit 
sequence to target the protein to the organ- 
elle (4) .  Direct transformation of chloro- 
plasts and mitochondria has been difficult 
because both organelles are bounded by 
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double membrane envelopes that may hin- 
der nucleic acid transport (5) and because 
many genetically polyploid organelles are 
present in most eukaryotic cells. We report 
here that the newly developed "biolistic" 
DNA delivery process utilizing high velocity 
microprojectiles (6) circumvents these prob- 
lems, probably by direct introduction of 
many copies of a gene into the chloroplast. 
This process is also proving effective for 
introducing DNA into the nuclei of higher 
plants (7)and for nuclear (8)and mitochon- 
drial (9) gene transformation of yeast. 

The single cup-shaped chloroplast of the 
unicellular green alga Chlamydomonm rein- 
hardtii is a favorable target for bombard- 
ment by DNA-coated microprojcctiles, 
since it lies adjacent to the plasma membrane 
along most of the periphery of this 10-ym 
diameter cell (5 ) .For transformation recipi- 
ents, we used three pl~otosynthetically defec-
tiVC mutants (Fig. 1 ~ )  with lesions in the ac-
u-c locus (10-12), which defines the chloro- 
plast atpB gene encoding the P subunit of 
the C F ~  the 
sine triphosphate (ATP) synthase. The mu-
tant a-i-c-2-21 (CC-373) has a 2.5-kb dele- 
tion in the &am 10 restriction fragment 
spanning this gene; the deletion extends 
from the 3' half of atpB into the 22-kb 
inverted repeat of the chloroplast genome. 
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