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ABSTRACT: S100A13 and acidic fibroblast growth factor (FGF1) are involved in a wide array of important
biological processes, such as angiogenesis, cell differentiation, neurogenesis, and tumor growth. Generally,
the biological function of FGF1 is to recognize a specific tyrosine kinase on the cell surface and initiate the cell
signal transduction cascade. Amlexanox (2-amino-7-isopropyl-5-oxo-5H-[1]benzopyrano[2,3-b]pyridine-
3-carboxylic acid) is an antiallergic drug that binds S100A13 and FGF1 and inhibits the heat shock induced
release of S100A13 and FGF1. In the present study, we investigated the interaction of amlexanox with
S100A13 using various biophysical techniques, including isothermal titration calorimetry, fluorescence
spectrophotometry, and multidimensional NMR spectroscopy. We report the three-dimensional solution
structure of the S100A13-amlexanox complex. These data show that amlexanox binds specifically to the
FGF1-S100A13 interface and prevents the formation of the FGF1-releasing complex. In addition, we
demonstrate that amlexanox acts as an antagonist of S100A13 by binding to its FGF1 binding site and
subsequently inhibiting the nonclassical pathway of these proteins. This inhibition likely results in the ability
of amlexanox to antagonize the angiogenic and mitogenic activity of FGF1.

S100A13 is a homodimeric protein that belongs to the S100
subfamily of EF-hand Ca2þ binding proteins (1-5). S100A13 is
the only member of the S100 family that has been shown to
be involved in the nonclassical export of signal-peptideless
proteins, such as fibroblast growth factors, interleukin 1R, and
synaptotagmins (6-8). S100A13 is known to regulate the for-
mation of the acidic fibroblast growth factor and IL-1R multi-
protein release complex (9). S100A13 is also known to be
involved in tumor formation and angiogenesis (10-14). It is well
established that several members of the S100 gene family are
associatedwith the cytoskeleton and that the actin cytoskeleton is
essential for transmembrane signaling, endocytosis, and secre-
tion (15). FGFs also regulate awide array of important biological
processes, such as cellular differentiation, diabetic retinopathy,
rheumatoid arthritis, atherosclerosis, tumor growth, neurogen-
esis, and embryogenesis (16-19). FGFs mediate these cellular
processes by binding to fibroblast growth factor receptors, which
are known as protein tyrosine kinases, on the cell surface (20).

S100A13 and FGF1 are exported to the extracellular space
through a nonclassical pathway involving the formation of a
specific multiprotein complex. The proteins that constitute this
complex include S100A13, FGF1, and the p40 form of synapto-
tagmin1 (syt-1) (21-23). As S100A13 and FGF1 play important
roles in tumor formation, it is clear that preventing the formation
of this multiprotein complex is an effective strategy to inhibit a
wide range of cancers.

Amlexanox is an antiallergic drug that binds S100A13 and is
able to inhibit the heat shock induced release of FGF1 (6, 24, 25).
Amlexanox is mainly an inhibitor of mammalian cell migration

and proliferation in vitro. The ability of amlexanox to reversibly
inhibit human endothelial cell migration and proliferation sug-
gests that its inflammatory activities in vivo may possess an
antiangiogenic component. Amlexanox induces Src-dependent
phosphorylation of cortactin that may be responsible for the
reversible inhibition of cell migration and organization of actin
stress fibers and induction of Src-dependent cell prolifera-
tion (24).

A complete understanding of the structural basis of protein
function is important for the improvement of pharmacological
agents for the treatment of human diseases. S100A13 and FGFs
are potentially involved in a wide variety of human pathologies,
and the combination of protein engineering with biophysical
studies is a useful approach for elucidating the relevant struc-
ture-function relationships. The present study aims to increase
the understanding of the interactions between S100A13 and
amlexanox at the molecular level. We used a variety of biophy-
sical methods, including isothermal titration calorimetry, fluore-
scence spectroscopy, and multidimensional NMR, to char-
acterize the interactions between S100A13 and amlexanox. Here
we report the solution structure of S100A13 with amlexanox
usingmultidimensional NMRspectroscopy. The predicted initial
step in the nonclassical pathway is the binding of S100A13 with
FGF1 (26, 27). Amlexanox binds in the interface between FGF1
and S100A13, indicating that amlexanox inhibits the formation
of the FGF1-releasing complex.

MATERIALS AND METHODS

Reagents. GST-Sepharose was purchased from Amersham
Pharmacia Biotech. 15NH4Cl,

13C-labeled glucose, andD2Owere
purchased from Cambridge Isotope Laboratories. The compo-
nents for the Luria brothmediawere obtained fromAMRESCO.
Aprotinin, pepstatin, leupeptin, phenylmethanesulfonyl fluoride,
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Triton X-100, β-mercaptoethanol, and amlexanox were all
purchased from Water Stone Technology. 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 cDNA encoding

the recombinant protein was subcloned into the pGEX expres-
sion vector. Human S100A13 was expressed in Escherichia coli
[BL21(DE3)]. The unlabeled protein was expressed in Luria
broth (LB) medium. The soluble portion of the cell lysate was
loaded onto a GST-Sepharose column. Nonspecifically bound
proteins were removed by washing the column with PBS buffer.
The bound GST-S100A13 protein was eluted with 10 mM
glutathione and 50 mM Tris-HCl buffer (pH 8.0). The GST-
fused S100A13 protein was exchanged with PBS buffer, and then
the solution was treated with 50 μg of thrombin for 10-12 h to
cleave the GST portion of the protein. Then the whole solution
was reloaded onto the GST column to obtain pure S100A13. The
S100A13 was further purified by gel filtration on a Superdex 75
(Pharmacia) column using an FPLC and 10 mM sodium
phosphate (pH 7.0) containing 100 mM NaCl as the eluent.
The purity of the protein was checked by SDS-PAGE, and the
molecular weight was confirmed by electrospray mass analysis.
Preparation of 15N- and 13C-Labeled S100A13. The

uniform labeling of S100A13 using the isotopes 15N and 13C
was achieved usingM9minimalmedium.Thismedium contained
either 15NH4Cl for single (15N) labeling or 15NH4Cl and
[13C]glucose for double (15N and 13C) labeling of S100A13.

The maximum expression yield was achieved using a modified
M9 medium that included additional vitamins. The host expres-
sion 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 10-15mg/Lof the isotope-enrichedmedium.
Isothermal Titration Calorimetry (ITC). Protein-ligand

binding was characterized by measuring the heat changes during
titration of an interacting ligand into a protein solution using a
Microcal VP titration calorimeter.Halo S100A13 and amlexanox
solutions were centrifuged and degassed under a vacuum before
use. Titrations were performed by injecting 8 μL aliquots of
amlexanox (30 times; 1 mM concentration) into 0.1 mMS100A13
solution. The titrations were performed at 25 �C with the protein
and ligands dissolved in 25 mM sodium phosphate (pH 5.6)
containing 100 mM NaCl and 2 mM CaCl2. Results of the
titration curves were corrected using a buffer-protein control
and analyzed using the Origin software supplied by Microcal.
Fluorescence Spectroscopy. Fluorescence emission spectra

were obtained using aHitachi F-2500 fluorescence spectrophoto-
meter for determination of thermal stability. The protein sample
was excited at 280 nm, and the resulting emission spectra were
collected at 300 and 350 nm with a slit width of 2.5 nm. The ther-
mal denaturation experiments of the free halo S100A13 and halo
S100A13-amlexanox complex were performed at temperatures
ranging from 24 to 80 �C at intervals of 4 �C for each data set.

FIGURE 1: Isothermogram representing the binding of S100A13 to
amlexanox at 25 �C. The binding constant characterizing the
S100A13-amlexanox interaction was 20 nM. The raw data of the
titration of S100A13 with amlexanox are shown in the upper panel,
while the lower panel shows the integrated data obtained after
subtracting the heat of dilution. The titrations were performed in
25 mM PBS (pH 5.6) containing 100 mM NaCl and 2 mM CaCl2.
S100A13 concentration was calculated based onmonomer S100A13.
The concentrations of S100A13 and amlexanox used in ITC experi-
ments are 0.1 and 1.0 mM, respectively.

FIGURE 2: Analysis of the free S100A13 and S100A13-amlexanox
complex using 2D NMR at a 1:1 binding ratio. (A) The overlaid 2D
[1H-15N]-HSQC spectra highlight the spectral changes of the uni-
formly 15N-labeled S100A13 (black) and S100A13 upon binding to
amlexanox (red). (B) The weighted average of the chemical shift
(1H and 15N) perturbations {Δδ= [(δ1HN)2þ 0.2(δ15N)2]1/2} of the
amino acid residues in S100A13 upon complex formation with
amlexanox are represented as a bar diagram.



Article Biochemistry, Vol. 49, No. 11, 2010 2587

The protein concentration typically was 4 μM. A Nes Lab
circulating water bath was connected to the fluorescence spectro-
photometer and used to maintain the desired temperature of the
protein sample for the thermal denaturation experiments. In
addition, fluorescence analysis of S100A13 showed a typical

spectrum with an emission maximum at 335 nm in its free state
and a maximum of 336 nm with significant increase in the
intensity in the denatured state based on the environment
surrounding the tryptophan residue in S100A13.
NMR Experiments. All of the 2D and 3D NMR resonance

experiments were performed using a Varian 700 MHz NMR
spectrometer equipped with a cold probe at 25 �C. We used halo
S100A13 for all of the NMR experiments. The concentration of
the protein sample was 1.2 mM in a solution containing 25 mM
phosphate (pH5.6), 2mMcalcium chloride, and 100mMsodium
chloride in the presence of 10%D2O. In the 13C-filtered NOESY
experiment, the spectra of the protein complex were acquired in
100%D2O. The 15N-labeled protein was titrated with amlexanox
at a 1:1 molar ratio in the binary complex. A plot of the weighted

FIGURE 3: Analysis of the thermal stability of S100A13 in the pre-
sence and absence of amlexanox. Changes in the fluorescence emis-
sion spectra were obtained over a range of wavelengths from 300 to
400 nm. The excitation wavelength was 280 nm, while the emission
was monitored at 335 nm with a 2.5 nm slit width.

Table 1: Structural Statistics for the Final 20 Simulated Annealing

Structures of S100A13 in the S100A13-Amlexanox Complex

Structural Statistics from ARIA/CNS Restrained Calculations

(S100A13 in the S100A13-Amlexanox Complex)

protein distance restraints

total 1656

intraresidue 284

sequential 391

medium range 1 < |i - j| < 5 185

long range |i - j| g 5 796

H-bond restraints 45

dihedral angle restraints 91

structural statistics for 20 structures

average rmsd

backbone rmsd to mean (Å) 1.02 ( 0.02

heavy atom rmsd to mean (Å) 1.23 ( 0.04

average rmsd (structured region)

backbone rmsd to mean (Å) 0.61 ( 0.02

heavy atom rmsd to mean (Å) 1.10 ( 0.07

Ramachandran analysis

residues in most favored regions (%) 77.0

residues in additionally allowed regions (%) 21.0

residues in generously allowed regions (%) 1.2

residues in disallowed regions (%) 0.8

Structural Statistics from HADDOCK Restrained Calculations

(the S100A13-Amlexanox Complex)

structural statistics for 20 structures

average rmsd at backbone to mean (Å)

average rmsd at S100A13 interface (Å) 0.58 ( 0.02

average rmsd at amlexanox interface (Å) 1.29 ( 0.02

Ramachandran analysis

residues in most favored regions (%) 76.0

residues in additional allowed regions (%) 21.3

residues in generously allowed regions (%) 1.6

residues in disallowed regions (%) 1.1

FIGURE 4: (A) Superposition of the backbone (N, CR, and C0) atoms
of the 20 final solution structures of S100A13 in the S100A13-
amlexanox binary complex. The orange, cyan, and gray colors in
the figure represent helix, β-strand, and loop regions, respectively.
(B) Ribbon representation of homodimer S100A13 (average struc-
ture). Helix 1 is in green, helix 2 is in blue, helix 3 is in violet, helix 4 is
in brown, and the two β-sheets are in cyan in both of the monomers.
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average of the 15N and 1H chemical shift perturbations of the
residues of the protein was calculated using the equation Δδ =
[(δ1H)2 þ 0.2 (δ15N)2]1/2. All of the spectra were processed using
VNMR and analyzed with the Sparky software (28).
3D NMR Experiments. The S100A13 resonances in the

S100A13-amlexanox complex were assigned using various multi-
dimensional NMR experiments. Assignments for the backbone
1H, 13C, and 15N resonances in the complex were obtained
through 3D HNCA and HNCOCA experiments (29). The side
chain resonances were assigned using 3D 15N-edited TOCSY-
HSQC and HCCH-TOCSY data sets supplemented with other
experiments, including CBCACONH (30) and HBHA-
CONH (31). HNCO spectra were used to assign the carbonyl
carbons (32). The aromatic resonances of S100A13 were as-
signed using simultaneous 13C- and 15N-edited NOESY-HSQC
spectra (33). Intermolecular distance restraints were derived
from the 3D 13C(ω2)-edited and 12C(ω3)-filtered NOESY-HSQC
spectrum (34) of 1:1 15N/13C/1H S100A13 and amlexanox
(unlabeled).
Structure Calculation. The S100A13 complex structure was

calculated iteratively using ARIA/CNS (version 2.2) with the
PARALLHDG 5.3 force field in the PARALLHDGmode (35).
We used a variety of triple resonance NMR experiments to solve
the solution structure of S100A13 in the S100A13-amlexanox
complex. Interproton distance restraints were derived from the
NOESY spectrum NOE cross-peak intensities. In addition,
information regarding hydrogen bonds was derived from the
hydrogen-deuterium exchange experiment, while dihedral angle
restraints were generated using TALOS (36) with the HN, CA,
CB, CO, HA, and HB. 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 energies
were selected. The calculated structures of the protein were
analyzed with PROCHECK in order to extract the structural

parameters (37). MOLMOL and PYMOL were then used for
structural representation.
Molecular Docking. The S100A13-amlexanox complex

was calculated using the docking program HADDOCK (high
ambiguity driven docking) (38-41) in combinationwith CNS (42).
The amlexanox coordinates were taken from the PDB. The
topology and the parameter files were generated using the
HIC-UP server (43). The docking procedure was driven based
on the intermolecular data derived from the 13C(ω2)-edited and
12C(ω3)-filtered NOESY experiment, which was used as res-
traints in order to dock amlexanox with the ARIA/CNS-derived
structure of S100A13. The intermolecularNOEdatawere used as
unambiguous restraints, and the residues that showed chemical
shift perturbations were used to define the ambiguous interaction
restraints (AIRs) for each residue at the interface region as either
an active or a passive residue. We used NACCESS (44) in order
to determine the solvent-exposed residues in S100A13. Active
residues have solvent surface accessible areas that are larger than
50%, while the passive residues have solvent surface accessible
areas that are less than 50%.

The docking calculations were performed using HADDOCK
2.0, while the S100A13 (calculated from ARIA/CNS) and the
amlexanox parameters were optimized using PARALLELHDG,
which included the optimized potentials for liquid simulation
(OPLS) parameters for nonbonded interactions (45). A total of
5000 structures were calculated, and the 50 structures obtained
after water refinement were analyzed. The S100A13-amlexanox
binary complex structures were selected based on the structures
with the lowest energy conformers.

RESULTS AND DISCUSSION

Angiogenesis is a cellular process of vital importance during
tumor growth or metastasis of cancer. FGF1 is the most crucial
angiogenic component in the cell and functions by binding to cell

FIGURE 5: HADDOCKstructure of the S100A13-amlexanox complex. (A)Overlap of 20 structures showing the backbone representationof the
S100A13-amlexanox complex. Amlexanox is colored in red and S100A13 in blue. (B) Ribbon representation of the S100A13-amlexanox
complex structure. Amlexanox is shown using the ball and stick representation. (C) Surface representation of the S100A13-amlexanox complex.
The orientation of the complex is different from (A) and (B) for better visualization.
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surface receptors (46, 14). Thus preventing transport of this
protein to the extracellular space is an effective strategy to inhibit
several types of cancers. Amlexanox is one of the potential
antagonists of multiprotein complex formation of FGF1 and
S100A13. Thus, elucidation of the interactions between amlex-
anox and S100A13 at the molecular level would provide infor-
mation for designing better antagonists of S100A13. In this
report, we focused on determining the solution structure of the
S100A13-amlexanox complex.
Isothermal Titration Calorimetry. ITC is a useful techni-

que to measure the binding constants and energy changes that
accompany interactions between proteins and other small
ligands (47). In this context, we used ITC to analyze S100A13
binding to amlexanox. The equilibrium dissociation constant of
the protein-drug interaction was about 20 nM. S100A13-
amlexanox binding was defined as a one independent site model,
yielding a stoichiometry of binding equal to one amlexanox
molecule per monomer of S100A13 (see Figure 1).

Chemical Shift Perturbation Experiments. The 1H-15N
HSQC spectrum provides a fingerprint of the conformational
state of a protein. The ligand binding sites can be easily identified
by the chemical shift perturbations of cross-peaks in 1H-15N
HSQC spectra. Thus, the comparison of the chemical shift
perturbations (Δδ) of the free and bound protein is a useful
method for identifying the protein-ligand binding interface (48).
The overlaid 1H-15NHSQC spectra of the free S100A13 and the
S100A13-amlexanox complex provide information regarding
the amino acid residues of S100A13 that interact with amlexanox.
The residues that show the highest chemical shift perturbation
hypothetically represent the binding region of amlexanox. Con-
siderable chemical shift perturbations were observed in the
overlapped 1H-15N HSQC spectra of the free S100A13 and
the S100A13-amlexanox complex at a 1:1 molar ratio (Figure
2A). Residues E11, T15, V17, T18, T19, F21, T22, A24, R25,
G28, andK30 showed themaximumchemical shift perturbations
(Figure 2B). The cross-peaks in the 2D HSQC spectrum of the
S100A13 amino acid residues that shift upon addition of
increasing concentrations of amlexanox became saturated at
the 1:1 ratio. This indicates a 1:1 binding stoichiometry upon
complex formation.
S100A13 Is Stabilized by the Binding of Amlexanox.

S100A13 contains a single tryptophan residue at position 78 that
may be used to monitor conformational changes that occur
during protein folding and unfolding.Upon excitation at 280 nm,
the emission spectrum of the native protein was dominated by
significant fluorescence emission at 334 nm, while the fluore-
scence emission of the denatured protein decreased significantly
at 334 nm. The stability of the protein in the free and binary
complex forms can be monitored using this difference in the
fluorescence emission. The thermal denaturation of the free
S100A13 and the S100A13-amlexanox binary complex was
analyzed at temperatures ranging from 24 to 91 �C. This
technique is useful for assessing the conformational stability of
S100A13 upon binding to amlexanox. The Tm (temperature at
which 50% of the protein is in the native form) of the protein
increased by 5 �C upon binding of amlexanox, indicating that
amlexanox stabilizes S100A13 thermodynamically upon complex
formation (Figure 3).
Solution Structure of the S100A13-Amlexanox Com-

plex. We have determined the solution structure of the
S100A13-amlexanox protein complex using multidimensional
NMR techniques. More than 95% of the 1H, 15N, CR, and Cβ

chemical shifts were assigned in this set of analyses. The back-
bone assignments of the S100A13 amide protons were identified
based on the assignments of the S100A13 1H-15N HSQC
resonances. Some of the residues that were difficult to distinguish
in the 2D HSQC were identified through the subsequent HNCA
experiment. In addition, theCR andCβ resonances were identified
by CBCA(CO)NH experiments, while the carbon side chains of
the protein binary complex were resolved by the CC(CO)NH
experiment. Furthermore, the identities of carbonyl carbons were
determined by the HNCO experiment, and the R and β proton
side chain resonances were resolved by the HBHA(CO)NH
experiment. The protons of side chains were assigned from the
NMR data obtained from HCCONH and HCCH-TOCSY
experiments and from the 15N-edited NOESY-HSQC spectra.
In addition, the NH2 groups of the Gln and Asn amino acid
residues were correlated with their Hβ and HR protons in the 3D
15N-edited NOESY spectrum. Chemical shifts of S100A13 and
amlexanox are given in the Supporting Information.

FIGURE 6: Intermolecular NOEs between S100A13 and amlexanox.
(A) The intermolecular NOE peaks of the S100A13-amlexanox
complex were observed in the 13C(ω2)-edited and 12C(ω3)-filtered
NOESY experiment and are represented in strips. The corresponding
protons of the S100A13 and amlexanox are labeled in strips. (B)
A magnified view of the S100A13-amlexanox complex showing the
binding region, and the corresponding residues involved in binding
are labeled. The side chains of the residues and the intermolecular
interactions between S100A13 and amlexanox are represented using
dotted lines.
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Distance restraints were subsequently generated from the
15N-edited NOESY-HSQC and 13C-edited NOESY-HSQC data
and were used for the structure determination calculations. In
addition, hydrogen bond restraints derived by the hydrogen and
deuterium exchange experiment were also used for the structure
determination. The structural restraints and statistics of the
ensemble of the NMR structures calculated by ARIA/CNS are
presented in Table 1. Overall, a total of 1656 NOEs were used for
the calculation of the S100A13-amlexanox binary complex
structure. The calculated structure of the S100A13 protein in
the S100A13-amlexanox binary complex agrees well with the
NMR structure of the free S100A13 (PDB accession code
1YUU) in the structured region (four R-helices and two β-sheets)
with a backbone rmsd of 1.4 Å. According to a Ramachandran
analysis, 76.6% of the residues were in the most favored region
and less than 0.9% of the residues were in the disallowed region.
The solution structure of the S100A13 in complex was a homo-
dimer, and each monomer contained four R-helices distributed
from residues 8-24, 35-45, 56-62, and 73-80 and two β-sheets
located in residues 33-34 and 70-71 (Figure 4).

The S100A13-amlexanox binary complex was calculated
using the docking program HADDOCK (Figure 5). In order
to determine the complex structure, we used the 13C-filtered
intermolecular NOEs and the chemical shift perturbation data as

unambiguous and ambiguous data, respectively. The intermole-
cular NOEs indicated the presence of five amino acid residues
between amlexanox and S100A13 (Figure 6A). The six inter-
molecular NOEs between amlexanox and S100A13 are illu-
strated in Figure 6B. The amino acid residues E11, T15, T19,
T22, and K30 showed significant chemical shift perturbations;
however, no intermolecular NOEs were resolved with these
residues in the S100A13-amlexanox binary complex. Residues
V17, T18, T22, A24, and R25 had intermolecular NOEs between
S100A13 and amlexanox. The ambiguous interaction restraints
(AIRs) were subsequently defined for residues that showed a
significant chemical shift perturbation in the 2D 1H-15N HSQC
spectrum. The active and passive residues for the HADDOCK
calculations included residues E11, T18, T22, R25, and K30 and
residues I13, T19, F20, F21, and G28, respectively, and these
residues were in the amlexanox binding region of S100A13. The
six intermolecular NOEs that are involved in binding to amlex-
anox were used for complex structure calculation. The 20
S100A13-amlexanox complex structures with the lowest ener-
gies were deposited in the Protein Data Bank (PDB) under the
entry code 2kot. The first step in the nonclassical pathway of
S100A13 and FGF1 is the formation of the S100A13-FGF1
complex (Yu et al., personal communication, 2009). At a FGF1
(unlabeled):S100A13 (15N-labeled) ratio of 1:1, HSQC titration

FIGURE 7: (A) Overlapped 1H-15NHSQC spectra of S100A13 (uniformly labeled with 15N) in its free state (black) and in the FGF1-bound state
(red). (B) The weighted average of (15N and 1H) chemical shift perturbation,Δδ= [(δ1H)2þ 0.2 (δ15N)2]1/2, of residues in S100A13 on complex
formation with FGF1. The horizontal line is an arbitrary line drawn to demarcate residues that exhibit significant chemical shift perturbations
(>0.20 ppm). (C) Surface representation of the FGF1-S100A13 complex. FGF1 is represented in blue, S100A13 is in green, and FGF1 binding
sites onS100A13 are in yellowand red.Amlexanox binding sites onS100A13 are represented in yellow. FGF1-S100A13 interface region (red and
yellow) was expanded in the magnified view.



Article Biochemistry, Vol. 49, No. 11, 2010 2591

cross-peaks of S100A13 corresponding to 13 residues, including
T15, T18, F21, T22, F23, R25, Q26, E27, R29, K30, D31, N36,
and E40, are perturbed upon complexation (Figure 7A,B). These
residues constitute the FGF1binding site(s) in S100A13 as shown
in red and yellow color in the inset of Figure 7C. This binding
region is distributed in helix 1, loop 1, and helix 2 of S100A13
(Figure 7C). The amlexanox binding residues on S100A13 (T18,
T19, F20, F21, T22,A24, R25,G28,K30) are colored in yellow in
Figure 7C. This region is part of interface region between
S100A13 and FGF1 in the FGF1-S100A13 tetrameric complex
(colored in red and yellow). This clearly shows that amlexanox
can block the formation of the FGF1-releasing complex.
Description of the S100A13-Amlexanox Binding Region.

TheFGF1 binding site in S100A13 is located in the helix 1 and loop
1 region (Figure 7C). The residues that showed the maximum
chemical shift perturbations were observed in this region. In the
present study, we identified that amlexanox binds to the side chains
of the positive amino acid residues R25 and K30, polar residues
T18,T19, andT22, andnonpolar residues I13,V17,F20, andF21of
S100A13. The binding constant of S100A13-amlexanox (20 nM)
was stronger than the S100A13-FGF1 binding constant. S100A13
is known to play a key role in FGF1-releasing complex formation
and transport of this complex to the extracellular membrane. After
binding to amlexanox, S100A13 becomes inactive and cannot
participate in FGF1-releasing complex formation; hence, in the
presence of amlexanox, FGF1 release is prevented. Recently, our
group reported that amlexanox binds toFGF1 and stops formation
of the FGF1 dimer in the presence of copper, which is required for
the nonclassical pathway of FGF1 (49). The amlexanox binding
region of FGF1 (residues H117 and Y118) is involved in the
S100A13-FGF1 binding interface (49). This clearly shows that
amlexanox binds both S100A13 and FGF1, which results in
inhibition of S100A13-FGF1 complex formation.

The S100 proteins share a high degree of sequence homology
(Supporting Information Figure 1) and a common three-dimen-
sional fold. S100 family members display target specificity,
suggesting that specific S100 proteins regulate specific cellular
processes. S100 functions are associated with a number of human
diseases, including cancer, inflammatory disorders, and neuro-
degeneration. But only some examples of small molecule binding
have been reported for S100 family proteins (50-55). Amlexanox
is known to bind with S100A13 and S100A12, but the amlexanox
binding region is different in two proteins (25). Amlexanox has
unique binding site on S100A13.

In this report, we elucidated the structural interactions between
S100A13 and amlexanox. These data indicate that amlexanox can
prevent the interaction between S100A13 and FGF1, which is
crucial for the nonclassical pathway of FGF1. Amlexanox binding
to the interface region of S100A13 and its interacting partner is
crucial for inhibition of the nonclassical pathway of FGF1. This
could be the reasonwhy amlexanox acts as a potential antagonist of
the FGF1 nonclassical pathway. These results indicate that amlex-
anox specifically binds to theFGF1binding regionof S100A13.The
interactions between S100A13 and amlexanox are mainly hydro-
phobic interactions. The elucidation of the solution structure of this
binary complexmay be useful for improving the current antagonists
and possibly designing better antagonists for S100A13 and FGF1.
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