
Citation: Poonsiri, T.; Dell’Accantera,

D.; Loconte, V.; Casnati, A.; Cervoni,

L.; Arcovito, A.; Benini, S.; Ferrari, A.;

Cipolloni, M.; Cacioni, E.; et al.

3-O-Methyltolcapone and Its

Lipophilic Analogues Are Potent

Inhibitors of Transthyretin

Amyloidogenesis with High

Permeability and Low Toxicity. Int. J.

Mol. Sci. 2024, 25, 479. https://

doi.org/10.3390/ijms25010479

Academic Editor: Ludmilla A.

Morozova-Roche

Received: 3 December 2023

Revised: 22 December 2023

Accepted: 24 December 2023

Published: 29 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

3-O-Methyltolcapone and Its Lipophilic Analogues Are Potent
Inhibitors of Transthyretin Amyloidogenesis with High
Permeability and Low Toxicity
Thanalai Poonsiri 1,†,‡ , Davide Dell’Accantera 2,† , Valentina Loconte 3,4 , Alessandro Casnati 2 ,
Laura Cervoni 5, Alessandro Arcovito 6,7 , Stefano Benini 1 , Alberto Ferrari 8, Marco Cipolloni 9 , Elisa Cacioni 9,
Francesca De Franco 9, Nicola Giacchè 9 , Serena Rinaldo 5 , Claudia Folli 8 , Francesco Sansone 2 ,
Rodolfo Berni 2 and Michele Cianci 10,*

1 Bioorganic Chemistry and Bio-Crystallography Laboratory (B2Cl), Faculty of Agricultural, Environmental
and Food Sciences, Free University of Bolzano, 39100 Bolzano, Italy; thanalai.pon@mahidol.ac.th (T.P.);
stefano.benini@unibz.it (S.B.)

2 Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma, Parco Area
delle Scienze 17/a, 43124 Parma, Italy; davide.dellaccantera@unipr.it (D.D.);
alessandro.casnati@unipr.it (A.C.); francesco.sansone@unipr.it (F.S.); rodolfo.berni@unipr.it (R.B.)

3 Department of Anatomy, University of California San Francisco, San Francisco, CA 94143, USA;
valentina.loconte@ucsf.edu

4 Lawrence Berkeley National Laboratory, Molecular Biophysics and Integrated Bioimaging Division,
Berkeley, CA 94720, USA

5 Department of Biochemical Sciences, University of Rome “La Sapienza”, P.le Aldo Moro 5, 00185 Rome, Italy;
laura.cervoni@uniroma1.it (L.C.); serena.rinaldo@uniroma1.it (S.R.)

6 Department of Biotechnological Sciences and Intensive Care, Catholic University of Sacred Heart, Largo F.
Vito 1, 00168 Rome, Italy; alessandro.arcovito@unicatt.it

7 Fondazione Policlinico Universitario A. Gemelli—IRCCS, 00168 Rome, Italy
8 Department of Food and Drug, University of Parma, 43124 Parma, Italy; ferro396@gmail.com (A.F.);

claudia.folli@unipr.it (C.F.)
9 TES Pharma S.r.l., Via P. Togliatti 20, Corciano, 06073 Perugia, Italy; mcipolloni@tespharma.com (M.C.);

ecacioni@tespharma.com (E.C.); fdefranco@tespharma.com (F.D.F.); ngiacche@tespharma.com (N.G.)
10 Department of Agricultural, Food and Environmental Sciences, Università Politecnica delle Marche,

Via Brecce Bianche, 60131 Ancona, Italy
* Correspondence: m.cianci@univpm.it; Tel.: +39-071-220-4686
† These authors contributed equally to this work.
‡ Current Address: Department of Pathobiology, Faculty of Science, Mahidol University, Rama VI Road,

Ratchathewi, Bangkok 10400, Thailand.

Abstract: Transthyretin (TTR) is an amyloidogenic homotetramer involved in the transport of thy-
roxine in blood and cerebrospinal fluid. To date, more than 130 TTR point mutations are known
to destabilise the TTR tetramer, leading to its extracellular pathological aggregation accumulating
in several organs, such as heart, peripheral and autonomic nerves, and leptomeninges. Tolcapone
is an FDA-approved drug for Parkinson’s disease that has been repurposed as a TTR stabiliser.
We characterised 3-O-methyltolcapone and two newly synthesized lipophilic analogues, which are
expected to be protected from the metabolic glucuronidation that is responsible for the lability of
tolcapone in the organism. Immunoblotting assays indicated the high degree of TTR stabilisation,
coupled with binding selectivity towards TTR in diluted plasma of 3-O-methyltolcapone and its
lipophilic analogues. Furthermore, in vitro toxicity data showed their several-fold improved neuronal
and hepatic safety compared to tolcapone. Calorimetric and structural data showed that both T4
binding sites of TTR are occupied by 3-O-methyltolcapone and its lipophilic analogs, consistent
with an effective TTR tetramer stabilisation. Moreover, in vitro permeability studies showed that
the three compounds can effectively cross the blood-brain barrier, which is a prerequisite for the
inhibition of TTR amyloidogenesis in the cerebrospinal fluid. Our data demonstrate the relevance of
3-O-methyltolcapone and its lipophilic analogs as potent inhibitors of TTR amyloidogenesis.

Int. J. Mol. Sci. 2024, 25, 479. https://doi.org/10.3390/ijms25010479 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25010479
https://doi.org/10.3390/ijms25010479
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-0796-6396
https://orcid.org/0000-0002-7986-2038
https://orcid.org/0000-0001-5715-9993
https://orcid.org/0000-0001-9993-3262
https://orcid.org/0000-0002-8384-4844
https://orcid.org/0000-0001-6299-888X
https://orcid.org/0000-0002-8092-4638
https://orcid.org/0000-0002-4810-3960
https://orcid.org/0000-0003-0682-023X
https://orcid.org/0000-0002-7187-0180
https://orcid.org/0000-0003-0531-9865
https://orcid.org/0000-0001-5607-6061
https://doi.org/10.3390/ijms25010479
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25010479?type=check_update&version=2


Int. J. Mol. Sci. 2024, 25, 479 2 of 24

Keywords: transthyretin; amyloidogenesis inhibitors; neuronal and hepatic safety; tolcapone analogues;
molecular docking and structure

1. Introduction

Transthyretin (TTR) is a 55 kDa amyloidogenic homotetramer involved in the transport
of thyroxine (T4) in the blood and cerebrospinal fluid [1,2]. Wild-type (WT) TTR has an
inherent amyloidogenic potential [3], leading to Senile Systemic Amyloidosis (SSA), an
under-diagnosed disease that manifests itself in the elderly and is mainly characterised
by cardiomyopathy [4]. Both WT-TTR and its more aggressive mutant forms give rise to
TTR-related amyloidosis (ATTR). Mutations are responsible for hereditary ATTR, whose
phenotypes may affect different organs, such as heart, peripheral and autonomic nerves,
and leptomeninges [5]. The generation of amyloid fibrils is the result of the rate-limiting dis-
sociation of the TTR tetramer, followed by the misfolding of TTR monomers and subsequent
aggregation [6–9].

To date, only a few strategies have been adopted for the therapeutic treatment of ATTR.
These includes liver transplantation, stabilisation of the TTR tetrameric native structure by
specific ligands, and, more recently, therapies based on TTR-specific siRNA and anti-sense
oligonucleotides. Patisiran is an RNA interference therapeutic, administered as intravenous
infusion, which hinders the production of both mutant and nonmutant forms of TTR [10].
Inotersen is an antisense oligonucleotide that complements exactly the messenger RNA
(mRNA) that encodes for TTR [11].

TTR stabilisers establish interactions by bridging the two TTR monomers that form
each T4 binding site present in the oligomeric protein, thereby stabilising its tetrameric
native state and inhibiting amyloidogenesis [6,12–18].

Several natural compounds are listed as inhibitors of transthyretin amyloidosis and
neuroprotective agents [19], but, currently, there are only few TTR ligands approved or
under investigation for the ATTR pharmacological therapy (Figure 1A). Tafamidis is an
approved drug that can delay the disease progression in patients at the early stages of
ATTR polyneuropathy [20,21] and cardiomyopathy [22]. Diflunisal, a nonsteroidal anti-
inflammatory drug, has been documented as effective for halting ATTR amyloidosis pro-
gression by stabilising the tetramer form of TTR. The use of these two drugs led to improve-
ments in polyneuropathy and cardiac failure [23–25]. AG10 and tolcapone are among the
new promising alternatives.

AG10 is undergoing clinical trials, and it has been developed for the treatment of
TTR amyloidosis cardiomyopathy (ATTR-CM) by stabilising WT-TTR and the V122I-TTR
mutant, which are related to the development of familial amyloid cardiomyopathy [13]. It
has been shown that AG10 mimics the protective effect of the non-pathogenic TTR variants
T119M [26] and R104H [27]. AG10 stabilises the heterotetramers of these variants, WT-TTR,
and TTR amyloidogenic mutants, preventing in vitro amyloidogenesis.

Tolcapone (Figure 1A), an FDA-approved drug for Parkinson’s disease, has been
repurposed as a potent and selective TTR stabiliser [15]. Tolcapone possesses an ex vivo
anti-amyloidogenic activity higher than that of tafamidis, making it potentially effective for
treating TTR amyloidosis.

Due to the ability of crossing the blood-brain barrier [28], tolcapone inhibits the
aggregation of the V30M TTR variant that cause CNS amyloidosis [29,30]. However, while
the V30M TTR variant is responsible for earlier onset of CNS amyloidosis, its amyloid
deposits consist mainly of full-length WT-TTR [31,32]. These findings are consistent with
the notion that the high amyloidogenic potential of human pathogenic TTR variants,
especially when mutations are located in β-strands, is determined by the destabilization of
their native structures, while WT-TTR alone has a high intrinsic β-aggregation propensity,
which is not enhanced by amyloidogenic mutations [3]. As such, while stabilization of TTR
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variants might delay the onset of amyloid aggregation, stabilization of WT-TTR delays its
progress towards amyloidogenesis [33].
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Figure 1. (A) Chemical structures of TTR amyloidosis inhibitors and of 3-O-methyltolcapone (3-
OMT); (B) Lipophilic analogues of 3-OMT assessed here with docking studies. Compound labels 
are indicated as numbers in bold. 
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In this context, tolcapone is also hepatotoxic [34–36] and has a short half-life in the
plasma (about 3 h), which can be ascribed to rapid glucoronidation of the free 3-hydroxy
group and its consequent rapid elimination via the urinary tract [37]. Only the 3-hydroxy
group of tolcapone is subject to glucorinidation since no glucorinidation products for
the free 4-hydroxy group have been observed [37]. The hepatotoxicity of tolcapone has
also been linked to the glucuronidation activity of the enzyme UDP-glucuronosyl trans-
ferase [38]. On the other hand, 3-O-methyltolcapone (3-OMT), a metabolite of tolcapone,
has remarkably more favourable pharmacokinetics in humans than tolcapone [37].

In 2020, we reported the synthesis of 3-OMT and 3-deoxytolcapone as potential TTR
stabilizers, establishing structure-activity relationships for both molecules, for which the
lack of a free 3-hydroxy group would impede glucuronidation [39]. On the basis of a
Western Blot analysis, in the presence of plasma proteins, 3-OMT were more effective and
selective in comparison to 3-deoxytolcapone at stabilizing the tetrameric native structure
of human plasma TTR, and with comparable results to those of tolcapone, in agreement
with their very similar chemical structures and the limited differences in their interactions
with TTR [39]. The methylation of the free 3-hydroxy group in tolcapone should also
confer greater lipophilicity in comparison to tolcapone, thus potentially increasing brain
permeability for the pharmacological therapy of CNS TTR amyloidosis (leptomeningeal
and oculo-leptomeningeal amyloidosis).

In the present work, starting from the previously reported structure-activity relation-
ships of 3-OMT in complex with TTR [39], we proceeded to design five 3-OMT analogues
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(Figure 1B). While recently reported new tolcapone analogues conserve its 3-4-dihydroxy-5-
nitrophenyl ring but present modifications in the non-phenolic aromatic ring to achieve the
highest affinities [18], our analogues maintain the 4-hydroxy-3-methoxy-5-nitrophenyl of
3-OMT to avoid glucuronidation and focus on the non-phenolic aromatic ring of tolcapone
to achieve lower toxicity and greater permeability and lipophilicity without worsening the
affinity. This approach would generate tolcapone-like candidates for therapeutic interven-
tion of both familial amyloid polyneuropathy and CNS amyloidoses. Based on the results
of docking studies, the best candidates, were synthetized and tested for in vitro and ex
vivo TTR stabilisation, permeability, and cytotoxicity. Finally, the crystallographic analysis
of the TTR-ligand complexes rationalised the key interactions between ligand and TTR and,
consequently, the molecular basis of the effective TTR stabilisation in vitro.

Among all the TTR stabilizers reported in the literature, these are among the first to be
designed following the principle of avoiding glucuronidation.

2. Results and Discussion
2.1. Design of 3-OMT Lipophilic Analogues

The native tetrameric structure of TTR is a dimer of homodimers related by a 222
symmetry. Each pair of twofold-related monomers forms the hormone-binding site, a
central cavity at the dimer-dimer interface, crossing the entire complex, which is lined
with two sets of three hydrophobic halogen binding pockets (HBPs) where the iodine
atoms of the bound T4 molecules are harboured [2,40]. The three binding pockets are
distinguished into an outer binding subsite (HBP1 and HBP1′, with 1 and 1′ indicating the
two constitutive dimers), an inner binding subsite (HBP3 and HBP3′), and an intervening
interface (HBP2 and HBP2′). HBP1 is more hydrophilic and is composed of the residues
Lys15, Leu17, Thr106, and Val121. On the other hand, HBP2 is mostly hydrophobic and is
formed by Leu17, Ala108, Ala109, and Leu110 along with the side chain of Lys15. Finally,
HBP3 is in the innermost area of the binding pockets and is formed by the side chains of
Ser117, Leu110, Thr119, and Ala108.

Both tolcapone [15] and 3-OMT [39] bind TTR in the so-called “forward binding
mode”. In the case of 3-OMT, this pose is characterised by the position of the polar moiety
of the 3-methoxy-4-hydroxy-5-nitrophenyl ring in HBP1 and HBP1′, forming a hydrogen
bond with Lys15, which in turn stabilises the favourable ionic interactions between Lys15
and Glu54. The 4-methyl-phenyl ring in both molecules is instead positioned deeply into
the TTR hydrophobic HBP2/HBP2′ and HBP3/HBP3′ pairs, sandwiched between the
residues Leu110 and Thr119. Given the conserved poses observed for both tolcapone
and its analogue, we designed five molecules (Figure 1B) characterised by the identical
polar 3-methoxy-4-hydroxy-5-nitrophenyl ring and by a variable number (two or three)
of methyl groups in different positions in the lipophilic phenyl unit, with the aim of
increasing compound lipophilicity, permeability through the blood-brain barrier, binding
selectivity, and structural stabilisation. Nonpolar groups (e.g., methyl) are typically added
to a molecule to enhance lipophilicity [41]. LogP values determination for tolcapone and
its analogues confirms that lipophilicity is increasing (Table S1) as far as the number of
methyl groups increases from 3-OMT to compounds 1–3 and to 4 and 5 (one, two, and
three methyl groups, respectively).

2.2. In Silico Docking of 3-OMT Lipophilic Analogues

The interaction of TTR protein structure with the designed analogues was first val-
idated with in silico docking analysis of the five separate compounds (Figure 1B). The
3D structure of TTR tetramer is well-known and the amino acids exposed in the binding
pockets undergo only local rearrangements during binding process. Knowing the binding
pocket and the amino acids originally exposed to the interaction with 3-OMT [39], we used
in silico docking [42] to anticipate the binding mode of the ligand, as previously performed
for TTR [43–45]. This is a less computationally demanding alternative to Molecular Dy-
namics, used recently to evaluate the pose of ligands within this protein [18]. We verified
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that the simulation was able to reproduce the original ligand binding using the 3-OMT as
a testbed. The top-scoring structures of the five compounds were derived from a limited
search in the known protein halogen binding pockets [39,46]. The top-scoring binding
molecules were identified by fulfilling the criteria of lower ∆Gbinding and FullFitness (FF)
values (Table S1). Although all compounds showed higher hydrophobicity than tolcapone
and 3-OMT (Table S1), the favoured interactions were verified for analogues 1 and 2, which
showed higher affinity for the HBPs. The binding site for these two compounds is formed
by residues at the bottom of HBP3 and HBP2, involving Ser117, Leu110, Thr119, and Leu17
that interact with the hydrophobic ring of the compounds, whereas the hydrophilic ring
is stabilised by Lys15. The position of the binding pocket and the type of interactions
involved in the stabilisation of the compounds are consistent with those observed with
tolcapone [15] 3-OMT [39], flurbiprofen [46], and tafamidis [12]. The docking identified the
most favourable binding mode as “the forward one”, in agreement with prior findings on
lipophilic analogues of tolcapone [15]. Instead, analogues 3 and 4 showed lower affinity to
the HBPs in terms of binding energy and FF, whereas analogue 5 did not show any affinity
for the HBPs. We speculated that analogues 1 and 2 showed lower binding energy thanks
to the lower steric clashes when compared to the other compounds. Similarly, analogues
4 and 5 were likely to raise the binding energy by increasing the steric hindrance. The
docking poses of analogues 1 and 2 were later experimentally confirmed.

2.3. Synthesis of 1 and 2

Based on molecular docking results and LogP prediction, we synthesised compounds
1 and 2 (Figure 2). Following the approach of Soares-da-Silva et al. [47], we started from
benzyl protected vanillin 6 (Figure 2A), which was reacted with the Grignard reagent
prepared from 3,5-dimethylbromobenzene to obtain alcohol 7 after quenching with NH4Cl.
Oppenauer–Woodward oxidation on 7 was carried out to obtain ketone 8 using sodium
tert-butoxide as base and cyclohexanone as hydride acceptor in refluxing toluene. Ketone 8
was deprotected from the benzyl group by catalytic hydrogen transfer using ammonium
formate as hydrogen donor and Pd/C (10%) as catalyst to give 9. Nitration with 65% nitric
acid in glacial acetic acid was carried out to produce compound 1. No products of nitration
in other positions were observed.
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chloride, dry DMF, dry DCM, rt, 1 h; (vi) AlCl3, dry DCM, dry m-xylene, rt, 16 h.
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The synthesis of isomer 2 through the same pathway (Scheme S1) failed. During the
final nitration step, we isolated only 2,4-dinitro-6-methoxyphenol instead of the expected
mononitro-diphenyl-ketone. We attributed this outcome of the reaction to the different
position of the methyl groups in the analogue (13 in Scheme S1) of 9 that seems to allow an
ipso-nitration with the release of the stabilised 2,4-dimethyl-benzoyl cation (Scheme S1).
Therefore, an alternative strategy was applied (Figure 2B). Oxidation of vanillin to vanillic
acid and subsequent nitration in the same conditions used for 9 furnished 5-nitrovanillic
acid 10 [48]. This was transformed in the corresponding acyl chloride that was immediately
reacted, without isolation, with m-xylene to provide the target molecule 2.

2.4. Chromatographic Hydrophobicity Index (CHI)

Table 1 reports the CHI values for the tested compounds. At pH = 2 the molecules are
present in neutral form. All three compounds (3-OMT, 1 and 2) were found to be more
hydrophobic (CHI > 85) than tolcapone. Having one less methyl group, 3-OMT is slightly
more polar than the other two derivatives 1 and 2, as predicted by LogP. At physiological
and basic pH, the most abundant species for the three 3-methoxytolcapones are their
conjugated bases; they turn out to be rather hydrophilic, showing a CHI value around 50.
The three CHI values at different pH, taken together, define that the three molecules have a
rather acidic character following the K. Valko classification [49]. Tolcapone, on the other
hand, showed a more complex profile due to the presence of two hydroxyl groups. At
pH 7.4, the chromatographic peak extended over a large time interval and therefore the
CHI value was not determinable with this method. However, considering the condition
at acidic pH, where the molecules should be ideally neutral, the CHI values indicate that
the intrinsic hydrophobicity of the three derivatives (3-OMT, 1, and 2) is higher than that
of tolcapone.

Table 1. CHI values of the four tested compounds.

CHI
(pH 2.0)

CHI
(pH 7.4)

CHI
(pH 10.5)

tolcapone 78.2 n.d. 49.3

3-OMT 89.2 50.2 46.0

1 97.8 55.5 51.7

2 96.1 53.8 50.2

2.5. 3-OMT and Its Lipophilic Analogues Have Reduced In Vitro Neuronal- and Hepato-Toxicity
Compared to Tolcapone

It has already been reported [50,51] that tolcapone showed a cytotoxic activity in
neuronal-derived cell line SH-SY5Y, a widely used in vitro model to study neurotoxicity,
oxidative stress, and neurodegenerative diseases. SH-SY5Y cell viability was then deter-
mined by measuring ATP levels after 48 h of stimulation with tolcapone, 3-OMT, and its
lipophilic analogues 2 and 1 at different concentrations.

In our hands, tolcapone showed cytotoxic activity in an ATP viability assay in the
SH-SY5Y neuroblastoma human cell line with an EC50 of 29.8 µM; this in agreement with
previously reported data [50,51]. The new derivatives showed an increased EC50 with
respect to tolcapone, suggesting an improved and non-cytotoxic profile of the molecules as
calculated from dose-response curves reported in Figure 3. While tolcapone compromised
cell viability at low micromolar concentrations, all three 3-OMT-based derivatives demon-
strated 6-7-fold reduced toxicity in SH-SY5Y cells (EC50 values), as reported in Table 2,
indicating an increase in their safety profile. Considering that tolcapone has been described
as a hepatotoxicity inducer [35], a further study to characterise the potential effects of
the three 3-O-methyl derivatives in liver cells was conducted. In HepG2 cells, tolcapone
showed the same toxicity as tamoxifen, used as the positive control of the assay, and the
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three 3-OMT-based derivatives were less cytotoxic than tolcapone, ranging from 13- to
24-fold, with compound 1 showing the lowest hepatotoxicity (Figure 3 and Table 2).

Table 2. Toxicity in neuronal-derived SH-SY5Y and hepatic-derived HepG2 human cell lines of
tolcapone, 3-OMT, and its lipophilic analogues 1 and 2.

Compound SH-SY5Y
EC50 (µM)

HepG2
EC50 (µM)

tolcapone 29.8 ± 1.1 17.5 ± 2.4

3-OMT 226.3 ± 1.3 262.3 ± 20.7

1 172.1 ± 5 410 ± 33

2 174.4 ± 3.7 215.6 ± 2.2
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Figure 3. (A) Cytotoxicity in Neuroblastoma SH-SY5Y cell line (ATP Viability Assay). (B) Cytotoxicity
in Hepatocarcinoma HepG2 cell line (ATP Viability Assay). (C) Positive control (Tamoxifen) of the
HepG2 assay. The full dose response curves at the tested concentrations are shown as the average and
standard error for each concentration. Percentage of living cells were calculated, and four-parameter
nonlinear regression curve was generated using GraphPad Prism 5 (version 5.04) of GraphPad
Software Inc. (San Diego, CA, USA), to calculate EC50 values.

2.6. 3-OMT and Its Lipophilic Analogues Stabilise TTR in Human Plasma

The TTR stabilisation coupled with binding selectivity towards TTR of tolcapone,
3-OMT, and its analogues 1 and 2 was evaluated directly in human plasma. This is a more
complex environment when compared to in vitro assays conducted with purified TTR,
where binding selectivity is not evaluated due to the absence of the other plasma proteins
(i.e., albumins, globulins, etc.). Aliquots of diluted human plasma were supplemented with
different concentrations of tolcapone, 3-OMT, 1 and 2. Tafamidis was used as a reference
ligand. TTR stabilisation was estimated by measuring the monomer abundance after
sample incubation in slightly denaturing conditions (Figure 4). At the concentration of
10 µM, all the compounds showed a strong stabilising effect, and TTR monomer was about
10% of that present in the control sample containing dimethyl sulfoxide (DMSO). At the
concentration of 1 µM, larger differences among the compounds were observed. Tolcapone,
and especially 3-OMT, displayed a greater inhibitory capability (27% and 14% of TTR
monomer, respectively) compared to tafamidis (47% of TTR monomer). The additional
methyl group in position 2 of the phenyl ring of 2 increases the stabilising effect (7% of
TTR monomer). On the other hand, a different position of the two methyl groups, as for 1,
determines a stabilising effect comparable to that of 3-OMT (17% TTR monomer). Among
all the ones tested, ligand 2 appears to be the most promising TTR stabilising compound in
human plasma.
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Figure 4. Binding selectivity and structural stabilisation of human TTR in diluted plasma samples,
by tolcapone, 3-OMT, 1, and 2. Histograms represent the relative abundance of TTR monomer after
supplementation of tolcapone analogues at two different concentrations (1 µM, left and 10 µM, right),
in comparison to the negative control (DMSO). Data are expressed as mean (SD) of three independent
experiments, and a representative western blot result is shown below each graph. Data were analysed
by one-way ANOVA and symbols indicate statistical difference between treatments: p > 0.05 (ns),
p ≤ 0.05 (*). Only the most relevant comparisons are displayed. Values (%) at concentrations 1 µM
are: tafamidis, 47.8 ± 3.6; tolcapone, 28 ± 6.2; 3-OMT, 14.1 ± 1.8; 2, 7.5 ± 0.4; 1, 17.2 ± 2.1; DMSO,
100 ± 0. Values (%) at concentrations 10 µM are: tafamidis, 12.3 ± 3.2; tolcapone, 10.2 ± 3; 3-OMT,
9.4 ± 1.5; 2, 9.2 ± 1.5; 1, 9.5 ± 2.8; DMSO, 100 ± 0.

2.7. Binding Affinities and Thermodynamics of Interactions

The specificity and the thermodynamics of the interaction of tolcapone, 3-OMT,
tafamidis, 1, and 2 to TTR were directly analysed using isothermal titration calorimetry
(ITC). Briefly, 5 µM protein solution was titrated with 100 µM of each compound and the
titration profile is depicted in Figure 5A–E. The dissociation constant (Kd), the enthalpy,
and the stoichiometry of binding, obtained by fitting the enthalpy curve according to
a single-binding mode, are reported in Table 3. The stoichiometry of binding for the
tested compounds was close to 2:1 ligand:TTR tetramer. As expected for specific binding,
integration of the titration peaks produced a sigmoidal enthalpy curve for each interaction
(Figure 5A–E). The affinity and enthalpic binding contribution measured for tolcapone
were Kd = 26 nM and ∆H = −11.8 kcal mol−1. The presence of a methoxy group instead
of OH in position 3 of tolcapone to give 3-OMT results in a slight weakening of the
binding, with a Kd = 33 nM and ∆H = −8.9 kcal mol−1. The presence, with respect to
3-OMT, of an additional methyl group in ortho position of the lipophilic phenyl ring has a
positive effect for 2 on both the affinity and enthalpic binding values with Kd = 25.0 nM
and ∆H = −10.5 kcal mol−1. Finally, for 1, with the two methyl groups having a different
disposition compared to 2 on the phenyl ring, the affinity was lowered (Kd = 71 nM) while
the enthalpic binding contribution (∆H = −11.5 kcal mol−1) becomes more favourable.

Previous ITC studies used different models for interpolating ITC data. The calorimetric
data of the binary complexes of tafamidis with TTR were interpolated using a sequential
model [12,18], revealing a strong negative cooperativity between the two binding sites.
The result showed that the first binding site had an extremely low Kd

′ of 9.9 nM and a
∆H = −6.0 kcal mol−1, while the second binding site resulted in a loss of affinity with a
very high Kd

′′ of 260 nM and a ∆H = −6.5 kcal mol−1. In our hands, when fitting the
enthalpy curve according to a single-binding mode, we obtained a Kd of 128 nM and
∆H = −3.2 kcal mol−1.
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Table 3. Parameters for binding isotherms, fitted using a single-binding-site model (Microcal Origin
v.7 software). The integrated energy values were normalised for injected protein.

Ligand n Kd
(nM)

∆H
(kcal mol−1)

∆S
(kcal mol−1 T−1)

tafamidis 2.4 ± 0.1 128 ± 63 −3.2 ± 0.3 20.9 ± 2.1

tolcapone 2.0 ± 0.1 26 ± 4 −11.8 ± 0.5 −4.8 ± 1.9

3-OMT 1.9 ± 0.2 33 ± 9 −8.9 ± 0.3 4.6 ± 0.5

1 1.8 ± 0.1 71 ± 26 −11.5 ± 1.3 −2.9 ± 0.9

2 2.1 ± 0.3 25 ± 5 −10.5 ± 0.2 −0.4 ± 0.1
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Figure 5. Raw ITC binding data of the selected inhibitors to TTR. Analysis by ITC measurements was
performed by titrating 3 or 5 µM TTR protein solution with (A) tolcapone, (B) 2, (C) 3-OMT, (D) 1, or
(E) tafamidis, in 1× buffer 25 mM Hepes pH 7.4, 100 mM KCl, 1 mM EDTA and 5% DMSO.

Another study of the binary complexes of tolcapone [15] with TTR using a sequential
model showed a weak negative cooperativity between the two binding sites, with a very
low first Kd

′ of 21 nM and ∆H = −9.7 kcal mol−1, and a second higher Kd
′′ of 58 nM and

∆H = −9.7 kcal mol−1. For AG10, calorimetric data were plotted and fitted using the stan-



Int. J. Mol. Sci. 2024, 25, 479 10 of 24

dard single-site binding model resulting in Kd = 4.8 nM with ∆H = −13.6 kcal mol−1 [52].
Recent ITC studies on halogenated derivatives of tolcapone that interpolated the data with
the standard single-site binding model showed no cooperativity with a Kd of 6.2 nM and
∆H = −16.6 kcal mol−1 [18].

Through analysis of the thermodynamic signature using ITC, it has been proposed
that selectivity is more closely correlated with the enthalpic component of the interaction
than with the Kd [52,53]. According to our findings, compound 2 exhibits the same affinity
and comparable enthalpic binding values as tolcapone (Table 3), confirming the selectivity
towards TTR, as shown in the immunoblotting experiments (Figure 4). Finally, tolcapone,
3-OMT, 1, and 2 do not show cooperativity, so they bind to both TTR T4-binding sites
significantly better on average than tafamidis (Table 3), as already observed in the case of
other tolcapone analogues [18].

2.8. Binding Interactions between 1 and WT Human TTR

The crystal structure of the TTR/1 complex, determined at 1.19 Å resolution, reveals
the so-called “forward binding mode” (Figure 6), characterised by the position of the
polar moiety of the 3-methoxy-4-hydroxy-5-nitrophenyl ring in the outermost part of the
binding cavity (Figure 6), as already reported for the TTR-tolcapone complex [15] and
for the 3-OMT complex [39]. The root-mean-square deviation (rmsd) of the Cα atoms
between equivalent residues (116 in total) in the monomer of the TTR/1 complex and
in the tolcapone and 3-OMT complexes is 0.319 Å and 0.175 Å, respectively. The two
binding cavities were refined equally occupied (0.50/0.50) and the electron densities for
both ligands define the position of the 3-methoxy-4-hydroxy-5-nitrophenyl ring and the
innermost apolar 3,5-dimethyl-phenyl ring. The 3,5-dimethyl-phenyl ring of 1 is deeply
embedded in the inner hydrophobic binding sites HBP3, sandwiched between Leu110
and the γ-methyl group of Thr119′ side chain on one side and Leu110′ and the γ-methyl
group of Thr119 side chain on the other side (Figure 6), with the 3,5-dimethyl groups
pointing towards Ser117/Ser117′. The central carbonyl group of 1 is oriented towards the
γ-hydroxyl group (3.4 Å) of Thr119′ in the HBP2′. Similar to the TTR-tolcapone complex,
the 3-methoxy-4-hydroxy-5-nitrophenyl ring remains in HBP1, held in place by hydrophilic
interactions with Lys15/Lys15′ and Thr119. The 3-methoxy group is 3.17 Å from the γ-
amino group of Lys15 and 2.90 Å from the γ-amino group of Lys15′. The 4-hydroxy moiety
is 2.75 Å from the γ-amino group of Lys15′. The 5-nitrophenyl group is tethered by the
γ-hydroxyl group of Thr119. The positive charges of Lys15/Lys15′ are counterbalanced by
carboxylic groups of Glu54/Glu54′ (3.01 Å).

2.9. Binding Interactions between 2 and WT Human TTR

The crystal structure of the TTR/2 complex, determined at 1.10 Å resolution, confirms,
similar to 1, the “forward binding mode” (Figure 6). The Cα rmsd between equivalent
atoms (116 residues) in the monomer of TTR/2 complex and in the tolcapone and 3-OMT
complexes is 0.75 Å and 0.71 Å, respectively. The 2-fold axis running through the binding
pocket generates two symmetrical binding modes of the ligand, which are rotated by
180 degrees in relation to one another. The Fo–Fc electron density map at 3 σ level clearly
defines both the 3-methoxy-4-hydroxy-5-nitrophenyl ring and the innermost apolar 2,4-
dimethyl-phenyl ring, and the two binding cavities are equally occupied (0.50/0.50). The
2,4-dimethyl-phenyl ring of 2 is positioned deeply in the inner hydrophobic binding sites
HBP3, sitting between Leu110 and the γ-methyl group of Thr119′ side chain on one side
and Leu110′ and the γ-methyl group of Thr119 side chain on the other side (Figure 6), with
the 4-methyl group of the 2,4-dimethyl groups pointing towards Ser117/Ser117′ and the
2-methyl group of the 2,4-dimethyl groups pointing towards Ala108′-Ala109′. The central
carbonyl group of 2 is pointing towards the γ-methyl group of Thr119′ and the β-methyl
group of Ala108′ in the HBP2′. The 3-methoxy-4-hydroxy-5-nitrophenyl ring remains in
HBP1 and is held in place by hydrophilic interactions with Lys15/Lys15′. The oxygen
of the 3-methoxy group is at 3.17 Å distance from the γ-amino group of Lys15 and the
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methyl group is pointing toward the γ-methyl group of Ala121′ and the γ-methyl group of
Ala106′. The 4-hydroxy moiety is at 2.77 Å from the γ-amino group of Lys15′ and at 2.9 Å
from the γ-amino group of Lys15. The 5-nitrophenyl group is tethered by the γ-amino
group of Lys15′ at 3.0 Å away. The positive charges of Lys15/Lys15′ are counterbalanced
by carboxylic groups of Glu54/Glu54′ at 2.87 Å.
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Figure 6. TTR−ligand interactions in the crystal structures of the 1 (PDB ID: 8C85) and 2 (PDB ID:
8C86) TTR complexes. (Left) OMIT (Fo–Fc) Fourier difference electron density maps (blue), contoured
at 3σ level, of tolcapone analogues (top: 1; bottom: 2) bound in the two cavities of the TTR tetramer
formed by monomers A and B, and symmetry related A’ and B’. (Right) Detailed views of the two
symmetry-related binding modes of each ligand (dark green) within the T4 binding cavity, interacting
through residues present in HBP1/HBP1′ (Lys15, Glu54, and Thr106), HBP2/HBP2′ (Leu110, Leu17,
Lys15), and HBP3/HBP3′ (Ser117, Leu110, Ala108, and Thr119). Interacting residues and ligands
are represented as sticks. Symmetry related image of the ligands is represented as fine bonds. The
carbon, nitrogen and oxygen are light blue (green for the ligands), blue and red, respectively. Waters
are represented as red spheres. H-bonds are shown as dotted lines with distances indicated in Å.



Int. J. Mol. Sci. 2024, 25, 479 12 of 24

Overall, the pose of 2 is distinguished from the pose of 1 in respect to the orientation
and position of the dimethyl-benzene ring, which, for the former, binds somewhat deeper
into the HBP3/HBP3′ pockets (Figure 7A) and mimics the pose of tolcapone and 3-OMT
(Figure 7B).
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with: (A) compound 1 (light blue); (B) 3-OMT (green) and tolcapone (red).

2.10. In Vitro Intestinal and Blood-Brain Barrier Permeability, and Solubility

The cellular-based Caco-2 assay is a mature method to mimic and investigate human
intestinal permeability and drug efflux. The rate of molecules transported across the Caco-
2 cell was assessed in both directions, apical to basolateral (A→B) and basolateral to
apical (B→A). All four tested compounds showed good permeability and no efflux active
transport (Table 4). Tolcapone showed the lowest permeability compared to the other
three compounds, with the apparent permeability Papp value (A→B) of 101 nm/s. 3-OMT
showed better permeability with a Papp value (A→B) of 160 nm/s; 1 and 2 displayed a
2.5-fold increase of permeability Papp value (A→B) compared to tolcapone, with a Papp
value (A→B) of 240 nm/s and 250 nm/s, respectively. The addition of a second methyl
group to 3-OMT did not significantly affect the solubility of the compound (Table 5), which
stayed above 500 µM.

The molecule ability to permeate the BBB and evade the efflux machinery, which are
arranged at the apical surface of endothelial cells to shield the brain from xenobiotics, is
essential for drug disposition within the CNS. The parallel artificial membrane permeability
assay (PAMPA) using porcine brain lipid extracts was used to simulate BBB permeation
(PAMPA-BBB). PAMPA relies on the principle of transcellular passive diffusion, which is
the main mechanism for exogenous brain uptake of small molecules [54] The results of the
reference compounds were in perfect agreement with the expected values. All four tested
compounds showed the ability to passively cross the blood-brain barrier (Table 5). 3-OMT,
1, and 2 showed permeation (Pe) values that are close to the highest value obtainable with
this in vitro model (~20 × 10−6 cm/s). 3-OMT, 1, and 2 showed values of permeability
2.5 times higher when compared to the permeability values measured here (Table 5) for
tolcapone and those already reported [55,56]. All four compounds were highly soluble
(>500 µM) in PBS at physiological pH (Table 5). While Pampa-BBB indicates excellent pas-
sive permeability, the Caco-2 experiment allowed us to exclude that active efflux transport
may be involved in the decrease of BBB passage. Taking these in vitro results and the CHI
data together (Table 1), we could predict optimal CNS permeability.
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Table 4. Caco-2 Intestinal Permeability. Expected values are reported in brackets.

Compound Direction/±Inhibitor Papp (nm/s)
[Expected Values] Recovery % Efflux Ratio

(Reduction %)

Atenolol † A→B <10 [<10] 86 ± 1

Metoprolol † A→B >400 [>400] 105 ± 5

Digoxin †
(P-gp substrate)

A→B 2 ± 1 [2] 67 ± 5

B→A 141 ± 26 [139] 71 ± 6 >10

A→B + EL * 2 µM 35 ± 5 [26] 72 ± 1

B→A + EL * 2 µM 83 ± 31 [63] 75 ± 3 2.3 (96%)

tolcapone A→B 101 ± 12 53 ± 1
2

B→A 206 ± 58 70 ± 4

3-OMT
A→B 160 ± 29 66 ± 4

1.5
B→A 243 ± 30 83 ± 8

1
A→B 240 ± 21 64 ± 4

1
B→A 231 ± 23 77 ± 2

2
A→B 250 ± 3 69 ± 8

1
B→A 268 ± 25 80 ± 9

† Reference compounds, * EL: Elacridar.

Table 5. Determined solubility (Kinetic) and Blood-Brain Barrier Permeability (PAMPA-BBB) values
for control molecules (verapamil, caffeine, and theophylline) and tested compounds (tolcapone,
3-OMT, 1, and 2). Expected values are reported in brackets.

Compound
BBB-Pe

(10−6 cm/s)
[Expected Values]

1-Rm CNS Class
[Expected Values] Solubility (µM)

Verapamil † 12.0 (±2.4) [>10] 0.8 CNS+ [CNS+] >500

Caffeine † 1.9 (±0.1) [1.3] 0.9 CNS− [CNS−] >500

Theophylline † 0.2 (±0.1) [0.12] 1.0 CNS− [CNS−] >500

tolcapone 5.6 (±1.2) 0.9 CNS+ >500

3-OMT 14.4 (±0.2) 0.9 CNS+ >500

1 15.3 (±2.0) 0.9 CNS+ >500

2 13.5 (±3.9) 1.0 CNS+ >500

† Reference compounds.

2.11. Overall Performance of 3-OMT and Its Lipophilic Analogues in Stabilising Human
Transthyretin

The selectivity of TTR-stabilising ligands in human plasma can be correlated with
enthalpic forces, whereby ligands with larger negative ∆H have a proportionally higher
selectivity compared to ligands with a lower influence of ∆H [53]. The values of the
relative abundance of TTR monomer after supplementation of ligands in plasma (Figure 4)
correlates with the binding enthalpy contributions; to lower values of former for 3-OMT, 1,
2, and tolcapone correspond larger negative values of the latter when compared to tafamidis
(Table 3). Taken together, the values of relative abundance of TTR monomer as measured
in plasma (Figure 4) and the larger negative ∆H (Table 3) support the stabilization of TTR
by 3-OMT, 1, and 2.

3-OMT efficiently and selectively stabilised the TTR tetramer at the dimer-dimer
interface to an extent equivalent to that of tolcapone because of the similar interactions of
the two ligands with TTR (Figure 7B) [39]. The data presented here show that structural
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stabilisation of human TTR in diluted human plasma samples supplemented with 3-
OMT are better than with tolcapone (Figure 4). 3-OMT shows a slight weakening of the
binding (Table 3), with a Kd of 33 nM and ∆H = −8.9 kcal mol−1, whereas the affinity
and enthalpic binding measured values for tolcapone were higher (Kd = 26 nM and
∆H = −11.8 kcal mol−1).

The presence of an additional methyl group on the lipophilic phenyl ring with respect
to 3-OMT results, for compounds 1 and 2, in lower relative abundance of TTR monomer
(Figure 4) and different binding strength to TTR (Table 3). In diluted human plasma samples,
1 shows structural stabilisation of human TTR that are inferior to 3-OMT (Figure 4), with a
higher Kd of 71 nM compared to 33 nM for 3-OMT (Table 3). On the other hand, 2 shows
higher structural stabilisation of human TTR than 3-OMT and 1 (Figure 4). The binding
strength of 2 (Table 3) is comparable to that of tolcapone with a Kd of 26 nM.

The experimentally determined poses of 1 and 2 are in agreement with the results
of the starting docking studies. Both TTR complexes with compounds 1 and 2 display
short Ser117/Ser117′ distances, with 2 being shorter than 1, bridging the symmetry-related
monomers by positioning the two methyl groups of 1 and 2 in the hydrophobic pockets
HBP3/HBP3′ (Figure 6), thus stabilising the complex with hydrophobic interactions. In
this study, the X-ray structure of TTR bound to 2 reveals distances of 4.5 Å between chain
A/A′ and 5.0 Å between chain B/B′. Similarly, the TTR/1 complex indicates the distances
of 4.9 Å between chain A/A′ and 5.0 Å between chain B/B′. The shorter distance between
the γ-OH of Ser117 and Ser117′, which are the opposite residues at the interface, may
indicate the structure stability. In comparison, in the crystal structure of WT-TTR bound
to tolcapone (PDB ID: 4D7B) [15], the distance between chain A/A′ is 5.2–5.6 Å and chain
B/B′ is 5.1–5.8 Å. A greater distance was observed from WT-TTR bound to 3-OMT structure
(PDB ID: 6SUH) [39] with the value of 5.4–5.9 Å and 5.7–5.8 Å between chain A/A′ and
B/B′, respectively.

When placing the relative abundance of TTR monomer after supplementation of
tolcapone analogues at two different concentrations values (Figure 4) in increasing order,
we obtain the sequence 2 > 1 ≈ 3-OMT > tolcapone, which correlates well with the values
of the γ-OH of Ser117/Ser117′ distances observed. Ser117/Ser117′ distances for 2, shorter
when compared to 1, could be attributed to the fact that the TTR/2 complex structure
presents hydrogen bonds mediated by water molecules at both ligand sites, while the
TTR/1 complex structure has hydrogen bonds mediated by water molecules at just one
ligand site (Figure 6). A shorter value of the γ-OH of Ser117/Ser117′ distance might also
be correlated to a possible decreased freedom of motion and the release of bound waters,
which are sought-aftereffects in the case of TTR-tetramer stabilisation [57]. It has been
previously observed in the crystal structure of the stabilising T119M−TTR variant (PDB
ID: 1FHN) [58] to have rather short distances of 4.6 Å and 5.0 Å between the γ-OH of
Ser117/Ser117′ chain A and chain B, respectively [58] Even shorter values of 4.5 Å and
4.8 Å have been measured in the structure of WT-TTR bound to AG10 (PDB ID: 4HIQ) [13],
attributed to the TTR tetramer stabilising properties of AG10 [52].

Analysis of the metabolism and excretion [37] clarified that tolcapone is almost com-
pletely metabolised before being excreted in urine and faeces, where it is found as 3-O-β-D-
glucuronide as the most abundant metabolite. After 12 h from administration, the major
metabolite of tolcapone found in plasma is 3-OMT. The half-life reported for 3-OMT was
40.9 h, compared to 3.3 h for tolcapone, due to the lack of the glucuronidation susceptible
3-hydroxy group in the nitro-phenyl ring [37]. Moreover, the hepatotoxicity of tolcapone
has been linked to the enzyme responsible for glucuronidation, UDP-glucuronosyl trans-
ferase [38], bridging the fast excretion of tolcapone to its toxicity. Our in vitro results show
that 3-OMT and its two derivatives 1 and 2 are less toxic than tolcapone, ranging from 13-
to 24-fold (Table 2). The substitution of the OH group in position 3 of tolcapone with a
methoxy group to create 3-OMT not only prolongs the half-life [37] and reduces toxicity
(Table 2), but also increases three-fold the intestinal and the blood-brain barrier permeability
(Tables 4 and 5), albeit while worsening the affinity. The effect of adding an extra methyl
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to 3-OMT in the non-phenolic ring worsens the affinity in derivative 1 even further and
restores in derivative 2 the high affinity observed for tolcapone, accompanied by higher
permeability and selectivity than 3-OMT, hence of tolcapone (Table 4). The enhanced ability
to penetrate the blood-brain barrier represents a major key point in developing a treatment
for CNS TTR amyloidosis, such as familial leptomeningeal amyloidosis [59,60], as demon-
strated by the studies attempting to increase the penetration both in the brain and in the
periphery of tafamidis [61] and tolcapone itself [18].

3. Conclusions

Aided by preliminary docking analysis, using the scaffold of 3-OMT as model,
we chemically synthetised two compounds, 1 and 2, having two methyl groups on the
phenyl ring. The increased lipophilicity of 3-OMT and its analogues resulted in an im-
proved in vitro permeability through the blood-brain barrier, in vitro intestinal permeability,
in vitro neuronal and hepatic safety, binding selectivity, and structural stabilisation with
respect to tolcapone. 3-OMT, 1, and 2 all have a methoxy group in position 3 of the nitro
phenyl ring that protects the molecule against the glucuronidation reaction occurring in
the hepatic metabolic pathway, resulting in a lower toxicity than tolcapone. 3-OMT, 1, and
2 all show also a better oral bioavailability and plasma exposure, considering the improved
in vitro intestinal permeability, with respect to the parent compound tolcapone. They
have better TTR binding selectivity and a three-fold increase in blood-brain permeability
compared to tolcapone.

Comparing the in vitro and in plasma properties of compound 2 to those of 3-OMT, 1,
and the parent compound tolcapone, we can conclude that compound 2 has an overall better
profile with higher TTR stabilization properties towards TTR, blood-brain permeability,
optimal intestinal permeability with no efflux active transport, and an improved neuronal
and hepatic safety. For these reasons, compound 2 could be selected as a potential lead
drug candidate and progressed in a drug development program in the treatment for
TTR amyloidosis, and prospectively for targeting CNS TTR amyloidosis like familial
leptomeningeal and oculo-leptomeningeal amyloidosis.

4. Experimental Section
4.1. In Silico Structural and Docking Studies

To screen the affinity of the lipophilic analogues of 3-OMT, we performed an au-
tomated molecular-binding recognition using the web-based docking server SwissDock
“http://www.swissdock.ch/ (last access on 2 October 2020)”. The server is based on the
docking algorithm EADock DSS [62,63] and clusters the most favourable binding modes
according to their binding energy, using the algorithm FACT [64] We ran the pipeline three
times in “accurate” and “blind” mode on each of the lipophilic candidates. As a control,
we repeated the same docking on 3-OMT, and verified the similarity of the binding mode
with the deposited crystallographic structure (PDB ID: 6SUH) [39]. Docking runs were
performed starting from the crystallographic structure of the TTR/3-OMT (PDB ID: 6SUH)
deprived of the ligands [39]. Before the docking, the PBD files were modified to remove the
solvent and the ligand, and to add the hydrogens. The position of the amino acids in the
structure was randomized before running the simulation. To evaluate the hydrophobicity
of each ligand, LogP values for tolcapone and its derivatives were computed by using
Spartan Suite (Wavefunction, Inc. Spartan’16 (Irvine, CA, USA), Wavefunction, Inc.) and
reported in Table S1.

4.2. Chemistry: General

All moisture sensitive reactions were carried out under nitrogen or argon atmosphere,
using previously degassed solvents. Solvents and reagents obtained from commercial
sources were used without further purification. Analytical TLC were performed using
prepared plates of silica gel (Merck 60 F 254 on aluminum, Rahway, NJ, USA) and then
revealed with UV lights. Merck silica gel 60 was used for flash chromatography (40–63 µm).

http://www.swissdock.ch/
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1H-NMR and 13C-NMR spectra were recorded on a Bruker AV400 spectrometer (400 and
100 MHz as resonance frequency for 1H and 13C, respectively) and partially deuterated
solvents were used as internal standards (δ values in ppm). All 13C-NMR spectra were
performed with proton decoupling. Electrospray ionization (ESI) mass analyses were per-
formed with a Waters single-quadrupole spectrometer and a LTQ Orbitrap XL spectrometer
in positive mode using MeOH as solvent. Melting points were determined on a Gallenkamp
apparatus in closed capillaries.

4.3. (4-(Benzyloxy)-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanol (7)

In a flame-dried three-necked round-bottomed flask, magnesium turnings (0.30 g,
12.52 mmol) were suspended in dry THF (3 mL) under argon atmosphere. Using a dropping
funnel, a solution of 1-bromo-3,5-dimethylbenzene (2.31 g, 12.52 mmol) in dry THF (2.3 mL)
was slowly added in 1 h. Then, a solution of 4-benzyloxy-3-methoxybenzaldehyde [47]
6 (2 g, 8.26 mmol) in dry THF (1.7 mL) was slowly added dropwise after 30 min into
the reaction mixture under stirring. The reaction progress was monitored by TLC (eluent:
hexane/ethyl acetate 7/3). After 1 h, the reaction was quenched by addition of saturated
NH4Cl aqueous solution (5 mL) and extracted with Et2O (3 × 10 mL). The organic phase
was washed with NaCl saturated solution (3 × 10 mL), dried with anhydrous Na2SO4, and
evaporated at reduced pressure. The residue was crystallised from Et2O/petroleum ether
to afford the product as white solid (1.97 g, 69%) of m.p. 94–95 ◦C. 1H NMR (DMSO-d6,
400 MHz): δ 7.48–7.26 (m, 5H, ArH); 7.01–6.89 (m, 4H, ArH); 6.87–6.72 (m, 2H, ArH); 5.68
(d, J = 3.9 Hz, 1H, OH); 5.53 (d, J = 3.9 Hz, 1H, CH); 5.03 (s, 1H, CH2); 3.74 (s, 3H, OCH3);
2.23 (s, 6H, CH3). 13C NMR (DMSO-d6, 100 MHz): δ 149.3 (Ar), 147.0 (Ar), 146.2 (Ar), 139.4
(Ar), 137.8 (Ar), 137.3 (Ar), 128.8 (Ar), 128.4 (Ar), 128.2 (Ar), 128.2 (Ar), 124.4 (Ar), 118.8
(Ar), 113.8 (Ar), 110.9 (Ar), 74.49 (CH), 70.4 (CH2), 56.0 (OCH3), 21.5 (CH3). MS (ESI, m/z):
371.14 ([M + Na]+).

4.4. (4-(Benzyloxy)-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanone (8)

t-BuONa (0.451 g, 3.61 mmol) and cyclohexanone (1.47 mL, 14.35 mmol) were added
to a solution of 7 (1 g, 2.87 mmol) in toluene (4 mL). The mixture was stirred at reflux for
16 h. The reaction progress was monitored by TLC (eluent: hexane/ethyl acetate 7/3).
The solution was cooled at 50 ◦C and then water (4 mL) was added. The organic phase
was separated and the aqueous one was extracted with ethyl acetate (3 × 5 mL). The
combined organic phases were washed with water (20 mL) and brine (20 mL) and, then,
evaporated at reduced pressure obtaining an oily residue, which was crystallised with
ethanol 96% to afford 3 as white powder (0.74 g, 75%) of m.p. 110.2–112.3 ◦C. 1H NMR
(DMSO-d6, 400 MHz): δ 7.53–7.31 (m, 6H, ArH); 7.32–7.24 (m, 4H, ArH); 7.20 (d, J = 8.3 Hz,
1H, BnOCCH); 5.20 (s, 2H, CH2); 3.83 (s, 3H, OCH3); 2.35 (s, 6H, CH3). 13C NMR DMSO-d6,
100 MHz): δ 195.2 (C=O), 152.3 (Ar), 149.3 (Ar), 138.4 (Ar), 138.1 (Ar), 136.9 (Ar), 133.9
(Ar), 130.2 (Ar), 129.0 (Ar), 128.6 (Ar), 128.5 (Ar), 127.4 (Ar), 125.2 (Ar), 112.5 (Ar), 112.5
(BnOCCH), 70.4 (CH2), 56.0 (OCH3), 21.3 (CH3). MS (ESI, m/z): 347.12 ([M + H]+), 369.10
([M + Na]+).

4.5. (4-Hydroxy-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanone (9)

To a solution in methanol (4.3 mL) of 8 (0.5 g, 1.44 mmol) and ammonium formate
(0.36 g, 5.77 mmol), Pd/C 10% (catalytic amount) suspended in methanol (1.7 mL) was
added. The reaction progress was monitored by TLC (eluent: hexane/ethyl acetate 7/3).
The resulting mixture was stirred at reflux for 1 h. Subsequently, it was cooled in an
ice/water bath and water (2 mL) and HCl 2M (0.4 mL) were slowly added up to slightly
acidic pH. After addition of DCM (6 mL), the mixture was filtered through a celite pad. The
organic phase was separated and the aqueous one was extracted with DCM (3 × 6 mL). The
combined organic phases were washed with water (20 mL) and brine (20 mL) and dried
with anhydrous Na2SO4. Solvent was evaporated under reduced pressure and product
was obtained by crystallisation from DCM/petroleum ether as yellow crystals (0.30 g, 81%)
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of m.p. 130–131 ◦C. 1H NMR (CDCl3, 400 MHz): δ 7.53 (d, J = 1.9 Hz, 1H, Ha); 7.39–7.33
(m, 3H, Hd, Hc); 7.22 (br s, 1H, He); 6.97 (d, J = 8.2 Hz, 1H, Hb); 6.08 (s, 1H, OH); 3.99 (s,
3H, OCH3); 2.40 (s, 6H, CH3). 13C NMR (CDCl3, 100 MHz): δ 196.0 (C=O), 150.0 (Ar), 146.6
(Ar), 138.4 (Ar), 137.8 (Ar), 133.5 (C-He), 130.2 (Ar), 127.5 (Ar), 126.2 (C-Hc), 113.4 (C-Hb),
111.7 (C-Ha), 56.2 (OCH3), 21.3 (CH3) MS (ESI, m/z): 257.10 ([M + H]+), 279.07 ([M + Na]+).

4.6. (4-Hydroxy-3-methoxy-5-nitrophenyl)-1-(3,5-dimethylphenyl)methanone (1)

A mixture of glacial acetic acid (0.195 mL) and 65% nitric acid (0.140 mL) was slowly
added to a suspension of 9 (0.25 g, 0.97 mmol) in glacial acetic acid (1.95 mL). The reaction
was stirred at room temperature. The reaction progress was monitored by TLC (eluent:
hexane/ethyl acetate 3/2). After 30 min, an ice/water mixture was added. The precipitate
was filtered and crystallised by EtOH 96% to obtain yellow needle-shape crystal (0.087 g,
30%) of m.p. 144–145 ◦C. 1H NMR (DMSO-d6, 400 MHz): δ 7.75 (d, J = 2.0 Hz, 1H, Ha);
7.57 (d, J = 2.0 Hz, 1H, Hb); 7.35 (brs, 2H, Hc); 7.32 (brs, 1H, Hd); 3.95 (s, 3H, OCH3); 2.36 (s,
6H, CH3). 13C NMR (DMSO-d6, 100 MHz): δ (ppm) = 193.8 (C=O), 150.1 (Ar), 147.3 (Ar),
138.4 (Ar), 137.4 (Ar), 136.7 (Ar), 134.4 (Ar), 127.5 (Ar), 127.1 (Ar), 120.1 (Ar), 115.5 (Ar),
57.2 (OCH3), 21.2 (CH3). HRMS (ESI) calcd for C16H15NO5Na [M + Na]+ 324.0842, found
324.0840. HPLC (λ270) purity 98.07%, tR 18.084.

4.7. (4-Hydroxy-3-methoxy-5-nitrophenyl)-1-(2,4-dimethylphenyl)methanone (2)

To a solution of 5-nitrovanillic acid [65] (0.20 g, 0.93 mmol) in DCM (3 mL) prepared in
a freshly flame-dried two-necked round bottom flask, oxalyl chloride (0.16 mL, 1.86 mmol)
was added, followed by a few drops of DMF. The reaction was stirred at room temperature
and its progress monitored by TLC (eluent: hexane/ethyl acetate 1/1). After 1 h, verified
the reaction completion, the solvent, and all traces of oxalyl chloride were removed under
vacuum. The residue was dissolved in a mixture of dry DCM (4 mL) and m-xylene (4 mL).
The solution was cooled in an ice/water bath and AlCl3 (0.16 g, 1.20 mmol) was added. The
resulting suspension was kept stirred for 16 h at rt. The reaction progress was monitored
by TLC (eluent: hexane/ethyl acetate 1/1). The reaction was quenched by evaporation at
reduced pressure of the volatiles. The residue was dissolved in DCM (5 mL), washed with
HCl 1M (3 × 5 mL) and water (2 × 5 mL) and basified with 30% ammonia solution (pH
9). The precipitate was filtered and suspended in HCl 1 M (10 mL). DCM (10 mL) was
added to dissolve the solid and the organic phase was separated, dried over anhydrous
Na2SO4 and evaporated under reduced pressure to obtain the product as yellow powder
(0.201 g, 57%) of m.p. 126–127 ◦C. 1H NMR (CD3OD) δ 7.81 (d, J = 1.9 Hz, 1H, Ha), 7.72 (d,
J = 1.9 Hz, 1H, Hb), 7.25 (d, J = 7.8 Hz, 1H, Hc), 7.21 (br s, 1H, He), 7.15 (d, J = 7.3, 1H, Hd),
4.00 (s, 3H, OCH3), 2.42 (s, 3H, CH3), 2.31 (s, 3H, CH3). 13C NMR (CD3OD) δ 196.0 (C=O),
150.2 (Ar), 141.1 (Ar), 136.8 (Ar), 135.2 (Ar), 134.7 (Ar), 131.6 (Ar), 128.4 (Ar), 128.1 (Ar),
125.7 (Ar), 120.1 (Ar), 114.5 (Ar), 57.0 (OCH3), 21.8 (CH3), 19.1 (CH3). HRMS (ESI) calcd for
C16H15NO5Na [M + Na]+ 324.0842, found 324.0845. HPLC (λ270) purity 95.58%, tR 17.685.

4.8. Key Compounds Purity

Tolcapone and 3-O-methyltolcapone, both purchased, had a minimum purity of 97.0
and 98.0%, respectively, as indicated by the vendor; 1 and 2 had a purity of 98.0 and 95.6%,
respectively, as determined by HPLC (see Supplementary Materials).

4.9. Chromatographic Hydrophobicity Index (CHI)

The assay is a chromatographic fast gradient reversed-phase method which allows
to characterize the lipophilicity of compounds in high throughput screening regime at
three different pH values (2.0; 7.4; 10.5). The so defined CHI is obtained from the gradient
(buffer/Acetonitrile) retention time after calibrating the chromatographic system with a
test mixture of ten known standard compounds. For most compounds, CHI is between 0
and 100 and it approximates the percentage (by volume) of acetonitrile required to achieve
an equal distribution of compound between the mobile and the lipophilic stationary phase
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of a C18 chromatographic column. Compounds that are not retained on the column are
assigned to a CHI value < 0, which means very low lipophilicity. For highly lipophilic
compounds, which are strongly retained by the column, a CHI value of >100 is assigned.
For any value in between, the actual CHI value is calculated based on the calibration line of
the reference compounds [49].

4.10. Protein Expression and Purification

The pET11-b vector containing the human TTR wild type was transformed into
E. coli BL21 cells and grown in simplified LB autoinduction medium supplemented with
100 µg/mL ampicillin at 37 ◦C. At an absorbance value of 600 nm around 0.3, the tem-
perature was shifted to 30 ◦C. Cells were grown overnight (16–18 h) and harvested by
refrigerated centrifugation for 20 min at 5000 g.

Cell pellets were resuspended in lysis buffer (50 mM sodium phosphate, 300 mM
NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.1% β-mercaptoethanol pH 8) and
lysed by sonication with a total sonication energy input of about 8315 J per 15 mL cell
suspension volume and a short sonication-cooling cycle (10 s–10 s). Cell debris was removed
by refrigerated centrifugation at 12,000× g for 20 min at 4 ◦C. Ammonium sulphate powder
was added to the supernatant to reach 55% saturation at 0 ◦C and incubated for 2 h on
ice before subjected to another cycle of centrifugation to separate the precipitation. The
supernatant was filtered and applied to a RESOURCE™ PHE (phenyl) 1 mL column (Cytiva,
Marlborough, MA, USA) previously equilibrated with 50 mM Tris, 1.5 M ammonium
sulphate pH 7.5. Proteins were eluted with a linear gradient of ammonium sulphate to 0 M.
The selected fractions were diluted or dialyzed against 50 mM Tris pH 7.5 and loaded onto
an anion exchange column, RESOURCE™ Q 1 mL (Cytiva). Proteins were eluted with a
linear NaCl gradient from 0 M to 0.5 M. The protein fractions were concentrated and finally
subjected to Superdex 75 10/300 size exclusion chromatography column (GE Healthcare)
equilibrated with 50 mM Tris, 100 mM NaCl pH 7.5. TTR tetramer is approximately 55 kDa
with extinction coefficient of 77,600 M−1 cm−1. Protein was calculated as a tetramer in all
experiments unless specified otherwise.

4.11. Solubility (Kinetic) and Blood Brain Barrier Permeability (PAMPA-BBB)

The assay combines solubility and a non-cell-based Blood Brain Barrier permeability
assay (Parallel Artificial Membrane Permeation Assay; PAMPA-BBB) into a single workflow
in which a portion of the filtrate from the Solubility filter plate is added to the donor
compartment of the MultiScreen filter plate for the PAMPA-BBB analysis. The aqueous
solubility was estimated in duplicate at pH 7.4 in Phosphate Buffered Saline (PBS) by mixing,
incubating, and filtering a solution (1% DMSO) in a solubility filter plate (polycarbonate
filter). Solutions were filtered into a 96-well collection plate using vacuum filtration and
then analysed by UV/Vis spectroscopy. The relative solubility was then calculated using
the sum of the recorded values as compared to a standard calibration curve. The solubility
classification ranges low (S < 10 µM), moderate (10 < S < 100 µM) and high (S > 100 µM).
PAMPA-BBB determination was carried out in a 96-well MultiScreen Permeability plate and
the ability of a compound to diffuse from a Donor to an Acceptor compartment separated
by a Porcine Brain Lipid Extract (PBLE) dissolved in dodecane (20 mg/mL) layer on a
PVDF membrane support was measured. The assay was performed in duplicate in PBS at
pH 7.4 and the analysis is carried out by UV/Vis spectroscopy.

The compounds are classified into 2 types: CNS+ compounds that can cross the BBB
and CNS- compounds that cannot according to the Pe values (BBB−, Pe < 2 × 10−6 cm/s;
BBB +/−, 2 × 10−6 cm/s < Pe < 4 × 10−6 cm/s; BBB+, Pe > 4 × 10−6 cm/s).

Membrane retention is also evaluated according to Equation (1),

1 − Rm =
CAccVAcc + CDonorVDonor

Sol × VDonor
(1)
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where Rm is the membrane retention factor. 1 − Rm between 1.2 and 0.8 is considered fully
acceptable for the reliability of the results.

4.12. Caco-2 Intestinal Permeability

Caco-2 cells (cod. HTB-37) were bought from ATCC (American Type Culture Col-
lection, Rockville, MD, USA). Caco-2 cells were cultured for 21 days on a 24 trans-well
plate to reach the right confluence and differentiate until the formation of the intestinal
epithelium mimetic monolayer. The test substance permeability was measured in both
directions (apical to basolateral [A→B] and basolateral to apical [B→A]) across the cell
monolayer. The assay was carried out in HBSS transport medium at pH 7.4. Test substance
at single concentration (10 µM) was tested in duplicate at one time point (60 min). Mono-
layer integrity of Caco-2 cells was evaluated by TEER measurements during the experiment
and by Lucifer Yellow test after the incubation with the test compound. The concentrations
of the test substance and/or reference controls were measured by LC-MS/MS. Apparent
Permeability (Papp) is reported in nm/s and test substance permeability is classified as low
permeability (Papp < 100 nm/s), moderate permeability (100 nm/s < Papp < 300 nm/s),
high permeability (Papp > 300 nm/s).

The efflux ratio (Papp BA/Papp AB) was determined, providing an Indicator of the
compound’s active efflux. A P-glycoprotein (P-gp) inhibitor, Elacridar (EL 2 µM), was
included to identify the active transport mediated by apical efflux transporters. When
the inhibitor leads the efflux ratio to a significant reduction (>50%) or to unity, the test
compound is classified as a probable substrate of that efflux transporter. As control, the
modulation of the efflux ratio of a reference known substrate (Digoxin) was evaluated
with or without the respectively inhibitors in every experiment. Atenolol and Metoprolol
were used as low- and high-passive permeability controls, respectively. Table 4 reports
data for the control compounds. In parallel, mass balance (%) of recovered test substance
was also determined. A recovery% within 70–120 is considered fully acceptable whereas
permeability data with mass balance in ranges 50–70% or 121–150% should be taken with
caution. Outside these ranges the permeability data is not reliable.

4.13. Cytotoxicity in Neuronal-Derived SH-SY5Y and Hepatic-Derived Hepg2 Human Cell Lines:
(ATP Viability Assay)

The neuroblastoma cell line SHSY-5Y (ATCC CRL2266) was cultured in EMEM ATCC
medium supplemented with 10% FBS (Euroclone CAT No. ECS0180D), 100 units/mL
penicillin, and 100 ug/mL streptomycin sulphate (Euroclone CAT No. ECB3001). Cells
were grown at 37 ◦C in an atmosphere of 5% CO2 and plated at 10,000 cells/well in a
96-well plate (Corning Cat. N. 3610). The compounds were dissolved at a concentration
of 10 mM in DMSO. Cells were stimulated for 48 h at 37 ◦C with serial dilutions of the
compounds at the following concentrations: 0.1, 1, 10, 50, 100, and 200 µM and dispensed
with an HP Dispenser (Tecan), as triplicates for each concentration. DMSO normalisation
at 1.5% was performed in each well.

The human liver cancer cell line HepG2 (ATCC HB-8065) was cultured in MEM ATCC
medium supplemented with 10% FBS (Euroclone CAT No. ECS0180D), 100 units/mL
penicillin, and 100 ug/mL streptomycin sulphate (Euroclone CAT No. ECB3001). Cells
were grown at 37 ◦C in an atmosphere of 5% CO2 and plated at 10,000 cells/well in a
96-well plate (Corning Cat. N. 3610). Compounds were dissolved at the concentration of
50 mM in DMSO.

Cells were stimulated for 48 h at 37 ◦C with serial dilutions of the compounds at the
following concentrations: 0.1, 1, 10, 50, 100, 200, 300, and 500 µM and dispensed with an
HP Dispenser (Tecan), as triplicates for each concentration. DMSO normalisation at 1.0%
was performed in each well. Lysis buffer was used as a positive control of dead cells with
tamoxifen (Sigma-Aldrich CAT No. T5648).

Cell viability was evaluated by measuring ATP levels using CellTiter Glo (Promega
Cat.n. G7570) according to manufacturer’s instructions. A four-parameter nonlinear regres-
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sion was used (GraphPad Prism 5 (version 5.04) of GraphPad Software Inc.) to calculate
the half maximal effective concentration (EC 50) considering 100% living cells (cells with
DMSO) and 0% living cells (cells treated with Lysis buffer 0.01%).

4.14. Isothermal Titration Calorimetry (ITC)

ITC experiments were carried out using an ITC200 microcalorimeter (MicroCal/Malvern)
with 3 or 5 µM TTR and 100 µM ligand both in 1× buffer A (25 mM HEPES pH 7,4, 100 mM
KCl, 1 mM EDTA) and 5% DMSO at 25 ◦C. 1.5-µL aliquots of ligand solution were injected
into the protein solution at 25 ◦C (time interval 180 s, stirring at 750 rpm). Data were
fitted using the “one-binding-site model” of the Malvern version of ORIGIN v.7. The heat
of binding (∆H), the stoichiometry (n), entropy (∆S) and the dissociation constant (Kd)
were then calculated from plots of the heat evolved per mole of ligand injected versus
the molar ratio of ligand to protein using the software provided by the vendor (Table 3).
Sample preparation is detailed below. A concentrated TTR solution (∼140 µM) was dialyzed
thoroughly in 2× buffer A overnight at 4 ◦C; protein was then collected, centrifuged (10′

at 12,000 rpm, 4 ◦C) and its concentration evaluated by UV/vis absorbance spectrum. A
10 µM protein stock in 2× buffer was then prepared and diluted 1:1 with a 10% DMSO
solution, to obtain a 5 µM TTR solution in 1× buffer A and 5% DMSO. Different protein
concentrations (3–5 µM) assayed in the replicates were prepared accordingly, starting from
a 2× protein solution in 2× buffer A. Each ligand was dissolved in 100% DMSO and a 2 mM
stock solution in 100% DMSO was prepared. A 200 µM compound solution was obtained
in 10% DMSO and diluted 1:1 with 2× buffer A, to obtain a 100 µM ligand solution to be
used for the ITC assays (in 1× buffer A and 5% DMSO).

4.15. Stability Studies of TTR in Serum by Immunoblotting

The TTR tetramer stability assay in the presence of urea and TTR ligands was per-
formed according to a previously reported Western Blot procedure [39], with some modifi-
cations as follows. Aliquots of human plasma were diluted 8-fold in sodium phosphate
buffer (NaP 40 mM, NaCl 150 mM pH 7.4) supplemented with 2 µM or 20 µM of each
ligand. A plasma aliquot supplemented with DMSO was used as a negative control. After
2 h of incubation at 20 ◦C, an equal volume of 8 M urea in sodium phosphate buffer was
added to obtain a final 4 M urea concentration and final ligand concentration of 1 µM or
10 µM. Incubation was prolonged for 18 h at 20 ◦C, followed by non-denaturing SDS-PAGE
using Tris-Glycine buffers containing 0.025% of SDS in the running buffer and 0.2% of SDS
in the Laemmli buffer. As previously reported [66], SDS at this concentration does not
denature TTR tetramer but does prevent re-association of TTR monomer. Blotting was
accomplished with a Trans-Blot SD transfer apparatus (BIORAD), followed by incubation of
nitrocellulose membranes with blocking buffer containing 5% skim milk overnight at 25 ◦C.
Immunodetection of TTR monomers was performed by employing rabbit anti-human
TTR polyclonal antibody (Dako) as a primary and goat anti-rabbit antibody labelled with
DyLight 680 (SERACARE) as a secondary. Western Blot images were recorded by using
ChemiDoc MP imaging system (BIORAD) and analysed with Image Lab software v. 5.1
(BIORAD). The experiment was performed in triplicate, and ligands stabilisation capa-
bility was evaluated as the relative intensity of the TTR monomer in each condition in
comparison to the negative control. Statistical analyses by means of ANOVA and graphic
representations were performed with GraphPad Prism.

4.16. Crystallisation

Purified human TTR at the concentration of ~5 mg/mL was screened by micro batch
under oil technique using commercial crystallisation screens from Molecular Dimension in
96 well plates. The condition that gave the crystals, 0.2 M calcium acetate hydrate, 0.1 M Tris
7.5, and 25% w/v PEG 2000 MME, was further optimized by the vapor diffusion method and
used for the diffraction experiment. Ligands were incubated with protein overnight at 4 ◦C
at a molar ratio of protein monomer to ligand of 1:5 or 1:10 prior crystallisation. The crystals
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were flash frozen in mother liquor containing 12% glycerol or 40% CryoMixTM 2 (25% v/v
Diethylene glycol, 25% v/v Glycerol, and 25% v/v 1,2-Propanediol) (Molecular Dimension).

4.17. Data Collection and Crystal Structure Determination

X-ray data were collected at a cryogenic temperature at beamline P13 operated by
EMBL Hamburg at the PETRA III storage ring (DESY, Hamburg, Germany) [67]. Data
reduction was carried out by XDS [68]. Scaling was performed by Aimless [69]. The protein
structure was determined by molecular replacement using MrBump [70]. The structure
was refined using the PHENIX suite [71] and built in COOT [72]. Data collection and
refinement statistics are shown in Table S2. The crystallographic refinement data and final
PDB coordinates for the TTR/1 and TTR/2 were deposited in the Protein Data Bank with
accession codes 8C85 and 8C86, respectively.
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com/article/10.3390/ijms25010479/s1.

Author Contributions: Conceptualization, R.B., F.S. and M.C. (Michele Cianci); methodology, F.S.,
V.L., A.A., C.F., S.B., S.R., N.G. and M.C. (Michele Cianci); formal analysis and investigation, T.P., D.D.,
C.F., A.F., E.C., F.D.F., A.C., L.C. and M.C. (Marco Cipolloni); crystallographic data analysis, T.P., S.B.
and M.C. (Michele Cianci); writing—original draft preparation, R.B., F.S., V.L., S.B., S.R., A.A., A.C.,
N.G. and M.C. (Michele Cianci); writing—review and editing, F.S., N.G. and M.C. (Michele Cianci);
funding for open access, N.G. and M.C. (Michele Cianci); project administration, M.C. (Michele
Cianci). All authors have read and agreed to the published version of the manuscript.

Funding: This work received financial support from: University of Parma, Polytechnic University of
Marche, Italy and the Italian Ministry of Instruction, University and Research.

Data Availability Statement: Data contained within the article or Supplementary Materials.

Acknowledgments: X-ray diffraction data were collected at the PETRA III storage ring operated by
EMBL Hamburg (DESY, Hamburg, Germany; beam time award number MX-720). We are thankful
for the facility for the beam time and the technical support. Centro Interdipartimentale di Misure “G.
Casnati” at University of Parma is acknowledged for the use of the NMR facilities. FS, AC, DD and
RB are grateful for the use of facilities acquired in the framework of the COMP-HUB and COMP-R
initiative by the Departments of Excellence Program of the Italian Ministry of Education, University
and Research (MUR, Rome, Italy, 2018–2022 and 2023–2027). Sapienza is gratefully acknowledged for
supporting Molecular Biophysics—ITC lab. MC’s research is funded by Ricerca Scientifica di Ateneo
(RSA2021–2023) program by Università Politecnica delle Marche.

Conflicts of Interest: The authors Nicola Giacchè, Marco Cipolloni, Elisa Cacioni, and Francesca De
Franco are employees of TES Pharma.

Abbreviations

TTR: transthyretin; WT-TTR, wild type TTR; ATTR, TTR-related amyloidosis; T4, thyroxine; BBB,
blood-brain barrier; HBP, halogen binding pocket; SSA, senile systemic amyloidosis; Papp, appar-
ent permeability; CSF, cerebrospinal fluid; WB, western blotting; DCM, dichloromethane; DMSO,
dimethylsulfoxide; ITC, isothermal titration calorimetry; TLC, thin layer chromatography; HPLC,
high performance liquid chromatography; PDB, Protein Data Bank.

References
1. Zanotti, G.; Berni, R. Plasma Retinol-Binding Protein: Structure and Interactions with Retinol, Retinoids, and Transthyretin. Vitam.

Horm. 2004, 69, 271–295. [PubMed]
2. Wojtczak, A.; Cody, V.; Luft, J.R.; Pangborn, W. Structures of Human Transthyretin Complexed with Thyroxine at 2.0 Å Resolution

and 3′,5′-Dinitro-N-Acetyl-L-Thyronine at 2.2 Å Resolution. Acta Crystallogr. D Biol. Crystallogr. 1996, 52, 758–765. [CrossRef]
[PubMed]

3. Cendron, L.; Trovato, A.; Seno, F.; Folli, C.; Alfieri, B.; Zanotti, G.; Berni, R. Amyloidogenic Potential of Transthyretin Variants.
J. Biol. Chem. 2009, 284, 25832–25841. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms25010479/s1
https://www.mdpi.com/article/10.3390/ijms25010479/s1
https://www.ncbi.nlm.nih.gov/pubmed/15196886
https://doi.org/10.1107/S0907444996003046
https://www.ncbi.nlm.nih.gov/pubmed/15299640
https://doi.org/10.1074/jbc.M109.017657
https://www.ncbi.nlm.nih.gov/pubmed/19602727


Int. J. Mol. Sci. 2024, 25, 479 22 of 24

4. Galant, N.J.; Westermark, P.; Higaki, J.N.; Chakrabartty, A. Transthyretin Amyloidosis: An under-Recognized Neuropathy and
Cardiomyopathy. Clin. Sci. 2017, 131, 395–409. [CrossRef] [PubMed]

5. Gertz, M.A.; Mauermann, M.L.; Grogan, M.; Coelho, T. Advances in the Treatment of Hereditary Transthyretin Amyloidosis: A
Review. Brain Behav. 2019, 9, e01371. [CrossRef] [PubMed]

6. Connelly, S.; Choi, S.; Johnson, S.M.; Kelly, J.W.; Wilson, I.A. Structure-Based Design of Kinetic Stabilizers That Ameliorate the
Transthyretin Amyloidoses. Curr. Opin. Struct. Biol. 2010, 20, 54–62. [CrossRef]

7. Schmidt, M.; Wiese, S.; Adak, V.; Engler, J.; Agarwal, S.; Fritz, G.; Westermark, P.; Zacharias, M.; Fändrich, M. Cryo-EM Structure of
a Transthyretin-Derived Amyloid Fibril from a Patient with Hereditary ATTR Amyloidosis. Nat. Commun. 2019, 10, 5008. [CrossRef]

8. Haupt, M.; Blakeley, M.P.; Fisher, S.J.; Mason, S.A.; Cooper, J.B.; Mitchell, E.P.; Forsyth, V.T. Binding Site Asymmetry in Human
Transthyretin: Insights from a Joint Neutron and X-ray Crystallographic Analysis Using Perdeuterated Protein. IUCrJ 2014, 1,
429–438. [CrossRef]

9. Yee, A.W.; Aldeghi, M.; Blakeley, M.P.; Ostermann, A.; Mas, P.J.; Moulin, M.; de Sanctis, D.; Bowler, M.W.; Mueller-Dieckmann, C.;
Mitchell, E.P.; et al. A Molecular Mechanism for Transthyretin Amyloidogenesis. Nat. Commun. 2019, 10, 925. [CrossRef]

10. Kristen, A.V.; Ajroud-Driss, S.; Conceição, I.; Gorevic, P.; Kyriakides, T.; Obici, L. Patisiran, an RNAi Therapeutic for the Treatment
of Hereditary Transthyretin-Mediated Amyloidosis. Neurodegener. Dis. Manag. 2019, 9, 5–23. [CrossRef]

11. Buxbaum, J.N. Oligonucleotide Drugs for Transthyretin Amyloidosis. N. Engl. J. Med. 2018, 379, 82–85. [CrossRef] [PubMed]
12. Bulawa, C.E.; Connelly, S.; De Vit, M.; Wang, L.; Weigel, C.; Fleming, J.A.; Packman, J.; Powers, E.T.; Wiseman, R.L.; Foss, T.R.; et al.

Tafamidis, a Potent and Selective Transthyretin Kinetic Stabilizer That Inhibits the Amyloid Cascade. Proc. Natl. Acad. Sci. USA
2012, 109, 9629–9634. [CrossRef] [PubMed]

13. Penchala, S.C.; Connelly, S.; Wang, Y.; Park, M.S.; Zhao, L.; Baranczak, A.; Rappley, I.; Vogel, H.; Liedtke, M.; Witteles, R.M.; et al.
AG10 Inhibits Amyloidogenesis and Cellular Toxicity of the Familial Amyloid Cardiomyopathy-Associated V122I Transthyretin.
Proc. Natl. Acad. Sci. USA 2013, 110, 9992–9997. [CrossRef] [PubMed]

14. Verona, G.; Mangione, P.P.; Raimondi, S.; Giorgetti, S.; Faravelli, G.; Porcari, R.; Corazza, A.; Gillmore, J.D.; Hawkins, P.N.;
Pepys, M.B.; et al. Inhibition of the Mechano-Enzymatic Amyloidogenesis of Transthyretin: Role of Ligand Affinity, Binding
Cooperativity and Occupancy of the Inner Channel. Sci. Rep. 2017, 7, 182. [CrossRef] [PubMed]

15. Sant’Anna, R.; Gallego, P.; Robinson, L.Z.; Pereira-Henriques, A.; Ferreira, N.; Pinheiro, F.; Esperante, S.; Pallares, I.; Huertas,
O.; Rosário Almeida, M.; et al. Repositioning Tolcapone as a Potent Inhibitor of Transthyretin Amyloidogenesis and Associated
Cellular Toxicity. Nat. Commun. 2016, 7, 10787. [CrossRef]

16. Florio, P.; Folli, C.; Cianci, M.; del Rio, D.; Zanotti, G.; Berni, R. Transthyretin Binding Heterogeneity and Antiamyloidogenic
Activity of Natural Polyphenols and Their Metabolites. J. Biol. Chem. 2015, 290, 29769–29780. [CrossRef]

17. Mizuguchi, M.; Nakagawa, Y.; Inui, K.; Katayama, W.; Sawai, Y.; Shimane, A.; Kitakami, R.; Okada, T.; Nabeshima, Y.; Yokoyama,
T.; et al. Chlorinated Naringenin Analogues as Potential Inhibitors of Transthyretin Amyloidogenesis. J. Med. Chem. 2022, 65,
16218–16233. [CrossRef]

18. Pinheiro, F.; Pallarès, I.; Peccati, F.; Sánchez-Morales, A.; Varejão, N.; Bezerra, F.; Ortega-Alarcon, D.; Gonzalez, D.; Osorio, M.;
Navarro, S.; et al. Development of a Highly Potent Transthyretin Amyloidogenesis Inhibitor: Design, Synthesis, and Evaluation.
J. Med. Chem. 2022, 65, 14673–14691. [CrossRef]

19. Ciccone, L.; Tonali, N.; Nencetti, S.; Orlandini, E. Natural Compounds as Inhibitors of Transthyretin Amyloidosis and Neuroprotec-
tive Agents: Analysis of Structural Data for Future Drug Design. J. Enzyme Inhib. Med. Chem. 2020, 35, 1145–1162. [CrossRef]

20. Waddington Cruz, M.; Amass, L.; Keohane, D.; Schwartz, J.; Li, H.; Gundapaneni, B. Early Intervention with Tafamidis Provides
Long-Term (5.5-Year) Delay of Neurologic Progression in Transthyretin Hereditary Amyloid Polyneuropathy. Amyloid 2016, 23,
178–183. [CrossRef]

21. Keohane, D.; Schwartz, J.; Gundapaneni, B.; Stewart, M.; Amass, L. Tafamidis Delays Disease Progression in Patients with Early
Stage Transthyretin Familial Amyloid Polyneuropathy: Additional Supportive Analyses from the Pivotal Trial. Amyloid 2017, 24,
30–36. [CrossRef]

22. Sultan, M.B.; Gundapaneni, B.; Schumacher, J.; Schwartz, J.H. Treatment with Tafamidis Slows Disease Progression in Early-Stage
Transthyretin Cardiomyopathy. Clin. Med. Insights Cardiol. 2017, 11, 117954681773032. [CrossRef] [PubMed]

23. Lamb, Y.N.; Deeks, E.D. Tafamidis: A Review in Transthyretin Amyloidosis with Polyneuropathy. Drugs 2019, 79, 863–874.
[CrossRef] [PubMed]

24. Coelho, T.; Maurer, M.S.; Suhr, O.B. THAOS—The Transthyretin Amyloidosis Outcomes Survey: Initial Report on Clinical Manifesta-
tions in Patients with Hereditary and Wild-Type Transthyretin Amyloidosis. Curr. Med. Res. Opin. 2013, 29, 63–76. [CrossRef]

25. Berk, J.L.; Suhr, O.B.; Obici, L.; Sekijima, Y.; Zeldenrust, S.R.; Yamashita, T.; Heneghan, M.A.; Gorevic, P.D.; Litchy, W.J.; Wiesman,
J.F.; et al. Repurposing Diflunisal for Familial Amyloid Polyneuropathy: A Randomized Clinical Trial. JAMA 2013, 310, 2658–2667.
[CrossRef]

26. Hammarström, P.; Jiang, X.; Hurshman, A.R.; Powers, E.T.; Kelly, J.W. Sequence-Dependent Denaturation Energetics: A Major
Determinant in Amyloid Disease Diversity. Proc. Natl. Acad. Sci. USA 2002, 99 (Suppl. S4), 16427–16432. [CrossRef] [PubMed]

27. Sekijima, Y.; Dendle, M.T.; Wiseman, R.L.; White, J.T.; D’haeze, W.; Kelly, J.W. R104H May Suppress Transthyretin Amyloidogen-
esis by Thermodynamic Stabilization, but Not by the Kinetic Mechanism Characterizing T119 Interallelic Trans-Suppression.
Amyloid 2006, 13, 57–66. [CrossRef]

https://doi.org/10.1042/CS20160413
https://www.ncbi.nlm.nih.gov/pubmed/28213611
https://doi.org/10.1002/brb3.1371
https://www.ncbi.nlm.nih.gov/pubmed/31368669
https://doi.org/10.1016/j.sbi.2009.12.009
https://doi.org/10.1038/s41467-019-13038-z
https://doi.org/10.1107/S2052252514021113
https://doi.org/10.1038/s41467-019-08609-z
https://doi.org/10.2217/nmt-2018-0033
https://doi.org/10.1056/NEJMe1805499
https://www.ncbi.nlm.nih.gov/pubmed/29972750
https://doi.org/10.1073/pnas.1121005109
https://www.ncbi.nlm.nih.gov/pubmed/22645360
https://doi.org/10.1073/pnas.1300761110
https://www.ncbi.nlm.nih.gov/pubmed/23716704
https://doi.org/10.1038/s41598-017-00338-x
https://www.ncbi.nlm.nih.gov/pubmed/28298647
https://doi.org/10.1038/ncomms10787
https://doi.org/10.1074/jbc.M115.690172
https://doi.org/10.1021/acs.jmedchem.2c00511
https://doi.org/10.1021/acs.jmedchem.2c01195
https://doi.org/10.1080/14756366.2020.1760262
https://doi.org/10.1080/13506129.2016.1207163
https://doi.org/10.1080/13506129.2017.1301419
https://doi.org/10.1177/1179546817730322
https://www.ncbi.nlm.nih.gov/pubmed/28951660
https://doi.org/10.1007/s40265-019-01129-6
https://www.ncbi.nlm.nih.gov/pubmed/31098895
https://doi.org/10.1185/03007995.2012.754348
https://doi.org/10.1001/jama.2013.283815
https://doi.org/10.1073/pnas.202495199
https://www.ncbi.nlm.nih.gov/pubmed/12351683
https://doi.org/10.1080/13506120600722449


Int. J. Mol. Sci. 2024, 25, 479 23 of 24

28. Russ, H.; Müller, T.; Woitalla, D.; Rahbar, A.; Hahn, J.; Kuhn, W. Detection of Tolcapone in the Cerebrospinal Fluid of Parkinsonian
Subjects. Naunyn Schmiedebergs Arch. Pharmacol. 1999, 360, 719–720. [CrossRef]

29. Pinheiro, F.; Varejão, N.; Esperante, S.; Santos, J.; Velázquez-Campoy, A.; Reverter, D.; Pallarès, I.; Ventura, S. Tolcapone, a Potent
Aggregation Inhibitor for the Treatment of Familial Leptomeningeal Amyloidosis. FEBS J. 2021, 288, 310–324. [CrossRef]

30. Maia, L.F.; Magalhães, R.; Freitas, J.; Taipa, R.; Pires, M.M.; Osório, H.; Dias, D.; Pessegueiro, H.; Correia, M.; Coelho, T. CNS
Involvement in V30M Transthyretin Amyloidosis: Clinical, Neuropathological and Biochemical Findings. J. Neurol. Neurosurg.
Psychiatry 2015, 86, 159–167. [CrossRef]

31. Oshima, T.; Kawahara, S.; Ueda, M.; Kawakami, Y.; Tanaka, R.; Okazaki, T.; Misumi, Y.; Obayashi, K.; Yamashita, T.; Ohya, Y.; et al.
Changes in Pathological and Biochemical Findings of Systemic Tissue Sites in Familial Amyloid Polyneuropathy More than
10 Years after Liver Transplantation. J. Neurol. Neurosurg. Psychiatry 2014, 85, 740–746. [CrossRef] [PubMed]

32. Koike, H.; Ando, Y.; Ueda, M.; Kawagashira, Y.; Iijima, M.; Fujitake, J.; Hayashi, M.; Yamamoto, M.; Mukai, E.; Nakamura, T.; et al.
Distinct Characteristics of Amyloid Deposits in Early- and Late-Onset Transthyretin Val30Met Familial Amyloid Polyneuropathy.
J. Neurol. Sci. 2009, 287, 178–184. [CrossRef] [PubMed]

33. Adams, D.; Koike, H.; Slama, M.; Coelho, T. Hereditary Transthyretin Amyloidosis: A Model of Medical Progress for a Fatal
Disease. Nat. Rev. Neurol. 2019, 15, 387–404. [CrossRef] [PubMed]

34. Assal, F.; Spahr, L.; Hadengue, A.; Rubbia-Brandt, L.; Burkhard, P.R. Tolcapone and Fulminant Hepatitis. Lancet 1998, 352, 958.
[CrossRef] [PubMed]

35. Olanow, C.W. Tolcapone and Hepatotoxic Effects. Arch. Neurol. 2000, 57, 263. [CrossRef] [PubMed]
36. Spahr, L.; Rubbia-Brandt, L.; Burkhard, P.R.; Assal, F.; Hadengue, A. Tolcapone-Related Fulminant Hepatitis: Electron Microscopy

Shows Mitochondrial Alterations. Dig. Dis. Sci. 2000, 45, 1881–1884. [CrossRef] [PubMed]
37. Jorga, K.; Fotteler, B.; Heizmann, P.; Gasser, R. Metabolism and Excretion of Tolcapone, a Novel Inhibitor of Catechol-O-

Methyltransferase. Br. J. Clin. Pharmacol. 1999, 48, 513–520. [CrossRef]
38. Bethesda, M.D. National Institute of Diabetes and Digestive and Kidney Diseases: Tolcapone. In LiverTox: Clinical and Research

Information on Drug-Induced Liver Injury [Internet]. 2012. Available online: https://www.ncbi.nlm.nih.gov/books/NBK548573/
(accessed on 25 October 2021).

39. Loconte, V.; Cianci, M.; Menozzi, I.; Sbravati, D.; Sansone, F.; Casnati, A.; Berni, R. Interactions of Tolcapone Analogues as
Stabilizers of the Amyloidogenic Protein Transthyretin. Bioorg Chem. 2020, 103, 104144. [CrossRef]

40. Hörnberg, A.; Eneqvist, T.; Olofsson, A.; Lundgren, E.; Sauer-Eriksson, A.E. A Comparative Analysis of 23 Structures of the
Amyloidogenic Protein Transthyretin. J. Mol. Biol. 2000, 302, 649–669. [CrossRef]

41. Di, L.; Kerns, E.H. Chapter 10—Blood-Brain Barrier. In Drug-Like Properties, 2nd ed.; Di, L., Kerns, E.H., Eds.; Academic Press:
Boston, MA, USA, 2016; pp. 141–159, ISBN 978-0-12-801076-1.

42. Zoete, V.; Grosdidier, A.; Michielin, O. Docking, Virtual High Throughput Screening and in Silico Fragment-Based Drug Design.
J. Cell Mol. Med. 2009, 13, 238–248. [CrossRef]

43. Kim, B.; Park, H.; Lee, S.K.; Park, S.J.; Koo, T.-S.; Kang, N.S.; Hong, K.B.; Choi, S. Systemic Optimization and Structural Evaluation
of Quinoline Derivatives as Transthyretin Amyloidogenesis Inhibitors. Eur. J. Med. Chem. 2016, 123, 777–787. [CrossRef] [PubMed]

44. Simões, C.J.V.; Almeida, Z.L.; Costa, D.; Jesus, C.S.H.; Cardoso, A.L.; Almeida, M.R.; Saraiva, M.J.; Pinho e Melo, T.M.V.D.; Brito,
R.M.M. A Novel Bis-Furan Scaffold for Transthyretin Stabilization and Amyloid Inhibition. Eur. J. Med. Chem. 2016, 121, 823–840.
[CrossRef] [PubMed]

45. Cotrina, E.Y.; Santos, L.M.; Rivas, J.; Blasi, D.; Leite, J.P.; Liz, M.A.; Busquets, M.A.; Planas, A.; Prohens, R.; Gimeno, A.; et al.
Targeting Transthyretin in Alzheimer’s Disease: Drug Discovery of Small-Molecule Chaperones as Disease-Modifying Drug
Candidates for Alzheimer’s Disease. Eur. J. Med. Chem. 2021, 226, 113847. [CrossRef] [PubMed]

46. Loconte, V.; Menozzi, I.; Ferrari, A.; Folli, C.; Imbimbo, B.P.; Zanotti, G.; Berni, R. Structure-Activity Relationships of Flurbiprofen
Analogues as Stabilizers of the Amyloidogenic Protein Transthyretin. J. Struct. Biol. 2019, 208, 165–173. [CrossRef] [PubMed]

47. Learmonth, D.A.; Vieira-Coelho, M.A.; Benes, J.; Alves, P.C.; Borges, N.; Freitas, A.P.; Soares-da-Silva, P. Synthesis of 1-(3,4-
Dihydroxy-5-Nitrophenyl)-2-Phenyl-Ethanone and Derivatives as Potent and Long-Acting Peripheral Inhibitors of Catechol-O-
Methyltransferase. J. Med. Chem. 2002, 45, 685–695. [CrossRef] [PubMed]

48. Kiss, L.E.; Ferreira, H.S.; Torrão, L.; Bonifácio, M.J.; Palma, P.N.; Soares-Da-Silva, P.; Learmonth, D.A. Discovery of a Long-Acting,
Peripherally Selective Inhibitor of Catechol-O-Methyltransferase. J. Med. Chem. 2010, 53, 3396–3411. [CrossRef] [PubMed]

49. Valko, K. Physicochemical and Biomimetic Properties in Drug Discovery: Chromatographic Techniques for Lead Optimization; John Wiley
& Sons Inc.: Hoboken, NJ, USA, 2014.

50. Korlipara, L.P.; Cooper, J.M.; Schapira, A.H. Differences in Toxicity of the Catechol-O-Methyl Transferase Inhibitors, Tolcapone
and Entacapone to Cultured Human Neuroblastoma Cells. Neuropharmacology 2004, 46, 562–569. [CrossRef]

51. Maser, T.; Rich, M.; Hayes, D.; Zhao, P.; Nagulapally, A.B.; Bond, J.; Saulnier Sholler, G. Tolcapone Induces Oxidative Stress
Leading to Apoptosis and Inhibition of Tumor Growth in Neuroblastoma. Cancer Med. 2017, 6, 1341–1352. [CrossRef]

52. Miller, M.; Pal, A.; Albusairi, W.; Joo, H.; Pappas, B.; Haque Tuhin, M.T.; Liang, D.; Jampala, R.; Liu, F.; Khan, J.; et al. Enthalpy-
Driven Stabilization of Transthyretin by AG10 Mimics a Naturally Occurring Genetic Variant That Protects from Transthyretin
Amyloidosis. J. Med. Chem. 2018, 61, 7862–7876. [CrossRef]

https://doi.org/10.1007/s002109900168
https://doi.org/10.1111/febs.15339
https://doi.org/10.1136/jnnp-2014-308107
https://doi.org/10.1136/jnnp-2013-305973
https://www.ncbi.nlm.nih.gov/pubmed/24023270
https://doi.org/10.1016/j.jns.2009.07.028
https://www.ncbi.nlm.nih.gov/pubmed/19709674
https://doi.org/10.1038/s41582-019-0210-4
https://www.ncbi.nlm.nih.gov/pubmed/31209302
https://doi.org/10.1016/S0140-6736(05)61511-5
https://www.ncbi.nlm.nih.gov/pubmed/9752821
https://doi.org/10.1001/archneur.57.2.263
https://www.ncbi.nlm.nih.gov/pubmed/10681087
https://doi.org/10.1023/A:1005549304404
https://www.ncbi.nlm.nih.gov/pubmed/11052337
https://doi.org/10.1046/j.1365-2125.1999.00036.x
https://www.ncbi.nlm.nih.gov/books/NBK548573/
https://doi.org/10.1016/j.bioorg.2020.104144
https://doi.org/10.1006/jmbi.2000.4078
https://doi.org/10.1111/j.1582-4934.2008.00665.x
https://doi.org/10.1016/j.ejmech.2016.08.003
https://www.ncbi.nlm.nih.gov/pubmed/27541261
https://doi.org/10.1016/j.ejmech.2016.02.074
https://www.ncbi.nlm.nih.gov/pubmed/27020050
https://doi.org/10.1016/j.ejmech.2021.113847
https://www.ncbi.nlm.nih.gov/pubmed/34555615
https://doi.org/10.1016/j.jsb.2019.08.011
https://www.ncbi.nlm.nih.gov/pubmed/31473362
https://doi.org/10.1021/jm0109964
https://www.ncbi.nlm.nih.gov/pubmed/11806720
https://doi.org/10.1021/jm1001524
https://www.ncbi.nlm.nih.gov/pubmed/20334432
https://doi.org/10.1016/j.neuropharm.2003.10.015
https://doi.org/10.1002/cam4.1065
https://doi.org/10.1021/acs.jmedchem.8b00817


Int. J. Mol. Sci. 2024, 25, 479 24 of 24

53. Iakovleva, I.; Brännström, K.; Nilsson, L.; Gharibyan, A.L.; Begum, A.; Anan, I.; Walfridsson, M.; Sauer-Eriksson, A.E.; Olofsson,
A. Enthalpic Forces Correlate with the Selectivity of Transthyretin-Stabilizing Ligands in Human Plasma. J. Med. Chem. 2015, 58,
6507–6515. [CrossRef]

54. Di, L.; Kerns, E.H.; Fan, K.; McConnell, O.J.; Carter, G.T. High Throughput Artificial Membrane Permeability Assay for Blood–
Brain Barrier. Eur. J. Med. Chem. 2003, 38, 223–232. [CrossRef] [PubMed]

55. Silva, T.; Mohamed, T.; Shakeri, A.; Rao, P.P.N.; Martínez-González, L.; Pérez, D.I.; Martínez, A.; Valente, M.J.; Garrido, J.; Uriarte,
E.; et al. Development of Blood–Brain Barrier Permeable Nitrocatechol-Based Catechol O-Methyltransferase Inhibitors with
Reduced Potential for Hepatotoxicity. J. Med. Chem. 2016, 59, 7584–7597. [CrossRef] [PubMed]

56. Bicker, J.; Alves, G.; Fortuna, A.; Soares-da-Silva, P.; Falcão, A. A New PAMPA Model Using an In-House Brain Lipid Extract for
Screening the Blood–Brain Barrier Permeability of Drug Candidates. Int. J. Pharm. 2016, 501, 102–111. [CrossRef] [PubMed]

57. Kawasaki, Y.; Freire, E. Finding a Better Path to Drug Selectivity. Drug Discov. Today 2011, 16, 985–990. [CrossRef] [PubMed]
58. Sebastião, M.P.; Lamzin, V.; Saraiva, M.J.; Damas, A.M. Transthyretin Stability as a Key Factor in Amyloidogenesis: X-ray Analysis

at Atomic Resolution. J. Mol. Biol. 2001, 306, 733–744. [CrossRef] [PubMed]
59. Qin, Q.; Wei, C.; Piao, Y.; Lian, F.; Wu, H.; Zhou, A.; Wang, F.; Zuo, X.; Han, Y.; Lyu, J.; et al. Current Review of Leptomeningeal

Amyloidosis Associated with Transthyretin Mutations. Neurologist 2021, 26, 189–195. [CrossRef]
60. McColgan, P.; Viegas, S.; Gandhi, S.; Bull, K.; Tudor, R.; Sheikh, F.; Pinney, J.; Fontana, M.; Rowczenio, D.; Gillmore, J.D.; et al.

Oculoleptomeningeal Amyloidosis Associated with Transthyretin Leu12Pro in an African Patient. J. Neurol. 2015, 262, 228–234.
[CrossRef]

61. Sinha, A.; Chang, J.C.; Xu, P.; Gindinova, K.; Cho, Y.; Sun, W.; Wu, X.; Li, Y.M.; Greengard, P.; Kelly, J.W.; et al. Brain Permeable
Tafamidis Amide Analogs for Stabilizing TTR and Reducing APP Cleavage. ACS Med. Chem. Lett. 2020, 11, 1973–1979. [CrossRef]

62. Grosdidier, A.; Zoete, V.; Michielin, O. Fast Docking Using the CHARMM Force Field with EADock DSS. J. Comput. Chem. 2011,
32, 2149–2159. [CrossRef]

63. Grosdidier, A.; Zoete, V.; Michielin, O. SwissDock, a Protein-Small Molecule Docking Web Service Based on EADock DSS. Nucleic
Acids Res. 2011, 39, W270–W277. [CrossRef]

64. Haberthür, U.; Caflisch, A. FACTS: Fast Analytical Continuum Treatment of Solvation. J. Comput. Chem. 2008, 29, 701–715.
[CrossRef] [PubMed]

65. Wang, D.; Mu, Y.; Dong, H.; Yan, H.; Hao, C.; Wang, X.; Zhang, L. Chemical Constituents of the Ethyl Acetate Extract from
Diaphragma Juglandis Fructus and Their Inhibitory Activity on Nitric Oxide Production In Vitro. Molecules 2018, 23, 72. [CrossRef]
[PubMed]

66. Nilsson, L.; Larsson, A.; Begum, A.; Iakovleva, I.; Carlsson, M.; Brännström, K.; Sauer-Eriksson, A.E.; Olofsson, A. Modifications
of the 7-Hydroxyl Group of the Transthyretin Ligand Luteolin Provide Mechanistic Insights into Its Binding Properties and High
Plasma Specificity. PLoS ONE 2016, 11, e0153112. [CrossRef] [PubMed]

67. Cianci, M.; Bourenkov, G.; Pompidor, G.; Karpics, I.; Kallio, J.; Bento, I.; Roessle, M.; Cipriani, F.; Fiedler, S.; Schneider, T.R. P13,
the EMBL Macromolecular Crystallography Beamline at the Low-Emittance PETRA III Ring for High- and Low-Energy Phasing
with Variable Beam Focusing. J. Synchrotron Radiat. 2017, 24, 323–332. [CrossRef] [PubMed]

68. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125–132. [CrossRef] [PubMed]
69. Evans, P. Scaling and Assessment of Data Quality. Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 72–82. [CrossRef]
70. Keegan, R.M.; Winn, M.D. MrBUMP: An Automated Pipeline for Molecular Replacement. Acta Crystallogr. D Biol. Crystallogr.

2008, 64, 119–124. [CrossRef]
71. Adams, P.D.; Afonine, P.V.; Bunkóczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.-W.; Kapral, G.J.; Grosse-

Kunstleve, R.W.; et al. PHENIX: A Comprehensive Python-Based System for Macromolecular Structure Solution. Acta Crystallogr.
D Biol. Crystallogr. 2010, 66, 213–221. [CrossRef]

72. Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and Development of Coot. Acta Crystallogr. D Biol. Crystallogr. 2010, 66,
486–501. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.jmedchem.5b00544
https://doi.org/10.1016/S0223-5234(03)00012-6
https://www.ncbi.nlm.nih.gov/pubmed/12667689
https://doi.org/10.1021/acs.jmedchem.6b00666
https://www.ncbi.nlm.nih.gov/pubmed/27463695
https://doi.org/10.1016/j.ijpharm.2016.01.074
https://www.ncbi.nlm.nih.gov/pubmed/26836708
https://doi.org/10.1016/j.drudis.2011.07.010
https://www.ncbi.nlm.nih.gov/pubmed/21839183
https://doi.org/10.1006/jmbi.2000.4415
https://www.ncbi.nlm.nih.gov/pubmed/11243784
https://doi.org/10.1097/NRL.0000000000000337
https://doi.org/10.1007/s00415-014-7594-2
https://doi.org/10.1021/acsmedchemlett.9b00688
https://doi.org/10.1002/jcc.21797
https://doi.org/10.1093/nar/gkr366
https://doi.org/10.1002/jcc.20832
https://www.ncbi.nlm.nih.gov/pubmed/17918282
https://doi.org/10.3390/molecules23010072
https://www.ncbi.nlm.nih.gov/pubmed/29286331
https://doi.org/10.1371/journal.pone.0153112
https://www.ncbi.nlm.nih.gov/pubmed/27050398
https://doi.org/10.1107/S1600577516016465
https://www.ncbi.nlm.nih.gov/pubmed/28009574
https://doi.org/10.1107/S0907444909047337
https://www.ncbi.nlm.nih.gov/pubmed/20124692
https://doi.org/10.1107/S0907444905036693
https://doi.org/10.1107/S0907444907037195
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444910007493

	Introduction 
	Results and Discussion 
	Design of 3-OMT Lipophilic Analogues 
	In Silico Docking of 3-OMT Lipophilic Analogues 
	Synthesis of 1 and 2 
	Chromatographic Hydrophobicity Index (CHI) 
	3-OMT and Its Lipophilic Analogues Have Reduced In Vitro Neuronal- and Hepato-Toxicity Compared to Tolcapone 
	3-OMT and Its Lipophilic Analogues Stabilise TTR in Human Plasma 
	Binding Affinities and Thermodynamics of Interactions 
	Binding Interactions between 1 and WT Human TTR 
	Binding Interactions between 2 and WT Human TTR 
	In Vitro Intestinal and Blood-Brain Barrier Permeability, and Solubility 
	Overall Performance of 3-OMT and Its Lipophilic Analogues in Stabilising Human Transthyretin 

	Conclusions 
	Experimental Section 
	In Silico Structural and Docking Studies 
	Chemistry: General 
	(4-(Benzyloxy)-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanol (7) 
	(4-(Benzyloxy)-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanone (8) 
	(4-Hydroxy-3-methoxyphenyl)-1-(3,5-dimethylphenyl)methanone (9) 
	(4-Hydroxy-3-methoxy-5-nitrophenyl)-1-(3,5-dimethylphenyl)methanone (1) 
	(4-Hydroxy-3-methoxy-5-nitrophenyl)-1-(2,4-dimethylphenyl)methanone (2) 
	Key Compounds Purity 
	Chromatographic Hydrophobicity Index (CHI) 
	Protein Expression and Purification 
	Solubility (Kinetic) and Blood Brain Barrier Permeability (PAMPA-BBB) 
	Caco-2 Intestinal Permeability 
	Cytotoxicity in Neuronal-Derived SH-SY5Y and Hepatic-Derived Hepg2 Human Cell Lines: (ATP Viability Assay) 
	Isothermal Titration Calorimetry (ITC) 
	Stability Studies of TTR in Serum by Immunoblotting 
	Crystallisation 
	Data Collection and Crystal Structure Determination 

	References

