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Abstract Molecular modeling has allved us to popose that one main contact surface of the Fibroblast
Growth Factor Receptor -1 (FGFR-1) to the ligand FGF-1 is formed by a 16 amino acid sequence
compised by the C-terminakgion of the domain Il (DIl) plus the hinge linking DIl and DIIl domains
and the N-taminal region of domain Il (DIII) Therefore, this sequence was used to desigrfofiew-

ing three peptidesAc-YQLDVVERS-NH, (R1), Ac-YQLDVVERSPHRPILQ-NH (R2) aml Ac-
RSPHRPILQ-NH (R3). The synthetic peptidesvere tested in their ability to inhibit the mitogenic
acivity of FGF-1 and FGF-2 in cultured Balb/c 3TiBroblasts. e results sbwed that R1 and R2
inhibited the agvity of FGF-1 (1D, = 40 —® pM) but not that of FGF-2. Molecular modeling studies
of R1 and its dcking to FGF-1 suggested that thippide could assume a dammationvery similar to
thatfound in the corresponding segment of FGERHltheseresults suppo our hypothesis that the C-
terminal residues of the DIl domaimpresented by peptide R1, are part of daxg responsible for the
binding of FGF-1 to FGFR-fut not of FGF-2Also, they indicate thet peptide R1 may be useful for the
development of small seldee peptide inhibitors of the FGF-1 biological igittes.
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The FGF reeptor (FGFR) belongs to a fahiof pro-
teins composed bwb or threeaxtracellular immunoglbu-
i . . lin-like (lg-like) domains, a singleansmembranehain and
The Filroblast Gowth Factors (FGFs)ra involved in the 4 intracellular domain with tyrosine kinaseivity.[2] Upon
control of cell gowth and diferentation, embryonic &vel-  £GF pinding and receptaimerisation, the kinase domains
opment, angiogenesis and malignant transformation.[1hf the FGFRs undgo cross-phosphorylations, resulting in
These proteins act upon theirget cells through thiorma- signal transduction and biological response.[3]

Introduction

tion Qfacompéx comprising the FGF molecule, the peac- Since there are no crystallographic coordinates for the
charidechain of heparan sulphate and the cell surface regyiracellular domains of FGFRsge have constructed a theo-
cepta. retical molecular model for the DIl and DIl domains of

FGFR-1, isofom (3.[4] For that, we took into account data

- . available in the liteature stowing that domains DIl and DIl
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present in thel isoforms of FGFRs, are sufficient for FGKHF) containing 3% anisole at 0°C fb/5 h. Theresulting

binding.[5, 6] crude peptides were purified by reversed-phase high perform-
We have assembled a complex composed of: (I) one nmatce liquid chromatography (RP-HPLC) using linear gradi-

ecule of human FGF-1 (X-ray crystallographic coordinatesjts of 0.1% TFA in 60% acetonitrile (ACN)/water and a

[71; (I1) one heparin dodecasaccharide (NMR coordinates©18 semi-preparative column. The purity of the peptides was

a synthetic fragment) [8] and (II) one set of the extracellulavaluated by analytical RP-HPLC in TFA/ACNaglients. The

domains DIl and DIl of FGFR{1 (theoretical model).[4] purified peptides (> 90% pure) were characterised by amino

This structural analysis revealed a putative binding site feid analysis in a 6300 Bleman Analyser and by mass

FGF-1 formed by a 16 amino acid sequence that comprispsctrometry.

the C-terminal region of the DIl Ig-like domain of FGFR-1

plus the hinge linking DIl and DIl domains and the N-termi-

nal region of DIll domain. The relevance of this sequence fditogenic assay

FGF binding was evaluated by testing the ability of synthetic

peptides R1, R2 and R3 to inhibit the mitogenesis promofHtke stimulation of DNA synthesis was measured by the in-

by FGF-1 and FGF-2. corporation of [methyl-3H] -thymidine in Balb/c 3T3

fibroblasts, tone A31.[15] Thecells were routinely grown

in 10% FCS/DMEM (Fetal Calf Serum / Dulbecco’s Modi-

fied Eagle Medium). For the assays, cells were incubated in

0.5% FCS/DMEM for 48 h. After this period, the medium

was changed to serum-free medium containjng/isl insu-

lin. At the same time, growth factors and the synthetic pep-

tides previously incubated (alone or in different combina-

Fibroblast Growth Factor tions for 15 min at 37° C) were added to the culture medium.

Twelve hours after stimulation [methyl-3H]-thymidine was

Recombinant human FGF-1 and bovine FGF-2 were produg¥@plied to the cells and the incorporation proceeded for the
and characterised as previously described by Gambarini 883t 12 h. After this, the radioactivity incorporated in DNA
co-workers.[9] The samples used in the assays correspond to

the 154 amino acids isoforms described for both factors.[10,

11]

Experimental procedures

Molecular modeling

Model building was performed on an IBM-RS6000 (3AT,
workstation by using the BIOPOLYMER, HOMOLOGY,
ANALY SIS and DOCKING modules of the INSIGHT Il pack-
age.[12] Refinement of the model structures and other calc
lation steps were carried oirt vacuowith the DISCOVER
module of INSIGHT II, using the Consistent Valence Forc
Field (CVFF) [12] and a dielectric constant of 80.

Peptide synthesis, purification and characterisation

Peptides were synthesised manually employing p-meth
benzhydrylamine resin by the conventional solid-phase pr
tocol described by Varanda and &fida.[13] The-Boc-L-
amino acids were coupled using diisopropylcarbodiimide i
dichloromethane (DCM) or in DCM/n-methylpyrrolidone
(NMP) mixtures (1:1, v/v) for 1 h. When needed, the amin
acid derivatives were recoupled or acetylation was carrit
out. The t-Boc deprotections were done using trifluoroacetic
acid/DCM (TFA/DCM, 1:1, v/v) containing anisole. 109igure 1 Complex assembly. (a) human FGF-1 (blue)/Hex-
triethylamine in DCM was used for the neutralisation stegsaccharide (yellow). (b) Assembly of one human FGF-1 mol-
Couplings and recouplings were continuously monitored Bgule, one Dodecasaccharide chain and one set of the DIl/
the ninhydrin Kaiser test.[14] The peptide-resins were cleay@tll extracellular domains of human FGFR{{orange).
from the resin and fully deprotected with hydrogen fluoride) Final model consisting of 1 FGF{ Dodecasaccharide/

2 FGFR-1
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was mearured. The assays were repeated at least five titHaman FGF-1/Dodecasaccharide/2 FGFR-11T he relative
Responses are reported as percentages (% R) of that obtaipatal orientation of the FGF-1 in this complex allowed its
in the presence of 10% FCS used as an internal contntéraction with a second FGFR-1 molecule according to the
(100% R). proposal of Pantoliano and co-workers [19] (Figure 1c). We
can understand this assembly as the organisation of one FGF-
1 and two FGFR-1 molecules along the axis formed by one
glycosaminoglycanfwin. The ihal model is supported by
the experimental data summarised below.

The FGF heparin binding site has been characterised and
in the FGF-1 molecule is composed by residbigg N7,
K128 Q1% K133 [18, 20] Kan and co-workers [21] have pro-

. d that there is also a heparin binding site in the FGFR
Human FGF-1/HexasaccharideFGF-1 and FGF-2 are theP>>C ; 88
best characterised members of the FGF family. They are 5 lecule (residueSKMEKKLHAVPAAKTVKFK in the

identical in amino acid sequence and have very similar teﬁl R-1 isoform). This segment corresponds to the two first

Results

Complex Assembly

ary structures.[16] Previously reported data have shown trands of DIl domain in the receptor model.[4] The spa-

- : - . orientation of these residues results in the asymmetrical
a hexasaccharide derived from heparin is active upon the Wstribution of lysine side chains, which are involved with

; : Héparin binding, in both lateral surfaces of DIl domain: there
graphic coordinates for the complex human FGF-2/Hexas fe two lysine side chains pointing to one side of the receptor

charide [18], we have constructed the analogous asse Y f . ) ) .
: . , our oriented towards the opposite side (Figure 2). Po-
human FGF-1/Hexasaccharide by superimposing the b :tially both lateral surfaces of the DIl domain can bind the

bones of both FGFs as references. This first relative orie cosaminoglycan chain, perhaps with different affinity. This

tion 9f FGF-l/Hexasacchande was pleC|_S|ve for the spa ates an almost continuous heparin binding surface formed
positioning of the' receptor bmdmg sites in the FGF-1 mql; the heparin binding site of FGF plus those of the two
ecule. The resulting complex (Figure 1la) was then use FéFRs (Figure 1c)

the next step of the model building.

(@]

Mutagenesis studies [22] have identified a group of sol-
vent-exposed residues that significantly contribute to the bind-

ously reported model for the extracellular domains of FGF g of FGF-2 1o the receptor. The corresponding residues in

e FGF-1 molecule ar®:30, R50, N107, Y109 | 148 | 150 (Site
1B [4] was then manually docked to the complex FGF'llHef,' Figure2). Theauthors have demonstrated that this is a

asaccharide. This positioning was performed based 98h affinity binding site and heparin-independ
: T . - ent. On the
the hypothesis that the heparin binding sites of FGF-1 aer hand>,/ Site 2 ?221 23] (Figurpe 2)is a specondary binding

FGFR-1 molecules form an almost continuous region abl?_s‘i?e with about 250-fold lower affinity (corresponding resi-
bind about two repeats of the hexasaccharide molecule (dg'e in FGF-1: frony12to F129) and is heparin-dependent

Eretrllg)NTAel?r] %%’er?ng?ézsﬁcggsré%%'encglzglﬂi?il dv;a[%]r%plqcr? e characteristics are maintained in our model due to the
y y §Batial orientation of FGF-1, since the main contact Site 1/

perimposing both figments. Agln, the resulting assemblyloop 4 does not involve the dodecasaccharide. Conversely,
was used in the next step described below.

Human FGF-1/Dodecasaccharide/FGFR-1bTrhe previ-

Rl Ac-YQLDVVERS-NH,
R2 Ac-YQLDVVE -NH,

R3 Ac- -NH,

Figure 2 Points of contact proposed for the formation of theigure 3 Primary sequences and topological localization of
FGF-1/FGFR-1 complex. The dodecasaccharide was removtee peptides R1 — R3 derived from FGFR-1
and the receptor domains were drove apart for clarity



J. Mol. Model.1999 5 93

the contact of Site 2 with the second FGFR-1 moleculeEffect of peptides R1-R3 on the mitogenic activity of
reinforced by the additional binding of heparin (Figure 1c|FGF-1 and FGF-2
The interacting surfaces in the complex revealed a new
putative binding site located in the FGF-1 molecule. Thithe results obtained from the mitogenic assays of FGF-1 and
region, which we call Site 1" (FGF-X70, Y79, L%, L9 EGF-2 in the presence of peptides R1 - R3 show that, in the
Figure 2), is similar to Site 1 in terms of amino acids comp@mnge tested (1 to 6QM), peptides R1 and R2 were able to
sition. This is located in the opposite side of the molecuighibit the mitogenic activity of recombinant human FGF-1
and therefore is an appropriate surface for the binding ofRigure 4a) without affecting that of recombinant bovine FGF-
second FGFR-1 molecule in the complex, possibly through(Figure4b). Theinhibitory activity is dose-dependent in
interaction with the loop 4 in the C-terminal region of Dlihe range 10 to 10QM for both peptides. This effect is se-
domain of this second receptor molecule. qguence-dependent since peptide R3, corresponding to the C-
Interestingly, our model for the interactions in the conterminal stretch of R2, was inactive. On the other hand, the
plex FGF-1/FGFR-1/HS can be used to propose the formaterminal segment of peptide R2, represented by R1, is suf-
tion of FGF-1/FGFR-1 oligomers of higher complexity (seficient to elicit about the same response observed for the longer
Discussion and Figure 6). peptide R2 (IR, = 40 —50uM; Figure 4a). The inactivity of
peptide R3 is in accordance with previous results showing
that FGF-1 does not require this region for the binding to
Design of peptides related to the FGFR-<equence FGFR-1 mutants.[24]

We used the information described above to design peptides

related to the FGFRBLsequence that could bind to FGF-Molecular modeling studies of peptide R1

and inhibit its mitogenic activity. Peptides R1 - R3 (Figure

3) encompass a segment formed by the C-terminal regiorPeptide R1 aloneWe performed a conformational search

the DIl Ig-like domain of FGFR-1 (loop 4) plus the conneder peptide R1 through molecular dynamics simulations. In

tive segment between DIl and DIIl domains and the N-terngirder to avoid fastidious and long time consuming runs we

nal region of DIl domain. They were synthesised by thedid not use the extended conformation of the peptide as a

Boc solid-phase methodology [13], purified by RP-HPLC arglarting point.Alternatively, we adopted the conformation

characterised by analytical RP-HPLC, amino acid analysigt is identical to that found in the corresponding segment

and mass spectrometry. of the FGFR-1 model structure, which igdairpin.[4] We
used the DISCOVER module of Insightll [12] to perform
simulations at 300 K, during 100 ps (after a 15 ps equilibra-
tion step), using a dielectric constant 80 and pH = 7.2.

60 PW
40
40
%R
%R
20 A 20 4
0 0 T T 1
' : ! 10 100 1000
1 10 100 1000 .
. [peptide]uM
a [peptide]uM b

Figure 4 Biological activity of the synthetic peptides. Difscribed in the Experimental Section. Responses are repre-
ferent concentrations of peptides R1 (¢), @B2and R3 4) sented as percentages (% R) of that obtained with 10% FCS
were pre-incubated with 50 pM of FGF-1 (a) or FGF-2 (b{100% R)

for 15" at 37 °C and added to Balb/c 3T3 fibroblasts as de-
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Data were collected every 1 ps and analysed with the ANALGVFF default cross terms were included in the two last steps.
SIS modulg12] The stuctures collected were grouped intdhe temperature was regulated by velocity scaling. The en-
families of similar conformi#ons. This allowed us to verify ergies of the resulting structures were minimised with the
that peptide R1 demonstrates a tendency to maintain the 8teepest Descent algorithm followed by the Conjugated Gra-
tial conformation along the simulation runs. The structurdient algorithm until energy variations up to 0.1 kcal/mol.A
which we called‘conformation A”, is more rigid in the3- and 0.05 kcal/mol.A, respectively, were achieved.
turn region (residued?®, V1% and V191 and more flexible in ~~ When we compare the enig of conformation B for
the extremities. peptide R1 (separated from FGF-1) aodformation A (pep-

tide alone), we observe an energy lowering of 37.3 kcal/mol,
Docking of peptide R1 to FGF-1The resulting structure indicating thatconformation B is more stable. In addition,
for peptide R1¢onformation A) was then manually dockedthis conformation is very similar to that found in the corre-
to the FGF-1 crystallographic coordinates [7] according $ponding segment of FGFR-1. Also, there is a good adjust-
the orientation proposed in Figure 1b. The R1/FGF-1 coment of the accessible surface areas in the interface R1/Site
plex was then submitted to molecular dynamics simulatioh®f FGF-1 (Figure 5a). The main interacting residues in this
at 300 K, pH = 7.2 and dielectric constant 80. Analysis of region areD%, V1% and V01 (R1) andY30, R, Y109 | 148
the structures collected from 100 ps runs resulted in four rép3° (FGF-1; Figure 5b). The side chains of residd®gR1)
resentative families of conformations. In the next steandR®° (FGF-1) are oriented properly for the formation of a
we used the DOCKING module of Insightll [12] to evaluatsalt bridge. Residueg!® and V10! (R1) andY 30, Y109 | 148
the interaction energies of peptide R1 relative to the FGR-1° (FGF-1) form an area of contact probably stabilised by
molecule in the four families of conformations. This alloweltlydrophobic interactions (Figures 5a and 5b).
us to perform a screening of the complexes and to choose
which one resulted in the lowest interaction energy. This fi-
nal complex (Figures 5a and 5b) showed an interaction Bscussion
ergy 28.2 kcal/mol lower than that of the initial complex,
manually docked. We denominated the final conformation of
peptide R1 in the complex &sonformation B” .

The main binding site (s) for FGF-1 are located in DIl

Models comparison Both peptide R1 aloneg¢nformation domain of FGFR (s)

A) and peptide Ricponformation B) docked to FGF-1 were It t that . id id tained i

further refined by a simulated annealing procedure. Calcu%l-Jr results suggest that amino acid residues contained in
tions started at 300 K for 20 ps, then the structures were co tide R1 are responsible, at least In part, for the b!ndlr!g of
in 50 K intervals down to 50 K, followed by a 25 K step an -1t0 FGFR-1 but not of FGF-2. Likewise, the major high

finally, by a 10 K step. Every cooling step was preceded inity binding sites for FGF-1 (acidic FGF) and FGF-7
equil?/bra)t/ion for 0.5 gs Withysubseq%entpcooling over 5 p&geratmocyte Growth Factor; KGF) reside within different

Figure 5 Docking of peptide R1 to human FGF-1. (a) Span the interface R1/Site 1 of FGF-1. The spatial orientation
tial complementarity of the accessible surface areas for peyg-the complex in both figures is the same
tide R1 (red) and FGF-1 (blue). (b) Side chains interactions
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Ig-like domains (DIl and DIl respectively) of FGFR-2-llIbtheir schematic model for receptor dimerisation is different
(KGFR).[25] In addition, a double mutation of FGFR-2-Illfrom ours (Figure 2). Nevertheless, our theoretical and ex-
increased significantly the affinity for FGF-2 (basic FGR)erimental data indicate that, in both models, the binding of
without altering the affinity for FGF-7 and FGF-1. ConverselifGF-1 to FGFR-1 can be explained by an interaction between
a mutant of FGFR-2-lllc in which the D-E loop is replace8lite 1 of FGF-1 and loop 4 of the DIl domain of FGFR-1. As
by the FGFR-2-11Ib D-E loop displays a reduced affinity fdiar as we know, this is the first time that this specific recep-
FGF-2.[25] In fact, alternative splicing of exons Illb and llltor-ligand interaction has been proposed and experimentally
in the FGFR-2 gene alters specificity for FGF-2 and FGRé&sted.

but not for FGF-1.[5, 27, 28]

Models for FGF-1/FGFR-1 oligomerisation
FGF-1 non-specificity is related to its main binding site (s)

Alternative complexes for the formation of FGF-1/FGFR-1
FGF-1 is a good ligand for IlIb/llic isoforms in the FGFRsligomers can be built easily starting either from our model
family from 1 to 4.[29] Our model of complex formation(Figure 2) or from the FGF dimer model proposed by
(Figure 2) suggest that one of the most important bindibgGabriele and co-workers [30] by simple rotations and trans-
site for FGF-1 is loop 4 in the DIl domain, a well conservddtions of FGFs or FGFRs along the axis formed by the
region in all isoforms of FGFRs.[2] Therefore, FGF-1 is usulphated glycosaminoglycan chain of one heparan sulphate
specific because, unlike FGF-2, it does not interact signifir heparin molecule (Figure 6). Oligomerisation has been
cantly with the more variable DIl domain, which is the mostescribed for other receptors like Transforming Growth Fac-
important determinant of specificity for the FGFs [29], dor-8 (TGF{3) and Tumour Necrosis Fact@-(TNF-B) re-
with the hinge connecting the DIl and DIIl domains [24] (Figseptors [31, 32] and certainly would add more versatility for
ure 4a). signalling modulation in the FGF complex.

Finally, peptide R1 seems to be an interesting peptide to

FGF-1/FGFR-1 main interaction occurs between Site 1 develop specific inhibitors of FGF-1 activity.
and Loop 4
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