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Transthyretin (TTR) has a well-established role in neuroprotection in Alzheimer's Disease (AD). We have
setup a drug discovery program of small-molecule compounds that act as chaperones enhancing TTR/
Amyloid-beta peptide (Ab) interactions. A combination of computational drug repurposing approaches
and in vitro biological assays have resulted in a set of molecules which were then screened with our in-
house validated high-throughput screening ternary test. A prioritized list of chaperones was obtained
and corroborated with ITC studies. Small-molecule chaperones have been discovered, among them our
lead compound Iododiflunisal (IDIF), a molecule in the discovery phase; one investigational drug
(luteolin); and 3 marketed drugs (sulindac, olsalazine and flufenamic), which could be directly repur-
posed or repositioned for clinical use. Not all TTR tetramer stabilizers behave as chaperones in vitro.
These chemically diverse chaperones will be used for validating TTR as a target in vivo, and to select one
repurposed drug as a candidate to enter clinical trials as AD disease-modifying drug.
© 2022 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative
disease and is the leading cause of dementia. AD is characterized by
accumulation of amyloid-b (Ab) aggregates in various conforma-
tions, filamentous intraneuronal inclusions mainly constituted by
hyperphosphorylated Tau protein (p-Tau), and synaptic dysfunction
and neuronal loss [1].

One of the most difficult challenges in AD research is to find a
disease modifying therapy (DMT), this is, a therapy with an agent
that produces an enduring change in the clinical progression of AD,
by changing the biology of AD and producing neuroprotection by
interfering in the underlying pathophysiological mechanisms of the
disease process that lead to cell death (often through a variety of
intermediate mechanisms such as effects on amyloid or tau) [2].
The five drugs available in the market for AD are involved in only
improving symptoms and are highly patient dependent. Aduhelm
(aducanumab) [3,4], by Biogen and Eisai, an antibody that targets
amyloid-beta, was approved in June 2021 by the US Food and Drug
Administration (FDA) under its accelerated approval pathway. FDA
approval of Aduhelm, the first drug with a putative disease-
modifying mechanism for AD treatment, has been met with a fair
degree of skepticism and controversy [5,6]. No other putative dis-
ease modifying drugs or new symptomatic treatments for AD have
achieved regulatory approval since 2003 [7]. There are 126 agents
in the current AD treatment pipeline, 28 of them in phase III, 74 in
phase II and 24 in phase I clinical trials. The majority of drugs in
trials (82.5%) target the underlying biology of AD with the intent of
disease modification [8].

AD drug development is not delivering new drugs in the last
decades. Among the many explanations for such failure, one is the
lack of new chemical entities from drug discovery approaches that
reach the clinical phase I level [9e12]. There is an urgent need to
find a treatment that prevents, delays the onset or slows the pro-
gression of this devastating disease.

With the aim of contributing with new candidate drugs that,
after preclinical tests, may feed the currently exhausted pipeline of
drugs in phase I for AD, we have settled a drug discovery program
targeting transthyretin (TTR) and searching for small-molecule
chaperones that may improve the neuroprotective function of
TTR in AD.

Transthyretin (TTR), a homotetrameric protein mainly synthe-
sized by the liver and the choroid plexus (CP), and secreted into the
blood and the cerebrospinal fluid (CSF), respectively, has been
specially recognised for its functions as a transporter protein of
thyroxine (T4) and retinol [13]. The importance of TTR has also been
robustly established in AD pathogenesis [14]. It is most remarkable
that TTR is the main Ab binding protein in the CSF.[15-17] This
binding is believed to naturally prevent Ab aggregation and toxicity
in this media. Comparative analysis of TTR evidenced decreased
levels of this protein, not only in the CSF [18,19] but also in plasma
[20e22] of AD patients, compared to controls. AD TTR-hemizygous
mice showed increased Ab production and deposition, compared to
AD TTR WT littermates [23], whereas overexpressing human TTR
WT in an AD mouse model decreased neuropathology and Ab
deposition [24]. Regarding themechanisms proposed as underlying
TTR neuroprotection in AD, ex vivo and in vitro studies, established
that TTR has the ability to bind to Ab, avoiding its aggregation and
toxicity [25e30]. Recent reports suggest that TTR binds to Ab
oligomers and inhibits primary and secondary nucleation processes
[29,30]. TTR was also shown to assist Ab brain efflux through the
blood-brain barrier, and to promote its degradation in the liver.
Results also revealed that TTR regulates the expression of LRP1, by
increasing its levels, both in the brain and in the liver [31]. Recent
data implicated TTR reduction in the thickening of the basement
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membrane of brain microvessels in AD mice,[32] an alteration that
also occurs in the AD brain [33].

TTR tetrameric stability appears as a key factor in its interaction
with Ab peptide. Interestingly, TTR stability is also a key factor in
Familial Amyloid Polyneuropathy (FAP) [34,35] a systemic
amyloidosis with a special involvement of the peripheral nerve
system, which results from the aggregation, deposition and toxicity
of mutated TTR. Since it is believed that tetramer dissociation into
monomers is the first step leading to TTR amyloid formation [36],
TTR tetrameric stabilization has been defined as the basis for one of
the possible therapeutic strategies in FAP [37e39]. Such stabiliza-
tion can be achieved through the use of small compounds sharing
molecular structural similarities with thyroxine (T4) which bind in
the T4 central binding channel [40,41]. The search for TTR stabi-
lizing ligands using virtual screening and computational proced-
ures has been carried out previously [42e44] and there is a large
number of TTR and TTR-ligand three dimensional structures re-
ported at the PDB [45]. These computational and structural studies
have been instrumental in the design, discovery and development
of TTR stabilizing compounds that have either reached the market,
like Tafamidis [46,47], or that have reached clinical phases, like
Tolcapone, a repurposed drug approved for the treatment of Par-
kinson's disease (Fig. 1) [48].

We have demonstrated by early in vitro studies that TTR and Ab
bind together and that this interaction can be enhanced by a small
set of TTR tetramer-stabilizing compounds [49], one of them
Iododiflunisal (IDIF), a iodinated analog of the NSAID diflunisal
(DIF) (Fig. 1) [50e52]. More importantly, in vivo administration of
IDIF to a mouse model of AD, resulted in decreased brain Ab levels
and deposition [53,54], and improving the cognitive functions that
are impaired in this AD-like neuropathology [53].

Drug repurposing of already known drugs for new indications is
a drug discovery approach increasingly being used to search for
new therapies for diseases with unmet clinical needs. Both in silico
[55,56] and experimental [57] approaches on drug repurposing
have been recently reviewed, as well as the application of this
approach to drug discovery for AD [58-60]. Furthermore, another
interesting strategy in drug discovery is the multi-target approach,
which aims to have a synergistic effect thanks to the interaction of a
given ligand with different targets that are involved in a disease's
pathway. Therefore, these synergies through target promiscuity
could be translated into lower doses and reduced side effects
[61,62].

In this paper, we report the discovery of TTR stabilizers through
two complementary in silico drug repurposing approaches, as well
as the systematic biological evaluation of the selected compounds
on TTR stability, through competition with T4 for TTR binding, and
by measuring the amount of monomers. This process has led to the
prioritization of a set of 53 TTR tetramer stabilizing compounds and
to an analysis of their ability to enhance the TTR/Ab interaction.
Using our in-house validated high-throughput screening (HTS)
ternary assay [28], we have evaluated these 53 small-molecule
compounds and have obtained a subset of small molecule chaper-
ones (SMCs), among them our lead compound IDIF, one clinical
phase compound (luteolin), and three approved drugs for other
diseases (sulindac, olsalazine and flufenamic acid), that could enter
clinical trials for AD as repurposed drugs.

2. Results and discussion

Computational studies. In order to find small molecule chap-
erones that enhance the TTR/Ab interaction, two computational
pipelines have been established, addressing drug repurposing and
polypharmacology, as shown in Fig. 2. The first approach started
with the construction of a TTR/Ab model [63] as described in the



Fig. 1. Chemical structures of TTR tetramer stabilizers: the orphan drug Tafamidis, the Non-steroidal anti-inflammatory drug (NSAID) diflunisal (DIF), the repurposed drug Tol-
capone for Familial amyloid polyneuropathy (FAP) and our lead compound Iododiflunisal (IDIF).
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Experimental Section. Then, compounds from the Integrity data-
base (https://integrity.clarivate.com/integrity/xmlxsl/) and from
the literature were selected, so as they were either (i) known TTR
binders, (ii) amyloid peptide binding ligands, or (iii) both, or (iv)
compounds under study in clinical phases for the treatment of
Alzheimer's disease. The use of the CARLSBAD software and data-
base [64] allowed us to find privileged scaffolds with reported
biological activity against both TTR and Ab systems. This scaffold
hunting methodology allowed us to find a group of compounds
containing the stilbene substructure and able to interact with both
entities (TTR and Ab). Then, this stilbene scaffold was used to select
molecules by substructure search in the Integrity-derived and
literature-derived databases already mentioned, and the selected
compounds were then prioritized by docking into our TTR/Ab
model [63]. In total, 48 compounds with docking scores similar to
IDIF (used as the cross-reference compound in the docking exper-
iments) were prioritized, and 20 of them, that were commercially
available, were selected and acquired to carry out the experimental
assays.

A second computational approach was carried out in order to
exploit the drug-promiscuity and polypharmacology in a
multitarget-based pipeline. This methodology allowed us to iden-
tify molecules able to bind TTR that also bind additional targets that
have been associated with the treatment of AD and that are rele-
vant in its pathological pathways. As described in the Experimental
section, this strategy includes multi-target molecular docking and
molecular searches through common pharmacophore models to a
set of targets (Fig. 2B). Starting from the Integrity database (https://
integrity.clarivate.com/integrity/xmlxsl/), which contains small
molecules and drugs in the market or advanced clinical phases, we
selected nearly 1400 compounds that were reported in preclinical,
clinical or marketed phase and that had their protein target re-
ported as one or more of the following, which have been associated
to AD: APP (amyloid precursor protein); AchE (acetylcholines-
terase); IL-10 (interleukin-10); a-, b- and g-secretases; Tau protein;
GABA and glutamate receptors. All these compounds were then
docked into the TTRmodel, prioritizing a pool of 134molecules that
would theoretically bind the TTR T4-channel with an affinity similar
to IDIF. These molecules were then analyzed theoretically through
cross-docking into the following protein structures: IL-10 (Inter-
leukin-10) (PDB code 1ILK); inhibitor domain of APP (amyloid beta-
protein precursor) (PDB code 1AAP); b-secretase (memapsin 2)
complexed with inhibitor OM99-2 (PDB code 1FKN); human
acetylcholinesterase (AChE) complexedwith fasciculin-II (PDB code
1B41); metabotropic glutamate receptor 1 with LY341495 antago-
nist (PDB code 3KS9); metabotropic glutamate receptor 5 with
glutamate (PDB code 3LMK). All these docking experiments lead to
a prioritized list of 85 molecules, which were filtered to 27 mole-
cules that would theoretically bind to TTR/Ab complex (by docking
experiments) and 4 additional AD related targets (multi-target
docking approach for ligand selection). In addition, the 134 mole-
cules that were selected before through docking with TTR were
further analyzed computationally through the software
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LigandScout [65]. A common pharmacophore was built starting
from the binding sites of TTR, b-secretase, metabotropic glutamate
receptor 1 and metabotropic glutamate receptor 5, and then the
134 molecules were screened against this pharmacophore; 13 of
them coincided with the list of 27 molecules derived from the
multi-target docking, but we were able to select 4 additional
molecules that matched with the common pharmacophore. The
Table S1 in the Supporting Information contains all the chemical
structures of the compounds that were selected through these
computational procedures, as well as other molecules (that had
been reported as TTR ligands, in the literature, and from previous
studies in our laboratory), which were also selected after docking
them into our TTR/Ab model, and the results of the associated
experimental assays for all the selected molecules, which are
described hereunder.

Thyroxine binding assays and TTR stability assays. To confirm
the ability of the proposed compounds to bind TTR we designed a
flow chart through which all the selected compounds were
experimentally assayed (Fig. 3).

The first assay, to which all compounds were submitted, was a
T4 displacement assay [48,50]. In brief, radiolabeled [125I]-T4 was
incubated alone or in the presence of each of the compounds with
TTR, and then samples were run in a native PAGE gel. Compounds
that are able to bind to TTR in the T4 central binding channel, and
thus to displace [125I]-T4, result in decreased intensity of the [125I]-
T4/TTR band. When using plasma as a source of TTR, which is the
case of the present work, this approach also enables the visuali-
zation of the bands corresponding to the other T4 transporter
proteins, such as thyroxineebinding globulin (TBG) and albumin.
IDIF was used as a reference compound (see representative
example in Fig. 3A). This assay, although not quantitative, is of
utmost importance, in particular when using human plasma, since
it also reveals the effect of the compounds in the other referred T4
transporter proteins, and therefore, on their specificity for TTR
binding. Using this approach, we characterized the behavior of the
compounds regarding their ability to displace T4 and their speci-
ficity for TTR binding (see Table S1 in the Supporting Information
for a complete view of the behavior of all compounds in the qual-
itative T4 displacement assay).

In addition to high affinity for TTR, compounds should also be
specific for this protein, since lack of specificity, together with the
high abundance of other plasma proteins, such as albumin, for
instance, could lead to failure in therapeutics. However, at this stage
of our selection, we mainly aimed at identifying strong TTR stabi-
lizers which will be further investigated for their capacity to
enhance the TTR/Ab interaction. Thus, at this point all compounds
that completely or significantly displaced T4 from TTR, were
selected for the quantitative assay regardless of their specificity
(Table S1). Selected compounds were then evaluated in a quanti-
tative T4 assay to determine their EC50 and values were compared
to the EC50 of T4 (a representative example is given in Fig. 3B, re-
sults in Table S2). Analysis of results enabled us to conclude that
only compounds that showed complete T4 displacement in the

https://integrity.clarivate.com/integrity/xmlxsl/
https://integrity.clarivate.com/integrity/xmlxsl/
https://integrity.clarivate.com/integrity/xmlxsl/


Fig. 2. Computational workflows for the selection of modulators of TTR/Ab interaction (A) Based on drug repurposing and multi-target approach; (B) Based on multi-target
computational docking and searches on common pharmacophores for several targets.
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qualitative assay, produced EC50 T4/EC50 compound ratios higher
than 1, i.e., with affinity to TTR higher than the one of T4. Never-
theless, a ratio of EC50 T4/EC50 compound of 0.5 or superior was
used to identify a pool of compounds able to bind TTR efficiently
and therefore those that should be tested in our proprietary HTS
ternary assay [28]. In some instances, compounds revealed a non-
standard or ambiguous behavior, hindering the statistical analysis
performed for the rest of the compounds.

Nonetheless, and in order to avoid elimination of compounds
that could stabilize TTR by pathways other than binding to the T4
binding site, all of the non-selected compounds were assessed in a
TTR stability assay [66]. This approach was employed to test and to
evaluate the ability of the non-selected compounds to stabilize TTR,
by electrophoretic means, under semi-denaturing conditions, as
described in the Experimental section. As readout, we assessed the
levels of monomeric TTR upon incubationwith each compound and
values were compared to those obtained in the absence of
compound.

Fig. 3C displays representative results obtained in this stability
assay showing different levels of the TTR monomer. The graphic
represents the intensity of the monomer band, considering the
value of 1 for the control. Compounds that reduced the intensity of
the monomer band to at least half of the intensity in the control,
were considered for the final list of the compounds to enter a future
ternary assay (Table S1).

Altogether, compounds selected from the T4 quantitative and
the TTR stability assays constitute a subset of 53 molecules
4

amenable to be screened using our proprietary HTS ternary assay
(Table S4 in the Supporting Information).

Crystal structures of TTR:ligand complexes. From this final list
of compounds to enter a future ternary assay, two compounds, 35
and 73, were selected for the structure elucidation of the TTR
complexes by X-ray diffraction, because their TTR-ligand structures
have not been previously analyzed (Table S3 in Supporting Infor-
mation). Both compounds bind in the so-called thyroxine binding
sites (Fig. 4). Compound 35 (Fig. 4, left panel) binds very deeply
with the iodinated ring located at the outmost part of the T4
channel. This binding induces the rotation of Ser117 side chains of
the four monomers creating new strong intermonomer hydrogen
bonds between these residues. The Lys15 residues, located at the
entrance of the binding sites, establish interactions with the
carboxylate substituents of the ligand. Compound 73 does not bind
so deeply in the channel as 35 (Fig. 4, right panel) and, conse-
quently, it does not induce the formation of such strong in-
teractions between the Ser117 residues of the TTR tetramer. The
Lys15 residues, in the TTR: 73 complex, are not pointing to the
center of the channel and are not involved in interactions with the
compound.

Selection of small-molecule chaperones (SMCs): HTS ternary
assay, ITC studies and ThTassays. To efficiently screen for potential
small-molecule chaperones of the TTR/Ab interaction, we have
used our recently in house developed and validated high-
throughput assay that relies on the ability of the test compounds
to prevent Ab aggregation in solutions of preformed TTR/Ab



Fig. 3. Flowchart to which compounds were subjected to determine experimentally which compounds bind to and stabilize TTR, and representative images of the results obtained
in each assay. (A) The T4 binding gel electrophoresis assay, using human plasma incubated with [125I]-T4 and with various compounds as competitors. The migration of the different
plasma T4 binding proteins is indicated. (B) The displacement of [125I]-T4 from WT TTR by competition with the compounds. The curves were obtained using various compounds
indicated as competitive inhibitors. (C) The TTR stability assay, in which samples were analyzed by Western Blot after incubation of the compounds with WT-TTR, under semi-
denaturing conditions; the quantification plot presents the intensity of monomer band, relative to the control condition which was considered one. (See compounds in Table S1
at the SI).
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complexes [28]. The assay makes use of Ab(12e28) which has
analogous properties as full length Ab peptides but is a less
expensive andmore stable peptide. Thus, the recombinant wtTTR is
incubated with the test compound (ratio TTR/compound 1:2) dur-
ing 1 h and then, Ab(12e28) is added to the complex and UV
monitoring of turbidity for 6 h allows to determine its potency. A
complete high-throughput screening in this ternary assay was
carried out for all the 53 compounds previously selected from
computational and biological studies (see Fig. S1and Table S5 in the
Supporting Information).

After classifying the compounds according to their potency at
reducing Ab aggregation a prioritized list was obtained (See Fig. 5).
In this list we found our lead compound IDIF, the natural product
luteolin (LUT), a compound in clinical phases, and three registered
5

drugs, olsalazine (OLS), sulindac (SUL) and flufenamic acid (FLU),
among others (See Fig. 5C).

Furthermore, Isothermal Titration Calorimetry (ITC) technique
has been used to corroborate the chaperoning effect of five of the
best small-molecule compounds as described previously [27]. Thus,
we have compared the binding in the Ab(12e28)/TTR/SMC ternary
complexes with the binary interaction Ab(12e28)/TTR (Figs. S12
and S13 at the Supporting Information). In addition, a full ther-
modynamic characterization of the ternary complexes with
Ab(1e40) and TTR and each of the five best selected SMCs was
obtained (Fig. 6). The binary TTR/Ab(1e40) (1:1) complex forma-
tion shows a dissociation constant of Kd ¼ 6.49 mM. However, IDIF
enhances this interaction between TTR and Ab(1e40), since the Kd
is reduced to 3.34 mM when TTR in the presence of IDIF is titrated



Fig. 4. Close view of one binding site of the crystal structures of TTR:35 (left, PDB ID 6EP1) and TTR:73 (right, PDB ID 6EOY). The two-symmetry related positions of each compound
are shown with carbon atoms in grey and orange. The 2Fo-Fc electron density maps at 1s are drawn as a blue mesh around compounds 35 and 73 and residues Lys15 and Ser117
highlighted in stick representation.
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with Ab(1e40). Similar improvements were observed for the
ternary complexes with the best SMCs (i.e. Kd ¼ 1.52 mM (LUT);
3.42 mM (SUL); 0.81 mM (OLS) and 2.34 mM (FLU)).

To complement the results gathered so far, we performed the
aggregation kinetics of Ab(1e42) in the presence of the five
selected SMCs using by ThT assays, obtaining coherent results with
the turbidity measurements observed with Ab(12e28) (Fig. 7).
Interestingly, none of the best small molecule chaperones inter-
fered with the aggregation kinetics of Ab(1e42) (Figs. S2eS11).
Additionally, we have performed dose-response studies on the bi-
nary interaction TTR/Ab (Fig. 7B) and in the ternary interaction
when TTR is complexed with IDIF (Fig. 7C). As shown in Fig. 7C the
aggregation kinetics of Ab(1e42) in the presence of TTR complexed
with IDIF are concentration dependent of this small-compound.

Mounting evidence has demonstrated that Ab peptides and
their oligomeric forms are toxic to neural cells leading to apoptosis
and cellular death. It is also well established that TTR protects
against this neurotoxicity [25,29,30]. To evaluate Ab-induced
neuronal apoptosis in the presence of TTR stabilized by the selected
SMCs, we evaluated caspase 3 activation in SH-SY5Y cells. We
confirmed that TTR prevented the noxious effect of Ab(1e42)
peptide, reducing significantly the levels of caspase-3 activation, as
compared to those produced by the oligomers. Also, as we previ-
ously reported [28], TTR stabilized by IDIF was even more potent at
protecting against Ab toxicity, as caspase 3 levels were significantly
reduced when compared to those generated in cells treated with
Ab(1e42) co-incubated with TTR (without IDIF). Importantly, the
effect of flufenamic acid (FLU), olsalazine (OLS), and luteolin (LUT)
was found to be similar to that of IDIF. Sulindac (SUL), while pro-
moting the protection conferred by TTR, was not as strong as the
other tested compounds (Supporting Information, Fig. S14).

The blood-brain barrier (BBB) is one of the bottlenecks in brain
drug development and is the single most important factor limiting
the future growth of neurotherapeutics [67]. In our previous papers
we have shown that BBB penetration is facilitated by the binding of
IDIF to TTR [53,54,68]. Importantly, the BBB penetration ability of
some of our selected compounds has been previously reported in
the literature [69e71]. Here, we have also analyzed in silico the
molecular properties of the 5 selected compounds, and results
6

predict that they cross the BBB (See Supporting Information)
[72,73].

Altogether, these results confirm that TTR is a neuroprotective
protein, preventing Ab toxicity, and that TTR performance can be
enhanced by small-molecule chaperones of the TTR/Ab interaction,
prompting TTR stabilization as a promising therapeutic strategy in
AD.
3. Conclusions

In this paper, we have first taken a combined computational/
experimental approach to select a pool of chemically diverse
compounds, that may enhance the ability of TTR to sequester the Ab
peptide. In order to carry out this comprehensive study, two
complementary computational procedures were used: a) drug
repurposing through virtual screening and pharmacophore
searches, starting form a large set of compounds that have either
reached the market or are in clinical phases, and docking them into
our built TTR/Ab molecular model; and b) a multi-target approach,
where we selected molecules that were theoretically interacting
with our built TTR/Ab molecular model, but also would theoreti-
cally interact with a group of four protein targets that have been
associated with AD.

All of the selected compounds that underwent these computa-
tional procedures, and other known TTR ligands, were sequentially
assayed in a screening cascade covering TTR binding through both a
T4 displacement assay (qualitative) and a TTR e T4 competition
assay (quantitative), followed by a TTR stabilizing assay.

The combined virtual and experimental screening approach has
led to 53 highly diverse compounds that strongly stabilize TTR.
Among these compounds, compound 35 and the drug olsalazine
had not been previously described as TTR stabilizers and may be
relevant for TTR-related therapies.

Of note, these 53 compounds were good candidates for the
analysis of the modulation of the TTR/Ab interactions, and they
were analyzed through our robust HTS ternary assay. The results of
this ternary assay show a prioritized list of small molecule chap-
erones (SMCs) of the TTR/Ab interaction providing the basis for a
novel therapeutic target for Alzheimer's disease (AD). Among the



Fig. 5. HTS assays. Kinetics of aggregation with best chaperones: (A) binary [Ab(12e28) þ TTR] and ternary interactions [Ab(12e28) þ (TTRþIDIF)]; (B) binary [Ab(12e28) þ TTR]
and ternary interactions [Ab(12e28) þ (TTRþSMC)] with SMCs: LUT, SUL, OLS, and FLU. Ternary interactions [Ab(12e28) þ (TTRþDIF)] are added for comparison purposes. (C)
Chemical structures of the best chaperones (IDIF, LUT, SUL, OLS, and FLU).

Fig. 6. ITC studies of the: (A) binary Ab(1e40)/TTR complex; and (B) of the ternary complexes Ab(1e40)/(TTR/SMC) (SMC: IDIF, LUT, SUL, OLS AND FLU).
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SMCs, we have found small-molecules as our lead small-molecule
compound IDIF which is one of the best SMCs, and also three
marketed drugs (olsalazine, sulindac, and flufenamic acid) and one
investigational drug (luteolin), which could be directly repurposed
or repositioned for clinical use. The orphan drug Tafamidis and the
repurposed Parkinson's drug Tolcapone have been reported to be
7

excellent TTR tetramer stabilisers, but these drugs have no
chaperoning effect in our in vitro assays, showing that not all good
TTR tetramer kinetic stabilisers are good SMCs.

Our drug discovery program offers the possibility to explore the
chemical space by HTS of commercially available libraries of drugs/
compounds to find new SMCs. Further work will be carried out to



Fig. 7. Aggregation kinetics of Ab(1e42) monitored by ThT fluorescence assays: (A) Binary interactions [Ab(1e42) þ TTR] at a ratio (2:1) and ternary interactions
[Ab(1e42) þ (TTRþSMC)] at a ratio (2:1:2) for five SMCs (IDIF, LUT, SUL, OLS, and FLU) and ternary interaction [Ab(1e42) þ (TTRþDIF), for comparison purposes; (B) Dose/response
studies: kinetics of aggregation of Ab(1e42) in the presence of TTR at different ratios from (4:1) to (1:4); and (C) Dose/response studies: kinetics of aggregation of Ab(1e42) in the
presence of (TTRþIDIF), fixed ratio Ab(1e42)/TTR to (4:1) and increasing the ratio of TTR/IDIF from (1:0) to (1:2).
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explore the activity of some chemical scaffolds such as the biphenyl
one present in IDIF, so as to build structure-activity relationships
from the HTS ternary assay results. In particular, the SMC IDIF will
be optimized for ADME properties and to improve blood-brain
barrier (BBB) passage.

A small set of these SMCs will be prioritized to enter preclinical
safety studies, analyzing their in vivo behavior, in order to select one
repurposed drug as a candidate to enter clinical trials for AD.

These selected small-molecule chaperones provide the basis for
a novel target for Alzheimer's disease, based on targeting trans-
thyretin. We envisage that this new target will feed the currently
exhausted pipeline of drugs in phase I for AD with the goal of
increasing AD disease-modifying therapies. In addition, the three
marketed drugs reported in this work as SMCs of the TTR/Ab
interaction (sulindac, olsalazine and flufenamic acid) could directly
enter a clinical phase program as candidate AD therapies, as an
example of drug repurposing.
4. Material and methods

General procedure for molecular models preparation. A
molecular model of TTR was generated using the three-
dimensional coordinates of the TTR protein structure (PDB code
1DVQ), available at the Protein Data Bank (PDB) (www.rcsb.org).
8

For hydrogen atoms refinement and energy minimization, the
Protonate 3D package implemented in MOE 2015.10 was employed
to add hydrogen atoms to TTR which were further submitted to an
energy-minimization process [74]. Partial charges were obtained by
computing the electrostatic potentials in the optimized structures.
The energy minimization step was carried out using a distance-
dependent dielectric constant and a cut-off distance of 10 Å for
the van derWaals interactions. In the final step, 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.

The same procedure and parameters were used to compute the
following proteins used in this work: IL-10 (interleukin-10) (PDB
code 1ILK); inhibitor domain of APP (amyloid beta-protein pre-
cursor) (PDB code 1AAP); b secretase with inhibitor OM99-2 (PDB
code 1FKN); human acetylcholinesterase with Fasciculin-II (PDB
code 1B41); metabotropic glutamate receptor 1 with LY341495
antagonist (PDB code 3KS9); metabotropic glutamate receptor 5
with glutamate (PDB code 3LMK).

Docking experiments (TTR/Ab computational model) pro-
cedure. The MOE 2015.10 package [74] was used to perform the
docking studies between the refined TTR X-Ray crystallographic
structure (as template) and Ab peptide (as ligand). Alpha Triangle
was used as placement method; Alpha HB as score function, and

http://www.rcsb.org
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AMBER10 as force-field [75] 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 forcefield for the last refinement step of this
docking study.

Docking experiments (virtual screening) general procedure.
The MOE 2015.10 package was used to perform the docking studies
between the refined TTR protein: Ab peptide system. Molecules
computed as ligand for the docking experiments were pretreated
using the LygX application from the software package MOE. After
that the experiment were performed as follows: Alpha Triangle was
used as placement method; Alpha HB as score function, and
MMFF94x as forcefield in the first refinement step of the docking
solutions. A rescoring step was also implemented in this compu-
tational pipeline, using London DG as function score, and again
MMFF94x as forcefield for the last refinement step.

Pharmacophore set-up. The LigandScout 3.0 software package
[65] was used to build-up a pharmacophore starting from the
binding sites of TTR protein (T4 binding pocket), b-secretase,
metabotropic glutamate receptor 1 and metabotropic glutamate
receptor 5. The pharmacophore resulting from this
pocket alignment process was used to screen a set of molecules
coming from the second pipeline explained in the next section.

Selection pipeline of ligands. Two complementary approaches
were carried out to select the ligands to be docked in the TTR
molecular model:

Pipeline A: starting from the Integrity database (https://
integrity.clarivate.com/integrity/xmlxsl/), which contains small
molecules and drugs in the market or advanced clinical phases,
nearly 3200 compounds were selected and sorted according to
which protein or disease was their main target: Amyloid peptide,
transthyretin, both or Alzheimer's disease in general. In addition,
nearly 500 compounds were also added to this list that have been
gathered from the literature or that had been previously explored
in our laboratories, as potential TTR stabilizers.

Then the CARLSBAD database and software [64], which contains
integrated data on compounds and their target binding affinities,
were used to select compounds that had experimentally shown af-
finity vs. both TTR and the amyloid peptide. This lead to a common
stilbene substructure scaffold that was then used to carry out a sub-
structure search among the original selection of nearly 3700 com-
pounds. The resulting 48 compounds with the stilbene substructure
were then docked into our TTR:Ab computational model [63].

Pipeline B: starting from the Integrity database (https://integrity.
clarivate.com/integrity/xmlxsl/), which contains small molecules
and drugs in the market or in advanced clinical phases, we selected
nearly 1400 compounds that were reported in preclinical, clinical or
marketed phase and that had their protein target reported as one or
more of the following, which have been associated to AD: APP
(amyloid precursor protein); AchE (acetylcholinesterase); IL-10
(interleukin-10); a-, b- and g-secretases; tau protein; GABA and
glutamate receptors. All these compoundswere then docked into the
TTR model, prioritizing a pool of 134 molecules that would theo-
retically bind the TTR T4 channel with an affinity similar to IDIF.
These molecules were then virtually analyzed through docking with
software MOE 2015.10 into the following protein structures: IL-10
(interleukin-10); inhibitor domain of APP (amyloid beta-protein
precursor); b-secretase with inhibitor OM99-2; acetylcholines-
terase (AchE) with Fasciculin-II; metabotropic glutamate receptor 1
with LY341495 antagonist; metabotropic glutamate receptor 5 with
glutamate. All these docking processes lead to a prioritized list of 85
molecules, which were then docked into our TTR:Ab computational
model [63], leading to 27 molecules that would theoretically bind to
the TTR:Ab complex and to 4 additional AD related targets (Ab, IL-10,
b-secretase and acetylcholinesterase). In addition, the initial set of
9

134 molecules that had been selected through docking with the
TTR:Ab model, were further analyzed computationally through the
software Ligand Scout; 13 of them coincided with the list of 27
molecules derived from the multi-target docking, but we were able
to select 4 additional molecules that matched with the common
pharmacophore.

The compounds prioritized through these two computational
(in silico) complementary approaches that were commercially
available (Molport, http://www.molport.com), were acquired, in
order to carry out the experimental TTR binding, competition, and
stability assays (See Table S1 in Supporting Information). Just only
in few cases, if a selected compound was not commercially avail-
able but another compound with a very similar structure was
available, then that similar compound was processed through the
computational procedures described, and acquired if it would
match with either the multi-target docking or the common phar-
macophore filters. Finally, some compounds in the market and/or
in clinical phases, that are reported in the literature as good TTR
stabilizers and/or as AD therapies under clinical studies, were also
analyzed through the computational filters described above, and
included in the final list of compounds to be experimentally
assayed.

Recombinant wild-type human (wt rhTTR) production and
purification. Human wild type rhTTR gene was cloned into a pET
expression system and transformed into E. coli BL21(DE3) Star [76].
The phTTRwt-I/pET-38b(þ) plasmid was provided by Prof. Antoni
Planas (IQS, URL) [77]. The production of recombinant protein was
performed at Erlenmeyer scale, protein production and purification
were done as described previously following an optimized version
of our protocol [78]. wt rhTTR was produced using a pET expression
System. The expressed protein only contains an additional methi-
onine on the N-terminus if compared to the mature natural human
protein sequence. wt rhTTR protein was expressed in E. coli BL21-
(DE3) cells harboring the corresponding plasmid. Expression cul-
tures in 2xYT rich medium containing 100 mg/mL kanamycin were
grown at 37 �C to an optical density (at 600 nm) of 4 (OD600 z 4),
then induced by addition of IPTG (1mM final concentration), grown
at 37 �C for 20 h, and harvested by centrifugation at 4 �C,10000 rpm
for 10 min and resuspended in cell lysis buffer (0,5 M Tris-HCl, pH
7.6). Cell disruption and lysis were performed by French press fol-
lowed by a sonication step at 4 �C. Cell debris were discarded after
centrifugation at 4 �C, 11000 rpm for 30 min. Intracellular proteins
were fractionated by ammonium sulfate precipitation in three
steps. Each precipitation was followed by centrifugation at 12 �C,
12500 rpm for 30min. The pellets were analyzed by SDS-PAGE (14%
acrylamide). The TTR-containing fractions were resuspended in
20 mM Tris-HCl, 0.1 M NaCl, pH 7.6 (buffer A) and dialyzed against
the same buffer. It was purified by Ion exchange chromatography
using a Q-Sepharose High Performance (Amersham Biosciences)
anion exchange column and eluting with a NaCl linear gradient
using 0.1 M NaCl in 20 mM Tris-HCl pH 7.6 buffer A to 0.5 M NaCl
20 mM Tris-HCl pH 7.6 (buffer B). All TTR-enriched fractions were
dialyzed against deionized water in three steps and were lyophi-
lized. The protein was further purified by gel filtration chroma-
tography using a Superdex 75 prep grade resin (GE Healthcare Bio-
Sciences AB) and eluting with 20mM Tris pH 7.6, 0.1 M NaCl. Purest
fractions were combined and dialyzed against deionized water and
lyophilized. The purity of protein preparations was >95% as judged
by SDS-PAGE. Average production yields were 150e200 mg of pu-
rified protein per liter of culture. Protein concentration was deter-
mined spectrophotometrically at 280 nm using calculated
extinction coefficient value of 17780 M�1 cm�1 for wtTTR. The
protein was stored at �20 �C.

Thyroxine binding assays. Qualitative studies of the displace-
ment of T4 from WT TTR were carried out by incubation of 5 mL of

https://integrity.clarivate.com/integrity/xmlxsl/
https://integrity.clarivate.com/integrity/xmlxsl/
https://integrity.clarivate.com/integrity/xmlxsl/
https://integrity.clarivate.com/integrity/xmlxsl/
http://www.molport.com
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human plasma, with 125I-T4 (specific radioactivity z1200 mCi/mg;
PerkinElmer) in the presence of the different compounds (final
concentration of 666 mM) [44,46]. Protein separation was carried
out in a native PAGE system using glycine/acetate buffer. The gel
was dried and revealed using an X-ray film.

For the quantitative analysis, T4 binding competition assays
based on a gel filtration procedure was used, as previously
described [79]. Briefly, 50 ml of a diluted sample (120 nM human
recombinant TTR) was incubated with 50 ml of either cold T4 or
compound solutions of variable concentrations ranging from 0 to
1000 nM and with a constant amount of labeled 125I-T4 (~50,000
cpm). This solution was counted in a gamma spectrometer and
incubated at 4 �C overnight. Protein bound 125I-T4 and free 125I -T4
were separated by gel filtration through a 1 ml BioGel P6DG (Bio-
Rad) column. The bound fraction was eluted while free T4 was
retained on the BioGel matrix. The eluate containing the bound T4
was collected and counted. Bound T4 was expressed as percentage
of total T4 added. Each assay was performed in duplicate. Analysis
of the binding data was performed with the GraphPad Prism pro-
gram (version 5.0, San Diego, CA) and data was expressed as the
EC50 ratio (EC50 T4/EC50 compound).

TTR stability assay.66Recombinant wt-TTR (333 mM) was incu-
bated alone or in the presence of different compounds for 1 h at
37 �C. Then, urea 8 M (used as denaturating agent) and sample
buffer without SDS were added. Samples were then run in a 15%
acrylamide gel, prepared without SDS, and transferred onto a
nitrocellulose membrane (Amersham™ GE Healthcare e Protan
0.2 mm), using a wet system (Bio-Rad Criterion Blotter). The
membranes were blocked 1 h at RT with 5% non-fat dry milk (DM)
in PBS containing 0,05% Tween-20 (PBS-T) and then incubated with
primary antibody anti-human TTR (Dako; 1:3000) in 3% DM/PBS-T.
Then, washed membranes were incubated for 1 h at RT with sheep
anti-rabbit immunoglobulins conjugated with horseradish peroxi-
dase (The binding Site; 1:5000) in 3% DM/PBS-T. The blots were
developed using ClarityTM Western ECL substrate (Bio-Rad) and
levels of monomeric TTR were detected and visualized using a
chemiluminescence detection system (ChemiDoc, Bio-Rad).

Crystal structures of TTR:35 and TTR:73 complexes. Co-crys-
tallization. TTR (9.9 mg ml�1) was incubated with each compound
(molar ratios 35/TTR ¼ 20 and 73/TTR ¼ 50) at 4 �C o.n., in HEPES
buffer 10 mM, pH ¼ 7.5. Crystals suitable for X-ray diffraction were
obtained by hanging-drop vapour-diffusion techniques at 20 �C.
Crystals were grown within 1 week by mixing 2 ml of the pro-
tein:compound solutions with 2 ml of reservoir solution. The
reservoir solutions used in the crystallization trials contained ace-
tate buffer 0.2 M pH 4.8e5.4, ammonium sulfate 1.8e2.2 M, 7%
glycerol. Crystals were transferred to reservoir solutions containing
increasing concentrations of glycerol (10e25%) and flash frozen in
liquid nitrogen.

Data collection, processing and refinement. X-ray diffraction
data sets were collected using synchrotron radiation at the XALOC
beamline at the ALBA synchrotron center (Barcelona), ID30B beam
line at the ESRF (European Synchrotron Radiation Facility, Grenoble
Cedex, France) and Proxima 2 beam line at the SOLEIL synchrotron
(Paris).

Diffraction images were processed with the XDS Program
Package [80] and the diffraction intensities converted to structure
factors in the CCP4 format [81] A random 5% sample of the reflec-
tion data was flagged for R-free calculations [82] during model
building and refinement. A summary of the data collection and
refinement statistics is presented in Table S3. Initial molecular
replacement phases were generated with PhaserMR [83], using as
initial model one monomer of the complex TTR:IDIF (PDB ID 1Y1D)
[52]. The final models were obtained after further cycles of
refinement, carried out with Coot [84]and PHENIX [85].
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HTS ternary assay. In this assay [28] the following stock solu-
tions were used: Buffer A: 25 mM HEPES buffer, 10 mM glycine, pH
7.4 was prepared in the absence of salt. Protein (TTR) stock: 9,5 mg/
mL (170 mM) in 25 mM HEPES buffer, 10 mM glycine, pH 7.4 and 5%
DMSO (final concentration) was prepared in the absence of salt
(buffer A). For the Ab peptide stock: 0,4 mg/mL (200 mM) in 25 mM
HEPES buffer, 10 mM glycine, pH 7.4 and 5% DMSO (final concen-
tration). For the small-molecule compound IDIF, a first solution of
3,76 mg/mL (10 mM) in DMSO was prepared. The final stock of the
small-molecule IDIF was prepared by mixing 50 mL of the previous
DMSO solution with 950 mL of buffer A (the final concentration of
5% DMSO).

First, the small-molecule compound and TTR complex was
formed. To this end, 60 mL of TTR stock was dispensed into the wells
of a 96-well microplate. 40 mL of small-molecule stock was added to
give final concentrations of 100 mM. The platewas introduced in the
microplate reader (SpectraMax M5 Multi-Mode Microplate
Readers, Molecular Devices Corporation, California, USA) and
incubated for 1 h at 37 �C with orbital shaking 15 s every 30 min.
Then, 100 mL of Ab solution was added to the well to give a final
concentration of 100 mM.

Other wells of the 96-well microplate are filled with: a) Buffer
alone: 200 mL of buffer A solution was added to the well; b)
Negative control of Ab aggregation: 200 mL of Ab(1e11) stock so-
lution in buffer A was dispensed into the wells; c) Testing TTR ag-
gregation: 60 mL of TTR stock were dispensed into the wells of a 96-
well microplate and 140 mL of buffer A were added; d) For the
Ab(12e28) aggregation: 100 mL of Ab(12e28) stock solution is
dispensed into the wells and 100 mL of buffer A were added; e)
Testing if compounds interfere with Ab(12e28) aggregation.

The plate was incubated at 37 �C in a thermostated microplate
reader with orbital shaking 15 s every minute for 30 min. The
absorbance at 340 nm was monitored for 6 h at 30 min intervals.
Data were collected and analyzed using Microsoft Excel software.
All assays were done in duplicate.

RA ð%Þ¼
�
1�

�
Absc

AbsAb þ Absc

��
*100 (1)

The parameter monitored in this assay was used to calculate the
percent reduction of formation of aggregates (RA %) according to
equation (1), where AbsAb and Absc are the final absorbance of the
samples, in the absence or in the presence of the small-molecule
compound/TTR complex; respectively.

Thioflavin-T (ThT) fluorescence assays. The robustness of our
HTS turbidimetry-based method was further validated on the basis
of comparative by Thioflavin-T (ThT) fluorescence assays on the
same system. The ThT fluorescence was monitored at 37 �C using
Gemini XPS plate reader (Molecular Devices) at an excitation
wavelength of 440 nm and an emission wavelength of 490 nm.
Thioflavin-T (ThT) was dissolved in 25 mM HEPES buffer, 10 mM
glycine, pH 7.4 and 5% DMSO to a final concentration of 25 mM.
Aggregation of Ab(12e28) 50 mMwas performed in the presence of
25 mM ThT. All solutions were dissolved in the same buffer. TTR was
added to a final concentration of 25 mM. IDIF was added to a final
concentration of 50 mM. Aggregation of Ab(1e42) 20 mM was per-
formed with 10 mM TTR and 20 mM of ligand. To test if selected
compounds interfere with Ab(1e42) aggregation, aggregation of
Ab(1e42) 20 mM was performed with 20 mM of ligands as an
important control (Figs. S2eS11). For the ternary complex, TTR was
incubated first with IDIF for 1 h, then Ab(12e28) was added. The
final volume was 200 mL for all samples. Fluorescence intensity at
490 nm of each sample was monitored after each 2 h for 8 h, and
then at 21 h. Measurements were performed as independent trip-
licates. Recorded values were averaged and background
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measurements (buffer containing 25 mM ThT) were subtracted.
Measurements were performed as independent triplicates. Recor-
ded values were averaged and background measurements (buffer
containing 25 mM ThT) were subtracted.

Isothermal Titration Calorimetry (ITC) studies. Experiments
were carried out in a VP-ITC (MicroCal, LLC, Northampton, Ma,
USA). In a titration experiment [27], the ligand in the syringe is
added in small aliquots to the macromolecule in our case TTR
protein in the calorimeter cell, which is filled with an effective
volume that is sensed calorimetrically. The TTR solution of 20 mM,
and Ab (Ab(12e28) or Ab(1e40)), or ligand solutions of 200 mM
were prepared in the same buffer. The titrant was injected over 20
or 30 times at a constant interval of 300 s with a 450 rpm rotating
stirrer syringe into the sample cell containing its binding partner.
All solutions were prepared with 25 mM HEPES buffer, 10 mM
glycine, pH 7.4 and 5% DMSO (final concentration) and it was
corroborated that at these conditions TTR and Ab(1e40) are stable.
Ab(1e40) working solution was prepared at 200 mM and used
immediately, to avoid premature aggregate formation. TTR stock
solutionwas prepared at 40 mM. Ligand stock solutionwas prepared
at 10 mM in DMSO. All solutions were prepared in the same buffer
and filtered prior to use. In the control experiments, the titrant
(ligand or Ab) was injected into the buffer in the sample cell to
measure the heat of dilution. This value of the heat of dilution was
subtracted from the titration data. The experiments were per-
formed at 25 �C. Titration data were analyzed by the evaluation
software, MicroCal Origin, Version 7.0. The binding curves were
fitted by a non-linear regression method to a one set of sites
binding model. This leads to the calculation of K, n, DH, DS, and DG.
Each experiment was conducted three times, and the mean value
with standard deviations is provided.
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Abbreviations

AChE acetylcholinesterase
AD Alzheimer Disease
APP amyloid precursor protein
DMT disease modifying therapy
CSF cerebrospinal fluid
CP choroid plexus
DIF diflunisal
FAP Familial Amyloid Polyneuropathy
FLU flufenamic acid
GABA gamma-aminobutyric acid
HTS high throughput screening
IDIF iododiflunisal
IPTG Isopropyl b-D-1-thiogalactopyranoside
LUT luteolin
NSAID non steroidal anti-inflammatory drug
OLS olsalazine
o.n. overnight
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel

Electrophoresis
SMCs small molecule chaperones
SUL sulindac
TTR transthyretin
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