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Abstract 42 

To elucidate S100 protein-mediated signaling pathways, we attempted to identify novel binding 43 

partners for S100A2 by screening protein arrays carrying 19,676 recombinant glutathione S-44 

transferase (GST)-fused human proteins with biotinylated S100A2. Among newly discovered 45 

putative S100A2 interactants, including TMLHE, TRH, RPL36, MRPS34, CDR2L, OIP5, and MED29, we 46 

identified and characterized the tubulin polymerization-promoting protein (TPPP) as a novel 47 

S100A2-binding protein. We confirmed the interaction of TPPP with Ca2+/S100A2 by multiple 48 

independent methods, including the protein array method, S100A2 overlay, and pulldown assay in 49 

vitro and in transfected COS-7 cells. Based on the results from the S100A2 overlay assay using 50 

various GST-TPPP mutants, the S100A2-binding region was identified in the C-terminal (residues 51 

111–160) of the central core domain of a monomeric form of TPPP that is involved in TPPP 52 

dimerization. Chemical cross-linking experiments indicated that S100A2 suppresses dimer 53 

formation of His-tagged TPPP in a dose-dependent and a Ca2+-dependent manner. In addition to 54 

S100A2, TPPP dimerization is disrupted by other multiple S100 proteins, including S100A6 and 55 

S100B, in a Ca2+-dependent manner but not by S100A4. This is consistent with the fact that S100A6 56 

and S100B, but not S100A4, are capable of interacting with GST-TPPP in the presence of Ca2+. 57 

Considering these results together, TPPP was identified as a novel target for S100A2, and it is a 58 

potential binding target for other multiple S100 proteins, including S100A6 and S100B. Direct 59 

binding of the S100 proteins with TPPP may cause disassembly of TPPP dimer formation in response 60 
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to the increasing concentration of intracellular Ca2+, thus resulting in the regulation of the 61 

physiological function of TPPP, such as microtubule organization. 62 

  63 
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Introduction 64 

S100 proteins constitute two classes of the EF hand-type Ca2+-binding protein family, which is 65 

involved in various intracellular Ca2+ signaling and extracellular activities via secretions of family 66 

members such as S100B, S100A8, and S100A9 [1-3]. Accumulated evidence indicates that S100 67 

proteins are differentially expressed in a wide variety of cell types that interact with specific or 68 

redundant target proteins to transduce intracellular or extracellular signaling. Ca2+ binding induces 69 

conformational changes of S100 proteins, which results in exposure of a hydrophobic cleft that is 70 

essential for S100/targets interaction [4]. Unlike the major Ca2+ mediator, calmodulin, whose target 71 

interactions are classified as 1–10, 1–14, 1–16, and IQ motifs [5], S100 proteins interact with their 72 

interactants through various binding motifs, as was revealed through crystal structure analysis [6]. 73 

The tetratricopeptide repeat motif in cyclophilin 40, FKBP52, CHIP (C terminus of Hsc70-interacting 74 

protein), FKBP38, and protein phosphatase 5 was shown to interact with S100 proteins, including 75 

S100A1, S100A2, S100A6, and S100B [7-10]. Although the molecular mechanism(s) have not been 76 

elucidated, conflicting results about the role of S100A2 in tumor suppression [11] and cancer 77 

metastasis [12, 13] have been published. In intact cells, S100A2 is localized in the cytoplasm and 78 

nucleus [14] and is secreted in extracellular space. In the cytoplasm, S100A2 interacts with various 79 

proteins, including enzymes [10] and cytoskeletal proteins [15]. Additionally, S100A2 interacts with 80 

monomeric and tetrameric forms of the tumor suppressor p53 [16], which modulates its 81 

transcriptional activity [17], and with the receptor for advanced glycation end-products [18]. To 82 

investigate the multifunctional roles of S100A2, we set up genome-wide protein–protein interaction 83 
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(PPI) screening using human protein arrays containing 19,676 recombinant human proteins to 84 

identify potential S100A2 target proteins. By screening the human protein arrays with biotinylated 85 

calmodulin and S100A6, the striated muscle activator of Rho signaling [19] and FOR20 were 86 

identified as novel calmodulin- and S100A6-binding proteins [20], respectively, which indicates that 87 

genome-wide PPI screening is an effective and time-saving method for comprehensive identification 88 

of potential interactants for various Ca2+ mediators. In this report, we identified multiple candidates 89 

for S100A2 target proteins through comprehensive PPI screening and characterized TPPP/p25 90 

(tubulin polymerization-promoting protein) as a novel S100A2 target that may be a target for 91 

multiple S100 proteins. According to our biochemical characterization of TPPP/S100 protein 92 

interaction, we demonstrated for the first time the Ca2+-dependent regulation of TPPP dimerization 93 

via direct interaction with S100 proteins. 94 

 95 

2. Materials and Methods 96 

2.1. Materials---S100 proteins (S100A2, S100A4, S100A6, and S100B) were expressed in Escherichia 97 

coli (E. coli) BL21 (DE3) using the pET vector and were purified by Phenyl-Sepharose chromatography 98 

following a previously described method (see Supplemental Figure S1) [20]. Recombinant S100A2 99 

was biotinylated with biotinoyl-ε-aminocaproic acid N-hydroxysuccinimide (NHS) ester followed by 100 

purification [21]. Human TPPP cDNA (NM_007030.3) was cloned and subcloned into pcDNA3.1+ 101 

(Invitrogen, CA, USA) as HA-tagged cDNA [22]. Anti-glutathione S-transferase (GST) and anti-His tag 102 

antibodies were obtained from GE Healthcare UK, Ltd. (Buckinghamshire, UK) and Proteintech 103 
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(Rosemont, IL, USA), respectively. Anti-S100A2 antibody was obtained from R&D Systems 104 

(Minneapolis, MN, USA). All other chemicals were obtained from standard commercial sources. 105 

2.2. Screening of S100A2 targets using human protein array---Protein array plates (Protein Active 106 

Array®, 1,536-well format × 27 plates) containing 19,676 recombinant human proteins in duplicate 107 

generated by wheat germ cell-free protein synthesis were constructed by CellFree Sciences 108 

(Matsuyama, Japan) [19], and the PPI screening was performed by incubation with 0.6 µg/mL 109 

biotinylated S100A2 in the presence of 1 mM CaCl2, followed by a streptavidin–horseradish 110 

peroxidase-mediated enhanced chemiluminescence (ECL) detection of S100A2 binding with 111 

ChemiDoc™ XRS (Bio-Rad Laboratories, Hercules, CA, USA) [20]. 112 

2.3. Expression of GST-fused proteins by wheat germ cell-free protein synthesis---Potential targets 113 

of S100A2 interactants (TMLHE, NP_060666; TPPP, NP_008961; TRH, NP_009048; DTNBP1, 114 

NP_115498; ARG2, NP_001163; RPL36, NP_056229; MRPS34, NP_076425; SNRPB2, NP_003083; 115 

CDR2L, NP_055418; OIP5, NP_009211; and MED29, NP_060062) were identified by protein assay 116 

screening as described in 2.2 (see Fig. 1), were generated by wheat germ cell-free protein synthesis 117 

using the WEPRO7240G Expression Kit (CellFree Sciences) as GST-fusion proteins [19, 23], and then 118 

were subsequently analyzed via S100A2 overlay and immunoblotting using an anti-GST antibody. 119 

2.4. Construction, expression, and purification of GST-TPPP-His6 and TPPP-His6---Human TPPP 120 

cDNA was amplified by polymerase chain reaction (PCR) using PrimeSTAR HS DNA polymerase 121 

(Takara Bio, Shiga, Japan) and pcDNA3.1-HA-TPPP, as described above, as a template with a sense 122 

primer (5ʹ-gggtctagacgctgacaaggcc-3ʹ) and an antisense primer (5ʹ-cttgcccccttgcaccttctgg-3ʹ) for 123 
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pGEX-PreS-His6 vector. The cDNA was then subcloned into the pGEX-PreS-His6 vector (XbaI/SmaI 124 

site; [24]), which resulted in pGEX-PreS-TPPP wild-type (2–219)-His6. Truncation and deletion 125 

mutants of GST-TPPP-His6 were constructed by PCR using PrimeSTAR HS DNA polymerase using the 126 

following primer pairs: 127 

GST-TPPP (2–174)-His6: 5ʹ-gggtctagacgctgacaaggcc-3ʹ/5ʹ-ggagcccgtgaacttggtggt-3ʹ 128 

GST-TPPP (2–100)-His6: 5ʹ-gggtctagacgctgacaaggcc-3ʹ/5ʹ-gctgaagacgatgtccacgtcagtg-3ʹ 129 

GST-TPPP (101–174)-His6: 5ʹ-gggtctagacaagatcaaagggaagtcttg-3ʹ/5ʹ-ggagcccgtgaacttggtggt-3ʹ 130 

GST-TPPP (120–174)-His6: 5ʹ-gggtctagacgaggagctcgc-3ʹ/5ʹ-ggagcccgtgaacttggtggt-3ʹ 131 

GST-TPPP (111–160)-His6: 5ʹ-gggtctagacacctttgagcagttcc-3ʹ/5ʹ- gggcgacgagatggcttt-3’ 132 

GST-TPPP (111–150)-His6: 5ʹ- gggtctagacacctttgagcagttcc-3ʹ/5ʹ- gatgatgggcgccttgccct-3’ 133 

Mammalian expression plasmids for GST-TPPP was constructed by PCR using primer pairs (5’-134 

gccaccatgtcccctatactaggttattgg-3’/5'-gggctcgagctacttgcccc-3') and a template DNA (pGEX-PreS-135 

TPPP wild-type) as described above, followed by subcloning into the pME18s vector. The nucleotide 136 

sequences of all constructs were confirmed by sequencing using an ABI PRISM 310 Genetic Analyzer 137 

(Applied Biosystems, Foster City, CA, USA). Recombinant GST-TPPP-His6 proteins, including various 138 

mutants, were expressed in E. coli BL21(DE3) and were purified by glutathione-Sepharose 139 

chromatography, followed by Ni-Sepharose chromatography (GE Healthcare UK), as described in 140 

the manufacturer’s protocol. TPPP-His6 was obtained by the digestion of GST-TPPP-His6 with 141 

PreScission Protease (GE Healthcare UK) to remove GST, followed by purification with Ni-Sepharose 142 
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chromatography. Mammalian expression plasmids for GST-TPPP were constructed using the 143 

pME18s vector. 144 

2.5. S100 proteins/TPPP interaction assay---Purified GST-TPPP-His6 (40 µg) or TPPP-His6 (20 µg) was 145 

incubated with S100 proteins (20 µg for TPPP-His6 and 40 µg for GST-TPPP-His6) in a solution 146 

(500 µL) containing 150 mM NaCl, 20 mM Tris-HCl (pH 7.5), and 0.05% Tween 20 (+30 mM imidazole 147 

for TPPP-His6 pulldown) in the absence (for TPPP-His6 pulldown ) or presence of 2 mM CaCl2 or 2 mM 148 

ethylene glycol-bis(β-aminoethyl ether)-N,N,Nʹ,Nʹ-tetraacetic acid (EGTA) for 1 h at 4°C. 149 

Subsequently, 50 µL of either glutathione-Sepharose or Ni-Sepharose beads (50% slurry, GE 150 

Healthcare UK, Ltd.) were incubated with the sample followed by incubation for 1 h. After extensive 151 

washing, 1× sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer 152 

(for GST-TPPP-His6) (50 µL) or an elution buffer containing 300 mM imidazole (50 µL) was added to 153 

the beads. Samples (10 µL) were analyzed on a Tris-Tricine-SDS-10% polyacrylamide gel using 154 

Coomassie Brilliant Blue (CBB) staining or immunoblot analysis. 155 

2.6. Cell culture, transfection and GST precipitation assay---COS-7 cells were cultured in 156 

Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL 157 

penicillin, and 100 U/mL streptomycin at 37°C in 5% CO2. Cultured COS-7 cells were plated on 10-158 

cm dishes and transfected with 2 µg of GST-TPPP expression plasmid (pME-GST-TPPP) and 8 µg 159 

of S100A2 expression plasmid (pME-S100A2 [7]) using polyethyleneimine “MAX” (Polysciences, Inc., 160 

Warrington, PA), in accordance with the manufacturer’s protocol. After 48 h of culture, the cells were 161 

lysed with 1 mL of ice-cold lysis buffer (150 mM NaCl, 20 mM Tris-HCl, pH 7.5, 0.05% Tween20, 0.2 162 



 10 

mM PMSF, and either 2 mM EGTA or 2 mM CaCl2) and centrifuged at 17,970 × g for 10 min to obtain 163 

the cell lysate. The GST precipitation assay was then performed as described above, followed by 164 

immunoblot analysis using antibodies to GST and S100A2. 165 

2.7. TPPP dimerization assay---Recombinant TPPP-His6 (2.0 µg) was incubated with or without S100 166 

proteins (0.5–1.5 µg) in a solution (40 µL) containing 90 mM NHS/39 mM 1-ethyl-3-(3-167 

dimethylaminopropyl) carbodiimide hydrochloride (EDC) in the presence or absence of 2 mM CaCl2 168 

for 1 h at 25°C. The cross-linking reaction was terminated by the addition of 2-mercaptoethanol 169 

(10 M) and was subjected to SDS-PAGE, followed by CBB staining or immunoblot analysis using the 170 

anti-His tag antibody. 171 

2.8. Other methods---Immunoblot analysis was conducted using the indicated primary antibodies 172 

with horseradish peroxidase-conjugated anti-mouse, anti-rabbit IgG (GE Healthcare UK, 173 

Buckinghamshire, UK), or anti-goat IgG (Southern Biotech, Birmingham, AL, USA) as the secondary 174 

antibody. An ECL reagent (Perkin Elmer, Waltham, MA, USA) was used for signal detection. The 175 

S100A2 overlay method, using biotinylated S100A2 (0.6 µg/mL) in the presence of either 2 mM CaCl2 176 

or 2 mM EGTA, was performed as previously described [21]. Dot blot analysis of biotinylated S100A2 177 

was conducted using streptavidin–horseradish peroxidase conjugate (GE Healthcare UK, Ltd., 178 

Buckinghamshire, UK) and the ECL detection system as described above. The protein concentration 179 

was estimated by staining with CBB (Bio-Rad Laboratories, Inc., Hercules, CA), using bovine serum 180 

albumin as the standard. 181 

 182 
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3. Results 183 

3.1. Protein array screening of S100A2-binding proteins---To identify S100A2 targets 184 

comprehensively, we performed a PPI assay using Protein Active Array® (CellFree Sciences, 185 

Matsuyama, Japan) containing 19,676 recombinant human proteins as GST-fused proteins 186 

generated by wheat germ cell-free protein synthesis [19] for interaction with biotinylated S100A2 187 

as a protein ligand (Fig. 1). Purified biotinylated S100A2 (Fig. 1A, left panel) was readily detected at 188 

1 ng using the avidin–HRP-mediated detection system (Fig. 1A, right panel). PPI screening of 19,676 189 

human proteins with biotinylated S100A2 (0.6 µg/mL) in the presence of 1 mM CaCl2 revealed 190 

several positive S100A2-binding signals, including trimethyllysine dioxygenase, mitochondrial 191 

isoform 1 precursor (TMLHE) [25], TPPP/P25 [26], thyrotropin-releasing hormone preproprotein 192 

(TRH) [27], dystrobrevin-binding protein 1 (DTNBP1) [28], arginase-2 mitochondrial precursor 193 

(ARG2) [29], 60S ribosomal protein L36 (RPL36) [30], mitochondrial ribosomal protein S34 (MRPS34) 194 

[31], small nuclear ribonucleoprotein polypeptide Bʺ (SNRPB2) [32], cerebellar degeneration-195 

related protein 2-like (CDR2L) [33], Opa interacting protein 5 (OIP5) [34], and mediator complex 196 

subunit 29 (MED29) [35](Fig. 1B). To confirm the S100A2-binding ability of newly identified S100A2 197 

targets, we performed a biotinylated S100A2 overlay against the proteins generated by the wheat 198 

germ cell-free protein synthesis as GST-fusion proteins, including the Venus protein (Venus) and an 199 

empty vector (Mock) as the negative controls. Immunoblot analysis using an anti-GST antibody 200 

indicated the comparable synthesis level of all candidates for S100A2 interactants (Fig. 1C, upper 201 

panel). Among 11 candidate proteins as S100A2 targets, eight proteins (TMLHE, TPPP, TRH, RPL36, 202 
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MRPS34, CDR2L, OIP5, and MED29) were capable of binding to S100A2, but three proteins (DTNBP1, 203 

ARG2, and SNRPB2) were not (Fig. 1C, lower panel). These results suggest that TMLHE, TPPP, TRH, 204 

RPL36, MRPS34, CDR2L, OIP5, and MED29 contain putative S100A2-binding regions that are 205 

functional under denatured conditions on SDS-PAGE and that DTNBP1, ARG2, and SNRPB2 may 206 

require native conformation for S100A2 binding. 207 

3.2. S100 protein binding to TPPP in vitro and in transfected COS-7 cells---We chose to further 208 

characterize TPPP as a novel S100A2-binding protein and the characterization of other potential 209 

S100A2 interactants will be described in detail in subsequent studies. TPPP interacts with tubulin 210 

and microtubules, which results in microtubules bundling through the dimerization property [36, 211 

37]. However, the regulatory mechanism of the TPPP function including dimerization-mediated 212 

microtubules bundling is not clear. First, we examined the S100 protein/TPPP interaction under the 213 

native condition by the pulldown assay using purified His-tagged TPPP (TPPP-His6) and S100A2 (Fig. 214 

2A). Recombinant S100A2 was incubated together with or without TPPP-His6 in either the presence 215 

or absence of 2 mM CaCl2, followed by pulldown with Ni-Sepharose resin. We confirmed that 216 

S100A2 interacted with TPPP-His6 in a Ca2+-dependent manner in vitro without non-specific binding 217 

with Ni-Sepharose resin (Fig. 2A). We next examined whether the S100A2–TPPP interaction occurs 218 

in intact cells. COS-7 cells were transfected with expression plasmids encoding GST-TPPP and 219 

S100A2. GST-TPPP protein was then pulled down with glutathione-Sepharose in the absence or 220 

presence of Ca2+ (Fig. 2B, third panel). Immunoblot analysis of the precipitated samples with an anti-221 

S100A2 antibody revealed that S100A2 exogenously expressed in COS-7 cells was co-precipitated 222 
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with GST-TPPP only in the presence of 2 mM CaCl2 (Fig. 2B, bottom panel). To examine the 223 

specificity of S100 proteins for TPPP binding, we checked four S100 proteins (S100A2, S100A4, 224 

S100A6, and S100B) for TPPP interaction by using the pulldown experiment with GST-TPPP-His6. 225 

Consistent with Fig. 2A, S100A2 has been shown to interact with GST-TPPP-His6 in a Ca2+-dependent 226 

manner (Fig. 2B) without non-specific binding with glutathione-Sepharose resin (Supplemental 227 

Figure S2). In addition to S100A2, S100A6 and S100B are capable of Ca2+-dependent interaction with 228 

GST-TPPP-His6, but not S100A4, which indicates that S100/TPPP interaction can occur in various cell 229 

types and tissues, since the expression of S100 proteins varied in a tissue- and cell-type-specific 230 

manner. 231 

3.3. Mapping of the S100A2-binding region on TPPP---Next, we attempted to map the S100A2-232 

binding region on TPPP by using the biotinylated S100A2 overlay method against various GST-TPPP-233 

His6 mutants, including the full-length protein (Fig. 3A). GST-fused TPPP-His6 proteins were purified 234 

by glutathione-Sepharose chromatography and subjected to immunoblot analysis using the anti-His 235 

tag antibody to measure the amounts of proteins loaded on the SDS-PAGE and S100A2 overlay to 236 

evaluate S100A2-binding ability (Fig. 3B, right panel). Consistent with the result for GST-TPPP 237 

generated by the wheat germ cell-free protein synthesis, as shown in Fig. 1C, full-length GST-TPPP 238 

(residues 2–219)-His6 and the C-terminal truncated mutant (residues 2–174) lacking a C-terminal 239 

unstructured domain (residues 175-219) were capable of binding with S100A2 (Fig. 3B, left panel). 240 

A C-terminal truncation mutant (residues 2–100) lacking the C-terminal 74 residues of the central 241 

core domain impaired S100A2-binding ability, which is consistent with that of the TPPP mutants-242 
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containing residues 101–174 and residues 111–160 in the core domain maintaining S100A2-binding 243 

ability. Mutants-containing residues 120–174 and residues 111–150 were incapable of binding with 244 

S100A2, which indicates that S100A2 binds to a monomeric TPPP, and a putative S100A2-binding 245 

site is located in the C-terminal half region (residues 111–160) of the TPPP core domain. 246 

3.4. Effect of S100A2 on TPPP dimerization activity---TPPP forms dimers through its central core 247 

domain, which is involved in microtubule bundling [37], which results in the regulation of mitotic 248 

spindle formation [38]. Therefore, we used the zero-length chemical cross-linking method with 249 

NHS/EDC to test whether S100A2 affects TPPP dimerization (Fig. 4). We successfully detected cross-250 

linked dimer formation of purified TPPP-His6 (~60 kDa on SDS-PAGE) and monomeric TPPP (~30 kDa 251 

on SDS-PAGE) (Figs. 4A and B). We added various concentrations of S100A2 to TPPP-His6 prior to a 252 

cross-linking reaction were initiated with NHS/EDC, which was observed with SDS-PAGE analysis (Fig. 253 

4A). CBB staining of SDS-PAGE gel revealed that the amount of the TPPP-His6 dimer at ~60 kDa 254 

gradually decreased as the concentration of S100A2 increased in the presence of 2 mM CaCl2, but a 255 

higher molecular mass was not observed in the TPPP-His6 dimer complexed with S100A2. Instead, 256 

the amounts of TPPP-His6 monomer cross-linked with S100A2 dimer (~45 kDa, Fig. 4B asterisk) and 257 

monomer (~35 kDa, Fig. 4B) increased. The effect of S100A2 on TPPP-His6 dimerization via chemical 258 

cross-linking was assayed in the presence or absence of 2 mM CaCl2 by immunoblot analysis using 259 

the anti-His tag antibody (Fig. 4B). Consistent with Fig. 4A, TPPP dimer formation was disassembled 260 

because of the addition of S100A2 in the presence of CaCl2 but not in the absence of CaCl2, which 261 
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indicated that the TPPP dimerization activity was controlled by direct S100A2 binding in a Ca2+-262 

dependent manner (Fig. 4C). 263 

3.5. Effect of S100 protein family on TPPP dimerization activity---Since TPPP colocalizes with S100 264 

in oligodendroglia-like cells [39] and S100B is highly expressed in oligodendrocytes among the S100 265 

protein family [40, 41], we tested the effect of various S100 family proteins, including S100B on 266 

TPPP-His6 dimerization, which were tested for their ability to bind to TPPP (Fig. 2B). S100A4 did not 267 

suppress TPPP-His6 dimerization, regardless of the presence or absence of Ca2+ (Fig. 5A), which was 268 

consistent with the fact that S100A4 is unable to bind GST-TPPP-His6 (Fig. 2B). S100A6 (Fig. 5B) and 269 

S100B (Fig. 5C) interact with the TPPP-His6 monomer with molecular masses of ~45 kDa (S100 270 

dimer:TPPP-His6 monomer complex, asterisks) and ~35 kDa (S100 monomer:TPPP-His6 monomer 271 

complex), which result in effectively disassembling TPPP dimerization in a dose-dependent and Ca2+-272 

dependent manner, which was similar to S100A2 (Fig. 4). Cross-linked products of monomeric forms 273 

of S100 proteins with TPPP-His6 with a molecular mass of ~35 kDa (Fig. 4, Fig. 5B, and Fig. 5C) were 274 

observed, probably due to incomplete chemical cross-linking of S100 dimeric complex.  275 

 276 

4. Discussion 277 

Ca2+ signaling regulates a wide variety of physiological responses, including cytoskeletal organization, 278 

muscle contraction, neuronal, metabolic, and pathophysiological pathways through various Ca2+ 279 

mediators, including calmodulin, S100 proteins, and other Ca2+ receptors [42]. In contrast to 280 

calmodulin, which regulates various enzymes, such as protein kinases (CaM-kinases), phosphatase 281 
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(calcineurin), nitric oxide synthase, cyclic nucleotide phosphodiesterase, and adenylate cyclase in a 282 

Ca2+-dependent manner [43], the S100 protein family is composed of more than 20 members of 283 

isoproteins and highly conserved in mice and humans [3, 44]; however, the contribution of S100 284 

proteins to the Ca2+-dependent physiological intracellular process is still not fully understood. 285 

Therefore, we tried to identify a physiologically relevant target(s) for S100 proteins by using 286 

genome-wide comprehensive PPI assay [20]. In this report, we screened human protein arrays with 287 

biotinylated S100A2 and identified 11 novel putative S100A2-binding proteins (Fig. 1). Among them, 288 

we chose the TPPP/p25 for further biochemical characterization of the interaction with S100 289 

proteins. Based on its interaction with S100 proteins, TPPP/p25 is a potential target protein for 290 

multiple S100 proteins, including S100A6 and S100B. Furthermore, TPPP/p25 was identified as a 291 

brain-specific [45] and a novel microtubule-associated protein that is capable of inducing the 292 

polymerization of tubulin [36], which results in the reorganization of a microtubule network. TPPP 293 

forms a dimer through its flexible core domain, which is important for microtubule-bundling activity, 294 

since the unstructured N- and C-terminal domains interact with other microtubules, thus resulting 295 

in their cross-linking [46]. Here we discovered that S100 proteins, including S100A2, S100A6, and 296 

S100B, are capable of suppressing TPPP dimerization activity in a Ca2+-dependent manner in vitro. 297 

Ca2+-dependent S100A2–TPPP interaction was also confirmed in transfected cultured cells (Fig. 2B). 298 

The S100 proteins interact with TPPP, whose S100A2-binding region is mapped in the flexible central 299 

core domain (Fig. 3), thus suggesting that the S100 proteins block TPPP dimerization through the 300 

steric hindrance due to their Ca2+-dependent direct interaction with TPPP (Fig. 4C). Thus, TPPP is 301 
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highly enriched in oligodendrocytes and S100B [39], which suggests that S100B is a bona fide 302 

regulator controlling TPPP-mediated microtubule organization, which could depend on the 303 

concentration of intracellular Ca2+ in oligodendrocytes. Recently, Fu et al reported that TPPP on 304 

Golgi outposts is involved in local microtubule nucleation and myelin sheath elongation [47]. These 305 

physiological functions of TPPP might be regulated by Ca2+/S100 proteins. Interestingly, S100B is 306 

associated with microtubular structures in oligodendrocytes, which suggests that it has a regulatory 307 

function for cell morphology and cytoskeletal organization [48]. It has been shown that S100B 308 

inhibits the polymerization of purified tubulin as well as purified microtubule protein, resulting in 309 

microtubule disassembly in vitro [49-51]. In astrocytes (U251 glioma cells) which apparently do not 310 

express TPPP, S100B has demonstrated to cause microtubule disassembly by interacting with the 311 

microtubules [52]. These results may suggest that S100B regulates microtubule assembly either 312 

directly or indirectly through S100B-target protein such as TPPP, that could be depending on cell-313 

types. In pathological conditions, TPPP/p25 is enriched in filamentous α-synuclein-bearing Lewy 314 

bodies of Parkinson’s disease as well as glial cytoplasmic inclusions of multiple system atrophy [53], 315 

which is consistent with a finding of TPPP-induced oligomerization of α-synuclein [22]. TPPP 316 

interacts with α-synuclein through the C-terminal of the core domain (residues 147–156) [54], which 317 

could overlap the S100 protein-binding region (residues 111–160), thus suggesting the possible 318 

involvement of Ca2+/S100 proteins in the given pathological condition. Therefore, we will test our 319 

hypothesis to determine whether S100 proteins regulate the TPPP function in vivo in a Ca2+-320 
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dependent manner, including dimerization-mediated microtubule organization and α-synuclein 321 

aggregation, in a subsequent study. 322 

 323 
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Figure Legends 475 

Figure 1. Identification of S100A2-binding proteins. (A) Biotinylated S100A2 was analyzed by either 476 

SDS-PAGE, followed by CBB staining (left panel), or dot blotting (right panel) using avidin–HRP-477 

mediated detection (1, 2, 5, and 10 ng; B, buffer). An arrow indicates biotinylated S100A2. (B) 478 

Biotinylated S100A2 binding of putative S100A2 targets on human protein arrays. PPI screening of 479 

recombinant human proteins using Protein Active Array®, 1,536-well format × 27 plates) containing 480 

19,676 recombinant human proteins in duplicate was performed as described in the “Materials and 481 

Methods 2.2.” Array, column, and row numbers and gene symbols are indicated with each 482 

biotinylated S100A2-binding image on the array. (C) Putative S100A2 targets identified by PPI 483 

screening, as shown in panel B, were synthesized by the wheat germ cell-free protein synthesis as 484 

GST-fusion proteins, as described in “Materials and Methods 2.3.,” and were subsequently analyzed 485 

by either immunoblotting (5 µL sample) using an anti-GST antibody (upper panel) or an S100A2 486 

overlay (lower panel). Venus protein (Venus) and the sample synthesized with an empty vector 487 

(Mock) were also included. Asterisks indicate the biotinylated S100A2-binding of synthesized target 488 

proteins. Molecular mass markers are indicated on the left side of each panel. TMLHE, 489 

trimethyllysine dioxygenase, mitochondrial isoform 1 precursor; TPPP, tubulin polymerization-490 

promoting protein; TRH, thyrotropin-releasing hormone preproprotein; DTNBP1, dystrobrevin-491 

binding protein 1; ARG2, arginase-2 mitochondrial precursor; RPL36, 60S ribosomal protein L36; 492 

MRPS34, mitochondrial ribosomal protein S34; SNRPB2, small nuclear ribonucleoprotein 493 
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polypeptide Bʺ; CDR2L, cerebellar degeneration-related protein 2-like; OIP5, Opa interacting protein 494 

5; MED29, mediator complex subunit 29. 495 

 496 

Figure 2. Ca2+-dependent interaction of S100 proteins with TPPP in vitro and in transfected cells. 497 

(A) S100A2 (20 µg) was incubated with (+) or without (−) TPPP-His6 (20 µg) in the presence (+) or 498 

absence (−) of 2 mM CaCl2 and, subsequently, pulldown with Ni-Sepharose, followed by SDS-Tricine 499 

PAGE analysis (CBB staining) as described in “Materials and Methods 2.5.” Asterisk and arrow 500 

represent TPPP-His6 and S100A2, respectively. (B) COS-7 cells were transfected with expression 501 

vectors encoding GST-TPPP and S100A2. After 48 h of culture, GST-TPPP was precipitated with 502 

glutathione-Sepharose in the presence of 2 mM EGTA (−) or 2 mM CaCl2 (+), and the precipitates 503 

(Pulldown) were subjected to immunoblot analysis using antibodies to GST (third panel) and S100A2 504 

(bottom panel) as described in “Materials and Methods 2.6.” The cell lysates (15 µL) from the 505 

transfected COS-7 cells (Input) were analyzed by immunoblotting with antibodies to GST (top panel) 506 

and S100A2 (second panel). Asterisks and arrows represent GST-TPPP and S100A2, respectively. (C) 507 

S100 proteins, including S100A2, S100A4, S100A6, and S100B (40 µg), were incubated with GST-508 

TPPP-His6 (40 µg) in the presence of 2 mM EGTA (−) or 2 mM CaCl2 (+) and, subsequently, pulldown 509 

with glutathione-Sepharose, followed by SDS-Tricine PAGE analysis (CBB staining). Asterisk and 510 

arrow represent GST-TPPP-His6 and S100A2, respectively. 511 

 512 
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Figure 3. Mapping of S100A2-binding region on TPPP. (A) Schematic representation of GST-TPPP-513 

His6 proteins, including full-length (residues 2–219) and mutant proteins (residues 2–174, 2–100, 514 

101–174, and 120–174), expressed and purified in E. coli (upper panel) as described in “Materials 515 

and Methods 2.4.” (B) Purified GST-TPPP-His6 proteins (0.2 µg), including full-length and mutant 516 

proteins, were separated on SDS-12.5% PAGE followed by the S100A2 overlay analysis (left panel) 517 

and immunoblot analysis using an anti-His tag antibody (right panel). 518 

 519 

Figure 4. Disassembly of TPPP dimerization by Ca2+/S100A2 in vitro. TPPP-His6 (2.0 µg) was cross-520 

linked with NHS/EDC with (+) or without (−) indicated amounts (0.5–1.5 µg) of S100A2 in either the 521 

absence (−) or presence (+) of 2 mM CaCl2, followed by either SDS-12.5% PAGE analysis (CBB 522 

staining) (A) or immunoblot analysis using the anti-His tag antibody (B), as described in “Materials 523 

and Methods 2.7.” Asterisks indicate the TPPP-His6 monomer cross-linked with S100A2. A left lane 524 

(N) in B indicates TPPP-His6 sample without NHS/EDC treatment. (C) Proposed model for regulation 525 

of TPPP dimerization by Ca2+/S100 protein.  526 

 527 

Figure 5. Ca2+-dependent disassembly of TPPP dimerization by S100A6 and S100B in vitro. TPPP-528 

His6 (2 µg) was cross-linked with NHS/EDC with (+) or without (−) indicated amounts (0.5 and 1.0 µg) 529 

of S100A4 (A), S100A6 (B), or S100B (C) in either the absence (−) or presence (+) of 2 mM CaCl2, 530 

followed by immunoblot analysis using the anti-His tag antibody, as described in “Materials and 531 



 29 

Methods 2.7.” A right lane (N) in each panel indicates the TPPP-His6 sample without NHS/EDC 532 

treatment. Asterisks indicate the TPPP-His6 monomer cross-linked with the S100 proteins. 533 
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