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Extract: A431 
X I 9  IgG (pg): 0.8 0.2 0.8 0.2 

Fig. 2. Immunoprecipitation of da- fivm 
metabolicaUy labeled CHO and A431 cells. Cells 
were labeled with ["S]mcthionine and [3sS]cys- 
teim for 3 h o w  and chased for 1 hour in normal 
growth media as described (14). Immunoprecipi- 
tations were carried out with -250 clg of cell 
extract, and either 0.8 or 0.2 pg of anti-clathrin 
IgG (14). After 3 hours on ice, 5 pg of a6inity- 
purified goat antibody to mouse IgG was added 
for an additional 15 min at room temoerature. 
Immune complexes were adsorbed to ~t&h~lococ- 
cus aureus. washed. amhed on 6% SDS-wlv- 
acrylamid; gels, Ad a;toradiographed as' di- 

'* scribed (14). 

Nothing is known about the transport 
vesides that carry man6P receptors from late 
endosomes to the TGN. We used a mono- 
dona1 antibody (X19) that recogniza an 
epitope on the dathrin heavy chain (5) to 
investigate the possible role of dathrin and 
dathrin-coated vesides in man6P receptor 
recycling. X19 Fab fi-agments inhibit the 
assembly of clathrin baskets from p d e d  
dathrin triskelions, and intact X19 IgG 
(immunoglobulin G) induces the formation 
of large mats of dathrin aggregates (6). In 
addition, the intact antibody has been 
shown to inhibit both fluid phase endocyto- 
sis and receptor-mediated endocytosis when 
introduced into the cytoplasm of Afiican 
green monkey kidney cells (7). 

To verifj that antibody X19 could inhibit 
a dathrin-dependent transport process in 

vim, we tested the effect of X19 on transfer- 
rin endocytosis using an assay described by 
Smythe et al. (8). In this assay, A431 human 
epidermoid carcinoma cells are incubated 
with '2S~-labe1ed transferrin at 4OC to label 
cell d c e  transferrin receptors. Cells are 
then gently broken by scraping, and the 
"semi-intact" cells are incubated at 37°C in 
the presence of cytosol and ATP to permit 
dathrin-coated veside formation and endo- 
cytosis. T d e r r i n  endocytosis is then as- 
sessed by an imrnunoassay that measures the 
aquired inaccessibility of transfenin to 
tramfenin antibodies (8). In vitro endocyto- 
sis is ATP- and cytosol-dependent (8). 
Slight mod&cations were incorporated to 
make the in vitro endocytosis conditions as 
similar as possible to those of the man6P 
receptor recycling assay. 

In control reactions, the extent of endocy- 
tosis and its dependence on temperature 
(Table 1) were essentially identical with that 
reported by Smythe et al. (8). In the pres- 
ence of anti-dathrin X19 IgG, endocytosis 
was inhibited up to -65%, relative to the 
amount of endocytosis observed in the pres- 
ence of an equal amount of a control IgG of 
the same subclass. 

At the highest concentration used, X19 
IgG was present at a roughly fivefold molar 
excess relative to dathrin (9). Nevertheless, 
the inhibition of transfenin endocytosis was 
incomplete. A possible explanation for these 
findings, which is consistent with previous 
electron microscopy (8), would be that a 
proportion of the transfenin resided in al- 
most completed coated pits at the beginning 

Table 1. Effect of anti-clathrin IgG on transferrin endocytosis by human A431 cells in vim. Reactions 
were carried out as described (8). Briefly, after bindug radiolabeled transfkmh at 4°C semi-intact cells 
were prepared and incubated at 31% with ATP and cytosol to permit endocytosis. After chilling, anti- 
transkrrin antibodies were added to bind to exposcd (nonendocytosed) transferrin molecules. 
Membranes were then s o l u b i i  in the presence of transkrrin and Staphylococcus aureus cells to bind 
antibody-tagged, accessible transferrin, inaccessible (endocytosed) transferrin (which lacked bound 
antibody) was quantified by counting the supernate fraction obtained after low-speed cenmfugation (8) 
and is stated +SEM for three expaiments. Radioactivity in the 0°C supernatants was taken as 
background and was subtracted from samples incubated at 31°C to obtain counts per minute of 
transferrin endocytosed. The following modi6cations were made to make the endocytosis assay as 
similar as possible to the man6P receptor recycling assay. Cells grown in l o a n  dishes were scraped in 
the presence of 0.8 ml of reaction mix, containing protease inhibitors [aprotinin (0.425 Ulml), 
leupeptin (12.5 pg/ml), pepstatin (1.25 a ) ] ,  buffer (25 mM HepedKOH, 1.5 mM magnesium 
acetate, and 115 mM KC4 pH 7.2), ATP (1.25 mM), creadne phosphate (18.75 mM), creatine 
phosphokinase (26.25 IUIml), 2.5 mM MgCI,, and CHO cytoml (-120 pglrnl). Fifjr-microliter 
aliquots were dispensed into mimfuge tubes. One set was maintained at O°C, a second set received 
control IgG (29B5, an IgGl directed against dinitrophenol), and the third received X19 IgG (also an 
IgG,). The latter two sets were incubated at 31°C for 10 min and then returned to ice. IgG was purified 
as described (5). 

Conditions 
Inaccessible Back- 

ground 
Percent 

transferrin sub- of 
(c~m) tracted control 

ground 
sub- 

l'ercent 
of 

--trol 

No addition, 0°C 
+ Control IgG, 32 pdml 
+ Anti-dathrin IgG, 32 pdml 

+ Control IgG, 100 pghnl 
+ Anti-daduin IgG, 100 &ml 

Table 2. Effect of anti-clathrin I& on endocwe 
sis in broken CHO cells. ~ransfirrin endocyt'osis 
was carried out with CHO cells cx~ressine human 
uanskrrin receptors (10) in the ~cesenc~  of 100 
clg of the indicated IgG p a  milliliter as described 
in Table 1. ATP dependence was asermined by 
carrying out reactions in the presence of either 56 
Ulml glycerokinase and 10 mM glycerol or an 
ATP regenerating system (2); glycerol (10 mM) 
was added to the conml incubations and had no 
effect. Radioactivity (counts per minute) observed 
in the absence of ATP has been subtracted (10). 
Values are means + SEM. CeIls on polylysiie, 
three experiments; cdls on collagen, four arpcri- 
ments. 

ATP- 
dependent 

Conditions inaccessible 
transferrin 

(cpm) 

Pcrccnt 
of 

control 

Cells on polylysine 
+ control IgG 125 k 12 
+ anti- IgG 44 2 30 

woncol lagen 
+ control IgG 249 + 57 
+ anti-dathrin IgG 161 k 33 

ofthe transport reaction. In this case, endo- 
cytosis would require very little clathrin 
assembly, making it impossible for the anti- 
body to inhibit all endocytosis. Despite this 
limitation, significant inhibition was ob- 
served. 

Receptor-mediated endocytosis was in- 
hibited by clathrin-specific antibodies in a 
dose-dep&dent manner (Fig. 1, closed sym- 
bols), as would be expectafrom published 
eqmiments (7). In contrast, the same con- 
centrations (and preparations) of X19 IgG 
had no effect on the recycling of the 300-kD 
man6P receptor h m  late endosomes to the 
TGN (Fig. 1, open triangles), relative to the 
amount of transport measured in the pres- 
ence of an equal concentration of control 

X19 IgG blocks dathrin hc t ion  in Afii- 
can monkey kidney cells (7). We have 
shown here that this antibody can block 
endocytosis in human A431 cells in semi- 
intact cell extracts supplemented with CHO 
cell cytosol. We es-te that these reactions 
wntained at most -20 pg of human clath- 
rin per milliliter (from the A431 cells) and 
-20 pg of CHO clathrin per milliliter (from 
the added cytosol) (9). In contrast, man6P 
receptor recycling assays contained a total of 
-40 pg of CHO dathrin per milliliter. It 
was therefore important to rule out the 
possibility that X19 IgG did not inhibit 
man6P receptor recycling because it did not 
remgnhe CHO cell clathrin. For this pur- 
pose, equal amounts of extracts from meta- 
bolically labeled A431 and CHO cells were 
imm~&~reci~itated with limiting concen- 
trations of X19 IgG and analyzed for dath- 
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rin immunoprecipitation by SDS-polyacryl-
amide gel electrophoresis and autoradiogra
phy. The precipitation of clathrin by X19 
IgG, from either A431 or CHO cells, was 
virtually indistinguishable (Fig. 2). Thus, 
X19 IgG appears to bind to human and 
Chinese hamster clathrin with similar affini
ty. In addition, A431 and CHO cells con
tain roughly equivalent amounts of clathrin. 

To demonstrate unequivocally that XI9 
IgG could inhibit clathrin function in semi-
intact CHO cells, we adapted the endocyto-
sis assay (8) described above for use with 
CHO cells expressing human transferrin re
ceptors (10). For this purpose, it was essen
tial to grow the CHO cells on polylysine- or 
collagen-coated dishes to obtain semi-intact 
cells that could internalize 1251-labeled trans
ferrin in an ATP-dependent manner (10). 
X19 IgG inhibited the ATP-dependent en-
docytosis of transferrin by semi-intact CHO 
cells by as much as 65% when cells were 
scraped from polylysine-coated dishes (Ta
ble 2). Somewhat less inhibition (36%) was 
observed if cells were scraped from collagen-
coated dishes; this is likely to reflect a differ
ence in antibody accessibility to the cyto
plasmic components in each type of broken 
cell. In summary, these data show that X19 
IgG inhibits receptor-mediated endocytosis 
in broken CHO cells to a similar extent as 
that observed in broken human A431 cells 
(Table 1) or intact monkey kidney cells (7). 

Clathrin-coated vesicles mediate fluid 
phase and adsorptive endocytosis. Clathrin 
is also thought to function at the TGN, in 
the diversion of lysosomal enzymes and 
secretory storage granule content away from 
constitutively secreted and membrane pro
teins bound for the cell surface (11). We 
have used antibodies that disrupt clathrin 
assembly, in conjunction with two different 
in vitro assays, to show that clathrin-coated 
vesicles appear not to carry man6P receptors 
from prelysosomes back to the TGN. This 
represents the first direct indication that in a 
transport cycle in which clathrin mediates 
the forward reaction (TGN export), another 
type of transport vesicle may be utilized for 
the reverse transport step (TGN import). In 
addition, since the transport of proteins 
from late endosomes to the TGN is a selec
tive process (2), these data rule out a model 
in which the protein, clathrin, coats all 
transport vesicles involved in selective intra
cellular transport steps (11). 

Our findings spotlight an interesting 
problem, namely, how clathrin-coated vesi
cle components recognize and capture 
man6P receptors at the TGN and not in 
prelysosomes. It has been proposed (12) 
that Golgi-specific "adaptin" proteins (13) 
sequester man6P receptors into clathrin-
coated pits at the TGN. If this model is 

correct, our results imply that the adaptins 
(or adaptin-like proteins) must somehow be 
released from man6P receptors, either con
current with the uncoating of these trans
port vesicles or after delivery of man6P 
receptors to their target organelle. In addi
tion to proteins that accomplish cargo rec
ognition, transport vesicles must also pos
sess proteins that specify their organelle 
targets. Identification of the proteins that 
recognize man6P receptors in prelysosomes 
and direct them to the TGN represents an 
important challenge for the future. 
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growth factor has also been implicated in a 
variety of pathologic states including cancer 
(2). PDGF is a disulfide-linked dimer con
sisting of two related polypeptide chains, 
designated A and B, that are products of 
different genes. The gene encoding the hu
man PDGF B chain is the normal counter
part of the v-sis oncogene (3). PDGF A and 
B chains are approximately 40% related (4) 
and contain eight conserved cysteine resi
dues (5, 6). PDGF A and B chains can form 
homodimers as well as the AB heterodimer, 

Molecular Localization of the Transforming and 
Secretory Properties of PDGF A and PDGF B 

WILLIAM J. LAROCHELLE, NEILL GIESE, MARY MAY-SIROFF, 
KEITH C. ROBBINS, STUART A. AARONSON 

Human platelet-derived growth factor (PDGF) is a connective tissue cell mitogen 
comprised of two related chains encoded by distinct genes. The B chain is the homolog 
of the y-sis oncogene product. Properties that distinguish these ligands include greater 
transforming potency of the B chain and more efficient secretion of the A chain. By a 
strategy involving the generation of PDGF A and B chimeras, these properties were 
mapped to distinct domains of the respective molecules. Increased transforming 
efficiency segregated with the ability to activate both a and P PDGF receptors. These 
findings genetically map PDGF B residues 105 to 144 as responsible for conforma
tional alterations critical to P PDGF receptor interaction and provide a mechanistic 
basis for the greater transforming potency of the PDGF B chain. 
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