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Introduction

The Fibroblast Growth Factors (FGFs) constitute a family of
structurally related proteins involved in the control of cell
growth and differentiation, embryonic development, angio-
genesis and malignant transformation [1]. These proteins act
upon their target cells probably through the formation of a
1:1:2 complex comprising the FGF molecule, the polysac-
charide heparan sulfate and the cell surface receptor [2]. The
latter is part of a family of proteins composed by two or three
extracellular immunoglobulin-like (Ig-like) domains, a sin-
gle transmembrane chain and two intracellular domains with
tyrosine kinase activity. Upon the complex formation, the
two units of FGF receptor (FGFR) suffer cross phosphoryla-
tions resulting in signals transduction toward the cellular in-
terior which elicit the biological responses reported above.
Apparently, the dimerization or oligomerization of the re-
ceptor molecules induced by the ligand binding is a general

mechanism of activation for several hormones and growth
factors [3].

There are at least four closely related genes encoding the
FGF receptor subtypes: FGFR-1 or flg, FGFR-2 or bek, FGFR-
3 or cek2 and FGFR-4 [4]. Several FGFR isoforms differ in
the number of extracellular Ig-like domains. The presence of
three domains (DI, DII and DIII) defines an α-type receptor,
whereas those isoforms lacking the N-terminal domain (DI)
are known as β-type isoforms. These isoforms are produced
by RNA processing of the FGFR-1 and FGFR-2 transcripts.
The FGFR-3 and FGFR-4 receptors have only been reported
as three Ig-like domains isoforms [4]. Data obtained from
chimerical molecules formed by different FGFR domains
suggest that the DII domain is the major structure responsi-
ble for the high affinity binding of the FGFs, whereas DIII
appear to be important for the ligand specificity [5]. These
results indicate that DII and DIII constitute the minimal struc-
tural requirement for the binding of FGFs and heparan sulfate
ligands.
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Another class of FGFR isoforms results from an alterna-
tive RNA processing event that produces three different se-
quences for the C-terminal half of DIII [4]. The IIIa isoform
corresponds to a soluble receptor of unknown function, while
the IIIb and IIIc forms display different FGFs specificity [6,7].

The structural requirements for the FGFs signaling com-
plex formation are poorly understood. Presently, there are no
experimental atomic coordinates for the FGFs receptors. In
the lack of these, some models have been proposed based on
homology modeling. Pantoliano et al. [2] have proposed a
model for the DII and DIII domains based on the automatic
alignment of the CH2 domain (Ig Fc fragment; C1 set) and
VH domain of the HYHEL-5 Fab structures (V set), respec-
tively. However, neither the primary sequence nor the
cysteines arrangement pattern in the folded domains showed
a significant target similarity for both DII and DIII. Recently,
Bateman and Chothia [8] published some outlines for FGFR
structures, where they proposed the use of the I set, namely
the telokin structure, for both domains building. However,
due to the great difference in the number of residues between
telokin and DIII (93 and 105, respectively, for the aligned
regions) the resulting model also presents some inconsisten-

cies, namely about how to accommodate these extra resi-
dues.

Here we report an alternative model for the extracellular
domains of the FGFRs. This model was built assuming that
DII and DIII are sufficient for both the FGFs and heparan
sulfate binding; therefore we adopted the human FGFR-1β
isoform as a standard for the receptor family modeling. The
atomic coordinates of telokin [9], of VL domain of Bence-
Jones immunoglobulin [10] and of the extracellular domains
of human growth hormone receptor [11] were the templates
used for building our model, which was further refined and
studied by classical mechanics/dynamics simulations.

Results and discussion

a) Model building

The extracellular portion of the FGFRs is formed by immu-
noglobulin-like domains. Their main common structural fea-
ture is the presence of two β-sheets packed together in ap-
proximately hundred-residues domains; the differences in the

  A
                                          *  *    * *        * *      *
   DII  [1-101]:  RMPVAPYWTS PEKMEKKLHA VPAAKTVKFK CPSSGTPNPT LRWLKNGKEF
   1TLK [1-101]:  VAEEKPHVKP YFTKTILDMD VVEGSAARFD CKVEGYPDPE VMWFKDDNPV
             **             *  *  *   *    * *             * *  *
   DII:   KPD- HRIGGY KVRYATWSI I MD SVVPSDKG NYTCI VENEY GSINHTYQLD VV
   1TLK: KESRHFQIDY D- EEGNCSLT ISE VCGDDDA KYTCKAVNSL GEATCTAELL VE

  B
                                   *  *    * *        * *       *    **
   DIII [108-212]:  PI LQAGLPAN KTVALGSNVE FMCKVYSDPQ PHI QWLKHIE - VNGSKI GPD
   1REI [  1-107]:  D I QMTQSPSS L SASVGDRVT IT CQASQDII KY LNWYQQTP - GKAPKLLIY
   1TLK [  9-101]:  KPYFTKTILD  MDVVEGSAAR FDCKVEGYPD PEVMWFKDDN PVKESRHFQI
                                  * *  *    *   * *               * * *
   DIII:  N LPYVQILKT AGVNT TDKEM EV- LHLRNVS F EDAGEYTCL AGNSIGLSHH - SAWLTVL
   1REI:  EASNLQAGVP SRFSGSGSGT DYTFTI SSLQ PEDIAT YYCQ QYQSLPYTFG QGTKLQI T
   1TLK:  DYDE------ -------- EG NCSLTI SEVC GDDDAKYTCK AVNSLGEATC T- AELLVE

 C               RECEPTOR                  CONNECTIVE SEGMENT
              FGFR [ 99-111]             ---D VVE-RSPHRPI - LQ---
              hGHR [124-138]             ---S VDEIVQPDPPI ALN---
              EPOR [114-128]             ---H I NEVVLLDAPVGLV---

Figure 1. Alignment of: (A) the FGFR-1β DII domain
sequence with telokin (1TLK) [9]; (B) the DIII domain
sequence with the VL domain of Bence-Jones immunoglobulin
(1REI) [10] and telokin; and (C) the connective segments
between the Ig-like domains of human FGFR-1β, the human
Growth Hormone Receptor (hGHR) [11] and the human

Erythropoietin Receptor (EPOR) [17]. The conserved residues
are colored in red. Mutations Lys/Arg; Asp/Glu; Leu/Ile/Val
and Thr/Ser were scored as conservatives. The asterisks
indicate the key residues implicated in the maintenance of
the I and V sets as described by Harpaz and Chothia [14].
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number and size of their β-strands led to the classification
into structural subgroups referred to as “sets” [12].

The building of an Ig-like domain by homology is usu-
ally based on the alignment of its primary structure with a
similar template sequence. However, for sequences that
present a low similarity level with their analogues, as is the
case of our domains, a crude sequence homology alignment
may lead to a doubtful result. For this reason, special atten-
tion has to be given to the template folding pattern that de-
fines the set it belongs to, which has to be compatible with
the characteristics of the target primary sequence. The choice
of the set to which a new structure will be attributed is of
critical importance for the correct prediction of its folding
and the solvent accessibility of the different side chains. On
the other hand, an incorrect choice of the subset, that might
be the result of an alignment based on mere sequence ho-

mology, would compromise the reliability of the model it-
self.

On the basis of these considerations we decided that our
main objective, when searching for our template structure,
would be the attribution of the human FGFR-1β domains
[13] to the most suitable immunoglobulin set, rather than the
primary sequence similarity which we have considered of
secondary importance. For this purpose, we adopted the in-
terval between cysteine residues in the primary sequence. It
is known that this parameter has been reported to be very
variable within the Ig superfamily: differences in this inter-
val size have been reported; besides, the number of cysteine
residues itself is not a constant [12]. However, we found some
consistencies which qualifies the cysteine separation as a
suitable parameter for discriminating among the various Ig
sets: (a) the number of cysteines residues and/or the disulfide
bridges among the elements of the same set is relatively con-
served; (b) variations longer than 10 residues are seldom found
within a set; these should be attributed to the existence of a
further strand and therefore to a folding pattern variation from
one set to another. Therefore, guided by the Cys-Cys interval
size, we proceeded to the selection of the best suited Ig sets.

This parameter itself was sufficient to indicate, without
ambiguity, that the DII domain of FGFR-1β should be attrib-
uted to the recently described structural set called the “I” set

Figure 2. Proposed residues arrangement for (A) DII domain
of FGFR-1β corresponding to the typical I set folding pattern
and (B) DIII domain model structure based on the V set
arrangement. In both domains, the cysteine groups location
in space allow the formation of a disulfide bond. Accessible
surface area (ASA, in Å2) for each residue in both models is
represented accordingly to the color scheme.

a b
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[14]. The I set is similar to the classical V set found in the
variable domains of immunoglobulins, the main differences
being the absence of C” strand and the presence of a shorter
C’ strand in the I set; consequently, the distances between
cysteines in the former are shorter than those found in the
latter. Among the I set three-dimensional structures avail-
able in PDB, we selected telokin (1TLK) [9], the C-terminal
domain of myosin light chain kinase, as the best candidate
for the matching sequence to the FGFR domain II. Figure 1a
shows that in the alignment of the sequences of telokin and
DII extracellular domain, the intervals between cysteines are
very similar, differing by only one residue. Despite the rela-
tively low homology between the two proteins, many of the
key residues suggested by Harpaz and Chothia [14] as being
responsible for the maintenance of the I set conformation
could be aligned, supporting the reliability of the model.

This final result (Figure 2a) is quite different from that
described by Pantoliano et al. [2], since they have used the
C1 set for building the DII domain. It should be noted that
this work was published after the telokin coordinates were
determined by X-ray crystallography [9], but prior to the defi-
nition of the I set [14]. On the other hand, our model per-
fectly matches the recently published outline structure pro-
posed by Bateman and Chothia [8], which is based on the
conserved location of specific key residues in telokin and
FGFRs primary sequences.

For the third extracellular domain of FGFR-1β (DIII) our
findings, still based on the primary sequence interval between
cysteines and key residues conservation, do not support any
of the previously published models. As it can be seen in Fig-
ure 1b, the interval between cysteines is 14 residues greater

in DIII than that found in telokin. By using the latter as tem-
plate, the model proposed by Bateman and Chothia [8] re-
sulted in quite a large insertion in the original folding pat-
tern. This problem would have been avoided by accommo-
dating the additional residues in an extra strand, providing a
folding closely related to that found in members of the V set
(Figure 2b). Our choice for this domain contemplates the V
set as the best folding pattern; within this set, we selected the
variable domain of Bence-Jones immunoglobulin (1REI) [10]
as the template structure for building the DIII domain. By
doing that, the separation between cysteines showed the best
match; also, the residues proposed as responsible for the fold-
ing stability [8] were as well conserved as they would have
been in the telokin alignment (Figure 1b). A further element
of reliability is provided by the exact location of the cysteines
which happen to be in the same β-strands for both the tem-
plate and its target (Figure 2b).

The merge of the DII and DIII models deserved some
special attention, namely the conformation of their connec-
tive segment. This segment, currently known as “hinge” in
the immunoglobulin context, starts on the last b-strand of
DII and extends along the first β-strand of DIII, being quite
hydrophilic in its most exposed portion. It has been proposed
by Wilkie et al. [15] that the relative orientation of these two
domains could present some correspondence with that of the
vascular cell adhesion molecule (VCAM) [16] domains, due
to their similarity in both size and sequence of the two hinges
(Figure 1c). We used this hypothesis to build a first structure
for the FGF receptor domains assembly, which we called
model A (Figure 3a). However, we found that the connective
segment of FGF receptor presents a better similarity, in terms
of primary structure, with the corresponding region of the
extracellular domains of two cytokine class 1 receptors, the
human growth hormone receptor (hGHR) [11] and the eryth-
ropoietin receptor (EPOR) [17] (Figure 1c). Another similar-
ity between FGF, hGH and EPO receptors should be noticed.
The relative orientation between the two Ig-like domains in
hGHR is further stabilized by the presence of a salt bridge
between the residues Arg39, located at the end of the first β-
strand of domain I, and Asp132 which is at the beginning of
the first β-strand of domain II [11]. A similar feature can be
observed in the recently determined structure of the extra-
cellular domains of EPOR [17], where a salt bridge between
residues Arg32 and Asp122 participates in the stabilization
of the two domains native orientation. As a consequence, it
can be observed that the angle between the two Ig-like do-
mains is maintained at the value of approximately 90° for
both hGH and EPO receptors, despite the differences in the
domains folding pattern. Of course, for the comprehension
of this conformational preference, the similarity of the con-
nective segment of the two proteins should not be neglected
as well.

Based on these considerations, we built a second model
for the extracellular domains of FGFR, which we will refer
to as model B (Figure 3b), where the domains are set to a
relative orientation based on that found for hGH and EPO

Figure 3. Proposed relative orientation for the FGFR-1β
assembly of domains DII and DIII based on (A) the orientation
for the vascular cell adhesion molecule domains (VCAM)
[16] and (B) the human growth hormone receptor
extracellular domains (hGHR) [11]. The presence of a salt
bridge between residues Lys17 (DII, blue) and Asp173 (DIII,
green) is shown in model B.
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receptors. The salt bridge residues themselves are not con-
served in none of their primary structures; an alternative salt
bridge between Lys17 (DII) and Asp173 (DIII) could be ob-
served (Figure 3b) in a spatial location correspondent to that
found in hGH and EPO receptors. The relative stability of
model B and the previously proposed model A, is compared
and discussed in the next section.

b) Model Refinement

The stability of the proposed folded structures for DII and
DIII was checked separately by observing the spontaneous
intramolecular motions during a 100 ps simulation (after a
10 ps equilibration step) at 600 K, the temperature we found
to be well suited for checking out the viability of a proposed
Ig-like folded structure. All over this time, both domains dem-
onstrated their tendency to keep the proposed structure.

We proceeded then to the structure refinement, carried
out independently for the two separated domains DII and
DIII. This refinement step consisted of a simulated anneal-
ing of the average structure assumed by the model during the
previous 600 K simulated step: heating to 600 K for 50 ps,
then successively cooling by 100 K each 20 ps down to 200 K,
with an equilibration step of 5 ps at every temperature modi-
fication. The resulting structure was submitted to energy
minimization using the Steepest Descent algorithm followed
by the Conjugated Gradient algorithm until an energy varia-
tion up to 0.1 kcal/mol·Å and 0.05 kcal/mol·Å, respectively,
was achieved. This resulted in a potential energy lowering of
17.42 kcal/mol from the minimized homology built to the
refined structure of DII; similarly, DIII potential energy was
lowered by 29.21 kcal/mol (Table 1).

The refined model structures of DII and DIII were then
merged according to the process described in the previous
section yielding two distinct assemblies (models A and B).
These two models, whose difference consists in the bulk do-
mains orientation, could have been tested and compared by a
long step of molecular dynamics simulation in order to moni-
tor their relative tendency to keep the initial conformation or
undergo bulk domain motions. However, since bulk domains

motion is a phenomenon which demands a long time scale
(10–9 to 1 sec) for being observed, we decided to avoid the
fastidious and time consuming molecular dynamics simula-
tion by setting an alternative strategy by which the two struc-
tures would be firstly energetically refined and secondly com-
pared to each one of them in order to check for the best solu-
tion. In consequence, we refined both models A and B by
simulated annealing, starting the calculation at 300 K for 20
ps; the structures were cooled in 50 K intervals down to 50 K,
ending by a 25 K and, finally, by a 10 K step. Every cooling
step was preceded by equilibration and lasted for 5 ps, and
cross terms were included in the two last steps. The resulting
structures energy was minimized by using the same proce-
dure as described above. The simulated annealing of model
A resulted in a potential energy lowering of 36.63 kcal/mol;
similarly, model B potential energy was lowered by 90.79
kcal/mol (Table 1).

Models comparison and concluding remarks

The energy difference between these structures, ∆E(a,b) =
-7.53 kcal/mol, indicates that model B is the most stable. Of
course part of this situation should be attributed to the exist-
ence of an ionic bond between Lys 17 and Asp 173 in model
B. Let us remind that an analogue salt bond is believed to
stabilize the experimentally determined conformations of
hGH and EPO receptors.

It should however be noted that the salt bridge (Lys17,
Asp173) contribution to the potential energies, that we esti-
mated by driving apart the side chains involved in the bond,
by a virtually infinite distance, has a calculated value of ∆E
= –2.77 kcal/mol (Table 1) in a medium with dielectric con-
stant ε = 80. This value can be subtracted from the calculated
potential energy for B, showing that: a) even without this
ionic contribution, the DII/DIII relative orientation in struc-
ture B keeps being ∆E(a,b) = –4.77 kcal/mol more stable
than the arrangement presented in model A; b) the ionic bond

Table 1. Energies obtained during the models refinement
steps.

Molecule Energy Simulated ∆∆∆∆∆E

minimized Annealing

(kcal/mol) (kcal/mol) (kcal/mol)

DII 1031.46 1014.04 17.42

DIII 886.72 857.51 29.21

Model A 1701.02 1664.39 36.63

Model B 1747.65 1656.86 90.79

Figure 4. Comparison of FGFR-1β model A and model B
accessible surface area for individual residues. The profile
was calculated as [ASAa - ASAb] (Å2) ; the residues indicated
by brackets (Lys13, Met14, Glu15, Lys16, Lys28, Lys30 and
Arg107) are those located at the DII/DIII interface and whose
accessibility were lowered in the model B proposed
orientation.
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Figure 5. Spatial complementary render of the DII (orange)
and DIII (yellow) domains in model B, after refinement. For
sake of visual clarity, the accessible surface is shown for one
domain at a time.

itself, by its 36.8% contribution in the stabilization of orien-
tation B (when compared to A) is a crucial element for this
conformation preference for FGFR extracellular domains.

Considering the spatial arrangement in B another inter-
esting feature concerns the length between the Ig domains,
the hinge region. The particular residue alignment attributed
to this segment in B (Figure 1c) resulted in the bulk domains
approximation of 2.1 Å when compared to the VCAM-based
(A) hinge segment as reference. Of course that approxima-
tion in model B corresponds to a more packed structure; the
total accessible surface area (ASA) of the molecule is low-
ered by 6.25%. The subtraction of individual ASA values for
each residue leads to the profile of Figure 4. One can see
how the new buried residues correspond to the ones located
in the contact area between the domains, indicated by the
brackets in Figure 4. An arbitrary domains approximation
would have resulted in a very unfavorable intramolecular
steric hindrance, illustrated by a large number of atom bumps.

This situation was definitely not the case for B, since no
atomic distance lesser than 1.72 Å was found between the
DII and the DIII domains. It is interesting to see how the
molecular shape of these domains (Figure 5) present a spa-
tial complementary in the contact region, to which the ab-
sence of atomic crashes should be imputed.

In the light of the above remarks, the structure of model
B, inspired on the hGH and EPO receptors structures, seems
much more suitable for the FGFR-1β than the VCAM-based

one, as proposed by Wilkie et al. [15] and tested here with
the name of model A. The same propositions can be extended
to the other FGFR isoforms, that show 55 to 72% homology
to each other [4] and whose structures can be easily built by
using the model we proposed here as template.

Methods

The sequence of human Fibroblast Growth Factor Recep-
tor 1 [13] was extracted from SWISS-PROT data bank [18].
Crystallographic coordinates of the template structures used
in this work were obtained from the Brookhaven Data Bank
[19].

Model building was performed on a IBM-RS6000 (3AT)
workstation by using the HOMOLOGY and BIOPOLYMER
modules of INSIGHT II package (Biosym/Molecular Simu-
lation Inc., San Diego, CA). Refinement of the model struc-
ture and other calculation steps were carried in vacuum with
the DISCOVER module of INSIGHT II, using the Consist-
ent Valence Force Field (CVFF) and a dielectric constant ε =
80 in order to have a rough, implicit simulation of the aque-
ous solvent around the protein.
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