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The S100P protein has been known to mediate cell proliferation by binding the receptor for advanced gly-
cation end products (RAGE) to activate signaling pathways, such as the extracellular regulated kinase
(ERK) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) pathways. S100P/RAGE
signaling is involved in a variety of diseases, such as cancer, metastasis, and diabetes. Cromolyn is an anti-

Keywords: allergy drug that binds S100P to block the interaction between S100P and RAGE. In the present study, we
ggglif rr?tem characterized the properties of the binding between cromolyn and calcium-bound S100P using various
HSQC Y biophysical techniques. The binding affinity for S100P and cromolyn was measured to be in the millimo-
HADDOCK lar range by fluorescence spectroscopy. NMR-HSQC titration experiments and HADDOCK modeling was

employed to determine the spatial structure of the proposed heterotetramer model of the S100P-crom-
olyn complex. Additional MD simulation results revealed the important properties in the complex stabil-
ity and conformational flexibility of the S100P-cromolyn complex. This proposed model has provided an

Molecular dynamics

understanding of the molecular level interactions of S100P-cromolyn complex.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The S100 proteins are calcium-binding EF-hand proteins. The
calcium-induced conformational change in S100 proteins results
in exposure of the hydrophobic surface between a loop region
(between helix-2 and helix-3) and either helix-4 or the subsequent
C-terminus to bind protein targets and regulate biological func-
tions [1,2]. These S100 proteins are known to be expressed in a tis-
sue-specific and cell-specific pattern. Importantly, S100 proteins
influence different functions both extracellularly and intracellu-
larly by direct interaction with specific target proteins. Misregula-
tion of these interactions is observed in a wide range of
pathologies, thus making S100 proteins potential drug targets
[3,4]. For instance, the S100P protein is over-expressed in pancre-
atic, breast, lung and colon cancer cells and regulates biological
function upon binding to RAGE extracellularly [5]. Thus, it is used
as a clinical marker of various cancers. The direct interaction
between S100P and RAGE has been confirmed by co-immunopre-
cipitation and activation of downstream signaling pathways, such
as the extracellular regulated kinases (ERK) and nuclear factor
kappa-light-chain-enhancer of activated B cell (NF-xB) pathways
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[6,7]. Therefore, elevated levels of S100P can activate the down-
stream pathways, including the mitogen-activated protein (MAP)
kinase, ERK and NF-kB pathways, and are associated with the
tumor growth in various types of cancer [7-10].

Cromolyn is used to treat various diseases, including allergic
rhinitis, allergic conjunctivitis, and mastocytosis [11-13]. Previous
studies using affinity chromatography reported that S100P binds to
cromolyn and blocks the interaction between S100P and RAGE,
leading to inhibition of S100P-stimulated cell growth, invasion,
and NF-xB activity in S100P-expressing BxPC-3 and MPanc-96
pancreatic cancer cells, but not in Panc-1 cells without endogenous
S100P [14]. Recently, cromolyn analogs were reported to block
the interaction between S100P and RAGE [15]. In the current study,
we aimed to map the binding interface of S100P for cromolyn
and characterized the model structure of S100P-cromolyn.
Overall, the results provide significant insights into S100P-RAGE
interactions.

2. Materials and methods

2.1. Reagents and chemicals

>NH,Cl and D,0 were obtained from Cambridge Isotope
Laboratories. Luria Broth was obtained from AMRESCO. Cromolyn


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.10.048&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.10.048
mailto:cyu.nthu@gmail.com
http://dx.doi.org/10.1016/j.bbrc.2014.10.048
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

S.R. Penumutchu et al./Biochemical and Biophysical Research Communications 454 (2014) 404-409 405

was purchased from Sigma-Aldrich. All used chemicals were ana-
lytical grade.

2.2. Expression and purification of S100P

Recombinant wild-type S100P (95 amino acids) was cloned into
the pET-20b (+) T7 expression vector, over-expressed in the
Escherichia coli BL21 (DE3) strain and purified using a previously
reported procedure [16]. The S100P protein was eluted as a dimer
from a Superdex-75 column (1.6 x 60 cm; Pharmacia). The purity
was estimated to be 95% by SDS-PAGE separation, and the molec-
ular weight was confirmed by electrospray ionization (ESI) mass
spectrometry.

2.3. Fluorescence experiments

The fluorescence experiments were conducted using a Hitachi
F-2500 fluorescence spectrophotometer. Cromolyn exhibits a
broad absorption band at the wavelength of 326 nm, and the emis-
sion maximum was observed in the range from 400 to 600 nm. The
changes in the emission spectra were monitored by increasing the
concentration of S100P (O pM, 12 pM, 24 pM, 28 uM, 32 uM,
40 puM, 44 uM, 48 uM, 52 pM, 56 uM, 60 puM, 80 puM, 100 pM,
120 puM, 130 pM, 160 pM and 170 pM) in the mixture with crom-
olyn (concentration of probe =34 uM). The extent of cromolyn
binding to the S100P protein was determined using the Benesi Hil-
debrand relation [17,18]. The data were plotted as 1/[S100P] versus
1/I — Io, and linear curve fitting in the Origin program was used to
calculate the extent of binding using the following equation.

1/(I—1o) = 1/(hh —Io) + 1/(I1 — Ip) K [S100P] (M)

where Iy, I and I; represent the emission intensities in the absence
of, at an intermediate concentration of and at an infinite concentra-
tion of cromolyn, and K indicates the extent of binding.

2.4. NMR HSQC titration experiments

The HSQC NMR data were collected at 25 °C with a Varian 700
NMR spectrometer with cryogenic probes. The backbone chemical
shift assignment of the calcium-bound S100P was used as previ-
ously described for the same buffer [16]. Cromolyn was added to
the uniformly labeled >N-S100P protein at different molar ratios,
including 1:0.33, 1:0.66, 1:1, 1:2, 1:3, and 1:4. All of the spectra
were processed with VnmiJ 2.3 and analyzed with SPARKY.
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2.5. Molecular docking

High ambiguity driven protein-protein docking (HADDOCK)
was used to dock S100P and cromolyn and to obtain the tetrameric
S100P-cromolyn complex [19,20]. The structural coordinates for
the calcium-bound S100P were taken from the Protein Data Bank
as input data (PDB ID:1J55) [21]. The three-dimensional coordi-
nates of cromolyn have been taken from Cambridge Structural
Database center (CSDC:1022446). The residues with significantly
perturbed NMR chemical shifts were defined as ambiguous inter-
action restraints for the residues at the interface of the S100P pro-
tein. The active and passive residues were defined using NACCESS
[22]. The relative residue accessible surface area larger than 30%
for either side chain or backbone atoms was defined as the active
residues and the relative residue accessible surface area less than
30% for either side chain or backbone atoms was defined as passive
residues. The 2000 total structures from the rigid body docking
were employed using the standard HADDOCK protocol with opti-
mized potential for liquid simulations (OPLSX) parameters [23].
The 200 lowest energy structures were used for subsequent semi-
flexible simulated annealing and explicit solvent refinement to
optimize the side-chain contacts. PyMOL was used for structural
representations.

2.6. Molecular dynamics (MD) simulations

The MD simulations of S100P-cromolyn were performed using
GROMACS 4.5.5 [24,25] with the GROMOS 53a6 force field. The
lowest energy structure of the HADDOCK-modeled S100P-cromo-
lyn complex was selected for further MD simulation study. The
topology parameters of S100P were generated using the GROMACS
program. The topology parameters of cromolyn were created using
the ATB server for GROMOS force fields [26]. The free S100P pro-
tein and S100P-cromolyn complex were solvated with explicit
SPC water system molecules in a cubic box. Sodium and chloride
ions were added to neutralize the systems. Van der Waals interac-
tions were modeled using 6-12 Lennard-Jones potentials with a
1.4 nm cutoff. Long-range electrostatic interactions were calcu-
lated using the particle mesh Ewald method. Covalent bonds were
constrained by the LINCS algorithm. Each system was simulated
with 100 ps of energy minimization for 50,000 iterations at con-
stant temperature and pressure. For this NPT simulation structure,
the production run for simulation was performed for 15 ns without
restraint for each system. The coordinates were saved every 2 ps
using a time step of 2 fs to analyze the MD trajectories. Additional
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Fig. 1. (A) Changes in the fluorescence spectra of cromolyn (concentration of probe = 34 pM) with increasing concentrations of the S100P protein (0 uM, 12 pM, 24 pM,
28 uM, 32 pM, 40 uM, 44 uM, 48 uM, 52 uM, 56 pM, 60 uM, 80 uM, 100 uM, 120 uM, 130 uM, 160 uM and 170 pM). (B) Benesi-Hildebrand plot of 1/[I — Io] versus

1/[protein] (M) for the binding of cromolyn to S100P.
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Fig. 2. (A) Overlay of the '>N-"H HSQC spectra of free 0.3 mM '°N-labeled S100P (red) and in the complex form with 1.2 mM of the cromolyn (green), are shown. (B) Bar
diagram of the weighted average of the chemical shift ("H and '°N) variations A& = [(§'HN)? + 0.2 (8'°N)?]"/2 of the amino acid residues in the S100P-cromolyn adduct. The
black dashed line indicates the selected residues that exhibited a significant chemical shift perturbation (A3 > 0.02 ppm). (C) Cartoon-stick representations of the S100P-
cromolyn interactions; the residues with significantly perturbed chemical shifts are shown in yellow for both S100P subunits. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

GROMACS tools were used for the analysis. The VMD 1.9.1 package
was employed to visualize the trajectories and represent the struc-
tures [27].

3. Results and discussion

3.1. Fluorescence spectroscopy studies of S100P-cromolyn interactions

The cromolyn molecule showed two distinct UV absorption
bands at ~265 nm and ~326 nm (Fig. S-1). The 326 nm absorption

band of cromolyn was selected for this study. Upon excitation at
326 nm, changes in the emission of cromolyn were observed in
the range from 400 to 600 nm. As shown in Fig. 1A, the addition
of S100P to a 34 uM solution of cromolyn in 20 mM Tris buffer,
pH =7.5, 100 mM KCl, and 4 mM CaCl, resulted in both a gradual
shift in the emission maxima and a blue shift in the lower energy
charge-transfer (CT) band from ~475 nm to ~450 nm in the pres-
ence of 170 uM of S100P. The blue shift of the emission maxima of
the CT band indicated that the probe molecule was encapsulated
inside the hydrophobic cavity of the S100P protein. Further
plotting of 1/[I-1Iy] versus 1/[S100P] for the Benesi-Hildebrand
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relation showed a linear relationship, indicating the formation of
1:1 complex between S100P and cromolyn (Fig. 1B). The 1:1 stoi-
chiometry of the binding interaction indicated the existence of
the two identical binding sites between two cromolyn molecules
and the S100P dimer. The extent of binding was calculated from
the ratio between the intercept and the slope of Benesi-Hildebrand
plot. The calculated dissociation constant was in the millimolar
range (~0.181 uM). The calculated binding constant was consis-
tent with the previous NMR-derived Ky results for the S100A13-
cromolyn interaction [28].

3.2. NMR characterization of the binding interface between cromolyn
and S100P

The NMR °N-'H HSQC experiment is a useful technique to
identify ligand-binding sites on proteins. The ligand-binding inter-
face on a protein can be mapped as a perturbation of the chemical
shifts of the cross peaks in '>’N-'H HSQC spectra of free protein and
of the ligand-protein complex. Thus, a set of '>N-'H HSQC titra-
tions was employed to map the binding interface between S100P
and cromolyn. Upon the binding of S100P to cromolyn, changes
in the >N-'H backbone resonance of S100P were observed relative
to that of the free protein spectra. However, analysis of the resi-
dues with perturbed chemical shifts revealed that the hydrophobic
binding interface comprised the linker region, helix-4 of one S100P
subunit and helix-1 of the other S100P subunit of the dimer. The
residues with significantly perturbed chemical shifts were E3, L4,
E5, M10, I11, 112, V14 and F15 from Helix-1; G43 and F44 from
the linker region; and A84, F89 and G93 from the Helix-4 region,
as shown in Fig. 2A and B. Mapping these residues on the S100
dimer revealed the existence of the two symmetrical hydrophobic
interfaces for cromolyn binding on either side of the S100P dimer
(Fig. 2C).

3.3. Modeling of the S100P-cromolyn complex
HADDOCK was employed using NMR-derived restraints to

model the S100P-cromolyn complex. Ambiguous interaction
restraints (AIRs) were derived from the residues with significantly

perturbed chemical shifts in the '>N-'H HSQC titration experiment.
The active and passive residues for the HADDOCK calculations are
tabulated in Supplementary Table 1. The minimal structural
change in the ">N-"H HSQC backbone indicated that there was no
major conformational change in S100P upon forming a complex
with cromolyn. Furthermore, the HADDOCK approach was used
to obtain the lowest energy structures of the S100P-cromolyn
complex. In total, 200 structures of solvent refinement from HAD-
DOCK were divided into five clusters. The lowest energy conforma-
tions of clusters was selected for further analysis (Fig. 3A). The
cromolyn molecule moiety was located within the hydrophobic
pocket of S100P. The phenyl rings of cromolyn interacted with
F89, C85, F44 and 181 of the S100P protein. Furthermore, the spe-
cific hydrogen bond was between the hydroxyl group of cromolyn
and E5 of the S100P protein. Therefore, the molecular docking
results indicated that the interaction between cromolyn and
S100P is dominated by hydrophobic interactions (Fig. 3B), which
is in agreement with the results obtained from the fluorescence
experiments. PROCHECK analysis of the S100P-cromolyn complex
indicated good stereochemistry for the bond angles and bond
lengths and showed that 99.4% of all non-glycine residues fell
within the allowed region of the Ramachandran plot, as shown
by the tabulated docking statistics (Fig. S-2).

3.4. Molecular dynamics simulations of the S100P-cromolyn complex

MD simulation is a useful technique to assess conformational
flexibility and complex stability and to optimize contacts at the
molecular level. The modeled HADDOCK complex of S100P-crom-
olyn and the crystal structure of calcium-bound S100P were
employed for a 15 ns MD simulation, as shown in (Fig. S-3). The
root mean square deviation (RMSD) values of the backbone atoms
of S100P and S100P in its complex with cromolyn relative to corre-
sponding starting structures were calculated, as shown in Fig. 4A.
The resulting RMSD values for the backbone atoms reached equil-
ibration after 3 ns and 1 ns for the free S100P and the S100P-crom-
olyn complex, respectively. The positional RMSD of cromolyn was
also plotted from the corresponding starting structures. The
positional RMSD of cromolyn was stabilized within 1 ns, and,

Fig. 3. HADDOCK structure of the S100P—cromolyn complex. (A) Ribbon-stick representation of the overlap of four S100P—cromolyn complex structures. Cromolyn is shown
in blue, the secondary structure elements of the ST00P homodimer colored red and green. (B) Electrostatic surface representation of the S1T00P—cromolyn complex. Cromolyn
was displayed in red. The positively charged, negatively charged, and neutral amino acid residue surfaces are represented in blue, red and white, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Molecular dynamics simulation study of the S100P-cromolyn complex. (A) Backbone RMSD plot of the S100P protein, both free and in complex with cromolyn, during
the 15 ns molecular dynamics (MD) simulation. (B) Positional RMSD of cromolyn within the binding pocket of the S100P protein. (C) Radius of gyration, Rg, during the 15 ns

MD simulation of S100P and cromolyn.

furthermore, it was stable during the 15 ns simulation, as shown in
Fig. 4B. In the present study, the initial radius of gyration of the free
S100P protein and S100P complexed with cromolyn was 1.75 nm.
In the both systems, the free S100P protein and the S100P-cromo-
lyn complex were further stabilized at 1.73+0.03nm and
1.72 £ 0.04 nm, respectively, along the entire trajectory (15 ns), as
shown in Fig. 4C. The two systems had a very similar radius of
gyration, indicating that there is no major global conformational
change of S100P upon the formation of a complex with cromolyn.
Furthermore, analysis of the circular dichroism (CD) spectra of
wild-type S100P and S100P-cromolyn showed no significant
changes in the secondary structure of S100P upon the formation
of a complex with cromolyn (Fig. S-4).

3.5. Description of the binding interface between S100P and cromolyn

Previous studies have shown that cromolyn binds to S100P and
blocks the interaction with RAGE, thereby reducing the tumor
growth and invasion of pancreatic cancer in a mouse model [14].
Disrupting the formation of the S100P-RAGE complex is an effec-
tive strategy to prevent various cancers. Recently, the structural
characterization of the S100P-RAGE V binary complex (PDB
ID:2MJW) was reported using NMR, mutagenesis and functional
assays revealing that the RAGE V binding site in S100P is located
in the linker region and in helix-4 and helix-1’ [29]. The residues
that showed differential line broadening in the NMR resonances
in the HSQC spectrum were clustered in this region. Furthermore,
our data from a mutagenesis studies and functional assay showed
that the residues E5, D13, F44, Y88 and F89 of S100P play a
significant role in RAGE V binding. In the current study, our results
indicated that cromolyn binds to the side chains of the hydropho-

bic residues F44, F89, A84, 181,112, G9, and M8; the negative amino
acid residue at E5 of S100P; and the polar amino acid residue at
C85. The binding region of cromolyn (F44, F89, and E5) is involved
in the ST00P-RAGE V binding interface. The binding constant of
S100P-cromolyn (K4~ 181 uM) was weaker than that of
S100P-RAGE V (K4 ~ 6 uM). The present study describes the bind-
ing properties of ST00P-cromolyn and provides knowledge of the
binding sites at the molecular level.
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