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Two Classes of PDGF Receptor Recognize Different 
Isoforms of PDGF 

Previous studies involving platelet-derived growth factor (PDGF) have been based on 
the premise that a single cell-surface receptor binds all three isoforms of PDGP (AA, 
BB, and AB). It is now shown that two populations o f  PDGF receptor exist and can be 
distinguished by their ligand binding specificity. The B receptor binds only the BB 
dimer, whereas the A/B receptor binds AA, BB, and AB dimers. Human dermal 
fibroblasts appear to express seven times as much B receptor as A/B receptor. The B 
receptor is responsible for most PDGF receptor phosphorylation. 

P LATELET-DERIVED GROWTH FACTOR 
is a potent rnitogen for various types 
of mesenchymal cells (1). In addition 

to its mitogenic activities, PDGF stimulates 
a wide variety of processes, including vaso- 
constriction (2), chemotaxis (3), activation 
of intracellular enzymes such as glycogen 
synthase (4), phosphatidylinositol turnover 
and Ca2+ mobilization (5), rearrangement 
of the cytoskeleton ( 4 ,  and stimulation of 
tyrosine-specific phosphorylation (7). Plate- 
h-derived facto; was originally 
identified (8) and purified (9) from human 
platelets. Pure PDGF from this source con- 
sists of dimers of two polypeptides termed A 
chain and B chain (lo). The major form of 
human platelet PDGF appears to be an AB 
heterodimer. Naturally occurring homodi- 
meric forms of PDGF (AA and BB) have 
also been isolated, from U2-OS osteosar- 
coma cell-conditioned media (1 1) and from 
porcine platelets (12), respectively. 

In earlier studies involving PDGF, the 
existence of a single cell-surface receptor for 
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PDGF was assumed. This receptor was de- 
scribed as a 170- to 180-kD membrane 
glycoprotein with an extracellular ligand- 
binding domain and an intracellular split 
tyrosine kinase domain (13, 14). At 3TC, 
binding of PDGF to this cell-surface recep- 
tor stimulates receptor-associated tyrosine 
kinase activity (14, 15) and internalization 
and degradation of the ligand-receptor com- 
plex (1 6, 17). Given the multitude of events 

Fig. 1. Receptor downregu- 
lation assay. Human dermal 
fibroblasts grown in 24-well 
culture dishes (3 x lo4 cells 
per well) were incubated for 
2 hours at 37°C with in- 
creasing concentrations of 
the three isoforms of 
PDGF: (0) AA, (0) BB, or 
(0) AB. Incubation at 37°C 
was used to allow ligand- 
receptor internalization to 
occur. The cells were 
washed to remove unbound 
ligand, then incubated at 
4°C for 2 hours with 1251- 
labeled (A) AA, (6) BR, (C) 
AB, or (D) PR7212. The 
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that are stimulated after PDGF is added to 
cells in culture, and the recent finding that 
the A chain and B chain genes often appear 
to be independently regulated (18), it 
seemed plausible that the three isoforms of 
PDGF might stimulate effects unique to 
each isoform, either through interaction 
with different classes of PDGF receptor or 
by differential effects on a single receptor. 
To investigate these possibilities, we exam- 
ined each of the three isoforms for their 
receptor-binding characteristics and their 
ability to stimulate PDGF receptor down- 
regulation and receptor phosphorylation. 
For these studies we used recombinant AA 
and BB homodimers that we produced in a 
Saccharomyces cerhiae expression system 
(19), AB heterodimer purified from platelet- 
rich plasma (20), and PR7212, a monoclo- 
nal antibody to a PDGF receptor, which we 
recently described (21 ). 

Binding of PDGF to cells at 37°C leads to 
depletion of cell-surface PDGF binding sites 
resulting from receptor occupation and in- 
ternalization, a phenomenon known as 
downregulation (16). To study ligand-in- 

Ligand concentration (nglml) 

cells wer; washed, harvested 
with Triton X-100 solubilization buffer (28), and the total cell-associated lZ51 was determined. The data 
were plotted as mean binding as a percent of control binding for determinations made from triplicate 
wells of a representative experiment. Variation between experiments was less than 10%. At least three 
experiments were done for each iodinated probe. Nonspecific binding was not subtracted. The inability 
of any ligand to decrease binding of '251-labeled AA below 50% reflects the high level of nonspecific 
binding for this preparation of '251-labeled AA. AA, AB, and antibody PR7212 were labeled with Iz5I 
by use of Iodobeads (Pierce Chemical). BB was labeled with Bolton-Hunter reagent (Du Pont-New 
England Nuclear). 
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Flg. 2. Saturation bin* of 1251-labekd AB and 
BB was determined as previously docribed (28). V- 280 
Bridy, human dermal fibroblasts grown in 24- f ;  2a 
well culture dishes were incubated for 3 hours at 
4°C with increasing concentrations of either '=I- 200 

labeled AB (dosed symbols) or BB (open sym- 160 
bols). The cells were washed to remove unbound B 
ligand and harvested with Triton X-100 sohbili- 5 120 
zation buffcr (28); the total c e l l - d t e d  'q 

80 was then determined. The data were plottcd as g mean value of number of ligand molecules bound = 40 per cell for determinations made from triplicate g 
wells. Nonspeufic binding, determhed by the i 
addition of 100-fold excess unlabeled ligand, was 0 2 4 6 8 

subtracted. R d t s  from three individual cxperi- , 
@2SI-AB], nglml 

ments for each radiolabeled hgand are shown. 
Like symbols for AB and BB are fmm matched 0 10 20 30 a 
experiments. The tyrosine mutant form of BB was @251-BE], nglml 
used ,for these studies (27) and was labekd with 
'=I by use of Iodobeads. The spea6c activities of 
't51-labeled AB and BB were 945 and 149 
cpm/fmol, respectively. 

Fig. 3. Analysis of PDGF Extract  lmrnunoprecipitate 
receptor phosphor~lation in HAc AA B B  AB HAc AA BB AB 
membrane extracts. Mem- - - - - - - - - 

D P  D r  D l ?  D f? 

brane exnaccs of human der- 
mal fibroblasts were pre- 
pared and incubated &th 
[r-32P]aden~ine triphos- m m 
phate (3000 Cilmmol) (Du 
Pont-New England Nuck- 
ar) in the ~resence of 10 nM 

BB, &r AB, or 10 mM 
acetic acid vehide control (HAc) as dcsaibed (21). Thc 32P-hbdcd ormas were a d y d  either 
direah as the starting extract or afar immun&pitation bv antibodv PR7212 (P) a a ncprtivC 
con& monoclonal &body (C), as described (21). -The i m m h P i t a t e d  @ were a d y d  
by SDS-PAGE on an 8% gel in the presence of 5% p-merqto&anol, fbllowcd by automdiography. 
The regions of the dried gel containing the irnmunoprcsipitatcd receptor bands (180 and 164 kD) were 
excised and the 32P in the gel corresponding to each ligand was determined by Chcrcnkov counting 
(counts per minute; in square brackets). 

duced receptor downregulation by the three 
isofom of PDGF, we incubated monolay- 
ers of human dermal fibroblasts with AA, 
BB, or AB at 37°C to allow receptor inter- 
nalization to occur. The fraction of receptors 
remaining at the cell surface was then mea- 
sured by incubation at 4°C with 12s~-labeled 
AA, BB, AB, or PR7212 (Fig. 1). Prein- 
cubation with all d m  isoforms of PDGF at 
37°C had equal effects in reducing subse- 
quent bin- at 4°C of 125~-labeled AA 
(Fig. 1A) and AB (Fig. 1C). In contrast, the 
binding of 12S1-labeled BB (Fig. 1B) and 
PR7212 (Fig. 1D) at 4°C was essentially 
unaffected by AA or AB, but was reduced to 
15% of control by BB (22). AA homo- 
dimers derived from U2-0s osteosarcoma 
cekonditioned medium and BB homo- 
dimers purified fiom platelet-rich plasma 
were also examined and found to give the 
same results as the recombinant forms (23). 

These results suggest that there are two 
PDGF receptor populations, one of which 
binds and is downregulated by all three 
isofom of PDGF and the other of which 
binds and is downregulated only by BB 
homodimers. An alternative interpretation 

of these results invokes a single dass of 
PDGF receptor that binds all three isoforms 
of PDGF but is not internalized after AA or 
AB ligand binding. In this event, the AA or 
AB ligand-occupied receptor would remain 
at the cell surface available for PR7212 
binding (Fig. 1D). To distinguish between 
these possibilities, we examined the ability 
of AA and AB to stimulate receptor internal- 
ization and degradation at 37°C. This was 
done by monitoring the loss of cell-associat- 
ed '"I-labeled AA and AB and the release 
into the culture medium of trichloroacetic 
acid (TCA)-soluble '=I. The results of these 
experiments indicate that both l"l-labeled 
AA and AB are internalized and degraded, 
with a half-time of approximately 45 min 
(23). When methylamine, a lysosomal inhib- 
itor (16), was added to the culture medium, 
the rates of degradation of both 'Z51-labeled 
AA and AB were similarly decreased, with 
the half-time for ligand degradation increas- 
ing to more than 3 hours. These results 
indicate that both '"1-labeled AA and AB 
are internalized and subsequently degraded 
by lysosomal action. The finding that AA 
and AB stimulate receptor internalization 

along with their inability to sigdicantly 
decrease binding sites for '2S~-labeled BB 
after a 37°C incubation (Fig. 1C) support 
the first interpretation presented above. 
That is, two classes of PDGF receptor exist, 
one of which binds and is downregulated by 
all three isoforms of PDGF and the other of 
which binds and is downregulated only by 
BB. 

To determine the number of receptor sites 
for the two classes of PDGF receptor, satu- 
ration biding studies were done with both 
'"1-labeled AB and BB on human dermal 
fibroblasts. The data fiom three indepen- 
dent experiments are plotted in Fig. 2. The 
results show saturable binding for both '"1- 
labeled AB and BB. The mean levels of 
ltgand binding correlate to 31,000 and 
210,000 receptor sites b r  AB and BB, 
respectively, for a ratio of 7: 1 for BB to AB 
binding. 

The d t s  obtained by analyzing ligand- 
induced PDGF receptor phosphorylation 
are consistent with the existence of two 
classes of PDGF receptor that have differ- 
ent ligand binding specificities. Membrane 
extracts of human dermal fibroblasts were 
prpMd and incubated with adenosine 
[y- 2P]aiphosphate in the presence of each 
of the isoforms of PDGF. The BB homo- 
dimer stimulated phosphorylation of pro- 
teins of 180 and 164 kD, detectable in the 
whole membrane m c t s  (Fig. 3). No stim- 
ulation of protein phosphorylation above 
basal level was detected in the membrane 
extracts after addition of either AA or AB. 
When the phosphorylated membrane ex- 
tracts were imrnunoprecipitated with anti- 
body PR7212, bands of 180 and 164 kD 
were observed in all of the test extracts (Fig. 
3). The 180-kD band is the mature cell- 
surface form of the PDGF receptor recog- 
nized by antibody PR7212, and the 164-kD 
band is an intracellular precursor form of 
this molecule (21). Only the BB-treated 
extracts showed stimulation of phosphoryl- 
ation of these two bands above basal level. 
This stimulation was approximately three- 
fold, as determined by Cherenlcov counting 
of the excised bands. Since the binding of 
BB to the receptor at 4°C reduces subse- 
quent PR7212 binding by approximately 
50% (21), the actual level of stimulation of 
phosphorylation by BB is approximately 
sixfold. 

Stimulation of protein phosphorylation 
by the three isoforms of PDGF was W e r  
studied by examining phosphorylation of 
the PDGF receptor in intact cells that had 
been equilibrated with [32P]orthophos- 
phate. BB homodimer stimulated receptor 
phosphorylation of a 180-kD band (23), 
which represents the mature cell-skce 
form of the receptor. The stimulation of 
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phosphorylation was approximately three 
times the basal level. This again is probably 
an underestimate of the amount o f  stimula- 
tion because BB binding reduces subsequent 
PR7212 binding. No stimulation of phos- 
phorylation above basal level was detected 
after AA or AB treatment (23). When the 
precipitated receptor bands were excised 
from the dried gel and subjected to phos- 
phoarnino acid analysis, basal phosphoryl- 
ation of the PDGF receptor was observed 
on both serine and threonine residues with 
most of the phosphorylation occurring on 
serine (23). After BB was added to the 
culture medium there was a marked stimula- 
tion of tyrosine phosphorylation. Only min- 
imal stimulation of tyrosine phosphoryl- 
ation was detected after AA or AB was 
added to the cells (23). 

Our data suggest that there are two classes 
of PDGF receptor, as previously reported 
(24) and that they differ in ligand-binding 
specificity for the three isoforms of PDGF. 
Similar findings have been described by 
Heldin and colleagues (25). One class of 
receptor, the B receptor, binds and is down- 
regulated only by the BB form of PDGF, 
whereas the second class of receptor, the 
AIB receptor, binds and is downregulated 
by AA, AB, and BB. Ligand binding compe- 
tition studies at 4°C have shown the same 
pattern of ligand binding specificity as in- 
ferred from the downregulation studies 
(26). We have also observed the same two 
binding phenotypes of PDGF receptor in 
other species and cell types, including mouse 
3T3 cells and both human and rat smooth 
muscle cells (26). 

The ratio of the two classes of receptor on 
human dermal fibroblasts is approximately 
7 : 1, with the B receptor being the predomi- 
nant form. This ratio was calculated from 
the estimates of ligand binding sites for "'I- 
labeled BB and AB (210,000 BB binding 
sites and 31,000 AB binding sites). This 
ratio is supported by the observation (Fig. 
1) that only 10 to 15% of the binding of 
125~-labeled BB and PR7212 is eliminated 
by prior incubation with AA or AB. This 
large difference in abundance of the two 
receptor classes correlates with our finding 
that BB gives a proportionately greater sig- 
nal for stimulation of phosphorylation than 
does AA or AB, since only BB would acti- 
vate the abundant B receptor. 

Previous studies of 1251-labeled PDGF 
binding have been done with PDGF iodin- 
ated by procedures that specifically label 
tyrosine residues, for example, by use of 
chloramine T, iodine monochloride, and 
Iodogen. Since only the A chain of PDGF 
contains tyrosine, only the AA and AB 
isoforms of PDGF would be labeled in a 
heterogeneous mixture of PDGF purified 

from platelets. Thus, when 12'1-labeled 
PDGF was used as a probe for the detection 
of PDGF receptor, the AIB receptor was 
being monitored. In our studies, we labeled 
BB with '''I either by the Bolton-Hunter 
procedure, which labels primary amines, or 
by using a mutant form of BB that has a 
tyrosine residue substituted for phenylala- 
nine at position 23, thereby allowing us to 
use tyrosine-labeling techniques (27). It 
seems likely that in previous studies in which 
PDGF receptor phosphorylation was moni- 
tored (15), only the B receptor was detected. 

It is not known whether these two classes 
of receptors represent two distinct gene 
products, different post-translational modi- 
fications of a singlegene product, or func- 
tional differences in a single molecule that 
result from different patterns of association 
with other cell proteins. The identification 
of two classes of PDGF receptor that specifi- 
cally bind and are downregulated in re- 
sponse to different isoforms of PDGF will 
necessitate the use of purified preparations 
of each of the three isoforms in order to 
evaluate the biological activities of PDGF 
and to determine which isoform of PDGF 
and which receptor class mediates each of 
the activities. 
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