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Abstract

Gain-of-function missense mutations in FGF receptor 2 (FGFR2) are responsible for a variety of
craniosynostosis syndromes including Apert syndrome (AS), Pfeiffer syndrome (PS) and Crouzon
syndrome (CS). Unlike the majority of FGFR2 mutations, S252W and P253R AS mutations and a
D321A PS mutation retain ligand-dependency and are also associated with severe limb pathology.
In addition, a recently identified ligand-dependent S252L/A315S double mutation in FGFR2 was
shown to cause syndactyly in the absence of craniosynostosis. Here, we analyze the effect of the
canonical AS mutations, the D321A PS mutation and the S252L/A315S double mutation on
FGFR2 ligand binding affinity and specificity using surface plasmon resonance. Both AS
mutations and the D321A PS mutation, but not the S252L/A315S double mutation, increase the
binding affinity of FGFR2c to multiple FGFs expressed in the cranial suture. Additionally, all four
pathogenic mutations also violate FGFR2c¢ ligand binding specificity and enable this receptor to
bind FGF10. Based on our data, we propose that an increase in mutant FGFR2c binding to
multiple FGFs results in craniosynostosis, whereas binding of mutant FGFR2c to FGF10 results in
severe limb pathology. Structural and biophysical analysis shows that AS mutations in FGFR2b
also enhance and violate FGFR2b ligand binding affinity and specificity, respectively. We suggest
that elevated AS mutant FGFR2b signaling may account for the dermatological manifestations of
AS.
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INTRODUCTION

Craniosynostosis, the premature fusion of one or more cranial sutures, occurs with a
prevalence of 1 in 2500 births and is the hallmark of over 100 distinct syndromes, including
Apert syndrome (AS) (MIM 101200), Pfeiffer syndrome (PS) (MIM 101600) and Crouzon
syndrome (CS) (MIM 123500) (1-3). AS is also accompanied by severe syndactyly of the
hands and feet, whereas traditionally, limb pathology in PS is moderate and not evident in
CS. Other findings in AS that occur at high frequencies include dermatological
abnormalities, central nervous system (CNS) malformations, dental anomalies and
progressive synostosis of bones of the hands, feet and cervical spine (4-7).

AS, PS and CS result from activating missense mutations in fibroblast growth factor (FGF)
receptor 2 (FGFR2) (8-12). The majority of these mutations result in constitutive (ligand-
independent) receptor activation, although AS mutations activate receptor only in the
presence of ligand (ligand-dependent). Almost all cases of AS result from one or the other of
two mutations, S252W and P253R, which map to the invariant D2-D3 linker region (Fig. 1)
and therefore can manifest in both mesenchymal ‘c’ and epithelial ‘b’ splice isoforms of
FGFR2 (9). However, craniofacial pathology in AS is thought to be primarily mediated by
mutant FGFR2c signaling since the majority of CS and PS mutations map specifically to the
‘c’ exon of FGFR2. Genotype—phenotype analyses of AS patients show that patients with
the S252W mutation have a more severe craniofacial phenotype, while patients with the
P253R mutation present with more severe syndactyly (13-15), although an earlier study did
not observe these correlations (16). This has led to the suggestion that craniofacial and limb
abnormalities in AS arise from distinct pathophysiological mechanisms (13). Interestingly,
recent studies have also shown that although AS mutations are deleterious for human
development, they paradoxically confer a selective advantage upon male germ cells (17,18).

Anderson et al. (19) analyzed the effect of AS mutations on FGFR2c¢ binding to FGF1,
FGF2 and FGF4, using surface plasmon resonance (SPR), and found that both AS mutations
enhance the binding affinity of FGFR2c for FGF2 only, with the S252W mutation causing a
greater increase. Hence, it was proposed that craniofacial pathology is mediated by
enhanced signaling of FGF2 through mutant FGFR2c and that the more severe craniofacial
pathology in S252W AS patients reflects the greater enhancement in FGF2 binding.
Analogously, it was postulated that the greater severity of syndactyly in P253R AS patients,
relative to S252W AS patients, reflects the higher affinity of P253R FGFR2b for FGF7 or
FGF10 (19).

Oldridge et al. (20) identified two AS and two PS patients harboring Alu-element insertions
or nucleotide substitutions, which affected alternative splicing of FGFR2 and resulted in the
ectopic expression of FGFR2b in the patients’ mesenchymal tissues. Notably, the severity of
the limb phenotype correlated with the level of ectopic FGFR2b expression, as the AS
patient had higher levels of ectopic FGFR2b expression compared to the levels of ectopic
FGFR2b expression in PS patients. Hence, Oldridge et al. (20) proposed that autocrine
activation of ectopic mesenchymal FGFR2b by mesenchymally expressed FGF7 or FGF10
leads to syndactyly. In contrast to the data of Anderson et al. (19), Yu et al. (21) did not
observe increased binding of AS mutant FGFR2c to FGF2. Instead, they showed that AS
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mutations violate FGFR2 ligand binding specificity (21). Cell lines expressing S252W
FGFR2c were stimulated by FGF7 and FGF10, ligands that have absolutely no activity on
cell lines expressing wild-type FGFR2c. Conversely, cell lines expressing S252W FGFR2b
were also shown to respond to FGF2, which normally has no activity on cell lines
expressing wild type FGFR2b. Moreover, binding of FGF7 to both AS mutant FGFR2c was
also demonstrated. Hence, it was suggested that AS results from autocrine signaling of
mutant FGFR2c through FGF7 or FGF10 in the mesenchyme. The possibility of autocrine
signaling of mutant FGFR2b by FGF2 or other epithelial ligands contributing to
craniosynostosis and syndactyly was mentioned.

Crystallographic analysis of AS mutant FGFR2c in complex with FGF2 demonstrates that
the S252W mutation results in additional contacts between the receptor and the N-terminal
region of FGF2, whereas the P253R mutation results in additional interactions of the
receptor with the p-trefoil core domain of FGF2 (22). Sequence alignment of the poorly
conserved and flexible N-terminal region of FGFs suggested that the S252W mutation
would enhance FGFR2c binding to a subset of FGFs. In contrast, the conserved nature of the
gain-of-function interactions in the P253R FGFR2c-FGF2 crystal structure suggested that
the P253R mutation will enhance FGFR2c binding to all FGFs. The distinct nature of the
gain-of-function contacts mediated by the S252W and P253R mutations was proposed to
reflect the phenotypic variability between the two subsets of AS patients.

Recently, a kindred remarkable for Apert-like syndactyly in the absence of craniosynostosis
was found to segregate two mutations, S252L and A315S, in cis (23). These mutations
respectively map to the D2-D3 linker region (Fig. 1) and the alternatively spliced BC"-BE
loop (Fig. 1), a region that dictates the ligand binding specificity of FGFR2. Notably, the
A315S substitution changes a FGFR2c specific residue to a FGFR2b specific residue, and
led Oldridge et al. (20) to hypothesize that the double mutation results in syndactyly by
enabling S252L/A315S FGFR2c to bind FGF7 or FGF10. Apert-like syndactyly has also
been reported in a PS patient with a D321A mutation (24), which also maps to the
alternatively spliced BC"-BE loop of FGFR2c (Fig. 1) and further implicates mutant FGFR2c
signaling in the pathogenesis of craniosynostosis and syndactyly. Because S252L, A315S
and D321A mutations map to key regions in the ligand binding site of FGFR2c (25) they are
likely to be ligand-dependent mutations. Here, we examine the effect of the two canonical
AS mutations, the D321A PS mutation and the S252L/A315S double mutation on FGFR2
ligand binding affinity and specificity in order to further understand how cranial and limb
phenotypes dissociate in patients with different pathogenic FGFR2 mutations.

Effect of AS mutations on FGFR2c ligand binding affinity and specificity

Previous ligand binding analyses of wild-type FGFR2c are scattered throughout the
literature and use a variety of techniques (19,26-34). To provide a coherent framework to
characterize the effect of FGFR2c mutations, wild type FGFR2c was examined for binding
to all FGFs, with the exception of FGF22, using SPR. The kinetic data are summarized in
Table 1 and represent the most comprehensive ligand binding analysis of wild-type FGFR2c
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to date. Indeed, this is the first quantitative binding study of wild-type FGFR2c towards
FGF8, FGF16, FGF17, FGF19 through FGF21 and FGF23.

Wild-type FGFR2c exhibits the highest affinity for FGF1, FGF2, FGF4, FGF6 and FGF8
(Kp = 10-100 nM) (Table 1). Wild-type FGFR2c¢ binds FGF5, FGF17, FGF18 and FGF23
with moderate affinity (Kp = 300-700 nM) and binds FGF3, FGF9, FGF16 and FGF20 with
weak affinity (Kp = 1000-2000 nM) (Table 1). Injection of wild-type FGFR2c over sensor
chips immobilized with FGF7, FGF10, FGF19 and FGF21 produces negligible RU
responses (ARU < 13) over the background and is indicative of no binding (Table 1).

Both AS mutant FGFR2c display higher affinity, relative to wild-type FGFR2c, for nearly
every FGF (Fig. 2A-H and Table 1). Interestingly, relative enhancements in affinity are
similar within each FGF subfamily but differ between FGF subfamilies. Hence, it is likely
that there are mechanistic similarities in the extent of gain-of-function contacts within each
FGF subfamily, which vary between FGF subfamilies. The binding affinities of FGF9/16/20
subfamily members for S252W FGFR2c are most robustly enhanced (8.6—-36-fold) (Fig.
2E). Increases in S252W FGFR2c affinity for other FGF subfamilies are also observed,
including the FGF1/2 subfamily (4.7-7.2-fold) (Fig. 2A), the FGF3/5 subfamily (6.3-8.2-
fold) (Fig. 2C), the FGF4/6 subfamily (4.9-6-fold) (Fig. 2B) and FGF23 (4.2-fold) (Fig.
2H). The enhancement in binding affinity of S252W FGFR2c for the FGF8/17/18 subfamily
is less remarkable (1.6-2.8-fold) (Fig. 2F).

Importantly, injection of S252W FGFR2c on to FGF10 sensor chips results in a significant
increase in RU, compared to wild-type FGFR2c, as shown in Figure 2D. Kinetic analysis of
the S252W FGFR2c-FGF10 interaction yields a Kp value of 1440 nM. Hence, the S252W
mutation violates FGFR2c ligand binding specificity and agrees with the findings of Yu et
al. (21). The S252W mutation has an even more profound effect on FGFR2c binding to
FGF19, and enables high affinity binding (Kp = 103 nM) (Fig. 2G). In contrast to the
findings of Yu et al. (21), we were unable to detect any significant effect of the S252W
mutation on the FGFR2c-FGF7 interaction. Binding of FGF21 to S252W FGFR2c is not
observed.

The binding affinities of P253R FGFR2c for FGF9/16/20 subfamily members (7.4—-34-fold)
(Fig. 2E and Table 1) were most robustly enhanced, followed by FGF8/17/18 subfamily
members (3.5-10.6-fold) (Fig. 2F and Table 1). For the remaining ligands, the P253R
mutation enhances ligand binding affinity to a lesser degree than the S252W mutation does
(Table 1). Binding of P253R FGFR2c was increased for the FGF1/2 subfamily (2.3-fold)
(Fig. 2A), the FGF3/5 subfamily (2.2-3.7-fold) (Fig. 2C), the FGF4/6 subfamily (3-4.8-
fold) (Fig. 2B) and FGF23 (3.3-fold) (Fig. 2H) to similar extents. Importantly, like the
S252W mutation, the P253R mutation also violates FGFR2c ligand binding specificity and
enables FGFR2c to bind FGF10 (Fig. 2D) and FGF19 (Fig. 2G) with Kp values of 941 nM
and 535 nM, respectively. Again, binding of P253R FGFR2c to FGF7 and FGF21 is not
observed. The relative enhancement in AS mutant FGFR2c¢ binding affinity to FGF2 is
consistent with the data of Anderson et al. (19). However, unlike Anderson et al. (19), we
also measure enhanced binding of AS mutant FGFR2c to nearly every FGF.
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The exceptional increase in S252W FGFR2c and P253R FGFR2c binding affinity for the
FGF9/16/20 subfamily is reminiscent of increases in FGF9 binding to P252R FGFR1c and
P250R FGFR3c, which result in type | PS and Muenke syndrome (MIM 602849),
respectively (35). We have previously shown that the FGF9/16/20 subfamily, unlike other
FGFs, is subject to autoinhibitory regulation via homodimerization (36). The dimer interface
involves the N-terminus and B8—39 turn region, and precludes receptor binding. Because
these regions are also involved in additional ligand-receptor contacts with AS mutations, it
is possible that AS mutations shift the balance between FGF9/16/20 homodimerization and
FGFR2c-FGF9/16/20 binding to favor the latter event.

Effect of D321A and S252L/A315S mutations on FGFR2c ligand binding affinity and

specificity

Next, we examined the effect of the D321A mutation and the S252L/A315S double
mutation, which manifest only in the FGFR2c splice isoform, on FGFR2c ligand binding
affinity and specificity. Importantly, the S252L./A315S double mutation causes syndactyly
in the absence of craniosynostosis and therefore provides an attractive opportunity to
understand the mechanisms by which craniofacial and limb pathology arise in patients with
pathogenic FGFR2 mutations. The binding of D321A FGFR2c to all FGFs, with the
exception of FGF22, was examined. Unlike the AS mutations, which ubiquitously increase
FGFR2c binding to nearly all FGFs, the D321A mutation increases the binding affinity of
FGFR2c to a subset of FGFs including FGF3 (2.3-fold), FGF5 (2.7-fold) (Fig. 2C), FGF16
through FGF18 (3.1-, 4-and 2.3-fold, respectively) (Fig. 2E and F), FGF20 (4.1-fold), and
FGF23 (3-fold) (Fig. 2H and Table 1). Importantly, like the AS mutations, the D321A
mutation also enables FGFR2c¢ to bind FGF10 and FGF19 (Fig. 2D and G) with Kp values
of 2830 and 255 nM, respectively. The D321A mutation had no major impact on the binding
affinities of FGFR2c for FGF1, FGF4 (Fig. 2B) and FGF9 (Table 1). Notably, an
exceptional loss in FGF2 binding (60-fold) (Fig. 2A) and mild decreases in FGF6 (1.5-fold)
and FGF8 (2-fold) binding are observed for D321A FGFR2c (Table 1). Interestingly, the
effect of the D321A mutation varies even for members within the same FGF subfamily.

The S252L/A315S double mutation also has a variable effect on FGFR2c binding to FGFs
(Fig. 2A-H and Table 1). Increased binding of S252L/A315S FGFR2c to only FGF3 (3.2-
fold), FGF5 (2.1-fold) (Fig. 2C), and FGF6 (4.6-fold) is observed (Table 1). Similar to the
AS mutations and the D321A PS mutation, the S252L/A315S double mutation also violates
FGFR2c ligand binding specificity by enabling FGFR2c to bind to FGF10 (Fig. 2D) with a
Kp value of 2940 nM. However, unlike these mutations, the S252L/A315S double mutation
did not enable FGFR2c to bind FGF19 (Fig. 2G and Table 1). The S252L/A315S double
mutation does not have a major impact on the binding of FGF1, FGF4 (Fig. 2B), FGF9,
FGF16 (Fig. 2E), FGF17 and FGF20 to FGFR2c (Table 1). Notably, diminished binding of
S252L/A315S FGFR2c to FGF2 (3.2-fold) (Fig. 2A), FGF8 (2.3-fold), FGF18 (1.5-fold)
(Fig. 2F) and FGF23 (1.7-fold) (Fig. 2H) is observed (Table 1). As with the AS mutations,
neither the D321A mutation nor the S252L/A315S double mutation permits FGFR2c to bind
FGF7 and FGF21.
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Effect of AS mutations on FGFR2b ligand binding affinity and specificity

Previous ligand binding analyses of wild-type FGFR2b have been reported and employed a
variety of techniques (32,37-43). To provide a coherent framework to characterize the effect
of AS mutations on FGFR2b, wild-type FGFR2b was examined for binding to FGF1
through FGF10. This set of ligands contains multiple specific and non-specific ligands for
FGFR2b and therefore is sufficient to assess the effect of AS mutations on both FGFR2b
ligand binding affinity and specificity. The data are summarized in Table 2 and represent the
first binding analysis of AS mutant FGFR2b.

Wild-type FGFR2b exhibits the highest affinity for FGF1 (Kp = 161 nM), followed in
decreasing order by FGF3 (Kp = 363 nM), FGF4 (Kp = 534 nM), FGF10 (Kp = 622 nM),
FGF6 (Kp = 664 nM) and FGF7 (Kp = 10.4 uM) (Table 2). The sensorgrams for wild-type
FGFR2b interactions with FGF2, FGF5, FGF8 and FGF9 show negligible RU responses
(ARU < 13) over the background and are indicative of no binding (Table 2).

As in the case of FGFR2c, SPR analysis demonstrates that both AS mutations increase the
binding affinity of FGFR2b for FGFs (Fig. 3C—F and Table 2), and the effect is consistently
greater for the S252W mutation. Large increases in the binding affinities of S252W FGFR2b
for FGF1 (3.7-fold) (Fig. 3D), FGF6 (4.5-fold) and FGF7 (8.7-fold) are observed. Increases
in binding affinity of S252W FGFR2b for FGF3 (1.9-fold), FGF4 (2.1-fold) and FGF10
(2.1-fold) (Fig. 3C) are modest. In the case of P253R FGFR2b, a large increase in binding
affinity is only observed for FGF7 (4.9-fold) and increases in binding affinity for FGF1 (1.7-
fold) (Fig. 3D), FGF3 (1.19-fold), FGF4 (1.9-fold), FGF6 (3-fold) and FGF10 (1.6-fold)
(Fig. 3C) are more modest. Consistent with the data of Yu et al. (21), the S252W mutation
also violates FGFR2b ligand binding specificity by enabling binding to FGF2 (Fig. 3E and
Table 2) and FGF9 (Table 2). Binding of S252W FGFR2b to FGF8 (Fig. 3F and Table 2)
was also enabled and the P253R mutation also violates FGFR2b ligand binding specificity
and enables binding to FGF2, FGF8 and FGF9 (Fig. 3E and F and Table 2). Hence, the SPR
data show that AS mutations enhance and violate FGFR2b ligand binding affinity and
specificity, respectively.

Crystallographic analysis of AS mutant FGFR2b

To ascertain if AS mutations enhance FGFR2b binding to FGFs through additional receptor-
ligand contacts, we crystallized S252W FGFR2b-FGF10 and P253R FGFR2b-FGF1
complexes. Data collection and refinement statistics are given in Table 3. As we previously
reported for AS mutant FGFR2c-FGF2 structures (22), these mutations do not affect the
D2-D3 linker region conformation and the overall structures of the S252W FGFR2b-FGF10
and P253R FGFR2b-FGF1 complexes are identical to the overall structures of respective
wild-type FGFR2b-FGF complexes. Both S252W FGFR2b and P253R FGFR2b make
additional contacts with FGF ligand. These gain-of-function interactions, albeit less
extensive, are reminiscent of the additional receptor—ligand interactions observed in AS
mutant FGFR2c-FGF2 and PS mutant FGFR1c-FGF2 crystal structures (22,35).

In the S252W FGFR2b-FGF10 structure, Trp252 of FGFR2b interacts hydrophobically with
Leu73 in the aN helix of FGF10 (Fig. 3A). Unlike the S252W FGFR2c-FGF2 structure
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(22), where the gain-of-function interactions result in the additional ordering of the N-
terminus of FGF2 (at the expense of entropy loss), the aN helix already interacts with the
receptor in the wild type FGFR2b-FGF10 structure (44). The closest approach between
Leu73 of FGF10 and Trp252 of FGFR2b is 4.22 A and may explain why, despite the lack of
entropic cost, the increase in affinity of S252W FGFR2b for FGF10 is less than expected.
As in the S252W FGFR2c-FGF2 structure, Trp252 of FGFR2b also inserts into a shallow
hydrophobic pocket on the surface of D3 between 11257 and Tyr281 and probably
contributes to the general enhancement in binding affinity.

In the P253R FGFR2b-FGF1 structure, the guanidinium group of Arg253 in FGFR2b makes
one hydrogen bond with the backbone carbonyl oxygen of GIu90 in the $8-p9 turn of FGF1
(Fig. 3B) and accounts for the 1.7-fold increase in binding affinity. The number of additional
hydrogen bond correlates with the relative increase in binding affinity as the P253R
FGFR2c-FGF2 structure (22) shows three additional hydrogen bonds and a 2.3-fold increase
in binding affinity. Taken together, the structural data demonstrate that the AS mutations
introduce gain-of-function contacts for FGFR2b as well. However, these interactions are less
extensive than in the case of FGFR2c and result in smaller enhancements in affinity.

DISCUSSION

Widespread

The importance of FGF signaling in human skeletal development is highlighted by the
numerous mutations in FGFR1-3 that result in craniosynostosis (1-3) and chondrodysplasia
syndromes (45). Elucidation of the molecular basis for AS and other ligand-dependent
craniosynostosis syndromes is an important avenue to assess the physiological and
pathological roles of various FGFs in craniofacial and limb development. In this study, we
examined the effect of AS mutations, the D321A PS mutation and the S252L/A315S double
mutation on FGFR2 ligand binding affinity and specificity using SPR. These data show that
each of the pathogenic FGFR2 mutations elicit distinct changes in FGFR2 ligand binding
affinity and specificity, which correlate to the craniofacial and limb phenotypes observed in
patients harboring these mutations.

enhancement of FGF binding correlates with craniosynostosis

It is presently unclear which FGF ligands mediate cranial suture closure. RT-PCR analysis
suggests a complex picture in the calvaria as all FGFs, except for FGF3, FGF4, FGF5, FGF6
and FGF8, are expressed in mouse cranial sutures (46). Our data show that both AS
mutations increase FGFR2c binding affinity to all FGFs, with the exception of FGF7 and
FGF21. The S252W mutation, which is associated with more severe craniofacial pathology,
results in greater enhancement in FGFR2c binding to most FGF ligands, relative to the
P253R mutation. The PS D321A mutation also enhances FGFR2c binding affinity to FGF3,
FGF5, FGF10, FGF16, FGF17, FGF18, FGF19, FGF20 and FGF23. Based on these data, we
suggest that craniosynostosis in AS and D321A PS patients arises from the ability of these
mutations to enhance FGFR2c signaling by several FGFs expressed in the cranial suture. A
similar model in which elevated mutant FGFR2c signaling by FGF2 results in
craniosynostosis was previously proposed (19,23). However, the ability of the D321A
mutation to result in craniosynostosis without enhancing FGFR2¢c-FGF2 binding (Table 1),
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suggests that other FGFs, besides FGF2, contribute to craniosynostosis. The ability of the
AS mutations and the D321A PS mutation to cause widespread enhancement of FGF
binding will lead to a global elevation of mutant FGFR2c signaling that is parallel to the
ligand-independent increase in FGFR signaling causing CS and nearly all cases of PS.

Based on this model, the lack of craniosynostosis in S252L/ A315S patients is due to the
inability of the S252L/A315S double mutation to result in widespread enhancement of FGF
binding to FGFR2c. Of the FGFs expressed in the cranial suture, only notable enhancement
of S252L/A315S FGFR2c binding to FGF10 is observed. The involvement of several FGFs
in cranial suture fusion also accounts for why gain-of-function mutations in FGF ligands
have not been detected in craniosynostosis patients, as well as why most FGF knockout mice
do not display delayed suture closure. FGF18 null mice embryos do have wider cranial
sutures, relative to wild-type mice embryos, at 16.5 and 18.5 days postcoitum (47,48).
However, this phenotype is suggested to be secondary to a generalized decrease in calvarial
bone size, rather than a disruption in cranial suture maturation (47).

Structural basis for the generalized increase in FGF binding affinity by AS mutations

Notably, the general increase in P253R FGFR2c ligand binding affinity is entirely consistent
with the structural mode of gain-of-function observed in the P253R FGFR2c-FGF2 structure
(22). We have previously shown that the P253R mutation results in three additional
hydrogen bonds between receptor and the 839 turn in the core homology region of FGF2
(22). Two of these hydrogen bonds involve backbone carbonyl atoms of FGF2, and
therefore should occur in every P253R FGFR2c-FGF interaction. The third hydrogen bond
is mediated by the side chain of Asn111 in FGF2. Interestingly, this Asn is conserved in the
FGF8/17/ 18 subfamily and may account for the larger increase in affinity of the mutant
receptor for this subfamily.

The ability of the S252W mutation to ubiquitously increase FGFR2c ligand binding affinity
is not completely predicted by the S252W FGFR2c-FGF2 structure (22). The S252W
mutation was shown to result in an additional hydrogen bond and hydrophobic contact
between FGFR2c and Phe21 in the N-terminus of FGF2. These interactions cause the
ordering of additional residues in the otherwise flexible N-terminus of FGF2. Crystal
structures and solution structures of other FGF ligands also demonstrate that the N-termini
of FGFs are generally disordered (49-51), but become ordered in a receptor specific manner
upon FGFR binding (25,44,52-54). Thus, the adaptable nature and poor sequence homology
of FGF N-termini makes structure-based predictions on how the S252W mutation affects the
interaction of receptor with the N-termini of other FGFs unreliable. Despite this caveat, we
predicted that only a subset of FGFs, which possess a hydrophobic residue at a location
corresponding to Phe21 of FGF2, would exhibit higher affinity for S252W FGFR2c (22).
The enhancement of S252W FGFR2c binding to nearly every FGF highlights that the
flexibility of FGF N-termini can allow nearby hydrophobic residues to substitute for Phe21
in FGF2 and interact with S252W FGFR2c. Furthermore, in the S252W FGFR2c-FGF2
structure, Trp252 inserts into a hydrophobic pocket on D3 between 11257 and Tyr281. This
interaction likely keeps the receptor in a conformation that is more favorable for ligand
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binding and may also contribute to the generalized increase in FGF binding for S252W
FGFR2c.

Binding of FGFR2c to FGF10 correlates with syndactyly

All four pathogenic mutations in this study violate FGFR2c ligand binding specificity by
enabling FGFR2c¢ to bind FGF10, a ligand that normally does not bind to wild-type
FGFR2c. The Kp values for mutant FGFR2c-FGF10 interactions are still 1.5-4.9-fold
weaker than the Kp value of the wild-type FGFR2b-FGF10 interaction (Tables 1 and 2).
Nevertheless, these gain of interactions are probably pathological because FGF10 and
FGFR2c are both mesenchymally expressed, and the high local concentrations of FGF10
would allow pathological autocrine signaling to take place. Therefore, we suggest that the
illegitimate binding and signaling of FGFR2c by FGF10 is responsible for syndactyly.
Indeed, FGF10 has been shown to stimulate BaF3 cells expressing S252W FGFR2c,
whereas it has no activity on BaF3 cells expressing wild-type FGFR2c (21). The greater
binding of FGF10 to P253R FGFR2c, relative to S252W FGFR2c, explains the more severe
syndactyly in P253R AS patients. The inability of analogous Pro — Arg mutations in
FGFR1c and FGFR3c to confer FGF10 binding is also harmonious with the lack of
syndactyly in type | PS and Muenke syndrome patients (35). Additionally, both S252L and
A315S mutations have been singly detected in normal individuals (55,56), and suggests that
the S2521/A315S double mutation results in syndactyly by enhancing FGFR2c¢ binding to
FGF10 in a synergistic fashion.

These findings bear similarity to the findings of Yu et al. (21), who were the first to show
that AS mutations violate FGFR2 specificity. However, we did not observe binding of FGF7
to either AS mutant FGFR2c, although this is not surprising given the fact that FGF7 binds
to FGFR2b nearly 20 times weaker than FGF10 (Table 2). Based on our SPR data, we
believe that the majority of limb pathology is due to autocrine signaling of mutant FGFR2c
through FGF10. This is consistent with genetic studies showing that FGF10 is critical for
limb development and outgrowth (57,58), whereas FGF7 is dispensible for proper limb
development (59,60).

Molecular mechanisms by which pathogenic FGFR2c mutations affect ligand binding

specificity

The variable effect of the D321A mutation and the S252L/ A315S double mutation on
ligand binding is consistent with the crystal structures of highly specific FGFR2¢c-FGF2 and
FGFR2b-FGF10 complexes, which reveal that interactions between FGF ligand and the
alternatively spliced BC"-BE loop are major determinants of binding specificity (25,44).
These structures also provide convincing explanations by which pathogenic mutations in the
BC'-BE loop reduce FGFR2c binding to FGF2 and concomitantly enhance FGFR2c binding
to FGF10 (Fig. 2A and D). The dramatic loss of FGF2 binding to D321A FGFR2c¢ can
readily be explained by the crystal structure of the wild-type FGFR2c-FGF2 complex. In
this structure, Asp321 makes three hydrogen bonds with FGF2 (25) and the huge loss in
FGF2 binding by D321A FGFR2c reflects the elimination of these interactions. The loss of
FGF2 binding to S252L/A315S FGFR2c can also be accounted for by the crystal structure
of the wild-type FGFR2c-FGF2 complex. In this structure, Ala315 makes intramolecular
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interactions that facilitate a pC’-BE loop conformation optimal for FGF2 binding, thus
indirectly contributing to ligand binding affinity. It is noteworthy that the A315S mutation
causes a greater loss in FGF2 binding, compared to the S252L/A315S double mutation, and
suggests that the S252L mutation partially rescues the loss of FGF2 binding (data not
shown).

The available structural data also provide molecular explanations for the ability of the
D321A mutation and the S252L/ A315S double mutation to confer FGF10 binding. In a
hypothetical FGFR2c-FGF10 model, the side chain of Asp321 is in major steric clash as
well as in charge repulsion with Asp78 in the N-terminus of FGF10, and explains why wild-
type FGFR2c rejects FGF10. Removal of both the steric and electrostatic conflicts by the
D321A mutation likely accounts for the large gain in FGF10 binding by D321A FGFR2c.
The molecular basis for the ability of the S252L/A315S double mutation to confer FGF10
binding upon FGFR2c can be inferred from available structural data. In the wild-type
FGFR2b-FGF10 structure (44), Ser315, a residue that is highly conserved in FGFR2b,
makes two hydrogen bonds with Asp78, a residue unique to the FGF7/10/22 subfamily.
Hence, the A315S substitution should enable FGFR2c to make hydrogen bonds with Asp78
of FGF10 and contribute to a gain in FGF10 binding. The S252L mutation likely enhances
the interaction of FGFR2c¢ with FGF10 by introducing a similar, but weaker, hydrophobic
contact as described for the S252W mutation (see below). It is likely that these two
mutations synergize to enable FGFR2c to bind FGF10.

The mechanism by which the S252W mutation enables FGFR2c to bind FGF10 can be
gleaned from the crystal structure of the S252W FGFR2b-FGF10 complex reported in this
article. Based on this structure, we predict that Leu73 in aN of FGF10 will engage in
analogous hydrophobic contact with S252W FGFR2c. Finally, the gain in binding of P253R
FGFR2c to FGF10 is fully expected based on the highly conserved nature of the gain-of-
function hydrogen bonds mediated by the P253R mutation.

A potential role for FGFR2b in AS

The SPR data show that AS mutations enhance and violate FGFR2b ligand binding affinity
and specificity, respectively, although the relative increases in FGF binding are generally
less remarkable than for FGFR2c. Anderson et al. (19) suggest that syndactyly in AS is
mediated by elevated FGFR2b signaling by FGF7 or FGF10. However, the greater
enhancement of S252W FGFR2b binding to FGF7 and FGF10, relative to P253R FGFR2b,
is not consistent with the relative severity of syndactyly between the two AS mutations (13-
15). Additionally, missense mutations that selectively manifest in FGFR2c can cause
syndactyly, and therefore, it is unclear if elevated FGFR2b signaling plays a major role in
mediating syndactyly. FGFR2b is expressed on epithelial cells of ectodermal and
endodermal origin and is critical for skin development (61-63). It is possible that enhanced
signaling by AS mutant FGFR2b accounts for unique dermatological phenotypes in AS,
such as hyperhidrosis, hypopigmentation and severe widespread acne (5). Indeed, an
otherwise normal patient who presented for severe localized acne was found to have the AS
Ser252Trp mutation in FGFR2b from lesional epidermal cells, whereas unaffected areas
were found to contain wild-type FGFR2b (64).
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CONCLUSIONS

In summary, analyses of pathogenic ligand-dependent FGFR2 mutations by several
laboratories have established that these mutations violate the rules governing FGFR ligand
binding affinity and specificity. Based on these data, we suggest that craniosynostosis is
mediated by the enhancement of FGFR2c¢ signaling by a number of FGFs, whereas
syndactyly is caused by illegitimate signaling of mutant FGFR2c through FGF10. Genetic
studies are needed to substantiate these binding data and will likely require the development
of more advanced genetic tools. Additional biochemical and crystallographic
characterization of these mutant receptors should provide further insight into the mechanism
by which ligand binding specificity is bypassed and will facilitate the design of antagonists
capable of alleviating the deleterious effect of these mutations.

MATERIALS AND METHODS

Protein expression and purification

Recombinant full length human FGFs, FGF1 through FGF10 and FGF16 through FGF23,
with the exception of FGF22, were expressed in Escherichia coli. FGF homologous factor
1b (FHF1b) (formally known as FGF12h) was also produced in E. coli. Soluble FGFs
(FGF1, FGF2, and FGF10) and FHF1b were purified by heparin affinity, ion exchange and
size exclusion chromatography as previously described (35). FGF7 was generously provided
by Amgen (Amgen Inc.). Insoluble FGFs (FGF3, FGF5, FGF6, FGF8, FGF16 through
FGF21) were refolded in vitro and subsequently purified in a similar manner to soluble
FGFs. FGF4 and FGF9 were purified through salt extraction and ammonium sulfate
precipitation, respectively, and then purified as soluble FGFs. The expression and
purification of FGF23 is described elsewhere. The ‘b’ isoforms of FGF8 and FGF17 were
used in this study.

S252W, P253R, D321A and S252L/A315S point mutations were introduced into the FGF-
binding portion of human FGFR2c (residues 147-366) and S252W and P253R point
mutations were introduced into the FGF-binding portion of human FGFR2b (residues 140-
369) by using the Quik Change site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Wild-type and mutant FGFRs were expressed in E. coli and refolded in vitro using a
previously described protocol (25). Briefly, cells were induced with IPTG for 5 h,
centrifuged, and the bacterial pellet was lysed in 25 mM K-Na phosphate buffer (pH 7.5)
containing 150 mM NaCl, 2 mM EDTA and 10% glycerol using a French press. Following
centrifugation, the pellets were dissolved in 6 M guanidinium hydrochloride and 10 mM
DTT in 100 mM Tris-HCI buffer (pH 8.0). The solubilized wild-type and mutant FGFRs
were refolded by dialysis against 25 mM HEPES buffer (pH 7.5) containing 150 mM NacCl,
10% glycerol and 1 mM L-cysteine. Wild-type and mutant FGFRs were subsequently
purified using heparin affinity and size exclusion chromatography.

Surface plasmon resonance analysis of FGFR-FGF interactions

Kinetic data for wild-type and mutant FGFR2-FGF interactions were characterized using a
BlAcore 3000 instrument (Biacore AB, Uppsala, Sweden) as previously described (35).
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Briefly, FGF ligands were immobilized on research grade CM5 chips and FHF1b, a protein
that is structurally homologous to FGFs but incapable of binding FGFR, was immobilized
on reference flow cells as a control. Ten different concentrations of analyte (wild-type or
mutant FGFR2), prepared through serial dilutions ranging from 1.5625 nM to 800 nM, 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 pl/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 ul of 2 M NaCl in 100 mM sodium acetate buffer (pH = 4.5).

SPR data analysis

Reference responses from the control flow cell, containing FHF1b, were subtracted from
FGF flow cells for each analyte injection using BiaEvaluation software (Biacore AB). The
resulting sensorgrams, with the exception of wild-type and mutant FGFR2b interactions
with FGF7, were used for kinetic parameter determination by globally fitting the entire
association and dissociation phases to a 1:1 Languimir binding model using BiaEvaluation
software (Biacore AB). Dissociation constants (Kp) for wild-type and mutant FGFR2b
interactions with FGF7 were obtained by globally fitting the data to a steady state binding
model, although association and dissociation constants (k, and kg, respectively) cannot be
obtained using this binding model. A minimum of four different analyte concentrations was
used in the fitting of each FGFR-FGF interaction. Following curve fitting, each sensorgram
was manually examined for data quality and closeness of fit. Chi? was less than 10% for
each fit. The standard error (SE) values for the association and dissociation rates were 1-2
orders of magnitude smaller than the respective association and dissociation constant values.

Crystallization and data collection

The S252W FGFR2b-FGF10 complex was crystallized under similar conditions as
described for the wild-type FGFR2b-FGF10 complex (44). S252W FGFR2b-FGF10 crystals
are isomorphous to wild-type FGFR2b-FGF10 crystals and contain a single copy of the
S252W FGFR2b-FGF10 complex in the asymmetric unit. These crystals belong to the
hexagonal space group P6422 with unit cell dimension as follows: a = b = 114.35 A and ¢ =
163.43 A. A 2.8 A data set for the S252W FGFR2b-FGF10 complex was collected on a
CCD detector at beamline X4A at the National Synchrotron Light Source, Broo-khaven
National Laboratory using a flash frozen crystal in a dry nitrogen stream. Data were
processed using DENZO and SCA-LEPACK (65).

Crystals of P253R FGFR2b in complex with FGF1 were grown by mixing 2 pl of protein
solution [14 mg/ml in 25 mM HEPES-NaOH (pH 7.5) and 150 mM NaCl] mixed with 2 pl
of the crystallization buffer consisting of 22% mPEG-5000, 0.2 M ammonium sulfate in 0.1
M HEPES-NaOH (pH 7.5) at 20°C. These crystals belong to the orthorombic space group
P212421 with unit cell dimensions a = 66.673 A, b=72.403 Aandc=91.144 A, a=p=y=
90°. P253R FGFR2b-FGF1 crystals were flash-frozen in dry nitrogen stream using mother
liquor containing 25% glycerol as cryoprotectant. A 2.1 A data set for the P253R FGFR2b-
FGF1 complex was collected on a CCD detector at beamline X4A at the National
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Synchrotron Light Source, Brookhaven National Laboratory. Data were processed using
DENZO and SCALEPACK (65).

Structure determination and refinement

Rigid body refinement was used to place one copy of the wild-type FGFR2b-FGF10
complex (PDB ID: 1INUN) (44) into the unit cell of S252W FGFR2b-FGF10 crystal. The
crystal structure of the P253R FGFR2b-FGF1 complex was solved using molecular
replacement (66) with the wild-type FGFR2c-FGF1 complex as the search model (PDB ID:
1DJS) (53). Rigid body, positional and B factor refinements and simulated annealing were
preformed with CNS (67). Model building into 2Fo—Fc and Fo-Fc electron density maps
was performed with program O (68). The refined S252W FGFR2b-FGF10 model is
composed of FGF10 residues 69-207, FGFR2b residues 151-359, one PEG-400 molecule
and two sulfate ions. The refined P253R FGFR2b-FGF1 model is composed of FGF1
residues 18-154, FGFR2b residues 153-359 and two sulfate ions.
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Figure 1.
Mapping of pathogenic FGFR2 mutations. D1, D2, D3 represent immunoglobulin (1g)-like

domain 1, 2 and 3; S represents the signal peptide; AB represents the acid box; TM
represents the transmembrane helix; TK1 and TK2 represent the split-kinase domain, which
is interrupted by the kinase insert; J represents the juxtamembrane region. The heparin-
binding site (HBS) in D2 is marked by a thickened black line. The alternatively spliced
region (encoded by either exon ‘b’ or ‘c’ in a tissue specific manner) in D3 is represented by
a thickened gray line. The location of AS S252W and P253R mutations, the D321A PS
mutation and the S252L/A315S double mutation are indicated by arrows. The D321A PS
mutation and the S252L/A315S double mutation manifest only in the ‘c’ isoform of FGFR2.
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Figure 2.
Surface plasmon resonance analysis of wild-type and mutant FGFR2c-FGF interactions.

Sensorgrams of representative analyte injections of wild-type, S252W, P253R, D321A and
S252L/A315S FGFR2c¢ binding to (A) FGF2 (at 12.5 nM), (B) FGF4 (at 6.25 nM), (C)
FGF5 (at 200 nM), (D) FGF10 (at 400 nM), (E) FGF16 (at 200 nM), (F) FGF18 (at 400
nM), (G) FGF19 (at 400 nM), and (H) FGF23 (at 400 nM). Analyte injections are colored as
follows: wild-type FGFR2c in black, S252W FGFR2c in blue, P253R FGFR2c in green,
D321A FGFR2c in yellow and S252L/A315S in red. The biosensor chip response is
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indicated on the y-axis (ARU) as a function of time (x-axis) at 25°C. Kinetic data are
summarized in Table 1.
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Figure 3.
Structural and biophysical analysis of wild-type and AS mutant FGFR2b-FGF interactions.

(A) Gain-of-function contact in the S252W FGFR2b-FGF10 complex. D2 and D3 of
FGFR2b are shown in green and cyan, respectively. The alternatively spliced region of D3 is
colored purple. The D2-D3 linker is colored gray. FGF10 is shown in orange. (Right) View
of whole structure in the exact orientation as the detailed view is shown, with the region of
interest boxed. (B) Gain-of-function hydrogen bonds in the P253R FGFR2b-FGF1 complex.
Coloring is as in (A). Dotted lines represent hydrogen bonds and the hydrogen-bonding
distances are indicated. (Right) View of whole structure in the exact orientation as the
detailed view is shown, with the region of interest boxed. (C, D, E and F) Sensorgrams of
representative analyte injections of wild-type and AS mutant FGFR2b binding to (C) FGF10
(at 100 nM), (D) FGF1 (at 400 nM), (E) FGF2 (at 400 nM), and (F) FGF8 (at 800 nM).
Analyte injections are colored as follows: wild-type FGFR2b in black, S252W FGFR2b in
blue, and P253R FGFR2b in green. The biosensor chip response is indicated on the y-axis
(ARU) as a function of time (x-axis) at 25°C. Kinetic data are summarized in Table 2.
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Table 2

Summary of wild-type and mutant FGFR2b binding data

FGF WT S252W P253R
FGF1 | (M-1s)@ 331x10°5 153x10° 3.16x10°
ky (s 12 534x1072 6.67x103 3.03x 1072
Kp (M) D 161x107 437x10® 959x1078
FGF2 Kk, (M™1sl) - 1.97x105  8.20 x 10°
kg (s 1) - 8.56x 1072 3.44x 107!
Kp (M) NB® 434x107 419x1077
FGF3  k,(M1s?) 132x105 832x10° 4.14x10*
kg (s D) 477x1072 152x1072 1.26x1072
Kp (M) 3.62x107 1.83x107 3.04x1077
FGF4  k,(M71sl) 479x10* 1.05x10° 1.18x105
kg (s 1) 256x1072 265x1072 3.38x 1072
Kp (M) 534x107 252x107 2.86x 1077
FGF5  k,(M1s?) - - -
k(s ™) - - -
Kp (M) NB NB NB
FGF6  k,(M™1s) 1.96x10° 358x10° 1.57x10°
kg (s ™) 1.30x 1071 530x102 3.44x1072
Kp (M) 6.64x 107 148x107 219x1077
FGF7  k,(M7tsh - - -
k(s ™) - - -
Kp (M) 1.04x10° 119x10°¢ 213x10°°
FGF8 Kk, (M1sl) - 430x 108  452x103
kg (s - 512x107° 7.44x1073
Kp (M) NB 1.28x 1076 1.65x 1076
FGF9 Kk, (M1sl) - 6.00 x 10  5.93x 10*
kg (s 1) - 457x1072  473x1072
Ko (M) NB 7.62%x107  7.98x1077
FGF10 k,(M~1s?) 127x105 288x10° 563x10*
kg (s 7D 7.88x 1072 842x1073 224x1072
Kp (M) 6.22x107 292x107 3.97x1077

aka and kg were derived as described in Materials and Methods. X2 was less than 10% of Rmax in all cases.

Page 24

bThe apparent affinity, Kp, is equal to kg/kg. Interactions where binding is enhanced (>1.5-fold relative to wild-type FGFR2b) are shown in bold.

9\, negligible binding.
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Summary of crystallographic analysis

Table 3

Data collection statistics

Resolution, A

Reflections (total/unique)

Completeness, %
Rsym a
Signal ({I/ol))
Refinement statistics®
Resolution, A

Reflections

Rcryst/ Rfree d

Root-mean-square deviations

Bonds, A
Angles, °

B factors®

S252W FGFR2b-FGF10
30.0-2.8

157104/16101

99.5 (100)P

5.3 (41.6)b
35.0

25.0-2.8
15301
25.8/29.2

0.008
1.4
1.33

P253R FGFR2b-FGF1
30.0-2.1

330055/27015

99.5 (98.6)P

5.4 (10.3)P
405

25.0-2.1
26221
25.2/28.2

0.008
15
0.2

aRsym =100 X ShkIZ|i(hkl) = CI(hkD)) | ShiiZiTi(hk).

bValue in parentheses is for the highest resolution shell: S252W FGFR2b-FGF10 (2.9-2.8 A), P252R FGFR2b-FGF1 (2.18-2.1 A).
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CA'(omic model: S252W FGFR2b-FGF10: 2678 protein atoms, one PEG-400 molecule and 2 sulfate ions; P253R FGFR2b-FGF1: 2683 protein

atoms and 2 sulfate ions.

dRcryst/Rfree =100 X hkl Fo(hkl)| |Fc(hkl)/hkl [Fo(hkl)|, where Fo (>0) and Fc are the observed and calculated structure factors, respectively.
10% of the reflections were used for calculation of Rfree.

eFor bonded protein atoms.

Hum Mol Genet. Author manuscript; available in PMC 2014 August 21.



