
to reduce the amount of virus in HIV-1 -
infected individuals. 

Serum concentrations of DAB486IL-2 used 
in the experiments described here (10~8 M) 
have been safely achieved in patients with IL-
2R-expressing malignancies (16). Binding and 
internalization of DAB486 IL-2 by high-affinity 
IL-2R-bearing cells occurs within 30 min of 
exposure, resulting in maximal protein synthe­
sis inhibition within 4 to 6 hours and cytotox­
icity within 48 to 72 hours (24). Therefore, 
despite the short serum half-life of DAB486 

IL-2 (5 to 10 min), continuous administration 
of DAB486 IL-2 to patients should not be 
necessary. 

Antitumor effects have been observed in 
refractory leukemia-lymphoma patients, and 
these effects have occurred despite the pres­
ence of antibodies to diphtheria toxin in 
some patients, and the presence of elevated 
soluble IL-2R levels in all patients. This 
observation is consistent with data obtained 
by ourselves and others that suggest that 
soluble IL-2Rs do not interfere with bind­
ing of IL-2 to the high-affinity IL-2R (25). 
Extensive immunological monitoring has 
been an important feature of early clinical 
trials, and patient data have demonstrated 
that DAB4 8 6 IL-2 has no generalized immu­
nosuppressive properties (15, 16). The ex­
perimental results reported here indicate 
that DAB4 8 6 IL-2 selectively eliminates 
HIV-1-infected cells from mixed T cell cul­
tures while sparing uninfected cells. In ad­
dition, DAB4 8 6 IL-2 inhibits production of 
viral proteins and infectious virus in T cells 

Table 2. Incubation of T cell cultures with 
DAB486 IL-2-eliminated infectious virus. CD4+ 

T cells were infected with HIV-1, washed, and 
then mixed with uninfected cells 1 day later, as 
described in Table 1. Mixtures (unin­
fected: infected T cells) are a ratio of 10:1. Cells 
were cultured in IL-2 (10~9 M), with and 
without DAB486 IL-2 (10"8 M) added on days 
1 and 3. Cultures were washed and fed every 48 
hours as described in Table 1. At several time 
points, T cells (5 x 105) were removed, washed 
three times, and cocultivated with 5 x 105 

uninfected H9 cells. Cultures were incubated for 
an additional 6 days and screened for 
production of p24 in the supernatants. These 
data are representative of two experiments, each 
with duplicate culture wells. 

Tcell 
cultures 

Uninfected 
HIV-1-infected 
Mixtures 
Mixtures 
Mixtures 
Mixtures 
Mixtures 
Mixtures 
Mixtures 
Mixtures 

DAB486 

IL-2 

10~ 8 M 

10~ 8 M 

10~ 8 M 

10~ 8 M 

Days after 
infection 

0 
0 
0 
0 
1 
1 
6 
6 
9 
9 

p24 
(Pg) 

>500 
>500 
>500 
>500 
>500 
>500 

0 
>500 

0 

and inhibits viral RT in HIV-infected 
monocytes. Thus, the emergence of IL-2Rs 
on monocytes and lymphocytes that are 
replicating HIV-1 may provide the basis for 
early therapeutic intervention with targeted 
toxins in HIV infection. 
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Requirement of Heparan Sulfate for bFGF-Mediated 
Fibroblast Growth and Myoblast Differentiation 
ALAN C. RAPRAEGER,* ALISON KRUFKA, BRADLEY B. OLWIN 

Basic fibroblast growth factor (bFGF) binds to heparan sulfate proteoglycans at the 
cell surface and to receptors with tyrosine kinase activity. Prevention of binding 
between cell surface heparan sulfate and bFGF (i) substantially reduces binding of 
fibroblast growth factor to its cell-surface receptors, (ii) blocks the ability of bFGF to 
support the growth of Swiss 3T3 fibroblasts, and (iii) induces terminal differentiation 
of MM14 skeletal muscle cells, which is normally repressed by fibroblast growth 
factor. These results indicate that cell surface heparan sulfate is directly involved in 
bFGF cell signaling. 

BASIC F G F IS A PROTOTYPE OF THE 

heparin-binding growth factor 
(HBGF) family that includes acidic 

fibroblast growth factor (aFGF), int-2, hst, 
FGF-5, k-FGF, and KGF, polypeptides that 
control cell growth and differentiation (1). 
HBGFs bind to heparan sulfate and to high-
affinity protein receptors on cell surfaces (2). 
Cross-linking of iodinated bFGF to cell 
surfaces identifies multiple high-affinity re­
ceptors that bind the growth factor with 
dissociation constants in the 10~9 to 10~1 2 

M range (1, 3). Among these are t h e ^ and 
bek gene products, transmembrane proteins 
that contain cytoplasmic domains with tyro-

A. C. Rapraeger and A. Krufka, Department of Pathol­
ogy, University of Wisconsin, Madison, WI 53706. 
B. B. Olwin, Department of Biochemistry, University of 
Wisconsin, Madison, WI 53706. 

*To whom correspondence should be addressed. 

sine kinase activity (4). FGF binding trig­
gers intracellular phosphorylation of several 
proteins, including the receptors themselves, 
which may lead to FGF action (5). 

Heparan sulfate binds bFGF with a dis­
sociation constant o f l 0 _ 8 t o l 0 _ 9 M and is 
present on proteoglycans found in the extra­
cellular matrix or anchored in the plasma 
membrane (2, 6, 7). An example of the latter 
is syndecan (8). Syndecan derived from sev­
eral cell types, including NMuMG mamma­
ry epithelial cells, Swiss 3T3 cells, or MM 14 
myoblasts, binds to bFGF affinity columns 
(9, 10), and expression of syndecan in lym-
phoblastoid cells confers FGF binding on 
these cells (11). Indirect roles for heparan 
sulfate in bFGF activity include extracellular 
stabilization and storage of FGF (12, 13). A 
direct role in bFGF activity has not been 
apparent, although deletions of putative he­
parin or heparan sulfate binding regions 
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from the growth factor dramatically reduce 
its biological activity (14). Therdbre, we 
have questioned whether a direct role exists 
for cell-surface heparan sulfate in the action 
of bFGF (10). 

Swiss 3T3 fibroblasts proliferate in re- 
sponse to FGF (15). We used two methods 
to assess the role of heparan sulfate in this 
response: (i) treatment of the cells with 
heparitinase (16) or (ii) culture in sodium 
chlorate to block sulfation (17). Iadinated 
bFGF binding sites were distinguished as 
heparan sulfate (Fig. 1A) or protein reap 
tors (Fig. 1B) by salt washes at neutral or 
low pH, respectively (2, 18). As expected, 
treatment with either heparitinase or chlo- 
rate reduced the specific binding of bFGF to 
heparan sulfate by more than 80% (Fig. 
1A). Maximal reduction in binding occurred 
at 30 mM, however, simultaneous addition 
of 10 mM sulfate and 30 mM chlorate, 
which allows sulfation to occur (17), permit- 
ted bFGF binding. Diminished iadinated 
FGF binding closely parallels the reduced 
sulfation ofproteoglycans and is specific for 

Rg. 1. Binding of iodinated bFGF to hcparan 
d f a a  and cell surFace mcptors of Swiss 3T3 
alls.Cellswarculn1rcdin3OmMchlontcand 
0.1% FBS (17), then war aypsinid and re- 
plated in no b t e  (open bus), 30 mM chlorate 
(crosshatched bars), or 30 mM chlorate + 10 mM 
sulfate (solid bars). A k  an additional 24 hours, 
heparitinase (diagonal lines; 1 mIU/ml for 2 
hours) (16) was added to the medium of selected 
wells in no chlorate, and then ceh were chilled to 
4°C to measure binding of iodinated bFGF to 
hcparan sulfate (A) or cell surface rrccptors (B) 
(18). Nonspeafic biding in the presence of 1 pM 
cold ligand was about 15% of the r d  and has 
been sub&. Nonspecific biidmg was not 
altered by heparitinase or &rate treatmen6. (n 
= 3, +SEM) 

heparan sulfate, as enzymatic moval of 
chondroitin sulfate is without effect (9). 

Surprisingly, specific binding of bFGF to 
the protein receptors parallels binding to 
heparan d a t e .  Heparitinase or chlorate 
treatments reduce biding to these sitcs by 
66% or 88%, respectively (Fig. 1B). In 
other experiments, heparitinase treatment 
reduced receptor bindmg by as much as 
90%. Cross-linking of iodinated bFGF to 
cell surfaces identified protein reaptors of 
140 to 160 kD (Fig. 2). Competition with a 
100-fold excess of cold bFGF abolished the 
binding of labeled ligand (19). Both chlorate 
and hepacitinase treatments substantially re- 
duced binding. Furthermore, b i  in 
cells treated with chlorate was restored by 
low concentrations of exogenous heparin, 
demonstrating that the receptors arc avail- 
able at the cell surface, but are unable to 
bind bFGF unless heparan sulfate (or hep  
arin) is present. 

To diractly question the importance of 
heparan Sulfate-mediated binding to the 
action of bFGF, we examinad the growth of 
Swiss 3T3 fibroblasts. The mitogenic re- 
sponse to 10 pM bFGF was inhibited by 
more than9096 ifthecells were culturedin 
30 mM chlorate, but it was restored by the 
addition of 10 mM sulfate (Fig. 3A). Chle 
rate at 10 mM was kss eEective, consistent 
with its lesser effect on bFGF binding to 
heparan sulfate. We examined concentra- 
tions of bFGF up to 500 pM and found that 
chlorate inhibits bFGF-induced prolifera- 
tion by more than 80%. Chlorate specifically 
inhibits bFGF action, as growth in 100 to 
400 pM epidermal growth factor (EGF) 
(Fig. 3A) or 100 to 400 pM platelet-derived 
growth factor (19) was not a&cted. Fur- 
thermore, culturing cells simultaneously in 
10 pM bFGF and 5 mIU heparitinase re- 
duqd 3H-labeled thymidine incorporation 
by 61% (19). Lasdy, the chlorate blockage 
of bFGF-mediated growth could be over- 
come by exogenous heparin at concentra- 
tions as low as 1 "glml. This restoration not 
only demonstrates the ability of the cells to 
grow normally in chlorate, but also con6rms 
the requirement of heparan sulfate or hep- 
arin for the action of bFGF. 
The requirement fbr heparan &te also 

extends to the bFGF-mediated repression of 
MM14 skeletal m d e  cell diikentiation. 
FGF deprivation results in the expression of 
skeletal muscle genes and fusion into myo- 
tubes (20). The cells also withdraw from the 
cell cyde, although this alone is not su5- 
aent to induce difkentiation (20). Block- 
age of FGF signahg can therefore be detect- 
ed by two independent assays: (i) exmking 
bxomdeo@dine (Brdu) inanpomtion 
into DNA to assess exit from the cell cyde 
and (ii) stahhg for myosin heavy chain to 

Rg. 2 Cross-hkq. of iodinad bFGF to cell 
mtkx mxptors. SWISS 3T3 cells were subpxed 
to DSS cross-linking after incubation with 300 
pM iodinated bFGF, as in Fig. 1, then cmmxed 
for PAGE (27). Lane 1, nontreated; lam 2, 
hepantinase, lam 3,30 mM chlorate + 10 mM 
d i n ;  lanes 4 to 7, 30 mM chlonn; lam 5, 
chlonn + heparin (1 nglml); lane 6, chloatc + 
heparin (10 nglml); lane 7, chlorate + heparin 
(100 eml) .  

asscss the activation of m u s d e - s ~  genes. 
Treatment of MM14 cultures with chlo- 

rate reduces [3H]thymidine incorporation 
by 95% at concentrations of bFGF that 
promote maximal growth, and supplement- 
ing the sulfate concentration to 10 mM 
nulMes this inhibition (21). As occurs with 
the 3T3 cells, up to 90% of the specific 
biding of iadinatcd bFGF to cell surface 
receptors is abolished by treatment with 
either the sulfation inhibitor or heparitbase 
(21). Thesc effects on proliferation were . . 
v m a k d  directly by fluorescent staining of 
BrdU incorporation into newly synthesized 
DNA (Fig. 4 4 .  In addition, staining for 
myosin heavy chain in companion cultures 
showed that proliferating myoblasts re- 
mained as single, myosin-negative cells (Fig. 
4). However, if the ells were cultured 
with bFGF in the presence of bFGF neutral- 
izing antibodies (22), over 95% of the cells 
Med to incorporate BrdU, stained for mus- 
cle-specific myosin, and fused to form myo- 

C 
0 
,P 1.5 - 

8 - 
at " I  

" 2  

- 
C s 0.0 

d 0 1 0 3 0 3 0 0 1 0 3 0  0 0 . 1 1 1 0  
Chlorate (mM) Heparln (nglml) 

F@. 3. Grow& of Swiss 3T3 fibroblam in chlo- 
rate. (A) chbrate blocks T C S F  to bFGF but 
not EGF. Cultures war chloraa-mated and se- 
n u n d  (17). We added bFGF (10 pM) 
(open bars), EGF (400 pM) lines), or 
bFGF + sulfate (solid bar) for 18 hours, then 
measurrd [3H]thymidim i n ~ t i o n  into mw- 
ly synthesized DNA during a 4hour pulse labd 
(28). Relative incorporation is compared to cells 
cultured in bFGF without &orate. (B) Heperin 
rcstwcs the mitogenic activity of bFGF. Heparin 
was added with 10 pM bFGF to serum-sramd 
cultures treated with 30 mM chloratc. (n = 4, 
+SEM) 
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Fig. 4. Differentiation of MM14 myoblaso in 
chlorate. Myoblaso were plated in medium con- 
& ing  150 pM bFGF. The cells were nontreated 
(A and E), or received a 1:1000 dilution of 
bFGF-neunalizing antibody (9 and F), or were 
cultured in 30 mM chlorate (C and 0)  or 30 mM 
chlorate + 10 mM sulfate (D and H). BrdU (10 
a) was added for 1 hour, 35 hours after plating; 
then the cells were dved in methanol and aad- 
treated for staining with fluorescein isothiocya- 
nate-conjugated antibody to BrdU (A through 
D) (29) or fixed in 4% paraformaldehyde and 
permeabilized with 0.5% Triton to stain with 
antibody to myosin heavy chain and Texas red- 
conjugated second antibody (E through H). 0th- 
er cultures were deprived of bFGF and contained 
myosin-producing myotubes at the time of 6xa- 
tion (not shown). 

tubes (Fig. 4, B and F). This differentiation 
program was similarly initiated by culture 
in 30 mM chlorate, despite the continued 
presence of bFGF (Fig. 4, C and G). 
Simultaneous addition of chlorate and 10 
mM sulfate restored bFGF signaling and 
prevented differentiation (Fig. 4, D and 
H). 

These data demonstrate that cell surface 
heparan sulfate is critical for the action of 
bFGF on fibroblasts and myoblasts. Similar 
results have been obtained with aFGF or 
k-FGF on MM14 myoblasts (21). The effect 
of chlorate appears specific for the proteo- 
glycan-mediated growth mechanism, as the 
Swiss 3T3 cells retain the ability to grow in 
serum and other growth factors, despite the 
chlorate treatment. Indeed, the MM14 my- 

oblasts respond to chlorate not simply by 
ceasing proliferation but by embarking on 
an intricate differentiation program. The 
chlorate concentrations that reduce FGF 
activity correspond closely to the amounts 
required to block bFGF binding through 
effects on proteoglycan sulfation (9, 10). In 
the MM14 cells, radiosulfate incorporation 
into proteoglycans in 20 mM chlorate is 
reduced by 89% (21). 

The pr&ary consequence of reducing the 
sulfation of heparan sulfate is that it abolish- 
es a binding site required for bFGF activity. 
Although heparan sulfate stores FGF in the 
extracellular manix (12), a more direct 
mechanism appears necessary, namely, its 
participation in the binding of FGF to its 
receptor. This binding requirement is sup- 
ported by a report (23) showing that FGF 
receptors expressed in heparan sulfate-defi- 
cient CHO cells bind FGF only if exogenous 
heparin is added. Our data suggest, there- 
fore, that the intrinsic afbity of the cell 
surface receptor for bFGF appears to be 
low, whereas the heparan sulfate-FGF com- 
plex is recognized with high S t y .  FGF 
may undergo a change in conformation 
when bound to heparan sulfate. Altemative- 
ly, a direct interaction between the receptor 
&d cell surface proteoglycans may also be 
required. Although details of the mechanism 
remain to be worked out, it is dear that 
heparan sulfate is required for biological 
activity of the growth factor. The growth 
and differentiation of cells in vivo may be 
regulated not only by the expression of FGF 
and its receptor but also by the temporal and 
spatial expression of heparan sulfate proteo- 
sly=- 
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Identification of p53 as a Sequence-Specific 
DNA-Binding Protein 

The tumor-suppressor gene p53 is altered by missense mutation in numerous human 
malipaaaes. However, the biochemical pqert ies of p53 aud the effect of mutation 
on these properties are unclear. A human DNA sequence was identified that binds 
specifically to'wild-type human p53 protein in vitro. As few as 33 base pairs were 
sufEaent to c o n k  specific biding. Certain panines within this 33-biw pair region 
were critical, as methylation of these m e s  or their substitution with thymine- 
abrogated binding. Human p53 protcias containing eitha of two misscnse mutations 
commonly found in human tumors were unable to b i d  signiiicandy to this sequence. 
These data suggest that a function of p53 may be mediated by its abiity to bind to 
speci6c DNA sequence8 in the human genome, and that this activity is altered by 
mutations that o a k  in human tumors. 

T HE GENE FOR THE NUCLEAR PHOS- 

phoprotein p53 is the most com- 
monly mutated gene yet identified in 

human cancers (1); missense mutations oc- 
cur in tumors of the colon, lung, breast, 
ovary, bladder, and several other organs (2, 
3). One of the important challenges of cur- 
rent cancer research is the elucidation of the 
biochemical properties of the p53 gene 
product and the way in which mutations of 
the p53 gene affect these properties. Al- 
though some biological characteristics of 
p53 have been defined, such as its ability to 
suppress the growth of in vitro-transformed 
murine cells (4) or human cancer cells (S), 
the biochemical basis of this suppression 
remains unknown. 

As a step toward understanding such 
properties, we have attempted to determine 
whether p53 binds to specific DNA se- 
quences within the human genome. Two 
previous lines of evidence stimulated these 
studies. First, p53 can provide a manscrip- 
tional activation function when fused to a 
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T o  whom corresponduKc should be a d d m d  

DNA-binding polypeptide such as GALA 
(6). Second, p53 can bind nonspecifically to 
DNA (7), and such nonspecific binding was 
altered in each of 15 human tumor-derived 
or murine-transfor- forms of mutant 
p53 tested (8, 9). Because many proteins 
with a speafic DNA-bin- function also 
bind nonspecifically to DNA (lo), we have 
suggested that a sequence-speulic binding 
ability of p53 might exist and be a functional 
target of p53 mutations (9). 

To identify a sequence-specific bin- 
site, cloned DNA sequences were screened 
by means of an immunoprecipitation tech- 
nique (11, 12).. Two dasses of clones were 
tested. The first consisted of 400 dona  
conmining inserts of 300 to 1000 bp ob- 
tained randomly from the human genome. 
The second class consisted of cosmid and 
plasmid clones chosen because they con- 
tained sequences that might be important in 
normal growth control (12). Each done was 
digested with an appropriate restriction 
endonudease, end-labeled with 32P, and in- 
cubated with p53 from a lysate of cells 
infected with a recombinant vaccinia virus 
expressing p53 (1 1). Labeled DNA frag- 
ments that bound to p53 were then recov- 
ered by immunoprecipitation with mono- 
clonal antibodies against p53 (anti-p53). Of 
the more than 1400 restriction fragments 
tested, only two, both from the second dass 
of clones, bound reproducibly to p53 under 
the experimental conditions used: a 259-bp 

Hinf I fragment (fragment A) of done 772 
G, (Fig. lA, panel 2), and a 190-bp Hinf 
I fragment (fragment B) of clone A 5R (Fig. 
lA, panel 3); these fragments bound to a far 
greater extent (at least tenfold more) than 
any of the other labeled fragments of larger 
or smaller size present in the same assay 
mixes. 

Subsequent efforts were concentrated on 
fiagment A. First, it was demonstrated that 
detection of the binding of fragment A was 
dependent on both p53 protein and anti- 
p53. Lysates from cells infected with wild- 
type vaccinia virus (devoid of p53) were not 
able to specifically immunoprecipitate fhg- 
ment A (Fig. 1B). Similarly, the precipita- 
tion of fragment A was dependent on the 
presence of anti-p53 (Fig. 1B). The binding 
was evident in lysatcs prepared from either 
human HeLa cells or monkey BSCQO cells 

1 2 3 4 

B 
Host cell: HeLa BSC40 

p53: - + +  - + + 

Fig. 1.  (A) Screening for fragments bound by p53 
by an immunoprecipitation assay (11). Clones 
(12) were cleaved by a restriction cndonudease, 
end-labeled, and incubated with lysates of vaccinia 
v i c w i i e d  cells synthesizing wild-type p53. 
After immunoprecipitation with anti-p53 (17), 
bound DNA fhgmcnts were recovcred and sepa- 
rated on a nondenaturing polyacrylamide gel. 
Panel 1 contains the hFosAva2 clone; panel 2, 
772 GE; panel 3, A 5R; panel 4, a pool of clones 
with inserts of randomly cloned human genomic 
sequences. The 772 GE and A 5R contain Hinf I 
fhpents  (259 and 190 bp, respectively) that 
bound p53 relatively strongly (arrowheads). C, 
control lane, conraining 2% of the labeled DNA 
used in the biding reactions. B, bound DNA 
recovered from the immunoprecipitate. (8) Tcsts 
for dependence on p53 and spcafic antibody. Ccll 
lysates w a  produced by infixtion with vaEcinia 
virus that did (+) or did not (-) contain an insert 
of wild-type p53 cDNk Immunoprecipitation 
was performed with anti-p53 (+) or norrml 
mouse immunoglobulin G (-). 
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