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A B S T R A C T   

In the past few years, attempts have been made to use decision criteria beyond Lipinski’s guidelines (Rule of five) 
to guide drug discovery projects more effectively. Several variables and formulations have been proposed and 
investigated within the framework of multiparameter optimization methods to guide drug discovery. In this 
context, the combination of Ligand Efficiency Indices (LEI) has been predominantly used to map and monitor the 
drug discovery process in a retrospective fashion. Here we provide an example of the use of a novel application of 
the LEI methodology for prospective lead optimization by using the transthyretin (TTR) fibrillogenesis inhibitor 
iododiflunisal (IDIF) as example. Using this approach, a number of compounds with theoretical efficiencies 
higher than the reference compound IDIF were identified. From this group, ten compounds were selected, 
synthesized and biologically tested. Half of the compounds (5, 6, 7, 8 and 10) showed potencies in terms of IC50 
inhibition of TTR aggregation equal or higher than the lead compound. These optimized compounds mapped 
within the region of more efficient candidates in the corresponding experimental nBEI-NSEI plot, matching their 
position in the theoretical optimization plane that was used for the prediction. Due to their upstream (North- 
Eastern) position in the progression lines of NPOL = 3 or 4 of the nBEI-NSEI plot, three of them (5, 6 and 8) are 
more interesting candidates than iododiflunisal because they have been optimized in the three crucial LEI 
variables of potency, size and polarity at the same time. This is the first example of the effectiveness of using the 
combined LEIs within the decision process to validate the application of the LEI formulation for the prospective 
optimization of lead compounds.   

1. Introduction 

Transthyretin (TTR) is a human tetrameric protein produced in the 
liver hepatocytes, choroid plexus and retina.1,2 TTR is involved in the 
extracellular transport of thyroid hormones and vitamin A, through a 
complex with serum retinol-binding protein (RBP). The protein 

functions as backup transporter for thyroxine (T4) in plasma, and as a 
main transporter in cerebrospinal fluid. Interestingly, TTR has a neu-
roprotective role against Alzheimer’s disease (AD).3,4,5 Several muta-
tions in the TTR sequence are the cause of a series of rare but serious 
amyloid diseases.6 TTR tetrameric stabilization has been defined as the 
basis for one of the possible therapeutic strategies for the TTR-related 
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amyloid diseases,7,8,9 which include familial amyloid polyneuropathy 
(FAP),10,11 familial amyloid cardiomyopathy (FAC),12 senile systemic 
amyloidosis (SSA)13 and central nervous system selective amyloidoses 
(CNSA).14 Currently, the Protein data Bank15 contains more than 300 
crystallographic structures of TTR, most of them in complex with small 
molecule ligands.16,17 Structurally diverse families of compounds are 
known to stabilize effectively TTR preventing its aggregation in vitro. 18, 

19 The orphan drug Tafamidis (Vyndaqel®), an small-molecule obtained 
by an structure-base design,20 was the first drug to obtain approval for 
FAP treatment.21 Another drug, Tolcapone, for the treatment of Par-
kinson’s disease has been repositioned for FAP.22 Additional TTR 
tetramer stabilizers are the small-molecule AG10 now in phase 3 trial 
(NCT03860935)23 and the palindromic molecule mds84 in preclinical 
development.24 Alternative therapeutic strategies are gene-silencing 
therapies, as the antisense oligonucleotide inotersen25 and the small 
interfering RNA (siRNA) patisiran.26 

One of our contributions to this ongoing drug discovery effort 
focused on TTR amyloid diseases has been the preclinical development 
of Iododiflunisal (IDIF, Figure 1).27 Our lead compound is a iodinated 

derivative of the non-steroidal anti-inflammatory drug (NSAID) Diflu-
nisal.28 In vitro biochemical and biophysical evidences as well as in vivo 
animal studies support the interest on this lead.29,30,31 

Since the seminal work of Lipinski and collaborators32 there has been 
an extensive effort to optimize medicinal chemistry efficiency in order to 
reduce the high attrition rates of drug candidates.33-35 A line of research is 
directed towards defining and using alternative variables, more aligned 
with drug efficacy that the target affinity alone, which has been the 
dominant parameter in medicinal chemistry for decades. These so called 
efficiency indices or composite parameters are metric-based rules and 
visualization tools to help in guiding medicinal chemists in the design of 
new compounds with more favorable properties.36-39 An early example is 
Ligand Efficiency (LE)40 suggested by Hopkins and collaborators41 that 
proposed binding energy (ΔG) per heavy atoms as a metric for lead se-
lection. This concept has given rise to an increasing range of ligand 
efficiency indices (LEIs) that combine potency or affinity with molecular 
weight (MW), polar surface area (PSA) and other ligand properties 
(Table 1).42 Other indices such as ligand lipophilicity efficiency (LLE)43,44 

reflect the increased risk of high lipophilicity of drug candidates. A review 
of the application of ligand efficiency metrics related to size and 

Table 1 
Ligand efficiency indices names and definitions.  

Index Namea Definition 

BEI p(Ki), p(KD) or p(IC50)/MW(kDA) 
SEI p(Ki), p(KD) or p(IC50)/(PSA/100 Å2) 
NSEI p(Ki), p(KD) or p(IC50); -log10Ki/(NPOL) = pKi/ 

NPOL (N + O) 
NBEI P(Ki), p(KD), or p(IC50); 

-log10Ki/(NHEAV) = pKi/(NHEAV) 
nBEI -log10(Ki/NHEAV); Ki, KD, or IC50 

NHEAV Number of heavy atoms (non-hydrogen in the 
compound) 

NPOL Number of polar atoms (N,O) 
Efficiency plane46: NSEI, nBEI 

(x,y). 
Lines of slope NPOL and intersect 
log10 NHEAV 

Algebraic relationship46 

between nBEI, NSEI 
Lines: nBEI = NPOL*NSEI + log10NHEAV  

a Efficiency planes are defined as the combination of a polarity-based effi-
ciency variable in the abscissa with a size-related variable in the ordinate. In 
these planes, polarity increases counter clockwise and in the NSEI, nBEI (x,y) 
planes, the slope of the lines increases by the number of polar atoms 
(NPOL = N + O) in the ligand. This quantity is equivalent to the number of 
hydrogen bond acceptors in the description of Lipinski’s rule of 5. NPOL*NSEI 
stands for NPOL times NSEI; the slope of the lines is given by NPOL in the nBEI 
vs. NSEI plots.46 

Fig. 2. Retrospective map of the Diflunisal/Iododiflunisal-based library: nBEI 
vs. NSEI plot shows that iododiflunisal (black square, IDIF), compared to 
diflunisal (white square, DIF), is the most effective TTR amyloid inhibitor for 
this chemical series, with optimized size and polarity parameters at the 
same time. 

Fig. 1. a) Binary complex TTR with IDIF (PDB 1Y1D); B) Chemical structures of two TTR tetramer stabilizers, the small-molecule biphenyl compound Iododiflunisal 
(IDIF) and the benzoxazole drug Tafamidis, a registered drug for FAP. 
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lipophilicity is provided in a previous publication by Hopkins et al.45 A 
unified formulation of the LEIs, combining size and polarity in relation to 
a biological activity or affinity towards a biological target, has been 
presented in extensive detail.46 In particular, it has been proposed that 
the combined variables NSEI-nBEI (x,y) (Table 1), can be used to map the 
chemico-biological space (CBS) to visualize trends across different targets 
and the progress of drug discovery and lead optimization projects. 39, 47-51 

The uniqueness of this pair of variables 45 is that they provide an 
appealing two-dimensional, vector like, representation of the drug dis-
covery process giving a sense of ‘direction’ and ‘distance’ in a Cartesian 
plane,46,50 referred to as the ‘Efficiency plane’. The formulation is such 
that the ‘direction’ (slope of the lines) is given by the number of polar 
atoms in the molecule (NPOL =N +O, equivalent to number of 
hydrogen-bond donors in the Lipinski Ro5), and the ‘distance’ (from the 
origin) is related to the affinity or biological activity of the compounds.46 

This graphical representation is very useful in distinguishing the 
direction (slope of the lines) of the optimization process (given by the 
scaffold atoms: NPOL and NHEAV defining the lines), from the potency 
gains (distance from the origin) that can be achieved with that chemical 
scaffold. 

These combined size-polarity efficiency indices (nBEI-NSEI) have 
been applied in an “efficiency plane” to a series of proprietary biphenyl 
compounds with TTR aggregation inhibitory properties, in a retrospec-
tive fashion, to monitor the optimization progress of our lead compound 
IDIF.52 In a further attempt to widen the applications of the LEIs 
formulation, an initial proof of the concept that the LEI metrics can be 
used in a prospective rather than a retrospective manner is presented in 
this work. Further work is encouraged to demonstrate conclusively the 
value of the LEIs formulation in lead optimization and preclinical 
candidate selection. 

2. Results and discussion 

Iododiflunisal optimization as a ground test. In an initial tradi-
tional optimization study of our lead compound IDIF, we examined the 
influence of small structural changes in the functional groups on the 
salicylic ring while leaving the 2,4-difluorophenyl core of the compound 
unchanged.27 Using parallel synthesis methods, a biologically annotated 

library of 46 analogs was obtained after testing their activity. Only three 
iodinated compounds of the library were more potent (in terms of IC50 
values) than iododiflunisal (IDIF) (SI Table S1). However, when these 
results were plotted in a nBEI (parameter relating the potency to the 
number of heavy atoms of the ligand) versus NSEI (parameter relating 
the potency to the number of polar atoms of the ligand) Cartesian plane 
(Figure 2), it emerged that the most efficient compound of the series i.e. 
the one with optimal size and polarity parameters at the same time, was 
still IDIF. As Figure 2 shows, several analogs with increasing efficiencies 
are found between diflunisal and IDIF along the NPOL = 3 slope but 
none is superior to it. 

Virtual iododiflunisal optimization guided by a LEI prospective 
approach. In search of more efficient IDIF analogs, a three steps 
workflow methodology has been developed.52 First, a IDIF scaffold- 
based search was effected on the MMsINC database53 which allowed 
to extract 2300 virtual and commercial biphenyl compounds. Next, 
using an IDIF pharmacophore deduced from the crystallographic infor-
mation of the complex TTR:IDIF,29 this 2300 database was further 
filtered to a set of 1200 compounds that share the same IDIF interaction 
pattern with TTR. Lastly, these molecules were docked to a protein 
model from the IDIF:TTR X-ray crystal structure (PDB ID 1Y1D) and 80 
of them were selected by their docking score value. Taking into account 
that the docking scores resulting from the docking calculations, using 
the MOE software package,54 are an estimate of the binding free energy 
(herein ΔG*), it is possible to establish a relationship between Ki* 
(pseudo Ki) and ΔG*, through the equation: ΔG*= -RTlnKi*. Following 
this approximation, Ki* values were estimated relating the docking score 
obtained from each best pose of the 80 selected molecules, which share 
the same biphenyl scaffold, and have a high similarity to IDIF and 
among themselves, to the free binding energy. In order to normalize 
these values, the experimental TTR binding Ki for IDIF obtained through 
an isothermal calorimetry experiment (ITC) was used (see Table S2 of S. 
I.).31 

After this step, the results were plotted in a nBEI-NSEI plane.52 The 
nBEI and NSEI parameters were calculated based on the estimation of 
their Ki*, with reference to the experimental Ki for IDIF. Figure 3 shows 
that compounds with efficiencies higher than IDIF can be found on the 
slope lines with NPOL = 3, 4 and 5. 

To provide experimental validation of the virtual predictions on 
improved efficiency described above, a subset of compounds located at 
the region with theoretically more efficient candidates were selected, 
synthesized and subsequently tested for biological activity, and their 
experimental and theoretical efficiencies compared. 

Synthesis of the selected compounds. Using criteria like minimal 
change on the structure, small changes in the number of polar atoms 
(NPOL) and ready synthesis, ten of the theoretically more efficient 
compounds were selected as test compounds. The structures of this 
subset of compounds (1–10) are depicted in Figure 4. Also, some of the 
corresponding non-halogenated derivatives of compounds 1–7, in the 
position 5 of the biphenyl moiety (1A, 2A, 4A, 6A, and 7A), were 
included in the synthesis plan to compare the effects of the presence or 
absence of this particular halogen on the biological activity and hence 
the experimental efficiency of these molecules. 

The general synthesis scheme of the compound series is outlined in 
Scheme 1. Biphenyl analogues (5-aryl salicylic derivatives) (1A, 2A, 4A 
and 6A) were prepared by Suzuki cross-coupling reactions (SI, 
Figure S5).55 

The iodinated biphenyl derivatives (1, 2, 4, 6, 7) were prepared from 
their parent compounds (1A, 2A, 4A and 6A) by electrophilic aromatic 
iodination reaction using the iodinating reagent IPy2BF4 (Barluenga’s 
reagent) in CH2Cl2 at room temperature.56 Brominated derivatives (3 
and 5) were prepared by electrophilic bromination using a mixture of 
potassium bromide and N-chlorosuccinimide (NCS) at room tempera-
ture. The synthesis of the polyhalogenated compound 7A was initially 
designed as the previous analogs, involving a Suzuki coupling reaction 
between 5-iodosalicylic acid (11) and a polyhalogenated boronic acid. 

Fig. 3. nBEI vs. NSEI plot of the 80 selected docked compounds. Region 
highlighted shows compounds with increased efficiency (the reference com-
pound IDIF is indicated by a black square). The direction(s) for the optimization 
path(s) for the different scaffolds containing NPOL values of 3, 4, 5 are indi-
cated. The compounds with the largest NSEI, nBEI values in the North-East 
quadrant have combined optimum values of the NSEI, nBEI and the esti-
mated affinity constant Ki*. Compounds with lower number NPOL atoms 
(NPOL < 5 following Lipinski guidelines) have higher probability of favorable 
permeability. 
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Fig. 4. Iododiflunisal analogs selected as theoretically more efficient than Iododiflunisal in terms of ligand efficiency parameters. (Some non-halogenated derivatives 
in the position 3 of the salicylic moiety are also shown). 

Scheme 1. Synthesis of Diflunisal and IDIF analogs. aReagents and conditions: Suzuki-Miyaura cross-coupling reaction (Condition A: in water): a) aryl boronic acid 
(1 equiv.); 5-iodosalicylic acid (11) (1 equiv.), Pd(OAc)2 (1 mol%), Na2CO3 (3 equiv.), H20 (degassed water), rt, 3 h.; b) Suzuki-Miyaura cross-coupling reaction aryl 
boronic acid (1 equiv.), 5-iodosalicylic acid (11) (1 equiv.), [Pd(PPh3)4] (1 mol%), Na2CO3 (3 equiv.), dioxane/water (4:1), 80 ◦C; c) for iodinated derivatives: 
IPy2BF4 (Barluenga’s reagent) (1.5 equiv.), dichloromethane, rt, 1 h; or d) for brominated derivatives: NCS (1 equiv.), KBr (1 equiv.), ethanol. 

Scheme 2. Synthesis of polyhalogenated 
Diflunisal analogs. aReagents and conditions: 
a) Tetrabutylammonium iodide (TBAI) (1.1 
equiv.), CuI (1.1 equiv.), tert-butyl nitrite 
(tBuONO) (3 equiv.), acetonitrile, 80 ◦C; b) 5- 
iodo salicylic acid (11), TMSCl (4 equiv.), 
MeOH, 110 ◦C, 24 h; c) methyl 5-iodosalicy-
late (14) (1 equiv.), bis(pinacolato)diboron 
(B2Pin2) (2 equiv.), Pd2(dba)3 (2 mol%), 
XPhos (4 mol%), KOAc (3 equiv.), dioxane, 
110 ◦C; d) Suzuki-Miyaura coupling: boro-
nate 15 (1 equiv.), iodinated compound 13 
(1 equiv.), Na2CO3 (3 equiv.), Pd(PPh3)4 
(5 mol%), dioxane, 110 ◦C; e) LiOH (4 
equiv.), H2O/dioxane, 80 ◦C, 30 min.; f) 
IPy2BF4 (Barluenga’s reagent) (1.5 equiv.), 
CH2Cl2, rt, 1 h; g) NCS (1 equiv.), KBr (1 
equiv.), ethanol.   
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Polyhalogenated boronic acids are especially challenging coupling 
partners for Suzuki-Miyaura reactions because they quickly deboronate 
under basic conditions.57,58 

Due to the inherent difficulties of these polyhalogenated boronic 
acids, an alternative pathway was designed based on a pinacol boronate 
ester (Scheme 2). Thus, a new pinacol boronate ester (15) was prepared. 
The Suzuki coupling reaction between the iodocompound 13 and the 
newly prepared boronate ester 15 was done in dioxane/water (9:1) at 
80 ◦C catalyzed by tetrakis(triphenylphosphine)palladium (0) [Pd 
(PPh3)4] (5 mol%), in the presence of Na2CO3 as base providing the 
desired biphenyl compound 7A (Scheme 2). 

Amino acid conjugates 9 and 10 were prepared through a similar 
method as we have reported previously,27 starting from biphenyl car-
boxylic acid derivative 7, by a coupling reaction either with the methyl 
ester of L-alanine or the one from β-alanine, respectively (Scheme 3). In 
both reactions N,N’-dicyclohexyl carbodiimide (DCC) was used as the 
coupling reagent used in the presence of 1-hydroxybenzotriazol (HOBt) 
for the amide bond formation.59 

Experimental validation of the efficiency. This set of 15 synthe-
sized compounds and the reference IDIF, were tested in a turbidimetric 
in vitro assay to evaluate their potential activity as TTR fibril in-
hibitors.60 The protocol uses a highly amyloidogenic TTR variant (Y78F) 
which enables kinetic monitoring of protein aggregation in short time 
under acid-induced fibrillogenesis conditions. One of the parameters 
that can be assessed through this method is the IC50 value, which is the 
concentration of inhibitor at which the initial rate of fibril formation is 
half than in the absence of inhibitor. A second parameter is the per-
centage of reduction in fibril formation rate (RA%) at high concentration 
of test compound relative to the rate obtained in the absence of com-
pound. RA values of 100% indicate that the inhibitor can fully prevent 
the formation of fibrils. Experimental IC50 values are reported in 
Table 2, showing that compounds 5, 6, 7, 8 and 10 have a similar or even 
higher fibrillogenesis inhibition activity compared to iododiflunisal. 

Evaluation of the LEI predictive power. To evaluate the accuracy 
of the LEI predictions and the extend of the optimization of iododi-
flunisal in terms of efficiency gain, the experimental potencies of the 
compounds expressed as IC50 values have been used to calculate the 
corresponding experimental nBEI and NSEI values for each molecule 
(Table 2). The efficiency indices (NSEI, nBEI) for a biological assay can 
be calculated similarly using the IC50 listed in Table 2.46 Also, to visu-
alize the predictive power of this methodology, the predictive map 
shown in Figure 3, was redrawn as the experimental map presented in 
Figure 5. A rough 50% matching rate was found between predicted and 
experimental efficiencies of compounds with five clear failures in the 
case of compounds 1, 2, 3, 4 and 9. However, only product 1 is rather far 
apart from the region selected in the prediction step. On the other hand, 
although product 7 is at the border of this best candidates region, an 

Scheme 3. Synthesis of iododiflunisal amino acid conjugated analogs. aReagents and conditions: a) H-Ala-OMe.HCl (1 equiv.), DCC, HOBt, DIPEA, dichloromethane, 
rt, 50%; b) β-Ala-OMe.HCl (1 equiv.), DCC, HOBt, DIPEA, dichloromethane, rt, 77%. 

Table 2 
Inhibition of acid-induced fibrillogenesis by compounds under study: IC50 values 
measured by the kinetic turbidimetric assaya and the corresponding nBEI-NSEI 
indices values.b  

Compound X IC50 (μM) RA (%) nBEI NSEI 

IDIF I 4.2 ± 0.2 94.0 ± 0.5 6.66 1.79 
1A H 23.1 ± 4.3 60.4 ± 0.3 5.96 1.55 
1 I 7.2 ± 0,1 87.0 ± 1.6 6.49 1.71 
2A H 6.0 ± 0.2 87.8 ± 0.9 6.50 1.31 
2 I 5.3 ± 0.3 90.3 ± 1.3 6.58 1.32 
3 Br 5.2 ± 0.5 95.5 ± 1.6 6.59 1.32 
4A H 6.1 ± 0.5 88.8 ± 0.3 6.52 1.30 
4 I 5.1 ± 1.1 91.1 ± 0.7 6.61 1.32 
5 Br 4.3 ± 0.4 89.9 ± 0.8 6.69 1.34 
6A H 21.7 ± 1.6 77.3 ± 4.9 5.92 1.55 
6 I 3.9 ± 1.7 88.5 ± 1.4 6.69 1.80 
7A H 7.2 ± 0.5 89.1 ± 1.1 6.42 1.71 
7 I 4.6 ± 0.2 91.0 ± 0.4 6.64 1.78 
8 Br 3.6 ± 0.2 89.0 ± 2.2 6.74 1.81 
9 I 6.0 ± 0.5 89.0 ± 0.6 6.64 1.04 
10 I 3,7 ± 0.3 90.0 ± 0.1 6.85 1.09  

a Kinetic turbidity assay: 0.4 mg/mL TTR-Y78F, 0–40 μM inhibitor, pH 4.2, 
37 ◦C. 

b nBEI and NSEI values have been calculated by using the definitions listed in 
Table 1 using the pIC50 value for the biological activity. 

Fig. 5. nBEI vs. NSEI plot based on the experimental data (IC50 values) ob-
tained from the kinetic turbidimetry assay. Black square corresponds to the 
reference compound IDIF; crosses are the non-halogenated derivatives for the 
corresponding compounds as indicated in Figure 4; compounds with a similar 
or higher efficiency compared with IDIF (in good agreement with the pre-
dictions performed in this study) are highlighted in the “Efficient candidates” 
region as white squares; grey squares are the compounds less efficient than IDIF 
(in which the prediction fails). 
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interesting fact is that no mismatches between the efficiency maps have 
occurred in case of compounds 5, 6, 8 and 10 which, in turn, are most 
potent than iododiflunisal. 

Appearing above IDIF in the nBEI-NSEI map and on top of the pro-
gression line of NPOL = 3, product 8 is the most efficient candidate of 
this series. The potency of this compound (IC50 = 3.6 μM), compares 
with the most potent TTR amyloidogenic inhibitor known up to date, 
triiodophenol61 (IC50 = 3.2 μM), and provides an approximate idea of 
the level of optimization achieved. This optimization capacity of the 
LEIs is reinforced when the comparison between the biological activities 
of 8 and Tafamidis, the drug marketed in Europe for the treatment of 
FAP, shows that product 8 has an enhanced potency and efficiency. 
Thus, under the kinetic turbidity assay conditions, Tafamidis presents an 
IC50 = 6.59 μM, and values of 6.48 and 1.30 for nBEI and NSEI respec-
tively. Besides 8, two more compounds, 6 (3.9 μM, NPOL = 3) and 5 
(4.3 μM, NPOL = 4) have been identified and characterized as better and 
more efficient candidates than IDIF. The main feature of this triad (5, 6 
and 8) is that their three crucial LEI variables (potency, size and po-
larity) have been optimized at the same time. 

Finally, it is worth noting that the non-halogenated derivatives at the 
position 5, that were also included among the test compounds, show 
lower potencies than their halogenated counterparts, and are found 
outside the preferred candidate efficiency region. A particular case is 6A 
which shows a potency of 21.7 μM and a very poor efficiency behavior, 
far from its iodinated counterpart 6 (3.9 μM); this reinforces our hy-
pothesis on the important role that halogen atoms play on TTR tetramer 
stabilization and prevention of fibril formation. 

3. Conclusions 

Here we presented the first experimental evidence of a novel appli-
cation of the LEI formulation for prospective lead optimization by using 
the iododiflunisal chemico-biological space as example. The results also 
suggest that the LEI methodology, both retrospective and prospective, 
may be easily combined and integrated with computational workflows 
such as pharmacophore modeling and docking experiments. This pro-
spective LEI approach has allowed us to identify a triad of compounds 
with optimized properties (potency, size and polarity) with respect to 
iododiflunisal. Significantly, compound 8 that maps in the extreme 
North-East corner of the efficiency plane, has the best combination of 
IC50 and physico-chemical properties (size, polarity) as ‘combined’ in 
the corresponding NSEI, nBEI values (Table 2). Compound 8 compares 
very favorably with triiodophenol (3.2 μM), one of the most potent TTR 
fibrillogenesis inhibitor known up to date, which may be of interest for 
future drug developments in the field of TTR-related amyloid diseases 
treatment. In contrast, compound 10 with better IC50 than IDIF and 
slightly larger values of efficiency per size (IC50 = 3.7 vs. 4.2; 
nBEI = 6.85 vs. 6.66, respectively) exhibits a significantly lower value of 
the polarity efficiency NSEI (NSEI = 1.09 vs. 1.79) (Table 2) making it 
significantly more polar and less suitable for further development. 

3.1. Experimental section 

3.1.1. Synthesis and characterization of compounds. 
All diflunisal and IDIF analogues were prepared following the 

Schemes 1, 2 and 3. The synthesis and characterization are described in 
the SI. 

Protein and inhibitors. The human TTR variant Y78F protein was 
recombinant expressed in E. coli and purified as already reported.60 All 
assays were performed in buffers containing a final 5% (v/v) DMSO 
concentration for solubilization of the ligands. 

Kinetic Turbidimetric Assay. Inhibition of fibrillogenesis was 
determined by the kinetic turbidimetric assay previously reported.60 In 
seven different wells of a 96-well microplate, 20 μL of a 4 mg/mL TTR 
variant Y78F solution in 20 mM potassium phosphate buffer, 100 mM 
KCl, and 1 mM EDTA at pH 7.6, was mixed with an 80 μL solution of 

inhibitor prepared by mixing different volumes of a stock solution of the 
compound in H2O/DMSO (1:1) to give a range of final compound con-
centrations of 0–40 μM. DMSO content was adjusted to a final 5% (v/v), 
where all ligands tested are soluble. After 30 min incubation at 37 ◦C 
with 15 s shaking every minute, 100 μL of 400 mM KAcO, 100 mM KCl, 
and 1 mM EDTA buffer at pH 4.2 were added to each well. The final 
mixture, containing 0.4 mg/mL TTR, 0 to 40 μM ligand, and 5% DMSO, 
was incubated at 37 ◦C with 15 s shaking every minute. Absorbance at 
340 nm was monitored for 1.5 h at 1 min intervals. A control solution of 
the ligands at the highest concentration (40 μM) following the same 
procedure in the absence of TTR was also monitored, showing that the 
ligands remained soluble and no turbidity due to colloidal aggregation 
was observed. Initial rates of protein aggregation (ν0) were obtained 
from the linear plot absorbance versus time. The dependence of ν0 on 
inhibitor concentration is defined as: 

υ0 = A+B⋅e− C[I]

where ν0 is the initial rate of fibril formation (in absorbance units per 
hour, AU⋅h− 1) and [I] the concentration of the inhibitor (μM). From the 
adjustable parameters, the IC50 (inhibitor concentration at which the 
initial rate of protein aggregation is half than that in absence of inhib-
itor) and RA(%) (percentage reduction of amyloidosis at high inhibitor 
concentration) were calculated (See SI, Fig. S3) 

Crystallographic Complex. 3D atomic coordinates of the TTR- 
iododiflunisal complex (PDB ID: 1Y1D)29 used in the present work 
were obtained from the structural information available in the Protein 
Data Bank (PDB) (http://www.rcsb.org). Before the ligand–protein in-
teractions mapping, a previous processing of the pdb file was needed. 
The asymmetric crystal unit of TTR complexes is formed by a dimer, two 
ligand molecules (one for each binding site) and water molecules; taking 
this into account, coordinates for the tetrameric form of TTR were ob-
tained by applying the crystallographic symmetry transformations 
described in the pdb file. For residues with multiple conformations, we 
considered the one with the highest occupation factor. 

Hydrogen Atoms Refinement. Added hydrogen atoms were 
energy-minimized by using the Protonate 3D package implemented in 
MOE 2013.08.54 Ligand partial charges were obtained by computing the 
electrostatic-potentials around the optimized structures using MOE 
2013.08. Minimization was carried out using a distance dependent 
dielectric constant and a cutoff distance of 10 Å for Van der Waals in-
teractions. Hydrogen atoms refinement was accomplished using 1000 
cycles of steepest descents followed by conjugate gradient until the 
maximum gradient of the energy was smaller than 0,05 kcal/mol∙Å2. 

Data Set Selected. A set of 2300 biphenylic compounds was 
extracted from MMsINC Database.53 LigX package (MOE 2013.08) was 
used for the hydrogen addition and ligand preparation. 

Docking Experiments. MOE 2013.08 package was used to perform 
the docking studies of the data set selected with the crystallographic TTR 
complex. Alpha Triangle was used as placement method, Alpha HB as 
score function and MMF94 as forcefield in the refinement step of the 
docking solutions. 

Author contributions 

Overall research design and writing of the manuscript: G.A., C.A.Z., 
A.P., N.B.C., J.Q., D.B. Computational studies: D.B. Chemistry experi-
ments: G.A. Biological experiments: E.Y.C., M.V. 

Declaration of Competing Interest 

The authors declare no competing financial interest. 

Acknowledgements 

We thank Dr. Lluís Bosch for help on the synthesis work. Funding 

E.Y. Cotrina et al.                                                                                                                                                                                                                              

http://www.rcsb.org


Bioorganic & Medicinal Chemistry 28 (2020) 115794

7

Sources. This work was supported by a Grant 080530/31/32 from the 
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