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Two Hierarchies of FGF-2 Signaling in Heparin: Mitogenic Stimulation and
High-Affinity Binding/Receptor Transphosphorylation
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ABSTRACT. FGF-2 activates multiple signaling pathways by a cell surface signaling complex assembled
with FGF, its receptor tyrosine kinase, and heparan sulfate proteoglycan. Heparan sulfate binds to a site
on the receptor and at least one site on the growth factor. Several models propose an important role for
heparan sulfate not only in facilitating FGF-2 binding to its receptor tyrosine kinase but also in promoting
signaling via formation of receptor dimers. Such dimers are capable of transphosphorylation of the
cytoplasmic domain of the receptor, leading to the generation of phosphotyrosines that are important
initiators of intracellular signaling pathways. To explore the participation of heparan sulfates in the
formation of a signaling complex that activates these pathways, the binding and activity of FGF-2 on
Swiss 3T3 fibroblasts and F32 lymphoid cells is examined with either native or modified forms of heparin.
As shown previously, fibroblasts treated with chlorate, which inhibits the sulfation of heparan sulfate and
its subsequent binding to FGF-2, display a dramatically reduced response to picomolar concentrations of
FGF-2, but binding to receptors and a mitogenic response is restored by heparin. However, the restoration
of high-affinity binding is seen only at an optimal concentration of heparin. Excess heparin competes for
binding sites within the signaling complex such that high-affinity binding and receptor transphosphorylation
are reduced. Despite this, mitogenic signaling is not diminished. A similar result is observed using
heparin fragments that promote mitogenesis but not high-affinity binding. These results suggest that the
high-affinity signaling complex that is necessary for stable receptor transphosphorylation differs from the
signaling complex sufficient for triggering mitogenesis. We speculate that heparan dolfaieo
participates in two hierarchies of receptor activation. In one, heparan sulfate participates in FGF-2 binding
to its receptor tyrosine kinase and activation of mitogenic signaling, perhaps through monomeric receptors
or the transient formation of receptor dimers. In the second hierarchy, heparan sulfate participates in the
stabilization of a signaling complex that is likely to be comprised of receptor multimers that carry out
effective receptor transphosphorylation. A further description of this mechanism may lead to an
understanding of how heparan sulfate or its homologues can regulate specific signaling pathways within
the cell.

The FGF family consists of nine related polypeptides that family members (Avivi et al., 1993; Johnson & Williams,
share sequence homology and an affinity for heparin and 1993; Werner et al., 1992). Signaling occurs through
heparan sulfate glycosaminoglycans. These growth factorsactivation of the RTK and the phosphorylation of intracellular
have multiple effects on numerous cell types and have substrates leading to a signal transduction cascade (Coughlin
emerging roles in early embryonic development [see Baird et al., 1988; Friesel et al., 1989; Huang & Huang, 1986;
and Klagsbrun (1991), Burgess and Maciag (1989), Mason Pasquale et al., 1988). This is believed to require receptor
(1994), and Tickle and Eichele (1994)]. FGFs have also beentransphosphorylation (Bellot et al., 1991; Ueno et al., 1992;
implicated in several disease mechanisms, most notably beingSchlessinger et al., 1995). A truncated version of FR1,
expressed as oncogenes or as tumor products that promotéacking its tyrosine kinase domain, acts as a dominant
local angiogenesis and survival of solid tumors (Basilico & negative mutant and blocks FGF signaling (Amaya et al.,
Moscatelli, 1992). 1993; Ueno et al., 1992); this mutant presumably acts by

The FGFs bind and activate receptor tyrosine kinasesforming an inactive complex with native receptor and
(RTKs)! These consist of a family of four related molecules provides circumstantial evidence that normal signaling
that contain intracellular tyrosine kinase domains. Alterna- involves receptor aggregation. However, the activation of
tively spliced forms support differential binding of FGF discrete cellular responses by FGF is likely to occur via
distinct signaling pathways, and responses induced within
the same cell can often be uncoupled by mutating specific
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S0006-2960(96)00125-0 CCC: $12.00 © 1996 American Chemical Society



11132 Biochemistry, Vol. 35, No. 34, 1996 Krufka et al.

FGF signaling is regulated by heparan sulfate (Rapraeger,of Biochemistry, Purdue University. Desulfated heparin and
1995). Cells deficient in heparan sulfate or cells treated with heparin oligosaccharides were generously provided by Ulf
sodium chlorate to block the sulfation of heparan sulfate Lindahl, Department of Medical and Physiological Chem-
chains show reduced binding and activation of the FGF RTK istry, University of Uppsala, Uppsala, Sweden. Anti-
(Olwin & Rapraeger, 1992; Ornitz & Leder, 1992; Ornitz et phosphotyrosine monoclonal antibody, 4G10, was obtained
al., 1992; Rapraeger et al., 1991; Yayon et al., 1991). Thus,from Upstate Biotechnology, Lake Placid, NY. Rabbit anti-
the high-affinity FGF binding site demonstrated on a variety mouse monoclonal antibodies were obtained from Jackson
of cell surfaces is a complex of heparan sulfate proteoglycan, Immunoresearch, West Grove, PA. Epidermal growth factor
FGF, and RTK. The participation of heparan sulfate in FGF (EGF) and porcine intestinal mucosa heparin were purchased
signaling may be via binding to at least two different sites from Sigma Chemical Co., St. Louis, MO. Heparin was
in the signaling complex. Heparan sulfate clearly binds the prepared as a 10 mg/mL stock in phosphate-buffered saline,
FGFs via specific sulfation sequences. Analysis of heparanboiled for 5 min, and then diluted as needed. Sodium
sulfate or heparin fragments that bind FGF-2 has identified chlorate was purchased from J. T. Baker Inc., Phillipsburg,
a repeating unit of iduronosyl @-sulfate-glucosaminyl NJ. Sodium sulfate was purchased from EM Science, Cherry
N-sulfate (Habuchi et al., 1992; Maccarana et al., 1993; Hill, NJ.

Turnbull etal., 1992), with the minimum of a pentasaccharide  Cell Culture. Swiss 3T3 fibroblasts were maintained in

required for binding (Maccarana et al., 1993). Such studies pylbecco’s Modified Eagle’'s Medium (DME; Gibco, Grand
have shown that FGF-2 binding and activation of its RTK |gjand, NY) and 10% calf serum (Hyclone, Logan, UT). For
is facilitated by fragments on the order of-102 sugars in  jnhibition of glycosaminoglycan sulfation, cells were treated
length bearing iduronosyl @-sulfates (Guimond et al., a5 described previously (Rapraeger et al., 1991). Briefly,
1993). Although other oligosaccharides may bind FGF-2, cells were plated in low-sulfate, low-cystine (M) DME
they may be inappropriate for receptor binding and thus act sypplemented with 10% dialyzed calf serum and 30 mM
to inhibit activity. A primary heparin-binding domain within  sodjum chlorate for 48 h and then trypsinized and plated for
FGF-2 has been described (Baird et al., 1988; Pantoliano elexperiments in low-sulfate, low-cystine DME supplemented
al., 1994; Thompson et al., 1994), although more than oneith 10% dialyzed calf serum and 30 mM sodium chlorate.
may be present (Ornitz et al., 1995). In addition, a conserved pjternatively, cells were treated with chlorate, as above, in

heparin blndlng domain exists within the FGF receptor itself the presence of 10 mM sulfate to allow restoration of
and evidence suggests that heparan sulfate binds directly angjlycosaminoglycan sulfation.

specifically to this site (Kan et al., 1993; Brickman et al., BaF3 cells transfected with FR1 (designated F32) were

1995). . . . . .. kindly provided by David Ornitz, Washington University,
A major uncertainty to be resolved in FGF signaling is 4 | qis MO. F32 cells were maintained in RPMI (Gibco)

the elucidation of the molecular nature of the signaling containing 10% calf serum, 10% WEHI-3 cell-conditioned

complex. Although FGF has a measurable affinity for its medium (as a source of IL-3), 0.00035%mnercaptoethanol
receptor in the absence of heparan sulfate, its activity in most, 5" |, penicillin, and SQté/mL streptomycin sulfate '

assays is greatly enhanced by the participation of the . , . .
glycosaminoglycan. This is likely to be due in part to the  Mitogenesis AssaysSodium chlorate-treated Swiss 3T3
enhanced binding of the growth factor to the RTK but may cells were t'rypsmlzed and platedlln 24-well d|sh¢s at 50%
also be due to the formation of a multimeric complex, confluence in low-sulfate, I_ow—cystlne DME 10% dialyzed
probably involving more than one receptor, that triggers a calf serum and 30 mM sodium chlorate and allowed to adhere
strong intracellular signal. The importance of heparan sulfate ©Vernight. Cells were then serum-starved for 24 h in low-
occupying sites within this complex may relate to the stability Sulfate, low-cystine DME+ 0.1% bovine serum albumin
of the complex and the strength of the signal. In this study, (S19m&) and 30 mM sodium chlorate. Cells were stimulated
with FGF-2 for 18 h and cultured an additional 6 h with 2

we examine FGF signaling on chlorate-treated Swiss 3T3 ™ 5 -
fibroblasts where the ability of exogenous heparin to restore #C/mL [*H]thymidine (NEN Research Products, Boston,
MA). Cells were incubated at room temperature with 5%

FGF-2 binding to its receptor tyrosine kinase allows inves- " X . " .
tigation of specific heparan sulfate requirements. The trichloroacetic acid, washed, solubilized with 0.1 N NaOH,

participation of heparan sulfate in formation of the F&F and suspended _in Biosafe Il scintillation fluid (Re_search

RTK complex is investigated by manipulation of receptor roducts International, Mount Prospect, ILJH[Thymidine

occupancy and transphosphorylation. These findings dem-ncorporated into DNA was detected by counting in a LS

onstrate that (i) heparin participates in the formation of a 2800 liquid scintillation counter (Beckman Instruments,

high-affinity FGF-binding complex capable of activating 'fVine, CA).

receptor transphosphorylation, (i) heparin also participates F32 cells were plated at a density 0f110° cells/mL in

in formation of a signaling complex that triggers mitogenesis, RPMI lacking IL-3 and containing 0.1% BSA in the place

and (iii) the mitogenic signaling is accomplished without the of serum. Cells were cultured in the presence of FGF-2 and

formation of the high-affinity complex that effectively heparin for 36 h. HH]Thymidine (2uCi/mL) was added to

stimulates receptor phosphorylation. These results suggesthe cells for 8 h. Cells were then centrifuged, suspended in

an important role for heparan sulfate in efficient receptor 5% TCA, and recentrifuged. Cell pellets were solubilized

transphosphorylation but also suggest that mitogenic signalsin 0.5 mL of 0.1 N NaOH and quantified by liquid

in Swiss 3T3 fibroblasts are generated by different signaling scintillation counting.

events. lodinations. Human recombinant FGF-2 was iodinated

by the chloramine T method (Rapraeger et al., 1994). A

MATERIALS AND METHODS minicolumn was prepared using 0.2 mL of heparagarose
Materials. Human recombinant FGF-2 (fibroblast growth (Sigma) and prewashed with elution buffer [20 mM Hepes

factor-2) was kindly provided by Brad Olwin, Department (pH 7.4), 3 M NaCl, and 0.2% BSA] followed by washing
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with loading buffer [20 mM Hepes (pH 7.4), 0.4 M NaCl,
and 0.2% BSA]. Following iodination, iodinated FGF-2 was
bound to the heparinagarose column, washed with loading
buffer to remove any fre&9l, and then eluted with 1 mL of
elution buffer. A specific activity ranging from 1500 to 3500
cpm/fmol was determined by comparison to unlabeled FGF-2
in Swiss 3T3 mitogenic assays.

Protein A was iodinated using iodobeads (Pierce Chemi-
cals, Rockford, IL). Protein A (20Qg; Boehringer Mann-
heim, Indianapolis, IN) was incubated with 1 m&% and
one iodobead for 10 min. A fresh iodobead was added to
the solution and the mixture incubated for an additional 10
min. Labeled protein A was separated from free iodine on

a 10 mL G-25 Sephadex (Pharmacia, Piscataway, NJ)

column.
Binding Assays.Sodium chlorate-treated Swiss 3T3 cells
were plated at a density of 1@ells per well in six well
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Ficure 1: Growth of Swiss 3T3 cells in chlorate. Chlorate-treated
cells (solid bars) or chlorate-treated cells incubated in the presence
of 10 nM heparin (striped bars) were serum-starved, stimulated with
FGF-2 for 18 h, and assayed for incorporation #i]fhymidine.
Maximal incorporation is set to 100%.

plates. After serum starvation, cells were placed on ice andmM NaF, 1 mM PMSF, and 10 mM sodium pyrophosphate).

washed twice with HEPES-buffered DME supplemented with
0.1% BSA. lodinated FGF-2 was added along with heparin

Extracts were boiled, brought tox1sample buffer with
water, sonified, and subjected to SBBAGE on 7.5%

and/or heparin oligosaccharides and the mixture incubatedacrylamide gels. Proteins were transferred for 3 h at 60 mA

for 2 h at 4°C on a rotary shaker. Binding was quantified
by washing the cells four times with ice-cold 2 M NaCl at
pH 7.4 to remove FGF-2 not bound to high-affinity com-
plexes and then washing twice with 2 M NaCl (pH 4.0) to
release FGF-2 incorporated into high-affinity complexes. The
initial wash conducted at neutral pH was not technically

to Immobolin-P transfer membrane (Millipore Corp., Bed-
ford, MA). Membranes were blocked with 2% gelatin in
Tris-buffered saline (pH 7.4) for 1 h and probed with a
1:2000 dilution of anti-phosphotyrosine monoclonal antibody
(Upstate Biotechnology). Antibodies were detected with
secondary rabbit anti-mouse 1gG followed by iodinated

necessary on cells lacking heparan sulfate but was necessargrotein A (2x 10° cpm/mL). Blots were washed with PBS

for experimental controls that did express the glycosami-
noglycan (e.g., chlorate treatment recovered with sulfate).

Similar results were obtained in chlorate-treated cells regard-

less of this initial wash step. Radioactivity contained in 2
M NacCl (pH 4.0) washes was quantified on an LKB 1282
CompuGammg counter.

Cross-Linking of FGF-2 to Cell Surface ProteinSwiss

containing 0.05% NP-40 (Sigma) and exposed to X-ray film.

RESULTS

Exogenous Heparin Can Substitute for Heparan Sulfate
Proteoglycans and Support Mitogenesis in
Chlorate-Treated Swiss 3T3 Cells

3T3 cells were chlorate-treated and serum-starved as de-

scribed for the binding assay. Cells were incubated with
300 pM iodinated FGF-2 at 4C in Hepes-buffered DME

and 0.1% BSA (binding buffer) for 2.5 h. Cells were then
incubated with 25@M disuccinimidyl suberate (DSS) or 1

mM bis(sulfosuccinimidyl) suberate (BS3) (Pierce Chemi-
cals) for 30 min in phosphate-buffered saline (PBS). Non-
cross-linked protein was removed by a wash with 20 mM
sodium acetate (pH 4), 2 M NaCl, and 1 mg/mL BSA. Cells
were then rinsed with PBS, extracted in Laemmli sample

Swiss 3T3 fibroblasts cultured in sodium chlorate produce
undersulfated heparan sulfate proteoglycans, reduced binding
of FGF-2, and reduced mitogenic response (Rapraeger et al.,
1991). However, addition of FGF-2 together with 10 nM
(100 ng/mL) exogenous heparin generates a response, as
measured by incorporation oH]thymidine into new DNA
(Figure 1). To begin to examine the mechanism by which
heparin acts in FGF-2 signaling, fibroblasts cultured in 30
mM sodium chlorate were stimulated with a range of FGF-2

buffer, and subjected to electrophoresis on 7.5% acrylamideconcentrations in the presence or absence of exogenous

SDS-PAGE gels (Laemmli, 1970). Gels were stained with
Coomassie Blue R-250 (0.125% in 50% methanol and 10%

heparin and JH]thymidine incorporation into DNA was
assessed as a measure of their mitogenic response. The

acetic acid) and destained with 50% methanol and 10% aceticchlorate-treated cells show little response to low levels of

acid. Dried gels were exposed to X-ray film (X-Omat AR,
Eastman Kodak Co., Rochester, NY).
Detection of Protein Tyrosine PhosphorylatioBwiss 3T3

FGF-2 when stimulated in the absence of added heparin with
a response only observed at FGF-2 concentrations of 100
pM or greater. Thus, reduction of the sulfation of heparan

cells were chlorate-treated for 48 h and then plated at 70%Sulfate glycosaminoglycans reduces the FGF-2 dose response
confluence on 60 mm plates. Cells were then serum-starveddy at least 30-fold, with the mitogenic response in high levels

in low-sulfate, low-cystine DME containing 1 mg/mL BSA
and 30 mM sodium chlorate for 24 h. FGF-2 (100 pM) or
EGF (1 nM) was bound to cells in Hepes-buffered DME,
0.1% BSA, and 5«:M sodium orthovanadate at 4C for
2.5 h to maximize FGF-2 binding prior to receptor activation.
Cells were then warmed to 3T for 15 min. The medium

of FGF-2 attributed either to low levels of sulfation remaining
following chlorate treatment or to lower-affinity binding of
FGF-2 to receptors in the absence of heparan sulfate.
Addition of exogenous heparin restores the mitogenic
response of chlorate-treated cells. Cells cultured in 10 nM
heparin together with FGF-2 ranging in concentration from

was aspirated, and the dishes were placed on a boiling wate.3 to 300 pM reach maximal stimulation at 100 pM FGF-

bath for 1 min. Cells were extracted with boilingx2

2, with half-maximal stimulation observed near 10 pM

Laemmli sample buffer containing phosphatase and proteasgFigure 1). This is consistent with the dose response shown

inhibitors (1 mM sodium orthovanadate, 5 mM EDTA, 50

by cells cultured in the absence of sodium chlorate, which
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A of similar size have been described by others [reviewed by
Jaye et al. (1992)] and correspond to two- and three-lg loop

2.0 0 forms of the FGF receptor tyrosine kinase.
10 mM Sodium Sultata

@ Natlive Heparin

Chlorate-treated fibroblasts show dramatic reduction of
FGF-2-binding to receptor (Figure 2). This binding can be
restored in two different ways, either by restoring the
sulfation of endogenous heparan sulfate by the addition of
10 mM sulfate or by adding exogenous heparin; iodinated
FGF-2 binding, measured as FGF present in high-affinity
complexes or detected by the appearance of the 140 and 160
kDa protein bands upon cross-linking, is restored by heparin
concentrations ranging from 0.1 to 1000 nM. Maximal
occupancy, however, is observed at an intermediate concen-
tration of 1-10 nM. Concentrations greater than 10 nM
show reduced occupancy which becomes negligible-dtl
uM (10—100ug/mL), where binding appears to be no greater
than in the absence of heparin alone. This suggests that the

-
w

-

['*I]FGF-2 Bound (fmol)
o

o
2}

0.0 Q/ - - - ratio of heparin to FGF may be important; indeed, 100 pM
° 8 § FGF used in Figure 2A shows maximal binding at 1 nM
Heparin (nM) heparin, whereas 300 pM FGF used in Figure 2B shifts the
optimal heparin concentration to 10 nM.
B 12 8 MW Receptor Actiation of Tyrosine Phosphorylation in
Chlorate-Treated Cells in the Presence of Heparin Is
Biphasic
— 160 Two potential problems may exist in the measurement of
— 140 binding using iodinated ligand as in Figure 2. First, the

ligand may be altered by the iodination. Second, the efficacy
of the cross-linking may be affected by the presence of
heparin. To rule out these possibilities and to investigate
the role of heparan sulfate in receptor transphosphorylation,
Ficure 2: Cross-linking of iodinated FGF-2 to cell surface FGF-2 activation of the receptor tyrosine kinase was assessed

receptors. (A) lodinated FGF-2 (100 pM) was incubated with directly by examining tyrosine phosphorylation.
Chlorat?-trt(?ated Ce(;'Sthat %F?Gl?: tbhe péefence OI various dhetpaﬂn q Since the activation of receptor phosphorylation is believed
concentrations, and then ound to receptors was determine i i
following washes in 2 M NaCl at pH 4.0. Sodium sulfate was added t(f: require receptorftran?p.hozphc()jrylat|0r|1 (Bﬁ”m eht al'i %[931)’
B o e o Y oriorete (B aodinated | rosine is a marker fo receptor acivation. To measure this
- pM) was bound to chlorate-treated cells n .
cross-linked to surface receptors with DSS and detected by directly, chlorate-treated cells were serum-starved, incubated
aUtOfang%ra%y fo&omlg%l S?SPAZGE Iekl‘ne 11,Ch|lf”ate§fegt1me"\}|t with growth factor in the presence or absence of heparin,
reversed by 10 m ; lane 2, no heparin; lane 3, 0.1 n ; ;
heparin; lane 4, 1 nM heparin; lane 5, 10 nM heparin; lane 6, 100 andlan.aly?ed”for ’?e""l'y phos.%horylated proteins (Fllgurr? 3)-
nM heparin; lane 7, 1000 nM heparin; and lane 8, 10000 nm Analysis of cells stimulated with 100 pM FGF-2 reveals three
heparin. major phosphorylated proteins that are not observed in the
absence of the growth factor. These are a doublet at 160
bind FGF-2 to endogenous heparan sulfate proteoglycanand 150 kDa, which is likely to represent phosphorylated
rather than exogenous heparin (data not shown). receptor and/or PL@5 and a protein near 80 kDa that is
likely to be the pp90 described by others in Swiss 3T3 cells
Occupancy of FGF Receptors of Chlorate-Treated Cells  (Coughlin et al., 1988). Similarly, stimulation with 1 nM
in the Presence of Heparin Is Biphasic EGF leads primarily to the phosphorylation of the EGF
o o o receptor at 180 kDa. As EGF binding to these cells does
Binding of FGF-2 in high-affinity cell surface complexes not require the presence of heparan sulfate or heparin, it is
was assessed by incubating HBDO pM iodinated FGF-2  included as a positive control in all ensuing treatments and
with either chlorate-treated cells in the presence of exogenousshows no change.

heparin or cells incubated with sodium sulfate to reverse the  Cells treated with chlorate in the presence of 10 mM

chlorate inhibition of glycosaminoglycan sulfation (Figure suylfate, which synthesize fully sulfated heparan sulfate
2). Quantification of binding was performed by measuring proteoglycans, phosphorylate the same proteins as nontreated
[**A]FGF-2 that is resistant to displacement by 2 M NaCl at cells when stimulated with FGF-2. A major difference is
pH 7.4, typically FGF bound to glycosaminoglycans, but seen in cells treated with chlorate alone, however (Figure
released by 2 M NaCl at pH 4.0 (Figure 2A). Receptors 3). These cells, which show reduced binding of FGF-2 to
that bind FGF-2 at the cell surface were identified by cross- surface receptors and reduced mitogenic response to FGF-
linking iodinated FGF-2 to cell surface proteins with DSS. 2, do not phosphorylate these proteins. However, protein
Examination of cell lysates by PAGE detects two predomi- phosphorylation is restored by the inclusion of 10 nM
nant bands of 140 and 160 kDa, corresponding to receptorsheparin, a concentration shown to restore binding of iodinated
of ca. 120 and 140 kDa, respectively (Figure 2). Receptors FGF-2 to receptors. In contrast, the inclusion of heparin at
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EGF - - - - - -
bFGF - + - - + - - + - - + - - +
Ficure 3: Detection of tyrosine-phosphorylated proteins in FGF-2- or EGF-stimulated Swiss 3T3 cells. Following 24 h of serum starvation,
either 100 pM FGF-2, 1 nM EGF, or no growth factor as indicated was bound to the cell surfacé€ &2.5 h in the presence or
absence of heparin. Cells were incubated af@7or 15 min and extracted in Laemmli sample buffer, and samples were subjected to
SDS-PAGE and electrophoretically transferred to immobilon-P. Proteins phosphorylated on tyrosine were detected with a monoclonal
anti-phosphotyrosine antibody: lanes 3, nontreated cells; lanes—, chlorate treatment reversed by 10 mM,8@,; and lanes #15,
chlorate-treated cells. The incubations with or without heparin were as follows: lang2]16hlorate-treated cells incubated with 10 nM
heparin; and lanes 1315, chlorate-treated cells incubated with 10 000 nM heparin.

10 000 nM does not support FGF-2 receptor transactivation 12 8 4506
as measured by the low level of phosphorylation of these |
proteins. Thus, in the presence of an optimum concentration |
of heparin, FGF-2 binds its receptor and stimulates receptor |

transactivation. At higher heparin concentrations, this abilitygz 4 FGE.2 linking to cell surf ; ¢ F32
H H ; IGURE 4 -Z Cross-linking to cell surface receptors o
to support receptor transactivation is reduced. These results, i ™ iy e FGF-2 was bound to BaF3 or F32 cells 4€4
complement those obtained by measuring FGF-2 binding t0 5ng cross-linked to cell surface receptors with BS3 and detected
cell surface receptors; the quantity of heparan sulfate may by autoradiography following SDSPAGE: lanes +6, BaF3 cells;

regulate both stable interaction of FGF-2 with its receptor Ianersl 12, F|32 cells; lages 1 and 7hn0 h?pallrin; lanes % and 8, 1
and activation of receptor transactivation. nM heparin; lanes 3 and 9, 10 nM heparin; lanes 4 and 10, 100

P nM heparin; lanes 5 and 11, 1000 nM heparin; and lanes 6 and 12,
10 000 nM heparin.

Binding of FGF-2 to FR1-Expressing Lymphoid Cells
FGF-2 binding to FR1, with concentrations either above or
BaF3 cells are IL-3 dependent lymphoid cells that do not below that optimum reducing overall receptor occupancy.
express FGF receptors and fail to respond to FGF-2 (Ornitz
etal., 1992). When transfected with FR1, the resulting F32 FGF-Stimulated Mitogenesis Correlates with FGF
cell clone gains the ability to bind FGF-2, survives in FGF-2 Binding to Natve Heparin, Not High-Affinity Receptor
in the absence of IL-3, and incorporatésiJthymidine in Occupancy

response to the growth factor (Ornitz et al., 1992). Similar Mitogenesis of Swiss 3T3 Cells at Various Heparin
to most lymphoid cells, however, the F32 cells lack endog- ¢qcentrations. The mitogenic potential of FGF-2 was
enous heparan sulfate proteoglycans and require the addition, estigated on chlorate-treated fibroblasts incubated with a
of exogenous heparin or heparan sulfate to bind FGF-2 10506 of heparin concentrations that either promote stable

FR1 and to support the FGF activity. Unlike the 3T3 o anior binding and transactivation or result in reduced
fibroblasts which express multiple receptors, including splice receptor occupancy. Quiescent serum-starved cells were

variants of FR1, the F32 cells provide the opportunity 10 gtimyated with 10 pM FGF-2 for 18 h, and their response
question the effect of heparin solely on the three-Ig loop ;¢ assayed by incorporation GHJthymidine into new
form of FR1. DNA (Figure 5A). Chlorate-treated cells fail to respond to
lodinated FGF-2 (300 pM) was bound to the surface of FGF-2 in the absence of exogenous heparin, but the response
parental BaF3 and FR1-expressing F32 cells in the presencés restored to maximal levels by as little as 1 nM heparin,
of increasing concentrations of exogenously added heparinwith half-maximal restoration seen at ca. 0.1 nM. Surpris-
and cross-linked to cell surface proteins with BS3. In the ingly, at high heparin concentrations (10 000 nM), where
presence of heparin, FGF-2 cross-linking to the surface of apparent occupancy of cell surface receptors is greatly
the F32 cells identifies FR1 as a protein of approximately reduced, the mitogenic response of the cells is not dimin-
170 kDa (Figure 4). Binding to this protein is not detected ished. Equivalent results have been obtained with heparin
in parental BaF3 cells. F32 cells fail to bind FGF-2 to FR1 concentrations as high as 300 (data not shown). As these
in the absence of heparin. Furthermore, FGF-2 binding to experiments are conducted with quiescent cells that are
FR1 occurs only in the presence of concentrations of stimulated with FGF at zero time to enter the cell cycle and
exogenously added heparin from 1 to 100 nM, with practical initiate S phase 18 h later (data not shown), we conclude
abolition seen at 10 000 nM (Figure 4). Thus, like FGF-2 that FGF is equally effective at zero time whether at the
binding to its receptor on Swiss 3T3 cells, FGF-2 binding optimal or high heparin concentrations.
to FR1 on F32 cells is biphasic in the presence of heparin; Half-Maximal Stimulation Is Unchanged at High or Low
an optimum heparin concentration is required for stable Heparin Concentrations. This lack of correspondence
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Heparin (nM) FiGure 6: FGF-2 stimulation of FR1-expressing F32 cells. F32
B cells were removed from serum and IL-3-containing medium and

cultured in the presence of FGF-2 and different concentrations of
heparin. The response was assayed by incorporatiorfHjf [
thymidine into DNA: no heparin (solid bars), 50 nM heparin
(striped bars), and 10 000 nM heparin (stippled bars).

100 . No Heparin
10 nM Heparin
10,000 nM Heparin

in their ability to support detectable binding of FGF-2 to
FR1, both concentrations of heparin support a similar FGF-2
dose response curve. The maximal level of incorporation
is seen at 300 pM, with a half-maximal level of stimulation
seen at 20 pM for both concentrations of heparin.

Tr— 6-O-Desulfated Heparin Blocks both FGF-2 Binding to

FGF-2 (pM) Its Receptor and FGF-2-Stimulated Mitogenesi$e failure

FiIGURE 5: Growth of Swiss 3T3 cells in the presence of chlorate to reduce mitogenic stimulation at heparin concentrations that
and heparin. (A) Serum-starved chlorate-treated cells were stimu-appear to block FGF binding to its RTK suggests that binding
lated with 10 pM FGF-2 in var_ious conc_entrations 01_‘ hepa_rin. The s not actually inhibited. Rather, FGF bound to native
rgf‘%nﬁg g’gé_;i‘gﬁgdb;é)'g%%r%%reg;\cﬁ’nFE{I]:t_gyE?]'gt'gﬁeéng’ars). hepgrin may interact with the RTK without forming a high-
(B) Serum-starved chlorate-treated cells were stimulated with @ffinity complex. To demonstrate that an actual reduction
various concentrations of FGF-2 in the presence or absence ofin binding to receptors would indeed be manifested as a
heparin: no heparin added (solid bars), 100 ng/mL heparin (striped reduction in activity, we used a chemically 6-O-desulfated
bars), and 10@g/mL heparin (stippled bars). heparin. This heparin retains its ability to bind FGF-2

between reduced receptor occupation and reduction of(Maccarana et al., 1993) but cannot support either FGF-2
mitogenesis could reflect activation of a low level of FGF-2 binding to its receptor or FGF-2-stimulated mitogenesis
receptors. Under test conditions, receptor binding may not (Guimond et al., 1993). It was reasoned that a reduction in
be reduced below a critical level of receptor stimulation Pinding using this inhibitor should result in a corresponding
necessary for mitogenesis. This possibility was investigated reduction in activity that would be measured as a shift in
by culturing 3T3 cells in levels of FGF that stimulate the the half-maximal response to the growth factor.
cells submaximally to determine whether the FGF-2 dose lodinated FGF-2 was incubated with chlorate-treated Swiss
response is altered when receptor occupancy is reduced. I8T3 cells in the presence of native heparin at 10 nM, which
would be expected that, at FGF-2 concentrations where thewas then augmented either with additional native heparin or
level of occupied receptors is sufficient for only half-maximal Wwith the chemically 6-O-desulfated form, and the FGF-2 was
stimulation, dramatic changes in receptor binding would bound and cross-linked to cell surface receptors with DSS
result in observable differences in growth stimulation. (Figure 7A). The appearance of 140 and 160 kDa bands
To address the dose responsiveness of FGF-2, chloratewas detected by SDSPAGE and autoradiography as shown
treated 3T3 cells were stimulated with various concentrations earlier. As previously described, chlorate-treated cells lack-
of FGF-2 in the presence of either 10 or 10 000 nM heparin ing functional heparan sulfate show reduced binding of
(Figure 5B). At the low heparin concentration, growth is FGF-2 to cell surface receptors and 6-O-desulfated heparin
restored as expected with a half-maximal response seen aglone at 10 000 nM is not capable of supporting FGF-2
10—30 pM FGF. At the high heparin concentration, which binding. As expected, chlorate-treated cells incubated with
apparently reduces receptor binding, the growth response isFGF-2 in the presence of 10 nM heparin bind FGF-2 to these
similar if not enhanced, with half-maximal stimulation seen two proteins and augmentation by additional native heparin
at ca. 10 pM FGF. This contrasts with the expectation that to 10 000 nM dramatically reduces binding. Similarly,
such a reduction in binding would cause a major shift in the augmentation of 10 nM native heparin to 1000 nM by the
concentration required for half-maximal stimulation. addition of 6-O-desulfated heparin leads to a major reduction
The half-maximal response to FGF mitogenic stimulation in FGF binding.
at high or low heparin concentrations was also explored in  To examine the effects of the reduced binding on mito-
the F32 cells, using either 50 or 10 000 nM heparin (Figure genic activity, fH]thymidine incorporation was examined
6). As previously described by Ornitz et al. (1992), F32 cells in the presence of FGF-2 and 10 nM heparin either
cultured in the presence of FGF-2 without the addition of augmented with native heparin (e.g., 10 000 nM heparin) or
exogenously added heparin fail to respond to the growth augmented with 10 000 nM 6-O-desulfated heparin (Figure
factor. However, the addition of either 50 or 10 000 nM 7B). Either concentration of native heparin supported the
heparin restores the cellular response. Despite the differencesame level of mitogenic response despite their differences

3l"i-'l’hymidine Incorporation
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A in the ability to support stable FGF-2 binding to its receptor.
However, augmentation of 10 nM native heparin with 6-O-
1 2 3 4 5 6 MW desulfated heparin reduces the mitogenic stimulation.

The reduction of mitogenic signaling when the 6-O-
desulfated heparin is used as a competitor parallels the
decrease in binding (Figure 7C). Quantification of the FGF-2

=160 binding demonstrates that the 6-O-desulfated heparin com-

=140 petes effectively with native heparin, such that-BD nM

. concentrations of competitor combined with 10 nM native

heparin cause greater than 50% reduction in binding.
Measurement offH]thymidine incorporation in response to
FGF-2 binding is similarly reduced. Importantly, these
results also show a direct correlation between binding
measured using iodinated growth factor and activity using
native FGF; this argues strongly that the behavior of
iodinated FGF in these assays is identical to that of the
noniodinated form.

It is emphasized again that the reduction in binding is
similar to that seen when increasing concentrations of native
heparin are used (cf. Figure 2), yet native heparin does not
cause the reduction in mitogenic stimulation.

Binding and Signaling Mediated by Deca- and Dodec-
asaccharides.To explore this interaction further, binding
and signaling were examined in the presence of heparin
fragments that have different abilities to promote FGF
signaling. A heparin decasaccharide (10-mer) binds FGF-2

15500 7N Teparin but supports neither the binding of 300 pMJFGF-2 to
by T BT -008 cell surface receptors (data not shown) nor mitogenesis in
S T the presence of 100 pM FGF (Guimond et al., 1993). For
FGF-2 (pM) this reason, the 10-mer was used as a competitor with native
heparin for FGF-2 binding and signaling. Increasing con-
centrations of 10-mer were added to a constant concentration
of native heparin and FGF-2. In one set of experiments,
10-mer was used in the presence of 300 pM FGF-2 either in
the presence or in the absence of 10 nM native heparin,
conditions that promote a high degree of binding. 10-mer
alone did not promote binding, as expected, but native
heparin restores the binding ¢#4]FGF-2 to 3T3 fibroblasts
(Figure 8A). However, as little as a 10-fold excess of 10-
mer over native heparin is sufficient to reduce binding, with
a 98% reduction seen at a 1000-fold excess of 10-mer.
A heparin dodecasaccharide (12-mer) binds FGF-2 with
Qﬁlo——' genesis an affinity similar to that of the 10-mer (Maccarana et al.,
inding 1993). However, the 12-mer does support the mitogenic
' response of the cells in 100 pM FGF-2 (Guimond et al.,
competitor added {nM) 1993). Despite its activity at these FGF concentrations,

) - however, the 12-mer does not promote the high-affinity
FIGURE 7: FGF-2 cross-linking to cell surface receptors and FGF- bindi f 25 2 I £
2-stimulated mitogenesis in the presence of 6-O-desulfated heparin2inding of 300 pM [PA]FGF-2 to cell surface receptors on
(A) lodinated FGF-2 was bound to chlorate-treated cells 3€4 chlorate-treated 3T3 cells and can also act as a competitor
and cross-linked to surface receptors with DSS and detected byfor 10 nM native heparin in FGF-2 binding studies. A 10-
autoradiograpy after SDPAGE: lane 1, nontreated cells; lanes fo|d excess of 12-mer reduces the amount of FGF-2 binding

2—6, chlorate-treated cells; lane 2, no heparin; lane 3, 10 nM ; ; ; 0 ;
heparin; lane 4, 10 000 nM heparin: lane 5, 10 nM heparin and in the presence of 10 nM native heparin by ca. 50%, while

1000 nM 6-O-desulfated heparin; and lane 6, 10 nM 6-O-desulfated @ 1000-fold excess reduces binding by 95% (Figure 8A).
heparin. (B) Serum-starved chlorate-treated cells were stimulated This reduction is identical to that seen with the 10-mer, which
with FGF-2 in the presence of different concentrations of the would be expected as the 10-mer and 12-mer bind to FGF-2

indicated heparin type as shown in the legend. Response wa i i i

assayed by incorporation dH]thymidine into DNA. (C) A direct Sg?gldliglgg;a native heparin to the same extent (Maccarana
comparison of binding and activity. For binding, iodinated FGF " ) . . _ A

(100 pM) was incubated with chlorate-treated cells in the absence 10 explore the correlation between high-affinity binding
(open bar) or presence of 3 nM native heparin (stippled bars) and mitogenic stimulation, these studies were conducted at
containing the indicated concentrations of 6-O-desulfated heparin FGF concentrations that provide half-maximal stimulation,
as a competitor. Binding is expressed as femtomoles of FGF-2 namely 30 pM FGF-2 and 1 nM heparin. The binding

bound. For activity, the mitogenic response of serum-starved cells . : . .
to 100 pM FGF-%/ in the abgsence OP presence of 3 nM heparin Studies provide the same qualitative result; namely, both 10-

containing 6-O-desulfated heparin is assessed3Hijt{ymidine mer and 12-mer compete with the native heparin in an
incorporation (counts per minute 10°). identical fashion to reduce binding (Figure 8A). However,
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A +I- mative heparin: receptor and FGF-mediated mitogenesis (Li & Bernard, 1992;
i Rapraeger et al., 1991; Yayon et al., 1991). This has led to
© *) the identification of sites on the FGF and receptor that bind

o

heparan sulfate and enhance FGF-2 binding to its receptor.
Investigation of the heparin concentration required for
restoration of FGF-2 binding to the RTK demonstrates that
there is an optimal concentration; heparin concentrations less
than or greater than the optimum support only minimal high-
affinity binding. This suggests that the mechanism of

: heparan sulfate involvement is more complex than binding
; "'”"ag“o' %ﬁ‘f’é‘rfz to a single site (Rapraeger, 1995).

30 pl EGr 12 Role of Heparan Sulfate in FGF-2 Binding to Tyrosine
Kinase Receptorldentification of FGF receptors by cross-
linking of iodinated FGF-2 to the cell surface of Swiss 3T3
cells results in two cross-linked bands of 140 and 160 kDa,
indicative of cross-linking to cell surface proteins of 120 and
: 1.0 nM 140 kDa, respectively. Since Swiss 3T3 cells express
| messenger RNA for FR1 (Reiland & Rapraeger, 1993) and
|
|

w

[**1]FGF-2 Bound (fmol)
n

o

—

10 0.001.01 .1 1 10
competing oligosaccharide (uM)

native heparin concentration:

0

-
o

smaller alternatively spliced forms lacking the first immu-

noglobulin domain of FR1 have been described (Reid et al.,
1990; Jaye et al., 1992), the proteins cross-linked at the
surface likely represent the full length FR1 receptor and a
smaller alternatively spliced version. Receptor activation is

0.5
2 27 demonstrated by the appearance of newly tyrosine-phospho-
%\ 5| Glwarzr rylated proteins. Although we have not attempted to identify
0,045 v " ;3 '1 3/11 '3{ -mer these proteins, their appearance coincides with FGF-2 cross-

H-thymidine incorporation x 10° oy
o

) ) ) linking to receptor at the cell surface, suggesting that they
competing oligosaccharide (uM) are a consequence of FR1 activation. Binding of FGF-2 to
Ficure 8. Binding of FGF-2 and induction of DNA synthesis in  FR1 and receptor activation is biphasic over a range of
RZZ?;Z‘ gsv(i?g:%‘#:g%g?gb?;gtgdwegfg?ﬁgﬂ‘ggfe% ]Eg\r) Ei{]‘%‘%hc“'orateheparin concentrations. Optimal binding and activation is
pM iodinated FGF-2 in the absence)(or presence<) of 1 nM ieen aF +10 nM heparin \.Nhen 106500 pM FG.F is used.
heparin or in 300 pM iodinated FGF-2 in the absened or ssuming that the heparin has an average size of 10 kDa
presence-{) of 10 nM heparin. Also included were the indicated and binds FGF with &4 of 1—10 nM, approximately 56
concentrations of either heparin decasaccharide (striped bars an®0% of the FGF would be bound by a heparin chain under
(,\)AF;%“ ggéss)isor gﬁg‘fg&sf‘r‘é‘;‘ggdge(ﬁjorgds?;rfegnf?bfgggseg k\’l\%fg- i(nBlhese conditions. The correlation between binding to heparin
cubagte_d for 24 h at 37C in 30 pM FGF-2 and either in the absence a.nd binding FO rgceptor supports NUMErous published conclu-
of native heparin or in 1.0 nM native heparin. In addition, the Sions that binding of FGF-2 to heparin or heparan sulfate
indicated concentrations of either decasaccharide (10-mer) oraugments FGF binding to its RTK.
dodecasaccharide (12-mer) were added. The mitogenic response The reduction in high-affinity complex formation with the
was assessed bjH]thymidine incorporation. FGF receptor when the heparin concentration exceeds 10
nM suggests that the additional heparin chains are competing
. . . ; . for a second important site (see below). This suggests either
stimulation (Figure 8B). Increasing concentrations of the that a single heparin chain must occupy more than one site
10-mer reduce stimulation, but increasing concentrations of if high-affinity binding is to be achieved and that at high
the 12-m§r do not. Indegd, as th? 12_-mer. alolne IS Cap‘f"bleheparin concentrations these sites are occupied by distinct
of promoting FGF-2 activity, signaling is maintained despite heparin chains rather than a single chain or that a second
the displacement of native heparin but in the face of declining previously unoccupied lower-affinity site now becomes ’

high-affinity binding. Thgse results parallel the gffe.cts of occupied by another heparin chain that interferes with
the 6-O-desulfated heparin which also reduces binding andreceptor binding.

activity simultaneously. Role of Heparan Sulfate in FGF-2-Stimulated Mitogenesis.
Despite the identification of an optimal heparin concentration
for stable FGF binding and receptor phosphorylation, the
Numerous studies have shown that heparan sulfate pro-same requirement does not exist for the mitogenic response
teoglycans bind members of the FGF family withKa of of either the 3T3 or F32 cells. Activation of RTK leading
1-10 nM and serve as coreceptors with RTKs by forming to mitogenesis appears to occur even when multiple binding
a high-affinity FGF-2-heparan sulfateRTK complex. This sites are occupied by individual heparin chains, a condition
functional role for heparan sulfate has been demonstratedthat appears to block high-affinity binding. Mitogenesis in
for FGF-1, FGF-2, FGF-4, and FGF-5 (Guimond et al., 1993; excess heparin, where receptor occupancy and tyrosine
Olwin & Rapraeger, 1992; Ornitz & Leder, 1992; Ornitz et phosphorylation of intracellular substrates are greatly re-
al., 1992; Rapraeger et al., 1991). Cells either devoid of duced, shows an identical FGF-2 dose response compared
heparan sulfate or treated with an inhibitor that disrupts to that of mitogenesis at heparin concentrations that are
heparan sulfate synthesis are impaired in their ability to bind optimal for stable receptor binding and transphosphorylation.
FGF-2 to cell surface RTKs; nonetheless, addition of A trivial explanation for this result on the 3T3 cells might
exogenous heparin to these cells restores FGF binding to itsbe that mitogenic signaling is independent of the FGF RTK.

they differ dramatically in their abilities to block mitogenic

DISCUSSION
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However, this is ruled out by the similar response of the FGF-2 is in close proximity to a primary receptor binding
F32 cells, which acquire the ability to respond to FGF-2 only domain (Pantoliano et al., 1994) consisting of Y24, R44,
through transfection with cDNA encoding FR1. N101, Y103, L140, and M142. Binding of heparan sulfate

A second explanation for mitogenesis in the face of within these FGF and receptor heparin-binding domains is
reduced receptor occupancy is that mitogenesis may beproposed to meld these cationic regions and allow the
stimulated by occupancy of only a minor proportion of the primary receptor binding domain within FGF-2 to interact
receptors, a population so small that it defies detection by with Ig loops Il and Il of the receptor (Pantoliano et al.,
the binding methods used here. This also appears to be ruled994). Roghani et al. (1994), studying FGF-2 binding to
out by several arguments. First, the half-maximal responsecell surfaces, suggest that heparan sulfate increases the
to FGF-2, observed at ca--30 pM FGF-2 on untreated 3T3  affinity of this binding by ca. 3-fold. Calorimetry data using
cells, does not change when the excess heparin concentrationgurified, recombinant receptor suggest that FGF binds the
are employed. Second, reducing receptor binding with RTK via this primary domain with &4 of 41 nM (Pantoliano
modified heparins demonstrates that stepwise reduction inet al., 1994) and demonstrate that this affinity is increased
binding is in fact mirrored by reduction in mitogenic activity. approximately 10-fold when heparin participates (Pantoliano
The 6-O-desulfated heparin binds FGF-2 with nearly the et al., 1994). Interestingly, these data were generated using
same affinity as native heparin but fails to promote FGF a low-molecular weight heparin preparation, similar in size
binding and activity due to its desulfation, which quantita- to the 10- and 12-mers used here. It is not clear whether
tively removed the glucosaminyl 6-O-sulfates and as much longer heparins would lead to increased affinity at this site,
as 30% of the iduronosyl 2-O-sulfates. Reduction of FGF-2 although it is known that longer heparins bind FGF-2 with
binding to the RTK by competing with 6-O-desulfated an affinity at least 10-fold greater than that exhibited by 10-
heparin leads to a reduction in FGF-2-stimulated mitogenic and 12-mers (Maccarana et al., 1993).

response, as measured by a shift in the half-maximal dose hg gffinities of heparin and heparan sulfate for these

response that is not seen when binding is reduced Dypnenarin-pinding sites remains unclear, largely because of

competing with native heparin. This argument is also \ariapility in the size and sulfation of the heparin or heparan
supported by the comparison of binding and activity seen g itate used in the studies. It is clear that maximal binding
using the decasaccharide to compete with native heparin.,ng aciivity requires a specific sulfation pattern and length.

Again,_ red.uctio_n in F,GF bi_”?“f‘g leads toa corresponding affinity of native heparin binding to FGF-2 is estimated
reduct|on' in mltogenlc activity. Interes'tl'ngly, the dodec- to be in the 10 nM range, depending on the methods used,
asaccharlde_, Wh'c.h supports the activity (_)f FGF "’.“.SO whereas reports of heparin binding to the RTK are more
competes with native heparin to reduce binding; its ability | 5japie. ranging from estimates in the 10@ range when

to act as a binding competitor is identical to that of the a low-molecular weight heparin is used (Pantoliano et al.
decasaccharide, yet mitogenic activity is maintained. This 1994) to 136-340 nM for iodinated, full length heparin '

suggests (i) that heparins the size of a 12-mer are sufficientbound to FR1 hi : .
- . o T ghly expressed in baculovirus-infected Sf9
to interact with FGF-2 and initiate activation of the RTK cells (Wang et al., 1995).

but that longer forms more effectively promote high-affinity o ) .
binding and (ii) that FGF-2 binding to the RTK in the A second RTKbinding site on the FGF comprising largely
presence of excess native heparin is not actually inhibited K110, Y111, and W114 on FGF-2 has been identified (Baird

but is altered in a manner that leads to reduced detection®t @l-, 1988; Pantoliano et al., 1994; Springer et al., 1994),
and reduced receptor phosphorylation. which is estimated to have a 250-fold lower affinity than

Heparan Sulfate Binding Sites on FGF and Its RTK. the primary sjte. Th[s latter sjte is proposed to bind a second
These findings suggest that the activity of FR1 is regulated "€C€PtOr, an interaction that is dramatically enhanced by the
by the number of sites occupied by a single heparan sulfatePr€Sence of heparin in the primary site. Mutation of these
chain. In the presence of 16@00 pM FGF-2 and the = amino ac@s curtails mitogenic signaling on a variety of cell
absence of heparan sulfate, effective receptor activation istyPeS (Springer et al., 1994).
not achieved. Participation of a single glycosaminoglycan FGF Receptor Phosphorylation and Dimerizatiorl-
chain, occupying one or more sites, leads to high-affinity though it remains to be demonstrated which interactions are
binding, receptor phosphorylation, and mitogenesis. How- absolutely necessary for generating the high-affinity receptor
ever, occupancy of multiple single sites by multiple indi- binding, efficient receptor phosphorylation is proposed to
vidual chains alters binding and reduces phosphorylation butbe dependent upon receptor dimerization. The description
still activates a mitogenic response. The altered binding mayof an optimal heparin concentration for the activation of
lead to “transient” receptor binding, possibly a consequencereceptor transphosphorylation suggests that heparan sulfate
of an increased “off” rate as described by Nugent and has a role in the process of stable dimer formation. Two
Edelman (1992). This would lead to a reduced steady statemodels for receptor dimerization have been proposed. The
level of binding, which is measured here, but still activate first model, introduced above, proposes that heparan sulfate-
the receptor. mediated binding of FGF-2 to the RTK via the primary site

Several sites for heparan sulfate binding have now beenon FGF-2 promotes interaction with a second receptor
described. A major site is present on both the FGF-2 and through the second site of the same FGF-2 (Pantoliano et
the RTK. Three-dimensional modeling demonstrates a al., 1994). A second model proposes that heparin simulta-
cationic site on the FGF comprising amino acids N27, R120, neously binds two FGFs, thus constituting a dimer (Ornitz
K125, and K135, among others, that binds to heparin etal., 1992, 1995; Spivak-Kroizman et al., 1994). Evidence
(Eriksson et al., 1993; Ornitz et al., 1995; Pantoliano et al., for the latter model is supported by the demonstration that
1994). A cationic heparin-binding domain in FR1 has been FGF can be cross-linked into dimers in the presence of
identified in the interloop region between Ig loops | and Il optimal heparin concentrations; as would be predicted, excess
(Kan et al., 1993). The heparin-binding domain within the heparin abolishes the dimer formation (Ornitz et al., 1992).
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The results discussed here suggest that the two modelsellot, F., Crumley, G., Kaplow, J. M., Schlessinger, J., Jaye, M.,
may not be exclusive of one another. Initial binding of FGF 5 _&kDionn% Cé A-F(1%91'\)/IE|VI|DBOSJ- 1|(|) 2[?43—2254& C P E &
to heparan sulfate may enhance binding to the RTK and nﬁurrré%rr]ﬁbe', v."as%s’)]. E';iol."Chr:ri.’27b24'9412r2§9218.' o
recruitment of a second RTK, thus initiating signaling. The ;

L - . . . Broad, T. E., & Ham, R. G. (198Fur. J. Biochem. 13533—39.
initial binding event can bg accomphshgd with heparins on Burgess, W. H., & Maciag, T. (198%nnu. Re. Biochem. 58

the order of 16-12 sugars in length (Guimond et al., 1993;  575-g06.

Ishihara et al., 1993; Ornitz & Leder, 1992; Ornitz et al., Burgess, W. H., Shaheen, A. M., Ravera, M., Jaye, M., Donohue,
1992) but is disrupted by shorter oligosaccharides or heparins P. J., & Winkles, J. A. (1990). Cell Biol. 111 2129-2138.
lacking the correct sulfation pattern, such as the 6-O- Coughlin, S. R, Barr, P. J., Cousens, L. S., Fretto, L. J., & Williams,
desulfated heparin used here. The formation of this complex _ L- T- (1988)J. Biol. Chem. 263988-993. _

may be transient unless it is further stabilized by the heparanEr”S‘sfsog'lé'?E: 1%%‘159”5’ L. S., & Matthews, B. W. (19B8)tein
sulfate bridging the receptors or bridging to another FGF o '

. . - . Friesel, R., Burgess, W. H., & Maciag, T. (1989pl. Cell. Biol.
receptor. Such complexes would constitute the high-affinity = o 1857—1865?. 9. T. (1989p

complex typically observed upon FGF binding to native cells Guimond, S., Maccarana, M., Olwin, B. B., Lindahl, U., &
or observed here at heparin concentrations that promote Rapraeger, A. C. (1993). Biol. Chem. 26823906-23914.
maximal receptor phosphorylation. Excess heparin or oli- Habuchi, H., Suzuki, S., Saito, T., Tamura, T., Harada, T., Yoshida,
gosaccharides the size of the 12-mer would fail to carry out K., & Kimata, K. (1992)Biochem. J285, 805-813.

the bridging. An alternative explanation for these results is Huang, S. S., & Huang, J. S. (1988) Biol. Chem. 2619568~
tf_\at excess heparin Chain_s m_a_y_bind toa secondary bir.]dinglsacchi, A., Bergonzoni, L., Statuto, M., Rusnati, M., Chiesa, R.,
site on the FGF, thus inhibiting receptor dimerization caccia, P., Sarmientos, P., Presta, M., & Ragnotti, G. (1991)
altogether. In this scenario, however, the receptor would  Ann. N. Y. Acad. Sci. 63869-377.

be expected to signal without dimerization. This cannot be Ishihara, M., Tyrrell, D. J., Stauber, G. B., Brown, S., Cousens, L.
ruled out as it remains to be demonstrated formally that the  S., & Stack, R. J. (1993). Biol. Chem. 2684675-4683.
receptors are not activated as monomeric forms. Jaye, M., Schlessinger, J., & Dionne, C. A. (19%ipchim.

. Biophys. Acta 1135185-199.
_The requirement of heparan sulfate for FGF-2 receptor Johnson, D. E., & Williams, L. T. (1993)\dv. Cancer Res. 60
binding and its ability to regulate activation of the FGF ~ 1_45

receptor by interaction with distinct sites of the receptor kan, M., Wang, F., Xu, J., Crabb, J. W., Hou, J., & McKeehan,

complex suggest important regulatory roles for heparan W. L. (1993)Science 2591918-1921.

sulfate proteoglycans. Heparan sulfate proteoglycans notLaemmli, U. K. (1970)Nature 227 680-685.

only must be present at the cell surface to allow FGF receptorLi, M., & Bernard, O. (1992)Proc. Natl. Acad. Sci. U.S.A. 89

binding and activation, as shown here, but also must be 3315-3319. , ,

decorated with a specific type of heparan sulfate chains Me;c;gggfgégﬂdéCasu, B., & Lindahl, U. (1998)Biol. Chem. 263

capable of supporting'a specific FGF. Specific hepargn Mason. 1. J. (1994):(3” 78 547-552.

sulfatg sequence rgquwements for FGF-2 receptor b'”‘_j',ngMohammadi, M., Dionne, C. A., Li, W., Li, N., Spivak, T.,

and mitogenesis indicate that both the length and composition  Honegger, A. M., Jaye, M., & Schlessinger, J. (198@jture

of a heparan sulfate chain determine the ability of FGF to 358 681-684.

interact with its receptor and support mitogenesis (Guimond Nugent, M. A., & Edelman, E. R. (199Biochemistry 318876~

et al., 1993). In addition, developmental modulation of the = 8883. ,

type of heparan sulfate chains of a neuronal heparan sulfatgVurcombe, V., Ford, M. D., Wildschut, J. A., & Bartlett, P. F.
. . - - (1993) Science 260103-106.

protqulycan dictates the mitogenic responsiveness of eM-Gwin. B. B.. & Rapraeger, A. (1992). Cell Biol. 118 631639,

bryonic neural cells to basic and acidic FGF (Nurcombe et Omitz, D. M., & Leder, P. (1992). Biol. Chem. 26716035~

al., 1993; Brinkman et al., 1995). Furthermore, the potential 16311,

ability of heparan sulfate to control the type of signal Ornitz, D. M., Yayon, A., Flanagan, J. G., Svahn, C. M., Levi, E.,

transmitted by the FGF receptor suggests another level of & Leder, P. (1992Mol. Cell. Biol. 12 240-247.

regulation by heparan sulfate proteoglycans and lends furtherOrnitz, D. M., Herr, A. B., Nilsson, M., Westman, J., Svahn, C.

insight into potential means of pharmaceutical intervention. _ M- & Waksman, G. (19955cience 268432-436.
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