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3 Abstract: By using animal models of Alzheimer Disease (AD) we have found that the protein 

4 transthyretin (TTR) modulates Abeta (A¡3) peptides deposition and processing. This physiological 

5 effect is further enhanced by treatment with iododiflunisal (IDIF) which is a small-molecule 
6 

7 compound (SMC) with TTR tetramer stabilization properties. Further in vitro studies of the 

8 interactions of these three chemical entities by physicochemical methods (RMN and ITC) have 

9 revealed that TTR cooperatively binds to A¡3 leading to a stable protein-peptide complex that is 
10 

11 chaperoned by IDIF. This knowledge has prompted us to design and optimize a rapid and simple 

12 high-throughput assay that relies on the ability of test compounds to form ternary soluble 
13 

14 
complexes TTR/A¡3/SMC that prevent A¡3 aggregation. The method uses the shorter A¡3(12-28) 

15 
sequence which is cheaper and simpler to use while retaining the aggregation properties of their 

16 
parents A¡3(1-40) and A¡3(1-42). The test is carried out in 96 plate wells that are UV monitored for 

17 

18 turbidity during 6 h. Given its reproducibility, we propose that this test can be a powerful tool for 

19 efficient screening of SMCs that act as chaperones of the TTR/A¡3 interaction that may led to 

20 potential AD therapies. 
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3 INTRODUCTION 

4 Transthyretin (TTR) is a homotetrameric protein found in the plasma and cerebrospinal fluid 
5 

6 (CSF) that transports thyroid hormones and retinol [1]. It is most stable as a tetramer, but many 

7 
point mutations are involved in pathological conditions caused by toxic TTR amyloid deposits in 

8 vital organs [2,3]. It is relevant to note that TTR is the main A-beta (A¡3) binding protein in CSF 
9 

10 [4,5]. This binding is believed to naturally prevent A¡3 aggregation and toxicity in this fluid. This 

11 first physiological evidence suggesting a putative neuroprotective effect of TTR has been later 

12 confirmed by a number of biochemical and animal studies as well as comparative measures of 
13 

14 TTR levels in healthy and AD patients [6-8]. The molecular mechanisms of TTR neuroprotection 

15 have not been fully elucidated. Recent data suggests that TTR interferes with A by redirecting 

16 oligomeric nuclei into non-amyloid aggregates [9]. Also, TTR seems to inhibit both primary and 
17 

18 secondary nucleations of A¡3 peptides aggregation reducing the toxicity of their oligomers [10]. 

19 In early in vitro studies we have gathered a first insight of the binding of TTR and A¡3 and on 
20 

21 
this binding enhancing role of a small set of TTR tetramer-stabilizing compounds [11]. One of the 

22 
compounds is an iodinated analogue of the nonsteroidal anti-inflammatory drug (NSAID) diflunisal 

23 
namely, iododiflunisal (IDIF) [12-14]. Later, we have shown that in vivo administration of IDIF to 

24 

25 AD transgenic mice, resulted in binding and stabilization of the TTR tetramer, decreasing brain 

26 
A¡3 levels and deposition and improving the cognitive functions that are impaired in this AD-like 

27 neuropathology [15]. By very recent radiochemical studies, we have proved that preformed TTR- 
28 

29 IDIF labelled complexes better penetrate the blood brain barrier (BBB) than free TTR and IDIF 

30 [16]. 
31 

32 To  elucidate  at  the  molecular  level  the  mechanisms  involved  in  these  TTR/A¡3/IDIF 

33 
interactions  by  biophysical  methods  we  have  used  Saturation-Transfer  Difference  nuclear 

34 magnetic resonance (STD-NMR) techniques that have allowed us to identify the 17-mer peptide 
35 

36 sequence A¡3(12-28) as the main structural recognition motif [17]. Interestingly, this short A¡3 

37 amyloid peptide (VHH QKLVF FAEDV GSNK) has been extensively studied and is reported to 

38 exhibit essentially identical neurotoxic behavior and fibril formation features as the A¡3(1-42) and 
39 

40 (1-40) peptides and thus has been used as a short model of the full A¡3 peptides [18-20]. Structural 

41 studies of this A¡3(12-28) amyloid sequence have shown to contain a domain known as the 

42 "hydrophobic core" (residues 17-21) and a ¡3-turn (residues 22-28) [21-23]. These peptide 
43 

44 stretches look essential for the formation of large aggregates and fibrils in the A(1-40) and A(1- 

45 42) longer peptides [24-25]. Thus, mutations in the hydrophobic core such as Phe19/Pro19 have 
46 

47 
a large influence on the aggregation properties and even prevent fibrillization [26]. Also, the 

48 
aggregation characteristics of A¡3(12-28) have a strong pH dependence [27-28]. Interestingly, 

49 
this same A¡3(12-28) sequence has also been identified among the key determinants for the 

50 

51 recognition of full A¡3s by other amyloid binding proteins, such as ApoE [29-30] and HSA [31]. 

52 
Furthermore, in our biophysical studies of these ternary interactions we have also used 

53 isothermal titration calorimetry (ITC) techniques that have provided conclusive proof of stable 
54 

55 complex formation in solution between these TTR, A¡3 and IDIF molecular species. Thus, both 

56 A¡3(1-42) and A¡3(12-28) do not bind with IDIF but form binary complexes with TTR. In turn, binary 

57 
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3 TTR/IDIF complexes bind more effectively than TTR alone with A¡3 species to form ternary 

4 complexes. This more effective binding provided by IDIF allow us to talk about a chaperoning 

5 effect of IDIF upon TTR/A¡3 binding [32]. 
6 

7 With this information at hand, we envisioned a simple ternary reaction system composed by 

8 TTR, A¡3(12-28) and a SMC acting as chaperone that could be easily monitored for aggregates 

9 formation in a high throughput screening (HTS) format that could allow to screen for other 
10 

11 chaperones. In such a system the chaperone could prevent aggregate formation through soluble 

12 ternary complex formation and the extent of precipitate formation could be an indirect measure of 
13 

14 
the chaperone potency. For setting such a system we have revisited our former turbidimetric 

15 
method for screening of potential TTR fibrillogenesis inhibitors. Our method used a mutant TTR 

16 
and was optimized as to carry kinetic monitoring of TTR aggregation by simply measuring the 

17 

18 turbidity of 96 plate wells by UV. Turbidimetry kinetics were used to assess the potency of 

19 fibrillogenesis inhibition compounds [33]. 

20 In this case, to design a simple and rapid assay, turbidity appeared again a good choice for 
21 

22 reaction monitoring. Thus, given that native TTR is a thermostable protein that does not show 

23 amyloid properties in solution at neutral pH, we aimed at measuring the ability of a particular test 

24 compound to prevent aggregation of the A¡3(12-28) peptide in solutions also containing TTR. As 
25 

26 here described, we have first optimized the operating conditions for A¡3(12-28) aggregation  by 

27 using common methods of rational Design of Experiments (DoE) [34-35]. Secondly, convenient 

28 A¡3(12-28)/TTR/SMC molar ratios as to discriminate the effect of different SMCs acting as TTR 
29 

30 ligands were sought. The final assay setup  comprises incubation of different test compounds 

31 with solutions containing both TTR and A¡3(12-28) as to allow the formation of the ternary 

32 complexes in a 96-well format and the turbidimetry of the wells monitored for 6 hours by 
33 

34 measuring the absorbance at 340 nm. Turbidimetry is used as a measure of the chaperoning 

35 potency of the SMCs. 
36 

37 
It is known that A¡3 peptides interact and form complexes with proteins other than TTR such 

38 
as: Gelsolin [36], ApoJ (clusterin) [37-38], ApoE [39] and human serum albumin (HSA) [40-41]. 

39 
These complexes also seem to interfere with A¡3 aggregation and therefore may constitute a new 

40 

41 therapeutic target for AD. Owing the urgent need to feed the exhausted pipelines of drug 

42 
candidates for AD (see Supplementary Information, 1) we propose that the methodology here 

43 described, besides its potential for the discovery of TTR/A¡3 interaction modifying SMCs, may be 
44 

45 inspiring to settle new screening methods for potential AD therapeutic interventions based on 

46 other A¡3 interacting proteins. 

47 
48 
49 RESULTS AND DISCUSSION 

50 
51 Materials. Relative high quantities of the synthetic Abeta(12-28) peptide and recombinant TTR 

52 were a requisite por this study. Thus, the A¡3(12-28) amyloid peptide was in house synthesized at 
53 

54 mM  scale  by  microwave  solid-phase  peptide  synthesis  (SPPS)  protocols.  Preparation  of 

55 recombinant TTR was achieved by expression in Escherichia coli following our previously 

56 described methods, with slight modifications to increase protein production [33]. Yield of pure 
57 
58 
59 
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3 protein was 150 mg/L of culture and a batch of 500 mg was produced (see Supplementary 

4 Information). 

5 
6 

7 Preliminary Experiments. In a preliminary set of experiments the aggregation of separated 

8 A¡3(12-28) and TTR solutions were compared with (2:1) molar mixtures of A¡3(12-28) and TTR 

9 which were kept at 37 ºC under stirring in a neutral buffer and monitored at 340 nm for turbidity 
10 

11 during 6 h. It was observed that the peptide readily aggregates reaching a maximum in less than 

12 3h, TTR solutions remained clean and (2:1) peptide/protein mixtures produced a faint precipitate. 
13 

14 
Also, additional mixtures of A¡3(12-28) and TTR where challenged with IDIF. Thus, IDIF was 

15 
incubated with TTR solutions at (1:2) molar ratios and then added to A¡3 peptide solutions at (2:1) 

16 
peptide/protein ratios. No aggregates could be detected after 6 h (see SI Figure S3) and up to 18 

17 

18 h (see SI Fig. S6). In addition, equimolar mixtures of A¡3/IDIF and TTR/IDIF were prepared and 

19 monitored for turbidity to confirm that IDIF is not able to prevent A¡3 aggregation nor to induce 

20 TTR aggregation (see SI Figure S6). 
21 
22 

23 Optimization of AP(12-28) aggregation.  Having in mind that maximal sensitivity of aggregate 

24 
detection by turbidimetry and minimal cost of reagents were very important factors, the HTS assay 

25 here described has been settled and optimized in two stages. In a first stage, the aggregation 
26 

27 conditions of the A¡3(12-28) peptide were selected and optimized. Thus, the following parameters: 

28 incubation temperature, nature and ionic strength of buffer solution, concentration of A¡3(12-28) 

29 and selection of UV wavelength monitoring were either individually or collectively optimized by 
30 

31 rational DoE methods. In a second stage, the optimal peptide aggregation conditions where used 

32 as to find the most suitable A¡3(12-28)/TTR/SMC ratios for optimal assay output. 

33 
34 

To  identify  the  optimum  wavelength  that  better  differentiates  between  soluble  and 
35 

36 aggregated peptide we have performed spectral scannings (260-440 nm) on 200 µM solutions of 

37 A¡3(12-28). One run was performed immediately after preparation of the solution and the second 

38 after standing at 37 ºC for 6h (see SI Figure S4). The maximum absorption difference between 
39 

40 the initial clean solution and the turbid final solution was observed at 340 nm. This wavelength is 

41 in the 340-360 nm range, which has been used to characterize other amyloid aggregation 

42 processes and therefore was adopted as optimal for our study [42-44]. 
43 
44 

45 For the optimization of the rest of the factors, this is, incubation temperature, ionic strength 

46 of buffer and concentration of peptide a factorial DoE was used. Reaction temperature and ionic 

47 strength, were analyzed at two levels while concentration of reagents at three resulting in a (3122) 
48 

49 factorial design (see S.I. Tables S1, S2 and S3). Accordingly, a total of 12 experiments that were 

50 repeated 3 more times with a sum of 48 runs. In addition, the block effect, this is, the influence of 

51 different batches of the peptide was also taken into account. 
52 
53 
54 For each experiment, the mean value of the absorbance at 340 nm after 6 hours of reaction 
55 

56 was taken as the variable response. The design and analysis of results were performed using the 

57 
58 
59 
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3 JMP software package (SAS Institute) [45] while statistical significance was assessed by ANOVA 

4 (see S.I. Table S4). It was found that all the main factors (concentration, ionic strength and 

5 temperature)  and  the  interactions  between  concentration  and  the  other  two  factors  were 
6 

7 statistically significant but not the temperature versus ionic strength interaction. As expected, the 

8 block factor was not statistically significant (see S.I. Table S5). 

9 
10 

11 As seen from prediction profiles and desirability plots (see S.I. Figure S5) the most influential 

12 factor on absorbance was the peptide concentration. This can be seen from the examples of 
13 

14 
reaction profiles at different conditions provided in Figure 1. To reduce economic costs a 

15 
concentration of 100 µM of the peptide was selected for subsequent experiments. The other two 

16 
factors were fixed at their low level (temperature at 37 ºC and ionic strength at 0 µM). 

17 
18 
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37 Figure 1. Aggregation kinetics of A¡3(12-28) peptide at 37 ºC monitored by UV (340 nm) over 6h. 
38 A) At 50, 100 and 200 µM concentrations. B) In absence or presence of salts ([NaCl] = 100 mM). 
39 C) At different temperatures and absence of salts. Samples were assayed in duplicate and are 
40 representative of three (n = 6) (A) or two different experiments (n=4) (B and C). Studies performed 
41 at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine and 5% DMSO (final concentration) at 37 ºC. 
42 
43 Assay optimization. After setting the optimal A¡3(12-28) aggregation conditions, in a second 
44 

45 stage of the assay development the most convenient peptide/protein ratio that may allow 

46 discrimination between different SMCs that act as TTR ligands was sought. Thus, in view of the 

47 preliminary experiments shown in Figure S3, that used a (2:1) stoichiometric peptide/protein ratio, 
48 

49 a discrete range of A¡3(12-28) to TTR ratios going from an excess of peptide (4:1) to an excess of 

50 protein (1:2) were investigated (Figure 2A). Similar range of peptide/protein ratios were also 

51 studied in the presence of the TTR ligand IDIF (Figure 2B, 2C and 2D). From Figure 2B, it appears 
52 

53 that  the  (2:1)  peptide/protein  ratio  seems  rather  convenient  for  the  quantification  of  the 

54 chaperoning effect of IDIF. In turn, this ratio also allows for a moderate consumption of protein. 

55 
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1 
2 

3 In addition, we have firm evidence from isothermal titration calorimetry (ITC) experiments that in 

4 these conditions ternary A¡3(12-28)/TTR/IDIF complexes are formed [32]. 
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31 Figure 2. A) Kinetic profiles of the aggregation of A¡3(12-28), TTR and A(12-28)/ TTR mixtures 

32 at (4:1), (2:1), (1:1) and (1:2) molar ratios; B) A¡3(12-28) aggregation course at (2:1) A¡3(12-28)/ 

33 TTR molar ratio with or without IDIF (2 molar); C) A¡3(12-28) aggregation course at (1:1) A¡3(12- 

34 28)/ TTR molar ratio with or without IDIF (2 molar); D) A¡3(12-28) aggregation course at (1:2) 

35 A¡3(12-28)/ TTR molar ratio with or without IDIF (4 molar), measured by turbidity at 37 ºC over 6 

36 h. Samples were assayed in duplicate and are representative of two different experiments (n=4). 

37 All of them performed at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine and 5% DMSO (final 

38 concentration) at 37 ºC. 
39 

40 HTS Assay Development. This information was next translated into a working HTS assay using 

41 96-well microplates (See SI Scheme S2). In doing so, in each plate different positive and negative 

42 controls were always included. In particular, the A¡3(1-11) sequence which does not show 
43 

44 aggregation was taken as a negative control. It was always checked that TTR ligands alone do 

45 not modify the A¡3(12-28) aggregation process. 

46 
47 

The concentration of the test compounds in the assay was selected based on previous knowledge 
48 

49 of their binding stoichiometry to the tetrameric form of TTR which is either (1:1) or (1:2) 

50 protein/ligand. A small quantity of DMSO (5% final concentration) was always added to buffered 

51 stock solutions of ligands to improve their solubility. 
52 
53 

54 The protocol operation started with the incubation of the SMC (100 µM) with the protein (50 

55 µM) for one hour at 37 ºC followed by addition of A¡3(12-28) (100 µM) and then  the plate was 

56 incubated for 6 h at 37 ºC. 
57 
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3 Profiles of control experiments as well as results from a typical experiment using IDIF as a 

4 SMC ligand using optimal assay conditions are presented in Figure 3. 
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19 Figure 3. Aggregation kinetics of the A¡3(12-28) peptide measured using the HTS operating 
20 format in a 96-well plates: A) Control experiments: dark blue, A¡3(12-28) (100 µM); light blue, TTR 
21 (50 µM); pink A¡3(1-11) and yellow, buffer. B) dark blue, A¡3(12-28); red, A¡3(12-28) with IDIF; light 
22 blue, A¡3(12-28) with TTR (binary complex); green, A¡3(12-28) plus TTR/IDIF mixture (ternary 
23 complex). Samples were assayed in duplicate and results are representative of three different 
24 experiments (n=6). Studies were performed at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine 
25 and 5% DMSO (final concentration) at 37 ºC. 

26 
27 Quantitative results are calculated from the UV absorbance of each well after 6 hours. The 

28 potency of a test compound is expressed as the percentage of reduction of the UV absorbance 
29 

30 observed for a the compound when compared to an A¡3(12-28) aggregation control experiment. 

31 Thus, the potency of IDIF is 96% (Table 2). 

32 
33 

Table 2. Quantification of SMCs potency. 
34 
35 Reduction of 
36 OD340 p-value1

 aggregation (%) 
37  (RA ± SD %)   

38 A¡3(12-28) 0.131 ± 0.009 0 

39 A¡3(12-28) + TTR 0.028 ± 0.004 0.000* 79 ± 2.5 

40 A¡3(12-28) + [TTR + IDIF] 0.006 ± 0.005 0.000* 96 ± 1.4 

41 
1 Statistically significant factors and interactions are those whose p-value < 0.05; p-value obtained 
using the non-parametric Wilcoxon rank-sum test [46]. 

42 
43 Analysis of the Z'-factor for the assay [47] gave values of 0.9 for IDIF and of 0.87 for TTR 

44 meaning that the assay is well-suited for HTS. 
45 
46 
47 Alternative assay monitoring. Following the assumption that A¡3(12-28) aggregation yields 
48 

49 amyloid structures, monitoring of the assay was also investigated using Thioflavin-T (ThT) 

50 
fluorescence. Given that ThT tightly binds to amyloid structures, this method is widely accepted 

51 and used for the characterization of amyloid aggregates [48]. As seen in Figure 4 the kinetic 
52 

53 patterns of A¡3(12-28) aggregation in the different conditions of the assay are consistent with the 

54 formation of amyloid structures which are greatly reduced by TTR/IDIF complexes. These 

55 patterns are un good accordance with the ones obtained by UV monitoring. 
56 
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21 
Figure 4. ThT fluorescence monitoring of the aggregation of A¡3(12-28). Kinetic course of A¡3(12- 

22 
28) only; A¡3(12-28) in the presence of IDIF; A¡3(12-28) in complex with TTR and in complex with 

23 
TTR stabilized with IDIF. ThT fluorescence was measured at 37 ºC at different time intervals. 

24 
Studies were performed at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine and 5% DMSO (final 

25 
concentration) at 37 ºC. 

26 
To further investigate the nature of the A¡3(12-28) aggregates formed in the different assay 

27 

28 conditions a morphological analysis by transmission electron microscopy (TEM) was performed. 

29 The ultrastructural examination revealed that after 48 h of incubation at 37 ºC, A¡3(12-28) formed 

30 highly ordered and structured fibrils. However, in the presence of TTR/IDIF complexes only round 
31 

32 and small particles were observed (See S.I. Figure S9). 

33 
34 It is well established that A¡3 peptides and its oligomeric forms are toxic to neural cells 

35 leading  to  apoptosis  and  cellular  death.  It  is  also  settled  that  TTR  protects  against  this 
36 

37 neurotoxicity [49, 9, 10]. Caspase-3 activation is one of the methods to measure this toxicity. 

38 Using caspase-3 activation tests on the samples of our screening test we have observed that 

39 TTR can reduce up to 45% the levels of caspase-3 activation while the TTR/IDIF complex effect 
40 

41 is about 60% (See S.I. Figure S10). 

42 
43 Assay validation. To examine the proficiency of the assay to discriminate among structurally 

44 different SMC, a small set of TTR ligands was selected and tested (Figure 5). Two of them, 
45 

46 tafamidis   and   diflunisal   are   licensed   drugs.   The   N-aryl   anthranilic   acids,   N-(3,5- 

47 dichlorophenyl)anthranilic acid (DCPA) and the N-(3,5-difluorophenyl)anthranilic acid (DFPA) 

48 were chosen because of their good TTR binding properties [11]. As seen in Figure 5D, 5E and 
49 

50 5F, among the four products, DCPA and DFPA show extensive chaperone properties similar to 

51 IDIF. Given that these three compounds are good TTR tetramer stabilizers, this condition seems 

52 a reasonable preliminary indication for the selection of potential chaperones entering the assay. 
53 
54 
55 
56 
57 
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42 Figure 5. Aggregation kinetics of A¡3(12-28) mediated by the four selected SMC as measured by 

43 the turbidity assay at 37 ºC over 6 h. Chaperoning effect of: A) IDIF, B) tafamidis, C) diflunisal, D) 

44 DCPA, and E) DFPA. Samples were assayed in duplicate and are representative of two different 

45 experiments (n=4). Studies were performed at pH 7.4 in 25 mM HEPES buffer, 10 mM glycine 

46 and 5% DMSO (final concentration) at 37 ºC. F) Parameters for aggregation from the turbidimetric 

47 assay. G) Chemical structures of the SMCs assayed. 

48 

49 These aggregation kinetics of A¡3(12-28) in the presence of the four selected SMC have also 

50 been monitored by ThT fluorescence giving coherent results with the turbidity measurements 

51 (See S.I. Fig. S8). Furthermore, ITC techniques has been used to corroborate the formation of 
52 

53 the corresponding A¡3(12-28)/TTR/SMC ternary complexes with the four selected compounds 

54 (see SI Fig. S14 and S15). 
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3 CONCLUSIONS 
4 

5 The interaction of TTR with A¡3 peptides is well established. We and others have consistently 

6 proven that this interaction is neuroprotective by preventing A¡3 aggregation and consequent 

7 cytotoxicity. We have provided firm evidence that this interaction can be further enhanced by 
8 

9 IDIF, a SMC. For the search of other SMCs that may also be good chaperones of the TTR/A¡3 

10 peptides interaction be have designed and implemented an HTS. The assay here described 

11 makes use of the more simple, easily handling and less costly A¡3(12-28) peptide than the full- 
12 

13 length A¡3 peptides. The assay monitors A¡3(12-28) aggregation in the presence of both TTR and 

14 a SMC which is a TTR ligand that acts as chaperone of the A¡3(12-28)/TTR interaction. The 

15 aggregation kinetics can be monitored with parallel results by either the turbidity of the solutions 
16 

17 as detected by UV or ThT fluorescence of the amyloid structures formed. 

18 
19 The assay has been optimized for: 1) UV wavelength monitoring (340 nm), 2) A¡3(12-28) 

20 aggregation factors (concentration of peptide, buffer solution, incubation temperature) by using a 
21 

22 factorial DoE of (3122) and 3) TTR/ A¡3(12-28) ratio as to minimize protein expenditure. 

23 
24 The assay has been adapted to a 96-well plate format and tested using a set of 4 compounds 

25 that have different TTR binding properties. It was observed that TTR ligand ability correlates with 
26 

27 chaperone  efficiency  of  the  A¡3(12-28)/TTR  interaction.  Chaperones  always  form  ternary 

28 complexes A¡3(12-28)/TTR/SMC as seen by ITC. 

29 
30 

We propose that this assay may be a simple and effective tool for screening chaperones of 
31 

32 the A¡3 peptides/TTR interactions that may constitute potential AD therapeutic agents. We also 

33 hope that the methodology here described may be inspiring to settle screening methods for 
34 

35 chaperones acting on other proteins interacting with A¡3 peptides. 

36 
37 
38 
39 MATERIALS AND METHODS 

40 Chemical compounds. 

41 Dimethyl   sulfoxide   (DMSO);   N-(2-hydroxyethyl)   piperazine-N'-(2-ethanesulfonic   acid) 

42 (HEPES); glycine; Tris(hydroxymethyl)-aminomethane (Tris); TFA, Trifluoroacetic acid and dimethyl 

43 sulfoxide (DMSO) were acquired from Sigma Aldrich. The small-molecule compound iododiflunisal 

44 (IDIF), an iodinated analogue of the NSAID diflunisal was synthesized in our lab IQAC-CSIC 

45 following our reported procedures [13]. The NSAIDs diflunisal (DIF) and N-(3,5- 
46 

47 
dichlorophenyl)anthranilic acid (DCPA) were from Sigma-Aldrich (diflunisal, D3281; DCPA, D8942; 

48 
purity 298%. The small-molecule N-(3,5-difluorophenyl)anthranilic acid (DFPA) was prepared in our 

49 
lab as previously described [11]. Purity of all final compounds was proved to be 295% by means of 

50 
HPLC, HR-MS, and NMR techniques. Stocks of compounds assayed as small molecule ligands 

51 
were dissolved in DMSO (ACS spectrophotometric grade, Sigma 154938) to a final 10 mM 

52 
concentration. Working solutions of ligands were prepared by taking an aliquot of 50 l of the DMSO 

53 
(5%) stock solution and diluting it with 950 l of buffer A (25 mM HEPES buffer, 10 mM glycine, pH 

54 
7.4 was prepared in the absence of salt), ratio (1:20), equivalent to a 500 M concentration of ligand. 

55 
56 
57 
58 
59 
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2 

3 Amyloid peptides. 

4 The amyloid peptide sequences A¡3(1-11) and A¡3(12-28) were purchased from Bachem AG 

5 (Switzerland) as trifluoroacetate salts (ref. H-2956 and H-7910, respectively. Purity by HPLC > 

6 95%). The A¡3(12-28) peptide was also synthesized by Microwave Solid-Phase Peptide Synthesis 

7 (MW-SPPS) using Fmoc chemistry using the corresponding Fmoc protected amino acids. 

8 Cleavage from resin was performed using TFA/H20/TIS (95:2,5:2,5) (V:V:V) and the peptide was 

9 precipitated  with  tert-butyl  methyl  ether.  The  peptide  was  purified  by  RP-HPLC  using  a 

10 VersaFlash® system and characterized by analytical RP-HPLC and UPLC-ToF MS and compared 

11 to the commercial sample acquired from Bachem (H-7910). 

12 
13 Recombinant wild-type human TTR (wt rhTTR) production and purification. 

14 Human wild type rhTTR gene was cloned into a pET expression system and transformed into E. 

15 coli BL21(DE3) Star. The phTTRwt-I/pET-38b(+) plasmid was provided by Prof. Antoni Planas 

16 (IQS, URL). The production of recombinant protein was performed at Erlenmeyer scale, protein 

17 production and purification were done as described previously following an optimized version of 

18 our protocol (see SI Scheme S1) [33]. wt rhTTR was produced using a pET expression System. 

19 The expressed protein only contains an additional methionine on the N-terminus if compared to 

20 the mature natural human protein sequence. wt rhTTR protein was expressed in E. coli BL21- 

21 (DE3) cells harboring the corresponding plasmid. Expression cultures in 2xYT rich medium 

22 containing 100 µg/mL kanamycin were grown at 37 ºC to an optical density (at 600 nm) of 4 

23 (0D600=4), then induced by addition of IPTG (1 mM final concentration), grown at 37 ºC for 20 

24 h, and harvested by centrifugation at 4 ºC, 10000 rpm for 10 min and resuspended in cell lysis 
25 

26 
buffer (0,5 M Tris-HCl, pH 7.6). Cell disruption and lysis were performed by French press followed 

27 
by a sonication step at 4 ºC. Cell debris were discarded after centrifugation at 4 ºC, 11000 rpm 

28 
for 30 min. Intracellular proteins were fractionated by ammonium sulfate precipitation in three 

29 
steps. Each precipitation was followed by centrifugation at 12 ºC, 12500 rpm for 30 min. The 

30 
pellets were analyzed by SDS-PAGE (14% acrylamide). The TTR-containing fractions were 

31 
resuspended in 20 mM Tris-HCl, 0.1 M NaCl, pH 7.6 (buffer A) and dialyzed against the same 

32 
buffer. It was purified by Ion exchange chromatography using a Q-Sepharose High Performance 

33 
(Amersham Biosciences) anion exchange column and eluting with a NaCl linear gradient using 

34 
0.1 M NaCl in 20 mM Tris-HCl pH 7.6 buffer A to 0.5 M NaCl 20 mM Tris-HCl pH 7.6 (buffer B). 

35 
All TTR-enriched fractions were dialyzed against deionized water in three steps and were 

36 
lyophilized. The protein was further purified by gel filtration chromatography using a Superdex 75 

37 
prep grade resin (GE Healthcare Bio-Sciences AB) and eluting with 20 mM Tris pH 7.6, 0.1 M 

38 
NaCl. Purest fractions were combined and dialyzed against deionized water and lyophilized. The 

39 
purity of protein preparations were >95% as judged by SDS-PAGE. Average production yields 

40 
were 150-200 mg of purified protein per liter of culture. Protein concentration was determined 

41 
spectrophotometrically at 280 nm using calculated extinction coefficient value of 17780 M-1.cm-1

 

42 
for wtTTR. The protein was stored a -20 ºC. 

43 
44 Turbidity assay. 
45 In this assay the following stock solutions were used: Buffer A: 25 mM HEPES buffer, 10 mM 
46 glycine, pH 7.4 was prepared in the absence of salt. Protein (TTR) stock: 9,5 mg/mL (170 M) in 
47 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and 5% DMSO (final concentration) was prepared 
48 in the absence of salt (buffer A). For the A peptide stock: 0,4 mg/mL (200 M) in 25 mM HEPES 
49 buffer, 10 mM glycine, pH 7.4 and 5% DMSO (final concentration). For the small-molecule 
50 

51 
compound IDIF, a first solution of 3,76 mg/mL (10 mM) in DMSO was prepared. The final stock 

52 
of the small-molecule IDIF was prepared by mixing 50 µL of the previous DMSO solution with 950 

53 
µL of buffer A (the final concentration of 5% DMSO). 

54 
First, the small-molecule compound and TTR complex was formed. To this end, 60 µL of 

55 
TTR stock was dispensed into the wells of a 96-well microplate. 40 µL of small-molecule stock 

56 
was added to give final concentrations of 100 µM. The plate was introduced in the microplate 

57 
58 
59 
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1 
2 

3 reader  (SpectraMax  M5  Multi-Mode  Microplate  Readers,  Molecular  Devices  Corporation, 

4 California, USA) and incubated for 1h at 37 ºC with orbital shaking 15 s every 30 min. Then, 100 

5 L of A¡3 solution was added to the well to give a final concentration of 100 M. 

6 Other wells of the 96-well microplate are filled with: a) Buffer alone: 200 µL of buffer A 

7 solution was added to the well; b) Negative control of A aggregation: 200 µL of A¡3(1-11) stock 

8 solution in buffer A was dispensed into the wells; c) Testing TTR aggregation: 60 µL of TTR stock 

9 were dispensed into the wells of a 96-well microplate and 140 µL of buffer A were added; d) For 

10 the A¡3(12-28) aggregation: 100 µL of A¡3(12-28) stock solution is dispensed into the wells and 

11 100 µL of buffer A were added. 

12 The plate was incubated at 37 ºC in a thermostated microplate reader with orbital shaking 

13 15 s every minute for 30 min. The absorbance at 340 nm was monitored for 6 h at 30 min intervals. 

14 Data were collected and analyzed using Microsoft Excel software. All assays were done in 

15 duplicate. 
16 17 
18 * 100 (1) 

19 
AbsA� + Absc 

20 
21 The parameter monitored in this assay was used to calculate the percent reduction of formation 

22 of aggregates (RA %) according to equation 1, where AbsA¡3 and Absc are the final absorbance of 
23 the samples, in the absence or in the presence of the small-molecule compound/TTR complex; 

24 respectively. 

25 
26 Statistical analysis 
27 The quality of an assay for HTS can be evaluated based on the Z'-factor [47] which reflects 
28 the separation in mean values for the high and low controls while taking into consideration the 
29 variability within each group. A Z' factor below zero indicates poor quality assay with no separation 
30 between the high and low controls. A Z' factor value between 0.5 and 1 indicate an excellent 
31 quality assay with large separation between the high and low controls. Preferably, optimized 
32 assays have a Z' value above 0.5. The statistical Z'-factor can be calculated using equation 2: 
33 
34 3SD of sample + 3SD of control 

35 Z' = 1 - !mean of sample - mean of control! 

36 

(2) 

37 where sample is the highest RA% for A¡3(12-28) in presence of the binary complex (TTR+IDIF) or 

38 TTR alone, and the control is the A¡3(12-28) aggregation. "Mean" is the mean value of the 

39 aggregation after 6 h, and SD is the standard deviation. 

40 
41 Design of experiments (DoE) 

42 Factorial designs are one of the most important DoE because they produce efficient 

43 experiments that allow observation of responses to one factor at different levels of other factors 

44 in the same experiment [59-60]. A factorial design of experiments was employed using the 

45 statistical software JMP 12.1.0 (SAS Institute) [45]. The variable to be maximized was the 

46 absorbance. Three factors were investigated: the concentration (µM), the temperature (ºC) and 

47 the ionic strength (mM of NaCl). Preliminary investigations were carried out to select initial 

48 analysis conditions, taking into account that temperature and ionic strength may have a nonlinear 

49 effect on the fibril formation, we have considered these two factors in a two-level design, the 

50 temperature at 37 ºC and 40 ºC and the ionic strength ([NaCl]) at 0 and 100 mM. The 

51 concentration was considered at three levels 50, 100 and 200 µM, to identify the sensitivity of our 

52 method. The UV absorption maxima for A¡3-peptide fibril formation is achieved at 340, 360 and 

53 405 nm. Specific experimental conditions tested, and the flow layout of a Design of Experiments 
54 

55 
can be found in the Supporting Information (SI Scheme S3). 

56 

57 Thioflavin-T fluorescence assays 

58 
59 
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1 
2 

3 The robustness of our turbidimetry-based method was further validated on the basis of 

4 comparative  by  Thioflavin-T  (ThT)  fluorescence  assays  on  the  same  system.  The  ThT 

5 fluorescence was monitored at 37 ºC using Gemini XPS plate reader (Molecular Devices) at an 

6 excitation wavelength of 440 nm and an emission wavelength of 490 nm. Thioflavin-T (ThT) was 

7 dissolved in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and 5 % DMSO to a final concentration 

8 of 25 M. Aggregation of A¡3(12-28) 50 µM was performed in the presence of 25 µM ThT. All 

9 solutions were dissolved in the same buffer. TTR was added to a final concentration of 25 µM. 

10 IDIF was added to a final concentration of 50 µM. For the ternary complex, TTR was incubated 

11 first with IDIF for 1h, then A¡3(12-28) was added. The final volume was 200 µL for all samples. 

12 Fluorescence intensity at 490 nm of each sample was monitored after each 2h for 8h, and then 

13 at 21h. Measurements were performed as independent triplicates. Recorded values were 

14 averaged and background measurements (buffer containing 25 M ThT) were subtracted. 

15 Measurements were performed as independent triplicates. Recorded values were averaged and 

16 background measurements (buffer containing 25 M ThT) were subtracted. 
17 
18 

Transmission Electron Microscopy (TEM) 
19 

20 A¡3(12-28) peptide (100 µM), alone or with TTR (20 M) (alone or pre-incubated with IDIF for 

21 1 hour at 37 ºC) was incubated at 37 ºC for 48 h. For visualization by TEM, 5 µl sample aliquots 

22 were absorbed to carbon-coated collodion film supported on 200-mesh copper grids, for 5 

23 minutes, and negatively stained with 1% uranyl acetate. Grids were exhaustively examined with 

24 a JEOL JEM-1400 transmission electron microscope equipped with an Orious Sc1000 digital 

25 camera. 

26 

27 Cell culture and caspase-3 assay 

28 SH-SY5Y cells (human neuroblastoma cell line; European Collection of Cell Cultures) were 

29 propagated in 25-cm2 fasks and maintained at 37 ºC in a 95% humidified atmosphere and 5% 

30 CO2. Cells were grown in Dulbecco's minimal essential medium supplemented with 10% fetal 

31 bovine  serum  (Gibco  BRL).  Activation  of  caspase-3  was  measured  using  the  CaspACE 

32 fuorimetric 96-well plate assay system (Sigma), following the manufacturer's instructions. Briefy, 

33 10 µM A¡3(1-42) (Genscript) pre-incubated for 48 h at 4 ºC with shaking, in F12 media (Gibco 

34 BRL) with or without 2 µM TTR (alone or previously incubated with IDIF (20 µM) for 1 h at 37 ºC), 

35 were added to 80% confuent cells, cultured in 6-well plates, in Dulbecco's minimal essential 

36 medium with 1% fetal bovine serum, and further incubated for 24 h, at 37 ºC. Subsequently, each 

37 well was trypsinized and the cell pellet was lysed in 100 µI of hypotonic lysis buffer (Sigma). Forty 

38 µL of each cell lysate were used in duplicates for determination of caspase-3 activation. The 

39 remaining cell lysate was used to measure total cellular protein concentration with the Bio-Rad 

40 protein assay kit (Bio-Rad), using BSA as standard. Values shown are the mean of duplicates 

41 and the experiment was performed twice. Comparison between groups was made using the 

42 Student's t-test. A P value of less than 0.05 was considered statistically significant. 
43 
44 
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