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Protamine sulfate blocked I2’I-PDGF binding to its specific physiological receptor 
on Swiss mouse 3T3 cells. Reduced ‘2’I-PDGF binding in the presence of 
protamine sulfate correlated directly with a protamine sulfate dose-dependent 
decrease in the PDGF-dependent incorporation of [3H]-thymidine into 3T3 cells 
and a decreased PDGF-stimulated tyrosine-specific protein kinase activity in 
isolated membrane preparations of 3T3 cells. Protamine sulfate blocked 12sI- 
PDGF binding to simian sarcoma virus transformed cells (SSV-NIH 3T3 and 
SSV-NPl cells) and to nontransformed cells in a manner qualitatively identical to 
unlabelled PDGF. In contrast, protamine sulfate enhanced the specific binding of 
I2’I-EGF by increasing the apparent number of EGF receptors on the cell surface. 
The increase in ‘251-EGF receptor binding was not prevented by cycloheximide 
nor by actinomycin D. Protamine sulfate did not affect 1251-EGF binding to 
membranes from 3T3 cells or the EGF-stimulated 3T3 cell membrane tyrosine 
specific protein kinase activity, suggesting that protamine sulfate may have ex- 
posed a population of cryptic EGF receptors otherwise not accessible. Protamine 
sulfate was fractionated into four active fractions by Sephadex (3-50 gel filtration 
columns; the half maximum inhibition concentration of 125I-PDGF binding to 3T3 
cells of protamines I and I1 (MW - 11,OOO daltons and 7,000 daltons, respec- 
tively) is - 0.4 pM. Protamine II (MW - 4,800 daltons) was equally active 
(half maximum inhibition concentration - 0.4 pM); protamine IV (MW - 3,300 
daltons) was substantially less active (half maximum inhibition concentration - 
2.8 pM). 

These investigations have extended previous observations that protamine sul- 
fate is a potent inhibitor of PDGF binding and establish that protamine sulfate 
blocks PDGF binding at the physiological receptor, preventing PDGF initiated 
biological activities. Protamine sulfate can be used as a reagent to separate the 
influence of PDGF and EGF on cells with high specificity and has been used to 
demonstrate that the receptors on simian sarcoma virus transformed 3T3 cells 
qualitatively respond identically to protamine sulfate as to unlabelled PDGF and 
are likely identical to those on nontransformed 3T3 cells. 
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The platelet derived growth factor (PDGF) is the principal mitogenic protein in 
human serum for Swiss mouse 3T3 cells [ l] .  PDGF also is a potent chemoattractant 
protein for monocytes, neutrophils, fibroblasts, and smooth muscle cells [2-51. 
Because PDGF is released when platelets are activated, PDGF is considered likely to 
be an important mediator of inflammatory and repair responses at sites of injured 
blood vessels and may be important also in the pathological processes of atheroscle- 
rosis in humans [6,7]. 

A partial amino acid sequence of PDGF was shown recently to be highly 
homologous with that predicted for ~ 2 8 ~ - ” ‘ ,  the putative transforming protein of the 
simian sarcoma virus (SSV) [8,9]. A growth factor identical to PDGF in assays of 
mitogenic activity and antigenically indistinguishable from PDGF subsequently was 
identified in SSV-transformed but not in control 3T3 cells [lo], suggesting that PDGF 
or a closely related protein may be required for transformation by SSV. This protein 
~28”’ ’~  or its processed product, has been identified also in conditioned media from 
cultures of SSV-transformed cells and appears to interact with SSV-transformed cell 
receptors to stimulate [3H]-thymidine uptake, suggesting that the transforming protein 
of SSV may serve as an autocrine regulator of cell growth [J.S. Huang, S.S. Huang, 
and T.F. Deuel, Cell: 39:79-87, 19841. It appears that p28”-’lS is processed in 
transformed cells by glycosylation and proteolytic degradation [ 111. The predominant 
form of ~ 2 8 ” ’ ~  identified by imrnunoprecipitation with anti-PDGF antisera in SSV- 
transformed NIH 3T3 cells was - 20 kd [ 101. 

Specific PDGF receptors have been identified on 3T3 cells, human skin fibro- 
blasts, arterial smooth muscle cells, as well as on a variety of other cells derived from 
connective tissues [12-151. It seems very likely that PDGF and p28v-”s bind to the 
same receptors. A partially purified extract of ~28’” has been shown to compete 
directly with ‘*’I-PDGF for receptor binding [J.S. Huang, S.S.  Huang, and T.F. 
Deuel, unpublished data]. The specific interactions of PDGF and p28”-”’” with cell 
surface receptors has become a major focus of research; understanding these interac- 
tions should provide the initial basis for understanding the mechanisms of action of 
each protein. The authors recently reported the purification of the PDGF-receptor 
protein from Swiss mouse 3T3 cells and were able to identify protein tyrosine kinase 
activity specifically associated with the purified receptor protein [ 161. During the 
course of these experiments, protamine sulfate was used as a specific inhibitor of I2’I- 
PDGF binding to its receptor. Protamine sulfate also has been used to specifically 
block PDGF stimulated chemotaxis [2] and to block the stimulation by p28”‘“ in 
conditioned media of SSV-transformed cells of [3H]-thymidine incorporation into 3T3 
cell DNA. Thus, protamine has been used as an important reagent for modulating 
PDGF receptor activity, as suggested by the original observation that it is a potent 
competitive inhibitor of 12’I-PDGF binding to 3T3 cells [ 141. 

It has not been established that protamine competes with 1251-PDGF for binding 
to its physiological receptor and that protamines are able to block physiological 
responses in target cells, nor have the active fractions of heterogeneous protamine 
sulfate been identified. The present experiments were conducted to extend previous 
observations on the effect of protamine sulfate in modulating PDGF activity on cell 
surfaces and now show that the effect of protamine sulfate is to block specifically the 
binding of PDGF to its physiological cell surface receptor and to prevent receptor- 
mediated biological activities in 3T3 cells. In addition, protamine sulfate also now 
has been shown to have a remarkable differential effect on EGF (epidermal growth 
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factor) and PDGF binding; under conditions in which PDGF binding to cells is 
sharply reduced, protamine sulfate enhances somewhat the binding of EGF to its 
receptor. The active fractions of protamine sulfate have been separated and partially 
characterized. The utility of protamine sulfate has been extended to show that it 
qualitatively is identical to unlabelled PDGF in blocking 1251-PDGF binding to SSV- 
transformed cells as well. The results thus provide the means for modulating PDGF 
activity on cells and complement results of other laboratories showing that protamine 
sulfate is a specific inhibitor of tumor angiogenesis 1171, an agonist in stimulating 
limited DNA synthesis in cells [18], and an agonist in stimulating protein kinase 
activity [ 191. 

MATERIALS AND METHODS 

Swiss mouse 3T3 fibroblasts (CLL 92) were obtained from the American Type 
culture collection. Human epidermal carcinoma A43 1 cells were obtained through the 
courtesy of Dr. Luis Glaser (Department of Biological Chemistry, Washington Uni- 
versity School of Medicine, St. Louis, MO). Simian sarcoma virus (SSV) transformed 
NIH 3T3 cells were kindly provided by Dr. S.A. Aaronson. SSV transformed NPI 
cells, (marmoset fibroblasts) were the gift of Dr. F. Wong-Staal, NIH. Cell culture 
cluster plates (24 wells, 16 mm well diameter) were obtained from Costar. Na'251 (17 
Ci/mg) and [Y-~~PI-ATP (5-10 Ci/mmol) were purchased from New England Nuclear. 
Protamine sulfate (salmon, lot 266-9520), cycloheximide (lot 32C-284), and DNA- 
cellulose (lot 70F-8100) were obtained from Sigma. Mouse epidermal growth factor 
was obtained from Collaborative Research. Human platelet derived growth factors I 
and I1 were prepared as previously described [20]. Each protein was found to be pure 
in SDS (sodium dodecyl sulfate) gel electrophoresis and to have equal mitogenic 
potency [20]. Protein markers (phosphorylase b, bovine serum albumin, carbonic 
anhydrase, soybean trypsin inhibitor, and lysozyme) were obtained from Bio-Rad. 
Actinomycin D was obtained from P-L Biochemicals, Inc. 

Cell Culture and Membrane Preparation 

Swiss mouse 3T3 fibroblasts, SSV-NIH 3T3 cells, SSV-NP1 cells, and human 
epidermal carcinoma A431 cells were grown to confluence in Costar 24-well cluster 
dishes in DME medium (Dulbecco's modified Eagle's medium) containing 10% fetal 
calf serum. A plasma membrane enriched fraction from Swiss mouse 3T3 fibroblasts 
was prepared as previously described [21]. Membranes were stored at -70°C. 

lodination of PDGF 

1251-PDGF (- 16 uCi/pg) was stored at -20°C in 0.1 M acetic acid containing 
1 mg/ml of human serum albumin. 

lodination of EGF 

EGF was iodinated with slight modifications by the chloramine-T method 
according to the procedure of Comens et a1 [22]. Four pg EGF was mixed with a 
solution containing 100 pl of 0.3 M sodium phosphate buffer (pH 7.5) and 20 pl of 
Na'251 (1.5 mCi, carrier free). Two hundred pg of chloramine T was then added. 
After 40 sec incubation at room temperature, 20 pl of metabisulfite solution (10 mg/ 
ml sodium metabisulfite, 38 mg/ml sodium iodide) was added to stop the reaction. 

PDGF I1 was iodinated by the Iodogen method, as previously described [14]. 
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About 0.35 ml of 0.1 % bovine serum albumin in 0.2 M sodium phosphate buffer (pH 
7.4) was mixed immediately with the above reaction mixture, and the solution was 
applied on a Sephadex G-25 column (0.9 x 49 cm) equilibrated with 0.1% bovine 
serum albumin in 0.2 M sodium phosphate buffer (pH 7.4) to remove free iodide. 
I2%EGF (150 pCiIpg) was stored at -20°C before use. 

Binding of 12%PDGF to 3T3 Fibroblasts 

The binding experiments with '251-PDGF were essentially as previously de- 
scribed [14]. The volume of assay medium was 0.5 ml instead of 1 ml, in 5 mM 
HEPES (N-(2-hydroxyethyl)- l-piperazine-N-2 ethansulfonic acid) (pH 7.4) contain- 
ing 5 % plasma derived serum and 0.15 M NaC1. 

Binding of 12%EGF to 3T3 Fibroblasts and Human A431 Cells 

Swiss mouse 3T3 fibroblasts and human A431 cells were grown to confluence 
in Costar 24-well cluster dishes (16 mm well diameter) in DME medium containing 
10% fetal calf serum. Confluent monolayer cultures were washed twice with 1 ml of 
PBS (phosphate buffer saline). Half ml of binding medium was added to each well. 
The binding medium consisted of '251-PDGF, protamine sulfate, and 0.1 % human 
serum albumin in 5 mM HEPES buffer, 0.15 M NaCl (pH 7.4). Binding experiments 
were terminated after 1 hr by washing three times with PBS. Equilibrium of binding 
was established at 1 hr by multiple time course analyses. The cells in each well were 
solubilized with 0.5 ml of 0.4 M NaOH. One quarter ml from each well was taken 
for measurement of radioactivity. Specific binding was the difference between binding 
in the presence and absence of 4 pg unlabelled EGF. 

Membrane Phosphorylation 

Phosphorylation experiments with [Y-~~PI-ATP were carried out as described 
previously 1211. The reaction mixture (50 p1) consisted of 40 pg membrane, 300 ng/ 
ml PDGF or various concentrations of EGF, 10 pg bovine serum albumin (protein 
carrier), and protamine sulfate as indicated in 20 mM HEPES buffer containing 20 
mM MgC12. The reaction mixture was preincubated for 30 min at 0°C. Twenty pM 
of [Y-~~PI-ATP was then added. After 10 min at 4"C, the reaction was terminated 
with 10% TCA. The TCA precipitate then was subjected to SDS gel electrophoresis. 
Stained gels were dried and subjected to autoradiography for 1-3 days at -70°C with 
intensifier screens, using Kodak X-Omat AR film. Bands with 32P-labelled proteins 
(M, - 170,000) were excised from dried gels, solubilized in 30% H202 at 8O"C, 
and assayed for radioactivity. 

Purification of Protamine Sulfate From Salmon Sperm 
Fifty mg of protamine sulfate was dissolved in formic acidlacetic acidlwater 

(25:87:888, by volume) and subjected to gel filtration with Sephadex G-50 (superfine 
1.5 x 90 cm) equilibrated with the same solvent. Protamine I molecular weight 
(MW - Il,000), protamine 11 (MW - 7,200), protamine I11 (MW - 4,800), and 
protamine IV (MW - 3,300) were obtained by rechromatography of protamine 
fractions obtained from the first column chromatography on the same Sephadex G-50 
column. 
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Protein Determination 

or by the method of Lowry et a1 [24], using bovine serum albumin as standard. 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 
SDS polyacrylamide gel electrophoresis was carried out according to Laemmli 

[25], using 7.5% gels for 32P-autoradiograms and 15% gels for estimation of homo- 
geneity of purified protamine sulfate fractions. Small polypeptides (Boehringer Mann- 
heim) were used as standard MW markers: insulin B chain (MW 3,400), aprotinin 
(MW 6,500), cytochrome C (MW 12,500), and soybean trypsin inhibitor (MW 
2 1,500). 

Mitogenic Assay 
The mitogenic assay measured the PDGF-dependent incorporation of [3H]- 

thymidine into TCA precipitable material in quiescent Swiss mouse 3T3 fibroblasts 
[26]. Monolayer cell cultures were incubated with 20 ng/ml of PDGF and with 
various concentrations of protamine sulfate in DME medium, containing 5 % plasma 
derived serum. After incubation at 37°C for 20 hr, the assay was stopped by washing 
with PBS twice. One ml of cold TCA was then added. After 10 min, the TCA 
precipitable material was washed with 1 ml of ethano1:ether (2:l) and dissolved in 
0.4 ml of 0.4 M NaOH to measure radioactivity. 

Protein concentration was determined by the Bio-Rad protein microassay [23] 

RESULTS 
Previously, it was shown that protamine sulfate was a competitive inhibitor of 

'251-PDGF binding to Swiss mouse 3T3 cells. This investigation next tested protamine 
sulfate as an inhibitor of '251-PDGF binding to cells transformed by simian sarcoma 
virus (SSV). The SSV transforming protein (~28"-~")  has strikmg amino acid sequence 
homology with PDGF [8,9], and cells transformed by SSV appear to have markedly 
reduced numbers of receptors for '251-PDGF. Whether these receptors are similar to 
receptors on nontransformed cells has not been established. Competition between 
'251-PDGF and protarnine sulfate for binding to nontransformed 3T3 cell receptors 
was demonstrated previously [ 141. The inhibition of '251-PDGF binding by protamine 
sulfate then was tested with SSV-transformed NIH 3T3 cells as one criteria to assess 
the properties of the two receptor populations (Fig. 1). Protamine sulfate was a potent 
inhibitor of 1251-PDGF binding to SSV-transformed cells (Fig. 1). The dose response 
curve was essentially identical to that previously observed with nontransformed 3T3 
cells [I41 and in both instances was qualitatively identical to the competitive binding 
of '251-PDGF by unlabelled PDGF, suggesting that the limited number of PDGF 
receptors on transformed cells are similar to those on nontransformed cells. 1251- 
PDGF and partially purified ~ 2 8 " ~ ' ~  also compete for receptor binding on SSV-NIH 
3T3 cells; the kinase activity of the receptor on SSV-NIH 3T3 cells is intact (data not 
shown), suggesting further that ~ 2 8 " - ~ ' ~  and PDGF compete for the same receptor and 
raising the possibility that ~ 2 8 " - ~ ' ~  secreted by transformed cells may feed back by an 
autocrine mechanism to stimulate the growth of SSV-transformed cells. A similar & 
for the binding of '251-PDGF to transformed and nontransformed cells has been 
reported also [27]. 
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Fig. I .  Inhibition of I2%PDGF binding to SSV-NP1 and SSV-NIH 3T3 cells by unlabelled PDGF and 
protamine sulfate. The binding medium contained 100 ngiml (3.3 nM) "'1-PDGF and various concen- 
trations of unlabelled PDGF or protamine sulfate. The specific binding of '251-PDGF to SSV-NP1 and 
SSV-NIH 3T3 cells were 3714 cpmiwell and 3098 cpm/well, respectively, and were taken as 100% of 
binding. 

Evidence was then sought to establish that protamine sulfate blocked binding of 
'*'I-PDGF to its physiological receptor, as opposed to a receptor-like binding site not 
mediating biological activities. PDGF is the principal mitogen in human serum for 
cells of mesenchymal origin; mitogenic stimulation serves as an indicator of PDGF 
binding to its physiological cell surface receptor. PDGF stimulation of [3H]-thymidine 
incorporation into cells f protamine sulfate was examined (Fig. 2). In our assay, the 
incorporation of r3H]-thymidine into 3T3 cells is related linearly to PDGF concentra- 
tions from 0-20 ng/ml [26]. At 20 ng/ml PDGF, about 80,OOO dpm of [3H]-thymidine 
was incorporated into 3T3 cells; this incorporation was equivalent to 60-7075 of the 
positive control (16% human serum) in repeated experiments. Increasing concentra- 
tions of protamine sulfate quantitatively reduced t3H]-thymidine incorporation into 
3T3 cells (Fig. 2). Fifteen percent inhibition of [3H]-thymidine occurred at 20 pg/ml 
protamine sulfate; at 80 pg/ml, 45 % inhibition was found. Protamine sulfate was not 
able itself to stimulate [3H]-thymidine incorporation into 3T3 cell DNA. Higher 
concentrations of protamine sulfate (> 100 pg/ml) were tested and found to reduce 
further [3H]-thymidine incorporation, but irregularly. This further reduction was 
complicated by apparent toxicity of protamine sulfate and was not tested in more 
detail. Previously, it had been shown that 60 pg/ml protamine sulfate resulted in more 
than 95 % inhibition of '251-PDGF binding to 3T3 cells [ 141. The quantitative differ- 
ences in the effects of protamine sulfate on binding and on mitogenic activity likely 
reflect the substantially longer periods of incubation of PDGF in the mitogenic assay 
(1 hr vs 20 hr.) 

PDGF stimulates the tyrosine specific phosphorylation of an - 170 kd protein 
in membranes from Swiss mouse 3T3 cells and from human fibroblasts [21,28]; 
protamine sulfate was tested to see if the PDGF-stimulated protein kinase activity was 
blocked in parallel with the inhibition of '251-PDGF binding. PDGF stimulated 
tyrosine specific incorporation of 32P into the 170 kd protein in 3T3 cell membranes 
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Fig. 2. Effect of protamine sulfate on PDGF stimulated [3H]-thymidine incorporation of Swiss mouse 
3T3 cells. Confluent monolayer cultures of 3T3 cells were incubated with 20 ng of PDGF, 0.2 uCi ["HI- 
thymidine, and various concentrations of protamine sulfate in 1 ml of 5 percent plasma derived serum in 
DME medium. After incubation at 37°C for 20 hr, the monolayers were washed with PBS twice, 
precipitated by 10% TCA, and washed with ethanol/ether (2:l). The radioactivity was estimated by 
dissolving the TCA-precipitable substance in 0.4 M NaOH and counting with a scintillation counter. The 
radioactivity incorporated (83092 dpm) without protarnine sulfate was taken as 100%. 

was progressively blocked by increasing concentrations of protamine sulfate, as 
indicated by measuring 32P incorporation into the 170 kd protein after excision from 
SDS gels (Fig. 3). Approximately 60% inhibition was found at 50 pg/ml protamine 
sulfate and 80% inhibition at 100 pg/ml. Repeat experiments gave similar results. 

We next analyzed the binding of '251-EGF to cells to determine if the inhibition 
of 12?-PDGF binding by protamine sulfate was specific for the PDGF receptor. 
Figure 4 demonstrates an increase of - 65 % in '251-EGF (1 ng/ml) binding to 3T3 
cells at protamine sulfate concentrations of 10 pg/ml and an 80% increase at 20 pg/ 
ml. This unexpected result then was tested with a second cell type, the A431 cell. 
A431 cells have very high numbers of EGF receptors/cell [29]; the binding of 1251- 
EGF to A431 cells was increased reproducibly by protamine sulfate, although the 
increase in binding was substantially less than with Swiss mouse 3T3 cells. Nearly a 
25% increase in 1251-EGF binding was demonstrated at 40 pg/ml (Fig. 5) .  Repeated 
experiments gave identical results. 

The increase in '251-EGF binding to cells in the presence of protamine sulfate 
was measured at concentrations of 12%-EGF well below saturation; the observed 
increase of '251-EGF binding could be explained by an increase in EGF receptor 
number or by a decrease in the I& of receptor '251-EGF binding. Direct binding of 
'251-EGF protamine sulfate to Swiss mouse 3T3 cells was measured; Scatchard 
plots showed protamine sulfate increased '251-EGF receptor numbers, but the appar- 
ent K,, for '251-EGF binding was not modified significantly by protamine sulfate 
(Figs. 6a,b). The apparent increase in EGF-receptor number in the presence of 
protamine sulfate was not influenced by incubation with cycloheximide or with 
actinomycin D (Table I), suggesting the increase in EGF receptor number is not the 
result of new synthesis of EGF receptors. The increased number of receptors likely 
arises from exposure of otherwise cryptic receptors or from receptors previously not 
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PROTAMINE SULFATE CONCENTRATION 
( p g h l )  

Fig. 3. Effect of protamine sulfate on PDGF stimulated phosphorylation of Swiss mouse 3T3 cell 
membranes. The phosphorylation assays were performed at various concentrations of protamine sulfate 
in the presence and absence of 300 n g / d  of PDGF as described in Methods. The radioactivity was 
visualized by autoradiography using Kodak X-Ornat AR films. The bands of the 170 kd protein were 
excised and radioactivity was measured. The PDGF-stimulated phosphorylation (1090 cpm) of the 170 
kd protein in the absence of protamine sulfate was taken as 100%. 

PROTAMINE SULPHATE(pg/rnl)o-o 
0 10 20 30 40 50 60 

. O t L  0 10 20 30 40 b- I oo 
UNLABELED EGF( ng/ml)  c. 

Fig. 4. Effect of protamine sulfate and unlabelled EGF on the binding of Iz5I-EGF to Swiss mouse 3T3 
fibroblasts. Monolayer cell cultures were incubated with 0.5 ml of assay medium containing 1 n g h l  of 
'"I-EGF and various concentrations of protamine sulfate or unlabelled EGF as indicated in 5 mM 
HEPES buffer (pH 7.4), 0.15 M NaC1, and 0.1 % human serum albumin. The specific binding (852 
cpm/well) of '251-EGF in the absence of protamine sulfate was taken as 100% binding. 
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TABLE I. Effect of Cycloheximide and Actinomycin D on the Increase of I2'I-EGF Binding to 
3T3 Cells Mediated by Rotamine Sulfate* 

Specific binding to 3T3 cells (cpm/well) 
Protamine sulfate 

Addition No Protamine sulfate (100 d m l )  

None 2028 3 142 
Cycloheximide (50 pg/ml) 2 126 3308 
Actinomycin D (100 pg/ml) 2186 3252 

*A half ml of assay medium consisted of 2 ng of Iz51-EGF (1 X lo5 cpm/ng), 50 pg/ml of cycloheximide 
or 100 pg/ml of actinomycin D in 5 mM HEPES buffer (pH 7.4) containing 0.15 M NaCl and 0.1 % 
human serum albumin. After incubation at 37°C for 1 hr, the binding assays were terminated by washing 
with 1 ml of PBS three times. The specific binding was measured from the difference in the absence and 
presence of 4 pg/ml of unlabelled EGF. 

in a conformation favoring '251-EGF binding. Membrane fractions isolated from 3T3 
cells [21] were tested and '251-PDGF binding measured under conditions used with 
intact cells except for suspension of membrane fragments and separation by centrifu- 
gation. No effect of protamine sulfate (20 pg/ml) on '251-EGF binding to isolated 3T3 
cell membranes was found at 0.5 and 1 ng/ml '251-EGF (data not shown). Thus, the 
protamine sulfate effect is limited to the intact surface of 3T3 cells and is not observed 
on isolated membrane preparations. 

EGF also stimulates 32P-incorporation from [Y-~~PI-ATP into tyrosine residues 
of a membrane-bound protein in Swiss mouse 3T3 cells; this protein is the EGF 
receptor protein [30]. The effect of protamine sulfate on the EGF-dependent phosphor- 
ylation in membranes from Swiss mouse 3T3 cells was tested to establish that 
protamine generally did not inhibit protein tyrosine kinase activity. In striking contrast 
to results with PDGF, no effect of protamine sulfate could be demonstrated on EGF- 
stimulated 32P incorporation (Fig. 7), providing additional evidence that protamine 
sulfate specifically affects 1251-PDGF but not '251-EGF receptor-binding . Protamine 
sulfate in the absence of PDGF or EGF is without effect on endogenous membrane 
protein kinase activity (results not shown). 

Protamine sulfate as commercially obtained is not pure; fractionation with 
Sephadex G-50 helped define fractions active in reducing '251-PDGF binding to 3T3 
cells (Fig. 8a). Rechromatography of peaks resulted in a marked improvement of 
purity of individual fractions (Fig. 8b). SDS gel electrophoresis analysis (Fig. 9) of 
these separated fractions shows essential homogeneity of separated fractions prot- 
amine 111 and protamine IV (Fig. 9, columns D,E). The effectiveness of individual 
protamine fractions to inhibit '251-PDGF binding was measured (Fig. 10). Protamine 
I and I1 (MW - llkd and 7.2kd, analyzed together) and protamine I11 (MW - 
4.8kd) were very effective inhibitors. Fifty percent inhibition of '251-PDGF binding 
was observed at 0.4 pM. Protamine IV (MW 3,300kd) was far less effective; - 10 
pg/ml (2.7 pM) was needed to achieve 50% inhibition of '251-PDGF binding to 3T3 
cells. Other fractions were without activity. 

Protamine 111 was tested separately for its effect on binding of '251-EGF and 
'251-PDGF to 3T3 cells and its effect on PDGF- and EGF-stimulated [3H]-thymidine 
incorporation and protein phosphorylation under conditions described in Figures 1-7. 
Protamine 111 was found to produce identical results to those found above at concen- 
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Fig. 5 .  Effect of protamine sulfate and unlabelled EGF on the binding of '251-EGF to human A431 
cells. Monolayer cell culture was incubated with 0.5 ml of assay medium containing 0.8 nglml of 
'251-EGF and various concentrations of protamine sulfate or unlabelled EGF as indicated in 5 rnM 
HEPES buffer (pH 7.4), 0.15 M NaCl and 0.1 % human serum albumin. The specific binding (80808 
cpm/well) in the absence of protamine sulfate was taken as 100% binding. 

trations - 20% of those required for similar effects using unpurified protamine 
mixtures. Thus, protamine 111 is a highly effective purified protein capable of com- 
peting directly with PDGF for the physiological PDGF receptor. 

DISCUSSION 

The binding studies and physiological responses of cells to PDGF and EGF as 
modified by protamine sulfate described here have extended substantially original 
observations that protamine sulfate blocks 12%-PDGF binding to 3T3 cells by com- 
petitive inhibition. Protamine sulfate now has been shown to block 1251-PDGF binding 
to the receptor on transformed cells with a dose response identical qualitatively to 
unlabelled PDGF and to that previously shown with nontransformed cells, suggesting 
that the receptors on transformed and on nontransformed cells are the same. The 
results also show that protamine sulfate blocks 1251-PDGF binding to its physiological 
PDGF receptor on 3T3 cells. Protamine sulfate thus blocks the PDGF-dependent 
stimulation of tyrosine specific protein kinase activity and the PDGF stimulation of 
r3H]-thymidine incorporation into DNA in parallel with decreased 1251-PDGF binding 
of the 3T3 cell. Evidence for specificity of the effect of protamine sulfate on 
'251-PDGF binding also has been obtained in these studies. In contrast to results with 
1251-PDGF, a moderate increase in the binding of lZ51-EGF was found. This increase 
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Fig. 6a. Concentration dependence of '*'I-EGF binding to Swiss mouse 3T3 cells in the presence and 
absence of protamine sulfate. Various concentrations of '"1-EGF were incubated with confluent 3T3 
cells at 37°C for 1 hr in the presence and absence of protamine sulfate (40pg/ml). The binding assays 
were terminated by washing with PBS. 

Fig. 6b. Scatchard analysis of the data presented in Figure 5 .  A straight line was obtained by fitting 
the data using a linear least squares program. The correlation coefficient was 0.988 for the absence of 
protamine sulfate and 0.972 for the presence of protamine sulfate (40 pg/ml). The b ' s  of 1.2 X M 
and 1 . 6 ~  M obtained for the absence and presence of protarnine sulfate, respectively, were felt not 
to be significantly different. 
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Fig. 7. Effect of protarnine sulfate on EGF stimulated phosphorylation of Swiss mouse 3T3 cell 
membranes. The phosphorylation with [y-”P]-ATP was performed at different concentrations of EGF 
in the presence and absence of I 0 0  pglml of protamine sulfate. The radioactivity was visualized by 
autoradiography using Kodak X-Omat AR films. The bands of the 170 K protein localized from the 
autoradiogram were excised and measured with radioactivity. 

in 12’I-EGF binding occurred parallel to the decrease in I2’I-PDGF binding as 
protamine sulfate concentrations were increased in parallel binding assays. This 
increased binding of ‘251-EGF paralleled an increase in the number of EGF receptors 
measured; presumably, protamine sulfate has exposed or activated conformationally 
inactive EGF binding sites, because no significant change in the apparent Kd for 
‘251-EGF binding was found. Whereas protamine sulfate influences the binding of 
I2’I-EGF to intact cells, it is without effect on the binding of I2’1-EGF to 3T3 
cell membrane EGF receptors, and it does not influence EGF-dependent 3T3 cell 
membrane protein kinase activity. Thus, the effect of protamine sulfate on receptor activ- 
ity may be specific in inhibiting the PDGF receptor and not the EGF receptor; the 
cell surface appears to be influenced secondarily to modulate EGF receptor acti- 
vity. Finally, the original observations have been extended to show that certain molec- 
ular weight protamine sulfates have substantially greater activity as competitive bind- 
ing proteins than does commercial protamine sulfate. Protamine sulfate is a very po- 
tent modulator of receptor activity; 400 nM protamine (fraction 111) inhibited ‘251- 
PDGF binding (10 ng/ml) by 50%. Based on the competitive inhibition of 12’I-PDGF 
binding by protamine sulfate, it seems likely that protamine sulfate binds at or very 
near the PDGF receptor, thereby hindering sterically the access of I2’I-PDGF to the 
receptor. 

The value of protamine sulfate in modulating PDGF receptor activity in complex 
biological systems has been established in other investigations by showing that 
protamine sulfate blocks the binding of PDGF to human neutrophils and monocytes 
[31] and the chemotactic response of neutrophils and monocytes to PDGF [2]. 
L251-PDGF bound to cells is displaced by protamine sulfate at times when it cannot be 
fully displaced by unlabelled PDGF, thus establishing the reversible and noncovalent 
binding of PDGF [ 141, as observed also when 12’1-PDGF was displaced by mild acid 
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Fig. 8a. Column chromatography of protamine sulfate from salmon on a Sephadex G-SO column. Fifty 
mg of protamine sulfate (Sigma) was applied onto a column ( 1  .S X 90 cm) of Sephadex G-SO in a solvent 
of formic acid/acetic acidiwater (25:87:888, by volume). The protein concentration was determined 
with Bio-Rad protein assay (optical density at 595 nm). Protamine with different molecular weights were 
located by SDS polyacrylamide gel electrophoresis. Fraction A contained a mixture of protamine I (MW 
11,OOO and protamine MW 7,800). Fraction B contained protamine I11 and protamine I and 11. Fraction 
C mainly contained protamine IV (MW 3,300). The fractional volume was 1.5 ml. Ten pl of each 
fraction was assayed with Bio-Rad protein assay. 
Fig. 8b. Rechromatography of protamine fractions obtained from the first Sephadex G-SO column 
chromatographs. Fraction B from the first column of Sephadex G-SO chromatographs was lyophilized 
and subjected to the same column (1.5 X 90 cm) of Sephadex G-SO. B-I contained mainly protamine I; 
B-I1 contained protamine 11; and B-111 contained protamine 111. The fractional volume was 0.7 ml. 

treatment [32]. Protamine sulfate also competes with p2SV-”’” in conditioned media 
from SSV-transformed cells to block ~ 2 8 ’ - ~ ’ ~  stimulated [3H]-thymidine incorporation 
[J.S. Huang, S.S. Huang, T.F. Deuel, Cell: 39:79-81, 19841. 

The precise mechanism by which protamine sulfate modulates the receptor 
activities of EGF is obscure. However, EGF receptors seem to be readily modulated 
by other ligands, such as vasopressin and phorbol esters [33,34], and by PDGF itself 
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Fig. 9. Sodium dodecyl sulfate polyacrylamide gel electrophoresis of purified protamines. About 1-3 
p g  of protamines were applied. The small polypeptides (insulin B chain, apotinin, cytochrome C,  and 
soybean trypsin inhibitor) were used as protein markers (data not shown). A) crude protamine sulfate; 
B) protamine I and II; C) protamine I and 11; D) protamine III; E) protamine IV. 

[32,35]. Phorbol tumor promoters induce EGF receptor phosphorylation [36], and 
the protein kinase C activated by phorbol esters phosphorylates the EGF receptor and 
reduces its epidermal growth factor-stimulated tyrosine protein kinase activity of the 
receptor protein [37]. 

PDGF and protamine sulfate share several properties in common. Both PDGF 
and protamine sulfate are extremely basic proteins (PI: PDGF - 10.2, protamine - 
12). The amino acid compositions of both proteins are somewhat similar, with a 
strong predominance of basic amino acids [20,38]. Protamine stimulates a protein 
kinase activity that co-purifies with a DNA-binding protein of adenovirus [19] and 
has been shown to bind tightly to DNA and to stimulate DNA synthesis in BALBI 
3T3 cells [ 181. ‘*’I-PDGF was tested and found to bind to DNA cellulose; lZ5I-PDGF 
was retained on the column in 0.15 M NaCl but quantitatively eluted by 2 M NaCl 
(unpublished data). These data suggest additional similarities in the two proteins and 
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Fig. 10. Effect of purified protamines on the ‘251-PDGF to Swiss mouse 3T3 cells. The binding assay 
was performed as described in “Methods.” Monolayer cell cultures were incubated with 10 nglml of 
‘251-PDGF and various concentrations of protamines in 0.5 ml HEPES buffer (pH 7.4), 0.15 M NaCl 
containing 5% plasma-derived serum. After incubation at room temperature for I hr, the assays were 
terminated by washing with PBS. The specific binding was determined by the difference of the absence 
and presence of 4 pg/ml of unlabeled PDGF. The specific binding (8010 cpm) in the absence of 
protamine was taken as 100% binding. The preparations of protamine I + I1 contained equal amounts of 
each; the average molecular weight of this preparation was therefore assumed to be 9,000 daltons for 
purposes of calculations of concentrations. 

support the possibility that domains of the two proteins may be sufficiently similar to 
result in apparent competition for the PDGF receptor. 

Whereas our initial results [ 141 showed competition between I2’1-PDGF and 
protamine sulfate for 3T3 cell binding, the results have been extended to show 
competition for binding to transformed cells as well; the results also provide evidence 
for competition with the physiological receptor for PDGF. The present evidence thus 
extends the earlier preliminary findings to provide evidence that protamine sulfate 
may directly influence the cellular responses resultiag from PDGF interactions with 
its physiological cell surface receptor. The work has demonstrated the specificity of 
the effect of protamine sulfate in competing with 12’I-PDGF, but not with ‘251-EGF, 
and achieved separation of crude protamine sulfate into active fractions with high 
inhibitory activity for 12’I-PDGF binding to receptors. 
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