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Abstract
Kallmann syndrome (KS) is a developmental disease that expresses in patients as
hypogonadotropic hypogonadism and anosmia. KS is commonly associated with mutations in the
extracellular D2 domain of the fibroblast growth factor receptor (FGFR). In this study, for the first
time, the molecular basis for the FGFR associated KS mutation (A168S) is elucidated using a
variety of biophysical experiments, including multidimensional NMR spectroscopy. Secondary
and tertiary structural analysis using far UV circular dichroism, fluorescence and limited trypsin
digestion assays suggest that the KS mutation induces subtle tertiary structure change in the D2
domain of FGFR. Results of isothermal titration calorimetry experiments show the KS mutation
causes a 10-fold decrease in heparin binding affinity and also a complete loss in ligand (FGF-1)
binding. 1H-15N chemical perturbation data suggest that complete loss in the ligand (FGF) binding
affinity is triggered by a subtle conformational change that disrupts crucial structural interactions
in both the heparin and the FGF binding sites in the D2 domain of FGFR. The novel findings
reported in this study are expected to provide valuable clues toward a complete understanding of
the other genetic diseases linked to mutations in the FGFR.
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Introduction
Kallmann syndrome (KS) is a form of idiopathic hypogonadotropic hypogonadism (IHH)
that expresses phenotypically with anosmia [1]. Most commonly, KS is expressed with
synkinesia, hearing loss, labial or palentine cleft, dental anomalies and inhibited puberty
development. An estimated 10% of KS cases are attributed to mutations in the fibroblast
growth factor receptor 1 (FGFR1) [2-5].

Fibroblast growth factors (FGFs) are a family of heparin-binding proteins which regulate
key cellular processes such as angiogenesis, cell differentiation, morphogenesis, wound
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healing and tumor growth [6-8]. FGF receptors consist of three extracellular ligand-binding
domains (D1, D2, and D3), a single transmembrane helix, and a cytoplasmic tyrosine kinase
domain. Cell surface-bound heparan sulfate proteoglycans (HSPGs) that support
dimerization or oligomerization of the FGF receptors (FGFRs) are believed to be required
for the activation of the FGF signaling pathway [9]. The FGF signaling is shown to be
modulated by anosmin-1, a KAL-1 gene product underlying X-linked KS [10]. Anosmin-1
is a 680-amino acid glycosylated protein, which directly binds to HSPG and FGFR and
regulates the assembly and activity of the FGF signaling complex [11].

The extracelluar D2 domain of FGFRs is suggested to bind with both HSPGs and FGFs to
form a ternary FGF signaling complex. Mutations in the D2 domain of FGFR1 have been
associated with families carrying Kallmann syndrome phenotypes [12-16]. The A168S
mutation in the D2 domain of FGFR is one of the common KS mutations. Knockout
mutational studies in mice have established A168S as a loss-of-function mutation resulting
in the inactivation of FGFR. Inactivation of FGFR in mice telencephalon tissue results in the
failure of olfactory bulb formation- a phenotype manifestation commonly observed in KS
[17]. The molecular basis for the observed loss-of-function associated with KS mutations is
still unclear. It is believed that KS mutations either disrupt the anosmin-1/FGFR
interaction(s) or cause a drastic structural change in FGFR leading to loss in the binding
affinity to the ligand (FGF) [11]. However, very little experimental evidence exists in
support or in contradiction of this proposal. In this study for the first time the structural basis
for the A168S associated KS is elucidated. The results of the present study are expected to
trigger intensive studies leading to a comprehensive understanding of the molecular
mechanism underlying the different FGFR mutation related diseases.

Materials and Methods
Mutagenesis, overexpression and protein purification

The A168S mutation on the FGFR2 D2 domain (residues, 145-255) was generated using the
Quikchange kit (Stratagene). The mutation was confirmed by automated DNA sequencing.
Wild type and the A168S mutant of the D2 domain were overexpressed and purified from
Escherichia coli [BL21 (pLysS) strain] according to the method reported previously [18].

Far UV Circular Dichrosim (CD)
Data on the wild type D2 and the A168S mutant were acquired using a Jasco J-710
spectropolarimeter. Protein solutions (90-100 μM) were prepared in 10 mM phosphate
buffer containing 100 mM NaCl and 50 mM ammonium sulfate (pH 6.5). Wavelength scans
were set to 250-190 nm. CD measurements were made using a 0.1 cm pathlength cuvette. A
total of 10 scans were averaged for each sample.

Fluorescence spectroscopy
Measurements were made using a Hitachi F-2500 fluorimeter. Fluorescence measurements
were made using a 1.0 cm pathlength and the concentration of each protein sample was
adjusted to ∼50 μM. Excitation wavelength was set to 280 nm and intrinsic tryptophan
emission was measured from 300 nm to 450 nm. 8-anilino-1-napthalene sulphonate (ANS)
binding experiments were performed using an excitation wavelength of 390 nm and an
emission wavelength range of 450 nm- 600 nm. In the ANS titration experiments, protein
samples were titrated with 3 μl aliquots of 10 mM ANS in 10 mM phosphate buffer
containing 100 mM NaCl and 50 mM ammonium sulfate at pH 6.5.
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Differential scanning calorimetry (DSC)
DSC measurements were performed using a DASM-1M calorimeter. Protein concentration
used was in the range of 1.0 – 1.5 mg/ml in 10 mM phosphate buffer containing 50 mM
ammonium sulfate and 100 mM NaCl (pH ∼6.5). The scan rate was set to 1 °C/min and
protein samples were heated from 10 °C - 90°C. Data were analyzed using the Origin DSC
software provided by Microcal Inc.

Isothermal titration caolorimetry (ITC)
ITC measurements were performed using Microcal VP titration calorimeter (Northhampton,
MA, USA). Titrations consisted of 5-10 μl injections of 0.5 mM sucrose octasulfate (a
heparin analog) delivered into 0.050 mM concentration of the D2 domain. Injections were
delayed for 3.5 minutes to allow the titration peak to return to the baseline prior to additional
injections. The titrations curves were analyzed using Origin software supplied by Microcal
Inc.

NMR spectroscopy
1H-15N HSQC data were acquired at 298 °K using 0.5 mM 15N labeled D2 domain in 10
mM phosphate buffer (prepared in 95% H2O + 5 %D2O, pH 6.5) containing 50 mM
ammonium sulfate and 100 mM NaCl. All experiments were performed using Bruker
Avance 700 MHz and 500 MHz NMR spectrometers equipped with cryoprobes. NMR data
were referenced to the 1H resonance frequency of 2,2-dimethyl-2-silapentane-5-sulfonic
acid (DSS).

Results
The secondary structure of the D2 domain of FGFR includes 12 antiparallel β-strands
arranged in a β-sandwich fold. A168 is well conserved in all four isoforms of the human
FGF receptor. Ala168 is located in the middle of a hydrophobic core of residues consisting
of L165, P170, V248 and V249 (Fig. 1). In addition, A168 along with L165 and V248 has
been shown to contribute to the binding of the ligand (FGF) [19].

A168S mutation does not significantly perturb the backbone conformation of the D2
domain

Far UV CD spectrum of the wild type D2 domain shows a strongly negative ellipticity band
around 220 nm and a positive ellipticity peak centered at 205 nm. These features of the far
UV CD spectrum are typical of β-sheets arranged in a β-sandwich structure [20].
Interestingly, the far UV CD spectrum of the A168S mutant superimposes quite well with
that of the wild type of the D2 domain suggesting that the A168S mutation causes no or
minimal perturbations in the secondary structure of the receptor domain (Supplementary
Fig. S1). These observations are quite surprising because introduction of a polar serine
residue in a hydrophobic core can be expected to significantly perturb the backbone
conformation of the protein.

A168S mutation causes a subtle but crucial tertiary structural change in the receptor
domain

Intrinsic fluorescence serves as a useful and sensitive spectral probe to monitor tertiary
structural changes in proteins. D2 domain has three well-conserved tryptophan residues that
are partially buried in the interior of the protein [18] The 339 nm emission maximum
suggests that the tryptophan residues in the wild type D2 domain are partially exposed to the
solvent (Supplementary Fig. S1). The emission maximum of the A168S mutant shows a
modest red shift of 3 nm (339 nm to 342 nm) indicating that the mutation causes a subtle
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tertiary conformational change (Supplementary Fig. S1) resulting in greater solvent
exposure of the indole rings of tryptophan residues in the receptor domain.

ANS is a popular fluorescent hydrophobic dye, which is commonly used to monitor solvent-
exposed hydrophobic surfaces in proteins [12]. ANS in the presence of the wild type D2
domain shows weak emission with an emission maximum centered at 508 nm. (Fig. 2A)
However, the emission maximum of the dye when bound to the A168S mutant shows a red
shift of 4 nm (from 508 nm to 512 nm) with a very moderate increase in the emission
intensity relative to the wild type protein. These fluorescence characteristics suggest that
substitution of alanine with serine (A168S) causes a subtle conformational change resulting
in increased solvent exposure of hydrophobic surface(s) in the protein.

The A168S mutation does not significantly affect the thermodynamic stability but
increases the conformational flexibility of the D2 domain

Differential scanning calorimetry is a versatile technique that can be used to directly probe
the themodynamic stability of proteins [21]. The melting thermogram of the wild type D2
domian shows a relatively sharp melting transition (Tm∼52 °C), from the folded to the
unfolded state (Supplementary Fig. S1). The Tm value does not appear to change due to the
A168S mutation (Supplementary Fig. S1; Tm∼51.5 °C). These results suggest that the
thermodynamic stability of the receptor domain is not significantly affected by the mutation.

Limited trypsin digestion is a useful technique to obtain information on the backbone
flexibility of proteins [22, 23]. Lysine and arginine residues located in the flexible and
solvent-accessible regions of the protein are more susceptible to trypsin cleavage than when
they are located in the interior or the rigid portions of proteins. Therefore, differences in the
susceptibility to trypsin cleavage can be expected to provide valuable information on the
changes in the backbone flexibility caused by subtle conformational changes induced in the
protein due to the A168S mutation.

The D2 domain contains nine lysine residues and six arginine residues. The wild type
protein is rapidly cleaved by trypsin in the first few minutes of initiation of the cleavage
reaction (Fig. 2). About 40% of the band (Mr ∼13.7 kDa) corresponding to the intact D2
domain remains after 10 minutes of initiation of cleavage (Fig. 2). Interestingly more than
80% of the A168S mutant protein is cleaved within the same time period (Fig. 2). These
results in conjunction with those obtained from the fluorescence data suggest that the alanine
to serine substitution at position 168 causes subtle conformational change, which
significantly increases the backbone flexibility and solvent-accesibility of the hydrophobic
surface(s) in the protein.

A168S mutation decreases heparin-binding affinity and causes a complete loss of FGF
binding

D2 domain is the most important structural module of the fibroblast growth factor receptor
as it provides binding surface to both heparin and the ligand (FGF). Isothermal titration
calorimetry (ITC) experiments were performed to examine the effect(s) of the Kallmann
mutation (A168S) on the heparin and FGF binding affinities of the D2 domain. ITC is a
useful technique to characterize the protein-protein/ligand interactions as it relies on the heat
evolved or absorbed during binding interactions.

Heparin is polydisperse and therefore it is challenging to obtain an accurate estimation of its
binding affinity to proteins. In this context, we used polyanionic sucrose octasulfate (SOS)
to represent heparin binding interactions with the D2 domain. Sucrose octasulfate, unlike
heparin, is monodisperse and can be obtained in the pure form (>99% purity). In addition,
SOS has been demonstrated to be a good structural and functional mimic for heparin.
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The isothermogram representing the binding of wild type D2 domain to SOS is sigmoidal
and the binding constant (Kd) characterizing the SOS-D2 domain interaction(s) is ∼ 2.2 μM
(Fig. 3A). SOS and D2 domain bind to each other in a 1:1 stoichiometry. Interestingly, in
marked contrast, the A168S versus SOS titration curve is hyperbolic and the binding affinity
between A168S mutant and SOS is about 10 times (Kd ∼22 μM) weaker than that of the
wild type D2 domain (Fig. 3).

The lowering of the heparin binding affinity is unexpected because the mutation site
(A168S) is spatially remote from the heparin-binding site in the D2 domain.

Wild type D2 domain binds strongly (Kd∼ 2 μM) to FGF. The binding affinity (Kd) of the
isolated D2 domain is in the same range as that of the intact extracellular portion of FGFR
suggesting that D2 domain is critical for FGF binding. Interestingly, the A168S mutant of
the D2 domain exhibits no or very insignificant binding to FGF. These results suggest that
loss-of-function associated with the KS (A168S) mutation is due to complete loss of
interaction between the ligand and the receptor.

Structural basis for Kallmann syndrome
A clear picture of the molecular basis for Kallmann syndrome would only emerge when the
effects of the mutation on the conformation are understood at an atomic level. In this
context, multidimensional NMR experiments were performed to assess the plausible
structural changes induced by the KS mutation and also understand the consequences of the
conformational change on both heparin and FGF binding.

Two-dimensional 1H-15N HSQC spectrum is a finger-print of the backbone conformation of
proteins. Each crosspeak in the 1H-15N HSQC spectrum represents an amino acid in a
particular backbone conformation of the protein. In this context, we monitored the backbone
conformational changes induced due to the Kallmann mutation (A168S) using the 1H-15N
chemical shift perturbation (δ) observed in the HSQC spectra (Fig. 4A).

Most of the perturbed residues are located in the vicinity of the mutated residue (A168).
Interestingly, residues located in the β-strand G (residues, H242 to V248) located at the C-
terminal end of the D2 domain are also significantly perturbed [18]. The observed 1H-15N
chemical shift perturbation of residues in β-strand G is plausibly because of their spatial
proximity to mutation site (A168) in the three-dimensional structure of the D2 doma in [18].
It appears that the Kallmann mutation causes a subtle conformational change resulting in the
disruption of the structural topology of the FGF binding pocket which consequently leads to
complete loss in ligand (FGF) binding. Although several residues in the D2 domain are
involved in the stabilization of the FGF-D2 domain complex, the intramolecular and
intermolecular structural interactions contributed by A168 appear to be quite critical for the
formation and stabilization of the ligand-receptor complex. The complete loss in ligand
binding affinity of the Kallmann mutant is evident from the insignifi cant 1H-15N chemical
shift perturbation [composite 1H-15N chemical shift (δ <0.02 ppm)] of residues observed
when 15N enriched A168S mutant of the D2 domain is titrated with unlabeled FGF (Fig.
4D). The lack of binding affinity of the A168S mutant to the ligand is also corroborated by
the ITC results discussed earlier (Figs. 3C & 3D).

ITC results, discussed earlier, revealed that the A168S mutant exhibits 10-fold lower affinity
to bind to heparin than wild type D2 domain (Figs. 3A & 3B). In this context, the structural
basis for the decrease in heparin binding of the Kallmann mutant was assessed by comparing
the composite 1H-15N chemical shift perturbation (δ) of the A168S mutant and wild type D2
domain on binding to heparin/SOS. Comparison of the composite 1H-15N chemical shift
perturbation plots of the wild type and A168S mutant in the presence of SOS show that
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residues such as, K161, K174, K196, K208 and R210 in the wild type D2 domain show
significant 1H-15N chemical shift perturbation (Supplementary Fig. S3). 3D structures of the
FGF-heparin-receptor complex show that these residues located in the D2 domain constitute
the heparin-binding pocket [24]. Interestingly, the extent of the composite 1H-15N chemical
shift perturbation for residues in the heparin binding pocket are significantly less in the
A168S mutant than observed in the wild type D2 domain (Supplementary Fig. S3). These
results suggest that the subtle conformational change caused due to the A168S mutation
alters the orientation of side-chains of residues involved in electrostatic interaction with
heparin and consequently causes the decrease (∼ 10-fold) in affinity to the polysulfated
proteoglycan.

Discussion
Kallmann syndrome mutations have been detected in all major structural modules located in
the extracellular portion of the FGFR [11]. KS mutations invariably cause a loss-of-function.
Several proposals are made to account for the loss-of-function observed in KS. Anosmin-1,
a glycosylated protein, encoded by the KAL-1 gene modulates FGF signaling by directly
interacting with FGFR [11]. It is believed that the KS mutations cause a disruption of the
putative anosmin-1/FGFR interaction and consequently inhibits the FGF signaling process.
Alternatively, it is also believed that the loss-of-function of the KS mutations is due to a
drastic conformational change leading to the misfolding and plausibly aggregation of the
receptor. Contrary to these proposals, the results of the present study clearly suggest that the
loss-of-function of the KS (A168S) mutation is due to a subtle conformational change that
results in complete disruption of binding interactions between FGF and the receptor. We
believe that structure-function studies in the future with other KS mutations can be expected
to provide valuable information to understand the general molecular mechanisms underlying
FGFR-linked genetic diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The structural basis of the Kallmann Syndrome is elucidated.

• Kallmann syndrome mutation (A168S) induces a subtle conformational
change(s)

• Structural interactions mediated by beta-sheet G are most perturbed.

• Ligand (FGF)-receptor interaction(s) is completely abolished by Kallmann
mutation.

• Kallmann mutation directly affects the FGF signaling process.
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Fig. 1.
Panel-A, Depiction of the three-dimensional structure of the D2 domain Worldwide Protein
Data Bank (PDB ID: 1WVZ) of FGFR2. The residues forming hydrophobic interactions
with FGF include A168 (red), L166 (blue), P170 (blue) and V249 (blue). A168 of the D2
domain contacts Tyr-24 and Met- 142 of FGF. Panel-B Amino acid sequence of the D2
domain of FGFR2. The conserved residues in the D2 domain of FGFRs are indicated by an
asterix. Ala168 is conserved in FGFRs and is highlighted in bold.
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Fig. 2.
Panel A represents the ANS spectra in the presence of the wild type (black) and the A168S
mutant of the D2 domain (blue). The concentration of ANS is 150 μM. Panel B shows the
densitometric plot of the limited-trypsin digestion of wild type (black) and the A168S (blue)
mutant of D2 domain. Panel B insert shows the 15% SDS PAGE of the limited-trypsin
digestion of the wild type and A168S mutant of the D2 domain after 0, 2, 4, 6, 8, 10, 15, 20,
30 and 40 minutes of incubation of the protein domain with trypsin.
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Fig. 3.
Binding isotherm representing the titration of the wild type and the A168S mutant of the D2
domain with SOS and FGF. The top panel shows the raw data from the titration. The bottom
panel shows the integrated data derived from the raw data. Panels A and B show the titration
of the wild type and the A168S mutant of the D2 domain with SOS. Panels C and D show
the isothermogram of the wild type and A168S mutant of the D2 domain titrated with FGF.
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Fig. 4.
Structural changes induced due to the Kallman (A168S) mutation. Panel A shows an overlay
of the 1H-15N HSQC spectra of the wild type (red) and the A168S (blue) mutant of the D2
domain of FGFR. Panel B shows the composite 1H-15N chemical shift perturbation (8)
calculated from the data shown in Panel A. The horizontal bar represents an arbitrarily set
threshold to identify the residues, which show the most significant 1H-15N chemical shift
perturbation. Panel C depicts a structural of the D2 domain (PDB ID: 1WVZ) highlighting
the A168S mutation site (red) and the most perturbed residues (blue).[18] 1H-15N HSQC
spectra of the A168S mutant of the D2 domain in the presence (red) and absence (blue) of
FGF is shown in Panel D. Composite 1H-15N chemical perturbation of the A168S mutant
calculated from the 1H-15N HSQC data (Panel E). The data suggest that the A168S mutant
of the D2 domain does not bind to FGF.
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