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ABSTRACT. Basic fibroblast growth factor (bFGF) binds to cell surface tyrosine kinase receptor proteins
and to heparan sulfate proteoglycans. The interaction of bFGF with heparan sulfate on the cell surface
has been demonstrated to impact receptor binding and biological activity. bFGF receptor binding affinity
is reduced on cells that do not express heparan sulfate. The addition of soluble heparin or heparan sulfate
has been demonstrated to rescue the bFGF receptor binding affinity on heparan sulfate deficient cells yet
has also been shown to inhibit binding under some conditions. While the chemical requirements of the
heparin-bFGF-receptor interactions have been studied in detail, the possibility that heparin enhances
bFGF binding in part by physically associating with the cell surface has not been fully evaluated. In the
study presented here, we have investigated the possibility that heparin binding to the cell surface might
play a role in modulating bFGF receptor binding and activity. Balb/c3T3 cells were treated with various
concentrations of sodium chlorate, so as to express a range of endogenous heparan sulfate sites, and
[**4]bFGF binding was assessed in the presence of a range of heparin concentrations. Low concentrations
of heparin (0.130 nM) enhanced bFGF receptor binding to an extent that was inversely proportional to
the amount of endogenous heparan sulfate sites present. At high concentratioh®,(h@parin inhibited

bFGF receptor binding in cells under all conditions. The ability of heparin to stimulate and inhibit-bFGF
receptor binding correlated with altered bFGF-stimulated tyrosine kinase activity and cell proliferation.
Under control and chlorate-treated conditiods? [Jheparin was observed to bind with a high affinity to

a large number of binding sites on the celg & 57 and 50 nM with 3.5« 10° and 3.6x 10F sites/cell

for control and chlorate-treated cells, respectively). A mathematical model of this process revealed that
the dual functions of heparin in bFGF binding were accurately represented by heparin cell binding-mediated
stimulation and soluble heparin-mediated inhibition of bFGF receptor binding.

Basic fibroblast growth factor (bFGFjs a member of a  have been subjected to heparinase digester¥). Further-
family of growth factors that affect the growth and dif- more, the reduced level of receptor binding in the absence
ferentiation of a large number of cell typely.(These growth  of heparan sulfate translates to decreased bFGF biological
factors have structural and sequence similarities, and inactivity (6, 8—10).

addition, they all bind to heparin with high affinitg). The The role of heparan sulfate in modulating bFGF receptor

ability to bind heparin greatly facilitated the purification of binding has been the subject of many studies (se@ fef
these proteins, and in recent years, it has been shown to be g ) y

) . . . ; ; . a review). A model that has evolved from these studies
a reflection of physiologically important interactions with

heparan sulfate proteoglycans on cell surfaces and withinsuggeSts thaF bFGF, .|ts receptor, and a hepgran §u.|fate
extracellular matrixes2—4). For example, the ability of proteoglycan interact simultaneously to form a high-affinity

bFGF to bind to its cell surface tyrosine kinase receptors is complex. The heparan sulfate chain could act by binding

dramatically affected by the presence of heparan sulfate. TheP0th PFGF and its receptor, facilitating the bFG#®ceptor
extent of bFGF binding to its receptors is significantly nteraction 7, 11, 12). In this manner, the cell surface
reduced in cells that either do not express heparan sulfate Proteoglycan and receptor could each bind bFGF and then
have been treated with the sulfation inhibitor chlorate, or come together to form a stable complex. Different forms of
the receptor and alterations in heparan sulfate structure might
T This work was supported by NIH Grants HL56200 and HL46902, affect bFGF cell binding and cellular response. In addition,

a Whitaker Foundation Biomedical Engineering Research Grant, and localization of heparan sulfate away from the cell surface
departmental grants from the Massachusetts Lions Research Fund and . . . .
Research to Prevent Blindness, Inc. might result in a heparan sulfate-mediated decrease in the
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63§éggz-nF$ivfrls%6§§h%%?szMrggi'Ein“éjge”t@med‘b'OChem-bu-ed“-that perlecan containing heparan sulfate secreted by endo-
§ Virginia Polytechnic Institute and State University. thelial cells is a potent inhibitor of bFGF receptor binding
! Abbreviations: bFGF, basic fibroblast growth factor; DMEM, and mitogenesis1@, 14). These opposing activities of
Dulbecco’s modified Eagle’s medium; ECM, extracellular matrix; heparan sulf r lvcans ar nsistent with reports of
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The specific heparin and heparan sulfate structures requiredDulbecco’s modified Eagle’s medium (DMEM, Gibco),
for interaction with bFGF have been studied in deta8- supplemented with penicillin (100 units/mL), streptomycin
20). The minimum fragment required for binding bFGF is a (100 ug/mL) (Gibco), glutamine (2 mM), and 10% calf
pentasaccharidd.); however, longer fragments are required serum (Hyclone) 7, 29). Cells were passaged every-3
to enhance bFGF binding to its receptors on cellg (9, days while subconfluent by treatment with 0.05% trypsin
20). Although most studies have focused on the ability of (Gibco) and with 0.53 mM EDTA, and fresh cells were
heparin to rescue bFGF receptor binding on heparan sulfatethawed every 2 months. Cell numbers were measured by a
deficient cells, several have reported inhibition of bFGF Coulter counter after trypsinization and/or by acid phos-
receptor binding and activity by soluble heparis,(21— phatase activity30). All experiments were conducted using
23). The mechanism of inhibition has generally been confluent Balb/c3T3 cells plated at a density of 39 000 cells/
attributed to the ability of soluble heparin to compete with cr?.
cell-associated heparan sulfate. However, inhibition of bFGF  Acid Phosphatase Assagells were washed once with
binding by heparan sulfate has been observed in chlorate-PBS. Acid phosphatase buffer was added [0.1 M NgCH
treated cells that do not express significant amounts of COO (pH 5.5), 0.1% Triton X-100, and 0.38 mg/mtnitro-
sulfated heparan sulfatéd), suggesting additional mecha- phenyl phosphate disodium], and the cells were incubated
nisms for inhibition. One possibility is that the cellular local- at 37°C for 45 min. The reaction was quenched with,80
ization of the exogenous heparin has an important impactof 1 N NaOH per well. The sample in PBS was read in a
on bFGF regulatory activity. Heparin has been demonstratedspectrophotometer at an absorbance of 410 or 4403\ (
to bind specifically to a number of cell typed4—27). Thus, Heparin lodination.lodinated heparin was a generous gift
it is possible that exogenous heparin can have both stimu-of J. D. San Antonio (Thomas Jefferson University, Phila-
latory and inhibitory activities, where heparin binding to cells delphia, PA) and was prepared as described previoG4)y (
enhances bFGFreceptor interactions with the remaining Briefly, tyramine was added to the reducing end of heparin
soluble heparin acting by binding bFGF in solution, inhibiting and then iodinated using the chloramine-T method. This
its cell surface binding. The net effect would be dependent method iodinates the positions ortho to the hydroxyl group
on the concentration of heparin, the number of heparan on tyrosine. The heparin was passed over a G-25 column to
sulfate sites on the target cell, and the affinity and number separate freé®d from heparin. The major midsize peak of
of binding sites for heparin on the target cells. radiolabeled heparin with an average molecular mass of

In the study presented here, we have correlated the effects~18000 Da was collected and used for binding studies.
of exogenous heparin on bFGF receptor binding in Balb/  Chlorate TreatmentCells were plated at a density of
c3T3 cells to the level of endogenous heparan sulfate in these39 000 cells/crhin DMEM with 10% calf serum, penicillin,
cells, and to the ability of heparin to bind to the cell surface. streptomycin, and glutamine at 3T for all experiments.
We further demonstrate that the ability of heparin to stimulate After 24 h, medium was changed to DMEM with 2%
and inhibit bFGF-receptor binding correlated with altered dialyzed calf serum (Sigma) and glutamine (2 mM) with or
bFGF-stimulated tyrosine kinase activity and cell prolifera- without chlorate at the indicated concentrations. Cells were
tion. A mathematical model of this process revealed that the incubated for 72 h at 37C.
dual functions of heparin in bFGF binding were accurately  [33S]Sulfate Incorporation3*S]Sulfate (10Q:Ci/mL final
represented by heparin cell binding-mediated stimulation and concentration) was added to cells with and without chlorate
soluble heparin-mediated inhibition of bFGF binding. and incubated for the indicated times. Medium was collected:;

2 mM PMSF was added, and samples were stored on ice.
MATERIALS AND METHODS Cells were washed once with PBS and then extracted with

Materials.bFGF (human recombinant, 18 kDa) was from cold scraping buffer [1 M urea, 1 mM DTT, 10 mM Tris-
Scios-Nova (Mountain View, CA).3H]Thymidine, PH]- HCI (pH 7.4), 10 mM EDTA, and 2 mM PMSF] with a
heparin, §°S]sulfate, and'f™]Bolton—Hunter reagent were  Teflon cell lifter. Samples were stored on ice for 10 min
obtained from DuPont-NEN (Boston, MAY-?f]bFGF was and then centrifuged for 10 min at 12@)0Supernatant
prepared using a modification of the Boltehlunter method (Medium) was saved and stored on ice. The cell supernatant
(7). Sodium chlorate (NaCl¢§) was from Fluka (Ronkonko-  (ECM) was stored on ice. The cell pellet was dissolved in
ma, NY). Phosphate-buffered saline (PBS) was from Gibco TUT [10 mM Tris-HCI (pH 8.0) 8 M urea, 0.1% Triton
(Grand Island, NY). Horseradish peroxidase-linked anti- X-100, 1 mM sodium sulfate, and 2 mM PMSF], stored on
mouse IgG (from sheep) whole antibody was from Amer- ice for 10 min, and centrifuged for 10 min at 10@00he
sham (Arlington Heights, IL). Anti-active mitogen-activated supernatant (cell extract) was collected and stored on ice.
protein kinase (MAP kinase) was from Promega (Madison, Cetylpyridinium Chloride Precipitatiorilo quantitate the
WI). Anti-phosphotyrosine monoclonal antibody (PY20) was amount of radiolabeled glycosaminoglycans present in cell,
from Transduction Laboratories (Lexington, KY). Heparinase ECM, and medium fractions after treatment with heparin,
| (EC 4.2.2.7) purified fronflavobacterium heparinurwas glycosaminoglycans were precipitated using cetylpyridinium
a generous gift of R. Sasisekharan at the Massachusettshloride, a lipophilic cation which binds to charged groups
Institute of Technology (Cambridge, MAR®). Heparin, along the glycosaminoglycans rendering them insolukil (
chondroitin sulfate, cetylpyridinium chloride, HRP-linked Cells in 24-well Costar plates were treated wittS]sulfate
anti-rabbit IgG, and acid phosphatase substrate were fromwith or without 50 mM chlorate for 72 h and separated into
Sigma (St. Louis, MO). Bovine serum albumin was from medium, extracellular matrix, and cell extract fractions as
Intergen (Newark, NJ). described previouslydj. Cells were washed three times in

Cell Culture.Balb/c3T3 fibroblasts were from the Ameri-  cold binding buffer. Binding buffer (0.5 mL/well) was added,
can Type Culture Collection. Cells were maintained in and cells were incubated for 10 min at@. Heparin was
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Table 1: Different bFGF Binding Interactions Are Released by Specific Wash Conditions

bFGF bound heparin bound bFGF boundto bFGFboundto  bFGF bound to
to both FGFR to bFGF bound heparin bound toboth surface-boundsurface-bound (not
bFGFHSPG bFGFFGFR and HSPG to FGFR FGFR heparin and FGFR FGFR) heparin

2 M NaClin X X X
20 mM HEPES
(pH 7.4)

20 mM sodium X X
acetate (pH 4.0)

2 M NacClin 20 X X X X X X X
mM sodium acetate
(pH 4.0)

aFor low pH, bFGF bound to its receptors only would be released by low pH. If bound to its receptor while also bound to heparin, that is, in
solution, bFGF would be released with a low-pH wash. For high salt, bFGF bound to a cell surface-bound heparin would be released by high salt.
bFGF bound to a receptor-bound heparin, but not to its receptor, would also be released by high-salt buffers. For low pH with high salt, a low-pH
wash with high salt would release bFGF from any interactions at the cell surface since the receptor binding is pH-sensitive and the heparin or
HSPG binding is salt-sensitive. The information in this table was generated on the basis of previously publishedM&ald, 33).

added at varying concentrations, and the cells were incubated Control experiments were conducted using cells exhaus-
at 4 °C for 1 h. Medium, ECM, and cell extract fractions tively treated with heparinase and/or chlorate (receptor

were collected as described above. HeparingP®f a 10 binding only) to determine the amount of receptor-bound
mg/mL solution) was added to & of each sample as a bFGF that is released by the high-salt wash. Furthermore,
carrier, and then 2@L of PBS and 8QuL of 5% cetylpy- experiments were conducted with cell-free extracellular

ridinium chloride hydrate were added. Samples were vor- matrix-coated dishes and with very high concentrations of
texed, incubated at 37C for 1 h, and microfuged for 10  [**™]bFGF, which would predominantly bind to HSPG sites
min at 1000@. The pellet was resuspended in 1% cetylpy- only, to determine that amount of HSPG-bound bFGF that
ridinium chloride and microfuged for 10 min at 10@p0he is released in the low-pH, low-salt wash. It was estimated
resulting pellet was dissolved in 10 of 0.5 M sodium  that tre 2 M NaCl, pH 7.4 solution extracted95% of the

acetate, and samples were counted in a Packard A2010HSPG-bound and<5% of the receptor-bound bFGF. The
scintillation counter. low-pH, 150 mM NaCl solution was able to extrae85%

- Lo . . of the receptor-bound bFGF. The high-salt, low-pH solution
bFGF Binding. bFGF binding is complex, mvolvmgTO [2 M NaCl and 20 mM sodium acetate (pH 4.0)], when used

binding 10 rece_:ptors, .HSPG’ an_d comp_lex_es of bpth. alone (in the absence of a high-salt prewash), was able to
analyze these interactions, a series of binding studies were

. g 2 extract amounts of bFGF equal to the sum of a high-salt [2
performed with Balb/c3T3 cells. Equilibrium binding d#4]- .
bFGF was conducted with confluent Balb/c3T3 cells9). M NaClin 20 mM HEPES (pH 7.4)] wash followed by the

) i low-pH, high-sal i . Th iati
Cells in 24-well plates (Costar, Cambridge, MA) were ow-pH, high-salt extraction % 9, 33) ese variations

LN allowed bFGF that was receptor-bound to be isolated from
washed once W't.h binding buffer (.DMEM’ 25 mM HEPES, bFGF that was in a complex with receptor and heparin
and 0.05% gelatin) at 4C. Fresh binding buffer was added ,gpg
(0.5 mL/well), and cells were incubated at@ for 10 min. )

[**™]bFGF was added at the indicated concentrations, and

cells were incubated at C for 2.5 h. At the end of the 1 ing of 129]heparin was conducted with confluent Balb/
binding period, cells were placed on ice and washed three ;313 ¢gis. Cells in 24-well plates (Costar) were washed once
times with |Ce-cqld blndl_ng buffer. HSPG.-bourfdsﬂbFGlF with binding buffer (DMEM, 25 mM HEPES, and 0.05%
was removed with a quick wash-b s) usig 2 M NaCl in gelatin) at 4°C. Fresh binding buffer was added (0.5 mL/
20 mM HEPES (pH 7.4) followed by a wash with PBE3). well), and cells were incubated at°€ for 10 min. £24]-

Cell surface receptor-boundzfl]bFGF_ was subsequently  Heparin was added at the indicated concentrations, and cells
extracted with two washes (one 5 min wash and one rapidyere incubated at 4C for 1 h. At the end of the binding
wash) at room temperature ugir2 M NaCl in 20 MM period, cells were placed on ice and washed three times with
sodium acetate (pH 4.0). The level of nonspecific binding ice-cold binding buffer. NaOH (0.3 N) was added to extract
was measured and subtracted from all d&a Yariations the bound J?]heparin by overnight incubation at room

in the nature and the order of the washes were conducted tqemperature. Contents of wells were transferred to tubes and
further characterize bFGF binding (Table 1). Bound bFGF counted in a Packard model 5650counter. Experiments
was released from cell-associated binding sites using a varietyere also conducted usgjr2 M NaCl in 20 mM HEPES (pH

of extraction buffers: (12 M NaCl in 20 mM HEPES (pH  7.4) with PH]heparin (DuPont-NEN) to confirm that all
7.4) followed by a PBS wash to remove bFGF bound to counts were salt-releasable. In one particular experiment,
HSPG alone, and not bound to receptors; (2) 20 mM sodium high-salt extraction released 35%7 63 cpm compared to
acetate and 150 mM NaCl (pH 4.0) followed by an identical 3220 + 124 cpm released with NaOH in control cells.
wash to remove bFGF bound to receptors alone, and notChlorate-treated cells yielded 3022 328 cpm with high
bound to HSPG; and 2 M NaCl in 20 mM sodium acetate  salt and 2499+ 7 cpm with NaOH. Nonspecific binding
(pH 4.0) followed by an identical wash to remove bFGF was assessed empirically by competition with increasing
bound to either HSPG, receptor, or a combination of HSPG concentrations of cold heparin until no further reduction of
and receptor. labeled heparin binding was observed. The amount of

Heparin Binding.Studies were conducted to assess the
ability of heparin to bind to Balb/c3T3 cells. Equilibrium
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nonspecific binding was determined to increase linearly with heparin (Appendix). Our model reflects the experimental
increased 'Pi]heparin concentration. The specific binding binding conditions at 4C where internalization and synthesis
data were analyzed using a modification of the Scatchard are assumed to be negligible. The base model (no heparin)
method by fitting the data to the following equation to is composed of three differential equations and three
determine the binding constant and number of binding sites algebraic equations reflecting the lack of degradation or

assuming a single class of binding site: synthesis of bFGF, FGFR, and HSPG. The equations reflect
) association and dissociation of bFGF for the cell surface
[heparin}, = Ry[heparin} binding elements (FGFR and HSPG) and coupling to form
K4 + [heparin] a high-affinity triad (bFGFFGFR-HSPG). It should be

noted that our association and dissociation constants for
whereKq andRy represent the dissociation constant and the bFGF binding are not constants but a function of unbound
number of binding sites, respectively, and [heparishd FGFR and HSPG and that the surface coupling rates are a
[heparin] represent the measured concentration of specifi- function of the spatial distance between surface molecules
cally bound and free heparin, respectivedy34). Curve fit- reflecting the density of these compounds. We assumed that
ting was conducted using the Levenbelarquardt algo- there were no preformed HSPG-R complexes and that
rithm with the program KaleidaGraph, version 3.0.4 (Synergy dissociation of bFGF from a triad led to the release of both
Software, Reading, PA), on a Macintosh Power PC. an HSPG and an FGFR. The inclusion of heparin leads to
Western Blot Analyses of MAP Kinase and Phosphoty- the addition of four differential equations to our model. Basic
rosine.Control and chlorate-treated cells were prepared as FGF was allowed to bind heparin in solution and when
described. After bFGF treatment, cells were washed twice heparin was bound to FGFR (2). In addition, binding of
in PBS; then 1 mL of HTG (20 mM HEPES, 1% Triton bFGF-heparin solution complexes with FGFR was included,
X-100, 10% glycerol, and 1 mM PMSF) was added, and but bFGFFGFR surface complex binding to extracellular
cells were scraped with a cell lifter. Lysate was centrifuged heparin was not. Our experimental data indicated no sub-
at 1000@ for 10 min. The supernatants were normalized to stantial increase in the level of salt-sensitive binding of bFGF
total protein, run on polyacrylamide gels, and electrotrans- in the presence of heparin which allowed us to eliminate
ferred to Immobilon-N (Millipore Corp., Bedford, MA). For bFGF binding to surface heparitneparin receptor com-
anti-active MAP kinase and anti-phosphotyrosine blots, mem- plexes and bFGFheparin complexes binding to heparin
branes were blocked overnight in TBS-T (Tris-buffered saline receptors, other than FGFR.
solution and 0.5% Tween 20) with 10% BSA. Membranes  The full set of equations which compose our model are
were hybridized with either anti-active MAP kinase at a shown in the Appendix with the algebraic equations reflect-
dilution of 1:6000 or anti-phosphotyrosine at a dilution of ing the lack of overall synthesis or degradation in the system
1:666 in TBS-T with 2% BSA at 37C for 1.5 h. Secondary  at4°C. The parameter values as well as the initial conditions
antibody hybridization was carried out with HRP-linked anti- used in our calculations are listed in Appendix. LSODE, an
rabbit 1gG (Sigma) at a dilution of 1:12500 for 1.5 h in algorithm for numerical integration of nonlinear ordinary
TBS-T with 2% BSA at 37°C for anti-active MAP kinase  differential equations, was used to solve the equations given
blots, or HRP-linked anti-mouse IgG (from sheep, Amer- the initial conditions corresponding to bFGF addition at time
sham) at a dilution of 2:5000 in TBS-T with 2% BSA at 37 zero 36, 37). The solutions shown in Figure 8 correspond
°C for 1.5 h for anti-phosphotyrosine blots. Bands were to 2.5 h of bFGF exposure which corresponds to the
visualized with Renaissance Western blot chemiluminescenceexperimental time period of interest. The coupling constants
reagent (DuPont-NEN) on Amersham hyperfilm. were obtained as previously published using Gaussian quad-
[3H]Thymidine Incorporation After treatment for 72 h  ratures to solve the diffusion equation related to the prob-
with or without chlorate, bFGF with or without heparin ability of interaction between a bFGFFGFR complex and
(concentrations indicated in figures) aritHJthymidine (1 an unbound HSPG or a bFGHSPG complex and an un-
uCi/mL) were added and the cells incubated for-36 h at bound HSPG before dissociation of the bFGF can o@%)r (
37 °C. Cells were washed with PBS, and DNA was
precipitated with methanol and trichloroacetic adé)( Total RESULTS
[®H]thymidine incorporation was quantitated by liquid scin- Heparin Inhibits and Stimulates bFGF Receptor Binding.
tillation counting. Independent studies have shown that cells depleted of
Mathematical Modeling Method# mathematical model  heparan sulfate were able to recover their affinity for bFGF
based on previous worlB9) was developed. The model was binding when soluble heparin was added to the medisim (
based on cells with a homogeneous distribution of FGF 10, 17, 19, 38, 39). The aim of this study was to gain insight
receptors, heparan sulfate proteoglycan binding sites, andinto the mechanisms of the effects of heparin on bFGF. To
heparin binding “receptors”. The HSPG sites and heparin investigate the effect of soluble heparin on the binding of
binding receptors were assumed to be homogeneous. ThidFGF, cells were treated with varying amounts of chlorate
is a valid first approximation since all the binding parameters to regulate the amount of HSPG binding sites on the surface.
used in the model represent averaged values for each bindindrhis range of chlorate concentrations was demonstrated to
interaction. The volume of the local environment reflects the decrease the number of bFGF-binding HSPG sites but has
cell density and the absolute level of bFGF and heparin no effect on the number of bFGF receptors on these cells
available per cell. (9). bFGFHSPG and bFGFheparin binding has been
The model is composed of a system of ordinary differential shown to be salt-sensitive>( M NaCl), while bFGF-
equations which describe the kinetics of binding of bFGF receptor binding is sensitive to low pH (pH 43). These
to FGFR in the presence and absence of surface HSPG andharacteristics were exploited in assessing and classifying
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bFGF bound (pM)

nM Heparin
Ficure 2: Effect of soluble heparin on salt-releasabf[bFGF

binding in chlorate-treated cells. Balb/c3T3 cells were treated with
0 (0), 10 (»), 15 @), 25 @), and 50 mM chlorate®) for 72 h at

37°C. Heparin was added at the indicated concentrations, and cells
were incubated at 4C for 1 h. [24]bFGF was added (0.22 nM, 4
ng/mL), and cells were incubated at'@ for an additional 2.5 h.
Data represent the amount #J]bFGF released with a wash of 2

M NaCl and 20 mM HEPES (pH 7.4). Data points represent the
average of triplicate wells= SE.

Table 2: Heparin Does Not Cause the Release of Sulfated

100 Proteoglycans from Balb/c3T3 Célls

cell extract
(cpm)
2354
3678

ECM
(cpm)
998
845

medium
[heparin] ¢M) (cpm)

0 291
5.6 x 1074 (0.01ug/mL) 235
5.6 x 1073 (0.1ug/mL) 332 437 2439
1.12 (20ug/mL) 386 1060 2549

aBalb/c3T3 cells were radiolabeled withSQO, (100 xCi/mL) for
72 h at 37°C and then treated with the indicated concentration of
heparin fo 1 h at 4°C. The treatment buffer was collected, and the
ECM and cell layers were extracte#fS-labeled proteoglycan was
quantitated in all fractions by CPC precipitation as described in
Materials and Methods. The results are the average of triplicate
determinations from one representative experiment.

% of baseline

101 10

nM Heparin

Ficure 1: Recovery of bFGF binding to its receptor in chlorate-
treated cells with the addition of soluble heparin. (A) Balb/c3T3
cells were treated with 0J), 10 (1), 15 @), 25 @), and 50 mM
chlorate ®) for 72 h at 37°C and incubated at %C for 1 h. [29]-
bFGF was added (0.22 nM, 4 ng/mL), and cells were incubated at
4 °C for an additional 2.5 h. Data represent the amount of receptor- (Figure 1B). It can also be seen in this experiment that cells

bound bFGF released with a wastedl NaCl and 20 mM sodium  ynder all conditions exhibited a relatively similar decreased

acetate (pH 4.0) which followed but does not include a prewash - . .
with 2 M NaCl and 20 mM HEPES (pH 7.4). Data points represent level of bFGF binding when exposed to high concentrations

the average of triplicate wells, and standard errors of the mean (SE)°f heparin. Since the level of bFGF binding is reduced with
were determined. (B) Data from panel A represented as a percentagdligh soluble heparin concentrations even in cells treated with
of the baselinehlevel Orl:lfs']b_FGF bin(;:i(;n% 6(% ezt’:lCT chlorate t 50 mM chlorate, which exhibit no bFGFHSPG binding, it
concentration when no heparin was added. Control experimentsis |ikely that high soluble heparin concentrations compete
e o SO D) Showed NeINer yjiin bEGF binding sites by reducing the availability of bFGF
at the cell surface. While heparin had both stimulatory and
different bFGF interactions (Table 1). Increasing heparin inhibitory effects on bFGF receptor binding, addition of
concentrations were added to cells, aFd]bFGF equilib- heparin showed only inhibition of bFGF binding to HSPG
rium binding assays were conducted (Figure 1A). The effect sites on control and chlorate-treated cells (Figure 2). Figure
of low heparin concentrations on bFGF binding in control 2 represents the fraction of bFGF binding that was removed
cells was minimal: however, after cells were treated with by high-salt treatment. Under all conditions, heparin either
higher chlorate concentrations, heparin was able to restorehad no effect or inhibited bFGF binding to HSPG.
binding of bFGF to its receptor. The amount of heparin It has been reported that the addition of soluble heparin
required to modulate bFGF binding to its optimal level and to hepatocytes induces the release of cell-associated HSPG
the ability of bFGF binding to rise above the baseline level (40). If this process occurs with Balb/c3T3 cells, it would
at each chlorate concentration were proportional to the degreecomplicate the interpretation of results obtained with added
of inhibition of sulfation. For example, cells that were HSPG- soluble heparin. To examine this possibility, soluble heparin
depleted to the greatest extent (50 mM chlorate) required awas added at concentrations up to@&JmL to cells which
higher heparin concentration to reach their maximal bFGF had been prelabeled witfP§]sulfate. As shown in Table 2,
binding level but were also able to increase the level of bFGF there was no significant release 8i3]glycosaminoglycans
binding to a greater extent relative to their baseline level with the addition of heparin up to a concentration ofi2f)
(no added heparin) than cells that were less HSPG-depletednL.




Heparin Stimulates and Inhibits bFGF Binding Biochemistry, Vol. 39, No. 6, 200439

0.4

fractions from heparin-treated cells compared to cells with
no heparin treatment (Figure 4, sequence 1). When the cells
were first subjected to a prewash with high salt and then
extracted with the low-pH, low-salt solution (sequence 2),
the additional bound bFGF was released from the hep-
arin-treated cells. These results suggest that the additional
bFGF binding observed when heparin was added to chlorate-
treated cells was bound to the cell surface in a salt- and
pH-sensitive manner. The selective wash analysis further
suggests that the additional bFGF binding, when heparin was
added to chlorate-treated cells, resulted from the forma-
tion of high-affinity ternary complexes that involve the
association of bFGF with heparin and its receptor at the cell
surface.

Heparin Regulates bFGF-Mediated Adgty. Heparin
restored binding to high-affinity receptor sites, suggesting
that an increased level of binding could translate into an
increased level of signaling. The stimulation of DNA
synthesis by bFGF was assayed by asseséitithymidine
incorporation in the presence and absence of heparin. A

Heparin Bound (pMoles/ 1075 cells)

20

0 10 30

Heparin Free (pMoles)

Ficure 3: Binding of [*?9]heparin to Balb/c3T3 cells. Balb/c3T3
cells were treated without®) or with (O) chlorate (50 mM)
at 37 °C for 72 h. A range of Pd]heparin concentrations was

added, and the cells were incubated &tCGAifor 1 h. Cells were . . : :
washed three times with binding buffer, and 0.3 N NaOH was higher heparin concentration of 139 nM (2.8/mL), stil

added. Samples were collected and quantitatedicaunter. The ~ Within the range of heparin concentrations observed to
amount of heparin bound was determined and the amount freepotentiate bFGF binding, was used since the presence of

calculated from the total. The results represent the averages heparin in cell culture over the length of the mitogenesis
Egle?g;gegcite \;j;tseiggi“;‘t(i)ozs-a';ingegt;ig":(;eir?e":ﬁeargﬁglsusgl‘% experiment will result in significant catabolisd). This
Methods. Tﬁe'upper line rép're'sents the fit to the data from chlor- Concemrat'pr,] of ,hepa”n hf?ld no effect on bFGF, stimulation
ate-treated cellsQ) and the lower line for that from control  Of [*H]thymidine incorporation in control cells (Figure 5A).
cells @). However, as can be seen in Figure 5B, the addition of heparin
to chlorate-treated cells restored the bFGF stimulatiofHjf |
Heparin Binds to Control and Chlorate-Treated CeBne thymidine incorporation to control levels, causing ap-
possible mechanism for the dual effects of added heparinproximately a 10-fold shift in the Efa.
on FGF receptor binding could involve a saturable physical One of the first signaling events to take place after bFGF
association of heparin with the cell surface. Equilibrium receptor binding is tyrosine phosphorylation of the receptor,
binding assays with'fa]heparin were conducted with control ~ which leads to activation of at least one signaling pathway,
and chlorate-treated Balb/c3T3 cells. As shown in Figure 3, the MAP kinase cascade, and ultimately to stimulation of
heparin bound to cell surfaces with approximately the same cell proliferation (). Thus, to measure the effects of hep-
apparent dissociation constant under both control and chloratearin-mediated bFGF binding throughout the course of the
treatment conditionsKy = 57 vs 50 nM for control and  cellular response, two points in the signaling pathway were
chlorate-treated cells, respectively) and the same number ofmonitored: overall tyrosine phosphorylation levels and the
binding sites (3.5< 10° vs 3.6 x 10° sites/cell for control level of active MAP kinase. These points represent both
and chlorate-treated cells, respectively). Heparin that boundupstream and downstream events in bFGF-stimulated cellular
to these sites was releasabletwd 2 M NaCl wash alone,  response. Tyrosine phosphorylation was assayed by anti-
suggesting an ionic binding interaction (see Materials and phosphotyrosine antibody immunoblotting of cell extracts
Methods). If the bound heparin were capable of binding from control and chlorate-treated cells which had been treated
bFGF, then it would be predicted that the amount of salt- with 0.22 nM (4 ng/mL) bFGF with increasing heparin
releasable bFGF binding sites would increase. In the presenceoncentrations (Figure 6). Control cells exhibited an increase
of 50 nM heparin, the heparin binding study predicts that in the level of tyrosine phosphorylation when bFGF was
there would be~1.8 x 10° new heparin molecules on the added (Figure 6A). The molecular masses of phosphorylated
cell surface for bFGF to bind. However, as shown in Figure proteins were in the expected range of the FGF receptors
2, there is no increase in the level of bFGF binding to heparin (100-130 kDa). As the heparin concentration was increased
or heparan sulfate sites. the signal was mitigated progressively, correlating with the
The Increased bFGF Binding in the Presence of Heparin reduction in the level of binding observed with increasingly
Is Released at Low pHTo more fully characterize the higher heparin concentrations. Chlorate-treated cells (Figure
binding of bFGF to chlorate-treated cells in the presence of 6B) exhibited considerably less intense bands when treated
heparin, variations in the extraction of the salt- and acid- with bFGF alone, as would be expected, but exhibited an
sensitive binding sites were performed (Table 1 and Figure increase in band intensity when as little as 0.56 nM (10 ng/

4). A heparin concentration of 5.6 nM (100 ng/mL) was
chosen since it resulted in maximal stimulation of bFGF
receptor binding in cells treated with 50 mM chlorate.
Equilibrium binding of [?4]bFGF was conducted with

chlorate-treated cells. When cells were treated first with a
low-pH wash, no additional bFGF binding was released in

mL) heparin was added. Higher concentrations of heparin,
as in control cells, caused a mitigation of band intensity,
indicating that high heparin concentrations inhibit bFGF-
induced signaling.

MAP kinase activity was assayed using an anti-active
MAP kinase antibody that recognizes the activated forms of
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o i o (]
FIGURE 4: Characterization of'f]bFGF binding to chlorate-treated Balb/c3T3 cells with added heparin. (A) Confluent Balb/c3T3 cells
were treated with chlorate (50 mM) for 72 h at 3. Cells were incubated at°€ for 1 h with (white symbols) or without (black symbols)
heparin (5.6 pM, 100 ng/mL)bFGF was added (0.22 nM, 4 ng/mL), and cells were incubated°at for 2.5 h. [23]bFGF binding
to the cells was then evaluated by conducting two extraction sequences. In sequence 1, cells were extracted with 20 mM sodium acetate
and 150 mM NacCl (pH 4.0) (low-pH, low-salt treatment). In sequence 2, cells were subjected to a prewa@ivMiaCl and 20 mM
HEPES (pH 7.4) (high-salt, neutral-pH treatment) and then extracted with either 20 mM sodium acetate or 150 mM NaCl (pH 4.0) (low-
pH, low-salt treatment). The results represent the amount of bddntbFGF that was released by the low-pH, low-salt wash for each
sequence. The data represent the aveta@& of triplicate determinations. All data were normalized to the amour¥f{FGF extracted
by a single wash wit 2 M NaCl (pH 4.0) from non-heparin-treated samples (100%). (B) Schematic of the effects of the various extraction
methods in the presence and absence of added heparin. In sequence 1, only bFGF bound to receptor alone and not that bound to cell-
associated heparin would be expected to be released by the low-pH, low-salt extraction. In sequence 2, the high-salt, neutral-pH prewash

would release heparin from bFGF and cell-associated binding sites (including FGF receptors), such that all cell-bound bFGF would be
expected to be released in a subsequent low-pH, low-salt extraction.

2M NaCl prewash - - + +

Sequence 1 2

extracellular signal-regulated protein kinases 1 and 2. bFGF-experiments is based on a homogeneous population of cells
treated control cells exhibited high-intensity bands with only which are exposed to bFGF at°€ for 2.5 h. Under these

a slight reduction in intensity even at high heparin concentra- conditions, we assumed no degradation or production of
tions (Figure 7A). Chlorate-treated cells exhibited a similar bFGF, heparin, or any surface molecules during the 2.5 h
response to bFGF with and without heparin, and also incubation. Allowing both heparin and hepafibFGF
exhibited only a slight reduction in intensity at high heparin complexes to bind to cell surface molecules, including the
concentrations (Figure 7B). Thus, the activation of MAP FGFR, led to the prediction of enhanced receptor binding
kinase in the presence of added heparin did not correlatefor HSPG-depleted cells (Figure 8A). Furthermore, the
with the changes in bFGHeceptor binding. It was possible  theoretical model also predicted the sharp inhibition of the
that maximum activation of MAP kinase was achieved at salt-releasable bFGF binding in the presence of heparin
concentrations of bFGF that were lower than those used in(Figure 8B). When simulations were run without allowing
this study (0.22 nM, 4 ng/mL). There could also be heparin to bind to the cell surface; only inhibition of bFGF
differences in the kinetics of the long-term response to bFGF binding was observed. It should be noted that the level of
in control and chlorate-treated cells. HSPG binding on chlorate-treated cells increased in cases

Model of Heparin-Mediated Stimulation and Inhibition of Where enhanced receptor binding was seen; however, the
bFGF Binding. The ability of heparin to modulate bFGF  Peak binding values were so low-0.25 pM) that experi-
binding and activity appeared to depend on the endogenousmenta| measurements would not be sensitive enough to detect
level of HSPG and the concentration of heparin. Heparin the change.
was able to both stimulate and inhibit bFGF binding. To test
the possibility that the saturable cell surface binding sites 2'>CYSSION
for heparin might allow heparin to potentiate bFGF receptor  The relationship of HSPG and bFGF has been the subject
binding while soluble heparin inhibits, we evaluated several of many studies4—7, 33, 38, 42). Some of these studies
mathematical models of this process based on experimentallyhave demonstrated that the function of cell surface HSPG
determined parametetsihe parameter values are listed in  might be replaced, to some degree, by the addition of
the Appendix. Computer simulations were run, and theoreti- exogenous HSPG or heparin; however, the exact nature of
cal data were generated from a number of models wherethe mechanism has not been determined. This report extends
various possible processes were included or excluded. Oneghese studies and further suggests additional interactions. Our
model which produced results that were similar to those from data suggest that for heparin to replace the native function

of HSPG, it might first need to associate with the cell surface
2K. E. Forsten, M. Fannon, and M. A. Nugent, Potential Mechanisms where it can participate in bFGHeceptor interactions. We

for the Regulation of Growth Factor Binding by Heparin (manuscript Nave determined this by isolating the fractions 6fi[bFGF
submitted for publication). bound to receptors alone, to HSPG and/or heparin alone, and
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A. 300000 A. Heparin (nM) 0 0 56 56 5600
117 kDa— '
78kDa— ;
200000 4 bFGF -+ + + +
% B. Heparin(nM) o0 0 .56 56 56 560
100000 - 117 kDa— .
78 kD0 ra
bBFGF — + + + + +
0 Ficure 6: Effect of heparin on bFGF-stimulated tyrosine phos-
001 01 1 1 10 phorylation. Confluent Balb/c3T3 cells were treated with or without

chlorate (50 mM) for 72 h at 37C. Heparin was added at the
nM bFGF indicated concentrations, and cells were incubated &C3ior 1
h. bFGF was added (0.22 nM, 4 ng/mL), and cells were incubated
B. 400000 at 37°C for 10 min. Cells were extracted, and SBIBAGE (5%)

was performed followed by transfer to membranes. Membranes
were hybridized with an anti-phosphotyrosine antibody and visual-
ized with chemiluminescence on film: (A) control and (B) chlorate-
300000 - treated cells.
§., ] Heparin (nM) 0 0 356 56 56 560
& — — 44 kDa
200000 - A. — e o e —— — 42 kDa
— e G w—— — 44 kD)
100000 - B. z — g Gt s — ] kDg
bFGF - + + + + +
ol Ficure 7: Effect of heparin on bFGF-stimulated MAP kinase
+O—-0-000 J j activation. Confluent Balb/c3T3 cells were treated with or without
001 01 1 1 10 chlorate (50 mM) for 72 h at 37C. Heparin was added at the
nM bFGF indicated concentrations, and cells were incubated &C3fbor 1

h. bFGF was added (0.22 nM, 4 ng/mL), and cells were incubated
at 37°C for 10 min. Cells were extracted, and SBBAGE (10%)
was performed followed by transfer to membranes. Blots were
hybridized with an anti-active MAP kinase antibody and visualized
with chemiluminescence on film: (A) control and (B) chlorate-
treated cells.

Ficure 5: Effect of heparin on3H]thymidine incorporation in
control and chlorate-treated cells. Confluent Balb/c3T3 cells were
treated without (A) or with (B) chlorate (50 mM) for 72 h at 37
°C. bFGF was added at the indicated concentrations without (
or with (@) heparin (140 nM, 2.xg/mL), and cells were incubated
at 37°C for 24 h. PH]Thymidine incorporation was assessed by L . . . .
methanol/trichloroacetic acid precipitation of wells (see Materials Dimerization was not included in this model since our
and Methods). Radioactivity was quantitated in a scintillation primary intention was to determine if a simple model could

counter. The basal level of incorporation 8H[thymidine in the predict the biphasic effects of heparin on bFGF binding.

absence of added bFGF for control and chlorate-treated samplesy;arization may be critical for activity; however, our cur-
was subtracted from the data in each set. Data points are the averag€ ' !

of quadruplicate wells: SE. rent data do not allow one to distinguish the effects of
bFGF dimers and higher-order oligomers from those of
to complexes of receptor with HSPG or heparin (Table 1). monomeric states, and hence, we did not include this in our
This was accomplished by exploiting the ionic and pH- model.
dependent differences of bFGF binding to its tyrosine kinase  Heparin binding to cell surfaces has been reported previ-
receptor and to heparan sulfa83). In this way, the effects  ously; however, the specific function of this surface-bound
of added heparin on bFGF binding were assessed on celldraction in bFGF interactions has not been formally explored
that had been treated with variable concentrations of chlorate(24, 25, 31). With approximately 3.6< 10° heparin binding
so as to have a range of endogenous heparan sulfate sitesites/cell, it might be expected that the level of salt-releasable
Low heparin concentrations only potentiated bFGF binding binding of bFGF to heparin-treated cells would increase. This
when cells expressed low levels of HSPG. Furthermore, was not the case, however, as heparin was shown to inhibit
significant amounts of soluble heparin were observed to bind salt-releasable bFGF binding in all cases, suggesting that the
to the cells, suggesting a mechanism whereby heparin mightmajority of the heparin bound to the cell surface was unable
associate with bFGF and its receptor to generate a high-to bind bFGF. Since bFGF binding requires sulfate residues
affinity reaction. Once sufficient heparin and endogenous on heparin, it is likely that these sites were blocked on
HSPG are present, additional heparin resulted in inhibition heparin when it was bound to cells. Thus, for the majority
of bFGF binding. Several mathematical models for this of the heparin binding sites on the cell surface, heparin
process were evaluatédnly models that incorporate the cell binding and heparinbFGF binding might be mutually
interaction of heparin or bFGFheparin complexes with the  exclusive. Furthermore, heparin has been demonstrated to
cell surface were able to predict the experimental situation. bind to components of the extracellular matrix, such as colla-
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Ficure 8: Model predictions of the effect of heparin on bFGF
binding. Mathematical modeling based on previous w8% (vas
used to investigate how cellular binding of heparin, in the ab-
sence of cellular trafficking (4C), would impact bFGF binding

to its receptor. Simulations were run at the indicated soluble hep-
arin concentrations. (A) The theoretical data output from the
simulations represent receptor-bound bFGF following exposure
for 2.5 h to 0.22 nM bFGF and heparin (¥6-1(° nM) at nor-

mal levels of HSPG (100%)m) and with increasing level of
chlorate resulting in 10%47), 1% (@), and 0.1% ©) of the nor-

mal levels of HSPG. (B) Data represent the amount of bFGF
bound to cell-associated HSPG following exposure for 2.5 h to
0.22 nM bFGF and heparin (16-1C° nM) at normal levels of
HSPG (100%) M) and with increasing levels of chlorate re-
sulting in 10% ), 1% @), and 0.1% Q) of the normal levels of
HSPG.

gen type | and fibronectir3(l), suggesting that a significant
amount of the bound heparin might not be available to par-

ticipate in cell surface events. Since no receptor was iso-

lated in this study, it is not possible to identify the heparin

Fannon et al.

with the heparin binding curve (averad&q = 54 nM);
however, it is possible that a subset of this heparin binding
population is capable of interactions with bFGF and its
receptors.

The increase in the level of bFGffeceptor binding in
chlorate-treated cells in the presence of heparin was revealed
only when a combination of high-salt and low-pH washes
was used (Figure 4). This suggests that the increased level
of binding resulted from the generation of heparbFGF
receptor complexes. The existence of a ternary complex
involving bFGF, its receptor, and HSPG has been suggested
previously by a number of groups both as a stabilizing
arrangement for an increased level of bFGF binding and as
an obligatory complex for bFGF activityd{-7, 9, 13, 19,
43—-46). The study presented here suggests that these
complexes formed with added heparin in cells whose HSPG
sites were eliminated, resulting not only in an increased level
of bFGF binding but also in increased levels of tyrosine
phosphorylation and DNA synthesis.

The MAP kinase pathway has been shown to be active in
bFGF signaling. In this study, with the bFGF concentrations
that were used, MAP kinase stimulation was relatively
insensitive to added heparin (Figure 7). A maximal response
might be expected for control cells at the bFGF concentration
that was used (0.22 nM), but it would be less likely for
chlorate-treated cells since this dose was significantly below
saturation at stimulating DNA synthesis (Figure 5). The MAP
kinase pathway is one of a number of signaling processes
that occur with bFGF stimulatiori). Thus, while activation
of MAP kinase might have reached maximal levels, ad-
ditional necessary pathways may not have been activated
sufficiently to induce mitogenesis in chlorate-treated cells.
However, it is important to note that we did not investigate
the dynamics of MAP kinase activation in heparin-treated
cells; thus, changes in the kinetics of MAP kinase activation
might have occurred that are critical to the end point cellular
response.

The addition of heparin to chlorate-treated cells was able
to restore the bFGF-mediated stimulation of DNA synthesis
to the levels observed with control cells (Figure 5). Since
heparin has been shown to protect bFGF from proteolysis
and physical denaturation, it is possible that increased bFGF
activity in the presence of heparin could be explained by
these effects. If this was the case, however, then heparin
would also be expected to enhance bFGF activity in control
cells as well. This was not observed. The fact that binding
and signaling assays were conducted on time scales where
significant bFGF degradation would not occur demonstrates
that heparin enhanced bFGF binding and signaling indepen-
dent of its physical stabilizing effects. In a previous study
by Krufka et al. 1), high concentrations of heparin inhibited
bFGF binding but not bFGF-mediated stimulation of DNA
synthesis. These results suggested that a subclass of mito-
genically active bFGFFGFR complexes exist that are
stabilized by heparin even under conditions where the

binding site as a receptor. Given the high negative chargemajority of the bFGFFGFR binding is inhibited by heparin.

of heparin, it is likely that heparin is capable of forming a
number of ionic interactions at the cell surfa@d,(25, 31).
What is recorded in the binding data of this study is the sum
of all the interactions in which heparin takes part. The

However, this previous study and the study presented here
are complicated by the possibility that the dynamics of
bFGF—heparin complex interactions both in solution and on
the cell surface could result in a change in the kinetics for

optimal heparin concentration required to enhance bFGF FGFR activation. Thus, heparin could initially inhibit bFGF

binding (approximately 5.6 nM) does not correlate directly

binding yet enhance long-term FGFR activation by limiting
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downregulation of receptor expression and signaling. Thesegr
types of complex processes have been demonstrated to haveg =
a critical impact on the long-term biological response to
epidermal growth factor and transforming growth faator
(47, 48). A detailed analysis of the kinetics of the various
interactions of bFGF with its receptors and heparin in vitro
has revealed that bFGF is potentially involved in forming a
large number of different types of complexes at the cell
surface 12). The study presented here suggests that ad-
ditional heparin-cell surface interactions also need to be
considered for this complex ligandeceptor system to be
understood. t

In this study, it was observed that bFGF binding, as well
as bFGF-induced signaling and mitogenic response, was
sensitive to HSPG and heparin within a range of physiologi-
cally relevant concentrations. These data suggest that con-
flicting results in the literature of stimulation and inhibition
of bFGF by heparin might result from differences in doses
and time courses used in the various studies. This could be
important in designing parameters for the clinical use of
heparin and heparin analogues as well as growth factor ther-
apy. We evaluated the importance of hepaitell surface
binding through experiments and mathematical modeling.
Using experimental conditions, computer simulations were
able to replicate binding profiles similar to those obtained
experimentally. Although the chemical nature and dynamics

dH
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of these interactions clearly play important roles in dictating WhereL is [oFGF],Ris [FGFR],Cis [L—R], P is [HSPG],

the ultimate biological response, the simple physical binding
models suggest the significance of hepaitell surface
interactions in driving cellular response.

APPENDIX

Gis[L—P], Tis [L—P—R], H s [heparin],Sis [L—H], Qs
[heparin receptorsR is [H—R], Yis [H—Q], T"is [L—H—
R], andF«(X) is the probability of capture of the dissociated
ligand by X @5). K andK’, are the intrinsic association
and dissociation rate constants, respectiviéandK? are

the surface diffusion-limited coupling rate constalkfsand

Equations 112 describe the full heparin model system
that was used to generate Figure 8.

‘é—'f = —K°SRLR + KESRC + K1, T — KGF.(RR) o5
R R
(R+ RH) - kZ“TF""(R’P’RH)(M) -
KRG — kaR\ﬂ/R+ KRR — KRV E (R) — kaR\_? _
KT THFW(R,P)(R—EP) (1)
dG _ B P
i kLP — KG+ kaSPCFw(P,RH)(P - RH) +
T H P _ KR
KL TF.(RP,R )(R o RH) KRG +
k" T”Fm(P,R)(FPP) )
O — KT+ KIG + KiC ©)
dTTtH = KILR — KT + erSPCFw(P,RH)(P EHRH) N KHRL =
e e
H
K¥G Fm(R,RH)(RE—RH) + kTSR\—?R (4)

K* are the apparent forward and reverse binding rate
constants, respectively:

CSR p
SIS
CSRR+ K P CSR+IEP
4maD 4maD
HR
kaR — Kon . kaR — n .
KR KRR
4maD 4mab,,
CSR
ff
erSR: = :
R
1+ kon—P
4maD + kP
P
ka — Kot . krSR — Kott .
T'IP 1 K*)nR ,
—_— 1+
4maD + KSR 4mrab
HR HR
ff L HR2 _ ff
Lo KR . mQ

47aD,, + KIRQ 4raD, + KI°R

The addition of heparin results in four differential equations
(eqs 4-7) and two algebraic constraints (eqs 11 and 12)
related to the concentrations of unbound hepatin GFGF
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Table 3

parameter value ref
CSR 25x 1M1 min? 7
ooR 0.048 min* 7

K, 2.27x 1Mt min? 7

K 0.003 mirr?t 7

K 0.9x 10° Mt min! 7

K 0.068 mint 7

HR —

n n

”ff :kgR Hrf* Wherek[H)R =54nM experimentally
determined

kl;n = n

K =kK whereki = 1 nM 25

Ro, Qo, P 1.5 x 10* receptors/cell 9

1.5 x 1(F sites/cell experimentally
determined
3.6 x 107°% — R, sites/cell

KR functionG,RK;,.Dc) 35

KE functionC,P,k;" Dc) 35

D, Dy 1x10%cm?s? diffusion coefficient
for bFGF, heparin
in solution (estimate
based on size)

Dg, Dc 1x10%cnPst diffusion coefficient for
CSR, HSPG in the
membrane (estimate
based on size)

a 5x10°%m cell radius

\% 1 x 1078 mL/cell cell volume

heparin solution complexg, unbound Q) and bFGF-bound
(Y) heparin surface receptors, hepatfGFR complexes
(RY), and bFGF-heparin-FGFR triads T") as well as

appropriate changes reflecting the inclusion of heparin in

the base model equations (egs3 and 8-10). Chlorate

treatment resulting in the loss of salt-sensitive binding was
manifested in the model as the elimination of egs 2, 3, and
9 and the corresponding terms in the remaining equations.
Reduced chlorate concentrations were reflected in altered
initial conditions with respect to the level of HSPG binding

sites Py).

The parameters included in the mathematical model were
determined experimentally in the current study (i.e., heparin
binding affinity for cell surface binding sites) or were

10.
11.
12.

13.
14.
15.
16.

17.
18.
19.
20.

21.
22.
23.

N

4.
25.

26.
27.

determined in previous studies. Some parameters represent2s.
theoretical estimates. The parameters that were used are listed

in Table 3.
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