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Identical proline!arginine gain-of-function mutations in ﬁbroblast growth factor receptor (FGFR) 1
(Pro252Arg), FGFR2 (Pro253Arg) and FGFR3 (Pro250Arg), result in type I Pfeiffer, Apert and Muenke
craniosynostosis syndromes, respectively. Here, we characterize the effects of proline!arginine mutations
in FGFR1c and FGFR3c on ligand binding using surface plasmon resonance and X-ray crystallography. Both
Pro252Arg FGFR1c and Pro250Arg FGFR3c exhibit an enhancement in ligand binding in comparison to their
respective wild-type receptors. Interestingly, binding of both mutant receptors to FGF9 was notably enhanced
and implicates FGF9 as a potential pathophysiological ligand for mutant FGFRs in mediating craniosynostosis.
The crystal structure, of Pro252Arg FGFR1c in complex with FGF2, demonstrates that the enhanced ligand
binding is due to an additional set of receptor-ligand hydrogen bonds, similar to those gain-of-function
interactions that occur in the Apert syndrome Pro253Arg FGFR2c-FGF2 crystal structure. However, unlike the
Apert syndrome Pro253Arg FGFR2c mutant, neither the Pfeiffer syndrome Pro250Arg FGFR1c mutant nor the
Muenke syndrome Pro250Arg FGFR3c mutant bound appreciably to FGF7 or FGF10. This observation provides
a potential explanation for why the limb phenotypes, observed in type I Pfeiffer and Muenke syndromes, are
less severe than the limb abnormalities observed in Apert syndrome. Hence, although analogous proline!
arginine mutations in FGFR1-3 act through a common structural mechanism to result in gain-of-function,
differences in the primary sequence among FGFRs result in varying effects on ligand binding speciﬁcity.

INTRODUCTION
The fibroblast growth factor (FGF) receptor (FGFR) family
consists of four single-pass transmembrane receptor tyrosine
kinases, FGFR1-4 (1,2). The extracellular portion of FGFRs
mediates ligand binding and consists of three immunoglobulin
(Ig)-like domains (D1–D3). Tissue specific alternative splicing
of the second half of D3 in FGFR1-3 creates ‘b’ and ‘c’
isoforms and plays a major role in determining the binding
profile of each receptor to the 18 known FGF ligands
(excluding FHFs) (1–3). Heparin or heparan sulfate proteoglycan is an obligatory cofactor for receptor binding and
dimerization, the initial steps in FGFR activation (4–7).

Craniosynostosis, the premature fusion of one or more
cranial sutures, is a common clinical finding that occurs in
1/2500 births (8). Mutations in FGFR1-3 are responsible for
several craniosynostosis syndromes including Apert syndrome
(AS), Beare-Stevenson syndrome, Crouzon syndrome,
Jackson–Weiss syndrome, Muenke syndrome (MS) and
Pfeiffer syndrome (PS) (9,10). The etiology of FGFR related
skeletal disorders stems from receptor gain-of-function, either
through a ligand-independent or ligand-dependent manner.
Ligand-independent gain-of-function may arise from mutations
resulting in: (i) covalent receptor dimerization (11–13); (ii)
non-covalent receptor dimerization (14,15); or (iii) stabilization
of the active conformation of the kinase domain (15,16). In
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contrast, ligand-dependent gain-of-function may result from
mutations causing: (i) enhanced ligand binding affinity (17,18);
(ii) loss of ligand binding specificity (19); or (iii) ectopic
expression of inappropriate splice isoforms (20).
Mutations of a highly conserved Ser-Pro dipeptide motif in
the D2–D3 linker region account for the most common of the
craniosynostosis syndromes. Interestingly, these mutations
have the highest rates for transversions known in the human
genome (8). AS results almost exclusively from one or the
other of two missense mutations, Ser252Trp or Pro253Arg, in
FGFR2 (21). It is the most severe of the craniosynostosis
syndromes and is additionally characterized by syndactyly of
the hands and feet. Type I PS and MS result from Pro252Arg
and Pro250Arg mutations in FGFR1 and FGFR3, respectively
(22,23). In contrast to AS, type I PS and MS are characterized
by mild limb phenotypes (8,24).
The AS mutations, Ser252Trp and Pro253Arg in FGFR2, are
the most well-characterized of the D2–D3 linker region
craniosynostosis mutations. Because these mutations occur
prior to the alternatively spliced D3 region, both the ‘b’ and ‘c’
splice isoforms are affected. However, most studies have
focused on the ‘c’ splice isoform since histological analysis of
AS tissues suggests that the majority of pathology occurs in
mesenchymal tissue that expresses the ‘c’ splice isoform of
FGFRs (25). Initial evidence suggesting how these mutations
may result in receptor gain-of-function came from ligand
binding studies of wild type and AS mutant FGFR2c in which
the mutant receptors displayed enhanced binding to FGF2 (17).
A later report demonstrated that each AS mutant FGFR2c does
not bind FGF2 better than wild-type FGFR2c (19). Instead, it
was shown that AS mutations result in the loss of FGFR2
ligand specificity (19). Normally, mesenchymally expressed
FGFR2c binds to FGF2 but does not bind to FGF7 or FGF10.
Conversely, epithelial FGFR2b binds to FGF7 and FGF10 but
has weak affinity for FGF2 (26–28). This specificity permits
directional epithelial-mesenchymal signaling to occur during
organogenesis and limb development. However, AS Ser252Trp
and Pro253Arg mutations in FGFR2c enabled FGF7 binding,
thus suggesting that some of the severe and unique phenotypes
in AS may result from pathophysiological disruption of normal
signaling networks by inappropriate autocrine activation (19).
We recently reported the crystal structures of each AS mutant
FGFR2c in complex with FGF2 (18). Both Ser252Trp FGFR2c
and Pro253Arg FGFR2c engage FGF2 with distinct additional
contacts, thereby providing a structural basis for receptor gainof-function. These structures and sequence alignment of the
FGF family suggests that the Pro253Arg mutation, and to a
lesser extent the Ser252Trp mutation, result in generalized
enhancement of ligand binding and hence may even enable the
binding of FGFs that are outside of the normal receptor binding
spectrum.
To date, the molecular mechanism by which the corresponding proline!arginine mutations in FGFR1 and FGFR3 result
in PS and MS, respectively, have not been characterized,
although a mouse model for PS has provided direct genetic
evidence that the Pro252Arg mutation in FGFR1 is causative
for PS (29). In this report, we examine the mechanisms by
which Pro252Arg and Pro250Arg mutations activate FGFR1c
and FGFR3c, respectively, using surface plasmon resonance
(SPR) and X-ray crystallography. Here, we show that these

mutations result in the enhancement of FGF binding affinity,
but are not sufficient to override FGFR1c and FGFR3c ligand
binding specificity.

RESULTS AND DISCUSSION
Several FGFR ligand binding studies have been reported that
employ a variety of techniques including radiolabeled ligand
competition binding, SPR, and isothermal titration calorimetry
assays (17,30–33). However, these studies are limited in that
they focus on only a few interactions, and since they utilize
different techniques, comparisons between studies are difficult.
Hence, in order to quantify mutant FGFR–FGF interactions, we
measured the binding of wild-type and Pro252Arg FGFR1c
and wild-type and Pro250Arg FGFR3c to FGF1-10 using SPR.
FGF8 was found to aggregate on the biosensor surface and
therefore FGFR–FGF8 interactions could not be analyzed
using SPR. The kinetic data are summarized in Table 1 and, to
our knowledge, are the most comprehensive ligand binding
studies reported for FGFR1c and FGFR3c.
Wild-type FGFR1c bound with high affinity to FGF1, FGF2,
FGF4 and FGF6 but with poor affinity to FGF9 (Fig. 1A, C, E
and I, Table 1). These findings are in agreement with
prior binding and mitogenic response assays for FGFR1c
(3,17,30–34). In contrast, wild-type FGFR1c did not bind to
FGF3, FGF7 and FGF10, ligands which preferentially signal
through FGFR2b (Fig. 1G; Table 1) (3). We did not detect
binding of FGF5 to wild-type FGFR1c (Table 1). Wild-type
FGFR1c–FGF5 binding has not been previously demonstrated
although FGF5 is moderately mitogenic for FGFR1c BaF3
cells (3). Interestingly, compared to wild-type FGFR1c, the
PS Pro252Arg FGFR1c mutant displayed a generalized 2- to
5-fold increase in binding affinity for FGF1, FGF2, FGF4, and
FGF6 (Fig. 1A, B, C, D, E and F, Table 1). A notable exception
was FGF9, which had a striking 30-fold increase in binding
affinity for the mutant FGFR1c (Fig. 1I and J Table 1). The
enhanced binding in almost all cases could be attributed to both
faster association rates (Kon) and slower dissociation kinetics
(Koff) (Table 1).
In the case of wild-type FGFR3c, high affinity binding was
observed only to FGF1 (Fig. 2A; Table 1), but not to other
FGFs examined. The lack of binding of FGF3, FGF7 and
FGF10 to wild-type FGFR3c is consistent with the preferential
signaling of these FGFs through FGFR2b (3). Other studies
have also detected poor FGFR3c binding to FGF2 (35–37),
FGF4 and FGF6 (37). Additionally, studies of BaF3 cells
expressing FGFR3 show negligible to modest mitogenic
responses to FGF2, FGF4, FGF6 and FGF9 (38), although
FGF2, FGF4 and FGF9 strongly activate BaF3 cells expressing
a chimeric FGFR3c-FGFR1c construct (3). It is possible that
the chimeric FGFR3c–FGFR1c construct used by Ornitz et al.
(3) masks differences in FGFR3c ligand binding due to signal
overamplification by the inherently more active FGFR1c kinase
domain.
The MS Pro250Arg FGFR3c mutant also displayed an
increase in ligand binding affinity (Fig. 2; Table 1). FGF1
displays a nearly 2-fold increase in binding affinity for
Pro250Arg FGFR3c over wild-type FGFR3c (Fig. 2A and B,
Table 1). Additionally, the Pro250Arg mutation permits
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Table 1. Summary of kinetic data
FGF
FGF1
FGF2
FGF3
FGF4
FGF5
FGF6
FGF7
FGF9
FGF10

FGFR1c
Kon (/M/s)a
Koff (/s)a
KD (M)b
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)
Kon (/M/s)
Koff (/s)
KD (M)

FGFR3c

Wild-type

Pro252Arg

Wild-type

Pro250Arg

2.24  105
3.05  102
1.36  107
9.64  104
5.96  103
6.19  108
NBc
NB
NB
2.62  105
4.33  102
1.65  107
NB
NB
NB
2.93  105
3.05  102
1.04  107
NB
NB
NB
3.44  104
4.15  102
1.21  106
NB
NB
NB

5.6  105
1.71  102
3.05  108
1.77  105
4.30  103
2.44  108
NB
NB
NB
5.97  105
4.41  102
7.39  108
NB
NB
NB
5.07  105
1.88  102
3.71  108
NB
NB
NB
5.58  105
2.26  102
4.05  108
NB
NB
NB

8.79  105
2.02  101
2.30  107
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB

8.92  105
1.15  101
1.28  107
4.01  105
4.10  101
1.02  106
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
NB
5.63  104
4.58  103
8.14  108
NB
NB
NB

a

Kon and Koff were derived as described in Materials and Methods. w2 was less than 10% of Rmax in all cases.
The apparent affinity, KD, is equal to Koff/Kon.
c
NB, negligible binding.
b

FGFR3c to weakly bind FGF2, whereas wild-type FGFR3c
binds FGF2 negligibly (Fig. 2C and D; Table 1). Interestingly,
as in the case of FGFR1c, the proline!arginine mutation
enables FGFR3c to bind FGF9 with high affinity while FGF9
binding to wild-type FGFR3c is negligible (Fig. 2I and J; Table
1). This robust increase in FGF9 binding has also been
qualitatively observed by size exclusion chromatography (data
not shown).
To ascertain the structural basis for the enhanced affinity of
Pro252Arg FGFR1c and Pro250Arg FGFR3c mutants towards
FGFs, we chose to crystallize each mutant receptor with FGF
ligand. We were able to successfully generate diffracting
crystals of Pro252Arg FGFR1c–FGF2. The crystal structure of
Pro252Arg FGFR1c–FGF2 was solved using molecular
replacement. Data collection and refinement statistics are given
in Tables 2 and 3. The overall structure of the Pro252Arg
FGFR1c–FGF2 complex is identical to the structure of the
wild-type FGFR1c–FGF2 complex. The relative orientation
between D2 and D3 is unaffected by the proline!arginine
mutation. Two 1 :1 FGFR1c–FGF2 complexes compose the
asymmetric unit and form a symmetric dimer.
In both copies of Pro252Arg FGFR1c–FGF2, the guanidinium
group of Arg-252 in FGFR1c makes three hydrogen bonds with
the b8–b9 turn of FGF2 (Fig. 3). Two hydrogen bonds are made
with the backbone carbonyl oxygens of Leu-107 and Glu-108
of FGF2 and a third with the side chain amide group of Asn-111
of FGF2. Thus, the structural basis for the enhanced binding of
Pro252Arg FGFR1c to FGF2 is the presence of additional

Table 2. Summary of crystallographic analysis: data collection statistics
Resolution
(Å)

Reflections
(total/unique)

Completeness
(%)

Rsyma (%)

Signal
(hI/sIi)

30.0–2.9

134842/22295

99.7 (99.9)b

11.7 (37.4)b

13.1

a

Rsym ¼ 100  ShklSijIi(hkl) 7 hI(hkl)ij/ShklSiIi(hkl).
Value in parentheses is for the highest resolution shell: 3.0–2.9 Å.

b

receptor–ligand interactions that are not present in the wild-type
FGFR1c–FGF2 structure. Interestingly, these gain-of-function
contacts are similar to the additional contacts made between the
AS Pro253Arg FGFR2c mutant and FGF2 (18). Since two of
the three additional hydrogen bonds involve backbone carbonyl
oxygens of FGF2, these interactions should also occur with
other FGFs and explains the generalized enhancement of FGF
binding affinity by proline!arginine mutant FGFRs (Table 1).
We predict that these proline!arginine mutant FGFRs should
also display enhanced binding to FGF16-23, which have not
yet been analyzed for binding.
Interestingly, the exceptional increase in binding affinity of
FGF9 for Pro252Arg FGFR1c and Pro253Arg FGFR3c
implicates FGF9 as a potential pathophysiological ligand
for craniosynostosis mediated by D2–D3 linker region
mutants. Indeed, FGF9 is expressed at extremely high levels
in the cranial suture and has been shown to stimulate the
mesenchymally expressed ‘c’ isoform of FGFR1-3 (3,39,40).
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Table 3. Summary of crystallographic analysis: refinement statisticsa
Resolution (Å)
25.0–2.9

Reflections
21918

Rcryst/Rfreeb(%)
26.7–31.8

B-factorsc (Å2)

Root-mean-square deviations


Bonds (Å)

Angles ( )

0.009

1.5

0.64

a

Atomic model: 5161 protein atoms and 4 SO4 ions.
Rcyst/free ¼ 100  Shkl k Fo(hkl)j 7 jFc(hkl) k /ShkljFo(hkl)j, where Fo (>0s) and Fc are the observed and calculated structure factors, respectively, 10% of the
reflections were used for calculation of Rfree.
c
For bonded protein atoms.
b

However, since our SPR analysis did not include every FGF,
the possibility of another FGF that exhibits a robust
enhancement in binding mutant FGFRs cannot be ruled out.
Nonetheless, in order for any FGF to be pathophysiologically
relevant in mediating craniosynostosis, it must also be
expressed in the cranial sutures and capable of activating
FGFR1-3.
The crystal structure of FGF9 provides an explanation as to
why the increase in binding affinity of FGF9 for mutant receptors
is so marked in comparison to other FGFs examined (41). FGF9
activity is proposed to be regulated through an autoinhibitory
mechanism that stems from its ability to dimerize. Dimerization
of FGF9 involves the N- and C-terminal regions of FGF9, as well
as the b-trefoil core region, thereby occluding a major portion of
the receptor binding interface. Notably, the b8–b9 turn of FGF9,
part of the core region involved in FGF9 dimerization, is also the
region of FGF ligand that is predicted to engage in additional
contacts with proline!arginine mutant FGFRs. It is likely that
the balance between FGF9 auto-inhibition and receptor binding
is shifted to favor the latter due to enhanced interaction of
mutant FGFRs with the b8–b9 turn of FGF9. Such an effect is
consistent with the binding kinetics of FGF9 to wild-type and
mutant FGFR1c (Table 1). The large increase in association rate
(Kon) of the Pro252Arg FGFR1c–FGF9 interaction, relative to the
wild-type FGFR1c–FGF9 interaction, is not observed for other
FGFs and is harmonious with the above hypothesis. Similarly, the
reduction in dissociation rate (Koff) for the Pro252Arg FGFR1c–
FGF9 interaction, relative to the wild-type FGFR1c–FGF9
interaction, is similar for other FGFs and suggests that mutant
receptor–FGF9 complexes are stabilized through similar additional contacts. However, validation of this hypothesis requires
additional experimental analysis.
FGF9 knockout mice have been recently reported (42), but
since suture closure normally occurs between P25 and P45 in
mice (43) and FGF9 knockout mice die at birth, little can be
inferred about the role of FGF9 in cranial suture signaling.
However, these mice are notable in that they display male-tofemale sex reversal, thereby implicating FGF9 as a central
player in testicular development (42). Paradoxically, while
FGFR mutations are deleterious for skeletal development,
several recent studies provide evidence that certain mutations in
FGFR2-3 confer a selective advantage to male sperm cells (44–
46). FGFs, perhaps FGF9, may mediate this selective
advantage in the case of ligand-dependent FGFR mutations
by enhancing FGF–FGFR binding.
Interestingly, craniosynostosis syndromes resulting from
proline!arginine mutations in FGFR1 and FGFR3, type I
PS and MS, respectively, are characterized by very mild limb

pathology in contrast to AS (8,24). Both AS mutations have
been shown to enable FGFR2c to bind FGF7 (19), with the
Pro253Arg substitution demonstrating a stronger effect and
correlating with the more severe syndactyly observed in
Pro253Arg AS patients (47–49). Hence, it is currently thought
that limb abnormalities in AS arise from autocrine activation of
FGFR2c by FGF7 or a similar FGF, although mutant FGFR2c–
FGF7 binding has not yet been examined using SPR. Based on
the data of Ornitz et al. (3), our inability to detect binding of
corresponding proline!arginine mutations in FGFR1c and
FGFR3c to bind FGF7 or FGF10 (Table 1; Figs 1H and 2H)
seems to be consistent with the absence of severe limb
phenotypes in type I PS and MS.
The recent crystal structure of FGFR2b–FGF10 provides a
structural basis for why these mutations in FGFR1c and
FGFR3c do not result in FGF7 binding. In this structure,
several D2 residues that are conserved only in FGFR2 are
critical for D2-FGF10 binding (50). The lack of conservation of
these residue in FGFR1 and FGFR3 suggests that even if
corresponding proline!arginine mutations were to introduce
additional receptor-ligand contacts they may not be sufficient to
enable either mutant FGFR1c or FGFR3c to bind to FGF7.
Alternatively, the differences in limb phenotype between these
three craniosynostosis syndromes may be due to the distinct
roles of FGFR1-3 in limb development. Nevertheless, additional factors must play a role, since some FGFR2 mutations
result in craniosynostosis with mild limb phenotypes.

CONCLUDING REMARKS
The results presented here indicate that analogous proline!
arginine mutations in the D2–D3 linker region of FGFR1c and
FGFR3c result in PS and MS, respectively, through an
enhancement of FGF binding. The structural basis for this
enhanced binding is the additional interactions that occur
between the b8–b9 turn of FGF ligand and the mutated
proline!arginine residue of FGFR. The striking enhancement
of FGF9 binding in the case of Pro252Arg FGFR1c and
Pro250Arg FGFR3c, in comparison to respective wild type
FGFRs, points to FGF9 as a potential pathophysiological
ligand in mediating craniosynostosis. Importantly, the lack of
binding of Pro252Arg FGFR1c and Pro250Arg FGFR3c to
FGF7 or FGF10 provides an explanation for the mild limb
phenotypes in type I PS and MS. Moreover, the specific
involvement of these mutations with the b8–b9 turn of FGF
allows for the design of antagonist and agonist of FGF
signaling that may hold therapeutic value for the treatment

Human Molecular Genetics, 2004, Vol. 13, No. 1

73

Figure 1. Surface plasmon resonance analysis of FGFR1c–FGF interactions. Sensorgrams of wild-type and Pro252Arg FGFR1c, respectively, binding to FGF1
(A and B), FGF2 (C and D), FGF4 (E and F), FGF7 (G and H) and FGF9 (I and J). Analyte concentrations are colored as follows: 25 nM in gray, 50 nM in blue,
100 nM in red, 200 nM in green, 400 nM in violet and 800 nM in brown. The biosensor chip response is indicated on the y-axis (DRU) as a function of time (x-axis)
at 25 C.
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Figure 2. Surface plasmon resonance analysis of FGFR3c–FGF interactions. Sensorgrams of wild-type and Pro250Arg FGFR3c, respectively, binding to FGF1
(A and B), FGF2 (C and D), FGF4 (E and F), FGF7 (G and H) and FGF9 (I and J). Analyte concentrations are colored as follows: 25 nM in gray, 50 nM in blue,
100 nM in red, 200 nM in green, 400 nM in violet and 800 nM in brown. The biosensor chip response is indicated on the y-axis (DRU) as a function of time (x-axis)
at 25 C.
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Figure 3. Gain-of-function hydrogen bonds in the Pro252Arg FGFR1c–FGF2 dimer. D2 and D3 of FGFR1c are shown in green and cyan, respectively. The D2–D3
linker is colored gray. FGF2 is shown in orange. Dotted lines represent hydrogen bonds. The hydrogen-bonding distances are indicated. On the right is a view of
whole structure in the exact orientation as the detailed view shows, with the region of interest boxed.

of FGFR-related craniosynostosis syndromes or other pathological conditions.

MATERIALS AND METHODS
Protein expression and purification
Recombinant human FGFs, FGF1–FGF10 and FGF12b
(FHF1b) were expressed in Escherichia coli. Soluble FGFs
(FGF1, FGF2, FGF10 and FGF12) were purified by heparin
affinity, ion exchange and size exclusion chromatography as
described elsewhere (18,51–53). FGF7 was generously provided by Amgen (Amgen Inc.). Insoluble FGFs (FGF3, FGF5,
FGF6 and FGF8) were refolded according to previously
reported protocols and subsequently purified in a similar
manner to soluble FGFs (54–56). FGF4 and FGF9 were
purified through salt extraction and ammonium sulfate
precipitation, respectively, and then purified as soluble FGFs
(41,57).
The point mutations Pro252Arg and Pro250Arg were
introduced into the minimal ligand-binding portion (D2–D3)
of human FGFR1c (residues 142–365) and FGFR3c (residues
143–365), respectively, by using the Quik Change site-directed
mutagenesis kit (Stratagene). Wild type and mutant receptors
were expressed in E. coli, refolded in vitro and purified

according to a previously reported protocol (51). Additional
purification of wild type and mutant receptors was achieved
through size-exclusion chromatography. Protein concentration
was determined by mixing the protein solution with denaturing
buffer (6.0 M guanidinium hydrochloride, 0.02 M sodium
phosphate buffer, pH 6.5) using a Beckman DU640B spectrophotometer (Beckman Coulter) to measure absorbance at
280 nm along with the extinction coefficient, obtained from
the ProtParam tool (www.expasy.ch), to calculate corrected
protein concentrations.
Surface plasmon resonance analysis of
FGF–FGFR interactions
Wild type and mutant FGFR–FGF interactions were characterized using a BIAcore 3000 instrument (Biacore AB, Uppsala,
Sweden). To obtain kinetic data for wild-type and mutant
FGFR–FGF interactions, FGF ligands were immobilized on
research grade CM 5 chips according to standard amine
coupling protocol (Biacore AB, Uppsala, Sweden). Briefly,
carboxymethyl groups on the CM5 chip surface were first
activated using an injection pulse of 50 ml (flow rate, 5 ml/min)
of an equimolar mix of N-ethyl-N-(dimethyaminopropyl)
carbodiimide and N-hydroxysuccinimide (final concentration
0.05 M, mixed immediately prior to injection). Following
activation, FGF ligand was diluted to 25 mg/ml in HBS-EP
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buffer [0.01 M HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005%
polysorbate 20 (v/v), pH 7.4] or 100 mM sodium acetate
(pH 4.5) buffer and injected over the activated biosensor
surface. Excess unreacted sites on the sensor surface were
deactivated with a 40 ml injection of 1 M ethanolamine. FGF1
was immobilized to approximately 1000 response units (RU).
FGF8 was found to aggregate on the sensor chip surface and
therefore could not be immobilized. The remaining FGFs were
successfully immobilized to comparable RU levels after
accounting for relative molecular weight differences. FGF12
(FHF1b), an FGF homologous factor (FHF) that does not bind
FGFRs, was immobilized on reference flow cells as a control.
To obtain kinetic data, different concentrations of analytes
(wild-type and mutant FGFR) in HBS-EP buffer [0.01 M
HEPES, 0.15 M NaCl, 3 mM EDTA, 0.005% polysorbate 20
(v/v), pH 7.4] were injected over the FGF sensor chips at a flow
rate of 50 ml/min. At the end of each sample injection (180 s),
HBS-EP buffer was passed over the sensor surface to monitor
the dissociation phase. Following 180 s of dissociation, the
sensor surface was fully regenerated by injection of 50 ml of 2 M
NaCl in 100 mM sodium acetate buffer (pH 4.5).

SPR data analysis
Reference responses from the control flow cell, containing
immobilized FGF12 (FHF1b), were subtracted from FGF flow
cells for each analyte injection using BiaEvaluation software
(Biacore AB, Uppsala, Sweden). The resulting sensorgrams
were used for kinetic parameter determination by globally
fitting the entire association and dissociation phases to a 1:1
interaction using BiaEvaluation software (Biacore AB,
Uppsala, Sweden). Disturbances, at the beginning and end, of
each analyte injection were excluded. A minimum of four
different analyte concentrations was used to determine the
kinetic parameters for each interaction. Following curve fitting,
each sensorgram was manually examined for data quality. w2
was less than 10% of Rmax for each fit.

Crystalization and data collection
Crystals of Pro252Arg FGFR1c in complex with FGF2 were
obtained using similar conditions to the previously reported
crystallization conditions for wild type FGFR1c in complex
with FGF2 (51). Two microliters of protein solution [10 mg/ml
in 25 mM HEPES-NaOH (pH 7.5) and 150 mM NaCl] were
mixed with 2 ml of the crystallization buffer consisting of 1.4 M
ammonium sulfate, 22% glycerol in 0.1 M Tris–HCl (pH 8.5) at
23 C. Pro252Arg FGFR1c–FGF2 crystals belong to the
tetragonal space group P41212 and contain two FGFR1c–
FGF2 complexes in the asymmetric unit. The unit cell
dimensions are as follows: a ¼ b ¼ 98.202 Å, c ¼ 197.174 Å,
a ¼ b ¼ g ¼ 90 . A 2.9 Å data set for the Pro252Arg mutant
FGFR1c–FGF2 complex was collected from a flash frozen
crystal (in a dry nitrogen stream) on a CCD detector at
beamline X-4A at the National Synchrotron Light Source,
Brookhaven National Laboratory. Data were processed using
DENZO and SCALEPACK (58).

Structure determination and refinement of Pro252Arg
FGFR1c-FGF2 complex
Molecular replacement solutions for the two copies of
FGFR1c–FGF2 complex in the unit cells of Pro252Arg
FGFR1c–FGF2 crystals were found with AmoRe (59) using
the structure of wild-type FGFR1c complexed with FGF2 (51)
(Protein Data Bank identification code 1CVS) as the search
model. Tight non-crystallographic symmetry restraints were
imposed throughout the refinement for the backbone atoms of
FGF2, D2 and D3. Simulated annealing and positional/B factor
refinement were performed using CNS (60). Model building
into 2Fo – Fc and Fo – Fc electron density maps was performed
with program O (61). The average B factor for all the protein
atoms is 32.5 Å2.
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