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ABSTRACT: The amyloidogenic protein transthyretin
(TTR) is thought to aggregate into amyloid fibrils by tetramer
dissociation which can be inhibited by a number of small
molecule compounds. Our analysis of a series of crystallo-
graphic protein-inhibitor complexes has shown no clear
correlation between the observed molecular interactions and
the in vitro activity of the inhibitors. From this analysis, it
emerged that halogen bonding (XB) could be mediating some
key interactions. Analysis of the halogenated derivatives of two
well-known TTR inhibitors has shown that while flufenamic
acid affinity for TTR was unchanged by halogenation,
diflunisal gradually improves binding up to 1 order of
magnitude after iodination through interactions that can be
interpreted as a suboptimal XB (carbonyl Thr106: I...O distance 3.96−4.05 Å; CI...O angle 152−156°) or as rather optimized
van der Waals contacts or as a mixture of both. These results illustrate the potential of halogenation strategies in designing and
optimizing TTR fibrillogenesis inhibitors.

■ INTRODUCTION

Mutations in the plasma protein transthyretin (TTR) are the
cause of a series of rare but serious amyloid diseases.1−5

Numerous studies have focused on showing that protein
stabilization by low molecular weight compounds can be an
effective therapeutic alternative for the TTR-related amyloid
diseases,6−11 which include familial amyloid polyneuropathy
(FAP), familial amyloid cardiomyopathy (FAC), senile
systemic amyloidosis (SSA), and central nervous system
selective amyloidoses (CNSA).12,13 This concept comes from
the observation that thyroxine (T4), the endogenous ligand of
transthyretin, is able to inhibit TTR aggregation by stabilizing
the tetrameric structure of the protein.4,14−18 Many different
families of compounds are known to stabilize TTR effectively,
preventing its aggregation in vitro.19−24 Within this family of
compounds, only a benzoxazole derivative (Tafamidis)25−28has
reached approval for clinical use in Europe, while a few others
(diflunisal, doxycycline/TUDCA) are still under clinical
testing.29−34Other potential therapeutic strategies are also
being explored but are less developed, including immunother-
apy,35,36 gene therapy with small interfering RNAs, antisense
oligonucleotides, and single-stranded oligonucleotides.37−39

TTR is a 55 kDa homotetrameric protein containing 127
residues per monomer that are organized in eight β strands,
named from A to H and connected by loops and a short α helix

between E and F strands (Figure 1).40−43 The association of
two monomers (A and B) leads to a dimer (AB), and the two
dimers (AB and A′B′) assemble to form the functional tetramer
that features a central channel at the dimer−dimer interface
where the two chemically equivalent hormone binding sites,
named A-A′ and B-B′, respectively, are located (Figure 1).
A relevant feature of the TTR binding sites is the presence of

three symmetry-related depressions termed halogen binding
pockets (HBPs),16 which accommodate the iodine atoms of the
thyroid hormones in their complexes with TTR.44 The
innermost pockets are HBP3 and HBP3′, and the outermost
are HBP1 and HBP1′ (Figure 2).
Structural information on TTR is extensive as exemplified by

the nearly 200 TTR-related entries45 that are currently
collected at the Protein Data Bank (http://www.rcsb.
org).46With the aim to devise new strategies for the design of
more effective TTR tetramer stabilizing ligands, we have
sampled and computationally analyzed this PDB information
on TTR. Attention has been paid to the in silico study of
ligand−HBPs interactions and to experimentally evaluate the
effects of introducing homologous series of halogen atoms into
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ligands to see if new sites of molecular recognition mediated by
halogen bonding could be created.47−55

■ RESULTS AND DISCUSSION
Ligand Selection. The most noticeable feature of the TTR

crystallographic complexes deposited at the Protein Data Bank
is the wide diversity of chemical structures (more than 40
different scaffolds) that binds TTR. From these diverse
structures, we selected 13 (Figure 3), including the endogenous
ligand of TTR, thyroxine (1) and a close derivative (2),
therapeutic drugs such as flurbiprofen (3), flufenamic acid (4),
and diclofenac (5), natural products like retinoic acid (6) and
resveratrol (7), and six synthetic compounds (8−13), one of

which is iododiflunisal (13), a drug candidate developed by
us.56

In Vitro Inhibition Activity. To obtain homogeneous
inhibition data to conduct the SAR studies of interest, all of
these 13 compounds were tested in a turbidimetric in vitro
assay to evaluate their potential activity as TTR fibril
inhibitors.57,58 The protocol uses a highly amyloidogenic
TTR variant (Y78F) which enables kinetic monitoring of
protein aggregation in short time under acid-induced fibrillo-
genesis conditions. One of the parameters that can be assessed
by 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
percentage of reduction in fibril formation rate (RA%) at a
high concentration of test compound relative to the rate
obtained in the absence of the compound. RA values of 100%
indicate that the inhibitor is able to fully prevent the formation
of fibrils. Both values are reported in Table 1, which shows that
the polychlorinated biphenyl 9 followed by 13, 7, 2, 4, and 6
are the best inhibitors. Conversely, 3 and 5 exhibited the
poorest activity.

Structural Analysis of TTR−Ligand Interactions. After
processing the 3D structure of these 13 TTR crystallographic
complexes (see Supporting Information Comment 1), one of
the first observations was that the amino acid side chains
protruding into the two chemically equivalent binding sites of
TTR show great flexibility. Thus, we have found different
residues that are able to adopt various rotameric conformations
within the same crystal structure. This is the case of the TTR−
(5) complex, where two different conformers for residues
Leu17, Ser117, and Thr119 exist. We have also found evidence
for ligand-dependent conformational arrangements upon bind-
ing for the side chains of Lys15, Glu54, Thr106, Ser115,
Ser117, and Thr119. Among them, Lys 15 is the residue which
exhibits the highest conformational variability, which is driven
to maximize in each case hydrophobic interactions between the
methylene groups of the lysine and the aromatic or hydro-
phobic moieties of the ligand placed at the entry of the cavity.
Furthermore, it allows the formation of hydrogen bonds
between the ε-NH2 and any other hydrophilic group on the
ligand (see Supporting Information Comment 2).

Figure 1. (a) β-Sheet topology of each TTR monomer. (b) Tetrameric structure of TTR (two views at 90° rotation on the y-axis) showing the two
symmetric T4 binding sites.

Figure 2. Schematic representation of the three chemical regions in
which TTR binding sites can be divided, showing also the halogen
binding pockets (HBPs) location.
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Upon ligand binding, other important conformational and
structural rearrangements suffered by TTR also involve the side
chains of Ser117 and Thr119 (see Supporting Information
Comment 3), modifying the surface polarity of the HBP3/3′
pockets. Consequently, these pockets are able to accommodate
a wide variety of chemical groups (Table 1), varying from
hydrophobic (such as compounds 4 or 6) to negatively charged

groups (such as compounds 5 or 12). The conformation
adopted by Ser117 and Thr119 facilitates the binding of the
ligands in the so-called forward (F) and reverse (R) binding
modes. In the forward mode, the hydrophilic group of the
ligand is close to the binding site entrance, favoring electrostatic
interactions between the hydrophilic groups located at the
entry of the cavity and the residues Lys15 and/or Glu54 of one

Figure 3. Selected ligands from TTR−ligand complexes available at the PDB: (1) thyroxine or T4; ( 2) 3,3′,5,5′-tetraiodothyroacetic acid or T4Ac;
(3) flurbiprofen; (4) flufenamic acid; (5) diclofenac; (6) retinoic acid; (7) resveratrol; (8) diethylstilbestrol; (9) 3,5,3′,5′-tetrachlorobiphenyl-4,4′-
diol; (10) 2,4-dinitrophenol; (11) 3′,5′-difluorobiphenyl-4-carboxylic acid; (12) 2′,4′-dichloro-4-hydroxy-1,1′-biphenyl-3-carboxylic acid, and (13)
iododiflunisal. (See Figure S0 in Supporting Information for more details on the related PDB structures.)

Table 1. Inhibition of Acid-Induced Fibrillogenesis by Ligands (IC50 and RA%) Measured by the Kinetic Turbidimetric Assay
and Structural Properties of the TTR−Ligand Crystallographic Complexesa

fibrillogenesis
inhibition

X-ray features of TTR−ligand complexes

occupation of HBP pockets by the ligands

ligand IC50 (μM) RA (%) PDB
binding
mode HBP1 HBP1′ HBP2 HBP2′ HBP3 HBP3′

1 10.5 80 2ROX F −I −I −I −I
2 4.8 93 1Z7J F −I −I −I −I

R −I −I −I −I −CH−
3 >100 35 1DVT R −F −CH− −CH−
4 6.2 89 1BM7 F −CF3
5 26 74 1DVX R −CH− −CH− −COOH
6 8.1 100 1TYR F −CH2− −CH3 −CH3

7 4.5 89 1DVS F −OH −OH −CH− −CH−
8 16.6 67 1TT6 F −CH− −CH− −CH2−CH3 −CH2−CH3 −CH− −CH−
9 2.1 100 2G5U R −Cl −Cl −Cl −Cl
10 20 77 2B15 R −NO2 −CH−
11 10.8 89 2B9A R −CH− −CH−
12 12.8 75 2B77 R −CH− −COOH
13 4.5 94 1Y1D F −OH −I −F −F

aSee Supporting Information Comment 1 for more details on the PDB structures.
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or both A and A′ monomers (Table 1). In contrast, other
ligands such as 5, 11, or 12 bind to TTR in the reverse mode,
favoring the formation of a hydrogen bond between the
hydrophilic groups positioned near the tetramer center and the
residues Ser117 and/or Thr119 of one or both monomers
(Table 1). However, no relationship could be found between
the binding mode of the studied ligands and their activity (see
Table 1 and Supporting Information Comment 4).
One consequence of the discussion above is that ligands are

always distributed along the binding sites adopting multiple
conformations and even showing different orientations, which
makes it very hard to find equivalent functional groups in the
same region of the binding site between the studied complexes.
This, in turn, precludes the identification of the complementary
structural and chemical features on the ligands that may allow
formulation of a hypothetic pharmacophoric site on the
protein. In addition, the lack of a clear correlation between
the ligand structure and its biological activity makes QSAR
studies very difficult (Supporting Information Comment 5).
Role of TTR Halogen Binding Pockets. A remarkable and

unique feature of TTR is the presence of three paired halogen
binding pockets (HBPs) on the binding site. Although these
pockets were initially described for their ability to accom-
modate halogen atoms, our modeling analysis has revealed that
similar to HBP3 and HBP3′, HBP1/1′ and HBP2/2′ can also
accommodate a wide variety of chemical groups due to the
conformational flexibility of their constitutive residues (Table
1).
The number of occupied HBPs in the study complexes varies

from 2 to 4 with the exception of (2) bound in reverse mode
and (8), which have 5 and 6, respectively. However, there is no
relationship between the number of HBP pockets occupied by
the ligand and its activity, although the most active compounds
are characterized by the presence of a halogen atom in the
HBP1/1′ and/or HBP3/3′ (Table 1).
Experimental Examination for Halogen Bonding

Interactions. Halogen bonding interactions (XB)59 are
widespread in biological systems,60 but only recently they
have raised considerable interest in medicinal chemistry.47−55

Of particular interest to the present work are the attempts to
use XB as a design feature to stabilize protein structures.61,62

This type of interaction occurs when a halogen forms direct
close contacts of the type R−X···Y, where the halogen X acts as
a Lewis acid and Y can be any kind of electron donor (Lewis
base).63,64 It is driven by the σ-hole, a positively charged region
on the hind side of X along the R−X bond axis caused by
anisotropy of electron density on the halogen.51 The possibility
that XB formation may play a role in stabilizing TTR−ligand
tetrameric complexes has been previously examined in the
literature by analyzing the crystallographic complexes between
TTR and halogenated ligands: 3,5-diiodosalicylic acid (PDB
entry 3B56),65 two brominated stilbenes (PDB entries 3IMU
and 3IMV),66 and diclofenac (PDB entry 1DVX).6 It was found
that one iodine atom of the diiodosalicylic acid binds to the
backbone carbonyl group of Ser117 [I(1)...O distance: 3.50 Å;
C−I(1)...O angle: 148.3°]. Similarly, the bromine atoms of the
stilbenes bind to the same Ser117 carbonyl [Br...O distances:
3.33 and 3.39 Å; C−Br...O angles: 145.9 and 143.5°]. In the
case of diclofenac, there is also the possibility that the Cl(4)
atom may interact with the hydroxyl oxygen atom of Thr119
forming an XB.47 Also, the crystal structure of the piscine TTR
complex with thyroxine (PDB-ID: 1SN0)67 has been examined
for XB. Thyroxine (1) binds to TTR, forming two equivalent

XBs with two neighboring subunits. Both interaction geo-
metries between the iodine atoms and the backbone carbonyls
of Leu109 residues (equivalent to human Ala 109) are close to
optimal [I...O distances: 3.29 and 3.35 Å; σ-hole angles: 162.3
and 169.7°]. These XBs are also orthogonal with hydrogen
bonds between the backbone carbonyls of the same Leu109
and the backbone amide NH of Leu17 [αX...O...H(N) angles of
88 and 90°].51

Here, we are further addressing experimentally the halogen
bonding issue on TTR−ligand complex formation with the aim
to propose and evaluate a predictive modeling approach for the
optimization of TTR ligand affinity by XB formation. Thus, we
have carried out the synthesis and biochemical study of two
homologous series of halogenated derivatives of flufenamic acid
and diflunisal, two NSAIDs which are well-known TTR
ligands.68,69

From previous studies,70 we have experimental evidence that
iodination at the C-4 position of flufenamic acid completely
abolishes the TTR fibrillogenesis inhibition of the parent
compound 4. Similarly, addition of an iodine atom at position
4′ of flurbiprofen (compound 3) did not improve its potency.
However, iodination of diflunisal at the 5 position (see below)
significantly increased the potency of this compound. Taken
together, these results suggested that the incorporation of an
iodine (halogen) atom does not always improve the potency of
a compound. In other words, not any position of the ligand
seems favorable for halogenation.
In this scenario, in order to explore in a predictive fashion the

use of halogen bonding interactions for the optimization of the
fibrillogenesis inhibition potency of this ligand, the most
energetically favored halogenation position that induces the
best fit of the halogen on the HBPs was calculated. As discussed
above, it was assumed that HBPs are the most suitable places
evolved by nature on TTR to interact with halogen atoms.
Accordingly, the GRID software71 was used to predict which
positions of flufenamic acid are the most favorable for
halogenation. From these contour maps, it was shown that
the most energetically favored position of (4) for halogenation
is the C-5′ position, and that the interaction energy of the
halogen located at this position and the protein decreases from
iodine to fluorine. Interestingly, all these ligands are
characterized by presenting the 3′- and 5′-halogenated groups
into the HBP3 and HBP3′ pockets, respectively.
The homologous series of halogenated derivatives at C-5′

(18−21) (Figure 4) was synthesized and, along with the parent

compound (4), the compounds were tested in the kinetic
turbidity assay described above (see Chemistry section in
Supporting Information). Their fibrillogenesis inhibition
properties expressed by the parameters IC50 and RA (%) are
reported in Table 2. Moreover, binding of the ligands to the
Y78F-TTR variant was determined by isothermal titration
calorimetry (ITC), which provides the thermodynamic
parameters Kd, ΔH, and TΔS of binding under conditions
where no protein aggregation occurs (pH = 7). Although the

Figure 4. Halogenated flufenamic acid (18−21) and diflunisal (15−17
and 13) analogues in this study.
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two symmetrical binding sites of TTR show negative
cooperativity for T4 binding,72,73 a simple binding model
with two identical sites gave the best fitting of the calorimetric
data (Table 2).
As seen in Table 2, flufenamic acid (4) is a good TTR

fibrillogenesis inhibitor for which halogenation at C-5′ does not
significantly increase the inhibition potency of the parental
compound. Likewise, the ligand binding affinity data (Kd) of
the compounds between 100 and 60 nM loosely correlate with
the van der Waals radii of the halogen atoms and with the
increasing affinity predicted by the GRID calculations,
suggesting that no stabilizing halogen bonding interactions
seem to be at play in this series of halogenated compounds.
On the other hand, previous studies74−76 have experimentally

evidenced that iodination at the 5 position of diflunisal led to a
much efficient TTR fibrillogenesis inhibitor, namely, iododi-
flunisal (13) (Table 1). To seek if this enhanced potency could
be caused by an XB that arises by the presence of the iodine
atom, we have synthesized the three remaining compounds of
the homologous series of halogen-substituted diflunisal
derivatives having F, Cl, and Br at the 5 position. The synthesis
of the series (15, 16, 17) was effected by conventional aromatic
electrophilic halogenation methods (Figure 4 and Supporting
Information Chemistry section).
The whole series of halogenated diflunisal derivatives and the

parent compound (13−17) were tested for inhibitory activity
and affinity toward Y78F-TTR (Table 2). The inhibition values
of this series clearly indicate that the introduction of a halogen
atom at C-5 of diflunisal always improves its potency. This
improvement almost reaches the lowest measurable values of
IC50 because the assay is run at 7.2 μM concentration of TTR,
the concentration at which the corresponding amount of ligand
is required to semisaturate the protein. More interesting is the
fact that gradual and large differences in the binding constants
(Kd) are observed along the series. Such decreases of Kd
correlate with increasing halogen volume as measured by

their effective van der Waals radii for phenyl substitution77 (H:
1.20 Å; F: 1.47 Å; Cl: 1.77 Å; Br: 1.92 Å; I: 2.06 Å). The
stabilization provided by halogenation reaches more than 1
order of magnitude in terms of the affinity constant for
iododiflunisal (13), which translates to a gain in free energy of
− ΔΔG = 1.5 kcal mol−1. Indeed, taking also into account the
crystallographic information available from the complex of (13)
and TTR (PDB 1Y1D),56 these results could be interpreted by
a new protein−ligand interaction of XB type arising after the H
for X exchange. As shown in Figure 5, in this complex the

iodine atom of (13) occupies the HBP1 pocket of TTR
through a series of contacts with residues Thr106, Ala108,
Thr119, and Val121. The interaction of the iodine with the
carbonyl group of Thr106 takes place through a bonding
geometry I...O distance of 3.96−4.05 Å and σ-angle of 152−
156° that, following the criteria established by Boeckler,78 can
be regarded as a suboptimal XB. Using the model data provided
by these authors, the stabilization energy contributed by this
XB may not be more than 50% of the one with an optimal XB
geometry I...O distance of 3 Å and σ-angle of 180°.
Nevertheless, other explanations such as optimized van der
Waals interactions generated by the increasing volume of the
halogen atom in the series which progressively fills the halogen
binding pocket and results in better complex stabilization
cannot be ruled out. Moreover, the possible effect of an
increasing acidity of the phenolic group of (13) due to the
gradual electron-withdrawing effect of the halogen atoms seems
not to be at play (see Figure S7 in Supporting Information).
In summary, both inhibitors, flufenamic acid and diflunisal,

show different effects upon halogenation. Flufenamic acid is a
good inhibitor with a Kd of 109 nM, and halogenation does not
significantly improve binding, meaning that no XB interaction
occurs or, if any, its contribution is very small. However,
diflunisal is a moderate inhibitor and has a high Kd of 1160 nM,
1 order of magnitude higher than flufenamic acid. In this case,
halogenation improves binding significantly through inter-
actions that can be interpreted as suboptimal XB or optimized
van der Waals contacts or simultaneous contributions of both,

Table 2. Inhibition of Acid-Induced TTR Fibrillogenesis
(Turbidity Assay) and Ligand Binding (Isothermal Titration
Calorimetry) of Halogenated Flufenamic Acid and Diflunisal
Derivatives to TTR Y78F Varianta

inhibition
(turbidity
assay) binding (isothermal titration calorimetry)

No. X
IC50
(μM)

RA
(%)

Kd
(nM)

ΔH
(kcal/mol)

TΔS
(kcal/mol)

ΔG
(kcal/mol)

flufenamic acid
derivatives
4 H 6.2 89 109 −10.7 −1.2 −9.5
18 F 6.5 91 91 −17.7 −8.1 −9.6
19 Cl 6.0 86 86 −14.8 −4.0 −10.8
20 Br 5.9 91 64 −12.9 −3.1 −9.8
21 I 6.4 94 85 −10.1 −0.47 −9.6
diflunisal
derivatives
14 H 18 85 1160 −8.16 −0.05 −8.1
15 F 7.6 87 1120 −8.45 −0.32 −8.1
16 Cl 7.5 89 375 −5.93 2.8 −8.8
17 Br 5.6 88 194 −8.65 0.51 −9.2
13 I 4.5 94 87 −7.52 2.1 −9.66

aTurbidity assay: 0.4 mg/mL TTR-Y78F, 0−40 μM inhibitor, pH 4.2,
37 °C. Isothermal titration calorimetry: 20−30 μM TTR-Y78F, 0−120
μM ligand, pH 7.6, 25 °C.

Figure 5. TTR−iododiflunisal (13) complex. Residues Thr106,
Ala108, Thr119, and Val121 shape the halogen binding pocket
establishing van der Waals contacts with the iodine atom. Also, a
suboptimal XB interaction with the carbonyl group of Thr106 is
shown.
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resulting in an 1 order of magnitude lower Kd (for
iododiflunisal), at values similar to those obtained for the
flufenamic acid series.

■ CONCLUSION

In conclusion, experimental evidence is provided that
halogenation of TTR ligands may improve their affinity and
fibrillogenesis inhibition properties. In the case of diflunisal,
these may take place through new although suboptimal XB
interactions and/or by optimized van der Waals contacts.
Regardless of their nature, such interactions may serve to
optimize the tetramer stabilization properties of TTR ligands.
Prediction of the optimal halogenation positions on the ligand
is the crucial step and may be guided by directing the desired
halogen interactions toward the HBPs of TTR.

■ EXPERIMENTAL SECTION

Chemistry. TLC analyses were carried out on Merck
Kieselgel 60 F254 silica gel plates. Visualization was by UV light
(254 nm). Chromatographic purification was carried out on
silica gel columns 60 (70−200 μm, 70−230 mesh) from SDS.
Solvents for synthesis purposes were used at GPR grade.
Reverse-phase HPLC analyses were performed on a Merck-
Hitachi (D-6000) HPLC system with an UV L-4000 detector
(λ = 214 nm), a L-6200 pump, and an AS-2000 automatic
injector, using a Merck LiChroCART 250-4 LiChrospher 100-5
RP-C18 column (250 mm × 4.6 mm) with injection volume at
10 μL and sample concentrations at 1−2 mg/0.5 mL in 50:50
(v/v) acetonitrile/water; the sample was detected at single
wavelength of 214 nm with a mobile phase system composed of
a mixture of acetonitrile/water, each containing 0.1% of TFA at
1 mL/min flow. The column was maintained at room
temperature. The gradient program (GEN1) used was as
follows: from an initial (50:50) mixture of A/B to a (10:90)
mixture of A/B in 25 min, then back to (50:50) in 15 min. All
compounds reported here exhibited spectral data consistent
with their proposed structures and had HPLC purities in excess
of 95%. Chemical names were generated using ChemBioDraw
version by CambridgeSoft. 1H and 13C NMR spectra were
recorded at 400 MHz and 100.62 MHz, respectively, in CDCl3
or (CD3)2SO on a Varian Mercury-400 spectrometer. Chemical
shifts are reported in parts per million (ppm) relative to the
residual signal of the deuterated solvent (δ 7.27 for 1H; δ 77.23
for 13C) or deuterated or 13C labeled dimethyl sulfoxide (δ 2.50
for 1H, δ 39.53 for 13C) as internal standards. 1H NMR data are
tabulated in the following order: multiplicity as follows (s,
singlet; d, doublet; t, triplet; m, multiplet; br, broad), coupling
constants (J) are reported in Hertz (Hz), and the number of
protons. HRMS spectra (UPLC-TOF/MS) were recorded on a
Waters ACQUITY UPLC System with a Waters LCT Premier
XE mass spectrometer operating either in the positive ion
electrospray mode or in negative electrospray mode. Water and
acetonitrile were used as carrier solvents.
Compound Characterization. All compounds were

obtained in milligram quantities. Details of the synthesis and
characterization of each compounds is described below.
Selected spectra are included in the Supporting Information.
Structures of all reported compounds were confirmed by 1H
and 13C NMR and their mass confirmed by HRMS. Purity was
determined by HPLC analysis. All reported compounds had
>95% purity.

General Procedure A: Pd(0)-Catalyzed Reaction
between 3-Halo-5-(trifluoromethyl)anilines and Methyl
2-bromobenzoate. A round-bottom flask was charged with
Cs2CO3 (1.20 mmol), rac-BINAP (0.05 mmol), and Pd2(dba)3
(0.025 mmol). The mixture was gently purged with argon,
suspended in anhydrous toluene (8 mL), and refluxed for 5
min. Then, a solution of 3-halo-5-(trifluoromethyl)aniline (1.00
mmol) and methyl 2-bromobenzoate (1.10 mmol) in
anhydrous toluene (2 mL) was added dropwise. The reaction
mixture was refluxed overnight and then diluted with 50 mL of
ethyl acetate, filtered over Celite, and evaporated to dryness.
The residue was then purified by silica gel column
chromatography (hexane/ethyl acetate 85:15).

General Procedure B: Saponification of Methyl Esters.
To a stirred solution of the corresponding anthranilic methyl
ester (1.00 mmol) in 1,4-dioxane (5 mL), was added a solution
of LiOH (5.00 mmol) in water (1 mL). The mixture was then
heated at 80 °C for 4 h, acidified with 0.25 M HCl (20 mL),
and diluted with ethyl acetate (50 mL). The phases were
separated, and the aqueous phase was back extracted with more
ethyl acetate (25 mL). The organic layer was separated and
washed with brine, dried over anhydrous Na2SO4, and
concentrated. The residue was purified by silica gel column
chromatography (hexane/ethyl acetate 1:1) to afford the pure
acid.

Methyl N-(3-fluoro-5-(trifluoromethyl)phenyl)-
anthranilate (18a) General Procedure A. The title
compound was produced from 3-fluoro-5-(trifluoromethyl)-
aniline (361 mg, 2.01 mmol) and methyl 2-bromobenzoate
(337 μL, 2.4 mmol). Silica gel column chromatography
afforded 18a (534 mg, 85%) as a white solid. RP-HPLC-
(GEN1): RT = 23.85 min. 1H NMR (500 MHz, CD3COCD3):
3.91 (s, 3H), 6.98 (ddd, J = 16.5, 11.0, 3.5, 1H), 7.04−7.12 (m,
1H), 7.34 (dt, J = 18.0, 3.5, 1H), 7.41 (m, 1H), 7.45−7.47 (m,
2H), 8.00 (ddd, J = 13.5, 2.5, 1.1, 1H), 9.63 (br s, 1H). 13C
NMR (75 MHz, CD3COCD3): 53.3, 107.1 (dq, J = 25.1, 3.5),
111.1 (d, J = 24.8), 114.0 (dq, J = 3.3, 3.3), 116.5, 117.7, 121.6,
125.1 (qd, J = 267.4, 5.2), 133.4, 133.8 (qd, J = 34.2, 12.3),
136.0, 146.5 (d, J = 10.7), 146.5, 165.1 (d, J = 244.5), 169.8.
HRMS (ESI+): calcd for [C15H11F4NO2 + H]+, 314.0799;
found, 314.0806.

N-(3-Fluoro-5-(trifluoromethyl)phenyl)anthranilic
acid (18). The title compound was produced by general
procedure B from 18a (200 mg, 0.64 mmol). Silica gel column
chromatography afforded 18 (190 mg, 89%) as a white solid.
RP-HPLC (GEN1): RT = 14.93 min. 1H NMR (500 MHz,
DMSO-d6): 6.99 (ddd, J = 9.0, 7.0, 1.0, 1H), 7.13 (dt, J = 8.5,
1.5, 1H), 7.30−7.38 (m, 2H), 7.40 (dd, J = 8.0, 1.0, 1H), 7.50
(ddd, J = 10.0, 6.5, 1.5,1H), 7.94 (dd, J = 8.0, 2.0, 1H), 9.65 (s,
1H). 13C NMR (100 MHz, CDCl3): 104.8 (dq, J = 25.5, 3.8),
108.8 (d, J = 24.7), 111.4, 116.3, 116.7, 120.2, 123.3 (qd, J =
267.1, 3.4), 131.7 (qd, J = 34.2, 12.9), 131.8, 134.0, 143.9,
144.8, (d, J = 11.1), 162.8 (d, J = 243.4), 169.1. HRMS (ESI−):
calcd for [C14H9F4NO2 − H]−, 298.0497; found, 298.0482.

Methyl N-(3-chloro-5-(trifluoromethyl)phenyl)-
anthranilate (19a) General Procedure A. The title
compound was produced from 3-chloro-5-(trifluoromethyl)-
aniline (215 mg, 1.10 mmol) and methyl 2-bromobenzoate
(143 μL, 1.00 mmol). Silica gel column chromatography
afforded 19a (106 mg, 32%) as an oil. Colorless oil. Rf (hexane/
EtOAc 70:30) = 0.65. 1H NMR (400 MHz, CDCl3): 3.92 (s,
3H), 6.89 (ddd, J = 8.1, 7.2, 1.2, 1H), 7.24 (s, 1H), 7.31−7.36
(m, 2H), 7.38−7.45 (m, 2H), 8.01 (dd, J = 8.0, 1.6, 1H), 9.65
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(br s, 1H). 13C NMR (100 MHz, CDCl3): 52.1, 113.9, 115.7,
115.7 (quad, J = 3.8), 119.2 (quad, J = 3.9), 119.3, 123.1 (quad,
J = 1.0), 123.2 (quad, J = 272.9), 131.9, 133.0 (quad, J = 32.9),
134.3, 135.7, 143.2, 145.5, 168.7. HRMS (ESI+): calcd for
[C15H11ClF3NO2 + H]+, 330.0504, 332.0527; found, 330.0528,
332.0507.
N-(3-Chloro-5-(trifluoromethyl)phenyl)anthranilic

acid (19) General Procedure B. The title compound was
produced from 19a (65 mg, 0.197 mmol). Silica gel column
chromatography afforded 19 (41 mg, 66%) as a white solid. RP-
HPLC(GEN1): RT = 17.49 min. Rf (hexane/EtOAc 50:50) =
0.16. 1H NMR (400 MHz, DMSO-d6): 6.97 (ddd, J = 8.1, 7.2,
1.1, 1H), 7.31 (m, 1H), 7.36 (dd, J = 8.4, 1.1, 1H), 7.45−7.48
(m, 1H), 7.50 (ddd, J = 7.2, 7.0, 1.6, 1H), 7.51−7.53 (m, 1H),
7.92 (dd, J = 7.9, 1.6, 1H), 9.58 (s, 1H), 13.21 (br s, 1H). 13C
NMR (100 MHz, CDCl3): 113.9 (quad, J = 3.7), 116.6, 116.9,
117.4 (quad, J = 4.0), 120.5, 121.6, 123.3 (quad, J = 273.0),
131.5 (quad, J = 32.5), 132.0, 134.2, 134.9, 143.9, 144.4, 169.2.
HRMS (ESI−): calcd for [C14H9ClF3NO2 − H]−, 314.0201,
316.0171; found, 314.0220, 316.0161.
Methyl N-(3-bromo-5-(trifluoromethyl)phenyl)-

anthranilate (20a) General Procedure A. The title
compound was produced from 3-bromo-5-(trifluoromethyl)-
aniline (240 mg, 1.000 mmol) and methyl 2-bromobenzoate
(351 μL, 2.50 mmol). Silica gel column chromatography
afforded 20a (106 mg, 32%) as a yellowish wax. RP-HPLC
(GEN1): RT = 25.17 min. Rf (hexane/EtOAc 85:15) = 0.40.
1H NMR (400 MHz, CDCl3): 3.92 (s, 3H), 6.89 (ddd, J = 8.1,
7.1, 1.2, 1H), 7.32 (dd, J = 8.5, 1.1, 1H), 7.39 (dd, J = 1.8, 0.7,
1H), 7.43 (dddd, J = 8.4, 7.2, 1.7, 0.5, 1H), 7.55 (tt, J = 1.9, 0.5,
1H), 8.01 (ddd, J = 8.0, 1.7, 0.4, 1H), 9.64 (s, 1H). 13C NMR
(100 MHz, CDCl3): 52.1, 113.8, 114.8, 115.8 (quad, J = 3.8),
119.3 (quad, J = 1.0), 121.9 (quad, J = 3.8), 123.2 (quad, J =
272.9), 123.3, 126.0, 133.1 (quad, J = 32.9), 131.9, 134.3, 143.2,
145.5, 168.7. HRMS (ESI+): calcd for [C15H11BrF3NO2 + H]+,
373.9999, 375.9978; found, 374.0025, 375.9985.
N-(3-Bromo-5-(trifluoromethyl)phenyl)anthranilic

acid (20) General Procedure B. The title compound was
produced from 20a (100 mg, 0.27 mmol). Silica gel column
chromatography afforded 20 (83 mg, 86%) as a white solid. RP-
HPLC(GEN1): RT = 18.23 min. Rf (hexane/EtOAc 70:30) =
0.15. 1H NMR (400 MHz, DMSO-d6): 6.97 (ddd, J = 7.4, 7.3,
1.1, 1H), 7.30 (dd, J = 13.0, 1.1, 1H), 7.39−7.42 (m, 1H), 7.44
(dd, J = 3.6, 1.7, 1H), 7.45−7.48 (m, 1H), 7.60−7.63 (m, 1H),
7.92 (t, J = 2.0, 1H), 9.70 (br s, 1H). 13C NMR (100 MHz,
DMSO-d6): 114.1 (quad, J = 4.3), 116.7, 119.9 (quad, J = 3.8),
120.2, 120.3, 122.9, 123.0 (quad, J = 267.7), 124.4, 131.8 (quad,
J = 32.0), 131.9, 133.8, 143.9, 144.4, 169.2. HRMS (ESI−):
calcd for [C14H9BrF3NO2 − H]−, 357.9696, 359.9675; found,
357.9671, 359.9658.
Methyl N-(3-(tributylstannyl)-5-(trifluoromethyl)-

phenyl)anthranilate (21a). A round-bottom flask was
charged with LiCl (31 mg, 0.720 mmol), Pd(PPh3)4 (50 mg,
0.043 mmol), and 20a (54 mg, 0.144 mmol). The flask was
purged with argon, and anhydrous 1,4-dioxane (1.5 mL) was
added. Then, (SnBu3)2 (144 μL, 0.288 mmol) was added, and
the solution was refluxed for 4 h. The crude reaction mixture
was adsorbed on silica gel and purified by silica gel column
chromatography (hexane/ethyl acetate 7:3) to afford 21a (40
mg, 50%) as an oil. Colorless oil. Rf (hexane/EtOAc 70:30) =
0.51. 1H NMR (400 MHz, CDCl3): 0.92 (t, J = 7.3, 9H), 1.22−
1.42 (m, 12H), 1.59−1.70 (m, 6H), 3.93 (s, 3H), 6.86 (ddd, J =

8.0, 7.0, 1.3, 1H), 7.32−7.44 (m, 2H), 7.46 (s, 1H), 7.53 (s,
1H), 7.57 (s, 1H), 8.01 (dd, J = 8.1, 1.6, 1H), 9.71 (br s, 1H).

Methyl N-(3-iodo-5-(trifluoromethyl)phenyl)-
anthranilate (21b). Compound 21a (73 mg, 0.126 mmol)
was dissolved in acetonitrile, and NaI (21 mg, 0.140 mmol) and
N-chlorosuccinimide (17 mg, 0.140 mmol) were added. The
mixture was stirred for 30 min at rt and diluted with ethyl
acetate (20 mL), water (10 mL), and 5% sodium thiosulfate
solution (3 mL). Phases were separated, and the aqueous phase
was extracted again with ethyl acetate (10 mL). The organic
layer was dried over Na2SO4 anhydrous, filtered, and
evaporated to dryness. Purification by silica gel column
chromatography (hexane/ethyl acetate (85:15)) afforded 21b
(42 mg, 79%) as an oil. Yellowish wax. Rf (hexane/EtOAc
85:15) = 0.40. 1H NMR (400 MHz, CDCl3): 3.92 (s, 3H), 6.88
(ddd, J = 8.2, 7.1, 1.1, 1H), 7.30 (dd, J = 8.5, 1.1, 1H), 7.39−
7.45 (m, 2H), 7.58 (s, 1H), 7.75 (s, 1H), 8.02 (dd, J = 8.0, 1.7,
1H), 9.61 (br s, 1H). HRMS (ESI+): calcd for [C15H11F3INO2
+ H]+, 421.9859; found, 421.9873.

N-(3-Iodo-5-(trifluoromethyl)phenyl)anthranilic acid
(21) General Procedure B. The title compound was
produced from 21b (42 mg, 0.100 mmol). Silica gel column
chromatography afforded 21 (17 mg, 41%) as a white solid. Rf
(hexane/EtOAc 70:30) = 0.15. RP-HPLC (GEN1): RT =
19.27 min. 1H NMR (400 MHz, CDCl3): 6.89 (ddd, J = 8.1,
7.1, 1.2, 1H), 7.24−7.27 (m, 1H), 7.35−7.41 (m, 2H), 7.51 (s,
1H), 7.70 (s, 1H), 8.01 (dd, J = 8.0, 1.6, 1H), 9.68 (br s, 1H).:
1H NMR (400 MHz, DMSO-d6): 6.98 (dt, J = 7.4, 1.1, 1H),
7.32 (dd, J = 12.9, 1.0, 1H), 7.45−7.48 (m, 1H), 7.48 (dd, J =
3.6, 1.7, 1H), 7.52−7.55 (m, 1H), 7.77−7.80 (m, 1H), 7.94 (t, J
= 2.0, 1H), 9.67 (br s, 1H). 13C NMR (100 MHz, DMSO-d6):
95.9, 114.7 (quad, J = 4.1), 116.4, 120.4, 123.0 (quad, J =
272.9), 125.8 (quad, J = 3.7), 130.6, 131.8 (quad, J = 32.1),
131.9, 134.0, 143.9, 144.0, 169.2. HRMS (ESI−): calcd for
[C14H9F3INO2 − H]−, 405.9557; found, 405.9558.

3-Fluoro-5-iodosalicylic acid (15b). To a stirred solution
of 3-fluorosalicylic acid (15a) (158 mg, 1.000 mmol) in CH2Cl2
(15 mL) was added, in small portions, IPy2BF4 (409 mg, 1.100
mmol). The mixture was stirred at rt for 2 h and then diluted
with ethyl acetate (50 mL), washed with 0.5 M HCl (2 × 10
mL), with brine (15 mL) and dried over anhydrous Na2SO4,
filtered, and evaporated to dryness. The residue was further
purified by silica gel column chromatography (CH2Cl2/
MeOH/AcOH (90:10:0.5)) to afford pure 15b (264 mg,
94%) as a white solid. Rf (CH2Cl2/MeOH/AcOH 90:10:0.5) =
0.13. 1H NMR (400 MHz, DMSO-d6) δ (ppm): 7.78−7.82 (m,
3H). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 78.8 (d, J =
7.0), 118.0 (d, J = 3.4), 129.2 (d, J = 19.7), 133.8 (d, J = 3.7),
149.2 (d, J = 13.0), 151.0 (d, J = 249.3), 169.8 (d, J = 3.4).
HRMS (ESI−): calcd for [C7H4FIO3 − H]−, 280.9116; found,
280.9119.

2′,4′,5-Trifluoro-4-hydroxy-[1,1′-biphenyl]-3-carbox-
ylic acid (15). Under Ar atmosphere, degassed water (2.5 mL)
was added over a mixture of (2,4-difluorophenyl)boronic acid
(45 mg, 0.285 mmol), sodium carbonate (82 mg, 0.774 mmol),
Pd(OAc)2 (0.6 mg, 1 mol %), and compound 15b (73 mg,
0.258 mmol). The suspension was stirred at rt for 3 h and then
diluted with ethyl acetate (50 mL) and water (10 mL). The pH
was adjusted to 2−3 with 0.5 M HCl, and the phases were
separated. The aqueous layer was back-extracted with more
ethyl acetate (2 × 10 mL), and the combined organic phases
were dried over Na2SO4 anhydrous, filtered, and evaporated to
dryness. The residue was purified by silica gel column
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chromatography (CH2Cl2/ethyl acetate/AcOH 50:50:0.5) to
afford pure 15 (71 mg, 100%). White solid. Rf (CH2Cl2/MeOH
85:15) = 0.13. RP-HPLC (GEN1): RT = 10.27 min. 1H NMR
(400 MHz, DMSO-d6) δ (ppm): 7.19 (tdd, J = 8.6, 2.6, 1.0,
1H), 7.37 (ddd, J = 11.6, 9.3, 2.6, 1H), 7.62 (td, J = 9.0, 6.5,
1H), 7.70 (ddd, J = 11.9, 2.3, 1.3, 1H), 7.74 (dt, J = 2.5, 1.4,
1H). 13C NMR (100 MHz, DMSO-d6) δ (ppm): 104.6 (t, J =
26.0), 112.2 (dd, J = 21.2, 3.8), 115.8 (d, J = 3.9), 121.3 (dd, J =
19.3, 2.4), 122.5−123.1 (m), 124.4 (d, J = 6.7), 125.5 (d, J =
3.0), 131.7 (dd, J = 9.7, 4.4), 149.0 (d, J = 13.1), 150.7 (d, J =
243.6), 159.1 (dd, J = 248.7, 15.5), 161.7 (dd, 260.0, 12.3),
170.9 (d, J = 3.6). HRMS (ESI−): calcd for [C13H7F3O3 − H]−,
268.0347; found, 267.0295.
5-Chloro-2′,4′-difluoro-4-hydroxy-[1,1′-biphenyl]-3-

carboxylic acid (16). To a stirred solution of diflunisal (50
mg, 0.200 mmol) in acetonitrile (2 mL) was added a solution of
N-chlorosuccinimide (56 mg, 0.420 mmol) in acetonitrile (1.5
mL). Next, 1 drop of concentrated HCl was added, and the
mixture was stirred for 1 h at rt The mixture was then diluted
with CH2Cl2 (20 mL), washed with 5% solution of Na2SO3 (5
mL) and brine (5 mL), and dried over anhydrous Na2SO4,
filtered, and evaporated to dryness. Further purification by silica
gel column chromatography (CH2Cl2/MeOH/AcOH 95:5:0.5)
afforded pure 16 (27 mg, 47%) as a white solid. Rf (CH2Cl2/
MeOH/AcOH 95:5:0.5) = 0.11. RP-HPLC (GEN1): RT =
12.46 min. 1H NMR (400 MHz, CDCl3/CD3OD 95:5) δ
(ppm): 6.86−7.00 (m, 2H), 7.31−7.42 (m, 1H), 7.71 (s, 1H),
7.96 (s, 1H), 9.14 (br s, 1H). 13C NMR (100 MHz, CDCl3/
CD3OD 95:5) δ (ppm): 104.5 (dd, J = 25.4, 26.5), 111.7 (dd, J
= 21.2, 3.8), 113.9, 122.1, 123.1 (dd, J = 13.6, 4.0), 126.2, 129.3
(d, J = 2.6), 131.0 (dd, J = 9.5, 4.6), 135.9 (d, J = 3.2), 157.0,
159.6 (dd, J = 250.4, 11.9), 162.4 (dd, J = 249.7, 11.8), 178.0.
HRMS (ESI−): calcd for [C13H7ClF2O3 − H]−, 282.9979;
found, 282.998.
5-Bromo-2′,4′-difluoro-4-hydroxy-[1,1′-biphenyl]-3-

carboxylic acid (17). To 600 mg of the polymer-bound
brominating agent (pyridine hydrobromideperbromide poly-
mer-bound, PVPHP, ∼1 mmol Br3 per g of resin, 3 equiv) in
CH2Cl2 (5 mL), a solution of diflunisal(14) (50 mg, 0.200
mmol) in CH2Cl2 (1 mL) was added and the mixture was
shaken o/n. After removing the resin, the filtrate was diluted
with more CH2Cl2 (20 mL), and washed with 5% aq solution of
Na2SO3 (5 mL) and brine (5 mL) and dried over anhydrous
Na2SO4, filtered and evaporated to dryness. Further purification
by silica gel column chromatography (CH2Cl2/MeOH/AcOH
95:5:0.5) afforded pure 17 (34 mg, 52%) as a white solid. RP-
HPLC (GEN1): RT = 13.32 min. 1H NMR (400 MHz,
DMSO-d6) δ (ppm): 7.17 (ddd, J = 8.5, 8.4, 2.7, 1H), 7.35
(ddd, J = 11.6, 9.3, 2.7, 1H), 7.61 (ddd, J = 9.0, 9.0, 6.6, 1H),
7.92 (t, J = 1.9, 1H), 7.97 (t, J = 1.9, 1H). 13C NMR (100 MHz,
DMSO-d6) δ (ppm): 104.6 (dd, J = 26.9, 25.9), 110.6, 112.2
(dd, J = 21.1, 3.7), 114.5, 122.6 (dd, J = 13.3, 3.7), 126.1, 129.8
(d, J = 3.5), 131.8 (dd, J = 9.7, 4.4), 138.2 (d, J = 2.3), 157.4,
159.0 (dd, J = 248.4, 11.6), 161.8 (dd, J = 259.7, 11.6), 171.3.
HRMS (ESI−): calcd for [C13H7BrF2O3 − H], 326.9473,
328.9453; found, 326.9463, 328.9445.
2′,4′-Difluoro-4-hydroxy-5-iodo-[1,1′-biphenyl]-3-car-

boxylic acid or Iododiflunisal (13). To a solution of 200 mg
(0.80 mmol) of diflunisal (14) in 5 mL of dichloromethane,
357 mg (1.2 mmol) of IPy2BF4 was added to obtain a
substrate/iodinating reagent ratio of (1:1.5) equiv. The reaction
was left under stirring at rt and monitored by HPLC until full
conversion to the iodo derivative. After 1.5 h, the solution was

diluted with dicloromethane, and the organic phase was
successively washed with HCl 1N and a 0.1N sodium
thiosulfate solution. The organic phase was dried over
MgSO4 and after evaporation yielded a residue (>98% purity),
which was further purified by column chromatography on silica
gel using Cl3CH/MeOH gradient mixture or HPLC. White
solid. HPLC (GEN1): RT = 14.32 min. 1H NMR (500 MHz;
DMSO-d6) δ (ppm): 7.12−7.16 (m, 1H). 7.27−7.31 (m, 1H),
7.57 (ddd, J = 9.0, 9.0, 6.5, 1H), 7.92−7.93 (m, 1H), 8.09−8.10
(m, 1H). 13C NMR (125.7 MHz, DMSO-d6) δ (ppm): 171.2,
161.6 (dd, J = 12.6, 247.6), 159.7, 158.9 (dd, J = 12.3, 248.5),
144.1, 131.5 (dd, J = 4.5, 9.5), 130.4, 126.8, 122.4 (dd, J = 3.6,
13.3), 113.2, 111.9 (d, J = 20.9), 104.3 (t, J = 26.4), 85.9.
HRMS (ESI−): calcd for [C13H7F2IO3 − 1], 375,9408; found,
374,9306.

Protein and Inhibitors. The human TTR variant Y78F
protein was recombinant expressed in E. coli and purified as
already reported.57All 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.57,58 Briefly, in seven different wells of a 96-well
microplate, 20 μL of a 4 mg/mL TTRY78F 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 concentrations 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. Initial rates of protein aggregation (v0) were
obtained from the linear plot absorbance versus time. The
dependence of v0 on inhibitor concentration is defined as:

= + · −v A B exp0
C[I]

(1)

where v0 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 inhibitor) and RA(%)
(percentage reduction of amyloidosis at high inhibitor
concentration) were calculated.

Isothermal Titration Calorimetry Assay. Dissociation
constants for the tested compounds at 25 °C were obtained
using a Microcal iTC200 isothermal titration microcalorimeter
(Microcal, Inc., Northampton, MA). The titrant solution
containing 500 μM compound in 100 mM potassium
phosphate, 100 m MKCl, 1 mM EDTA, and 5% (v/v)
DMSO at pH 7.6 was placed in the calorimeter syringe. The
cell was filled with 20−30 μM TTR solution (Y78F mutant)
prepared in the same previous buffer, filtered through a 0.45
μm diameter pore membrane, and degassed for 5 min. Protein
concentration was determined measuring the absorbance at 280
nm using molar absorptivity of 17 395 M−1·cm−1 for Y78F
monomers, determined by the Bradford assay. An initial 0.5−1
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μL initial injection of titrant solution was followed by several
1.5−2 μL injections separated by 150 s. The integration of the
thermograms, after subtracting the dilution blanks, gave the
binding isotherms that were fitted to a simple binding model
with two identical sites by a nonlinear least-squares method
using the Origin v.7.0 software provided by Microcal.
Dissociation constants were obtained with an 1−5% error.
Crystallographic Complexes. Three-dimensional atomic

coordinates of the apo-TTR (PDB entry 1BMZ)79 and the 13
TTR−ligand complexes studied in the present work (PDB
entries 1DVT,6 2B9A,68 2B77,68 1Y1D,56 2G5U,80 1TYR,81

2B15,82 2ROX,83 1Z7J,84 1TT6,85 1DVS,6 1BM7,79 and
1DVX6) were obtained from the structural information
available in the Protein Data Bank (PDB).
Before performing the computational analysis of the different

TTR−ligand complexes, a previous processing of the PDB files
was needed. Considering that the asymmetric crystal unit of all
studied complexes is formed by the dimer AB, two ligand
molecules (one for each binding site) and water molecules,
coordinates for the tetrameric form of TTR were obtained by
applying the crystallographic symmetry transformations
described in the corresponding PDB file. For residues having
multiple conformations, we only considered the one having the
highest occupation factor. In the case of having all conformers
resolved with the same occupation, we then considered the first
one listed in the PDB file. The same procedure was applied for
ligands presenting more than one conformation bound to the
protein.
Water Molecule Placement. Application of the symmetry

operations indicated in the corresponding PDB file to obtain
the biologically functional tetramer of TTR implies that the
distribution of water molecules is exactly the same in both
dimers. Owing that this is not the case for nonsymmetric
ligands, it was necessary to confirm crystallographic-reported
water molecules and propose additional water molecule sites.
This strategy allowed us to avoid a symmetrical distribution of
water molecules around the ligand, which is an unrealistic
description for ligands not possessing 2-fold symmetry.
The GRID v.22a program was applied for water molecule

placement in the free and ligand-bound forms of TTR and to
validate the ones experimentally determined, as has been
previously reported.71,86−88 To this end, all water molecules
present in the crystallographic structures were first removed.
The grid box was defined to include the ligand and all the side
chains projected into the binding site, yielding a box of
dimensions 44 × 40 × 33 Å3. The molecular interaction fields
(MIFs) of a standard water probe were calculated into the box
using a grid spacing of 0.5 Å. The MINIM program
implemented in the GRID package was used to locate the
position of the minima in the interaction field, using an energy
cutoff of −5 kcal/mol and without interpolation. Finally, these
minima were populated with simulated annealing by using the
FILMAP utility included in the GRID program package.
Hydrogen Atoms Refinement. Added hydrogen atoms

were energy minimized by using the parm94 force field
implemented in AMBER v.6.89,90 Ligand partial charges were
obtained by computing the electrostatic potentials around the
optimized structures at the RH/6-31G* level using Gaussian
9491 and then fitting the charges by means of the RESP
method.92

Minimization was carried out using a distance-dependent
dielectric constant of 1r to screen for electrostatic interactions
and a cutoff distance of 12 Å for van der Waals interactions.

Hydrogen atoms refinement was accomplished using 5000
cycles of the steepest descents followed by a conjugate gradient
until the maximum gradient of the AMBER energy was smaller
than 0.001 kcal/mol Å2.

Proposal of Halogenated Derivatives. The GRID v.22a
program was also used to propose which positions of flufenamic
acid and diflunisal are susceptible to halogenation. To this end,
the ligands and water molecules were removed from the
crystallographic complexes. The molecular interaction fields
(MIF) were generated into the binding site with the GRID
halogen probes using the same box dimensions as previously
described. Then, superposition of the crystallographic ligands
to the corresponding MIFs allowed us to suggest which
positions of the ligand are more favorable for halogen
substitution.
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