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ABSTRACT: Acidic fibroblast growth factor (FGF1) regulates a wide array of important biological phenomena
such as angiogenesis, cell differentiation, tumor growth, and neurogenesis. Generally, FGFs are known for
their strong affinity for the glycosaminoglycan heparin, as a prerequisite for recognition of a specific tyrosine
kinase on the cell surface and are responsible for the cell signal transduction cascade. Inositol hexaphosphate
(IP6) is a natural antioxidant and is known for its antiangiogenic role, in addition to its ability to control
tumor growth. In the present study, we investigated the interaction of IP6 with the acidic fibroblast growth
factor (FGF1) using various biophysical techniques including isothermal calorimetry, circular dichroism, and
multidimensional NMR spectroscopy. Herein, we have reported the three-dimensional solution structure of
the FGF1-IP6 complex. These data show that IP6 binds FGF1 and enhances its thermal stability. In
addition, we also demonstrate that IP6 acts as an antagonist to acidic fibroblast growth factor by inhibiting its
receptor binding and subsequently decreasing themitogenic activity. The inhibition likely results in the ability
of IP6 to antagonize the angiogenic and mitogenic activity of FGF1.

Angiogenesis is a biological phenomenon involving the growth
of new blood vessels from preexisting vessels and is considered as
a fundamental process in the development, progression, and
metastatic spread of solid tumors (1, 2). FGFs (fibroblast growth
factors) are known to possess angiogenic and lymphangiogenic
abilities. FGF11 (acidic fibroblast growth factor) and FGF2
(basic fibroblast growth factor) consisting of 155 and 154 amino
acids, respectively, are considered as the prototype of FGFs; thus
these two proteins are considered as paradigms for the
entire FGF family (3-5). FGF1 and FGF2 are two of the most
important angiogenesis-promoting polypeptides in the FGF
family of mitogens. Besides facilitating angiogenesis, they also
regulate a wide array of important biological processes,
such as cellular differentiation, diabetic retinopathy, rheumatoid
arthritis, atherosclerosis, tumor growth, neurogenesis, and embryo-
genesis (6-8). FGFs mediate cellular functions by binding to
fibroblast growth factor receptors, which are known as protein
tyrosine kinases, at the cell surface (9). FGFs are known for their
dependence on heparin in order to induce their mitogenic activity
and are found either bound to heparin or heparin sulfate in the
extracellular space (4, 5, 10). In addition to FGFs, VEGF (vascular

endothelial growth factor) is another important family of signal
proteins that are involved in the stimulation of the growth of new
blood vessels (1, 2, 6). They are also activated by binding to its
receptor.

Three-dimensional structures of the free FGF1 and free FGF2
proteins were initially determined by X-ray crystallography (11).
Both the FGF1 and FGF2 have similar molecular folds consist-
ing of 12 antiparallel β-strands arranged in a pattern with
approximate 3-fold internal symmetry. β-Strands β-1, β-4, β-5,
β-8, β-9, and β-12 form a six-stranded antiparallel β-barrel that is
closed at one end by a β-sheet interaction involving strands β-2,
β-3, β-6, β-7, β-10, and β-11. Extended loops occur between
strands β-3 and β-4, β-7 and β-8, and β-11 and β12. FGF1 and
FGF2 are structurally (β-trefoil) homologous to IL-1β and
soybean trypsin inhibitor (12, 13). Structural studies of FGFs
and its corresponding complexes with heparin and synthetic
hexasaccharide heparin analogues (14-16), antiulcer agents such
as sucrose octasulfate (SOS), and polyanions such asmyoinositol
hexasulfate (MIHS) in addition to heparin-like hexasaccharides
have been reported (17-20). It has been indicated from these
X-ray crystal and NMR structural studies that the heparin
binding region of FGFs is located near to the loops of the β-10
and β-11 and of the β-11 and β-12 strands in C-terminal region. All
of these structural studies stressed on the activation of the inherent
mitogenic activity in FGF, while the other studies included the
inhibition of the mitogenic/angiogenic activity of the FGFs. The
crystal structure of FGF1 in complex with 5-amino-2-naphthale-
nesulfonate and the antiangiogenic compound 1,3,6-naphthalene-
trisulfonate (NTS) were also reported (3, 21). However, these
compounds were substantially not effective enough to inhibit the
inherent biological activity of FGFs. At higher concentrations of
heparin, NTS was found to be ineffective like another compound
suramin, as reported previously (22-24).
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Inositol hexaphosphate (IP6) acts as an antagonist to fibro-
blast growth factor due to inhibition of its receptor binding
ability (25). IP6 has been shown to exhibit antiangiogenic activity
through analysis of the matrigel assay (26). In addition, IP6-
mediated inhibition of FGF1 binding to cell surface receptors
was first demonstrated in HepG2 cells (25). Interestingly, IP6 is a
naturally occurring polyphosphorylated cyclitol and is present in
high concentrations (0.4-6.4%) in corns, cereals, nuts, and high
fiber-content foods (27). In addition to the presence of IP6 in
plants, IP6 is also found in small quantities in practically all
mammalian cells. Furthermore, IP6 involvement in signal trans-
duction pathways has been shown to affect cell cycle regulation,
growth, and differentiation of malignant cells (28, 29), and its
anticancer properties have been demonstrated in various experi-
mental models (30). IP6 is recognized as a strong physiological
antioxidant (31) that facilitates the control of tumor growth.
In addition, IP6 was shown to have a synergistic effect in
combination with other antiangiogenic agents as indicated
by a marked enhancement in its antiangiogenic activity (26).
Besides its anticancer properties, IP6 is beneficial to human
health for its ability to enhance the immune system by
augmenting the carcinogen-induced suppression of natural
killer cell activity in vivo (32).

Detailed knowledge of the structural basis of protein function
is important for the development of pharmacological agents for
the treatment of human diseases. FGFs are potentially involved
in awide variety of human pathologies. The present study aims to
increase the understanding of the interactions betweenFGF1and
IP6 at the molecular level. Herein, we used a variety of bio-
physical methods including isothermal calorimetry (ITC), CD
spectrometry, and multidimensional NMR to characterize the
interactions between FGF1 and IP6.

MATERIALS AND METHODS

Reagents.Heparin-Sepharose column were purchased from
Amersham Pharmacia Biotech. Labeled NH4Cl (

15N), labeled
glucose (13C), andD2Owere purchased fromCambridge Isotope
Laboratories. The components for the Luria broth media were
obtained fromAMRESCO.Aprotinin, pepstatin, leupeptin, phenyl-
methanesulfonyl fluoride, TritonX-100, β-mercaptoethanol, and
inositol hexaphosphate (IP6) were all purchased from Sigma Co.
(St. Louis, MO). The Centricon and Amicon membranes were
purchased from Millipore. All of the other chemicals used in the
study were of high quality analytical grade.
Protein Expression and Purification. The recombinant

human FGF1 clone was inserted into the pET20 vector and
was overexpressed in the Escherichia coli BL21(DE3) strain as
described previously (33). The overexpressed protein was then
purified using a heparin-Sepharose column and eluted with a
linear NaCl gradient (0-1.5 M). The protein was desalted by
ultrafiltration using an Amicon apparatus. The homogeneity of
the FGF1 protein was determined using SDS-polyacrylamide
gel electrophoresis. The protein concentrationwas then estimated
using a UV spectrophotometer by measurement of the OD at
280 nm.
Preparation of the 15N- and 13C-Labeled FGF1. The

uniform labeling of FGF1using isotopes 15N and 13Cwas achieved
using M9 minimal medium. This medium contained either
15NH4Cl for single (15N) labeling or 15NH4Cl and [13C]glucose
for double (15N and 13C) labeling of FGF1. The maximum
expression yield was achieved using a modified M9 medium that

included additional vitamins. The host expression strain, E. coli
BL21(DE3)pLysS, is a vitamin B1-deficient host, and therefore
thiamin (vitamin B1) was added in order to achieve yields up to
25-30 mg/L of the isotope-enriched medium.

For all of the NMR experiments involving the FGF1-IP6
complex, the sample was prepared with the protein at a con-
centration of approximately 17 mg/mL (1 mL) and was diluted
approximately 10 times with a buffer composed of 25 mM
phosphate (pH 6.8) and 100 mM ammonium sulfate. Inositol
hexaphosphate (2 mM) was added to the sample, which was then
concentrated to 0.5 mL in a procedure that was repeated three
times until a final concentration of 1.5 mM was achieved for 3D
NMR experiments or 1 mM for 2D NMR experiments.
Isothermal Calorimetry (ITC) Experiment. A VP-ITC

titration calorimeter (MicroCal, Inc., Northampton, MA) was
used for the study. The protein (FGF1) was incubated in buffer
composed of 25 mM phosphate (pH 6.8) and 100 mM ammo-
nium sulfate. A protein concentration of 0.1mMwas used for the
ITC titration experiment. The protein and ligand samples were
degassed under vacuum before the titration. After equilibration
at 25 �C, the proteinwas contained in the sample cell towhich IP6
at a concentration of 2 mM was injected in 30 � 8 μL aliquots
using the default injection rate of 240 s time interval between two
successive injections. The raw ITC data were corrected for the
heat of dilution of the titrant. The analysis of the ITC experi-
ments was carried out by the software supplied by the VP-ITC
microcalorimeter.
CDMeasurements. Circular dichroism measurements (CD)

were collected using an AVIV CD spectrophotometer for deter-
mination of thermal stability. The thermal denaturation curves of
the native free FGF1 and of the FGF1-IP6 complex were
performed over a temperature range of 25-79 �C at intervals
of 3 �C for each data set in order to determine the Tm of the
protein in the presence and absence of ligand. The protein sample
was present in 25 mM phosphate buffer (pH 6.8) containing 100
mM ammonium sulfate. Typically the concentration of the
protein was 4 μM, and that of the FGF1-IP6 complex was a
1:1 ratio of protein to IP6. The CD spectrum of the free FGF1
shows a positive ellipticity band at 228 nm, which is characteristic
of a β-barrel protein, while the protein in the denatured state
shows the complete loss of the 228 nm CD band. The ΔG of
unfolding was calculated based on the slope of the folded and
unfolded state baseline (34).
NMR Experiments. All of the 2D and 3D NMR resonance

experiments were performed using a Bruker Avance-600 MHz
NMR spectrometer equipped with a cryoprobe and were per-
formed at 25 �C. For the 2D NMR experiments the concentra-
tion of the protein used was 1.0 mM, and for the 3D NMR
experiments a protein concentration of 1.5 mM was used. The
backbone assignments of the IP6-bound FGF1 amide protons
were identified based on the assignments of the free FGF1
1H-15NHSQC; however, some of the residues that were difficult
to distinguish in the 2D HSQC were identified through subse-
quent 3D HNCA (35) experiments. In addition, the CR and Cβ

carbon resonances were identified by CBCA(CO)NH (36) ex-
periments while the carbon side chain of the protein binary
complexwas resolved by aCC(CO)NH(37) experiment. Further-
more, the presence of a carbonyl carbon was determined by the
HNCO (38) experiment, and the R and β proton side chain
resonances were resolved by performing theHBHA(CO)NH (36)
experiment. The proton side chains were assigned from theNMR
data obtained from HCCH-TOCSY (39) experiments and from
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15N-edited TOCSY-HSQC (40). The three-dimensional 13C-
editedNOESY and 15N-editedNOESY (41) spectra of uniformly
13C/15N-labeled protein were acquired with amixing time of 100ms.
In addition, in the 13C(ω2)-edited

12C(ω3)-filtered NOESY (42)
experiment, the spectrum of the complex form of the protein was
acquired in 100%D2Owith a mixing time set to 120 ms. All of the
spectra were processed using Topspin and analyzed with the
Sparky software (43). The cross-peaks in the 15N-edited NOESY-
HSQC and 13C-edited NOESY-HSQC spectra were manually
picked using Sparky, and the volume of the integrated peaks was
used for structure calculation. The H/D exchange experiment is
detailed in Supporting Information.
NMR Titration Experiment and Calculation of the

Binding Constant. Titration of the 15N-labeled FGF1 with
IP6 was used in order to determine the protein residues that are
involved in ligand binding bymeasuring the changes in the amide
proton and nitrogen chemical shifts via analysis of the 2D
1H-15N HSQC spectrum. A plot of the weighted average of
the chemical shift perturbation (1H and 15N) was calculated using
the equation

Δδ ¼ ½ðδ1HNÞ2þ0:2ðδ15NÞ2�1=2 ð1Þ
where δ1HN and δ15N represent the chemical shift perturbation
values of the amide proton and nitrogen, respectively.

In order to evaluate the titration experiments of the 15N-
labeled FGF1 with IP6, the chemical shift perturbations of
residues that were significantly affected were plotted as a function
of the ligand concentration. A minimum of six different protein:
ligand ratios were analyzed for the interaction, ranging from1:0.1
to 1:2. In addition, 1H-15N HSQC spectra were obtained after
each addition, and the chemical shift of each amide resonance
was measured. The dissociation constant of FGF1 and IP6 was
evaluated by the titration experiments of the 15N-labeled FGF1
protein with IP6, and the chemical shift values (1H and 15N) of
significantly affected residues were plotted against the ligand
concentration and the binding constant determined based on the
equation (44)

Δ ¼ Δ0

ðKd þ ½L� þ ½P�Þ-
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKdþ½L�þ½P�Þ2 - 4½P�½L�

q

2½P� ð2Þ

where Δ is the observed change in the chemical shift, Δ0 is the
total change in chemical shift at saturation, and [L] and [P] are the
ligand and protein concentrations, respectively.
Structure Calculations. Structure calculations were per-

formed using ARIA/CNS (45). We used a variety of triple
resonance NMR experiments to solve the solution structure of
FGF1 in the FGF1-IP6 complex.

Interproton distance constraints were derived from the 13C-edited
NOESY and 15N-edited NOESY spectrum. All of the NOEs
were grouped into three distance ranges, 1.8-2.9, 1.8-3.5, and
1.8-5.0 Å, corresponding to short-, medium-, and long-range
NOEs, respectively. In addition, information regarding the
hydrogen bonds was derived from the hydrogen-deuterium
exchange experiment while dihedral angle restraints were
generated using TALOS (46) with the HN, CA, CO, and
HA. A total of 200 structures were calculated and further
refined with CNS in an explicit solvent layer of water from
which the best 20 structures with the lowest energy were
selected. The calculated structures of the protein were analyzed
with PROCHECK in order to extract structural parameters.

MOLMOL and PYMOL were then used for structural
representation.
Molecular Docking. The FGF1-IP6 complex was deter-

minedusing the docking programHADDOCK (HighAmbiguity
Driven DOCKing) (47, 48) in combination with CNS (49). The
IP6 coordinates were taken from the PDB. The topology and the
parameter files were generated using theHIC-UP server (50). The
docking procedure was driven based on the intermolecular NOE
data derived from the 13C(ω2)-edited

12C(ω3)-filtered NOESY
experiment. The qualitative distance restraints (4.0-6.0 Å) were
used to dock IP6 with the ARIA/CNS derived structure of
FGF1. The intermolecular data were provided as unambiguous
restraints. The residues that showed higher chemical shift per-
turbations in the FGF1-IP6 complex were used to define the
ambiguous interaction restraints (AIRs). Depending on the
solvent accessibility, from the PDB structure of FGF1 in complex
with IP6, these AIRs were determined either as active or passive
residues. Active residues are those residues whose solvent acces-
sibility is larger than 50% while the passive residues are those
whose solvent accessibility is less than 50%. We used NAC-
CESS (51) in order to determine the solvent-exposed residues in
FGF1.

The docking calculations were performed using HADDOCK
2.0 where the FGF1 (calculated from ARIA/CNS) and the IP6
parameters were optimized using PARALLELHDG, which
included the optimized potentials for liquid simulation (OPLS)
parameters for nonbonded interactions (52). A total of 4000
structures were calculated, and the 50 structures obtained after
water refinement were analyzed. The FGF1-IP6 binary complex
structures were selected based on the structures with lowest
energy conformers.
Cell Growth Assay. The MCF-7 cell line was used for

studying the cell proliferation in the presence or absence of
FGF1/heparin/IP6, and the relative cell numbers were deter-
mined by WST-1 reagent (Roche). MCF-7 cells were plated
overnight at a density of 10000 cells/well in 96-well plates and
subsequently incubated in serum-free medium containing 0.1%
BSA for 24 h. Serum-starved cells were treated with 5 ng/mL
FGF1 in the absence and presence of heparin or treated with
indicated concentrations of IP6 in the presence of 5 ng/mLFGF1
and 5 μg/mL heparin for another 48 h. The relative cell numbers
were determined by WST-1 reagent (Roche) according to the
instruction. One-tenth volume of WST-1 was added into each
well, the plates were incubated for 4 h, and then the absorbance
was measured at 450 nm and reference wavelength at 650 nm by
using a microplate reader.

RESULTS

Chemical Shift Perturbation Experiments. In the present
study, we used a truncated formofFGF1 consisting of 133 amino
acids that has equivalent biological activity to the full-length
FGF1 protein (18). The 1H-15N 2DHSQC spectrum provides a
fingerprint of the conformational states of a particular protein.
The cross-peaks of the spectrum represent the chemical environ-
ment of the backbone and side chain amides of the protein. The
overlaid 1H-15N HSQC spectra of the free FGF1 and the
FGF1-IP6 binary complex provide information regarding the
amino acid residues of FGF1 that interact with IP6. A significant
chemical shift perturbation was observed in the overlap of the
1H-15N HSQC spectra of the free FGF1 with the FGF1-IP6
complex titrated at 1:1 ratio (Figure 1a). The chemical shift
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perturbations observed in the bound form of FGF1 might also
arise as a result of local conformational rearrangement that could
be indirectly prompted by IP6 binding. Upon titration of FGF1
and IP6 in 1:1 ratio, it could be noted that some of the residues of
FGF1 have shown chemical shift perturbation higher than 0.5
ppm while residues G103, K105, R112, G113, R115, Y118, and
K121 showed higher chemical shift perturbation (Figure 1b). The
region showing higher chemical shift perturbation was consid-
ered as the putative binding region of IP6. The cross-peak of
K111 residue disappeared at this ratio due to line broadening.

The comparison of the weighted average of the chemical shift
values in the free protein to those of the bound protein to estimate
the corresponding weighted average changes (Δδ) proved to be a

useful method for elucidating the protein-ligand binding inter-
face (16, 53). The maximum chemical shift perturbation (eq 1; see
Materials and Methods) observed in the FGF1-IP6 complex
was more than 2.5 ppm. The dissociation constant (Kd) between
FGF1 and IP6 was determined based on the analysis of the
1H-15N HSQC spectrum of FGF1 plotted as a function of
increasing concentration of IP6 (Figure 2a). The cross-peaks
corresponding to each residue were traced by the addition of
increasing concentrations of IP6 to the free FGF1 (Figure 2b). A
curve fit with eq 2 (see Materials and Methods) using the
chemical shift perturbation from the significantly perturbed
cross-peaks indicated a dissociation constant in the range of
13-25 μM. The cross-peaks that shifted upon addition of

FIGURE 1: Analysis of the free FGF1 and FGF1-IP6 complex using 2D NMR at a 1:1 ratio. (a) The overlaid 2D [1H-15N] HSQC spectra
highlight the spectral changes of the uniformly 15N-labeled FGF1 (unbound, black) and FGF1 upon binding to IP6 (binary complex, red). The
residues showing maximal perturbation in the chemical shift upon binding to the ligand are indicated by arrows, and the cross-peak that
disappeared (corresponding to K111) is boxed. (b) The weighted average of the chemical shift (1H and 15N) perturbations {Δδ = [(δ1HN)2 þ
0.2(δ15N)2]1/2} of the amino acid residues in FGF1 upon complex formation with IP6 are represented as a bar diagram. The residues that are not
indicated in the bar diagram include proline residues or the residue whose shifts were notmeasured upon overlap. The inset depicts the significant
chemical shift perturbed residues mapped over the ribbon diagram of the FGF1 structure.

FIGURE 2: Chemical shift perturbation of the 15N-labeled FGF1 amino acid residues during the NMR titration with increasing concentration of
IP6. (a) NMR titration curves for the FGF1 residues K105, R112, R115, and Y118 with increasing concentration (0, 0.25, 0.5, 0.75, 1, 1.5, and 2
mM) of IP6. Overall six data points were collected and plotted in the graph. (b) The regions of the 2D [1H-15N] HSQC spectra showing the
movement of the cross-peak of the FGF1 residues in the FGF1-IP6 complex (K105, R112, R115, and Y118) that show the chemical shift
perturbation at various concentrations of ligand (0, 0.25, 0.5, 0.75, 1 mM; the cross-peak shifts are indicated as the IP6 concentration increases).
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increasing concentration of IP6 showed no further significant
shift after FGF1 and IP6 was titrated to 1:1 ratio.
H/D Exchange. In the H/D exchange experiment, the amide

protons in FGF1 were monitored using NMR spectroscopy.
Based on the accessibility to the solvent, the amide hydrogen
could exchange with deuterium to result in disappearance of the
residual cross-peak in 1H-15N HSQC spectra. The hydrogen-
deuterium exchange could range from fast to slow exchange. The
slowH/D exchange is signified by an increase in the amide proton
lifetime. Initially, we confirmed the binding site of IP6 on FGF1
by monitoring the amide proton occupancy of the residues
showing higher chemical shift perturbation. We compared the
H/D exchange rates of the free form of FGF1 and the IP6-bound
form of the FGF1 by analyzing 1H-15N HSQC spectra at
different time intervals. The comparison of the amide proton
occupancy of residues K105, S109, and K121 in the free FGF1
and FGF1-IP6 complex is shown in Supporting Information
Figure S1.
Isothermal Calorimetry (ITC). The ITC experiment was

successfully used to evaluate the binding affinities and enthalpy
of binding reactions in solution and also to characterize the binding
of the small molecules to proteins (54, 55). From the data obtained,
a single binding site model was used for fitting the curve in the
Microcal software to characterize the binding affinities and
enthalpy and entropy of the reaction (Figure 3). The ΔH value
was -8.9 kcal mol-1, and the ΔS was -7.83 J K-1. Both the
observed enthalpy and entropy are negative values, and this
binding can be characterized by a large and favorable enthalpy
of binding that is partly offset by an unfavorable entropy term.
Most of the antigen-antibody complexes belong to this category
of binding (56, 57), and the thermodynamic behavior has been
attributed to charge-charge, van der Waals, and hydrogen-bond-
ing interactions (58, 59). The dissociation constant (Kd) value was

determined as 16 μM; this value is in good agreement with the
calculated dissociation constant obtained from 2DNMR 1H-15N
HSQC titrations.
FGF1 Is Stabilized by the Binding of IP6. The conforma-

tional changes that occur during the process of thermal dena-
turation in a protein are determined by circular dichroism (CD)
technique. The thermal denaturation of the free FGF1 and IP6-
bound form of FGF1 was analyzed separately at temperatures
ranging from 25 to 79 �C. Upon comparison and analysis of the
CD data, indicated by the positive ellipticity band at 228 nm
(characteristic of a protein possessing a β-barrel), the Tm

(temperature at which 50% of the protein is in the native form)
of the protein increased by 4 �C in the IP6-bound form of FGF1
(Supporting Information Figure S2), indicating that IP6 stabi-
lizes FGF1 thermodynamically upon complex formation. The
free energy of the FGF1 protein is 6.2 kcal mol-1, and the free
energy of the FGF1 in the FGF1-IP6 complex is 8.4 kcal mol-1.
The unfolding free energy of FGF1 increased 2.2 kcal mol-1 in
the presence of IP6.

DISCUSSION

SolutionStructure of theFGF1 in theFGF1-IP6Complex.
We have determined the solution structure of the FGF1 in the
FGF1-IP6 complex usingmultidimensionalNMRspectroscopy.
The backbone assignments of the IP6-bound FGF1 amide
protons were identified based on the assignments of the free
FGF1 1H-15N HSQC. More than 95% of 1H, 15N, and 13C
chemical shifts were assigned in this set of analyses. All of the
amide protons of the amino acid residues were assigned with
the exception of the K111 residue that could not be resolved in
the binary complex from the 1H-15N HSQC spectrum. How-
ever, its corresponding CR, Cβ, and proton side chain were
assigned through HNCA, CBCACONH, HBHA(CO)NH, and
HCCHTOCSY experiments. The aromatic resonances were

FIGURE 3: Isothermogram representing the heat change during the
titration of IP6 with FGF1. (a) The raw data of the titration of the
FGF1 with IP6. (b) The integrated data obtained from the raw data
(MicroCal software).

Table 1: Structural Statistics of FGF1 in the FGF1-IP6 Complex from the

ARIA/CNS Structure Calculation of the 20 Best Conformers

Distance constraints (Å)

long range 361

medium range 101

short range 326

intraresidue [i = j] 362

dihedral angle constraints (j and ψ) 124

hydrogen bond constraints 41

Average rmsd to the mean structure (Å)

residues 3-130

backbone atoms 0.9 ( 0.16

heavy atoms 1.8 ( 0.17

regular secondary structure elements

backbone atoms 0.7 ( 0.10

heavy atoms 1.4 ( 0.15

deviations from idealized geometry

bond lengths (Å) 0.006 ( 0.0002

bond angles (deg) 0.485 ( 0.013

impropers (deg) 0.215 ( 0.017

Procheck G-factors

dihedrals -0.36

covalent 0.65

overall 0.03

Ramachandran statistics (% of all residues)

most favored 72.6

additionally allowed 23.0

generously allowed 3.5

disallowed 0.9
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confirmed using the 13C-edited NOESY experiment. In addition,
the NH2 groups of the Gln and Asn amino acid residues were
correlated to their Hβ and HR protons by the 3D 15N-edited
NOESY experiment.

The structure of FGF1 in the FGF1-IP6 complex was deter-
mined by ARIA/CNS. Distance restraints were subsequently
generated from the 15N-edited NOESY-HSQC spectrum and
13C-edited NOESY-HSQC spectrum and used for the structure
calculation. In addition, hydrogen bond restraints in the FGF1 of
the FGF1-IP6 complex derived from the H/D exchange experi-
ment were also used for the structure calculation. The structural
restraints and statistics of the ensemble of the NMR structures of
FGF1 in the FGF1-IP6 complex calculated by ARIA/CNS are
represented in Table 1. According to Ramachandran analysis,
72.6% of the residues are in the most favored region, and less than
0.9% of the residues are in the disallowed region. The solution
structure of the FGF1 in the FGF1-IP6 complex shows 12
β-sheets arranged in β-trefoil architecture (Figure 4a). Figure 4b
represents backbone overlap of 20 FGF1-IP6 complex structures,
and Figure 4c represents the electrostatic representation of the
FGF1-IP6 complex. The calculated structure of the FGF1 in the
FGF1-IP6 binary complex overlaps with the crystal structure
of free FGF1 (PDB: 1RG8) in the secondary structured region
(12 β-sheets) with a backbone rmsd of 1.4 Å (Supporting Informa-
tion Figure S4).

In order to determine the complex structure of FGF1with IP6,
we used the intermolecular NOEs and 1H-15N HSQC chemical
shift perturbation data. The FGF1-IP6 binary complex was
resolved using the docking programHADDOCK.The active and
passive residues for the HADDOCK calculations included
residues K105, R115, Y118 and residues G103, R112, G113,

and K121, respectively, all of which were in the IP6 binding
region of FGF1. Six intermolecular NOEs were used for the
complex structure calculation which were observed with the
residues K105, K111, Y118, and K121 in the FGF1-IP6 binary
complex (Figure 5a). These intermolecular NOEs are illustrated
in Figure 5b. The other amino acid residues in the IP6 binding
region (G103, R112, G113, and R115) showed a significant
chemical shift perturbation; however, no intermolecular NOEs
were observed with these residues. It is interesting to note, as
reported previously byMaciag et al., thatmutation of amino acid
residue G103 drastically lowered the mitogenic activity of the
protein (10). Mutations of the lysine residues in this region
(amino acid residues 103-111) can also have significant yet
varying effects on the ability of FGF1 to bind heparin. Addi-
tional site-directed mutagenesis studies indicated that mutation
of lysine residues 105, 106, or 111 resulted in the most significant
reduction in the apparent binding affinity of FGF1 for hepa-
rin (60). Some of these amino acid residues are involved in IP6
binding.
Description of the FGF1-IP6BindingRegion.The region

K105-K121 in FGF1 is characterized by a significant amount of
positively charged residues that can be attributed to the side chains
of the amino acids such as lysine and arginine shown in blue color
(Figure 4c). The residues that showed the maximum chemical shift
perturbation were observed in this region. In the present study we
have identified that IP6 binds to the side chains of the positive
amino acid residues K105, K111, and K121 in addition to residue
Y118 of FGF1.Mainly charge-charge interactions are involved in
the formation of the FGF1-IP6 complex. IP6 has differentially
oriented phosphates (5 equatorial, 1 axial). In the FGF1-IP6
complex structure the phosphate on the second carbon which is

FIGURE 4: Solution structure of theFGF1-IP6 complex. (a)An overlay of 20 structures showing the backbone representation of theFGF1 in the
FGF1-IP6 complex. In the structured region the cyan color represents the 12 β-sheets, the red color represents R-helix, and the loop region
is represented in gray. (b) An overlay of 20 structures of the FGF1 in complex with the IP6 structure. IP6 is shown in red; FGF1 is shown in blue.
(c) The electrostatic representation of the FGF1-IP6 complex.

FIGURE 5: Intermolecular NOEs between FGF1 and IP6. (a) The intermolecular NOE peaks of the FGF1-IP6 complex were observed in the
13C(ω2)-edited

12C(ω3)-filtered NOESY experiment and are represented in strips. The corresponding protons of the FGF1 and IP6 are labeled in
strips. (b)Amagnified view of theFGF1-IP6 complex showing the binding region and the corresponding residues involved in binding are labeled
in the figure. The side chains of the aforementioned residues and the intermolecular interactions between FGF1 and IP6 are represented using
dotted lines. An ensemble of 20 IP6 structures is shown in the inset.
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equatorial was oriented near to the R115 and Y118 residues. The
side chainNH2 of R115 is hydrogen bonded to IP6O21, O32, O33
oxygen whereas hydrogen bonds were also observed with the
backbone amide protons of K111 and G119 with O22 and O43
oxygen of IP6, respectively.
Cell Growth Assay. IP6 was previously shown to be an

antagonist for FGF-FGFR-induced mitogenesis. In order to
determine whether heparin and IP6 modulate the mitogenic effects
of FGF1, cells were grown under serum-free medium and then
treated with FGF1 without or with heparin and IP6. FGF1
enhanced the growth of MCF-7 cells, and heparin significantly
facilitated the effects (Supporting Information Figure S5). We
further examined the effects of IP6 on FGF1-enhanced cell
growth. IP6 suppressed the cell growth at the concentration
from 100 to 1000 μM in a dose-dependent manner (Figure 6). In
particular, the cell growth reduced to the level of untreated cells
after the treatment of 1000 μM IP6, indicating that IP6
effectively competed the effect of heparin on FGF1. Thus,
IP6 is a potent compound to inhibit the growth of FGF1-
responsive cells, indicating its effective role in cell signaling. The
growth of cells in the absence of FGF1, heparin, and IP6 was
taken as the negative control with 0% growth, and the presence
of FGF1 (5 ng/mL) and heparin (5 μg/mL) was taken as the
positive control showing 100% cell growth.

Mechanism of Inhibition of FGF1-FGFR Receptor
Binding by IP6. Acidic fibroblast growth factor is known to
possess angiogenic properties and is also known to be involved in
the progression of various tumors. Previous reports focused on
the heparin-induced activation of FGF as a prerequisite to bind
to the FGF receptor (FGFR) for inducing its inherent mitogenic
activity (61-64). Other molecules like MIHS and SOS (18, 19)
were also reported to bind to FGF1 and activate like heparin for
the mitogenic activity. However, IP6 is an antagonist against
FGFR (receptor) binding and is involved in antiangiogenic
activity. IP6 inhibited the growth of the endothelial cells whereas
MIHS has no effect on the growth of either endothelial cells or
epithelial cells, indicating the specific effect of IP6 (25, 26). Our
results on cell growth assay indicated that IP6 inhibits the cell
proliferation in the FGF1-responsive cells, indicating its effective
role in cell signaling (Figure 6).

Previously, it was reported that the truncation of theN- andC-
terminal amino acids does not affect the three-dimensional
structure of FGF1 (65); however, their elimination has a sig-
nificant decrease in the mitogenic activity (66, 67). Thus it is
evident that these N- and C- terminal regions play a prominent
role in the mitogenic activity of FGF1. As reported earlier the
conformational change in FGF1 at the NTS binding region was
known to hinder the FGF1mitogenic activity to a certain extent;

FIGURE 6: Effect of IP6 on inhibition of mitogenic activity in FGF1. Each panel is representative of the average of six separate experiments.
(a) The inhibitory effects of IP6 on the FGF1 mitogenic activity was assessed by exposure to the MCF-7 cell line. IP6 suppresses the mitogenic
activity in FGF1 to about 95%. (b) Serum-starvedMCF-7 cells were supplementedwithFGF1 (5 ng/mL) and heparin (5μg/mL) and treatedwith
different concentrations of IP6 (0-1000 μM). A dose-response showing the downregulation of FGF1 mitogenic activity was observed.

FIGURE 7: An illustration of the binding interface region between the FGF1andFGFR-D2domain. (a) The β-12 strandof the active form (PDB:
1E0O) of FGF1 and surface diagram of the FGFR-D2 domain is represented in yellow and cyan color, respectively. The β-12 strand of the
FGF1-IP6 structure shown in red color is overlapped with FGF1 of the active form. The orientation of the FGF1 structure of the FGF1-IP6
binary complex (Red)was oriented away from the interfacewith theFGFR-D2domain. (b) Surface representationof the active formof theFGF1
structure (PDB: 1E0O). The β-12 strand (yellow) indicates regions of contact shown in blue and red dotted circle. (c) Surface representation of the
β-12 strand (red) of the FGF1-IP6 complex is shown in magenta. The area of contact of FGF1-IP6 is disrupted at its interface region with the
FGFR-D2 domain. The differences in the topology at the interface of the FGF1 and FGFR-D2 domain are clearly displayed in panels b and c.
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however, the effect was nullified by the addition of heparin (3).
Herein our results indicated conformational changes in the
tertiary structure of FGF1 in the FGF1-IP6 complex which
included the ligand binding region and also the C-terminal region
(Figure 7). Upon comparison with the earlier reported crystal
structure of the FGF1-FGFR-heparin complex structure
(PDB: 1E0O) with the FGF1 structure in the FGF1-IP6 binary
complex, we found differences in the orientation of the β-12
strand region of FGF1 which was oriented away from the
FGFR-D2 receptor binding interface (Figure 7a). It was also
noticed that the β-12 strand of the FGF1 in the FGF1-IP6
complex was buried inside and was less accessible to FGF
receptor binding at the interface when compared to the heparin-
bound active form of FGF1 (PDB: 1E0O). The surface repre-
sentation of Figure 7b,c revealed that the FGFR-D2 receptor
binding interface region of FGF1 in the FGF1-IP6 complex was
disrupted.

In this report, we have elucidated the structural interactions
between FGF1 and IP6 and provided the mechanistic insight as
to how IP6 could act as an antagonist to FGF-FGFR signaling.
The results indicate IP6 binding to FGF1 brings about the
structural changes in the protein and thus can prevent the
interaction between FGF1 and FGFR. Perhaps most impor-
tantly, the elucidation of the solution structure of the FGF1-IP6
binary complex could be useful for improving current antagonists
or possibly designing better antagonists for FGF1. On the basis
of the present results we are interested in studying the protein
dynamics of the IP6-bound FGF1 complex.

SUPPORTING INFORMATION AVAILABLE

Hydrogen-deuterium exchange, analysis of thermal stability
in FGF1 in the presence of IP6, and triple resonance NMR
spectrum strips. This material is available free of charge via the
Internet at http://pubs.acs.org.
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