
mas can be the progeny of normal cells 
that bear antigen-specific T-cell recep- 
tors for engaging viral envelope antigens. 
Binding of a retrovirus to these cells is 
postulated to provide both a portal of 
infection and a continuous mitogenic sig- 
nal. Such events could have played a 
role in the emergence of the human T- 
cell clone K7 in the current studies, 
although the receptor-mediated leuke- 
mogenesis theory per se would not ex- 
plain the inhibitory effects of exogenous 
HTLV after the clone emerged. 

The mechanisms for the specific inhi- 
bition of this clone by its antigen HTLV 
are not known. Normal human T-cell 
clones that are specific for discrete pep- 
tides of influenza A virus can be ren- 
dered unresponsive to antigen by incuba- 
tion with high concentrations of the ap- 
propriate peptide (22). This state of spe- 
cific unresponsiveness is defined by a 
failure to mount a proliferative response 
to antigen in vitro and is perhaps akin to 
certain forms of immunologic tolerance. 
Perhaps clone K7 represents HTLV-in- 
duced transformation and expansion of a 
T cell that had already been programmed 
for such unresponsiveness. In this con- 
text, K7 cells might serve as an in vitro 
model for immunologic tolerance based 
on a mechanism of clonal deletion. Alter- 
natively, the insertion of HTLV (or a 
mutant strain of the virus) into a critical 
domain within the genome could induce 
or predispose reactive T cells to somatic 
errors that cause them to recognize ex- 
ogenous viral antigens as a negative sig- 
nal. These are topics for future research 
that could have implications in under- 
standing the relation between retrovirus- 
es in T-cell neoplasms and acquired im- 
munodeficiency disease states. 
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Heparin Affinity: Purification of a Tumor-Derived 
Capillary Endothelial Cell Growth Factor 

Abstract. A tumor-derived growth factor that stimulates the proliferation of 
capillary endothelial cells has a very strong afinity for heparin. This heparin afinity 
makes it possible to purify the growth factor to a single-band preparation in a rapid 
two-step procedure. The purified growth factor is a cationic polypeptide, has a 
molecular weight of about 18,000, and stimulates capillary endothelial cellprolijera- 
tion at a concentration of about 1 nanogram per milliliter. 

The proliferation of capillary endothe- 
lial cells is a key component of angiogen- 
esis (I). It has been postulated that in 
tumor-induced angiogenesis tumor cells 
produce growth factors that stimulate 
the proliferation of capillary endothelial 
cells (2). A class of compounds of very 
low molecular weights (200 to 1000) that 
can stimulate endothelial cell prolifera- 
tion in vitro and angiogenesis in vivo 
have been isolated from tumor cells (3,4) 
but are as yet uncharacterized. Two re- 
cent developments have helped consid- 
erably in efforts to purify and character- 
ize tumor-derived endothelial cell mito- 
gens of larger molecular weights. The 
first is the availability of cultured capil- 
lary endothelial cells (5). Capillary endo- 
thelial cells differ structurally and func- 
tionally from aortic endothelial cells (6) 
and respond differently to tumor-derived 
factors. For example, tumor-derived fac- 
tors have been shown to stimulate prolif- 
eration (3), motility (7), and collagenase 
production (8) in capillary but not in 
aortic endothelial cells. Thus capillary 
endothelial cells appear to be the target 
cell of choice in the analysis of growth 
factors that may be involved in capillary 
growth. 

The second development, described in 
this report, is the finding that capillary 
endothelial cell growth factors derived 
from tumors have a strong affinity for 

heparin. This affinity enabled us to de- 
velop a rapid, two-step procedure for 
purifying a capillary endothelial cell 
growth factor found in chondrosarcoma. 
The chondrosarcoma-derived growth 
factor is a cationic polypeptide of about 
18 kilodaltons (kD) that stimulates capil- 
lary endothelial cell proliferation at a 
concentration of about 1 ngiml. 

Growth factor isolated from extracts 
of chondrosarcoma extracellular matrix 
(ECM) bound tightly to columns of hepa- 
rin-Sepharose. The growth factor activi- 
ty, as measured by the ability to stimu- 
late DNA synthesis in BALBic mouse 
3T3 cells (lo), eluted at about 1.5M NaCl 
(Fig. 1A). The strong affinity of chondro- 
sarcoma-derived growth factor for hepa- 
rin was not shared by other growth fac- 
tors that stimulate 3T3 cell DNA synthe- 
sis, such as platelet-derived growth fac- 
tor (PDGF) and epidermal growth factor 
(EGF). The EGF did not bind at all; 
PDGF bound but eluted at about 0.5M 
NaCl (Fig. 1A). The much tighter bind- 
ing of chondrosarcoma-derived growth 
factor to heparin than PDGF is surpris- 
ing. Both growth factors are cationic 
polypeptides of similar charge (isoelec- 
tric points between 9.5 and lo), and both 
adhered to the cationic exchange resin 
Bio-Rex 70 and eluted at about 0.5M 
NaCl (Fig. 1B). From the similarities in 
positive charge it might be expected that 
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the two growth factors would bind equal- 
ly well to heparin, a highly anionic 
glycosaminoglycan. The much stron- 
ger binding of chondrosarcoma-derived 
growth factor suggests that it has a spe- 
cific aflinity for heparin. Another piece 
of evidence suggesting this is that the 
growth factor does not bind to columns 
of chondroitin sulfate-Sepharose. 

Heparin affinity chromatography 
greatly facilitated purification of the 
growth factor. A very highly purified 
preparation was obtained from crude 
chondrosarcoma ECM by two chromato- 
graphic cycles. The elution profile of the 
second heparin-Sepharose column is ex- 
actly the same as that for the first cycle 
shown in Fig. 1A. The results of sodium 
dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) (11) and silver 
staining (12) of the peak of growth factor 
activity obtained after the second cycle 
on heparin-Sepharose are shown in Fig. 
1C (lane 1). Very few polypeptide bands 
are detectable. A prominent band of 
about 18 kD is the major polypeptide 
species observed. As discussed below, 
this polypeptide appears to be chondro- 
sarcoma-derived growth factor. 

Chondrosarcoma-derived growth fac- 
tor, unlike PDGF and EGF, is a potent 
stimulator of capillary endothelial cell 
proliferation and could be purified to a 
single-band preparation with an assay 
that measures proliferation of these cells 
(Fig. 2). Only two steps were required. 
In the first step, crude chondrosarcoma 
ECM was applied to a Bio-Rex 70 cation- 
exchange column (Fig. 2A). All the 
growth factor activity but less than 0.01 
percent of the protein adhered to the 
column. Growth factor activity eluted at 
about 0.5M NaCl. In the second step the 
growth factor activity peak obtained by 
Bio-Rex 70 chromatography was applied 
to heparin-Sepharose (Fig. 2B). All the 
growth factor activity adhered to the 
column and eluted at 1.5M NaCl. Only 
one polypeptide band was observed after 
SDS-PAGE and silver staining of this 
growth factor activity peak (lane 2 in Fig. 
3A). This 18-kD band is the same one 
shown in Fig. 1C (lane 1) to be the major 
polypeptide species purified by heparin- 
Sepharose chromatography alone. When 
the single-band preparation (lane 2 in 
Fig. 3A) was analyzed by high-perform- 
ance liquid chromatography (HPLC) on 
TSK size-exclusion columns, the growth 
factor activity eluted with a molecular 
weight of about 18 kD (Fig. 3B). The 
close correlation between the molecular 
weights determined by SDS-PAGE and 
by measurement of growth factor activi- 
ty on size-exclusion columns is strong 
presumptive evidence that the 18-kD 

polypeptide band is chondrosarcoma-de- 
rived growth factor. The growth factor 
stimulated both capillary endothelial cell 
proliferation and DNA synthesis in 3T3 
cells in a dose-dependent manner (Fig. 
3C). Half-maximal stimulation (1 unit of 
activity) was induced by growth factor 
concentrations of about 1 nglml. In the 
two-step purification procedure the re- 
covery of activity was about 5 percent 
and the yield of pure growth factor was 
about 1 pg from 5 g of crude chondrosar- 
coma ECM. 

The question arises as to whether 
chondrosarcoma-derived growth factor 
is also a stimulator of angiogenesis in 
vivo. Preliminary results indicate that 
pure growth factor is angiogenic when 
applied to the chorioallantoic membrane. 
About 600 units of growth factor activity 
(120 ng) was required to induce strong 
angiogenesis within 24 hours on the 9- 
day chick chorioallantoic membrane. 
Histological sections reveal that neovas- 
cularization took place in the virtual ab- 
sence of inflammatory cells. 
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Fig. 1. (A) Heparin-Sepharose chromatography of chondrosarcoma-derived growth factor. A 
transplantable rat chondrosarcoma was digested with collagenase to produce ECM and cellular 
fractions (9). Crude ECM was used as the source of growth factor. PDGF was obtained from H. 
Antoniades and EGF from Collaborative Research. Growth factor activity was tested by 
measuring [3H]thymidine incorporation into the DNA of quiescent monolayers of BALB/c 
mouse 3T3 cells (10). One unit of activity is defined as the amount of growth factor required to 
induce half-maximal incorporation of labeled thymidine into 3T3 cell DNA. We applied 1000 
units of chondrosarcoma-derived growth factor (e ) ,  800 units of PDGF (O), and 600 units of 
EGF (A) dissolved in 20 ml to columns (I by 8 cm) of heparin-Sepharose (Phamacia) 
equilibrated with 0.1M NaCl and 0.01M tris-HCI (pH 7.0). After a wash with 20 ml of 
equilibration buffer, growth factor activity was eluted with a 300-ml gradient of 0.1M to 3.OM 
NaCl in tris buffer at a flow rate of 30 myhour. (B) Bio-Rex 70 cation exchange chromatography. 
Crude chondrosarcoma ECM ( a )  and PDGF ( 0 )  (1000 units each) in 50 ml were applied to 2.5 
by 20 cm columns of Bio-Rex 70 (200 to 400 mesh; Bio-Rad) equilibrated with 0.1M NaCl and 
O.IM tris-HCI (pH 7.0). After a wash with 50 ml of equilibration buffer, growth factor activity 
was eluted with a 300-ml gradient of 0.1 M to 1 .OM NaCl at a flow rate of 30 mlthour. (C) Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. Chondrosarcoma ECM (500 mg; 6000 
units) was applied to a heparin-Sepharose column and the peak of growth factor activity (A) was 
applied to a second heparin-Sepharose column. This growth factor peak (250 ng; 1000 units) was 
analyzed by SDS-PAGE (11) with silver staining (12) (lane I). Molecular weight markers 
(Bethesda Research Laboratories) are shown in lane 2. 
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Fig. 2. Purification of chon- A 
drosarcoma-derived growth 
factor. Bovine capillary endo- 
thelial cells were grown as de- 1 28 
scribed by Folkman et al. (5). 
The cells (passage 4 to 14) 
were resuspended in Dulbec- 5 20 
co's modified Eagle's medium + 
supplemented with 10 percent _o 
calf serum and plated sparsely g 12 into 24-well plates 16 mm in 5 10 30 50 70 90 
diameter (Costar) at a concen- 8 B 
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tration of 10,000 cells per 0.5 15 - 
ml per well. On the following $ 
day unattached cells were re- $ - 
moved and attached cells X - 
(plating mately 50 efficiency, percent) were approxi- incu- 6 8 - 
bated with the medium in the 
absence or presence of growth z - 
factor. After 72 hours of incu- 
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Fig. 3. Characterization of purified chondrosarcomaderived growth tacror. (A) SDS-PAGE. 
(Lane 1) Molecular weight markers; (lane 2) peak fraction of growth factor activity (200 ng; 1000 
units) obtained when crude chondrosarcoma ECM was purified by Bio-Rex 70 chromatography 
(Fig. 2A) followed by heparin-Sepharose chromatography (Fig. 2B). (B) Size exclusion 
chromatography. About 5000 units of single-band preparation [lane 2 in (A)] was analyzed by 
HPLC (Beckman model 332 gradient liquid chromatography system) at room temperature on a 
TSK 2000 column (60 cm by 7.5 mm inner diameter; Altex) equilibrated with 0.6M NaCl and 
0.02M tris-HCI (pH 7.0). The flow rate was 0.5 mumin. Fractions were tested for growth factor 
activity on bovine capillary endothelid cells (0 )  and 3T3 cells (0). BD, blue dextran. (C) Pure 
growth factor [lane 2 in (A)] was added at various concentrations to cultures of bovine capillary 
endothelid cells (0 )  and 3T3 cells (0).  

bation at 37" the cells were o 12 24 36 48 
detached with 0.25 percent Fraction number 
trypsin and counted in a Coul- 
ter particle counter. (A) Bio-Rex 70 cation exchange chromatography. Crude chondrosarcoma 
ECM (1.35 g per 75 ml; 10,000 units) prepared from six tumors about 3 cm in diameter each was 
analyzed on a 2.5 by 30 cm column under the conditions described in Fig. IB. (B) Heparin- 
Sepharose chromatography. The growth factor activity peak in Fig. 2A (3000 units) was 
analyzed on a 1 by 15 cm column equilibrated with 0.6M NaCl and 0.01M tris-HCI (pH 7.0). 
After a wash with 50 ml of equilibration buffer, the column was eluted with a 300-1111 gradient of 
0.6M to 2.OM NaCl in tris buffer at a flow rate of 30 ml/hour. 
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The affinity of chondrosarcoma-de- 
rived growth factor for heparin is signifi- 
cant because purification is so greatly 
facilitated that growth factor can be al- 
most totally purified by chromatography 
on heparin-Sepharose alone and because 
the affinity of growth factor for heparin 
may have implications for the mecha- 
nisms of endothelial cell proliferation. 
Exogenous heparin binds avidly to endo- 
thelial cells (13, 14). Heparan sulfate, a 
glycosaminoglycan that is structurally 
(15) and at high concentrations biologi- 
cally similar (16) to heparin, is the major 
glycosaminoglycan species on the endo- 
thelial cell surface (17). It is conceivable 
that heparin-like molecules associated 
with endothelial cells bind specifically 
those growth factors that have a high 
affinity for heparin. Binding of growth 
factor by heparin could potentiate 
growth factor activity. A recent report 
(18) indicates that the activity of endo- 
thelial cell growth factor is greatly poten- 
tiated by heparin but not by other glyco- 
saminoglycans, such as chondroitin sul- 
fate. 

Heparin binding of growth factor 
may also have implications for under- 
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- 1 . 2 4  - 
- 2 

z - 0.4 

standing the mechanism of angiogenesis. 
Heparin has been shown to potentiate 
tumor-induced angiogenesis on the cho- 
rioallantoic membrane (19). However, 
when heparin is administered to animals 
in conjunction with cortisone, tumor- 
induced angiogenesis is inhibited (20). 
The mechanism underlying these phe- 
nomena may involve a three-way in- 
teraction between capillary endothelial 
cells, heparin, and endothelial cell 
growth factors with high affinity for hep- 
arin. 
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Total Synthesis and Cloning of a Gene Coding for the 
Ribonuclease S Protein 

ase were also incorporated into the de- 
sign. While active ribonuclease might be 
able to destroy messenger RNA (mRNA) 
coding for the protein, the proteolytic 
fragment S protein has no catalytic activ- 
ity, but forms a stable non-covalent ag- 
gregate with the ribonuclease S peptide, 
which has full catalytic activity (2, 5). 
Thus, the ribonuclease S protein can be 
expressed in Escherichia coli as a nonac- 
tive protein. Furthermore, the S protein 
can be purified from other proteins of E. 
coli by affinity chromatography with the 
S peptide as the affinity ligand (6). 

To construct the gene, 66 different 
oligonucleotides 10 to 22 residues in 

Abstract. A gene for ribonuclease S protein, has been chemically synthesized and length were synthesized with the use of 
cloned. The gene is designed to have 25 specific restriction endonuclease sites phosphoramidite reagents on a variety of 
spaced at short intervals, permitting its structure to be rapidly modified. This solid supports (7), including colloidal 
flexibility facilitates tests of hypotheses relating the primary structure of the enzyme suspensions of magnetic particles devel- 
to its physical and catalytic behavior. oped as supports for oligonucleotide syn- 

thesis (8, 9). Adapting the procedures of 
Systematic variation of the amino acid Eco R1 and Bam H1 (restriction endonu- Beaucage and Caruthers ( 4 ,  we pre- 

sequence of enzymes promises to be cleases) were incorporated at the ends of pared supports that were functionalized 
useful for developing an understanding the gene to facilitate introduction into with 3-aminopropyltrimethoxysilane; the 
of structure, physical behavior, and cata- cloning and expression vectors (4). Pro- appropriate protected 5'-dimethoxytri- 
lysts in proteins (1). Such a tool is likely visions for the expression of ribonucle- tyl-2'-deoxynucleoside was then linked 
to be most productive when the enzymes 
being studied have structures known to 
atomic detail, catalyze reactions with 5 ,  Ser Ser SerAsn Tyr Cys Asn Cln Met Met Lys Ser Arg 33 
rates measurable at the level of the indi- 1 AATTC -ATG -TCA-TCT-TCG -AAT- TAT-TGT-AAT- c M - A T G  -ATG -AN - T C T - A m -  - - 
vidual reaction step, and have thermody- 3'G-TAC-AGT-AGA-AGC-TT.A-ATA-ACA-TTA-GTT-TAC-TAC-TTC-AGA-TCT- 
namic properties that can be determined EcOR I Mbo 11 Taq I Xba I 

at the level of microscopic reaction inter- 
mediates. Asn Leu Thr Lys Asp Arg Cys Lys Pro Val Asn Thr Phe Val His 48 

we describe here the chemical synthe- 4 8  AAC-CTC-ACC-AAG-GAC-CGT-TGC-AAG-CCC-GTT-AAC-ACT-TTT-GTG-CAC- 

sis and cloning of a gene coding for the TTG-GAG-TGG-TTC-CTG-GCA-ACG-TTC-GGG-CAA-TTG-TGA-MA-CAC-GTG- 
Sau96 I b a  I HgiA I ribonuclease S protein (2), engineered to 

contain more than 25 s~ecific restriction 
sites at short intervals. These restriction Glu Ser Leu A l a  Asp iTal Gln Ala Val Cys Ser Gln Lys Asn Val 63 
sites permit rapid modification of the 93 GAA-TCC-TTA-GCG-GAT-GTG- CAA- GCC-GTT-TGC-AGC-CAA-AAA-AAC-GTT- --- 

CTT-AGG-AAT-CGC-CTA-C.4C-GTT-CGG-CAA-ACG-TCG-GTT-TTT-TTG-CAA- synthetic gene by replacing sections of I Dde I FOk I 
the gene with synthetic duplex DNA. By 

Bbv 
Fnu  HI 

expression of altered genes, ribonucle- 
ases having multiple alterations in their Ala Cys Lys Asn Gly Gln Thr Asn Cys Tyr Gln Ser Tyr Ser Thr 78 

138 GC.A-TGC-AAG-AAT- GmAA-ACA-AAC-TGT-TAC- CAA-TCG-TAC-TCA-.ACT- 
amino acid sequences may be prepared. - 
This altered gene has been engineered to CGT-ACG-TTC-TTA-CCG-GTT-TGT-TTG-ACA-ATG-GTT-AGC-ATG-AGT-TGA- 

Sph I Bal I Tth 11111 Rsa I 
permit rapid mutation by design, and 
appears to be the first synthetic gene for 
any enzyme (3). )\let Ser Ile Thr Asp Cys Arg Glu Thr Gly Ser Ser Lys Tyr Pro 93 

183 ATG-TCG-ATC-ACA-GAC-TGC-AGG-GAG-ACT-GGA-AGC-TCA-AAA-TAT-CCA- 
The designed sequence of the gene for - - 

ribonuclease is shown in Fig. 1. The TAC-AGC-TAG-TGT-CTG-ACG-TCC-CTC-TGA-CCT-TCG-AGT-TTT-ATA-GGT- 
Taq I blbo I Pst I Alu I 

specific restriction sites are underlined. 
Multiple restriction sites and homolo- 

Asn Cys Ala Tyr Lys Thr Thr Gln Aln Asn Lys His Ile Ile Val 108 
~ousse~uenceswere removed~Si tes fo r  228 MC-TGC-GCA-TAT-MA-ACT-ACC-CAG-GCA-MC-MA-CAC-ATC-ATC-GTL - 

TTG-ACG-CGT-ATA-TTT-TGA-TGG-GTC-CGT-TTG-TTT-GTG-TAG-TAG-CAG- 
Hha I BstN I 

Fig. 1. Sequence of the synthetic gene coding 
for the ribonuclease S protein, containing 
about 330 base pairs. The numbering of nucle- Ala Cys Glu Gly Asn Pro Tyr Val Pro Val His Phe Asp Ala Ser 123 
otides in the sequence is on the left; number- 2 7 3  GCG-TGT-GAA-GGT-AAC-CCC-TAT-GTC-CCG-GTT-CAC-TTT-GAC-GCA-TCT- - - - 
ing of the amino acids is on the right, and CGC-ACA-CTT-CCA-TTG-GGG-ATA-CAG-GGC-CAA-GTG-AILZ-CTG-CGT-AGA- 
corresponds to the numbering in native bo- FnuD I I Bst EII Hpa I1 H R ~  I SfaN I 
vine ribonuclease. Restriction sites are under- 
lined and labeled. Some restriction sites are 
not underlined, as their location adjacent to Val End End 3 ,  
other sites makes them redundant for the 318 GTG-TAA-TAA-G - 
purpose of cutting small segments from the CAC-ATT-ATT-CCTAG ' 
gene. BamII I 




