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a b s t r a c t  

S100B is a calcium sensing protein belonging to the S100 protein family with intracellular and extracellular roles.  28
It is one of the EF hand homodimeric proteins, which is known to interact with various protein targets to regulate  29 varied biological functions. Extracellular  S100B  has  been recently reported to interact with FGF2 in  a RAGE- 30 independent manner. However, the recognition mechanism of S100B–FGF2 interaction at the molecular level re-   31 mains unclear. In this study, the critical residues on S100B–FGF2 interface were mapped by combined informa- 32 tion derived from NMR spectroscopy and site directed mutagenesis experiments. Utilizing NMR titration data, we   33 generated the structural models of S100B–FGF2  complex from the computational docking program, HADDOCK 34 which were further proved stable during 15 ns unrestrained molecular dynamics (MD) simulations. Isothermal  35 titration calorimetry studies indicated S100B interaction with FGF2 is an entropically favored process implying 36 dominant role of hydrophobic contacts at the protein–protein interface. Residue level information of S100B inter- 37 action with FGF2 was useful to understand the varied target recognition ability of S100B and further explained its  38 role  in effecting extracellular signaling diversity. Mechanistic insights into  the S100B–FGF2  complex interface 39 and  cell-based assay studies involving mutants led  us  to conclude the novel role  of S100B  in FGF2 mediated 40

FGFR1 receptor inactivation.

41
© 2013 Published by Elsevier B.V. 42

46	 	 44
45


47	1. Introduction

48	The ﬁbroblast growth factor (FGF) family consists of 22 known mem-
49	bers,  which are  essential in various important  biological functions [1].
50	FGF2 is one of the most important proteins in the FGF family of mitogens.
51	FGF2 plays crucial  roles  in various biological processes, including wound
52	healing, tissue repair, tumor growth and  cancer [2–4].  FGF2 transduces
53	its cellular responses by binding with afﬁnity to and activating its own re-
54	ceptor tyrosine kinases known as FGF-receptors (FGFRs) [5]. FGFRs are
55	cell surface receptors comprised of extracellular multi-domain fragment


Abbreviations: DTT, dithiothreitol; ESI-TOF, electrospray ionization-time of ﬂight; FGF2, ﬁbroblast growth factor; FGFR1, ﬁbroblast growth factor receptor 1;  HSQC, heteronuclear single quantum coherence spectroscopy; HADDOCK, high ambiguity driven biomolecular docking; ITC, isothermal titration calorimetry; IPTG, isopropyl β-D-1- thiogalactopyranoside; NMR, nuclear magnetic resonance; RAGE, receptor for advanced glycation end products; RMSD, root-mean-square deviation; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
⁎ Corresponding author at: Department of Chemistry, National Tsing  Hua  University,
Hsinchu 30013, Taiwan. Tel.: + 886 35 721524; fax: + 886 35 711082.
E-mail address: cyu.nthu@gmail.com (C. Yu).


made of three subunit domains (D1–D3) having close structural homolo- 56 gy with immunoglobulin (Ig) structure, a single  trans-membrane helical   57 domain and a cytoplasmic domain with protein tyrosine phosphorylation  58 function [6,7]. Dimerization of close FGFR receptor molecules induced by  59
FGF2 protein ligand  is a prerequisite stride in  FGF2 signaling [8]. The  60
FGF2–FGFR binding speciﬁcity is an essential element in the regulation 61 of FGF2 activity. FGF2 interacts with residues in D2 and  D3 domains, as  62 well as in the linker between D2 and D3 domains of FGFR. These interac- 63 tions deﬁne the primary FGF2–FGFR interaction site [9,10]. After the bind- 64 ing of FGF2 and heparin sulfates proteoglycans (HSPGs), FGFR dimerizes, 65 bringing the cytoplasmic kinase domains in close proximity to each other,  66 causing transautophosphorylation and subsequent stimulation, leading to  67 tyrosine kinase activation and the subsequent initiation of secondary sig-  68 naling messengers such  as the Ras/MAP kinase which includes ERK1/2,  69 p38  and  JNK kinases. The activation of ERK1/2 and  p38  MAPK pathway 70 in response to FGF2 has been observed and associated with cell prolifera- 71 tion in most of the  cells types [11,12].                                                               72
S100B is one of the ﬁrst identiﬁed and  widely investigated member  73 of the S100  calcium binding protein family.  S100B is an  EF hand 74 homodimeric protein with both intracellular and extracellular functions 75


1570-9639/$ – see  front matter © 2013 Published by Elsevier B.V. http://dx.doi.org/10.1016/j.bbapap.2013.09.012
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76	[13]. The extracellular role  of S100B has  been reported in various cell
77	types, such  as melanocytes, adipocytes,  chondrocytes, Schwann  cells,
78	arterial smooth muscle cells,  microglia and  prominently being  astro-
79	cytes [14]. Role of RAGE receptor protein as an extracellular receptor
80	for S100 proteins transmitting their biological effects is widely acknowl-
81	edged [15,16]. S100B exerts its trophic and differentiation effects, which
82	depends on the extracellular concentration and is mediated by RAGE re-

heparin sepharose column.  Unbound proteins  and  other impurities 137
were removed by washing the  column with a 10 mM phosphate and   138
0.85 M NaCl buffer  (pH 6.8). The bound FGF2 protein was eluted with 139
a 10 mM phosphate and  2 M NaCl buffer  (pH 6.8).  The concentrated 140
FGF2 fraction was further puriﬁed on Superdex 75 Gel ﬁltration column 141
employing FPLC with 20 mM Tris/HCl, 50 mM (NH4)2SO4, 5 mM CaCl2,  142
5 mM DTT (pH  7.2). The purity of the protein was analyzed by SDS-PAGE 143

83	ceptor in different cell types,  [17,18].  However, recent studies in the
84	myoblast cells  have  suggested that RAGE is not the sole  mediator  of
85	the extracellular effects of S100B  [19].  FGFR1 has  been identiﬁed as
86	the receptor for  mediating the S100B  mitogenic effects  in  myoblast

and the molecular mass  was conﬁrmed by ESI-TOF analysis.

2.3. Expression and puriﬁcation of S100B

144

145

87	cells  through interaction with FGF2 [20].  The  association between
88	S100B and  FGF2 is a key step for the FGFR1 receptor signaling in myo-
89	blast cells [21].
90	S100B utilizes a similar binding surface to bind to various target pro-
91	teins [22–24]. The documented differences in binding modes suggest a
92	binding promiscuity within the S100B for the recognition of target pro-
93	teins [25]. The binding promiscuity of S100B could be an important fac-
94	tor in the differential recognition mechanism between S100B and FGF2.
95	Therefore, we  embarked upon mapping the topological features of
96	S100B and  FGF2, which will provide important insights into the roles
97	that speciﬁc residues of S100B  play  in  deﬁning the distinct binding
98	mode between the S100B and  FGF2 and  other known protein targets.
99	In the  present study, we  utilized the computational docking approach
100	HADDOCK to  calculate the  S100B–FGF2  heterotetrameric  complex
101	based on NMR experimental restraints. We elucidated the interface re-
102	gions  for the S100B–FGF2 complex. Unrestrained molecular dynamics
103	(MD)  simulations provided the structural stability information of pro-

The cDNA of human S100B (amino acids 1–91) was cloned in a pET-  146
20b  (+) expression vector with BL21 (DE3) as host cells used  for ex-  147 pression of recombinant protein. Bacterial cells were cultured at 37 °C 148 until an optical density of 0.8–1.0  was  reached, subsequently induced 149 with 1.0 mM IPTG. Further cells were allowed to grow at 37 °C for a pe-   150 riod  of 6–8  h, resuspension buffer  containing 20 mM  Tris/HCl, 1 mM  151
EDTA, and 2 mM DTT (pH  7.5) was used for lysis of cells through French  152 press.  Most of the S100B protein was  located in supernatant fraction 153 after   sonication  of  lysate for  20 min   and   further  centrifugation at 154
16,000 rpm  for 20 min.  The obtained supernatant was  loaded on to a  155
Q-sepharose column (GE  Healthcare),  and  the S100B  fractions were  156 eluted with a gradient elution buffer  containing 0–1.0 M NaCl. The 157 obtained Q-sepharose fraction was  concentrated and  further  puriﬁed 158 by  gel  ﬁltration on  a  Superdex  75  (Pharmacia) column using  FPLC  159 with 20 mM Tris/HCl, 50 mM (NH4)2SO4, 5 mM CaCl2, and  5 mM DTT 160 (pH  7.2).  The  obtained protein purity was  conﬁrmed by  Comassie-  161 stained  SDS-PAGE, HPLC and   the  molecular mass   determined  by  162

104	tein complex. The dynamics of the individual proteins at the binding in-
105	terface signiﬁcantly inﬂuence the protein–protein interactions which
106	were studied during the 15 ns simulation. Comparisons drawn between
107	the docked S100B–FGF2 tetrameric complex protein–protein contact

ESI-TOF mass  spectrometric analysis.

2.4. NMR chemical shift assignments

163

164

108	surface and the reported interface of the FGF2–D2 domain of FGFR1 in-
109	teraction led us to hypothesize that S100B recognizes a similar binding
110	site on FGF2 which interacts with the D2 domain of FGFR1. The hypoth-
111	esis  of S100B associated inhibition of the FGF2 binding site on FGFR1
112	was  later  substantiated by  the site directed mutation and  functional
113	assay  studies. These results bring  new  perspectives to the understand-
114	ing of S100B and  FGF2 interaction and  suggest a novel  role  for S100B
115	in FGFR1 receptor inactivation.

116	2. Material and methods

117	2.1. Reagents

All 2D and  3D heteronuclear NMR experiments were conducted on  165
a uniformly 13C  and  15N-labeled sample typically in  the  range of 1–  166
1.5 mM.  NMR  experiments were performed at 298  K on  a  Varian   167
Inova  700  MHz spectrometer with a cryogenically cooled probe head.  168
The  buffer  conditions of 20 mM  Tris/HCl,  50 mM  (NH4)2SO4,  5 mM  169
CaCl2, 5 mM DTT, and  0.01% sodium azide  (pH 7.2) used  are expected 170 to be comparable to native physiological conditions. Backbone NMR res-   171 onance assignments were accomplished from 1H–15N HSQC, HN(CA)CO  172 [27], HNCO [28], HNCA [29], HN(CO)CA [30], HNCACB [31] and CBCA(CO) 173
NH spectra [32].  VNMRJ  2.3  software was  used  to process all  the   174
NMR spectra and  further data  analyzed by Sparky  3.1 [33]. The dihedral 175
angle   information using   backbone assignment was  derived from  the 176


118


15NH4Cl and


13C-labeled glucose were obtained from Isotec  Labora-

TALOS + software [34].

177

119	tories. Heparin sepharose beads were made available from  Amersham
120	Biosciences.  The  Luria  Broth  medium was  provided by  AMRESCO.

2.5. Isothermal titration calorimetry

178

121	The  protease inhibitor cocktail tablets containing aprotinin, pepstatin,
122	leupeptin, were purchased from Roche. Other chemicals were of analyti-
123	cal grade purity for the present study.

124	2.2. Expression and puriﬁcation of FGF2

125	A FGF2 protein (amino acids 1–155) clone was constructed in a pET-
126	20b (+) expression vector as reported previously [26]. The cloned vec-
127	tor was further transformed in BL21 (DE3) host cells to express the FGF2
128	protein. Uniformly labeling of 15N and 13C samples was accomplished by
129	growing the cells in M9 minimal media containing 0.5 g/l 15N ammoni-
130	um chloride and 2.4 g/l 13C glucose. Cells were cultured at 37 °C in Luria
131	Broth (LB)  medium containing 100  mg/l  ampicillin as the  antibiotic.
132	Cells were cultured till OD600 at 37 °C reached 0.8–1.0,  induced with
133	1 mM IPTG and further grown for 6–8  h at 37 °C. Harvested cells were
134	resuspended in 10 mM phosphate buffer (pH  6.8). The obtained cell ly-
135	sate was lysed using French press and further sonicated for 20 min and

Protein–protein  interaction  was   characterized  by  titration  of  179 protein ligand into the protein solution and  the  changes in binding 180 thermodynamic are  monitored by  a  VP-ITC calorimeter  (Microcal 181
Inc., Northampton). Both S100B and FGF2 samples were exhaustively di-  182 alyzed in similar buffer  conditions of 20 mM Tris/HCl (pH 7.5), 50 mM  183 (NH4)2SO4,  1 mM  TCEP, and  5 mM  CaCl2.  To ensure that the protein 184 samples were devoid of air  bubbles for the  experiment, centrifugation  185 and  degassing under vacuum was  done.  Titrations were performed by  186 injecting 10 μL aliquots of FGF2 (1 mM) as a protein ligand (28 injections)  187 into  0.1 mM of S100B protein (as monomer) in cell. The injections were  188 made over  a period of 20 s with a 240  s interval between subsequent  189 injections. The  sample cell  of  1.4 ml  volume capacity was  stirred at  190
310  rpm. Experiments were conducted at 25 °C with heat change accom- 191 panying every  injection being  monitored. The protein ligand–protein ti- 192 tration curves were corrected using  protein to buffer  control titration  193 and  analyzed using  Origin7.0 software supplied by Microcal.  Similar  ap-  194 proach was  employed for characterizing the interaction between FGF2 195

136	centrifuged. The soluble portion of the cell lysate was  loaded onto  a

and S100B mutants.

196
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197	2.6. 1H–15N HSQC titration

198	To assess the protein–protein interaction, HSQC titration data were
199	recorded at  25 °C on  a Varian  Inova  700  MHz spectrometer.  For the
200	S100B–FGF2 titration, protein samples were buffer  exchanged in com-
201	mon   20 mM  Tris  buffer  (in 90%  H2O:  10%  D2O)  containing 50 mM
202	(NH4)2SO4, 5 mM DTT and  5 mM CaCl2, pH 7.2. In the ﬁrst set of 15N
203	HSQC experiments, 15N-labeled S100B (0.3  mM) protein was  titrated
204	in  increments of 1:0.33,  1:0.67 and  1:1  molar ratios with unlabeled

100  K and  heated up to 310  K with Cα atoms being  restrained using  a  258 spring constant of 100 kcal/mol/Å2. Following this, an equilibration 259 simulation  at   constant  temperature  and   pressure  for  100  ps   was   260 performed without the restraints. For this NPT ensemble, temperature 261 was maintained at 300  K by applying solvent friction [50] and pressure 262 was controlled at 1 bar using  a Nosé–Hoover Langevin  piston [51]. The  263 production run  of the simulation was performed for 15 ns using  a NPT 264 ensemble without the restraint. VMD 1.9.1 package was  employed to  265 calculate Cα-based the  root mean square deviations (RMSD) between 266

205	FGF2 (3.0  mM) protein. Similar titrations were conducted with the pro-
206	tein roles  being  reversed, with the incremental addition of unlabelled
207	S100B (1 mM) to  15N-labeled FGF2 (0.1 mM) to  form  a 1:1  protein
208	complex. All the spectra were processed with VNMRJ 2.3 and  analyzed

structural conformers and  solvent accessible surface area  (SASA) [52].

2.9. Cell culture

267

268

209	with Sparky  [33]. Cross peak  intensities of protein–protein complex (I)
210	and  initial intensity of free  protein (Io) were computed from  the data
211	heights in the 1H–15N HSQC spectrum and plotted as a ratio of (I/Io) ver-

MCF-7 and MDA-MB 468 human breast cancer cells were cultured in  269
DMEM/F12 medium supplemented with 10% FBS (fetal bovine serum),  270
100  U/ml penicillin, and  100  μg/ml  streptomycin. The cells  were cul-  271

212	sus the residue number.

213	2.7. Docking calculation

tured at 37 °C in a humidiﬁed atmosphere of 5% CO2  and  95% air.

2.10. Cell proliferation studies

272

273



214	The structure of the S100B–FGF2 heterotetrameric complex was cal-
215	culated  by   utilizing the  NMR  restraint  driven  docking  approach
216	HADDOCK [35,36].   For  multi-body  docking studies,  calcium bound
217	Human S100B  NMR  coordinates were  obtained  from   Protein  Data
218	Bank (PDB ID: 1UWO) as the input [37]. A striking feature of the FGF2
219	structure, which has been previously detailed, is the disordered nature
220	of ﬁrst 28 N-terminal residues. Literature documents that these residues
221	have  no signiﬁcant role in the overall structural fold and  the mitogenic
222	activity [26,38].  Thus  the coordinates for FGF2 (amino acids  19–144)
223	were acquired from  the existing crystal pdb  (PDB ID: 1BFG) in Protein
224	Data Bank for the docking calculations [39]. For docking protocol, Am-
225	biguous restraints (AIRs) were derived relying on the selection criterion
226	of the  “active” residues having signiﬁcant cross  peak  intensity changes
227	and  relative solvent accessibility greater than 50% for either side-chain

The  day   before  experiment,  cells  were  seeded at  a  density of  274
1 × 104  cells/well in a 96-well plate. Subsequently, cells were starved 275
by incubation in the serum-free medium containing 0.1% BSA for 24 h.  276
The serum starved cells were treated with or without 2 nM FGF2 or co-  277
treated with 2 nM FGF2 and  different concentrations of S100B (1 nM,  278
10 nM,  and  100 nM)  for  another 48 h.  At  3 h  before harvest,  a 1/10   279 volume of MTT (3-[4,5-cimethylthiazol-2-yl]-2,5-diphenyltetrazolium 280 bromide) solution (5 mg/ml in PBS) was  added into  each  well and  cells  281 were incubated at 37 °C for another 3 h. After incubation, the medium 282 was  removed and  100  μl of DMSO was  added into  each  well to dissolve 283 formazan by using  gentle agitation on  a shaker for 10 min.  The absor- 284 bance was  measured at 570 nm  with the  Synergy 2 microplate reader  285 (BioTek Instruments Inc., USA). The numbers of viable  cells were deter- 286 mined by comparing the relative absorbance of each to the experimental 287

228	or backbone atoms, as calculated by NACCESS were deﬁned as active
229	residues [40].  Optimized potentials for  the liquid  simulation (OPLS)
230	force ﬁeld parameters were included in HADDOCK calculations protocol
231	for torsion angle sampling and explicit solvent simulations [41]. For sym-

conditions to that of a control treatment.

2.11. Cell lysate extraction

288

289

232	metrical heterotetramer complex calculations, NCS (noncrystallographic
233	symmetry) restraints were enforced between the S100B and FGF2 mole-
234	cules and  C2 symmetry restraints deﬁned within the  S100B homodimer
235	molecule [42]. In ﬁrst iteration, rigid body  energy minimization was  ap-
236	plied  to minimize the energy term contributed by the given  AIRs using
237	HADDOCK standard parameters. The lowest energy structures from  ﬁrst

Cells were washed twice with phosphate buffer  saline  (PBS) con-   290 taining 137  mM  NaCl, 2.7 mM  KCl, 10 mM  Na2HPO4, 2 mM  KH2PO4,  291 and  then lysed  in RIPA buffer  (50  mM  Tris at pH 7.5, 150  mM  NaCl,  292
1 mM  EDTA, 0.25%  Na-deoxycholate,  1%  NP-40,  1 mM  NaF,  1 mM  293
Na3VO4, 1 mM  PMSF, 1 μg/ml aprotinin) by sonication. Subsequently,  294
the soluble extraction was collected from the supernatant after centrifu- 295

238	iteration were taken further for  subsequent  semi-ﬂexible simulated
239	annealing, and, in the  ﬁnal  step  iteration of docking, structures were re-
240	ﬁned in explicit water. Structural geometry of the lowest energy ensem-
241	ble  of docked structures was  evaluated using  PROCHECK [43].  PYMOL

gation at 15,000 g in 4 °C for 10 min [53].

2.12. Immunoprecipitation and western blot

296

297

242	was used  for the structural representation (Delano Scientiﬁc LLC).

243	2.8. Molecular dynamics  simulation

244	Molecular dynamics simulations were performed using  the NAMD
245	package 2.9 [44] with Charmm22 force ﬁeld  [45]. The S100B–FGF2 pro-
246	tein complex was solvated in TIP3P water molecules with a 10 Å thick-
247	ness in each direction of rectangular box [46]. Na+ and Cl− were added
248	as counter-ions to neutralize the system and simulate a 0.15 M salt con-
249	centration of NaCl. Non-bonded interactions were carried out using  a
250	cut-off  distance of 12 Å, with a  switching distance of 10 Å. RATTLE
251	[47]  and  SETTLE  [48]  algorithms are  applied to  constrain hydrogen
252	atoms in protein and water. With periodic boundary conditions, the Par-
253	ticle Mesh  Ewald  method was  employed to calculate the  long-range
254	electrostatic energy [49]. Coordinates were recorded in every  picosec-
255	ond using a time step  of 2 fs. We performed a 200  ps energy minimiza-
 (
256
)Q6    tion with restrained to all the heavy  atom of proteins using  a spring
257	constant of 100  kcal/mol/Å2.  Then,  the  temperature was  initiated at

Cell lysates were pre-cleared with protein A/G agarose (Pierce) in  298
NETN buffer  (20  mM Tris at pH 8.0, 150  mM  NaCl, 1 mM EDTA, 0.5%  299
NP-40,  1 mM  NaF, 1 mM  Na3VO4,  1 mM  PMSF, 1 μg/ml  aprotinin) 300 with gentle mixing for 1 h at 4 °C. The pre-cleared lysate (1 mg) was   301 added with anti-FGFR1 antibody (1 μg) (Upstate) and  incubated over- 302 night at 4 °C. Subsequently,  20 μl of protein A/G  agarose was  added 303 into the mixture and  incubated with gentle agitation for another 2 h  304 at 4 °C to capture the antibody and its associated proteins. The immuno- 305 precipitated proteins on  the  agarose beads were washed three times 306 with 1 ml  of  NETN buffer,   boiled with 2 ×  loading dye  containing 307
100  mM  Tris–Cl  (pH  6.8),  200  mM  DTT, 4%  SDS, 0.2%  bromophenol 308
blue,  and  20%  glycerol at 100  °C for  5 min,  separated by  SDS-PAGE, 309
transferred to a PVDF membrane, and then applied to Western blotting.  310
The membrane was blocked with 5% skim milk in PBST buffer  (PBS con-   311 taining 0.1% Tween-20) for 1 h at room temperature and then hybridized 312 with primary antibody (anti-phosphotyrosine, clone 4G10, or anti-FGFR1  313 antibody from  Upstate) with gentle agitation overnight at  4 °C. After  314 washing three times with PBST, the  membrane was  incubated with  315
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)316	HRP-conjugated secondary antibody (Chemicon) for 1 h at room temper-
317	ature. The immunoreactive band was visualized by the enhanced chemi-
318	luminescence (ECL) detection reagent (PerkinElmer) on a ﬁlm [53].

319	3. Results

320	3.1. NMR resonance assignments

321	A calcium bound human S100B resonance assignment has previous-
322	ly been reported in various buffer  conditions [54,55].  However, to re-
323	solve   the  spectral ambiguities observed in  the HSQC spectrum  of
324	human S100B in native FGF2 NMR buffer  conditions, the  endeavor for
325	a complete sequential assignment was  a prerequisite necessity. Out of
326	91  total amino acid  in  S100B, 86  of the 1H–15N cross  peaks in  the
327	HSQC spectrum have   been unambiguously assigned.  The  backbone
1	15

328

H–   N resonances of Gly-22, Asp-23, Thr-82, His-85 and Glu-86 residues

329	could not be observed due to weak or overlapping NMR resonances in the
330	spectrum collected.  The  backbone resonance assignments for  human
331	S100B have been deposited in the BioMagResBank under the BMRB acces-
332	sion number 18995. Based on 1H, 13C and 15N chemical shift assignments,
333	TALOS + secondary structure analysis revealed the human holo  S100B
334	dimer, each subunit which comprises of 4 α-helix and 2 β-strands similar
335	to previously reported structure [37].

336	3.2. Binding thermodynamics


337	Isothermal titration calorimetry (ITC) is a versatile technique used to
338	assess the thermodynamics of protein–protein interactions and  to pro-
339	vide  a range of information on the stoichiometry (N), binding afﬁnity
340	(Kd) and  binding enthalpy changes (ΔH) that occur  during protein–
341	protein binding reactions from a single experiment [56,57]. The binding
342	isothermogram  characterizing S100B–FGF2  interaction is  shown in
343	Fig. 1, representing the heat change that occurred when FGF2 was titrat-
344	ed into S100B, ﬁts best to a single-binding site model, yielding a binding
345	afﬁnity (Kd) for the protein–protein titration as 10.0 μM. Detailed analysis
346	of the isothermogram revealed that the stoichiometry of the S100B–FGF2
347	interaction was 1:1, which signiﬁes the presence of two identical binding
348	sites on S100B dimer. The identical site binding model also implies the in-
349	dependent interaction between two molecules of S100B dimer with two
350	FGF2 monomers. A negative enthalpy change (ΔH = − 1431  cal/mol)
351	and positive entropy values (ΔS = 18.4 cal/mol/°) indicate that the inter-
352	action between the two  proteins was enthalpy and  entropically favored.
353	An  enthalpy favored thermodynamic proﬁle implies the presence of
354	charge–charge contacts on the  S100B–FGF2 interface. Dominant role in-
355	volving  hydrophobic contacts from  the exposed apolar residues on the
356	S100B and FGF2 protein surfaces can be presumed for the favorable entro-
357	py factor for this interaction. The symmetrical site binding model for a
358	S100B–FGF2 interaction is consistent with similar binding site models re-
359	ported for the S100B–p53 peptide and the S100B–TRTK12 peptide inter-
360	actions [25].

361	3.3. Mapping the S100B and FGF2 interface

362	Protein–protein interactions induce changes in the chemical envi-
363	ronment of the nuclei  at  the protein interfaces and  thus, evaluating
364	the  changes in 1H and  15N chemical shifts and  NMR line shapes of the
365	resonances in the 1H–15N HSQC spectrum would detail molecular level
366	information about the  protein–protein interface [58,59].  The  1H–15N
367	HSQC spectra of S100B and FGF 2 is well dispersed, and the assignment
368	of FGF2 was derived from the previously published report [26] and fur-
369	ther conﬁrmed by NMR backbone experiments namely HN(CA)CO [27],
370	HNCO [28], HNCA [29], HN(CO)CA [30], HNCACB [31] and CBCA(CO)NH
371	[32]. 1H–15N correlations for 86 residues in S100B and  140 residues in
372	FGF2 were observed in  optimized NMR buffer  conditions containing
373	ammonium sulfate for the HSQC titration studies. The presence of am-
374	monium sulfate in buffer  conditions for the  biophysical experiments is









Fig. 1. Isothermogram corresponding to the interaction between FGF2 and S100B at 25  °C. The raw data of the titration of FGF2 to S100B are shown in the upper panel, and the lower panel shows the integrated data obtained after subtracting the heat of dilution. Titrations were performed in 20  mM  Tris/HCl (pH 7.5) containing 50  mM  (NH4)2SO4, 1 mM  TCEP and 5 mM  calcium chloride.  The concentration of  FGF2 and the S100B  (as monomer) used in  the ITC experiments were 1.0  and 0.1  mM,  respectively.  The binding  constant characterizing the S100B–FGF2 interaction was 10.0 μM.


of signiﬁcant importance to provide the native conditions and stabiliza-  375 tion of interaction of ﬁbroblast growth factor proteins with various part-  376 ner proteins. At a S100B (15N labeled):FGF2 (unlabeled) ratio of 1:1, we  377 observed cross  peak   intensities corresponding to some residues in  378
 (
3
8
3
) (
3
8
5
)S100B signiﬁcantly altered upon complex formation. Differential line  379 broadening of NMR resonances with some cross peaks that disappeared  380 and  some cross  peak  intensities has signiﬁcantly dropped, while some 381 cross peaks corresponding to the residues in the HSQC spectrum nearly 382 identical to those of the free S100B were observed (Fig. 2A). As also pre-  Q7 viously  described for various S100 protein–protein interaction studies, 384 cross peaks being broadened upon addition of target protein correspond Q8 to the residues associated with the interface of the two proteins that ex-  386 perience the   substantial change in  NMR resonance line  width and   387 shapes and  thus can be basis for the mapping of protein–protein inter- 388 action sites [60,61]. Therefore, observed changes in the cross peak inten- 389 sities of 15N S100B:FGF2 (1:1) complex when compared to those of free  390
S100B were plotted as bar graphs (Fig. 2B), revealing that most of the in-  391
tensity dropped residues on  S100B  upon a complex formation with  392
FGF2 are   predominantly  clustered over   the  hinge region between  393 helix  2  and  helix  3, helix  3  and  C-terminal helix  4. These  residues,  394 which clustered over one face of the each molecule of S100B, were likely  395 to constitute the FGF2 binding site  on S100B (Fig. 2C). A similar phe-  396 nomenon was  observed in  the reciprocal set  of HSQC experiments, 397 with a differential change in the cross peak intensities of FGF2 residues 398 with some resonances being  broadened during the  FGF2 (15N labeled) 399
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)Fig. 2. Analysis of the S100B  (15N labeled): FGF2 complex using 2D NMR at a 1:1  binding ratio. A, Overlay 1H–15N HSQC spectrum highlighting the spectral changes of the uniform 15N labeled free S100B  (black) and S100B  upon binding to unlabeled FGF2 (red). B, The cross peak intensity plot (I/Io) where (I) is S100B–FGF2 complex cross peak intensity and (Io) is the initial intensity of free S100B  versus amino acid residues (1–91) represented as a bar graph. The dashed  line is indicative benchmark of selected residues which exhibited signiﬁcant intensity drop (b 0.35). C, A cartoon representation of S100B  dimer with the intensity dropped residue side chain displayed in as marine and yellow color.



400	to S100B (unlabeled) titration at a formed complex ratio of 1:1 (Fig. 3A).
401	A plotted analysis of the differential change in cross peak heights of the
402	complex sample in comparison to that of free protein provided the in-
403	formation of residues which are  likely  to comprise the S100B binding
404	site on  FGF2 (Fig.  3B).  We  portrayed  those signiﬁcantly resonance
405	broadened residues on the FGF2 structure to decipher the S100B bind-
406	ing site which was  distributed over  discontinuous regions comprising
407	the  β1  strand,  the  β1–β2 loop,  the  β8  and  β9  strands,  the β11–β12
408	loops  and  the  C-terminus  β12  strand to  constitute one  binding site

(Fig.  3C).  Also, the presence of  a  single  set of  S100B  cross  peaks in  409
S100B–FGF2 complex HSQC spectrum at a 1:1 titration ratio implies sym-   410 metrical binding site for FGF2 on S100B dimer. However to distinguish the  411 rate  of exchange, increased concentration of the protein ligand FGF2 was   412 also  added to alter the  association–dissociation equilibrium between  413
S100B  and   FGF2. Further  HSQC titration of  15N labeled S100B  with 414
unlabeled FGF2 at higher molar ratios of  S100B:FGF2  (1:2 and  1:3),   415 most of resonances in  S100B HSQC spectrum broadened substantially 416 making them unobservable (data not  shown) which can  be  attributed 417
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)Fig. 3. Analysis of FGF2 (15N labeled): S100B  complex using 2D NMR at a 1:1  binding ratio. A, Overlay 1H–15N HSQC spectrum highlighting the spectral changes of the uniform 15N labeled free FGF2 (black) and FGF2 upon binding to unlabeled S100B  (red). B, The cross peak intensity plot (I/Io) where (I) is S100B–FGF2 complex cross peak intensity and (Io) the initial intensity of free FGF2 complex versus amino acid residues (19–144) represented as bar  graph. Residues were numbered as reported previously [9]. The dashed line is an indicative benchmark of the selected residues that exhibited a signiﬁcant intensity drop (b 0.35). C, A cartoon representation of FGF2 in the gray color with the intensity dropped residues displayed in the cyan color.


418	to the  exchange of free  S100B and  complexed form  in an intermediate
419	exchange regime. Our inference from the above  observation is the possi-
420	ble role of multiple dynamic states at the  binding interface between the
421	two proteins and  emphasizing FGF2 is an  exchange process in respect
422	to S100B protein. As similar phenomenon has  been detailed previously
423	for S100 proteins with calcium bound S100B known to complex target
424	proteins through conformational exchange process happening at  the
425	binding interface [24].

426	3.4. Structure of S100B–FGF2 complex

427	After mapping the interface using  the HSQC titration approach, we
428	directed our efforts in determining the S100B–FGF2 complex structure
429	to characterize the molecular level interactions in more detail. The local-
430	ized  structural change in the backbone geometry of both S100B and
431	FGF2 during the complex formation as  evident,  with the intensity
432	dropped residues clustering over  one  contiguous region on  both  the

protein surfaces supports the NMR restraints driven docking approach  433 of HADDOCK to generate the structure of S100B–FGF2 tetrameric com-   434 plex  (Figure S-1) [35,62].  The high  resolution free  structures of S100B  435 and  FGF2 previously available in Protein Data Bank (PDB) were chosen 436 for the structure calculation of S100B–FGF2 heterotetrameric complex 437 [37,39]. As of the interaction between the two proteins indicated an in-  438 termediate binding exchange regimen, it was not feasible to determine  439 the accurate local  constraints between the S100B–FGF2  complex by  440 measuring intermolecular NOEs. Further efforts to derive the  orienta- 441 tional restraints from  RDC experiments were not successful, as S100B–  442
FGF2 complex was observed to have signiﬁcant interaction with various 443 alignment medium such as Pf1 phage (Asla Biotech), 5% C12E5: Hexanol 444 (0.96  ratio) (Sigma-Aldrich) and  7% Acrylamide gel employed for the 445 studies (data not  shown). Ambiguous restraints (AIRs) derived from  the 446
HSQC titration data and  residue solvent accessibility (Supplementary  447
Table 1) were deﬁned as intermolecular constraints in the HADDOCK cal-  448
culations. A total of 6000  rigid-body docking trials were conducted with  449



450	the 200  lowest energy structures from  it  used   for  subsequent semi-
451	ﬂexible simulated annealing and a similar number of structures were re-
452	ﬁned in water in ﬁnal  iteration stage.  HADDOCK grouped 181 structures
453	based on their pairwise RMSD of main  chain,  into  4 clusters. Out of all
454	the clusters, Cluster  1 was  the most populous cluster containing 110
455	structures with an RMSD score of 0.7 Å from the lowest energy conﬁrma-
456	tion. Owing  to the larger protein–protein buried surface area  and lowest
457	HADDOCK score  value  of − 258  (Figure S-2),  Cluster  1 comprising 110

structures could be unequivocally chosen for further analysis when com-   458 pared to Cluster  2 second most populated cluster with 47 structures. The  459 remaining clusters with signiﬁcant restraint violations and  higher RMSD 460 score (Figure S-3) were not considered for further evaluation. A best rep-   461 resentative structure ribbon plot and  a  surface representation  of  the 462
S100B–FGF2 tetrameric complex from  Cluster  1 are  shown in  Fig. 4A  463
and  B. The 10 lowest energy conformations from  Cluster  1 are shown as  464
structural ensemble (Figure S-4)  and  backbone elements  (Figure S-5)  465
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)Fig. 4. Structure of S100B  with FGF2 and stability assessment of the complex. A, Ribbon diagram of the representative S100B–FGF2 complex structure. B, Surface model of S100B bound to FGF2 in a ribbon diagram and similar representation with surface model of FGF2 bound to S100B. C, 15 snapshots, sampled at each of the 15  ns, from the unrestrained MD simulation of the HADDOCK complex structure. D, Time progression of RMSD proﬁle of S100B, FGF2, and the complex structure. E, Fluctuations in the interfacial area of the S100B–FGF2 complex during the
15  ns MD simulation run.
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)466	was further validated with PROCHECK and the results showed good over-
467	all backbone geometry compared to structural ensemble from  Cluster  2
468	(Figure S-6).  The atomic coordinates for the ensemble of structures of
469	S100B–FGF2 tetrameric complex from  Cluster  1 have  been deposited in
470	the Protein Data  Bank (PDB ID: 2m49). Analysis  of the Ramachandran
471	plot  indicates that 92.6% of the residues are  in most favorable regions,
472	6.6% are in additionally allowed regions and  only 0.7% are in disallowed
473	regions with docking statistics tabulated (Table 1).

474	3.5. Structural stability  of the S100B–FGF2 complex

475	In order to evaluate the stability of the S100B–FGF2 complex, the
476	best representative structure from  the Cluster l was  taken up  further
477	for a 15 ns unrestrained molecular dynamic simulations using  NAMD
478	package 2.9 (Fig. 4C). The Cα RMSD proﬁles depicting the structural dif-
479	ference between starting conformation and  the conformation sampled
480	at a given  time point for S100B and  FGF2 proteins in the  complex and

 (
481
)Q12

the heterotetrameric S100B–FGF2 complex are shown in Fig. 5D. During

482	the 15 ns simulation, FGF2 had no noticeable structural changes and the
483	RMSD proﬁle of S100B indicates that the structure had been equilibrated
484	since  the 4th  ns and  stayed around the RMSD of 2.5 Å from  the starting
485	structure. On the other hand, the tetrameric complex demanded a longer
486	equilibration time period and kept a 4 Å RMSD from where it started over
487	the last 5 ns (Fig. 4D). This was found to result from a rigid-body adjust-
488	ment for relatively stable S100B and  FGF2 proteins to meet in a more
489	energetically relaxed orientation than that before the  MD run.  Overall,
490	during the simulation, we found that the S100B–FGF2 complex remained
491	stable keeping a small  RMSD given the ﬂexible tetrameric nature.
492	The interface area  buried upon the complex formation for one sym-
493	metrical binding site between the two proteins, maintained in a range of
494	650–700 Å2  during the  15 ns unrestrained MD simulation. The minor
495	deviations in both RMSD and  buried interface surface area  imply  local-
496	ized conformational changes happening during the complex formation
497	suggesting the conformational selection process at the binding interface
498	of the  two proteins (Fig.  4E). Despite the  lower  buried  surface area
499	between the complex (650–700 Å2) than that for the  majority of the
500	reported protein–protein interface [63], the complex remained stable
501	during the  simulation course due  to the presence of electrostatic and
502	hydrophobic interactions between S100B and  FGF2 as discussed in de-
503	tail in the following section. Further MD simulation results of the single
504	structure from  the Cluster  2 supported the notion of nonselection of
505	structures for further evaluation based on the poor interface properties.
506	The currently reported interface of structure from Cluster 1 remains stable
507	for its constant (with small ﬂuctuations) buried solvent accessible surface






















Fig. 5. A interface representation of the S100B–FGF2 complex determined from HADDOCK. A, The electrostatic surface representation of FGF2 with the side chain of the S100B  interface residues shown in orange. B, The electrostatic surface representation of S100B  with the side chain of  the FGF2  interface  residues  shown  in green.  The positively  charged,  negatively charged, and neutral amino acid surfaces are represented in blue, red and white respectively.
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Table 1
Structural statistics of the 10 best S100B–FGF2 model structures generated from HADDOCK.

area  (SASA) during the 15 ns  simulation course. However,  the buried 508
SASA decreased from  450 Å2  to 200 Å2  within 5 ns MD simulation if an  509 initial   HADDOCK structure from   Cluster   2  is  used.   However, during  510 the course of 15 ns MD simulation the two proteins remain associated 511

t1:3 	Backbone RMSD (A°) with respect to mean
t1:4 	Flexible interface backbone 	0.7  ± 0.01
t1:5 	All backbone 	0.8  ± 0.01
t1:6
t1:7 	Number of ambiguous interaction restraints (AIRs)
t1:8 	From S100B 	17

given the relatively small  binding interface (Figure S-7).

3.6. S100B–FGF2 Interfacial  features

512


513

t1:9          From FGF2                                                                                                                24 t1:10        Total AIRs                                                                                                                 41 t1:11
t1:12 	Intermolecular energies after water reﬁnement
t1:13        Evdw  (kcal mol−1)                                                                                                  − 68.1 ± 12.8 t1:14        Eelec  (kcal mol−1)                                                                                                   − 993 ± 50.3 t1:15
t1:16 	RMSD from  idealized covalent geometry
t1:17 	Bonds (A°)	0.003 ± 0.00 t1:18 	Angles (°)	0.5  ± 0.01 t1:19
t1:20 	Ramachandran statistics (% of all the residues)
t1:21 	Residues in the most favored region	92.6 t1:22 	Residues in the additionally allowed region	6.6 t1:23 	Residues in the disallowed region	0.7

S100B an important member of the S100 protein family, is reported 514 to interact with a number of protein targets to attain various functions 515 inside the cell or at cell surface (22–24). S100B has known recognition 516 ability to accommodate diverse peptides in the hydrophobic cleft be-  517 tween helix  3 and  helix  4 [25,64,65]. Residues such  as Phe-87, Phe-88 518 and His-90, on the C-terminal helix 4 provided the crucial  hydrophobic 519 contacts for the S100B–FGF2 interaction. Acidic residues especially Glu-  520
45, Glu-46, Glu-49 present on the linker region of S100B which has least 521 sequence conservation among the S100 protein, provided the important 522 charge–charge contacts for interaction with the  FGF2 basic surface res-   523 idues (Fig. 5A). Other residues such  as Ser-41,  His-42,  Phe-43, Ala-78  524 and  Ala-83 which have  a signiﬁcant cross peak  intensities change have   525



526	a limited role in target recognition and were identiﬁed to be adjacent to
527	the active residues. There were close similarities between the interfacial

3.8. Functional  studies with S100B

590

528	residues mapped on the  human S100B surface for the FGF2 interaction
529	and   those previously reported  to be  involved in  S100B  interaction
530	with various peptides, such  as p53  and  TRTK-12. These  comparisons
531	suggest that S100B residues present a common structural fold surface
532	of linker region, helix3  with the target binding speciﬁcity property in-
533	grained  in  C-terminus  helix-4 region  for  FGF2 interaction  [23,25].
534	FGF2 has a known molecular fold consisting of 12 anti-parallel β strands
535	arrange in a pattern forming a 3-fold internal symmetry. The N-terminal
536	and C-terminal beta strands and variable loop regions have been attrib-
537	uted to the interaction with various ligands and receptor recognition on
538	the FGF2 surface [5,9,10].  Similar  mini  segments comprising one bind-
539	ing face for the S100B interaction were identiﬁed on the  FGF2 surface.
540	Solvent accessible residues such  as Tyr-24,  Lys-26 and  Gly-28, present
541	on N-terminal β1 strand, and the β1–β2 loop region formed a continu-
542	ous segment with partially solvent buried residues namely Arg-22, Cys-
543	25 and Asn-27. Another important segment providing non-bonded and
544	polar  contacts for the S100B–FGF2 complex formation was traced to β8
545	and  β9 strands, and  the β8–β9 loops,  consisting of Ser-100, Asn-101,
546	Asn-102 and Tyr-103 were also highly solvent exposed residues. Hydro-
547	phobic and  basic residues such  as Arg-120,  Tyr-124,  Leu-126,  Gly-127,
548	Gly-133, Lys-135, Phe-139, Leu-140 and Met-142 located on the pseudo
549	β11 strand, the β11–β12 loops  and  the  β12 strand deﬁned the crucial
550	segment for the S100B interaction. These clustered segments of distrib-
551	uted residues deﬁned the important FGF2 recognition surface for the
552	S100B interaction (Fig. 5B).

For evaluating the downstream effects  of exogenous human S100B  591 on FGF2 mediated functions, cell proliferation could be an important in-  592 dicator for the overall change pronounced due  to the interaction be-  593 tween the two  proteins. MCF-7 and  MDA-MB 468  cells  were chosen 594 for this study as these breast carcinoma cell lines are known to express 595 endogenous functional FGF receptors,  especially FGFR1 [67].  Serum  596 starved MCF-7 cells  were grown and  followed by treatment with or  597 without 2 nM FGF2, or co-treatment with increased concentration of  598
S100B (1, 10, and  100  nM). As detailed in Fig. 7A, in the presence of a  599 nanomolar concentration of FGF2, an increased viable cell count was ob-  600 served in respect to the serum free conditions, which was a known mi-  601 togenic effect for FGFR1 ligands. However, it was intriguing to observe 602 the decrease in the viable  cell count with the co-treatment of S100B in  603 different concentrations. The inhibition effect followed a concentration 604 dependent behavior, with increasing concentrations of S100B produc- 605 ing signiﬁcant reduction in cell number count. To validate our  results 606 further,  similar experiments were repeated in  the MDA-MB468  cell  607 line for the mitogenic activity. A similar pattern of results was observed 608 in the  MDA-MB468 cell line, as co-treatment with S100B resulted in a  609 lower  viable   cell   number  count  compared  with  FGF2  treatment 610 (Fig. 7B). An increased amount of formazan crystals was observed in vi-  611 able  cells for 2 nM FGF2-treated cells in Fig. 7C, compared to that ob-  612 served in  2 nM  FGF2 plus  100  nM  S100B co-treated cells,  indicating 613 that S100B might induce cell death, leading to an inhibition of cell pro-   614 liferation. Thus, the results from the in vitro studies suggest that S100B  615

has an inhibitory effect on FGF2 stimulated cell proliferation activity.

616

553	3.7. Signiﬁcance of the S100B–FGF2 interface

554	In an attempt to explain the biological relevance of the interfacial
555	residue information of the  S100B–FGF2 complex interface,  we  drew
556	comparisons between the S100B and  FGF2 interface and  speciﬁc con-
557	tacts between FGF2 and FGFR1 receptor complex. FGF2–FGFR1 interface
558	is not entirely deﬁned as the one continuous surface for the interaction,
559	but is composed of multiple localized mini interfaces spanning over D2,
560	D3 and D2–D3 linker regions. However, the main interaction site for the
561	FGF2–FGFR1 interaction is focused over  the D2 domain. FGF2 interacts
562	with FGFR1 receptor in  1:1  FGF2:2  FGFR1 stoichiometry with one
563	FGF2 structure having extensive contacts on one  face of D2 domain of
564	FGFR1 receptor molecule which constitutes the primary interaction
565	site and  another FGF2 structure interacting with D2 domain of other
566	FGFR1 receptor molecule which deﬁned the secondary interaction site
567	[10].  The FGF2–D2 domain of FGFR1 interface is primarily composed

To understand further  the implications of extracellular S100B on  617
FGF2 mediated signaling pathway of FGFR1 receptor, we analyzed the   618 amount of phosphorylated FGFR1 by Western blot. Taking into account,  619 the possible role of RAGE receptor in S100B induced effects on cell count 620 in breast carcinoma cells [17,68], we used FPS-ZM1 a nanomolar afﬁnity 621
RAGE-speciﬁc  inhibitor that blocks  the binding of various known li-  622 gands to the V domain of RAGE receptor for the study [69]. Cells treated 623 with FGF2 alone  have  shown the signiﬁcant amount of total phosphor- 624 ylated FGFR1, however in the presence of S100B, reduced content of  625 total phosphorylated FGFR1 was  detected in comparison to the cells  626 treated with FGF2 alone.  Further co-treatment with FPS-ZM1, makes it 627 evident that phenomenon of reduction in FGFR1 phosphorylation level  628 is due  to exclusive events caused by the interaction of S100B and  FGF2 629 leading to FGFR1 receptor inactivation with insigniﬁcant role  of RAGE 630 receptor as shown in Fig. 7D. This result demonstrated that exogenous 631
S100B has profound role in inactivation of FGFR1 receptor signaling me-   632

568	of FGF2 residues distributed over  the β1 strand, the  β1–β2 turns, the
569	β2  strand, the β3–β4 loops,  the β8–β9 turns,  and  the β9  and  β12
570	strands. The surface accessible residues of FGF2 such  as Tyr-24,  Tyr-
571	103,  Leu-140,  Met-142 make prominent  hydrophobic contacts with

diated through interaction with FGF2 in breast carcinoma cells.

3.9. Mutagenesis studies

633

634

572	Leu-165,  Ala-167,  Pro-169 and  Val-248  on βA′ loop  and  linker region
573	of D2 domain of FGFR1 [5,9,10] (Fig. 6A). The role of these four residues
574	has been substantiated since the literature emphasized the mutation of
575	these residues results in a dramatic decrease in the binding afﬁnity of
576	FGF2 for FGFR1 and  subsequent mitogenic activity [66]. Interestingly,
577	these residues which deﬁne the primary interaction site for FGF2–D2
578	FGFR1 binding interface make an important hydrophobic contact with
579	Phe-87, Phe-88 and  His-90,  C-terminal non-polar residues of S100B to
580	deﬁne the S100B–FGF2  interface (Fig.  6B).  Other residues,  such   as
581	Ser-100, Asn-101, Asn-102, and  Gly-133  which deﬁne the  secondary
582	interaction site for FGF2–D2 domain are spatially close to FGF2 primary
583	hydrophobic residues and  contribute to making contacts with S100B.

Alanine  site directed mutagenesis continues to be an important tool 635 for the analysis and deﬁning the hotspot residues at protein–protein in-  636 terfaces [70]. To assess the contribution of the residues at the binding in-  637 terface of S100B–FGF2 complex, S100B constructs were constructed in  638 which aromatic residues such  as  Phe87  and  His90,  which envisaged 639 special interest as they have  close  proximity to the hydrophobic resi-   640 dues  of FGF2 forming aromatic clusters, proposed to interact with D2  641 domain of FGFR1 [66], were mutated to alanine, nullifying those speciﬁc  642 hydrophobic contacts between the two proteins (Fig. 8A). Role of the 643
S100B mutants on binding afﬁnity was  determined by employing ITC 644 approach. Also to assess the overall biological effect of S100B mutants, 645 functional mitogenic assay  was  also  performed with respect to the 646

584	These  comparisons between the  S100B–FGF2 interface and  the FGF2–

wild-type S100B.

647

585	D2 domain of FGFR1 convinced us to propose that S100B interaction
586	with FGF2 would have  a pivotal role  in blocking the FGF2 interaction
587	with the D2 domain of the extracellular FGFR1 receptor. In search of
588	evidence to support our  rationale,  we  proceeded further  to  conduct
589	the functional assay studies.

Site directed mutation of Phe87 and  His90 with alanine resulted in  648 the profound effect on  the cell proliferation activity, with reversal of  649 cell  growth inhibition observed in  contrast to,  evident lower viable   650 cell number count on the treatment MCF-7 cells with FGF2 in the pres- 651 ence  of wild-type S100B (Fig.  8B).  The loss  of cell growth inhibitory 652




 (
OO
)Fig. 6. A comparative analysis of the FGF2–D2 interface and S100B–FGF2 interface. A, A cartoon representation of FGF2 and the D2 domain depicting primary binding site contacts between
FGF2 and D2 with the side chain residues on FGF2 shown in pink and side chain residues of the D2 domain shown in chocolate. The structure was taken from the Protein Data Bank (PDB ID:
 (
UNCORRECTED
)1FQ9). B, A cartoon representation of FGF2 and S100B depicting S100B–FGF2 interface in similar orientation of FGF–D2 interface with side chain residues on FGF2 shown in pink and side chain residues of S100B  shown in orange.





Fig. 7. The effects of S100B  on FGF2 mediated cell proliferation and FGFR1 receptor signaling. Serum starved A, MCF-7 cells  or (B) MDA-MB468 cells  were treated with or without 2 nM FGF2, or co-treated with different concentrations of S100B, and proliferation was measured by MTT assay. Treatment of 2 nM FGF2 induced cell growth which was inhibited signiﬁcantly by increased concentration of S100B. Results are plotted as fold induction with serum free as the corresponding control and presented as the means ± SD of 3 independent experiments.
* indicates the statistical signiﬁcance w.r.t. control. # indicates the statistical signiﬁcance w.r.t to 2 nM FGF2. C, The formazan crystals in cells. MCF-7 cells  were serum-starved for 24  h, and then treated with 2 nM FGF2 or 2 nM FGF2 with 100 nM S100B for 2 days. Subsequently, MTT was added to the medium to a ﬁnal concentration of 0.5  mg/ml and the cells were incubated for another 3 h. The formazan crystals (black color) in each treatment were observed with 200 × magniﬁcation under a microscope. D, MCF-7 cells  were serum starved for 24  h, and then treated with or without 2 nM FGF2 in the presence or absence of 100 nM  S100B  or 1 μM FPS-ZM1 for 1 h. Cell lysate was extracted from each treatment and 1 mg  of cell  lysate was immunoprecipitated with anti-FGFR1 antibody. Subsequently, the amounts of phosphorylation of FGFR1 were detected by Western blotting with anti-phosphorylated tyrosine antibody or anti-FGRF1 antibody.



653	effect of S100B mutants is attributed to the absence of intermolecular
654	hydrophobic contacts provided by the side  chain  of Phe87 and  His90
655	with the primary binding contact site on FGF2 surface. ITC titration stud-
656	ies proved invaluable approach to measure the loss of binding afﬁnity of
657	mutants in comparison of wild  type S100B. Substitution of Phe87 and
658	His90  resulted in the 50-fold and  13-fold reduction with the  binding
659	constant Kd  determined to be 500  μM and 134  μM between S100B F87A
660	and  S100B  H90A  mutant interaction with FGF2 (Fig.  8C).  Further  to
661	have  the quantitative assessment of the contributing factors for the  sub-
662	stantial fold  decrease in binding afﬁnity, the ΔG, Gibbs  free  energy of

binding for  wild-type S100B = − 6.91 kcal/mol and  S100B  F87A = 663
− 4.50  kcal/mol and S100B H90A = − 5.28 kcal/mol calculated values 664 were compared. The ΔΔG, differences in the Gibbs free energy of bind- 665 ing for S100B F87A = 2.41  kcal/mol and S100B H90A = 1.63  kcal/mol 666 in  comparison to  wild-type S100B = − 6.91  kcal/mol, substantiates  667 the  role  of the mutants on the binding interface between S100B and   668
FGF2. Here further inference can be drawn that binding is driven by a  669 favorable entropy contribution (− TΔS = − 5.48 kcal/mol for  wild- 670 type   S100B  versus 3.57  and   − 2.90  kcal/mol for  S100B  F87A  and   671
S100B  H90A,  respectively), with the  decrease in  entropy from  the 672
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PR
UNCORRECTED
)Fig. 8. The effects of S100B  mutants assessed by functional assay and thermodynamic studies. A, Surface model of FGF2 bound to S100B  in a ribbon diagram with side chain of aromatic residues at C-terminal helix of S100B  shown in marine color in close spatial proximity of primary binding site residues of FGFR1 D2 on FGF2 surface. B, MCF-7 cells  were treated with or without 2 nM FGF2, or co-treated with 100 nM S100B, 100 nM S100B F87A and 100 nM S100B H90A, and proliferation was measured by MTT assay. Treatment of 2 nM FGF2 induced cell growth which was inhibited signiﬁcantly by S100B.  Signiﬁcant reversal of cell  growth inhibition activity by S100B  mutant results are plotted as fold  induction with serum free as the corresponding control and presented as the means ± SD of 3 independent experiments. * indicates the statistical signiﬁcance w.r.t. control. # indicates the statistical signiﬁcance w.r.t to 2 nM FGF2. C, Thermodynamic studies of S100B  F87A and S100B  H90A  with FGF2 as protein ligand and respective binding constant (Kd) for S100BF87A–FGF2 interaction and S100B
H90A–FGF2 determined to be 500 μM and 134 μM.



673	individual side  chains of hydrophobic residues when replaced with
674	alanine mutants  leads   to loss  of  binding  afﬁnity  (Supplementary
675	Table 2). The binding enthalpy changes observed in the  ITC titration

residues which lies  on  the C-terminus  hydrophobic region of S100B  687 compared to the  previous studies which have  shown signiﬁcant loss of  688 binding afﬁnity between S100B and  TRTK-12 peptide due  to deletion 689

676	of mutants for  the  protein–protein interaction suggest the  presence
677	of intact charge–charge contacts on  the  binding interface with the
678	increase in binding enthalpy values (ΔH = 2.38 and  − 8.07  kcal/mol

of overall C-terminal hydrophobic patch of S100B [72].

4. Discussion

690

691

 (
679
)Q9    for S100B H90A and  S100B F87A) in respect to − 1.43 kcal/mol value

680	for  wild-type S100B possibly be  attributed to  the  enthalpy–entropy
681	compensation associated with signiﬁcant loss  of  favorable entropy
682	[71].
683	These results demonstrated the central role of the conserved hydro-
684	phobic residues Phe87 and  His90 of S100B on the binding interface of
685	S100B–FGF2  complex.  It  is  also  pertinent to mention here that we
 (
P
R
O
NCORRECTED
)686	have  stressed the quantitative importance of the Phe-87 and  His-90

S100 proteins are known to be secreted in paracrine, autocrine and   692 endocrine manner to attain a signiﬁcant extracellular concentration to 693 affect  cellular signaling in various cell types [13,73].  RAGE receptor is  694 documented to be  the primary extracellular receptor for  mediating 695 these effects [16]. Exogenous S100 proteins have  been known to pro-   696 mote the cell growth effects in RAGE expressed cells [17,18].  However,  697 other cell surface receptors have  been proposed in various cell lines  to 698
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Fig. 9. Proposed schematic representation of S100B  interaction with FGF2 on cell surface of MCF-7 cells.  In MCF-7 cells,  extracellular FGF2 ligand promotes extracellular FGFR1 receptor dimerization and further promotion of intracellular receptor tyrosine kinase domain activation resulting in enhanced FGFR1 signaling, triggering cell proliferation and exhibiting mitogenic effect. However in the presence of extracellular dimeric S100B  which interacts with FGF2 forming a S100B–FGF2 heterotetrameric complex, results in blockade and decreased FGFR1 signaling due to lack  of receptor activation in the absence of FGF2 ligand for dimerization of the receptor. Inactivation of FGFR1 receptor leads to inhibition of the cell growth.



699	play  a  role  in  mediating the extracellular effects   of  S100  proteins.
700	S100A8/A9 was  proposed to have  a differential cell proliferation effect
701	which could not be explained entirely as being due to the RAGE receptor
702	activation [68]. Recent literature has identiﬁed the role of the FGFR1 re-
703	ceptor as a mediator for S100B actions in association with FGF2, inde-
704	pendent of the RAGE receptor, in C1C12 myoblast cells  through RAS/
705	MEK/ERK1/2 signaling module  [20,21,74]. Identifying  the  interaction
706	surface between S100B and  FGF2 provided us with an opportunity to
707	understand the role of those crucial  residues on the S100B surface that
708	differentiate the S100B recognition surface between FGF2 and  various
709	other protein targets. Thermodynamic studies between human S100B

structure of the S100B–FGF2 complex. We pronounced the interface re-  763 gions  between S100B and  FGF2 in the resolved heterotetrameric com-   764 plex.  This is the ﬁrst report detailing the structural characterization of  765 the human S100B  and  FGF2 interaction providing insights into the   766 unique structural features of S100B to recognize FGF2 in extracellular 767 space. Interestingly, the docked S100B–FGF2 heterotetrameric complex 768 derived from  NMR spectroscopic studies directed towards the role  of  769 binding site  on  FGF2 for  S100B  which hinders  the  interaction of  770
FGF2 at  the primary binding site  of D2 domain of FGFR1. Functional  771 assay  using  site  directed mutants and  Western blot studies provided 772 the sound evidence to correlate the overall effects on cellular responses  773

710	and  FGF2 using  Isothermal  titration calorimetry deﬁned the binding
711	constant (Kd) as  10.0 μM, implying a moderately strong interaction.
712	NMR titration studies provided the insights into the S100B–FGF2 inter-
713	action site.  The  mapped  binding surface residues between  S100B–

translated through FGFR1 receptor inactivation.
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730	tion with the RAGE receptor in the transduction and  activation of the
731	downstream signaling cascade [60,74]. Our ﬁndings signify the extracel-
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732	lular role of dimeric form of S100B to interact with and  sequester FGF2
733	molecules in symmetric fashion, which has shown some intricate possi-

Figures  providing further  support of the ﬁndings presented in  the 791
manuscript are  included as  supplementary data.  Supplementary  data   792
to this  article can be found online at http://dx.doi.org/10.1016/j.bbapap.  793

734	bilities for this  association. The interaction surface for the S100B–FGF2
735	complex has a close resemblance to the FGF2–D2 domain of FGFR1 in-
736	terface.  The  profound role  of hydrophobic residues can  be  adjudged
737	on these two similar protein–protein interfaces. Therefore, it was  not
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