FM, PhD Florian Malard 
  
EJ Eric Jacquet 
  
PhD Naima Nhiri 
  
NJ, PhD Christina Sizun 
  
AC Amélie Chabrier 
  
PhD Samir Messaoudi 
  
JD Jérôme Dejeu 
  
SB Stéphane Betzi 
  
PhD Xu Zhang 
  
AT, PhD Aurélien Thureau 
  
PhD Ewen Lescop 
email: ewen.lescop@cnrs.fr
  
PhD El 
  
  
  
  
  
  
  
Revisiting the molecular interactions between the tumor protein TCTP and the drugs sertraline/thioridazine

TCTP protein is a pharmacological target in cancer and TCTP inhibitors such as sertraline have been evaluated in clinical trials. The direct interaction of TCTP with the drugs sertraline and thioridazine has been reported in vitro by SPR experiments to be in the ~30-50 µM Kd range (Amson et al. Nature Med 2012), supporting a TCTP-dependent mode of action of the drugs on tumor cells. However, the molecular details of the interaction remain elusive although they are crucial to improve the efforts of on-going medicinal chemistry. In addition, TCTP can be phosphorylated by the Plk-1 kinase, which is indicative of poor prognosis in several cancers. The impact of phosphorylation on TCTP structure/dynamics and binding with therapeutical ligands remains unexplored. Here, we combined NMR, TSA, SPR, BLI and ITC techniques to probe the molecular interactions between TCTP with the drugs sertraline and thioridazine. We reveal that drug binding is much weaker than reported with an apparent ~mM Kd and leads to protein destabilization that obscured the analysis of the published SPR data. We further demonstrate by NMR and SAXS that TCTP S46 phosphorylation does not promote tighter interaction between TCTP and sertraline. Accordingly, we question the supported model in which sertraline and thioridazine directly interact with isolated TCTP in tumor cells and discuss alternative modes of action for the drugs in light of current literature.

Introduction

The Translationally-Controlled Tumor Protein (TCTP) protein, aka HRF (Histamine Release Factor) or fortilin, is a 172 amino acid globular protein well conserved across species [START_REF] Assrir | [END_REF]. TCTP binds dozens of proteins and acts in several key cellular functions such as immune response, apoptosis, DNA repair, transcription or protein synthesis with impacts on cell-cycle progression, development, growth, proliferation, survival, and malignant transformation [2,3,4,5,6,7]. The pro-survival properties of TCTP are amongst the best-documented functions of the protein and TCTP acts synergistically through distinct pathways to inhibit cell death and to favor cell proliferation. These pathways include the enhancement of the anti-apoptotic properties of the Bcl-2 family proteins Bcl-xL and Mcl-1 at the mitochondria [8,9,10,11], of the stress sensor IRE1α [12] and of the growth factor-beta stimulated clone-22 (TSC) [13], and include blocking Ca 2+ -dependent apoptotic pathways [14]. TCTP is also involved in a negative regulatory loop with the major tumor suppressor p53 and overexpression of TCTP leads to reduced p53 levels, which contributes to maintain the malignant phenotypes in cells [15,16,17,18]. TCTP can directly interact with the DNA binding domain of p53 to prevent the transcriptional activation of Bax [16] and can also bind the E3 ligase MDM2 to inhibit its auto-ubiquitinylation, which leads to increased MDM2-mediated p53 degradation [17,19]. In addition, TCTP is also able to protect cells from apoptosis triggered by serum deprivation [20] or upon drug treatment and may thus play a role in drug resistance [8,21,22]. A recent study also highlighted the role of extracellular TCTP in the recruitment of polymorphonuclear myeloid-derived suppressor cells in the tumor microenvironment, thus contributing to tumor growth [23].

The structure of TCTP contains a globular domain formed by three α-helices and eleven β-strands forming a β-tent [START_REF] Assrir | [END_REF]. One notable feature is the 30 amino acid long flexible insertion loop [24,25] containing one highly conserved TCTP signature and three identified Polo-like kinase 1 (Plk-1) phosphorylation sites (S46, S64 and T65) [START_REF] Assrir | [END_REF]. TCTP phosphorylation is functionally important during cell division. Indeed, TCTP associates with and stabilizes the mitotic spindle and is dissociated upon Plk-1 mediated phosphorylation at S46 and S64, allowing metaphase completion and termination of both mitosis [26,27] and meiosis [28]. In addition, S46A mutation in TCTP leads to an increase in apoptosis and in multinucleated cells [26]. Phosphorylation of TCTP further modifies the subcellular localization of the protein [26,29,30] and has been proposed to be a biomarker of Plk-1 level and kinase activity, with potential interest in anti-tumor drug design strategy targeting Plk-1 [29,31]. The strict conservation of S46, but not of S64 or T65, in higher eukaryotes further reflects the crucial role of S46 in TCTP biology. In vitro, Plk-1 can phosphorylate TCTP at position S46 but not at position S64 [32], and T65 phosphorylation has also been reported [29]. Taken together the Plk-1 phosphorylated state of TCTP may be significantly populated in tumor cells but the structural impact of phosphorylation is yet unclear. In our recent modeling study we proposed that phosphorylation may induce a conformational and dynamic change in the loop to control protein-protein interaction [24].

The accumulating knowledge on TCTP has made it an attractive target for therapeutic strategies in cancers [2,3,4,5,6,7,33,34,35]. Indeed its overexpression in many tumor cell types [34] confers tumor cells with increased survival and chemoresistance, and TCTP depletion by silencing approaches or by small molecules render tumor cells more sensitive to apoptosis and treatment, thus reducing oncogenic traits [18,33,34,36,37,38,39,40,41,42,43,44]. The most promising approach to target TCTP in cancer was introduced by the group of A. Telerman and R. Amson [34]. They showed the growth inhibitory effect of anti-histaminic drugs hydroxyzine and promethazine on U937 cells in the 10µM concentration range which was accompanied by reduced TCTP intracellular levels [37]. Other structurally related drugs such as the antipsychotic thioridazine or the antidepressant sertraline had similar effects on cytotoxicity and TCTP levels [37]. Interestingly, TCTP reduction led to p53 level restoration and reactivation, most likely through the TCTP/MDM2/p53 pathway described above [17]. Sertraline went into clinical studies for cancer treatment [34], including an on-going phase I/II clinical trial against refractory acute myeloid leukemia. Sertraline and thioridazine have been shown to directly interact with TCTP and dissociation constants Kd of 47 µM and 34 µM were derived respectively from Surface Plasmon Resonance (SPR) [17], albeit with yet uncharacterized binding mode at the atomic level. In addition, the two drugs were shown also by SPR to disrupt in vitro the TCTP/MDM2 interaction, providing a rationale for the p53 level restoration upon drug treatment [17]. How phosphorylation impacts TCTP interaction network, including with drugs targeting TCTP is still elusive. Nevertheless using the SPR technique, S->E mutations mimicking phosphoserine residues at positions 46 and 64 were found to abolish the interaction of TCTP with MDM2 and ligands [17], and pointed to the long internal loop as a binding hotspot and a potential role of phosphorylation in TCTP binding profile. This binding mode is also supported by in silico docking studies that revealed a binding site near S46 and S64 in the hinge region of the internal loop for antihistaminic drugs that also induce TCTP cellular reduction [43]. Despite all the efforts to understand TCTP biology and to develop anti-TCTP therapeutic strategies, and despite evidence of interaction by techniques such as SPR or MST [17,43], structural data at the molecular and atomic levels regarding the interaction between TCTP and active compounds such as sertraline or thioridazine are missing, thus hampering the progress of drug development. In this work, we combined highly complementary structural and thermodynamic approaches including Nuclear Magnetic Resonance (NMR) spectroscopy, Small-Angle X-Ray scattering (SAXS), Thermal Shift Assays (TSA), Surface Plasmon Resonance (SPR), Bio-layer interferometry (BLI), and Isothermal Titration Calorimetry (ITC) to validate the molecular interactions and further characterize the complexes between TCTP and the sertraline and thioridazine drugs. Since the phosphorylated state of TCTP might be relevant in tumor cells we extended the structural and binding studies to the Plk-1-derived pS46-TCTP protein. We could demonstrate that interaction of TCTP with sertraline and thioridazine is very weak (in the mM range) and leads to protein destabilization at high compound concentrations without protein specificity. Our results thus invite to reinvestigate the TCTPdependent and TCTP-independent modes of action of these drugs, and their roles as TCTP inhibitors.

Results

Relevance and control of recombinant TCTP protein.

In this work, we expressed the human TCTP protein in fusion with a N-Terminal polyhistidine tag. The tag was kept for the ITC study but removed for NMR, SPR, BLI and TSA studies. Upon purification and removal of the affinity tag, the final sequence reproduced the UniProtKB fasta reference (UniProt P13693) for the native TCTP protein plus an additional glycine residue at the N-terminus of protein. Note that the TCTP construct used to show the binding of sertraline/thioridazine [17] and of the Mcl-1 and Bcl-xL proteins to TCTP [11] contained two extra Gly-Pro residues at the N-Terminus. Prior to proteindrugs interaction studies, we ensured that binding properties and folding of our recombinant TCTP were consistent with existing literature. Feng et al. have provided reference NMR fingerprints for a human TCTP protein containing an extra Cterminal polyhistidine tag, and deciphered the binding mode of the protein with calcium ions [25] and with Eukaryotic Elongation Factor 1B [45]. In our recent study [24], we could obtain very similar NMR data as Feng et al. regarding the structure/dynamics and calcium ion binding properties. Preliminary NMR studies in our lab (Fig S1) confirmed the binding of our TCTP protein with human Bcl-xL proteins, in full agreement with Thebault et al. [11]. Altogether, these elements reasonably support the limited impact of extra residues at the N-or C-termini of the protein and the relevance of the TCTP construct we designed for protein-drugs interaction studies.

NMR study of TCTP/drugs interaction.

NMR is a method of choice for drug-screening and binding site mapping. In the NMR spectrum, each NMR signal has unique chemical shift which reports on the local chemical environment of the corresponding nucleus. Accordingly, the presence of a binder in the vicinity of the atoms triggers chemical shift variations, thus allowing to detect the interaction, to delineate the binding hot-spot and to compute binding parameters. We recorded 2D 15 N SOFAST-HMQC experiments, allowing to map every H-N bond within TCTP backbone and side-chains. Each NMR cross-peak was assigned previously to one TCTP residue [24,25], except for prolines that do not contain H-N bonds, the extra glycine resulting from TEV cleavage and asparagine R51 that remained invisible in the spectra. Herein, we aimed at using solution-state NMR to confirm the TCTP/drug molecular interactions unveiled by SPR experiments [17] and to map the binding interface by performing NMR titrations of 15 N labeled TCTP with sertraline or thioridazine. By contrast with thioridazine, sertraline was poorly soluble in aqueous buffers and gave broad 1 H NMR signals. Thus, we first optimized the buffer composition. Adding 2.5% DMSO-d6 increased the solubility of sertraline to at least 500 µM as judged from narrow 1 H NMR signals of sertraline. Note that TCTP structure was not significantly perturbed at 2.5% DMSO as judged from 15 N HSQC spectra (Figure S2). Next, we performed NMR titration experiments of TCTP with drugs (Figure 1). The reference spectrum and the spectrum after addition of 200 µM sertraline (Figure 1A) or 500 µM thioridazine (Figure 1B) were virtually identical. Under the concentrations of these experiments (100 µM TCTP / 200 µM sertraline), and assuming a Kd dissociation constant of 47 µM for sertraline [17], one would expect the protein to be predominantly (73%) in the bound state and clear NMR spectral changes should occur. A similar analysis could be done for thioridazine with reported 34 µM Kd. The current NMR data then do not support a strong ~30-50 µM binding mode for the two molecules. At sertraline concentration larger than 400 µM, we observed a decrease in intensity of TCTP signals together with slight chemical shift perturbation (Figure 1A). Both observations were consistent with sertraline inducing at high concentration TCTP aggregation and precipitation and a shift in the well-characterized monomerdimer equilibrium [24], explaining the observed chemical shift perturbation. From the drug side, the addition of sertraline and thioridazine was monitored in the respective 1D 1H spectra (Figures 1C-1D). The NMR signals of sertraline at low (25 µM) concentration was still narrow despite the excess (100 µM) of protein, in disagreement with the potential dramatic change in tumbling properties of the molecule expected upon binding (Figures 1C). For thioridazine, signal intensity of the added drug increased consistently with concentrations but without chemical shift variations (Figure 1D). This, again, was not consistent with strong ~30-50 µM interaction. We consented to more efforts and engaged in Saturation Transfer Difference (STD) NMR, a technique frequently deployed to detect interactions of mediumweak (µM-mM) affinity between protein and drug. Upon saturation of methyl resonances in TCTP protein, no signal could be seen in the STD spectrum of sertraline (Figure 1C). In the limit of kinetic steps not compatible with efficient intermolecular saturation transfer, the absence of positive signals in the STD spectrum of sertraline further indicates the absence of detected interaction with TCTP. Altogether, NMR could not detect any interaction between TCTP and sertraline or thioridazine at drug concentration below 200 -400 µM, while sertraline tended to destabilize TCTP at higher concentrations.

TCTP-sertraline interaction from ITC techniques

Since our NMR experiments could not reveal interactions in the expected ~50 µM dissociation constant, we also used ITC experiments to probe TCTP/sertraline interaction. Upon sertraline injection, no heat release was observed at 25°C up to 2 molar equivalents (200 µM sertraline) (see Figure 2). In order to evaluate if the interaction would be stuck in an enthalpic trap we also collected data at 35°C and no heat release was observed. Taken together, the ITC measurements could not detect any interaction between TCTP and sertraline under conditions where heat release would be expected for a dissociation constant in the 10-100 µM range, further confirming the previous NMR experiment. 

TCTP-drugs interaction from SPR and BLI techniques

So far, NMR and ITC failed to detect the ~50 µM interaction described by Amson and co-workers by a single-technique SPR experiment [17]. Therefore we engaged in using SPR, but also Bio-Layer Interferometry (BLI) to validate and revisit TCTPdrugs interaction in our hands. Both methods are label-free and widely used to study the interactions of drugs (including proteins, nucleic acids, sugars, and small molecules) with analytes [46,47] and in the best case, can provide binding affinities. We carefully setup the experiments to be as close as in the reference experiment [17]. TCTP was immobilized on the surface while analytes (sertraline or thioridazine) were flowed past the surface via a micro-fluidic system (SPR) or via stirring the microplate (BLI).

The analyte recognition by the ligand induces a small change in the refractive index and in the layer thickness at the surface/solution interface, which can be quantified with high precision. The variation of the signal versus time (sensorgram) (see Figure 3) reflects the kinetics and the equilibrium of the interactions. Qualitatively, the SPR sensorgrams obtained for the two drugs in our study and the reference study [17] were similar. Indeed, the signals recorded by SPR, but also by BLI, increased with the analyte concentration without ever saturating in the concentration range tested, and this despite the higher maximal concentrations used in our study (500 µM versus 100 µM). This is likely due to a very low affinity of the analyte for the ligand (TCTP) immobilized on the surface.

Nevertheless, an estimation of the dissociation constant could be deduced with the response at the steady state (Req). The adsorption isotherm was fitted with the 1:1 interaction mode (see Figure 3C) and the resulting equilibrium dissociation constants (see Table 1) obtained from the SPR measurement were estimated to KD = 1.2 mM and KD = 1.0 mM for sertraline and thioridazine respectively (see Figure 3C). A concordant value was obtained from the BLI sensorgram for sertraline, KD = 1.4 mM (Figure 3D). In absence of saturation, the Kd values given in this study should only be considered as estimations.

In our hands, the two different BLI and SPR techniques clearly revealed that a single very weak (~mM) binding mode was sufficient to fit the data for both sertraline and thioridazine and the experimental data did not require to take into account stronger ~30-50 µM affinity mechanisms that would be visible at the lower concentration range (below 100 µM), thus contradicting the reference experiments [17]. Despite similar raw data between the two studies, including the non-saturating conditions at the steady state (Req), we used here 8 concentrations values (compared to 3), as required by common practice (i.e. at least 5-7 different analyte concentrations from 0.1*KD to 10*KD) and fully interpreted the SPR signals. In addition, our sensorgrams were totally devoid of the strong injection peaks that clearly obscured the kinetic part of the SPR curves in the reference experiment [17] making our conclusions even stronger. This part of the sensorgram is central during the mathematical treatment of the kinetic analysis method since the kinetic parameters are obtained from the curvature before reaching the plateau. Note that the authors used the kinetic analysis method to derive the reported ~30-50 µM affinity value [17]. Note also that only 10% of the signal was fitted in the reference experiment (4 RU for a signal near 40 RU at 100 µM for sertraline) [17], in spite of the subtraction of the reference flow cell, which already allowed the correction of the running buffer. As a consequence, 90% of the visible SPR signal was corrected, but not interpreted, by the authors while only a small 10% fraction of the total signal was interpreted as the binding process. For thioridazine, it is more problematic as the correction factor is superior to the experimental data (65 versus 40). In contrast here we interpreted the major SPR signal to a ~mM Kd range TCTP/drug interaction without the need to introduce a second binding mode to properly fit the raw data.

Another observation is the unexpected intense signal recorded by SPR and BLI for the two analytes of low molecular weight (thioridazine 370.5 Da, sertraline 306.2 Da). Indeed, with the quantity of TCTP immobilized on the SPR sensor chip (5400 RU) and the Wilson formula [48], a maximum response around 100 RU was expected. In this case after fitting (Table 1), the maximal response was much higher (Rmax = 727 RU and Rmax = 1489 RU for sertraline and thioridazine, respectively). This large difference could be explained by an alteration of the protein structure which might modify the hydrodynamic radius and so the refractive index increment (RII) of the complexes. The modification of the tridimensional structure of TCTP also induces a RII deviation of the TCTP/analyte complex from the sum of the RII of individual entities. Indeed, conformational changes of an immobilized receptor have an impact on the SPR detection of low molecular weight molecules, as seldom described in the literature [49,50,51,52,53]. The melting temperature of proteins is a parameter of interest in characterizing ligand-effect on protein stability but also in drugscreening strategies. Indeed, ligand binding is generally associated with an increase of the denaturation temperature of proteins due to increased stability conferred by the intermolecular interaction [54]. In this scope, Thermal Shift Assay (TSA) is a method of choice lying on the SYPRO Orange fluorescent probe which is a binder of solvent-exposed hydrophobic segments of proteins, over-represented in temperature-induced protein denaturation states. Here, with the aim to further describe the strong SPR and BLI signals and the TCTP-drugs interactions, we measured the melting temperature of TCTP in presence of sertraline or thioridazine at drug concentrations between 0 to 500 µM (Figure 4). Experimental data were of excellent quality, as exemplified for a range of sertraline concentrations and the corresponding opposite derivatives of TCTP denaturation curves (Figure 4A). We could observe a slight response (+0.5°C) of TCTP to the presence of sertraline and thioridazine near 50 µM ligand concentration. Nevertheless, this slight increase of the melting temperature was also found for unrelated control proteins (Figure 4D) such as citrate synthase (CS, +0.4°C) and the response was even stronger for CPR protein (hCPR) (+1.4°C), which is an evidence for non-specific effect of sertraline. This lack of specificity was confirmed for higher ligand concentration, with TCTP and all control proteins exhibiting the same marked down trend upon inspection of melting temperatures in ligand concentrations ranging from 100 µM to 500 µM. Consequently, TSA failed to demonstrate specific interactions between TCTP and sertraline or thioridazine at concentrations below 100 µM. 

A unified picture of TCTP-drug interactions

Taken together, the NMR, ITC, SPR, BLI and TSA methods were consistent with very weak (~mM) TCTP/drugs interactions, in contrast to the previous study [17]. Data obtained from the five techniques are compatible with a simple model in which TCTP protein is essentially free and monomeric at drug concentrations lower than 100-200 µM. At higher drug concentrations, the drugs have destabilizing effects leading to formation of aggregates or denatured protein, as revealed from the TSA-derived lower melting temperatures, the reduced intensity in NMR spectra and the very strong SPR and BLI signals. In contrast, NMR and ITC signals were less sensitive to drug-induced protein destabilization and both, unambiguously, did not detect any TCTP-drug interaction below 200 µM drug concentration.

NMR/MS characterization of TCTP upon Plk-1 mediated phosphorylation.

As pointed out in the introduction, TCTP phosphorylation strongly perturbs protein-protein and protein-ligand TCTP interaction profiles. Yet the impact of phosphorylation on TCTP structure/dynamics is unknown. Therefore we next aimed at characterizing the structure/dynamics of phosphorylated TCTP and at assessing putative consequences for the interaction with the drug sertraline.

15 N (or 15 N-13 C) labeled phosphorylated TCTP was prepared by incubating 15 N (or 15 N-13 C) TCTP (2 hours, 30°C) with preactivated Plk-1 followed by purification on a Size Exclusion Chromatography (SEC) S75 column. Mass Spectrometry (MS) MALDI-TOF spectra collected on native TCTP and pTCTP samples contained each a single monocharged peak with a mass difference of 82.4 Da. This is consistent with a TCTP phosphorylation yield of 100% with a single phosphoryl group addition per protein copy. 15 N SOFAST HMQC spectra of TCTP and pTCTP were rather similar, although a subset of ~10 crosspeaks showed significant chemical shift perturbations (see Figure 5). We resorted to triple resonance experiments to fully assign pTCTP. The residues most affected upon phosphorylation were in the vicinity of residue S46 (Figure 5B) but also around residue F83. However no significant chemical shift variation was observed for other potential Plk-1 phosphorylation sites such as S64 and T65. The chemical shift perturbation around residues F83 was interpreted as a perturbation of the monomer/dimer equilibrium upon phosphorylation (vide infra). When interpreted in light of the MS results, these NMR data demonstrate that under our conditions the Plk-1 mediated phosphorylation of TCTP in vitro led to the complete phosphorylation of the primary Plk-1 phosphorylation site residue S46 but not of S64/T65, consistent with previous observations [32].

Since S46 phosphorylation impacts TCTP primary structure, it may lead to changes in the TCTP structure/dynamics relevant for the regulation of biological interactions [24]. The very similar 15 N SOFAST HMQC spectra for native TCTP and pTCTP states indicate that the conformational/dynamic change was restricted to the region around the phosphorylation site, in an otherwise unmodified structure. To further characterize the protein dynamics, we measured 15 N relaxation rates and { 1 H}- 15 N heteronuclear NOE parameters to assess global and internal mobility for TCTP and pTCTP (Figure 5C). The average 15 N R2/R1 ratio measured on the structured part of a folded protein is directly related to the global tumbling of the protein, recapitulated in the correlation time τc. This parameter was 9.19 ± 0.07 ns for native TCTP and 9.09 ± 0.07 ns for pTCTP under the same experimental conditions, indicating a limited decrease in the global rotational mobility of the protein upon phosphorylation, in line with a perturbation of the monomerdimer equilibrium or a change in loop conformational excursion.

Within the internal flexible TCTP loop, we observed a significant increase in R2/R1 ratio and { 1 H}- 15 N heteronuclear NOE values for residues D45-S46-L47, which is consistent with a moderate change in dynamics around the phosphorylation site S46. The perturbation of local dynamics in the loop was further supported by the presence in the 15 N SOFAST-HMQC spectrum of p-TCTP of additional peaks of weak intensity in the vicinity of the major resonances for residues 52 to 55 and 63 to 65. These peaks were absent in the spectrum of native TCTP. The additional crosspeaks in pTCTP hence reveal a complex conformational energy landscape around residues 52 to 55 and 63 to 65 to accommodate long living sub-states not existing or undergoing fast exchange with the major conformational ensemble (Figure 5A). pS46 phosphorylation therefore led to a change in local dynamics in the loop around pS46 but also remotely at positions 52 to 55 and 63 to 65.

SAXS description of pTCTP oligomeric state and motion amplitudes.

The previous NMR relaxation analysis gave access to local dynamic change but not to the amplitude of the motion. By contrast, Small Angle X-ray Scattering (SAXS) is not sensitive to motion timescale but is an excellent proxy to probe the spatial excursion of conformational ensembles in flexible proteins [55]. We therefore collected Size-Exclusion Chromatography (SEC)-SAXS data, yielding scattering curves of high quality (Figure 5D, 5E, 5F) further used to extrapolate the intensity at origin I(0), the molecular weight (MW) and radius of gyration (Rg) of native and phosphorylated TCTP reported in Table 2. MW was computed to 31.5 kDa, corresponding to the population-averaged molecular weight between TCTP monomer and dimer as described in detail in the previous study [24]. Upon phosphorylation, MW increased to 36.1 kDa, elution volume decreased from 30.6 to 29.8 mL and the Rg increased from 21.4 Å to 23.4 Å, fully consistent with phosphorylation-induced increase in the population of dimer, in line with NMR chemical shift perturbations around residue F83 (vide supra). Changes in protein dynamics upon phosphorylation were assessed by representing SAXS curves with respect to the dimensionless Kratky formalism. In the subsequent Kratky plot (Figure 5F), we could observe that signal returns to baseline around q.Rg at 4.5-5 which means that the proteins are globally well-folded. However, the experimental plot deviates from the theoretical curve predicted for a globular structure (grey curve), consistently representing the elongated conformations from the highly flexible 30 aminoacid internal loop that represents about 20% of TCTP sequence. Comparatively, Kratky plots for TCTP and pTCTP were very similar, demonstrating that phosphorylation does not strongly modify the amplitude of loop motion. As a conclusion from the NMR and SAXS analysis, phosphorylation of S46 did not modify the 3D structure of the protein and had detectable, but limited, impact on the local mobility in the long internal loop and on protein self-association. The green areas correspond to the frames used for integration and calculation of the I(q)=f(q) scattering curve (panel E). Panel F represents the normalized dimensionless Kratky plots for both proteins, as well as the prediction for a globular protein (gray). The buffer for SAXS analysis was 50 mM EPPS pH 8, 50 mM NaCl and 2 mM TCEP and the SAXS curves were collected at 20°C. 

Attempt to detect pTCTP-sertraline interaction by NMR

In order to assess if S46 phosphorylation could impact (increase) TCTP-sertraline interaction, we recorded 15 N SOFAST-HMQC spectra of isolated phosphorylated TCTP and upon successive addition of sertraline, up to 550 µM. The interaction was also monitored from the sertraline side by recording 1D 1 H NMR spectra (Figure 6). As observed for native TCTP, no significant spectral change was visible for sertraline concentrations up to 200 µM and larger concentrations also induced a global decrease in signal intensity for most residues in the folded state. This indicates that S46 phosphorylation had no significant impact on the interaction between TCTP and sertraline. 

Discussion

The antidepressant sertraline has been introduced as a TCTP inhibitor and was repositioned in Acute Myeloid Leukemia. The access of this molecule to clinical trials against cancer was greatly facilitated since the Selective Serotonin Reuptake Inhibitors (SSRI) molecule was already approved to treat depression in many countries. A first set of phase I/II clinical trial carried out under mono-therapy led to promising results but with adverse side effects at the dose used [34]. A current strategy is a bi-therapy combining ara-C with low dose of sertraline with a phase I/II clinical trial started in 2014 [34].

We intended to characterize TCTP-inhibitor interactions for further rational drug design to limit sertraline side effects. Based on data, we conclude that sertraline and thioridazine do not directly bind to TCTP in the submillimolar affinity range and that the two drugs lead to protein destabilization at high drugs concentrations. In this way, our results challenge previously reported data that claimed ~30-50 µM affinity range for the two drugs, and even submicromolar (0.1-0.2 µM) "when using highly purified TCTP" [17]. Our extensive multi-technique study reinforces the need to use complementary techniques, not only to validate protein-ligand interactions but also to provide a complete picture of the molecular interaction. The validation of protein-ligand interaction is central when considering the mode of action of drugs, notably when used in clinics, but also to build on medicinal efforts in structure-based rational drug design approaches. Here, to the best of our knowledge, the direct interaction of TCTP with the two drugs was not reproduced, nor validated by other techniques since the initial report [17] and our new data, combined with a critical analysis of the published SPR raw data, allowed building a complete picture of TCTPdrugs interactions: namely, a drug-induced strong protein destabilization occurring with an apparent ~mM Kd range. Our integrative view of TCTP-drug in vitro interactions established that rational drug design based on isolated TCTP, phosphorylated at position S46 or not, is not viable and leads us to reinterrogate the mode of action of the drugs.

It is well established that in different tumor cell types the drugs sertraline and thioridazine reduce TCTP levels and restore p53 levels, both contributing to restore sensitivity of tumor cells to apoptosis. The suggested mode of action is that by directly interacting with TCTP, the two drugs prevent TCTP to bind and activate the E3 ligase MDM2, hence reducing p53 proteasomal degradation and restoring p53 levels [17]. This is supported by in vitro ubiquitination assays carried out on p53 via MDM2 which unambiguously showed that sertraline and thioridazine (~10 µM) prevent TCTP from inhibiting the MDM2-mediated ubiquitinylation of p53 [17]. In light of the current work, a mechanism by which the drugs directly bind to isolated TCTP to prevent TCTP to interact with MDM2 at 10 µM compound concentration is likely ineffective. Therefore alternative mechanisms, involving for example drugs interactions with heterodimeric protein complexes or with other protein partners, need to be invoked and be experimentally evaluated in the future.

In a more general scope, the use of SSRIs including sertraline (Zoloft) is associated with a reduced risk of bladder cancer [56], heptacellular carcinoma [57], ovarian cancer [58], colorectal cancer [59] and with an extended survival in several cancers [60,61]. Using animal, tissues or cellular models, numerous studies have pointed out the anti-tumoral properties of sertraline although not converging to a unified mechanism [62,63,64,65,66,67,68,69]. The anti-tumoral properties of thioridazine have also been extensively supported by several independent studies [70,71,72,73,74,75] with ligand concentration down to 10 µM. Sertraline and thioridazine are well-known polypharmacological ligands of integral membrane receptors with primary targets at the sodium-dependent serotonin transporter [76] for sertraline and at the Dopamine G-Protein Coupled Receptors for thioridazine [77,78]. The latter drug is a strong antagonist of the dopamine receptor DRD2 with Ki in the 10-20 nM range while antidepressants such as sertraline (Ki in the 10-20 µM range) are also weak competitive DRD2 antagonists [79,80]. To this regard, the role of DRD2 in tumor fate is well-established [81]. For instance, transient DRD2 knockdown in HCT116 colon cancer cells showed reduced viability and activation of the integrated stress The anti-tumor activity of thioridazine mediated by DRD2 inhibition has also been shown in breast cancer cells [83]. Overall, thioridazine used as a DRD2 blocker in the context of cancer has been proven to be promising for the development of related anti-cancer drugs [75,83,84] and represents a plausible top level signaling layer to explain the anti-tumor properties of the drugs. As a central kinase integrating extracellular signals and environmental inputs, such as energy, nutrient, oxygen and growth factor signals, the mTOR complex regulates cell growth and protein synthesis [85] and is part of the downstream layers under regulation of DRD2 or, more generally, GPCR and integral membrane receptor. Interestingly, sertraline has been shown to inhibit mTOR pathway [62,63] and thioridazine also suppresses tumor growth activity by targeting the PI3K/Akt/mTOR/p70S6K [70,86], the αvβ3/FAK/mTOR [87] or the VEGFR-2/PI3K/mTOR [88] signaling pathways. Back in the scope of TCTP, there is now strong evidence that TCTP is upregulated at the translational level by the mTOR complex [22,89,90,91,92]. Accordingly, TCTP levels are controlled through the mTOR pathway by environmental factors such as serum [89,93] and hence other pharmacological compounds regulating mTOR might potentially also regulate TCTP. Seducing as much as plausible, a mechanism by which sertraline and/or thioridazine could indirectly control TCTP, and ultimately p53 levels through mTOR signaling pathways would deserve consideration for further functional studies.

As a conclusion, we revisited here in-depth the in vitro interactions between the cancer drug target TCTP and the two well-known drugs sertraline and thioridazine. We believe that our new results will foster novel investigations to assess the contributions of TCTP-dependent and TCTP-independent pathways to the anti-cancer effects of the two drugs with welldefined actions on extracellular membrane receptors.

Experimental Section Expression and purification of the human TCTP

The details of TCTP protein production and purifications were given elsewhere [24] for 15 N and/or 13 C labeled TCTP protein. To produce perdeuterated 2 H-15 N- 13 C labeled TCTP, we progressively adapted bacteria to increasing D2O / H2O ratio from 0%, 25%, 50%, 75% to 100% in M9 minimal medium containing 15 NH4Cl and 13 C-α-D-glucose. We first cultured bacteria in 5 mL M9 medium with 0% D2O and when the cultured reached OD600 ~ 0.6, we inoculated the 5 mL 25% D2O medium at OD600 ~ 0.05 and we repeated the operation to reach 100% D2O.

The phosphorylation of TCTP was achieved by the addition of a preactivated Plk-1 (generously provided by the protein production facility of the Institut Curie, Orsay, France) to 15 N or 2 H-15 N- 13 C labeled TCTP in the following buffer: 40 mM HEPES pH 8, 20 mM MgCl2, 5 mM ATP, 1 mM EDTA and 1 mM DTT at 30°C. The TCTP to Plk-1 molar ratio was between 1000:1 and 500:1 to reach complete phosphorylation within two hours. At the end of the reaction, 100 mM EDTA was added to the reaction buffer to sequester the Mg 2+ ions that bind TCTP. The phosphorylated protein was further purified on a Superdex 75 10/300 GL column (GE Healthcare life sciences) in the desired buffer.

To evaluate TCTP/sertraline interaction by Isothermal Titration Calorimetry (ITC), a pDEST17 expression vector containing TCTP (residues 1 to 172) was kindly provided by Dr. Palma Rocchi (CRCM, Marseille) and was overexpressed from E.coli BL21 plysS(DE3). The produced TCTP protein (bearing a N-terminal 6 x histidine tag) was purified on a FPLC system (Akta PURE, GE Healthcare life sciences) using affinity chromatography (GE Healthcare, HisTrap HP) followed by a size exclusion step (Superdex 200 10-300 GL, GE Healthcare life sciences) in 50mM phosphate pH 7.8, 200mM NaCl.

Nuclear Magnetic Resonance (NMR) Spectroscopy

Unless specified, NMR spectroscopy measurements were performed at 25°C in the following buffer: 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP in 95% / 5% H2O/D2O. Measurements were performed using Bruker AVIII 950 MHz and 800 MHz spectrometers equipped with a TCI cryoprobe. 2D 1 H-15 N correlation spectra were collected using the SOFAST-HMQC scheme [94]. Sequence-specific backbone assignment of human non phosphorylated TCTP was already available [24,25] and the assignment of the phosphorylated TCTP was completed by collecting additional triple resonance experiments using the BEST-TROSY approach [95,96] as implemented in the NMRLib package [97]. All NMR data, except 15 N relaxation measurements, were processed with Topspin 3.5 (Bruker) and analyzed with CCPNMR software [98].

Titration experiments with sertraline and thioridazine (Sigma-Aldrich) were carried out as follows: the molecule was weighted, dissolved in methanol, and aliquots of the required amounts were lyophilized. The purity and structural integrity of the molecules were verified by NMR. This allowed addition of the desired amount of compound to TCTP solution without changing DMSO concentration nor dilute the protein solution. This protocol was thoroughly tested for the recovery and dissolution of the molecule into the buffer by monitoring the 1 H signals from the molecule in the final buffer. The proper removal of methanol during lyophilization was also confirmed by the absence of the methanol signal in the resulting 1 H NMR spectra.

The Saturation Transfer Difference (STD) experiment was carried out at 8°C using a Bruker AVIII 800 MHz spectrometer with unlabeled TCTP protein at 15 µM and sertraline molecule at 125 µM in the following buffer: 10mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 2.5% DMSO in 97.5% / 2.5% H2O/D2O. Selective 1 H saturation before collecting the 1 H spectrum was achieved using a 50-ms Gaussian selective pulse train of 2 s. Water signal was suppressed using the excitation sculpting method. The reference experiment was obtained upon off-resonance saturation at -62.5 ppm and compared to the on-resonance spectrum recorded after saturation at 0 ppm, a region which covers protein signals but which does not include signals from the free sertraline molecule.

Relaxation experiments were performed using a Bruker AVIII HD 950 MHz spectrometer at 25°C with a 15 N-labeled phosphorylated and nonphosphorylated TCTP at 100 µM protein concentration under the same buffer conditions and processed using NMRPipe software [99] and inhouse scripts. The 15 N relaxation experiments were recorded in interleaved pseudo-3D fashion to attenuate the effects of sample and/or conditions changes during the collection time. The 15 N R1 values were determined from series of 2D 1 H- 15 N correlation spectra recorded with the following delays (ms): 10, 3000, 200, 2500, 400, 2000, 600, 1500, 800, and 1000 (in this order). The 15 N R2 values were determined with different relaxation delays (ms): 13.7, 137.6, 27.5, 82.6, 0, 41.3, 68.8 and 55 (in this order). { 1 H}- 15 N heteronuclear NOE experiments were recorded using one reference and one proton-saturated 2D 1 H-15 N correlation experiment. 1 H saturation was achieved by a train of 120° pulses. 15 N R1, R2 and { 1 H}-15 N heteronuclear NOE were recorded with an interscan delay of 5, 3.5, and 4.8 s, respectively. Intensities from R1, R2 and { 1 H}-15 N heteronuclear NOE experiments were extracted using the nlinLS routine in NMRPipe [99] and R1 and R2 values were obtained by fitting intensities with a two-parameter exponential model with the modelXY in NMRPipe. Further analysis of 15 N relaxation parameters and { 1 H}-15 N heteronuclear NOE in terms of rotational diffusion tensor was achieved by using TENSOR2 software [100].

Thermostability measurements by fluorescence-based thermal shift assay (TSA).

TSA was used to monitor the TCTP thermal denaturation in presence or not of thioridazine or sertraline. To measure the effect of sertraline and thioridazine on TCTP melting temperature, we mixed the stock solution of TCTP and a 40 mM sertraline stock solution in 100% DMSO to reach a final sample containing 2.5 µM TCTP in 10mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP, 5 mM EDTA at 2.5% DMSO with the desired concentration of ligand. The samples were prepared carefully to ensure identical DMSO concentrations in all the samples. To test the effect of sertraline on the melting temperatures of other proteins, we used the human NADPH-dependent cytochrome P450 reductase (hCPR) [101], the E. coli GlmS [102], citrate synthase and a fourth protein. Reaction mixtures were made in duplicate in a MicroAmp Optical 384well reaction plate at a final volume of 10 µL and each experiment was repeated at least twice independently. Experiments were carried out in 7900HT Fast Real-Time PCR System (Applied Biosystems) with a temperature gradient in the range of 10-95°C at 3°C/minute.

Surface Plasmon Resonance (SPR)

All SPR measurements were performed at 25 °C in a two flow cell Biacore T200 instrument (GE Healthcare) with a CM5 sensor chip. For most immobilization approaches, the surface is activated with a mixture (1:1 v/v) of 1-ethyl3-3-(3-dimethylaminopropyl)carbodiimide (EDC) at 0.4 M and N-hydroxysuccinimide (NHS) at 0.1 M during 7 minutes at 10 µL/min. Then the protein was injected, on flow cell 2 only, on acetate buffer, pH 4.6, at 100µg/ml and 10µL/min. To finish the two flow cells were deactivated with ethanolamine-HCl 1M during 7 minutes at 10µl/min. At the end, around 5400 RU of TCTP was immobilized on the active flow cell 2. Sertraline and thioridazine solutions with different concentrations were injected for 60 seconds at 80µL/min and the flow cells were then rinsed with the running buffer (10 mM HEPES, 3 mM EDTA, 150 mM NaCl, 0.005% P20, 5% DMSO) during 3 minutes. The signal recorded on the reference (activated and deactivated flow cell) channel 1 was subtracted from the signal of the sample channels 2 by applying double-referencing procedure: correction of the device drift and of the refractive index difference between the running buffer and injected solutions [103] and a solvent correction was performed before and after each analyte. The value of the signal was measured 4 s before the end of the analyte injection and the adsorption isotherm was fitted with the 1:1 interaction mode (Langmuir isotherm). The reported values are the means of representative independent experiments, and the errors provided are standard deviations from the mean. Each experiment was repeated at least two times.

Bio-layer interferometry (BLI)

Bio-layer interferometry experiments were performed using sensors coated with amine reactive second generations (AR2G sensors) purchased from Forte Bio (PALL). Prior to use, they were immersed for 10 minutes in water before functionalization to dissolve the sucrose layer. Then the sensors were functionalized by TCTP with the same procedure as for the SPR experiments. The functionalized sensors were next dipped in the sertraline solution at different concentrations for 2 minutes interspersed by a rinsing step in the buffer solution for 3 minutes. Reference sensors without TCTP immobilization were used to subtract the non-specific adsorption on the activated-deactivated AR2G layer. The value of the signal was measured 4 s before the end of the analyte injection and the adsorption isotherm was fitted with the 1:1 interaction mode (Langmuir isotherm).

Isothermal titration calorimetry.

His-tagged TCTP and sertraline were diluted in the ITC buffer 50mM phosphate pH 7.8, 200mM NaCl complemented to a final 2% DMSO concentration. ITC titrations were performed on a MicroCal ITC200 microcalorimeter (GE Healthcare) at 25 °C and at 35°C using 13 injections of the titrant (1 mM sertraline in the syringe) into the analyte (100 µM TCTP in the cell). A first small injection (0.2 µl) was included in the titration protocol in order to account for cell/syringe premix and/or remove air bubbles trapped in the syringe prior titration. Raw data were scaled to the baseline using MicroCal Origin 9.1 (Origin Lab).

SAXS data collection and analysis

SAXS experiments were performed at the SWING beam-line at the SOLEIL synchrotron (Saint-Aubin, France) using an online highperformance liquid chromatography (HPLC). All experiments were performed at 20 °C. The SAXS data were recorded using an EigerX 4M detector at a distance of 2 m. For phosphorylated and nonphosphorylated TCTP, a stock solution was prepared at a final concentration of 500µM (9.35 mg/ml). A volume of 75 µL protein samples was injected into a size exclusion column (Superdex 200-10/300-) and eluted directly into the SAXS flow-through capillary cell at a flow rate of 0.5 ml/min. The overall SEC-SAXS setup has already been described in previous works [104,105]. The elution buffer consisted of 50 mM EPPS pH 8, 50 mM NaCl and 2 mM TCEP. 900 SAXS frames were collected continuously during the elution at a frame duration of 1.99 s and a dead time between frames of 0.01 s. 180 frames accounting for buffer scattering were collected before the void volume. Data reduction to absolute units, buffer subtraction and averaging of identical frames corresponding to the elution peak frame were performed with the softwares FOXTROT [104] and US-SOMO [106]. US-SOMO was also used to estimate the molecular weight (MW) based on the Volume of correlation [107]. Data analysis to obtain I(0), Rg, and Dmax were conducted with the PRIMUS software from the ATSAS Suite [108]. Scattering patterns I(q) are also shown as dimensionless Kratky plots ((q.Rg)2.I(q)/I(0) versus q.Rg), to assess the globularity and the flexibility in the two proteins. Typically, a globular, structured protein exhibits a pronounced maximum (bell-shaped curve), whereas a random chain (for example, an unfolded protein) will plateau [55].

Figure 1 .

 1 Figure 1. NMR study of TCTP/drug interaction. Comparison of 15 N SOFAST-HMQC (panel A) collected before (black) and after addition of 200 µM (grey) and 500 µM sertraline (red) on a sample containing 100 µM 15 N labeled TCTP dissolved in 10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP, 2.5% DMSO-d6, 95% / 5% H2O / D2O. The Saturation Transfer Difference (STD) spectra are shown in panel C with the reference (red) and STD (black) experiments. The STD spectrum was calculated as the difference spectrum between the reference and saturated spectra in which the 50-ms Gaussian selective pulse train was applied at -62.5 ppm and 0 ppm respectively. Note that the methyl group of residues I17 and V73 resonate near 0 ppm. The 1 H spectra before (black) and after (red) addition of 25µM sertraline is shown in panel C (bottom). The growing crosspeaks labeled with arrows correspond to sertraline signals and are at the chemical shifts expected for sertraline in absence of protein. Panel B shows the 15 N SOFAST-HMQC collected before (black) and after (blue) addition of 500 µM thioridazine to a sample containing 50 µM 15 N labeled TCTP dissolved in 10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP, 95% / 5% H2O / D2O. Panel D shows the 1D 1 H spectra collected at 0 (black), 50 µM (green) and 100 µM (magenta) thioridazine concentrations. The growing crosspeaks correspond to thioridazine signals and are at the chemical shifts expected for thioridazine in absence of protein. All spectra were collected at 25°C and at 1 H 800 MHz frequency.

Figure 2 .

 2 Figure 2. Evaluation of Sertraline/TCTP interaction by Isothermal Titration Calorimetry (ITC). Representative ITC thermogram at 25°C (top) and integrated heat data (bottom) of Sertraline titration (syringe) into TCTP (cell) as a function of the molar ratio of drug to protein.

Figure 3 .

 3 Figure 3. Sensorgrams for the TCTP interaction with sertraline (red) or thioridazine (blue) by SPR (A) or BLI (B). The concentrations for the experiments were 6.25, 12.5, 25, 50, 100, 200, 350, 500 µM and 25, 50, 100, 200, 350, 500 µM for SPR and BLI experiments respectively. The sensorgrams correspond to double subtracted data (blank and reference subtraction). Adsorption isotherm (square) and fitting curve (line) using a 1:1 Langmuir interaction model for the interaction of TCTP with sertraline (red) or thioridazine (blue) by SPR (Panel C) or BLI (Panel D).
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 1 Thermodynamic dissociation constants (Kd) and the maximal response (Rmax) obtained by the Langmuir fitting of the SPR and BLI equilibrium response.Drugs effect on TCTP thermal stability by Thermal Shift Assay (TSA)
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 4 Figure 4. (A) Opposite of the derivative of the thermal denaturation curve of TCTP in the presence of increasing sertraline concentrations. The melting temperatures measured for TCTP (panel B) and four control proteins (panel C) for increasing compound concentrations are also shown. The difference ΔTm in the melting temperature between 0 and 500 µM compound is also reported. TSA experiments were done by applying a temperature gradient from 10°C to 95°C at a rate of 3°C.min -1 in 10 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP, 5 mM EDTA and 2.5 % DMSO.

Figure 5 .

 5 Figure 5. Comparison of TCTP and phosphorylated TCTP (pTCTP). (A) Overlay of 15 N SOFAST-HMQC spectra of 100 μM 15 N labeled TCTP collected before (black) and after (red) phosphorylation and after buffer exchange to 50 mM HEPES pH 7.4, 150 mM NaCl, 2 mM TCEP. The spectra were collected at 950 MHz and 25°C. The most shifted resonances are labeled. (B) The chemical shift perturbations (CSP), calculated as sqrt(ΔδH 2 + 0.144*ΔδN 2 ) where ΔδH and Δδ N are the differences in chemical shifts (ppm) for 1 H and 15 N, respectively, upon phosphorylation, are mapped on the structure of TCTP (panel B). Residues with CSP > 0.1, 0.1 > CSP > 0.05, CSP < 0.05 are colored red, orange or cyan respectively. (C) The ratio of the 15 N R2 and R1 relaxation parameters and { 1 H}-15 N heteronuclear NOE values for both native (black) and phosphorylated (red) TCTP are shown. { 1 H}-15 N heteronuclear NOE values were calculated as the ratio of the cross-peak intensities in presence (Isat) or absence (Iref) of 1 H irradiation. The experimental data were collected at 950 MHz and 25°C in 50 mM HEPES pH 7.4, 150 mM NaCl and 1 mM TCEP buffer. (D-E-F) SEC-SAXS results for TCTP and pTCTP. The scattering intensity I0, the molecular weight (MW) and the radius of gyration (Rg) are shown for the different frames along the SEC dimension.The green areas correspond to the frames used for integration and calculation of the I(q)=f(q) scattering curve (panel E). Panel F represents the normalized dimensionless Kratky plots for both proteins, as well as the prediction for a globular protein (gray). The buffer for SAXS analysis was 50 mM EPPS pH 8, 50 mM NaCl and 2 mM TCEP and the SAXS curves were collected at 20°C.

Figure 6 .

 6 Figure 6. Impact of phosphorylation on TCTP interaction with sertraline. A 30 µM 2 H-15 N-13 C labeled pTCTP was incubated in 150 mM NaCl, 50 mM HEPES pH 7.4, 2 mM TCEP, 0.5 mM EDTA, 5% DMSO with 95% / 5% H2O / D2O. The desired amount of dried sertraline was added to the sample to reach 50, 150, 350 or 550 µM concentration. (A) Series of water-suppressed 1D 1 H spectra acquired at increasing sertraline concentration. At 550 µM, a global ~30% decrease in intensity was observed on pTCTP while at lower concentrations the protein spectra remained unchanged. (B) Overlay of the 15 N SOFAST-HMQC spectra acquired at 0 µM (black) and µM (red) sertraline concentration. The spectra were scaled at similar intensity levels to account for the ~30% intensity change.
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 2 Small Angle Scattering results for TCTP and phosphorylated TCTP (pTCTP)

		SEC Elution	Combined data	Rg (Å)	I(0) (cm	-1 )	Dmax	MW based on the Volume of	MW from sequence (kDa) for
		Time (min)	frames				(Å)	Correlation (US-SOMO)	a monomer/dimer
	TCTP	30.6	307-319	21.5	0.0083 +/-	74	31.6	19.8 / 38.6
				+/-0.1	0.0001		
	pTCTP	29.8	289-305	23.4	0.0093 +/-	81	36.6	19.9 / 38.8
				+/-0.1	0.0001		
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