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ABSTRACT. The current working model for fibroblast growth factor receptor (FGFR) dimerization and
activation requires the assembly of a ternary complex of fibroblast growth factor (FGF), FGFR, and heparin
or heparan sulfate proteoglycan (HSPG) on the plasma membrane. The recent R&HL-heparin

crystal structure provides a detailed but static view of the FEGFR-heparin complex. However, the
kinetics of ternary complex assembly has yet to be investigated. Here, we characterize FGF2, FGFR1,
and heparin interactions using surface plasmon resonance (SPR). Binding constants for binary FGF2/
FGFR1 Kp = 62 nM), FGF2/heparinp = 39 nM), and FGFR1/heparirkK( = 3.2 uM) interactions
correlate to the magnitude of binding interface observed in the FGIEFR1-heparin crystal structure.
Interestingly, comparison of sensorgrams of sequential injections of FGF2 and FGFR1 and equimolar
FGF2-FGFR1 injections onto a heparin neoproteoglycan surface demonstrates that FGF2 dramatically
enhances the association of FGFR1 with heparin and leads us to propose a model for the stepwise assembly
of a ternary FGFFGFR-HSPG complex. The weak binding affinity of the FGFRieparin interaction
suggests that in this model, FGFR and HSPG are unbound in the absence of FGF ligand. The availability
of FGF results in formation of initial FGFHSPG complexes, which promotes the rapid binding of FGFR

and creates a ternary complex capable of undergoing dimerization and subsequent FGFR activation. In
contrast, alternative models for the kinetic assembly of a ternary complex in which binary F&FR

or FGFR-HSPG complexes are intermediates do not conform well with the experimental data.

The fibroblast growth factor (FGF) family consists of 22 crystal structure of a dimeric 2:2:2 FGFEGFR1-heparin
structurally related proteins with pleiotropic signaling activi- ternary complex has provided a mechanistic view by which
ties (1). Each FGF consists of a core region of homology of FGF, FGFR, and HSPG cooperate to promote FGFR dimer-
100-120 residues known asfatrefoil core, in addition to ization 9). In this two-end model, two 1:1:1 FGH-GFR-
variable N- and C-terminal regions. The biological responses heparin ternary complexes associate to form a symmetrical
to the FGF ligand are mediated by one of four receptor dimer. Within the dimer, each FGF binds to both receptors,
tyrosine kinases, FGFRM. Each FGFR is composed of an and the two receptors interact with one another as well.
extracellular ligand-binding region comprised of three im- Within each 1:1:1 ternary complex, heparin interacts exten-
munoglobulin (Ig)-like domains (D1-D3), a single trans- sively with FGF and FGFR, thereby augmenting FGF
membrane helix, and a cytoplasmic segment with tyrosine FGFR affinity. Moreover, heparin from one 1:1:1 ternary
kinase activity. The minimal portion of the extracellular complex interacts with the FGFR of the adjoining 1:1:1
domain necessary for ligand binding and specificity is D2, ternary complex. Hence, heparin plays a dual role by
D3, and the interconnecting linker. Alternative splicing of increasing FGFFGFR affinity and also by promoting the
the second half of D3 in FGFR13 extends the number of  dimerization of two 1:1:1 ternary complexes by stabilizing
functional FGFRs to seven and plays a central role in protein—protein contacts between the two ternary complexes
determining ligand-binding specificity2¢-5). (9). A recent study independently supports a 2:2:2 FGF/

Receptor dimerization is a central step in FGFR activation FGFR/heparan sulfate binding stoichiometery using bio-
and requires heparin or heparan sulfate proteoglycanschemical methods1(), although an alternative dimeriza-
(HSPGs), in addition to ligand binding,(6—8). The recent  tion model has also been proposed based on the crystal

structure of a dimeric 2:2:1 FGFFGFR2-heparin complex
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plasmon resonance (SPR) to study the kinetics of FGF, (Biosensor AB, Uppsala, Sweden) through its primary amino
FGFR, and heparin interactions. Here, we report the kinetic groups using EDC/NHS according to standard amine cou-
constants for FGF2/FGFR1, FGF2/heparin, and FGFR1/ pling protocol (6). Following activation with EDC/NHS,

heparin interactions. Moreover, the ability of SPR to monitor successful immobilization of FGF2 was achieved by diluting

interactions in real time permits us to construct a model for
FGFFGFR-heparin assembly based on sequential injec-
tions of FGF2 and FGFR1 and equimolar FGHFGFR1
injections onto a surface containing immobilized heparin
neoproteoglycan.

MATERIALS AND METHODS

Protein Expression and Purificatiohe ligand-binding
portion of human FGFR1 (lllc spliceform) consisting of D2-
D3 (residues 142365) was prepared as previously described
(12). Full-length human FGF2 (residues 155) was purified
according to a previously reported protocdl3). FGF

FGF2 to 25g/mL in HBS-EP buffer (0.01 M HEPES, 0.15
M NaCl, 3 mM EDTA, 0.005% polysorbate 20 (v/v)), pH
= 7.4. FGF12, an FGF that does not bind FGFRs, was
immobilized on the reference flow cell as a control in a
fashion similar to FGF2.

Measurement of FGF2/FGFR1, FGF2/Heparin FGFR1/
Heparin, and FGF2-FGFR1/Heparin Interactiondnterac-
tions were characterized using a BIAcore 3000 instrument
(Biosensor AB, Uppsala, Sweden). For FGF2/FGFR1, FGF2/
heparin, FGFR1/heparin, and FGH2GFR1/heparin interac-
tions, different concentrations of analytes (FGF2 and/or
FGFR1) in HBS-EP buffer were injected over the FGF2
sensor chip or the neoproteoglycan sensor chip at a flow

homologous factor 1b (FGF12b), a protein structurally related rate of 50uL/min. At the end of each sample injection (180
to FGFs that does not bind FGFRs, was expressed ands), HBS-EP buffer was passed over the sensor surface to

purified as previously describedl4). Purified FGFR1, FGF2,
and FHF1b were concentrated using a Centricon-10 (Milli-
pore, Billerica, MA) centrifugal microultrafiltration tube.

monitor the dissociation phase. Following 180 s of dissocia-
tion, the sensor surface was fully regenerated by injection
of 50 uL of 2 M NaCl in 100 mM sodium acetate buffer

Protein concentrations were determined by measuring the(pH = 4). The kinetics of each binary interaction were

UV absorption spectrum using a Beckman DU640B spec-

trophotometer (Beckman Coulter, Fullerton, CA) for each
purified protein in 6.0 M guanidium hydrochloride and 0.02
M sodium phosphate buffer (pH 6.5). Absorbance at 280

nm was used with the extinction coefficient, determined
using the ProtParam tool

protparam.html) at that wavelength to calculate concen-

tration. The protein stock concentrations are as follows:
FGFR1 (12.5uM), FGF2 (480 uM), and FHF1lb (61
uM).

Preparation of Neoproteoglycan and FGF Sensor Chips.

negligibly affected by alterations in flow rate {100 uL/
min) or the addition of glycerol (0:510 vol %) to the
running buffer, thereby indicating that mass transport limita-
tions were minimal (data not shown). Levels of nonspecific
binding for each set of interactions were low and did not

(http://us.expasy.org/tools/ exceed 20% of the maximum RU value obtained for each

interaction study.

For the FGF-FGFR-proteoglycan assembly experiments,
different injection sequences of FGF and FGFR, or injection
of 500 nM of FGFFGFR complex, were used over the
neoproteoglycan sensor chip. The time lag between the first

Neoproteoglycan sensor chip was made by covalently and second injections in the sequential injection experiments

immobilizing albumin-heparin conjugate (Sigma, St. Louis,
MO), prepared by coupling heparin’s terminal formyl group

was due to limitations in the BIAcore instrument.
Analysis of FGF2/FGFR1, FGF2/Heparin, and FGFR1/

to bovine serum albumin through reductive amination, to the Heparin Binary Interactions.Reference responses from

C1 biosensor chip through amine coupling (Biosensor AB,
Uppsala, Sweden)1p). There are approximately 80 free

control flow cells, containing immobilized FGF12 or albu-
min, were subtracted from FGF2 or heparadbumin

amino groups in albumin as compared to a single free aminoflow cells, respectively, for each analyte injection using
group in each heparin chain. Thus, the probability of free BiaEvaluation software (Biacore AS, Uppsala, Sweeden).
amino groups in heparin, which have markedly diminished The resulting sensorgrams were used for kinetic param-
nucleophilicity, reacting with the activated chip surface is eter determination by globally fitting the experimental
very low. Carboxymethyl groups on the C1 chip surface were data to a 1:1 interaction. A term was added for biosensor

first activated using an injection pulse of pQ (flow rate,

5 uL/min) of an equimolar mix ofN-ethyl-N-(dimethy-
aminopropyl) carbodiimide (EDC) ard-hydroxysuccinim-
ide (NHS) (final concentration 0.05 M, mixed immediately
prior to injection). An albumin-heparin solution (20@g/
mL in sodium acetate buffer wit2 M guanidium hydro-

chloride, pH 4.0) was applied to the activated chip surface.

related effects when appropriate (BlAevaluation software,
version. 3.1, 1999),? did not exceed 10% dRnmax for each
fit.

Analysis of FGF2-FGFR1/Heparin InteractionKinetic
rate constants, association ratg,(and dissociation ratéx),
obtained from FGF2/FGFR1, FGF2/heparin, and FGFR1/
heparin binary interactions, served as initial values for

This buffer was selected to increase the coupling efficiency determining the apparent kinetic parameters of the FGF2
of the heparin-albumin conjugate. Excess unreacted sites orFGFR1/heparin interaction. The equilibrium constafi)(

the sensor surface were deactivated with a(40njection
of 1 M ethanolamine. Successful immobilization was con-
firmed by the observation of 300 response unit (RU)
increase. The control flow cell was prepared by immobilizing
bovine serum albumin using a similar coupling proce-
dure.

The FGF sensor chip was prepared by immobilization of
FGF2 ARU ~1000) on a research grade CM 5 chip

determined from the FGF2/FGFR1 binary interaction study
was used to calculate solution concentrations of FGF2,
FGFR1, and FGF2FGFRL1 in the injected samples. Appar-
ent kinetic parameters from the equimolar FGFFGFR1
injection studies were calculated by deriving a set of ordinary
differential equations to model the various species interacting
at the sensor chip surface. At the three lowest solution
concentrations of FGF2FGFR1, the binding of each species
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to heparin could be precisely determined. The following o
equations were derived to model these interactions: -
"zhﬁ 2 |

d[H]
g = ~([FIH] — kg [FH) — (k,[FRI[H] — e _;....E_—_— __a

kJFRH]) (1) prd Model 2
d[FH] Model 3 -
g = (ka[FIH] = ky[FH]) = (k[RIFH] — A WL N A

ke [FRH]) (2) E__ ¢ Pl w7 4
d[FRH - T
TR (FRIH] — K, [FRHD + (,[RIFFH] - {

ky[FRH)) (3) 7

The abbreviations are as follows: heparin [H], FGF2 [F],
FGFR1 [R], FGF2FGFR1 [FR], and FGF2FGFR1-
heparin ternary complex [FRH]. The data were reevaluated
for possible mass transfer limitations by incorporating an
additional term for mass transfer in the ordinary differential
equations. Estimation of the mass transfer coefficiknt,
was found to be considerably lower than the product of
association constant and the sensor surface receptor concer
tration for each interaction, which is suggestive of reaction-
rate-limited interactionsl(7). When higher solution concen-
trations of equimolar FGF2FGFR1 were injected, several o B

additional interactions became important, such as dimeriza- Dt

tion, thereby introducing a degree of complexity that could Ficure 1: Models 20p proposed for the stepwise assembly of an
not be accurately modeled and were outside the scope ofactive FGF2 FGFRE-HSPG signaling complex at the cell surface.

this study. FGF2 is green; FGFR1 is blue; HSPG is red, yellow, and gray;
and the cell membrane is represented by the slightly rounded double
RESULTS lines. Refer to text for a discussion of each model.

On the basis of the two-end dimerization model, we Taple 1: Calculated Kinetic Parameters from the Various
envision three possible models for the stepwise assembly oOfinteraction Studies

a ternary FGFFGFR-HSPG complex (Figure 1). In the

b f FGF ligand, FGFR and HSPG ist in eith M5 kG Ko
absence of F5 gand, 5T an can existin ernel e oo FGFRL 964 10' 596x 10° 6.19x 10°
an unassociated state (a in models 1 and 2) or an associated 1+ 806x 10 +584x 10°3
state (b in model 3). The presence of FGF can result in initial FGF2/heparin 1.k 100  0.43 3.9x 10°®
complexes of either FGFHSPG (c in model 1), FGF-FGFR heoar +4.71x 1g +1.92x 10_2 .
(d in model 2), or FGFFGFR-HSPG ternary complex FCGFR1/heparin i351'§ 102 i812'§§ i?ﬂ 3.2x 107
(e in model 3). The formation of binary FGFHSPG or FGF2/heparin 144 1.18x 105 8.21x 10°8
FGFFGFR complex (c and d) is then followed by FGF %175 +8.81x 10; .
FGFR-HSPG ternary complex formation (e), and in biologi- FGF2-FGFRl/heparih  89.9 8.63x 107" 9.60x 107
| systems, subsequent dimerization (FGIEFR-HSPG) - £ 155 £9.45 100
cal sys , q FGF2-heparin/fFGFRL  6.13x 10°  1.66x 10 2.71x 107

and activation (f).

+4.67x 107 +£1.26x 10°°

FGF2/FGFR1, FGF2/Heparin, and FGFR1/Heparin Bi-
nary Interactions.To differentiate between these three

2Values determined from the FGF2/FGFR1/heparin interaction study
(Figure 3) using equations presented in the Materials and Methods.

models, we first measured the association rakgs ¢is-
sociation ratedq), and dissociation constantsy) for binary
interactions occurring between FGF2 and FGFR1, FGF2 and
heparin, and FGFR1 and heparin (Figure -28). The

structure 9). Comparison of FGF2/heparin and FGFR1/
heparin binding data to previous binding studies using optical
biosensors reveals that dissociation constant values obtained

strongest binary interaction observed was the FGF2/heparinfor FGF2/heparin binding were similar-(0—90 nM) (18—

interaction (39 nM), followed by the FGF2/FGFR1 interac-

19), whereas the value reported for dissociation constant of

tion (62 nM) and the relatively weak FGFR1/heparin the FGFR1/heparin interaction (63 nM2Q) was roughly

interaction (3.2uM) (Table 1). A potential caveat of the

5-fold lower. This difference in measurement can be at-

FGF2/heparin binding data is that saturation is not observedtributed to the use of a dimeric form of FGFR1 by Powell

even at 10x Kp and is suggestive that at higher concentra-
tions of FGF2, the FGF2/heparin interaction is not 1:1.

The extent of FGF2heparin and FGFRtheparin inter-
actions correlate with the amount of hydrogen bonds made,
16 and 9, respectively, in the FGFEGFR1-heparin crystal

et al., while our study employed a monomeric FGFR1. In
contrast, the binding affinities for both interactions reported
here are an order of magnitude stronger than the dissociation
constants measured by ITC for each interactidl).(Zhese
differences in measurement may be attributed to the experi-
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FGF2-FGFRX-heparin complex (2.7 nM, Table 1) obtained
200 - A in our study is 2 orders of magnitude weaker than tie
values (~10—270 pM) obtained for FGF2 binding to high
150 affinity sites on cells Z2—24). The enhanced binding
affinities observed in the cell binding assays likely reflect
100 | the increased stabilization of the ternary complex by dimer-
ization, as each monomeric ternary complex in the dimeric
assemblage contacts and stabilizes the adjoining ternary
complex Q).
FGF2—FGFR1/Heparin InteractionNext, the interaction
0 ‘ ‘ between heparin and FGFEGFR1 complex was assessed
100 200 300 400 500 by injecting equimolar mixtures of FGF2 and FGFR1 (Figure
Time (s) 3) at concentrations above and below the calculKtgtfom
550 - the FGF2-FGFR1 interaction. These experiments provided
B further insight into heparin’s interaction with different ratios
of complexed FGF2FGFR1 and free FGF2 and FGFR1.
Ordinary differential equations were derived to model these
data based on three distinct interactions: (1) FGF2 with
heparin; (2) FGF2FGFR1 with heparin; and (3) FGFR1
with an FGF2-heparin complex. There are three pathways
to reach the ternary complex from a binary complex (Figure
1, pathways b-d). The first two, binary FGF2heparin
complex binding FGFR1 and binary FGFEGFR1 complex
50 ; : ; binding heparin, are modeled. The third pathway, FGFR1
100 200 300 400 500 heparin binding to FGF2, is unlikely due to the weak binding
Time (s) affinity of the FGFR1/heparin interaction and therefore not
included in the modeling.

50

Relative Response (RU)

350 -

150 -

Relative Response (RU)

5 150 -
% C ky, = 144
@ 100 - FGF2+ H=————=FGF2-H (4)
3 kyy=1.18x 105
é 50 =89.9
® FGF2-FGFR1+ H =———=FGF2-FGFR1-H
Z 0 ke, = 8.63x 1073
s (5)
® 50 : = 6130

100 200 300 400 500 FGF2-H+ FGFR:LW FGF2-FGFR1-H

Time (s) (6)

Ficure 2: Panel A: interaction between FGF2 and FGFR1.
Concentrations are 25, 50, 100, 200, and 400 nM. Panel B: DISCUSSION

interaction between FGF2 and heparin. Concentrations are 25, 50, : ;
100, 200, 400, and 800 nM. Panel C: interaction between FGFR1_Analysis of FGF2/FGFR1, FGF2/heparin, and FGFR1/

and heparin. Concentrations are 195 nM, 700 nM, and 4815 heparin interactions and injections of equimolar FGF2
FGFR1 (Figures 2 and 3; Table 1) shows that model 1 best
mental system in which the interactions were studied. fits the experimental data, whereas models 2 and 3 are
Measurements using ITC effectively characterize solution inconsistent with the data. Stepwise binding of the FGF2
binding, whereas SPR measures binding in a two-phaseligand to HSPG followed by FGFR1 binding to the binary
system in which one of the interacting species is confined FGF2-HSPG complex, as depicted in model 1 (Figure 1,
to a surface. Additionally, our study employed high molec- pathways a, c, and e), is consistent with the high binding
ular weight heparin (MW ~12 kDa) in contrast to the low  affinity of the FGF2-heparin interaction (39 nM) (Table 1).
molecular weight heparin (M\y ~3 kDa) utilized in the The relatively high association rat&, (= 1.1 x 10°’ M~*
ITC study @1). Analysis of FGF2 binding to baby hamster s!) of the FGF2/heparin interaction as compared to the
kidney-derived cells (BHK-21) yielded an apparédg of association rates for FGF2/FGFRE, & 9.64 x 10 M1
270 pM @2). Covalent cross-linking o1 —FGF2 labeled  s™1) and for FGFR1/heparirk{= 5.9 x 10° M~ s1) favors
two macromolecular species. Subsequent analysis of FGF2the formation of an initial FGF2heparin complex and
binding to BHK-21 cells revealed high affinity and low suggests a mechanism for the rapid concentration of FGF
affinity binding sites for FGF2 withKp values of 20 pM ligand on the HSPG-containing plasma membrane (model
and 2 nM, respectively23). The high affinity site was  1). This concentration effect is probably physiologically
initially proposed to represent FGFR, and the low affinity relevant given the exceedingly low amounts of FGF involved
site represented cell-associated heparin molecu®3. ( in signaling @5). Moreover, binding of FGFR1 to binary
Subsequent comparison of FGF2 binding to intact cells and FGF2-heparin complex (Figure 1, pathways-€) in a
also to each class of binding site in the absence of the otherheterogeneous mixture of FGF2, FGFR1, and F&GFGFR1
suggested that the high affinity binding site actually consisted occurs nearly instantaneouslig, (= 6130 M s™1) when
of both FGFR and HSP®4). TheKp, value for the ternary ~ compared to binary FGF2FGFR1 complexk, = 89.9 M
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400 -
350

300 250 - |

200 - 150

50 | |
100 300 500 700
Time (s)

Relative Response (RU)
Relative Response (RU)

100 - 50

0 \
100 200 300 400 500
Time (s)

Ficure 3: Binding curves obtained from increasing equimolar
FGF2-FGFRL1 injections. Concentrations of the species for each
injection are (A) 7.0 nM FGF2, 7.0 nM FGFR1, and 0.8 nM FGF2
FGFR1; (B) 12.9 nM FGF2, 12.9 nM FGFR1, and 2.7 nM FGF2
FGFR1; (C) 22.8 nM FGF2, 22.8 nM FGFR1, and 8.4 nM F&F2
FGFR1; (D) 38.5 nM FGF2, 38.5 nM FGFR1, and 24.0 nM F&F2
FGFR1; (E) 62.3 nM FGF2, 62.3 nM FGFR1, and 62.7 nM FGF2
FGFR1; (F) 97.2 nM FGF2, 97.2 nM FGFR1, and 152.8 nM
FGF2-FGFR1; (G) 147.7 nM FGF2, 147.7 nM FGFR1, and 352.3  Differences in the relative surface concentrations of the
nM FGFZ-FGFR1. three different complexes formed at the sensor surface lend
s ™1 binding heparin (Figure 1, pathways-d). This accounts  further credibility to model 1. The apparent values kgr
for the formation of a stable ternary complex (Table 1). The ky, and Kp calculated from the equimolar FGFEGFR1
binding affinity of FGFR1 to FGF2heparin is nearly 22-  injections onto the neoproteoglycan chip were inserted back
fold greater than the binding affinity of the FGFR1/FGF2 into the ordinary differential equations to determine each
interaction (2.7 nM as compared to 62 nM) and is consistent interaction’s contribution to the total measured response.
with the role of heparin in augmenting FGFGFR binding. Figure 5 reveals the amount of FGF2 bound to heparin, the
Model 1 also accounts for the poor binding affinity of the amount of FGF2FGFR1 bound to heparin, and the amount
binary FGFR*-heparin complex, despite the nine hydrogen of FGFR1 bound to an FGFzheparin complex during the
bonds that occur between FGFR1 and heparin within onefirst 40 s of the association phase. Most notably, the response
ternary complex9). The crystal structure shows that all of generated at the sensor surface is primarily from stepwise
the interactions FGFR1 makes with heparin occur with a formation of the ternary FGF2FGFRX-heparin complex,
disaccharide unit at the reducing end, which is likely to be whereas the response from the direct binding of the binary
very flexible in the absence of FGF2. Binding of FGF2 to FGF2-FGFR1 complex to heparin accounts for only a small
heparin involves the segment immediately preceding the fraction of the total response. Close examination of the initial
terminal disaccharide unit and will likely orient heparinto a binding events reveals that FGF2 rapidly associates with
conformation optimal for FGFR1 binding. heparin, and immediately thereafter FGFR1 binds to the

To test model 1, we monitored the assembly of ternary preformed FGF2heparin complex (Figure 5B). The quick
FGF2-FGFR1-heparin complex through sequential injec- binding of FGFR1 causes the surface concentration of
tions of FGF2 and FGFR1 and an equimolar FGF&FR1 FGF2-heparin to reach its peak in the first second and keeps
injection (Figure 4). The enhanced binding, indicated by the FGF2-heparin from rising above 2 RU during the associa-
large (0-370) RU increase, of FGFR1 to the heparin tion phase. After 40 s, by which time the measured total
neoproteoglycan chip following FGF2 injection (Figure 4, response starts to approach steady-state binding levels, the
dashed line) contrasted to poor FGFRL1 binding, associatedcontribution to the observed RU from the FGH2GFR1
with a nearly flat (negligible) RU response, to the neopro- interaction with heparin becomes negligible. Since the
teoglycan prior to FGF2 injection (Figure 4, thin black line) apparent affinity of this interaction is fairly weak, the FGF2
further underscores the stepwise binding order proposed inFGFR1 dissociates from heparin relatively easily if it is not
model 1. Additionally, the similarity of the dissociation curve correctly bound to form a stable ternary complex. The
in the sensogram following the sequential injection of FGF2, constant influx of fresh FGF2, FGFR1, and FGH2ZGFR1
FGFR1 (Figure 4, dashed line from 680 to 800 s) to the permits FGF2 to quickly fill the site where weakly associated
dissociation curve obtained from the equimolar FGF2 FGF2-FGFR1 was previously bound. Once the binary
FGFRL1 injection (Figure 4, thick black line from 320 to 600 FGF2-heparin complex is formed, FGFR1 binds to form
s), as compared to the qualitatively faster dissociation curvethe stable FGF2FGFR1-heparin ternary complex. This
obtained in the case of the sequential injection of FGFR1, mechanism of the stepwise assembly of the ternary complex
FGF2 across the neoproteoglycan chip (Figure 4, thin black results in both a kinetic and a thermodynamic product.
line from 680 to 800 s) suggests that stable ternary complex In contrast, models 2 and 3 show several discrepancies
formation proceeds according to model 1. with the experimental data. In model 2, an initial binary

FiIGURe 4: Sequential injections of FGF2 and FGFR1 as compared
to an equimolar FGF2FGFR1 injection. For the sequential
injections, (---) represents 500 nM FGF2 (at 120 s) followed by
500 nM FGFR1 (at 480 s), ane-] represents 500 nM FGFR1 (at
120 s) followed by 500 nM FGF2 (at 480 s). The equimolar FGF2
FGFR1 injection ) at 120 s consists of 147.7 nM FGF2, 147.7
nM FGFR1, and 352.3 nM FGFFGFRL1.
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models 2 and 3 than model 1 since FGFR binding is the

A initial rate-limiting step in those models. Nevertheless, we
cannot exclude the possibility that on the cell surface, the
kinetic and thermodynamic properties of these three pathways
are different or are modulated by other regulatory factors.
Hence, ternary complex formation may also occur through
pathways distinct from model 1.

AM CONCLUSION

e

N
o
1

-
o

Relative Response (RU)

0 10 20 30 In summary, these data offer the first direct evidence for
Time (s) the stepwise order of FGFFGFR-HSPG assembly on the
. cell surface. Although each of the 18 FGFs (not including
FHFs) and seven FGFRs interact with varying affinity and
specificity, the FGF2 and FGFR1 proteins used in this study
may serve as a generalized model for the order of complex
assembly. In addition to the dual role of heparin/HSPGs in
augmenting FGFFGFR binding and promoting FGFR
dimerization, the proposed model for FGFGFR—pro-
teoglycan assembly also supports the notion of glycosylami-
noglycans (GAGS) as facilitators of intermolecular encounters
4 6 between proteins26). In this role, the HS-GAG chain in
Time (s) the cell surface HSPG would electrostatically attract FGF
FiGUrRe 5. Relative surface concentrations of the complexes formed t0 the cell surface where it would concentrate. By limiting
from each biomolecular interaction. Panel A examines change in the space available to FGF2 from the three-dimensional
RU over 35 s, and panel B is an expansion examining the initial domain of the extracellular milieu to the one-dimensional
binding events corresponding to the change in RU over the first 7 domain of the HS chain, encounters between FEBPG

s. Response generated by each distinct complex for curve A in o,
Figure 3 was determined using the parameters obtained from complex and membrane bound FGFR1 are facilitated. Thus,

modeling the equimolar FGFFGFR1 injections. The amount of ~ HSPGs not only influence the thermodynamics of FGF
FGF2 bound to heparin is represented bya(-). The dotted line FGFR interactions by affording an extremely stable ternary
(---) shows the total amount of FGF2, FGFR1, and heparin bound Comp|ex but also p|ay an active role in FGFR Signa"ng by

together in a complex (i.e., the summation of eqs 5 and 6). The ; et ; T ;
contribution from the interaction of FGFZFGFR1 with heparin accelerating the kinetics of proteiprotein interactions.

to this total surface concentration of FGFRGFR1-H (i.e., eq 5)
is represented by-{l—). The contribution from FGFR binding to REFERENCES
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