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ABSTRACT: Several strategies against Alzheimer disease (AD) are directed to target Aβ-peptides. The ability of transthyretin
(TTR) to bind Aβ-peptides and the positive effect exerted by some TTR stabilizers for modulating the TTR−Aβ interaction
have been previously studied. Herein, key structural features of the interaction between TTR and the Aβ(12−28) peptide (3),
the essential recognition element of Aβ, have been unravelled by STD-NMR spectroscopy methods in solution. Molecular
aspects related to the role of the TTR stabilizer iododiflunisal (IDIF, 5) on the TTR−Aβ complex have been also examined. The
NMR results, assisted by molecular modeling protocols, have provided a structural model for the TTR−Aβ interaction, as well as
for the ternary complex formed in the presence of IDIF. This basic structural information could be relevant for providing light on
the mechanisms involved in the ameliorating effects of AD symptoms observed in AD/TTR± animal models after IDIF treatment
and eventually for designing new molecules toward AD therapeutic drugs.

■ INTRODUCTION

The amyloid hypothesis of Alzheimer disease (AD)1 has guided
different drug development efforts. Unfortunately, little success
has been achieved, the solanezumab phase III trial being one of
the most recent failures.2 Despite this fact, Aβ peptides and
their aggregates are still considered prominent molecular
targets in the AD drug discovery arena. Thus, several
approaches, based on the modulation of Aβ production,
inhibition of Aβ aggregation, and enhancement of Aβ
degradation, are being pursued.3

In this context, the studies of the role of the plasma protein
transthyretin (TTR) on AD constitute a different alternative. In
the past few years, different experimental evidence has shown
the ability of transthyretin (TTR) to protect against Aβ
peptide-induced neurotoxicity.4 TTR is a 55 kDa homotetra-
meric protein responsible for the transport of thyroid hormones
(T4) and retinol in blood and cerebrospinal fluid (CSF). It has
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been described that TTR is involved in different amyloidosis
diseases, due to the tendency of a large number of its natural
mutants to aggregate, forming amyloid deposits in various vital
organs, including the central as well as the peripheral nervous
system.5 Accordingly, extensive efforts have been made to
investigate the aggregation pathway of TTR and to discover
powerful compounds that stabilize the folded tetrameric
structure of the protein by docking on its T4 binding pocket
and prevent its aggregation.6 In addition, TTR has been shown
to play a wide neuroprotective role in CNS by being involved in
ischemia, neuroregeneration, and memory performance.7 The
importance of TTR stability is likely to be extensive to other
processes as suggested by the finding that genetic stabilization
of TTR (i.e., T119M TTR, a very stable tetramer and related to
protection in TTR amyloidosis) has been associated with
decreased risk of cerebrovascular disease and with increased life
expectancy in the general population.8 Noteworthy, more
recently, attention has been concentrated on the protective
effect of TTR against Aβ toxicity. TTR is considered one of the
major Aβ-binding-proteins in human CSF.9 In AD patients, its
concentration in CSF is abnormally low and this fact has been
considered as a biomarker of the disease.10 In fact, different
biophysical studies have demonstrated that TTR binds Aβ
monomers as well as low- and high-molecular mass oligomers,
preventing their aggregation and deposition and thus
decreasing the toxicity of Aβ-peptides.11 The use of different
TTR mutants has permitted the proposal that the stability of
the tetrameric structure of TTR plays a key role in its
interaction with Aβ-peptides,12 although none of these studies
have provided yet insightful evidence, at the molecular and
atomic level, that could lead to a structural model useful for the
design of potential drugs for AD. We have earlier demonstrated,
using in vitro and in vivo studies, that TTR−Aβ interactions
can be enhanced by employing tetramer-stabilizing compounds,
such as iododiflunisal (IDIF).12b,13 This putative stabilization

process even reverses the cognitive impairment observed in
those AD model animals treated with IDIF.
Herein, we have employed NMR spectroscopy methods,

assisted by computational protocols, to analyze the molecular
mechanisms underpinning these molecular recognition pro-
cesses. We have used STD-NMR to examine the interaction
between TTR and different Aβ peptide sequences. The NMR
results have revealed the specific interaction between TTR and
the main recognition element of Aβ, the Aβ(12−28) peptide.
These NMR-based findings have also been supported by a
preliminary computational model of the TTR−Aβ complex.
The NMR protocol has also been applied to study the
molecular recognition process in the presence of T4 ligands,
particularly of our lead compound, IDIF, allowing us to
propose a molecular model for the TTR−IDIF−Aβ interaction.
This model provides a structural view of the involvement of
TTR and T4 channel-binder molecules in AD, potential key
information for designing compounds useful in the AD arena.

■ RESULTS AND DISCUSSION

Ligand-based STD-NMR experiments have been successfully
applied to provide high resolution structural data on a variety of
ligand−protein molecular recognition processes, especially for
small ligands with affinities in mM to μM range.14 Thus, we
decided to employ STD-NMR to analyze the interaction
between TTR and Aβ peptides. Given the difficulties dealing
with the complete Aβ sequence in solution, we especially
focused our attention on the central hydrophobic domain of
Aβ. It is considered to be the essential recognition element of
the whole peptide and to be directly involved in the self-
assembly process of Aβ.15 We have also analyzed the binding
features of the hydrophilic N-terminus and the central loop of
Aβ, regions that are found to play a key role in the aggregation
process.16 Thus, STD-NMR experiments were performed for
mixtures of TTR and three peptides, Aβ(1−11) (1), Aβ(10−

Figure 1. (a) STD-NMR spectrum (on-resonance frequency δ −0.2 ppm) and 1H NMR reference spectrum (off-resonance frequency δ 100 ppm) of
a sample containing 1.2 mM 1 and 30 μM TTR at 40 °C (600 MHz). (b) STD-NMR spectrum (on-resonance frequency δ −0.2 ppm) and 1H NMR
reference spectrum (off-resonance frequency δ 100 ppm) of a sample containing 0.9 mM 2 and 30 μM TTR at 40 °C (600 MHz). (c) STD-NMR
spectrum (on-resonance frequency δ −0.2 ppm) and 1H NMR reference spectrum (off-resonance frequency δ 100 ppm) of a sample containing 1.35
mM 3 and 30 μM TTR at 40 °C (600 MHz).
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20) (2), and Aβ(12−28) (3), under similar experimental
conditions (Figure 1).
No STD response was observed for the TTR:1 and TTR:2

mixtures, even though experiments were acquired at many
different temperatures and protein:ligand molar ratios.
Conversely, clear STD signals were observed in the spectrum
registered for the TTR:3 (1:45 molar ratio) mixture. This result
indicates the exclusive recognition of this peptide fragment 3 by
TTR. Furthermore, analysis of the STD profile allowed us to
identify the peptide residues involved in the interaction.
Relevant signals for the aromatic protons belonging to F19
and F20 were detected. Accordingly, signals for the aliphatic
protons of F19-20 and for the methyl group of the nearest V18
also showed up in the spectrum. Thus, STD-NMR experiments
were able to detect the interaction and indicated the close
proximity of the VFF fragment of the peptide 3 to TTR,
highlighting this epitope as the major structural motif for the
recognition process. These results are in good agreement with
dot-blot epitope mapping experiments with Aβ(1−42), which
identified the region 18−21 as the binding site of TTR on
Aβ.11e

Noteworthy, the lack of STD response for peptide 2, also
containing the VFF moiety, suggests that specific properties of
the peptide fragment 3 are required for the interaction. In fact,

it has been described that this peptide 3 displays amyloid
properties that resemble those of full length Aβ.17

These ligand-based NMR data identify the structural
elements of Aβ(12−28) required for the binding with TTR,
although obviously they do not shed light directly on the amino
acids of the protein involved in the interaction. As an initial
strategy to decipher this aspect, we used computational
protocols. First, we carried out a computational prediction of
the putative aggregating regions in the TTR and Aβ sequences,
using the TANGO software, which provided information on
the contribution of each key residue to the amyloidogenicity
capacity of the whole molecules. The alignment between the
two protein/peptide sequences of TTR and Aβ was also
scrutinized by using molecular properties similarity, with the
ClustalW software. Although the examination of the computa-
tional results (Figure 2) did not exclude other patterns of
interaction between TTR and the full sequence of Aβ, a
preferred interaction was suggested between residues 17−21 at
the central hydrophobic core of Aβ with the hydrophobic patch
formed by residues 93−97 in the TTR sequence (VVFTA),
located at the surface pocket of the protein. Fittingly, the
described peptide sequence contains the major NMR-based
epitope motif described above for the interaction of 3 with
TTR.

Figure 2. (a) Scheme of the TTR structure where the surface pocket, the retinol binding protein (RBP)-binding pocket, and the T4 central channel
binding pocket are indicated. (b) Sequence alignment between TTR and the Aβ peptide using ClustalW software. The central hydrophobic core of
Aβ (residues 17−21, LVFFA, purple color) provides a proper alignment with the hydrophobic patch of the surface pocket of TTR (residues 93−97,
VVFTA). The following color code was used for describing the TTR amino acid sequence: orange for the retinol binding protein (RBP) binding
regions, yellow for the T4 binding pocket residues, and green for the TTR surface pocket (dark green for the main surface pocket residues and pale
green for the external residues of the same pocket). The color code for Aβ amino acid sequence is purple for the central hydrophobic cluster and pale
purple for the highly hydrophobic region located at the C-terminus.
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To experimentally confirm the location of the TTR binding
site for peptide 3, competition STD-NMR experiments were
performed, based on the displacement of the TTR-bound
peptide by specific TTR ligands with a well-established binding
mode.18 Small compounds able to bind to TTR have been
extensively screened as drug candidates against TTR-related
amyloidosis diseases.6 Therefore, a broad data bank of TTR
ligands is available and, in some cases, key binding features have
been reported.19 The described TTR ligands include molecules
that are buried at the interface between TTR monomers, while
others bind at the TTR surface. We initially focused on ligands
that are known to bind at the surface of the protein.20 In
particular, (−)-epigallocatechin gallate (EGCG, 4) has been
reported as a surface binding ligand with ability to stabilize the
tetrameric structure of TTR.21 The deposited X-ray data (PDB
code 3NG5) for the complex between the V30M TTR variant
and 4 described three different binding sites, all located at the
protein surface. Although the strongest electron density of 4
was found at the RBP binding pocket located between two
dimers (binding mode A), a second binding site at the surface
pocket (binding mode B), where 4 binds to TTR monomers,
was also found (Figure 3a). Thus, we first analyzed this
interaction by means of STD-NMR experiments. Accordingly,
STD experiments performed on a 1:50 molar ratio of TTR and
4 (Figure 3b) provided evident STD signals for all protons of
the ligand. Moreover, the group epitope mapping analysis
(Figure 3c) showed the lowest STD intensity for protons H1,
H2, and H3. This result is compatible with both binding modes
(A and B) reported by the X-ray diffraction studies, where these
protons of 4 are oriented away from the protein surface and
exposed to the solvent.
Corcema-ST calculations22 were performed to unmask

possible subtle differences between the two binding modes,23

by comparing the experimental STD intensity detected for
every proton of the ligand with that predicted for each binding
mode (Figure 4a). The major differences between A and B
binding modes were predicted for protons H5 and H5′ (Figure
4b). For the binding at the surface pocket (mode B), proton

H5 would receive much lower saturation than H5′, while
similar STD intensities would be expected for the binding at
the RBP binding pocket (mode A). Fittingly, the expected
theoretical STD profile for binding mode A perfectly matched
with the experimental STD-NMR data, strongly suggesting the
major contribution in solution of this binding mode. Indeed,

Figure 3. (a) X-ray crystal structure for the TTR−4 complex (PDB code 3NG5) indicating both different binding modes. (b) 1H NMR reference
spectrum (off-resonance frequency δ 100 ppm) and STD spectrum (on-resonance frequency δ 0.16 ppm) of a sample containing 1.5 mM 4 and 30
μM TTR at 25 °C (600 MHz). (c) Relative STD-AF (amplification factor) for H1−H6 protons is indicated by colors.

Figure 4. (a) Epitope mapping of 4 when bound to TTR with the
alternative binding geometries dubbed as A and B. For each geometry,
the protons of the ligand are colored as a function of the CORCEMA-
calculated saturation. Protons H5 and H5′ are indicated by arrows. (b)
Graphic representation of the relative saturations of each proton of 4.
The calculated Corcema-ST values for binding modes A and B are
plotted in blue and red, respectively. The experimental values are given
in green.
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these results were also in agreement with reported point
mutation experiments,21b where alteration of selected amino
acids located at the surface and RBP binding pockets evidenced
the importance of the binding at the RBP site for TTR−EGCG
interaction.
The accurate structural information provided by the NMR

experiments about the binding event between TTR and 4
allowed us to use this ligand as competitor for Aβ-peptide
displacement studies. Thus, addition of the surface binding
ligand 4 to a 1:45 mixture of TTR:3 produced a noticeable
reduction of the STD intensities of the signals of peptide 3,
whereas signals for 4 appeared, indicating the binding of both
compounds to TTR in a competitive manner (Figure 5).

Hence, the NMR competition experiments demonstrate that
ligand 4 competes with peptide 3 for the same TTR binding
site, thus allowing for unequivocal ascertaining of the binding
site for peptide 3. Peptide 3 binds at the surface of TTR as 4,
specifically at the RBP binding pocket located between the
TTR dimers. Furthermore, the progressive reduction of the
STD signal intensities of the aromatic protons of Phe19 and
Phe20 of 3 after addition of 4 (Figure 5b) provided the
estimation of the binding affinity of TTR for peptide 3, which is
in the μM range. The Kd for the binding of 3 to TTR was
estimated as ∼2 μM, based on the Kd value of 0.4 μM reported
for the interaction of 4 with TTR.
In order to provide a structural perspective for the

interaction between TTR and the full Aβ monomer, a putative

molecular model of the TTR−Aβ complex was generated
(Figure 6). A molecular docking protocol was employed, using
the software package MOE, affording a TTR−Aβ complex in
which the Aβ peptide mainly interacts at the TTR surface.
Although our STD-NMR competition experimental data have
been obtained for the short Aβ(12−28) peptide, they are in
satisfactory agreement with this proposed model, with the FFA
triad providing clear contacts at the 93−97 amino acid
sequence. Obviously, the full peptide expands along a large
portion of the TTR surface and basically occupies one of the
sides of the protein. The intrinsic flexibility of the peptide
would provide a large occupancy of the conformational space
around the protein.
This model also supports previous investigations, based on

SPOT binding analysis and mutation experiments, which have
identified residues located in the E/F helix and in the loop at
the surface of the protein as the key recognition motifs.
However, binding to amino acids in the inner β-sheet of TTR
was also postulated in these studies.24

As a further step, we decided to analyze the possible
modulation of the interaction in the presence of other tetramer
stabilizing compounds. As mentioned in the Introduction, we
have shown that IDIF is a good TTR tetramer stabilizer,25

which decreases brain Aβ levels and deposition when
administered to AD/TTR± mouse models.13 Thus, we explored
the interaction between TTR and IDIF by STD-NMR and
compared the obtained data in solution to the available X-ray
results.26 The water-soluble IDIF meglumine salt
([IDIF]−[MEG]+) (5) was used for the STD-NMR experi-
ments. Clear STD signals for the aromatic protons of the
negatively charged IDIF ligand were observed when mixtures of
TTR and 5 were employed (between 1:20 to 1:50 molar
ratios). In contrast, no STD intensities where detected for the
counterion signals, indicating that the megluminium ion was
not implicated in the binding event (Figure 7). Similar results
were obtained for the noniodinated analogue compound
diflunisal (DIF·meglumine salt, 6) (see Supporting Information
for additional details).
The existence of interactions was further confirmed by

trNOESY experiments27 acquired for a 1:4 TTR:5 mixture
(Figure 8). A blank NOESY spectrum of 5 was recorded in the
absence of TTR (Figure 8a). Positive and negative cross peaks
were observed in the 2D-NOESY spectrum for the free ligand.
Inspection of the NOE signals evidenced the interconversion
between the cis- and trans-rotational conformers (interresidual
H2−H6′ and H6−H6′ cross peaks), indicating the existence of
a low energy barrier for the rotation around the inter-ring C−C
bond. Total conversion to negative NOESY cross peaks was
observed for the [IDIF]− signals in the presence of TTR
(Figure 8b). This change, due to an increase in the effective
rotational correlation time of the ligand in the presence of the
protein, supported the existence of binding between the
negatively charged [IDIF]− moiety and TTR. Importantly, in
the presence of TTR, the H6′−H2 cross peaks in the NOESY
spectrum disappeared indicating the existence of a conforma-
tional selection process during the binding event, in favor of the
cis-type conformer (Figure 8c).
These results are in very good agreement with the X-ray data

(PDB code 1Y1D) and clearly illustrate the molecular
architecture around the binding site. The biphenyl molecule
is buried between TTR subunits, thereby increasing the energy
barrier for the rotation around the inter-ring C−C bond of the
bound ligand.28

Figure 5. (a) STD-NMR spectra (600 MHz) of the TTR:3 mixture
(1:45 molar ratio) in the presence of increasing amounts of 4. The
STD signals of 4 are indicated as asterisks (∗). (b) Representation of
the decrease of the relative STD intensities of the HAr signals of
peptide 3 as a function of added equivalents of 4.
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Next, we investigated the interaction between TTR and
peptide 3 in the presence of 5 by using STD-NMR, trying to
provide a structural basis to the positive effects exerted by this
compound in the AD features observed in animal experi-
ments.13 Addition of increasing amounts of 5 over a 1:45
mixture of TTR:3 yielded the progressive appearance of the
signals of ligand 5 in the STD spectra (Figure 9). These data
reflected the persistence of the interaction between 5 and TTR,
strongly suggesting that the tetrameric structure of the protein
was preserved in the presence of this Aβ-peptide. However, no
variation of the STD response of 3 was observed, even in the
presence of large excess of ligand 5 (an amount up to 225 equiv
was added). These results showed that the TTR−3 interaction
was not precluded by 5, although this compound has been
described as a high-affinity T4-binder. According to the
evidence, no significant changes in the kinetics or affinity of
the TTR−3 interaction caused by the presence of 5 could be
detected by this method under these experimental conditions.
Thus, the obtained NMR data strongly suggest that both

molecules (5 and 3) are able to simultaneously bind to TTR,
although at different binding sites. While peptide 3 binds to
TTR at the surface and may be displaced by ligand 4, ligand 5 is

exclusively located at the T4 channel, as also described in the X-
ray structure. Thus, the homotetrameric TTR stabilized by T4
ligands is still capable of properly interacting with the peptide 3,
indirectly supporting the demonstrated ability of T4 ligands to
improve the TTR−Aβ interaction.

■ CONCLUSION

A combination of NMR techniques and modeling protocols
have provided a structural model for the TTR−Aβ interaction
and for the ternary complex formed in the presence of the T4-
binding ligand 5. STD-NMR experiments detected the
interaction between TTR and peptide 3, the central hydro-
phobic core of Aβ, where the VFF (18−20) epitope is the main
structural motif for the recognition. STD competition experi-
ments assisted by modeling revealed the specific regions of
TTR that are involved in this interaction. The binding of the
Aβ-peptide is likely to occur at the surface of the protein,
coincident with the surface binding region of compound 4. In
contrast, other molecules such as ligand 5 bind within the T4
binding pocket generated between protein dimers. The NMR
study has revealed that TTR can simultaneously recognize the
peptide 3 and the T4-binding ligand 5 at different binding sites.

Figure 6. TTR−Aβ model obtained through molecular docking. TTR and Aβ-peptide are represented as solid ribbons. The interacting residues,
including the 93−97 fragment (TTR) and 18−20 (Aβ), are highlighted as CPK. There are van der Waals stabilizing contacts between Thr96-Val18
and Thr96-Phe20, Thr96-Ph21 CH−π interactions. PDB entry 1DVQ was used as starting point for building TTR geometry.

Figure 7. (a) STD spectrum (on-resonance frequency δ 0.16 ppm) and 1H NMR reference spectrum (off-resonance frequency δ 100 ppm) of a
sample containing 2.5 mM ligand 5 and 50 μM TTR at 25 °C (600 MHz). (b) Relative STD-AF (amplification factor) for IDIF protons is indicated
by colors. (c) X-ray structure for the TTR−IDIF complex (PDB code 1Y1D).
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These findings provide additional fundamental knowledge on
the molecular recognition processes that probably govern the
mechanisms behind the AD ameliorating effect of IDIF
observed in AD animal models. They could also be relevant
for the design of new compounds toward achieving therapeutic
drugs based on the TTR−Aβ molecular recognition event.

■ EXPERIMENTAL SECTION
Transthyretin Production and Purification. Human recombi-

nant wild-type (WT) TTR (WT TTR) was produced in a bacterial
expression system, using Escherichia coli BL2 and purified as previously
described.29 Briefly, after growing the bacteria, the protein was isolated
and purified by preparative gel electrophoresis after ion exchange
chromatography. Protein concentration was determined by the
Bradford method (Bio-Rad), using bovine serum albumin (BSA) as
standard.

Ligands. Peptides 1−3 were purchased from Bachem (Switzer-
land). Compound 4 [(−)-epigallocatechin gallate, EGCG] and the
NSAID drug diflunisal were purchased from Sigma-Aldrich and used
without further purification. The water-soluble meglumine salts of the
NSAID diflunisal and of iododiflunisal (IDIF), compounds 5 and 6,
respectively, were synthesized as described previously.13 IDIF was
prepared at IQAC as previously described.26 Purity of all compounds
was proved to be ≥95% by means of HPLC and NMR techniques.

NMR. The 1H NMR resonances of the ligands and peptides were
assigned through standard TOCSY (60 and 90 ms mixing times),
NOESY (300 and 500 ms mixing times), and HSQC experiments
using Bruker AVANCE 2 600 and 800 MHz spectrometer equipped
with standard triple-channel probe (600 MHz) and a cryoprobe (800
MHz). Typical concentrations and buffer conditions were 0.5−1 mM
and H2O:D2O 90:10 for the peptides 1−3, whereas 1−2 mM
concentrations and D2O were used for small aromatic compounds 4−
6.

STD-NMR. The samples for the saturation transfer difference (STD)
experiments were prepared in phosphate buffered saline (pH 6.0)
using ligand/protein ratios varying from 1:20 to 1:50, with protein
concentration of 20−50 μM and temperatures between 298 and 313
K. The molar ratios and temperatures were optimized in each specific
case. In all cases, the on-resonance frequency was set at the aliphatic
region (between δ −0.2 and 0.16 ppm), while the off-resonance
frequency was set at δ 100 ppm. Protein saturation was achieved by
using a series of 20 ms PC9 pulses with a total saturation time of the
protein envelope signals of 2 s, with or without water suppression,
using the Bruker AVANCE 2 600 MHz spectrometer. A spin-lock filter
(50 ms) was used to remove the NMR signals of the protein
background. Proper control experiments were performed with the

Figure 8. A conformational selection process takes place in the molecular recognition event of 5 by TTR. (a) Aromatic region of the 2D-NOESY
NMR spectrum (left, 600 ms mixing time, 298 K) recorded at 600 MHz for the IDIF meglumine salt 5 (0.2 mM). (b) The same region in the 2D-
trNOESY NMR spectrum (right, 200 ms mixing time, 298 K) obtained for the mixture containing TTR (50 μM) and IDIF meglumine salt (0.2
mM). (c) Representation of the cis and trans isomers of [IDIF]−, which coexist in solution in the free state, as deduced from the analysis of the 2D-
NOESY spectrum. The obtained cross peaks in the 2D-trNOESY spectrum indicate that only the cis-rotamer is bound.

Figure 9. STD-NMR spectra (800 MHz) of TTR:3 (1:45 molar ratio)
at 313 K in the presence of increasing amounts of IDIF·meglumine salt
5. The STD signals of 3 are not affected by the presence of 5. The
STD signals of the aromatic moiety of 5 are indicated as asterisks (∗).
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ligands in the presence and absence of TTR in order to optimize the
frequency for protein saturation and to ensure that the ligand signals
were not affected.
trNOESY. Samples for NOESY (free ligand) and trNOESY (in the

presence of TTR) experiments were prepared in phosphate buffered
saline at pH 6.0. trNOESY experiments were performed with protein/
ligand molar ratios of 1:4 (based on a 50 μM protein concentration).
The concentration of compound 5 was 0.2 mM in both cases. Spectra
were obtained with the standard NOESY sequences using mixing
times of 600 ms for the free ligand and 200 ms for the trNOESY
experiment. The 2D spectra were acquired with 2K data points in the
F2 dimension and 256 data points in the F1 dimension. The residual
water signal was suppressed by presaturation.
STD Competition Experiments. Competition experiments were

performed recording sequential STD experiments at distinct
concentrations of the employed competitors (EGCG compound 4
and IDIF compound 5) at 313 K with a constant protein
concentration of 30 μM and a constant concentration of 1.35 mM
Aβ(12−28) 3. The interference caused by the competitor 4, (Kd = 0.4
μM) was quantified by assessing the decrease of STD intensity of the
aromatic protons of the Phe residues of peptide 3. In this manner, the
Kd value of peptide 3 could be estimated.30 No interference was
observed when IDIF 5 was employed.
Corcema-ST Calculation. Corcema-ST MATLAB scripts22 were

applied to the TTR−EGCG complex structures in both binding
modes to deduce the binding mode of 4. The following input
parameters were used in the calculations: 2 s saturation time; amino
acids in a radius of 10 Å around the ligand as deduced from the X-ray
structure of TTR (PDB code 3NG5); direct irradiation on the methyl
groups of Ile, Leu, and Val (as an approximation to the 0.16 ppm
experimental irradiation frequency); experimental Kd of 0.4 μM;
experimental concentration conditions of 1.5 mM for 4 and 0.03 mM
for TTR. A kon of 108 L mol−1 s−1 was used, assuming a diffusion
controlled kinetic model. Correlation times of 0.5 and 30 ns for the
ligand in the free and bound forms, respectively, were estimated
following the typical empirical approximation31 and considering a 55
kDa tetrameric form for TTR.
In Silico Prediction of TTR and Aβ Aggregation Regions.

TANGO calculations were performed via http://tango.switchlab.org/
for both TTR and Aβ peptide, at a range of pHs from 4.2 to 7 (finally,
only pH 7 was found to be consistent with the rest of the
computational studies), 298.15 K, and 0.02 M ionic strength, without
N- and C-terminal protection in both systems. This statistical
mechanics based algorithm predicts the aggregation level for peptide
sequences.32 For each residue in the sequence under study, TANGO
computes the percent occupancy of the β-aggregated conformation.
Proteins or peptides containing segments of at least five residues
populating the β-aggregated conformation (each with scores higher
than 5%) are considered to have a tendency to aggregate.
Alignment Method. The alignment between TTR and the Aβ

peptide sequences was performed using ClustalW33 via http://www.
genome.jp/tools/clustalw/. For this protocol, a fast/approximate
pairwise alignment method was selected. The employed parameters
were 1 for K-tuple size, 5 for window size, 3 for gap penalty, 5 as
number of top diagonals, and finally, percent was used as scoring
method.
TTR Crystallographic Structure Used in the Computational

Studies. Three dimensional coordinates of the TTR protein structure
(PDB entry 1DVQ)34 used in the present work were obtained from
the structural information available at the Protein Data Bank (PDB)
(www.rcsb.org).
Hydrogen Atoms Refinement and Energy Minimization. The

Protonate 3D package implemented in MOE 2015.10 was employed
to add hydrogen atoms to TTR and Aβ which were further submitted
to an energy-minimization process.35 Partial charges were obtained by
computing the electrostatic potentials around the optimized structures.
The energy minimization step was carried out using a distance-
dependent dielectric constant and a cutoff distance of 10 Å for the van
der Waals interactions. Finally, the refinement was accomplished using
1000 cycles of steepest descents followed by conjugate gradients until

the maximum gradient of the energy was smaller than 0.05 kcal/(mol
Å2).

Docking Experiments. The MOE 2015.10 package was used to
perform the docking studies between the refined TTR X-ray
crystallography structure (as template) and Aβ peptide (as ligand).
Alpha Triangle was used as placement method, Alpha HB as score
function, and AMBER10 as force field in the first refinement step of
the docking solutions. A rescoring step was also implemented in this
computational pipeline, using London DG as function score and again
AMBER10 as force field for the last refinement step of this docking
study.
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■ ABBREVIATIONS USED

AD, Alzheimer disease; TTR, transthyretin; CSF, cerebrospinal
fluid; IDIF, iododiflunisal; EGCG, (−)-epigallocatechin gallate;
RBP, retinol binding protein; STD, saturation transfer
difference
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