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 X19
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 '**I-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
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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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Molecular Localization of the Transforming and
Secretory Properties of PDGF A and PDGF B

WILLIAM J. LAROCHELLE, NEILL GIESE, MARY MAY-SIROFF,
KerrH 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 v-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 « and 3 PDGF receptors. These
findings genetically map PDGF B residues 105 to 144 as responsible for conforma-
tional alterations critical to B PDGF receptor interaction and provide a mechanistic
basis for the greater transforming potency of the PDGF B chain.

UMAN PLATELET-DERIVED GROWTH
factor (PDGF) is a major mitogen
for cells of connective tissue origin
that is involved in development and wound
healing (7). Abnormal expression of this

W. J. LaRochelle, N. Giese, M. May-Siroff, S. A. Aaron-
son, Laboratory of Cellular and Molecular Biology,
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National Institutes of Health, Bethesda, MD 20892.

K. C. Robbins, Laboratory of Cellular Development and
Oncology, National Institute of Dental Research, Na-
tional Institutes of Health, Bethesda, MD 20892.

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,
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and there is evidence for the natural occur-
rence of all three isoforms (7).

Although homodimers of either PDGF A
or B are mitogenic as well as chemotactic for
cells possessing the appropriate PDGF re-
ceptor (8), major differences in their biolog-
ic properties have been observed. The
PDGEF B chain gene exhibits 10- to 100-fold
greater transforming efficiency in the NIH
3T3 transfection assay (9). Moreover, its
product remains tightly cell associated (10),
whereas the PDGF A chain is efficiently
secreted (9). In addition, the two molecules
differentially bind and activate the products
of two distinct genes, encoding, respective-
ly, the « and B PDGF receptor (11, 12).
Whereas PDGF B interacts with either re-
ceptor, PDGF A binds and triggers only the
o PDGF receptor (8, 13). In the present
study, we constructed chimeras of PDGF A
and B chains in an effort to map domains of
each that potentially influence their normal
functions and role in pathologic processes.

Chimeric constructs were developed with
the use of preexisting or engineered (14)
common restriction endonuclease sites with-
in the PDGF A or PDGF B coding se-
quences. Each chimera was designated on
the basis of the codon at which the recombi-

nation was performed. Four of the chimeric
constructs, A”’B*, B®A%, A''B!"®  and
B'7®A'78 were designed to maintain the
functional integrity of the PDGF B minimal
transforming domain (15) or the analogous
region of PDGF A (Fig. 1). An additional
six constructs further dissected the minimal
transforming domain. The A*B! and
B!*A!* chimeras divided the transforming
region roughly in half, whereas A'*B'% and
B!®A!% chimeras as well as A**B'>S and
B'3*A'5* chimeras further subdivided the
minimal transforming domain (Fig. 1).

All wild-type parental and recombinant
PDGF constructs were transferred into a
vector containing the metallothionein pro-
moter (MMTneo) and analyzed for trans-
forming activity by transfection of NIH 3T3
cells. Since the MMTneo vector also con-
tained a dominant selectable neomycin
marker gene, it was possible to score neomy-
cin-resistant colony formation for each plas-
mid as well. Thus, we were able to precisely
compare the specific transforming efficien-
cies of each construct.

The PDGF B expression vector had ap-
proximately 25-fold higher transforming ef-
ficiency than that of PDGF A (Fig. 1), as
previously reported (9). The A*’B* and

Relative
FFU/0° CFU transforming
efficiency

ATG

L TfA 0
PDGFA [ IS SN TA Y, 3.0 x 10 1

1 | T ]

ATG i P i 2 e

[t i 1 1 1
PDGF B ( [9 cCccC Ce | 7.5 x ‘IO1 25

1 ! Minimal ! 241

a— transforming —p
H domain i

A7 B [ ] 88x10' 29
Be® A%8 [ V277 7 4.0 x 10° 1
A104 B106 l’/ A ‘I 9.8)(101 33
B105 A105 [ | % 7| 6.0 x 10° 2
A143B145 [ 1 ] 3.0 x 10° 1
B 144 A144 [ | % % 1.0 x 102 33
A153 B155 [/ ] ] 4.0 x 10°
B34 ATS4 | 7 7.5 x 10' 25
A177B179 [ | | 3.0 x 10°
B178 A178 | | % 1 1.0 x 102 33
Y- RN o0 | % 7 1.1 x 102 36
BA'O4 144 | V.7 ] 20 x 10° 1

Fig. 1. Transforming activity of PDGF chimeric constructs. Chimeric PDGF molecules were
constructed by recombination of PDGF A (hatched box) and B (open box) genes at a common
preexistent or engineered (15) restriction endonuclease sites. The structure of each recombinant was
verified by a combination of restriction endonuclease mapping and nucleotide sequence determination.
NIH 3T3 cells were transfected with each recombinant DNA molecule by the calcium phosphate
precipitation technique (22). Transfected cultures were either scored for colony formation in the

presence of G418 (23) or for focus-forming activity as described (9). Data shown represent the mean
values of three experiments. Relative transforming efficiency was calculated by dividing the number of

foci (FFU) by the number of colonies (CFU) per nanogram of DNA for each construct relative to that

obtained with PDGF A. Minimal transforming domain (15) and cysteine residues essential (C) or

nonessential (c) for PDGF B transformation (5) are shown.
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B!8A!78 chimeric constructs, which both
contained the minimal transforming domain
of the PDGF B gene product, had high
transforming efficiency, similar to that of the
wild-type PDGF B construct. In contrast,
B%A% and A'7B!” chimeric constructs,
which possessed the analogous domain of
PDGF A, had low specific transforming
efficiency, equivalent to that of PDGF A
(Fig. 1). Chimeras A'*B!% B4A144 and
B'*A%* also possessed high specific trans-
forming efficiency, whereas the reciprocal
chimeras, B]OSAIOS, A143B]45, and A153B155,
respectively, were only weakly transforming.
Verification of our chimeric constructs was
accomplished by subjecting each transfec-
tant to immunoprecipitation analysis with
antisera specific to PDGF A or PDGF B
NH,- or COOH-termini. In each case, the
transfectants  containing each chimera
showed the expected PDGF A or PDGF B
antigenic determinants and predicted inter-
mediate sizes relative to PDGF A or PDGF
B. All of these findings suggested that ami-
no acid residues 105 to 144 of PDGF B
were responsible for its more potent trans-
forming activity (Fig. 1).

To test this hypothesis directly, we substi-
tuted only the minimal regions mapped
above as being responsible for differences in
transforming activities of the native PDGF
A and B molecules. The AB!%14 chimera
possessed high specific transforming activi-
ty, indistinguishable from that of PDGF B
(Fig. 1). Conversely, substitution of PDGF
A codons 104 to 144 for those of PDGF B
reduced transforming activity of the result-
ing chimera to that of the PDGF A mole-
cule. Thus, the domain encompassed by
PDGF B amino acid residues 105 to 144
was responsible for its more potent trans-
forming properties.

Previous studies of the compartmentaliza-
tion of PDGF A and PDGF B in trans-
formed NIH 3T3 fibroblasts have shown
that PDGF B remains tightly membrane
associated, whereas PDGF A is efficiently
secreted into culture fluids (9). No obvious
structural motif such as hydrophobic
stretches that might cause retention of
PDGF B has been observed. Thus, we
sought to identify the domains responsible
for differences in secretion of the two mole-
cules and whether such a domain could
account for their different transforming po-
tencies. After metabolic labeling of cultures
for 4 hours, conditioned medium as well as a
crude cell membrane fraction of each trans-
fectant were subjected to immunoprecip-
itation analysis with a panel of PDGF anti-
bodies. Crude membrane preparations of
each transfectant showed roughly compara-
ble levels of PDGF immunoreactive protein.
However, only those chimeras that con-
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tained PDGF A COOH-terminal amino
acid residues 178 to 211, namely B®A%,
BIOSAI05 BI4AI44 RIS4AISE 5] BITBAITS,
were found to be efficiently secreted. The
B!®A!™® chimera, which contained only
PDGF A amino acid residues 178 to 211,
was efficiently released, whereas the recipro-
cal chimera, A"’B'”®, remained more than
90% membrane associated (Fig. 2).

To confirm our immunologic findings,
we analyzed mitogenic activities associated
with culture fluids and crude membrane
preparations of transfectants containing pa-
rental or chimeric PDGF constructs. Com-
parable mitogenic activity was detected in
each crude membrane fraction. However,
only in the case of PDGF A and those
chimeras containing at least the COOH-
terminal 34 amino acid residues of PDGF A
was mitogenic activity detectable in culture
fluids. In each case, the mitogenic activity was
specifically inhibited by neutralizing PDGF
antibody, establishing the PDGF-related na-
ture of the secreted mitogen. Again, potent
transforming activity mapped to PDGF B
amino acid residues 105 to 144 (Fig. 1).
Thus, localization of the domain responsible
for differences in PDGF A and B secretory
properties to their COOH-terminal regions
excluded this property as being responsible
for their different transforming activities.

We next investigated whether PDGF re-
ceptor binding or activation, or both, might
be responsible for the differences in onco-
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Fig. 2. Compartmentalization of PDGF chimeric
constructs. NIH 3T3 cells transfected with
A'7B' or B'"A'"® were metabolically labeled as
described (10). Crude cellular membranes or con-
ditioned media were examined by immunoprecip-
itation with the antibodies indicated. In some
cases, antibodies were incubated with excess ho-
mol peptide (lanes 2). Immune complexes
were by SDS—polyacrylamide gel elec-
trophoresis (PAGE) under nonreducing condi-
tions, and results were visualized by fluorography
for 12 days (cell membrane) or 36 hours (condi-
tioned medium).
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Fig. 3. Tyrosine phosphorylation
of a and  PDGF receptors in NIH
3T3 cells expressing PDGF chime-
ras. NIH 3T3 cells (lane 1) or
transfectants expressing PDGF A
(lane 2), PDGF B (lane 3), or the
chimeric PDGF constructs (lanes 4
through 15) were incubated over-
night in Dulbecco’s modified Ea-
gle’s medium containing 25 uM
ZnCl,. After 16 hours, cells were B
washed with phosphate-buffered
saline and 1.0 mM sodium ortho-
vanadate, and lysed as described
(8). Protein extracts were immuno-
precipitated with antibodies specif-
ic for a (A) or B (B) PDGF recep-
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tor peptides (8, 11). Immunoprecipitated proteins were blotted to Immobilon-P and probed with an
anti-phosphotyrosine specific antibody (8, 11). Filters were treated with '*I-labeled protein A and
subjected to autoradiography. The electrophoretic mobility of ppl80 « and B PDGF receptors are
shown. In some cases immature forms of PDGF receptors were recognized as well.

genic potency of PDGF A and B. We exam-
ined the steady-state level of tyrosine phos-
phorylation of a and B receptors expressed
in NIH 3T3 transfectants containing either
wild-type PDGF A or B constructs as well as
each of the chimeras. To do so, cell lysates
were enriched for each receptor by immuno-
precipitation with a or B PDGF receptor—
specific peptide antisera followed by im-
munoblotting with antibody to phosphotyr-
osine. As shown in Fig. 3, NIH 3T3 cells
showed no detectable a or B PDGF receptor
tyrosine phosphorylation. As expected from
known receptor binding properties of cach
ligand (8, 13), NIH 3T3 cells that expressed
PDGEF A were phosphorylated at tyrosine in
the 180-kD a but not B PDGF receptor
species. In contrast, both 180 kD « and B
PDGF receptor specics were tyrosine phos-
phorylated in PDGF B—producing cells
(Fig. 3). The specificity of the antibody was
demonstrated by the ability of phosphotyro-
sine but not phosphoserine or phospho-
threonine to compete for immunodetection
of these proteins.

When the steady-state level of PDGF
receptor tyrosine phosphorylation was ex-
amined in transfectants containing the
PDGEF chimeras, readily detectable levels of
the activated 180-kD o PDGF receptor
were observed in each case (Fig. 3). Howev-
er, there was chronic activation of the 180-
KD B IDCE e s o
BA4, as well as B'®A'7® chimeras, all
of which contained at least PDGF B ami-
no acid residues 105 through 144. The
AB!' chimera, which substituted only
PDGF B amino acid residues 105 through
144 into the analogous region of PDGF A,
had the same pattern of receptor tyrosine
phosphorylation as observed with PDGF B
(Fig. 3). Conversely, the switch of analo-
gous PDGF A amino acid residues into
PDGEF B led to a pattern of receptor tyrosine

phosphorylation indistinguishable from that
of PDGF A. These results show that amino
acid residues 105 through 144 are responsi-
ble for the ability of PDGF B to preferential-
ly bind and activate the B PDGF receptor
and genetically map the increased transform-
ing activity of PDGF B molecule to these
same residues.

Whereas all chimeras activated the a
PDGEF receptor, there was a complete corre-
lation between increased transforming effi-
ciency and the ability to activate  PDGF
receptors as well. The domain of PDGF B
that was responsible for these findings was
genetically mapped to encompass codons
105 to 144. Immunochemical studies have
shown that this domain contains a surface
epitope important for PDGF receptor bind-
ing and activation (16). Our present studies
establish that this domain is not only critical
to PDGF receptor triggering, but is the
major determinant of subtle conformational
differences that specify interaction of PDGF
B with the B PDGF receptor.

We also mapped an independent domain
responsible for the differences in PDGF A
and B secretory properties to the COOH-
terminal amino acid residues of PDGF A or
PDGEF B. These findings indicate that either
the PDGF B COOH-terminus causes its pref-
erential cell association or the analogous do-
main of PDGF A promotes its secretion. The
former seems less likely since normal process-
ing of PDGF B leads to removal of its
COOH-terminus at the cell surface, without
significant release into culture fluids (10, 17).

The quantitative differences in transform-
ing activities of PDGF A and B chain genes
for NIH 3T3 cells in vitro correlate with in
vivo findings that a retrovirus encoding
PDGF B induces fibrosarcomas in nude
mice (18), whereas an analogous retrovirus
encoding PDGF A has as yet not produced
detectable tumors (19). Differences have
been observed in the relative abilities of
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PDGF A or PDGF B to stimulate DNA
synthesis in a variety of fibroblasts in culture
(20, 21). We and others have observed that
PDGF B is a more potent mitogen than
PDGEF A for NIH 3T3 cells (21). Yet, both
PDGEF receptors can effectively couple with
mitogenic signaling pathways (8). Thus, the
greater transforming potency of those
PDGEF chimeras capable of triggering B as
well as o PDGF receptors likely reflects
increased levels of receptor activation. The
ability to further localize amino acid residues
specifically required for § PDGF receptor
binding or activation, or both, should aid in
efforts to develop antagonists of  PDGF
receptor function.
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Design

and Synthesis of a Peptide Having

Chymotrypsin-Like Esterase Activity

KArRL W. HAHN, WiEsLAwW A. KLis, JOHN M. STEWART*

A peptide having enzyme-like catalytic activity has been designed and synthesized.
Computer modeling was used to design a bundle of four short parallel amphipathic
helical peptides bearing the serine protease catalytic site residues serine, histidine, and
aspartic acid at the amino end of the bundle in the same spatial arrangement as in
chymotrypsin (ChTr). The necessary “oxyanion hole” and substrate binding pocket for
acetyltyrosine ethyl ester, a classical ChTr substrate, were included in the design. The
four chains were linked covalently at their carboxyl ends. The peptide has affinity for
ChTr ester substrates similar to that of ChTr and hydrolyzes them at rates ~0.01 that
of ChTr; total turnovers >100 have been observed. The peptide is inhibited by ChTr
specific inhibitors and is inactive toward benzoyl arginine ethyl ester, a trypsin
substrate. The peptide is inactivated by heating above 60°C, but recovers full catalytic
activity upon cooling and lyophilization from acetic acid.

HE DESIGN AND SYNTHESIS OF MOL-
ecules having catalytic activity and
substrate specificity resembling that
of natural enzymes has long been a goal of
chemists (1). Some nonprotein organic mol-
ecules such as cyclodextrins and paracyclo-
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*To whom correspondence should be addressed.

1544

phanes show some enzyme-like characteris-
tics. Recently monoclonal antibodies that
catalyze specific reactions have been evoked
by immunization with molecules that resem-
ble sterically the transition state intermedi-
ate of the substrate being transformed (2).
Although progress has been made in design
and synthesis of peptides that assume a
desired conformation in solution (3-5), the
step of adding an enzyme-like constellation
of catalytic amino acid residues to these

Active site residues
on amino terminal of
helices

Chains tied togethe\r

Hydrophobic
"pocket"—

Hydrophilic and charged
residues on outer surfaces

Fig. 1. Generic structure of a “chymohelizyme.”

synthetic molecules has not been previously
accomplished. We report the design and
synthesis of a 73-residue peptide “chymohe-
lizyme-1” (CHZ-1) that shows characteris-
tics resembling those of ChTr.

The mammalian serine proteases, of
which ChTr is a much-studied example,
possess a “catalytic triad” of amino acid
residues so positioned as to confer hydrolase
activity on the protein. In ChTr (which is
synthesized as a single chain of 245 amino
acid residues), these are His’’, Asp'®, and
Ser'®. The His and Asp residues confer
special reactivity on the hydroxyl group of
Ser'®; the oxygen of this hydroxyl group
attacks the electropositive carbonyl carbon
of the substrate. A portion of the protein
backbone chain (at Gly'®* and Ser'®) is so
positioned as to form strong hydrogen
bonds to the tetrahedral oxyanion interme-
diate of the carbonyl group of the peptide or
ester bond being broken; this binding site
constitutes the so-called “oxyanion hole” of
the enzyme (6, 7). The bacterial protease
subtilisin possesses the same three catalytic
amino acid residues positioned in space in a
totally analogous way, but the 274-residue
chain of this protein shows no homology to
that of the mammalian serine proteases,
suggesting that very different structures can
effectively hold the active site residues in
position for catalysis.

Substrate specificity of enzymes is deter-
mined by the arrangement of groups in the
enzyme that bind structural features charac-
teristic of the substrate molecule. Protein
chains are hydrolyzed by ChTr at the car-
boxyl group of the aromatic amino acids
Phe, Tyr, and Trp. Aromatic side chains of
these amino acids are bound in a hydropho-
bic “pocket” adjacent to the catalytic triad;
this pocket is composed of amino acid hy-
drophobic side chains and is approximately
perpendicular to the plane of the catalytic
triad residues. Esters and amides of aromatic
amino acids having blocked amino groups
are hydrolyzed by ChTr. Acetyltyrosine eth-
yl ester (ATEE), benzyloxycarbonyltyrosine
p-nitrophenyl ester (ZTONP), and benzoyl-
tyrosine ethyl ester (BTEE) are convenient
ChTr substrates.

Given the recent great increase in under-
standing of the features in peptides that
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