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ABSTRACT: The three-dimensional solution structure of the ligand binding D2 domain of the fibroblast
growth factor receptor (FGFR) is determined using multidimensional NMR techniques. The atomic root-
mean-square distribution for the backbone atoms in the structured region is 0.64 Å. Secondary structural
elements in the D2 domain include 11â-strands arranged antiparallely into two layers ofâ-sheets. The
structure of the D2 domain is characterized by the presence of a short flexible helix that protrudes out of
the layers ofâ-sheets. Results of size exclusion chromatography and sedimentation velocity experiments
show that the D2 domain exists in a monomeric state both in the presence and in the absence of bound
sucrose octasulfate (SOS), a structural analogue of heparin. Comparison of the solution structure of the
D2 domain with the crystal structure of the protein (D2 domain) in the FGF signaling complex reveals
significant differences, suggesting that ligand (FGF) binding may induce significant conformational changes
in the receptor. SOS binding sites in the D2 domain have been mapped on the basis of the1H-15N
chemical shift perturbation data. SOS binds to the positively charged residues located inâ-strand III and
the flexible helix. Isothermal titration calorimetry data indicate that the ligand (hFGF-1) binds strongly
(Kd ∼ 10-9 M) to the D2 domain even in the absence of SOS. Binding of SOS to either the D2 domain
or hFGF-1 does not seem to be the driving force for the formation of the D2-hFGF-1 binary complex.
The function of SOS binding appears to stabilize the preformed D2-FGF binary complex.

Fibroblast growth factors (FGFs)1 are present ubiquitously
in all metazoan species ranging from nematodes such as
Caenorhabditis elegansto mammals (1-3). FGFs play
critical roles in key cellular processes, such as embryogen-
esis, angiogenesis, differentiation, tissue repair, and wound
healing (4, 5). In humans, the wide array of biological

activities of FGFs is mediated by five types of FGF receptors
[FGFRs (6-8)]. With the exception of FGF-1 which is a
universal ligand and can bind to all the FGFRs, most other
FGFs exhibit specific patterns of receptor binding (9). The
prototypical FGFR consists of an extracellular domain, a
single-pass transmembrane helix, and a cytoplasmic tyrosine
kinase domain (Figure 1;10, 11). FGF signaling is triggered
by binding of the ligand (FGF) to the extracellular domain
of the FGFR (12). The extracellular domain consists of three
immunoglobulin-like (Ig-like) domains (termed as D1-D3)
and an acid box (comprising a continuous stretch of four to
eight acidic amino acids) placed between the D1 domain and
the D2 domain (Figure 1;13, 14).

Ligand (FGF)-induced dimerization of the receptor is a
mandatory step in FGF-induced signaling (15). Binding of
FGF to the extracellular domain of the FGFR leads to
receptor dimerization and juxtaposition of the tyrosine
residues in the cytoplasmic domain (4). Autophosphorylation
of tyrosine residues in the receptor activates the downstream
signaling process (4, 16). Several models describing the
architecture of the FGF signaling complex [consisting of the
extracellular domains, heparin, and the ligand (FGF)] have
been proposed (17). These models have been fiercely debated
because the structural differences in the FGF signaling
complex that has been described largely depended on the
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method of crystallization (14, 15, 18-21). In addition, the
unavailability of the three-dimensional solution structure of
the free extracellular domain (in the absence of the ligand)
has made it difficult to evaluate the physiological significance
of the structure of the FGF signaling complex derived from
crystal structures. Therefore, there is a growing need to
characterize the three-dimensional structure of the ligand-
free form of the extracellular ligand binding domain (ECD)
of the FGFR. It is in this context, in this study, that we
embarked on determination of the three-dimensional solution
structure of the D2 domain of the ECD of the FGFR using
multidimensional NMR spectroscopy.

The D2 and D3 domains of the ECD have been shown to
be the minimal unit sufficient for ligand (FGF) binding (13,
14). Truncated FGFRs devoid of the D1 domain exhibit
ligand binding properties similar to those of the full-length
receptor (13, 14). The D3 domain dictates the specificity of
ligand binding (16-21). The D2 domain contains the primary
sites of binding for both the ligand and heparin (16-21). In
the study presented here, we describe the three-dimensional
solution structure of the D2 domain of FGFR2 using
multidimensional NMR techniques. Significant differences
could be discerned between the three-dimensional solution
structure of the ligand-free form of the D2 domain and the
structure of the D2 domain as present in the crystal structure
of the FGF signaling complex (19, 20). In addition, we have
successfully mapped the heparin binding sites on the D2
domain using1H-15N chemical shift perturbation data.
Results obtained in this study appear to favor a 1:1:1 ternary
D2-heparin-hFGF-1 complex in solution.

RESULTS AND DISCUSSION

OVerexpression and Purification of the D2 Domain.The
D2 domain construct used in this study is 104 amino acids
long and spans residues 149-253 of the full-length FGFR2
receptor (13). Cloning, overexpression, and purification of
the D2 domain of FGFR2 have been reported previously (13).
The recombinant D2 domain was purified to homogeneity
using nickel affinity and heparin-Sepharose chromatogra-
phy. It has been shown that the D2 domain is an all-â-sheet
protein and is capable of binding to both heparin and the
ligand, hFGF-1.

Molecularity of the D2 Domain.The crystal structure of
the FGF signaling complex supporting the Pelligrini model
shows no direct FGFR-FGFR structural contacts (17). In
marked contrast, the crystal structure of the FGF-FGFR-
heparin/SOS ternary complex representing the Schlessinger
model shows extensive receptor-receptor interactions medi-
ated by the D2 domains of individual FGFR molecules (14).
It is not clear if this observed disparity stems from the
differences in the methods of crystallization (of the FGF
signaling complex) employed by the two research groups.
Direct structural contacts observed between the D2 domains
of the individual receptor molecules in the Schlessinger

model hint at the possibility of the isolated D2 domain to
exist as a dimer in solution. In this context, we examined
this possibility by investigating the molecularity of the
isolated D2 domain in solution using size exclusion chro-
matography and analytical ultracentrifugation.

Sucrose octasulfate (SOS), a structural analogue of heparin,
has been shown to mimic heparin by supporting the FGF-
mediated cell proliferation activity in vitro (22). In addition,
both heparin and SOS are shown to promote osteocalcin
expression and promote complete closure of the cranial
sutures (15). Crystal structure data show that SOS activates
the receptor by binding to the heparin binding sites in both
FGF and the D2 domain of the FGFR (15). It is in this
context that we substituted SOS for heparin in all experiments
described in this study. In addition, SOS was preferred over
heparin because of problems encountered in preparation of
homogeneous heparin samples (22-25). Size exclusion
chromatography is a useful technique for monitoring the
molecular association and dissociation and conformational
changes in proteins on ligand binding. Under the experi-
mental conditions that were used, the D2 domain in the
absence of SOS elutes as a single peak with a retention time
of ∼76 min (Figure 2). Extrapolation of the retention time
of the D2 domain to a standard plot (of the logarithm of
molecular masses of proteins vs the retention time of
proteins) yields an approximate molecular mass (∼13.7 kDa)
corresponding to the monomeric state of the protein. The
molecular mass of the D2 domain only marginally increases
(∼15.1 kDa) when it is complexed to SOS (∼1.2 kDa),
suggesting that the isolated D2 domain exists as a monomer
in solution both in the presence and in the absence of SOS
(Figure 2).

The molecularity of the D2 domain in the presence and
absence of SOS was also evaluated using sedimentation
velocity experiments through analytical ultracentrifugation.
Sedimentation velocity studies provide useful information
about the molecular mass of macromolecules and help in
the assessment of the presence of heterogeneous molecular
states (of macromolecules) in equilibrium with each other
(26). In this context, we performed the sedimentation velocity
experiments on the D2 domain in the presence and absence
of SOS. The D2 domain in its free state moves as a single
boundary with a Svedberg constant (S20,w) value of 1.46(
0.09 S (Figure 3A). The sedimentation coefficient of the D2
domain in the presence of an excess of SOS is estimated to
be 1.49( 0.08 S (Figure 3B). Time-derivative analysis of
the sedimentation velocity data reveals that the protein in
its free and SOS-bound states comprises a single molecular
species corresponding to molecular masses of∼13.4 and
∼15.1 kDa, respectively. The amount of higher-molecular
mass species formed in the presence and absence of SOS is
insignificant. Therefore, the results of the sedimentation
velocity experiments corroborate those obtained using size
exclusion chromatography and unambiguously show that the

FIGURE 1: Schematic representation of the structural and functional domains of the fibroblast growth factors (FGFR2). SP, A, TM, K1, and
K2 represent the signal peptide, acid box, transmembrane helix, kinase-1 domain, and kinase-2 domain, respectively.
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D2 domain exists as a monomer both in its free form and in
the SOS-bound form.

Resonance Assignments.Sequence specific assignments
of the polypeptide backbone were made from1H-15N HSQC,
HNCO, HN(CO)CA, and CBCANH spectra. Ambiguities in
the assignment were resolved by selective15N labeling of
the protein. The1H-15N HSQC spectrum of the D2 domain
is well-dispersed, and almost all the resonances (excluding
the six proline residues) have been assigned except for those
of the backbone1H-15N resonances of Met1, Asn2, Ala36,
Lys54, Asn66, and Gln67 (Figure 4A). Side chain resonances
were assigned from the combined information content of the
15N-edited TOCSY-HQSC,15N-edited NOESY-HSQC,13C-
edited NOESY-HSQC, HCCH-TOCSY, and HBHACONH
spectra. The backbone dihedral angles were predicted using
TALOS (41) and HNHA analysis.

Quality of the Three-Dimensional Structure of the D2
Domain.Structure models were first computed on the basis
of distance geometry calculations and energy minimization
with 1172 experimental and empirical NMR restraints,
consisting of 975 NOE-derived approximate interproton
distance constraints, 39 hydrogen bond-derived restraints, one
disulfide restraint, and 157 dihedral angle constraints derived

from measured scalar coupling constants as well as TALOS
calculations (Table 1). A total of 20 structure models of the
D2 domain thus obtained were further refined and validated
by the incorporation of 371H-15N long-range residual
dipolar coupling (RDC) restraints. These RDC constraints
were a conservative set selected from experimentally mea-
sured RDC values only for structurally defined residues
identified on the basis of heteronuclear1H-15N NOE data
(Figure 4B) and in the set of 20 best conformers derived
above. The NMR structure represented by the 20 best
conformers has a good fit with the experimental data, as
shown by very small residual constraint violations. There
were no distance restraint and dihedral angle constraint
violations greater than 0.2 Å and 1.4°, respectively. The rmsd
value of the backbone atoms in residues 4-104 was
estimated to be 0.64 Å (Figure 5). A summary of the
structural statistics for the final 20 stimulated annealing
structures of the D2 domain is provided in Table 1. The
quality of the D2 domain NMR structure is also evident from
the results of PROCHECK analysis, showing that most of
the backbone torsion angles for non-glycine residues lie
within the expected regions of the Ramachandran plot.

FIGURE 2: Size exclusion chromatographic profiles of the D2 domain in its free state (- - -) and the SOS-bound state (s). The inset shows
the plot of the logarithm of the molecular masses of proteins vs the elution times of the proteins. The numbers included in parentheses
represent the molecular masses of the proteins in kilodaltons. Elution of proteins was monitored by their absorbance at 280 nm. The flow
rate of elution is 1 mL/min. The concentration of the proteins used in the experiment was∼1 mg/mL. Elution (at 298 K) was carried out
using 10 mM phosphate buffer (pH 6.5) containing 50 mM NaCl and 50 mM ammonium sulfate.
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Description of the Structure.The D2 domain is a pre-
dominantly â-sheet protein with 11â-strands arranged in
an antiparallel fashion. The 11â-strands [strand I (residues
10-12), strand II (residues 23-25), strand III (residues 29-
33), strand IV (residues 36-38), strand V (residues 43-
48), strand VI (residues 51-53), strand VII (residues 62-
64), strand VIII (residues 70-74), strand IX (residues 83-
90), strand X (residues 93-99), and strand XI (residues 103
and 104)] are uniformly distributed throughout the structure
of the D2 domain (Figures 5 and 6A). Two distinct layers
of â-sheets can be discerned in the structure of the D2
domain. One layer of the sheet is constituted byâ-strands
III, VII, and VIII, and the other is comprised ofâ-strands
V, IX, and X. The two layers ofâ-sheets are linked through
a disulfide bond between Cys34 and Cys86. The disulfide
link is located in the core of hydrophobic residues and
appears to confer conformational stability to the D2 domain.
The structure of the D2 domain is also characterized by a
short and flexible 310-helix (residues 15-17) located between
â-strands I and II (Figure 6A). The 310-helix protrudes out
of the two layers ofâ-sheet structures.

The local rmsd values of the 20 refined structures reveal
some apparently highly flexible segments in the D2 domain
consisting of residues 1-3, 54-61, and 66-68. The
conserved signature “HAV” (-His-Ala-Val-) motif (residues
22-24 in the D2 domain) which is found in all cell adhesion
molecules, including the FGFR, is a part ofâ-strand II (27).
Ala23 which is part of the HAV motif is believed to interact
with FGF-1 (19-21). The HAV motif in the D2 domain is
solvent-exposed and thus poised for homophilic interactions
with the ligand (hFGF-1). Similarly, the other putative ligand
(FGF) binding sites are in a partially buried hydrophobic
microenvironment formed by residues in the loop regions
betweenâ-strands VI and VII (residues 54-61) and VIII
and IX (residues 75-82).

The solution structure of the D2 domain was further
characterized by use of NMR relaxation experiments, in
particular, by1H-15N heteronuclear Overhauser effects (1H-

15N NOEs). Figure 4B shows that many residues of the D2
domain exhibit1H-15N NOE values for their amide1H and
15N pairs of∼0.8, which is characteristic of well-structured
proteins. Therefore, the globular structure of D2 should start
from residue 6 and end at residue 104, in excellent agreement
with results from structural calculations (Figure 5). Specif-
ically, high structure order is evident for the sixâ-strands
making up the two coreâ-sheets, i.e., strands III (residues
29-33), VII (residues 62-64), and VIII (residues 70-74)
for oneâ-sheet and strands V (residues 43-48), IX (residues
83-90), and X (residues 93-99) for the secondâ-sheet.
Very interestingly, the loop residues (loop 4) between strands
VII and VIII, i.e., residues 66-68, must be very flexible or
conformationally heterogeneous, on the basis of a very
negative 1H-15N NOE for residue 68 (Figure 4B) and
missing HSQC peaks for residues 66 and 67. In contrast,
large1H-15N NOE values were also observed for residues
within the four other loop regions, i.e., loop 1 connecting
â-strands II and III, loop 2 connectingâ-strands IV and V,
loop 3 connectingâ-strands VI and VII, and loop 5
connectingâ-strands VIII and IX (Figure 4B). In other words,
even many of the surface loops on the isolated D2 domain
appear to have well-defined conformations, which is also
shown by the calculated structures (Figure 5). The structural
stability of these loops is strongly correlated with loops 3
(residues 54-61) and 5 (residues 75-82) being the pre-
dominant contact site for ligand (FGF) binding.

Comparison of the Solution Structure of the Isolated D2
Domain with the Crystal Structure of the D2 Domain in the
FGF-FGFR Complex.The global fold of the solution
structure of the D2 domain resembles that of the D2 domain
in the crystal structure of the FGF-FGFR binary complex
(19-21) (Figure 6A,B). The secondary structural elements
in the solution and crystal structures are similar. However,
superposition of the backbone of the X-ray and the NMR
structures of the D2 domain yields a rmsd of 3.25 Å,
suggesting significant differences in the spatial orientation
of the backbone of the protein in the two structures. The

FIGURE 3: Sedimentation velocity fits (single-species fit) of the D2 domain in the absence (A) and presence (B) of SOS. The apparent
sedimentation coefficient distribution [c(s*)] analyses were based on the use of 100 scans recorded at 2 min intervals using interference
optics with a rotor speed of 50 000 rpm at a protein concentration of 0.5 mg/mL. The sedimentation coefficient values for the D2 domain
in the absence and presence of SOS are 1.46 and 1.49 S (shown in parentheses), respectively.
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crystal and the solution structures differ prominently in the
relative orientation of the two layers ofâ-sheets constituting
the â-barrel architecture (Figure 6A,B). In the solution
structure of the D2 domain, the layer ofâ-sheet comprising
â-strands III, VII, and VIII subtends an angle of∼39° with
the plane of theâ-sheet consisting ofâ-strands V, IX, and
X (Figure 6A). In the crystal structure, the corresponding
layers of theâ-sheet are tilted at an angle of∼17° with
respect to each other (Figure 6B). The differences in the
orientation of the two layers ofâ-sheets suggest that the D2
domain may undergo subtle conformational changes upon
binding to the ligand (FGF). Structurally, such conforma-
tional changes can easily occur as the ligand (FGF) binding
site resides mainly on the two surface loops (loops 3 and 5,

Figure 4B) connecting the two layers ofâ-sheets (Figure
6A).

The topology ofâ-strand X appears to be significantly
different in the solution and X-ray structures of the D2
domain (Figure 6A,B).â-Strand X in the crystal structure is
long and rigid and extends to the C-terminal end of the
molecule (residues 93-104). Interestingly, in the solution
structure,â-strand X is interrupted by the presence of a short
loop or at least an irregular strand consisting of residues
100-102. As a consequence, a shortâ-strand XI pairs with
a shortenedâ-strand II. In other words,â-strand II in the
crystal structure is longer (residues 21-25) than that
observed in the solution structure (residues 23-25) of the
D2 domain (Figure 6A,B). Critical analysis of the D2 domain

FIGURE 4: (A) 1H-15N HSQC spectrum of the D2 domain at 298 K in 10 mM phosphate buffer (pH 6.5) containing 50 mM NaCl and 50
mM ammonium sulfate. The spectrum is well-dispersed, suggesting that the D2 domain is mostly well structured in solution. (B) Plot of
1H-15N heteronuclear NOE values of the D2 domain acquired at 298 K. All the values were derived from data sets acquired at a15N
resonance frequency of 81.068 MHz (800 MHz for protons). The block arrows indicate the locations of regularâ-strands identified from
calculated NMR structures (Figures 5 and 6A). The six surface loops, i.e., L1-L6, had the same locations as those of the X-ray structure
of the D2 domain region (Figure 6B). A few1H-15N NOE values are missing at the ends of some strand regions, which were confirmed
(data not shown) to be of large values (>0.7) by use of the data set collected at the lower field of 500 MHz. These include residue 25 at
the end of strand II and residue 36 at the beginning of strand IV. These discrepancies were largely caused by small differences in resonance
overlaps for the HSQC spectra at different field strengths. Other missing NOE values were due to either resonance overlaps or missing
HSQC peaks.

Structure of the D2 Domain of the FGFR Biochemistry, Vol. 44, No. 48, 200515791



in the crystal structures of the FGF-FGFR complex reveals
that His22, Ala23, Leu101, and Asp102 are involved in
interactions with hFGF-1 (15, 18). Interestingly, His22,
Leu101, and Asp102 are all located near the loop regions
adjoiningâ-strands II and XI (Figure 6A,B). Ala23 is located
at the fringe ofâ-strand II. Those residues located in the
loop regions at one end of the D2 domain structure appear
to provide an interface for extensive interactions with the
FGF molecule. Location of these residues in the mostly
irregularly structured regions of the isolated D2 domain may
strengthen the binding of FGF to the D2 domain. Such
enhanced binding may come from locking together the loop
regions of D2 with FGF residues, resulting in the extension
of â-strands II and X (as observed in the crystal structures
of the D2 domain in the FGF-FGFR complex). Therefore,
the solution structure of the D2 domain provides useful
insights into the conformational elements important for
recognition and binding of the ligand (FGF).

Mapping SOS Binding Sites in the D2 Domain.It is
important to understand if the heparin (SOS) binding site(s)
in the solution structure of the D2 domain is similar to the
ones observed in the D2 domain portion of the crystal
structure of the FGF-FGFR complex. In this regard, the1H-
15N HSQC spectrum serves as a fingerprint of the protein
conformation, and each cross-peak in the spectrum represents
the microenvironment of an amino acid residue in the protein
(28). Therefore, on the basis of the chemical shift perturbation
(that occurs upon addition of a ligand) observed in the1H-

15N HSQC spectrum, the binding site(s) of the ligand on the
target protein can be conveniently mapped (28). Most of the
cross-peaks in the1H-15N HSQC spectrum remain unper-
turbed upon titration of the D2 domain with sucrose
octasulfate (SOS, Figure 7A,B). However,1H-15N cross-
peaks of residues located at the flexible 310-helix andâ-strand
III, including Glu15, Lys16, Met17, Lys31, Phe32, and
Ser70, exhibit significant perturbation upon addition of SOS,
suggesting that these residues constitute or are located in
the proximity of the SOS binding site in the protein (Figure
7C). Interestingly, the heparin (or SOS) binding sites in the
solution structure of the D2 domain and the D2 domain
portion of the crystal structures of the FGF-FGFR-heparin
ternary complex are quite similar (20, 21). The crystal
structure of the D2 or D3 domain-SOS-hFGF-1 ternary
complex also shows that heparin or SOS binds to the
positively charged lysine residues (Lys16, Lys19, Lys28,
Lys31, and Lys33) in the D2 domain (15).

1H-15N chemical shift perturbation data not only provide
information about the ligand-protein interaction sites but
also could provide useful information about the stoichiometry
of these interactions (28). The stoichiometry of the SOS-
D2 domain interaction was monitored on the basis of titration
curves, individual residues in the D2 domain, generated on
the basis of weighted average1H-15N chemical shift
changes. Titration curves of all residues monitored tend to
saturate at an∼1:1 D2 domain SOS ratio (Figure 7D).

Role of Binding of Heparin or SOS to the D2 Domain.
There are conflicting views on the roles of proteoglycans
such as heparin in FGF signaling (22, 23, 25, 29). Heparin
is believed to play a critical role in the recognition and
binding of FGF to its cell surface receptor (22, 23). It is
believed that heparin not only increases the ligand (FGF)-
receptor (FGFR) affinity but also promotes dimerization of
the FGF-FGFR half-complexes by stabilization of protein-
protein interactions between the two half-complexes (22).
Interestingly, several studies suggest that heparin is involved
in the dimerization of FGF, and the heparin-induced dimer-
ization of the ligand (FGF) is believed to be the rate-limiting
step in the activation of the cell surface receptor (11, 21). In
contrast, several other reports indicate that the function of
heparin is limited to recruitment of the sparsely populated
FGF molecules which consequently increase the probability
of association of FGF with its receptor. There are numerous
studies which suggest that there is no mandatory requirement
of heparin for the binding and activation of the FGF receptor
(29). Heparin is believed to merely stabilize FGF and the
FGF-FGFR complex against the action of proteolytic
enzymes (25). Roghani et al. demonstrated that the FGFR
expressed in Chinese hamster ovary deficient in heparin
sulfate synthesis can bind to human FGF-2 (31). Similarly,
Delehedde et al. (32), using chlorate-treated rat mammary
fibroblasts, showed that FGF-2 can bind to the FGFR and
trigger transient early phosphorylation of p42/42MAPK and
p90RSK. We recently demonstrated that newt FGF-1 in the
presence of SOS exists in a monomeric state and exhibits
cell proliferation activity similar to that observed in the
presence of heparin (25). Similarly, Burgess and co-workers
(33) and Byrch et al. (34) generated several mutants of FGF-1
which exhibit heparin-independent cell proliferation activity.

In an attempt to shed further light on the role(s) of heparin
in FGF signaling, we studied the individual binding affinities

Table 1: Structural Statistics of the D2 Domaina

no. of NMR constraints
distance constraints

intraresidue 349
sequential (|i - j| ) 1) 273
medium-range (|i - j| ) 4) 72
long-range (|i - j| ) 5) 281

hydrogen bond constraints 39
dihedral angle constraints 157
residual dipolar constraints 37

violation statistics (20 structures)
maximum distance violation (Å) 0.2
maximum dihedral angle violation (deg) 1.4

X-PLOR energy (kcal/mol)
Etotal 149.74( 16.93
Ebond 6.13( 1.03
Eangle 67.82( 7.34
Eimproper 14.28( 3.02
ENOE 20.60( 9.62
Evdw 17.55( 4.13

rmsd from ideal geometry
bond lengths (Å) 0.002( 0.000
bond angles (deg) 0.357( 0.020
improper angles (deg) 0.296( 0.032
rmsd from experimental constraints

distances (Å) 0.023( 0.011
dihedral angles (deg) 1.029( 0.207

rmsd for the structured regiona (Å) (backbone) 0.452
rmsd for the structured regiona (Å) (heavy atoms) 1.361
rmsd for the whole proteinb (Å) (backbone) 0.640
rmsd for the whole proteinb (Å) (heavy atoms) 1.639

PROCHECK parameter (%)
most favored region 79.5
additionally allowed region 16.9
generously allowed region 2.8
disallowed region 0.8
a Residues in the structured regions: 10-12, 15-17, 23-25, 29-

33, 36-38, 43-48, 51-53, 62-64, 70-74, 83-90, 93-99, and 102-
104. b Residues 4-104.
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of SOS for hFGF-1, the D2 domain, and the D2-hFGF-1
binary complex using isothermal titration calorimetry (ITC).
The D2 domain is an ideal molecule for investigating the
role(s) of heparin in the formation of the FGF signaling
complex because available crystal structure data suggest that
the heparin contact sites on the FGFR are mostly located in
the D2 domain (18-21). In addition, residues in the D2
domain are shown to extensively interact with the ligand

(FGF-1;18, 21). Isothermal titration calorimetry (ITC) is a
useful technique for measuring the binding affinity of a
protein for its ligand (35, 36). ITC measurements also
facilitate the estimation of the binding stoichiometry of
protein-ligand interactions (35). Binding isotherms repre-
senting the interaction of SOS individually with FGF-1, the
D2 domain, and the D2-FGF-1 binary complex are exo-
thermic and proceed with the evolution of heat (Figure 8).
Interaction of SOS with its protein partners (FGF-1 and D2
domain) is characterized by a large negative enthalpy change
indicating that these interactions are predominantly mediated
through charge interactions (Table 2). The binding isotherms
representing binding of SOS to its protein partners are very
sensitive to the buffer conditions used because of the
dominance of charge-charge interactions in these reactions
(13). The binding curve characterizing SOS-FGF-1 interac-
tion is sigmoidal and fits best to a single-binding site model,
yielding a binding constant (Kd) of 59 µM (Figure 8A and
Table 2). The binding affinity of SOS for the D2 domain
(Kd ∼ 27 µM; Table 2) is on the same order of magnitude
as that observed for SOS-hFGF-1 interaction. The SOS-
D2 binding curve can be best fit to one high-affinity binding
reaction with∼1:1 SOS:D2 domain stoichiometry (Figure
8B). The change in enthalpy of the interaction between SOS
and D2 domain is negative (Table 2;∆H ∼ -12 kcal/mol),
suggesting that charge-charge interactions also play a
dominant role in the SOS-D2 domain binding. Interestingly,
the binding isotherm representing D2-SOS interaction
reveals that the binding affinity between D2 and SOS
decreases more than 100-fold when the NaCl concentration
is increased from 100 to 300 mM (data not shown). These
results suggest that charge interactions play a dominant role
in the D2-SOS interaction. This conclusion is consistent

FIGURE 5: Stereoview of the three-dimensional structures of the D2 domain of the FGFR. The ensembles of 20 structures were calculated
using NOE constraints. The D2 domain consists of 11â-strands arranged in two layers ofâ-sheets. The labels N and C show the locations
of the N- and C-terminal ends of the protein, respectively.

FIGURE 6: Comparison of the backbone folding of the D2 domain
in solution (A) and in the crystal structure (B) of the FGF-FGFR
complex. The solution and X-ray structures differ significantly in
the orientation of the two layers ofâ-sheets. In addition,â-strands
II and X are longer in the crystal structure than those observed in
the solution structure of the D2 domain. The number of each
â-strand (cyan) is indicated in Roman numerals. The short flexible
helix is colored red. The two colored boxes outline the two layers
of â-sheets in the NMR and X-ray structure of the D2 domain.
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with the1H-15N chemical shift perturbation data which show
that SOS binds to positively charged residues in the D2
domain. Interestingly, the binding constant characterizing the
SOS-D2 domain interaction is in the same range as that
reported for heparin binding to the entire receptor molecule,
implying that the heparin and/or SOS binding sites on the
FGFR are largely contributed by the D2 domain (6, 37).

The binding curve representing interaction of the D2
domain with hFGF-1 is hyperbolic, suggesting that the
interaction between these proteins is strong and highly
cooperative (Figure 8C). The binding isotherm fits best to a
one-site binding model with 1:1 hFGF:D2 domain stoichi-
ometry. hFGF-1 and the D2 domain bind with very high
affinity (Kd ∼ 65 nM; Table 2). Binding reaction at the high-
affinity site proceeds with a large negative enthalpy change

(∆H ∼ -3 kcal/mol; Table 2), suggesting that interaction-
(s) between the D2 domain and hFGF-1 is governed by
charge-charge interactions. The binding curve representing
the titration of the D2 domain and hFGF-1 (in the presence
of SOS) is also hyperbolic and fits best to a one-site binding
model (Figure 8D). The binding stoichiometry between
hFGF-1 and the D2 domain does not change (∼1:1) upon
binding to SOS. However, in the presence of SOS, the
binding constant of the D2 domain and hFGF-1 shows a
1000-fold increase, suggesting that SOS stabilizes the
preformed hFGF-1-D2 domain binary complex (Table 2).

Model of the Structural EVents Leading to the Formation
of the D2 Domain-SOS-hFGF-1 Ternary Complex.On the
basis of the results obtained in this study, we propose a model
of the structural events involved in the formation of the D2

FIGURE 7: (A) Portion of the1H-15N HSQC spectra of the D2 domain in the presence (blue) and absence (yellow) of SOS. Cross-peaks
of residues involved in SOS binding show significant chemical shift perturbations. (B) Weighted chemical shift perturbation plot of the D2
domain in the presence of SOS. Glu15, Lys16, Met17, Lys31, Phe32, and Ser70 appear to be located in the proximity of the SOS binding
site. (C) Model of the complex structure of the D2 domain (red) bound to SOS (blue). The residues that exhibit significant chemical shift
perturbation are colored yellow. SOS binding sites in the D2 domain and hFGF-1 come together to form a continuous SOS binding groove
(colored blue). (D) Titration curve of Glu15 as monitored by the weighted average shifts of the1H-15N cross-peaks. The titration curve
saturates at a SOS:D2 domain ratio of 1:1, suggesting that the D2 domain:SOS binding stoichiometry is 1:1.
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domain-SOS-hFGF-1 complex. In this model, interaction
between the D2 domain and hFGF-1 would be the first
molecular event in the activation of the receptor (Figure 9).
ITC data show that the D2 domain and hFGF-1 bind with
high affinity in a 1:1 binding stoichiometry. Results of the
size exclusion chromatography and sedimentation velocity
experiments show that both FGF-1 and the D2 domain
remain in their monomeric states even upon binding to SOS.
It appears that the SOS binding sites in both the D2 domain
and FGF-1 may come together to form a continuous “SOS
binding groove” in the D2 domain-hFGF-1 binary complex

(Figure 9). A single molecule of SOS may bind in the SOS
binding groove and interacts with residues in both the D2
domain and hFGF-1 (Figure 9). Furthermore, the D2
domain-SOS-hFGF-1 ternary complex is very stable under
solution conditions. Results of this study therefore clearly
suggest that SOS per se does not promote formation of the
D2-hFGF-1 binary complex but merely stabilizes the
preformed receptor-ligand complex.

The D2 domain is the basic functional unit of the FGFR
as it provides the interface for binding to both the ligand
(FGF) and heparin or SOS. Therefore, the three-dimensional
solution structure of the D2 domain described in this study
provides an avenue for further investigating the interplay of
the molecular forces that govern the specificity of formation
of the FGF signaling complex under physiological conditions.
In addition, the availability of the solution structure of the
D2 domain is expected to provide the necessary impetus for
the rational design of potent therapeutic principles against
FGF-mediated pathogenesis.

FIGURE 8: Binding isotherm for the titration of SOS with hFGF-1 (A), SOS with the D2 domain (B), and hFGF-1 with the D2 domain
without (C) and with (D) SOS. The top panels show the raw data for the titration. The bottom panels show the integrated data obtained
from the raw data, after subtraction of the heat of dilution. The solid lines in the bottom panels represent the best-fit curves to the data,
using the one-independent site model from Microcal Origin. The binding parameters estimated from these experiments are given in Table
2.

Table 2: Binding Parameters Derived from ITC Experiments

experiment no. protein ligand Kd
a ∆Hb (kcal/mol)

1 hFGF SOS 59( 0.01µM -7.4( 0.18
2 D2 SOS 27( 0.8µM -12 ( 0.3
3 D2 hFGF 65( 0.4 nM -3 ( 0.1
4 D2 hFGF-SOS 20( 0.2 pM -6 ( 0.08

a Kd represents the binding constant for the binding site.b ∆H
represents the change in enthalpy.
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EXPERIMENTAL PROCEDURES

Materials.Taq DNA polymerase,NdeI, andXhoI enzymes
were purchased from Promega.Escherichia coli [BL21-
(DE3)pLysS] and pET20b(+) were purchased from Novagen.
Sucrose octasulfate (SOS) and heparin-Sepharose were
obtained from Toronto Research Chemicals (Toronto, ON)
and Amersham Biosciences, respectively. Labeled15NH4-
Cl, [13C]glucose, and D2O were purchased from Cambridge
Isotope Laboratories. Acetonitrile, urea, and imidazole were
obtained from Sigma Chemical Co. All other chemicals used
in this study were of high-quality analytical grade.

Expression and Purification of the D2 Domain.The
expression and purification of the D2 domain were carried
out using the methods reported by Hung et al. (13). Isotope-
enriched (15N and 13C) samples of the D2 domain were
prepared using the procedure of Chi et al. (38).

Isothermal Titration Calorimetry (ITC) Measurements.
Titration calorimetry measurements were performed with a
Microcal (Northampton, MA) VP titration calorimeter.
Samples were centrifuged prior to the titration and were
examined for precipitates, if any, after the titration. A typical
titration consisted of injecting 5-10 µL aliquots of 1 mM
ligand (FGF) solutions into a 0.025-0.04 mM D2 domain
solution after every 4 min to ensure that the titration peak
returned to the baseline prior to the next injection. To
measure the heats of dilutions, ligand solutions (at the same
concentration that was used in the test titrations) were titrated
against the reaction buffer [20 mM phosphate buffer (pH
6.5) containing 50 mM NaCl and 50 mM ammonium sulfate].

Size Exclusion Chromatography. Gel filtration experiments
were performed at room temperature on a Superdex-75
column (using an AKTA FPLC device purchased from
Amersham Biosciences). The protein sample was incubated
with sucrose octasulfate (SOS) in 10 mM phosphate buffer
containing 100 mM sodium chloride and 100 mM am-
monium sulfate for 3 h at 277 Kbefore being loaded onto
the Superdex-75 column. All the protein samples were
normalized to 0.5 absorbance unit before being loaded onto
the column. Then, 10 mM phosphate buffer (pH 6.5)
containing 50 mM NaCl and 50 mM ammonium sulfate was

used as the eluent. The flow rate of the eluent was set at 1
mL/min. Protein peaks were detected by their 280 nm
absorbance. Under the experimental conditions that were
used, no shrinkage of the resin was observed. A standard
plot of the logarithm of the molecular mass of proteins versus
the elution time of proteins was constructed using proteins
in the molecular mass range of 6-66 kDa. Experimental
conditions used for the elution of standard proteins were the
same as those for the D2 domain.

Sedimentation Velocity Experiments.Sedimentation veloc-
ity experiments were performed on a Beckman-Coulter
Optima XL-A analytical ultracentrifuge equipped with An-
60 Ti analytical rotor and standard double-sector cells.
Sedimentation velocity experiments with the D2 domain of
the FGFR (in the presence and absence of SOS) were
performed under identical conditions. Sedimentation velocity
experiments were performed at 277 K and 50 000 rpm for
20 h. The Svedberg constant (S20,w) values were estimated
using standard methods. The sedimentation boundary move-
ment was traced by the absorbance of the protein using a
built-in UV detector. The protein:SOS ratio used in these
experiments was 1:1. The concentration of the protein (D2
domain) was 1.5 mg/mL.

NMR Experiments. NMR experiments were performed on
Bruker Avance-800 and DMX-700 MHz spectrometers.
NMR data for the D2 domain were acquired at a protein
concentration of 1.5 mM in 20 mM phosphate buffer [in 90%
H2O and 10% D2O (pH 6. 5)] containing 50 mM NaCl and
50 mM ammonium sulfate. All triple-resonance experiments
were carried out at 298 K to accomplish complete assignment
of 1H, 13C, and15N resonances in the protein. Homonuclear
two-dimensional experiments [TOCSY (mixing time of 75
ms) and NOESY (mixing time of 200 ms)] were acquired
for samples of the unlabeled D2 domain of the FGFR. All
heteronuclear two- and three-dimensional experiments were
performed with a sample of uniformly13C- and15N-labeled
protein. The three-dimensional NMR experiments performed
on the D2 domain include HNHA, HNCA, HNCO, HN(CA)-
CO, CBCA(CO)NH, CC(CO)NH, HCCH-TOCSY,13C
HSQC-TOCSY,15N HSQC-TOCSY,13C HSQC-NOESY,

FIGURE 9: Schematic model representing the structural events in the formation of the D2 domain-SOS-FGF-1 ternary complex. The D2
domain (red) and hFGF-1 (yellow) can bind independently without the involvement of SOS. Upon interaction, the SOS binding sites in
both the D2 domain and hFGF-1 (pink) come together to form a continuous SOS binding groove in the receptor domain-ligand binary
complex. A single molecule of SOS (blue) binds to the SOS binding groove and has structural contacts with residues in both the D2 domain
and hFGF-1. The 1:1:1 D2 domain-SOS-hFGF-1 ternary complex is very stable in solution, as shown by this study.
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and15N HSQC-NOESY (39, 40). Backbone torsional angle
restraints were derived from3J coupling constants measured
by three-dimensional HNHA in combination with TALOS
(Torsion Angle Likelihood Obtained from Shift and Se-
quence Similarity) calculations (41) and the pattern of
medium-range NOE. DSS was used as an internal standard
for calibration of the proton resonances. The slowly ex-
changing amide protons were identified by recording two-
dimensional15N-1H HSQC experiments 1 day and 5 days
after the protein was dissolved in a D2O solution. This
information combined with the strong HN-HR connectivities
within and betweenâ-stands enabled the identification of
the â-strands and of the hydrogen bonds between the
â-strands. For15N and 13C chemical shift calibration, we
followed the IUPAC procedure defined by Markley et al.
(42). The water resonance was suppressed by applying a
WATERGATE sequence or by presaturation. The three-
dimensional spectra were processed and analyzed using
XWINNMR and Sparky (43).

The residual dipolar coupling constants (RDCs) were
measured using semi-TROSY spectra acquired at 298 K on
a Bruker Avance-800-NMR spectrometer with the1H and
15N carrier frequencies set to 4.7 and 119.35 ppm, respec-
tively (47). A reference spectrum of15N-labeled D2 alone
was acquired prior to the addition of 20µL of a 50 mg/mL
solution ofPseudomonas aeruginosaPf1 phage (profos AG).
The Pf1 phage was prepared by dialyzing overnight against
the same sample buffer. The semi-TROSY spectrum in the
presence of phages was recorded using the same experimental
conditions and NMR parameters. Heteronuclear steady-state
NOE values were measured at 298 K on both Avance-500
and 800 NMR spectrometers using a procedure described
previously (48). Saturation of 3 s on the NH proton
resonances and a recycle delay of 6 s were used in all
experiments. The data set acquired at the higher field (i.e.,
800 MHz for the1H frequency) was used for the analysis,
which provided the needed spectral resolution for residues
with very close resonance frequencies for their1H and15N
nuclei. Heteronuclear NOEs were also examined using data
sets acquired at the lower spectrometer field (i.e., 50.5777
MHz for the 15N resonance frequency).

Structure Calculation. Families of structures were calcu-
lated by a simulated annealing (SA) approach followed by
a refinement procedure using CNS-ARIA version 3.1 (44).
Slightly modified slow-cooling standard simulated annealing
protocols were used for the calculations. Structure refinement
was carried out against the standard covalent geometry
restraints. Constraints resulting from NOE intensities, cou-
pling constants, and hydrogen bonds were introduced into
the simulated annealing approach in a step-by-step manner.
Sequential, medium-range, and long-range NOEs defining
the â-sheet regions and coupling constants were used for
structure calculations. All the remaining NOEs and hydrogen
bonds were subsequently introduced in consecutive steps.
The force field parameters used in the water refinement were
those from PARALLHGS.2. The force constants used for
the bond lengths, bond angles,ω angles, and improper
dihedral angles in the cooling stage are 130 kcal mol-1 Å-2

and 80, 18, and 180 kcal mol-1 rad-2, respectively. The
quality of the constraints was checked by analyzing the
violations of the calculated conformers. The NOE cross-
peaks corresponding to constraints that were consistently

violated in a significant number of structures were checked
for possible overlap, and the corresponding restraints were
consequently modified. A total of 20 structures with lowest
combined distance and dihedral angle violations were sorted
by restraint violation energy and selected for analysis.
Backbone analysis were performed using PROCHECK (45).

The final NOE-based structures of the D2 domain were
further refined by inclusion of a subset of experimental RDC-
based constraints. The magnitude of the dipolar coupling
tensor (Da

NH) and the rhombicity factor (R) were estimated
to be 11.0 and 0.6, respectively, from the histogram of the
experimentally determined residual dipolar coupling con-
stants. Only 37 dipolar coupling constants were selected for
the residues located in the structurally well-defined regions,
on the basis of both high heteronuclear NOE values and low
rmsds of the structure ensembles before further refinement.
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