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ABSTRACT

Transthyretin (TTR) is an amyloidogenic homotetramer involved in the transport of thyroxine and retinol in 

blood and cerebrospinal fluid. TTR stabilizers, such as tolcapone, an FDA approved drug for Parkinson’s 

disease, are able to interact with residues of the thyroxine-binding sites of TTR, both wild type and pathogenic 

mutant forms, thereby stabilizing its tetrameric native state and inhibiting amyloidogenesis. Herein, we 

report on the synthesis of 3-deoxytolcapone, a novel stabilizer of TTR. The high-resolution X-ray analyses of 

the  interactions of  3-O-methyltolcapone and 3-deoxytolcapone  with TTR were performed. In the two ligand-

TTR_complexes the tolcapone analogues establish mainly H-bond and hydrophobic interactions with 

residues of the thyroxine-binding site of the TTR tetramer. Both compounds are capable of high and selective 

stabilization of TTR in the presence of plasma proteins, despite their markedly different ‘forward’ and 

‘reverse’ binding mode, respectively. In fact, the loss or the weakening of stabilizing interactions with protein 
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residues of 3-deoxytolcapone in comparison with tolcapone and 3-O-methyltolcapone is compensated by 

new interactions established at the dimer-dimer interface. Our data, coupled with previously reported data 

on the pharmacokinetics properties in humans of tolcapone and 3-O-methyltolcapone, further support the 

relevance of the latter tolcapone analogue as TTR stabilizer. 

Keywords: Amyloidogenic proteins; Transthyretin; Amyloidogenesis inhibitors; Transthyretin stabilizers; 

Structure-activity relationships; Tolcapone analogues.

Abbreviations: TTR, transthyretin; wt TTR, wild type TTR; RBP4, plasma retinol-binding protein; ATTR, TTR-

related amyloidosis; T4, thyroxine; HBP, halogen binding pocket; SSA, senile systemic amyloidosis; DCM, 

dichloromethane; TLC, thin layer chromatography; HPLC, high performance liquid chromatography; PDB, 

Protein Data Bank.
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1.Introduction

Peptides and proteins that can produce the accumulation in tissues of highly structured protein 

aggregates, the amyloid fibrils, are responsible for degenerative diseases known as amyloidoses, generated 

through an unknown toxic mechanism [1]. Transthyretin (TTR) is an amyloidogenic homotetramer of about 

55 kDa involved in the transport of thyroxine (T4) and the co-transport of retinol in blood and cerebrospinal 

fluid via plasma retinol-binding protein [2,3].  Structurally, two TTR monomers are held together to form a 

stable dimer through a network of H-bond interactions involving the two edge -strands H and F of each 

monomer. Two dimers in turn associate to form the tetramer where, at the dimer-dimer interface, a central 

cavity harboring two funnel-shaped T4 binding sites, coincident with one of the twofold symmetry axes, 

traverses the entire tetramer [4]. Each pair of twofold-related monomers forms a hormone-binding site, 

which is lined with two sets of three hydrophobic halogen binding pockets (HBPs), wherein the iodine atoms 

of bound T4 are accommodated [2]. They are distinguished in an outer binding subsite (HBP 1 and HBP 1’), 

an inner binding subsite (HBP 3 and HBP 3’), and an intervening interface (HBP 2 and HBP 2’). Regarding the 

changes that this protein undergoes to give rise to amyloid aggregates, evidence was obtained consistent 

with the rate-limiting dissociation of the TTR tetramer, followed by misfolding of TTR monomers and their 

downhill polymerization leading to the formation of amyloid fibrils [5,6]. Both wild type (wt) TTR and the 

more aggressive amyloidogenic TTR mutants may give rise to the TTR-related amyloidosis (ATTR). Wt TTR 

possesses in fact an inherent amyloidogenic potential [7], and the associated ATTR, formerly called senile 

systemic amyloidosis (SSA), is an under-diagnosed disease, which manifests itself in the elderly and is mainly 

characterized by cardiomyopathy [8]. More than 120 pathologic TTR mutations are responsible for hereditary 

ATTR, whose main pathological phenotypes are cardiomyopathy and peripheral polyneuropathy [9,10].

Different therapeutic strategies were addressed to date for the treatment of ATTR, in particular liver 

transplantation, the stabilization of the TTR tetrameric native structure by specific ligands designated TTR 

stabilizers, and more recent therapies based on TTR specific siRNA and anti-sense oligonucleotides [9,10]. 

TTR-bound stabilizers establish interactions bridging the couple of monomers that line the T4 binding site, 

thereby stabilizing the TTR tetrameric native state and inhibiting amyloidogenesis [5,11-15]. Two distinct 

binding modes characterize TTR stabilizers. The “forward” and “reverse” binding modes refer to the position 

of the hydrophilic moiety of bound ligands in the outermost or the innermost part of the TTR binding cavity, 

respectively [16]. Tafamidis (Fig. 1), the only TTR ligand approved to date for the pharmacological therapy of 

ATTR, was found to delay the disease progression in patients at early stages of ATTR polyneuropathy [17,18] 

and cardiomyopathy [19]. Tolcapone (Fig. 1), an FDA approved drug for Parkinson’s disease, was recently 

repurposed as a potent and selective TTR stabilizer, possessing an ex-vivo anti-amylodogenic activity higher 

than that of tafamidis. It could be suitable for the treatment of TTR amyloidoses also affecting the central 

nervous system, owing to its ability to penetrate the brain [20]. On the other hand, the 3-hydroxy substituent 
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of tolcapone is highly susceptible to glucuronidation, which in humans leads to the rapid elimination of the 

drug as glucuronidated metabolite[21]. The short half-life in the plasma (about 3 hours) of tolcapone [21] 

can thus limit its use as TTR stabilizer. On the contrary, 3-O-methyltolcapone (Fig. 1), a minor metabolite of 

tolcapone generated by the methylation of the aforementioned hydroxy group, represents a long-lived 

tolcapone metabolite (half-life in the plasma of about 40 hours) [21]. Owing to the close similarity of its 

chemical structure with that of tolcapone, we hypothesized that it could represent an efficient TTR stabilizer 

possessing better pharmacokinetics properties in comparison with tolcapone. Better pharmacokinetics 

relative to tolcapone is also expected for 3-deoxytolcapone (Fig. 1), in which the susceptible 3-hydroxy group 

substituent in the nitrophenyl ring is lacking, but such compound has never been reported in the literature. 

We report here on the first synthesis of 3-deoxytolcapone, an ex-vivo study of the anti-amyloidogenic 

potential of 3-O-methyltolcapone and 3-deoxytolcapone, and X-ray analysis of the molecular determinants 

affecting the ability of the aforementioned tolcapone analogues to effectively and selectively stabilize the 

TTR tetrameric native structure.
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Figure 1. Chemical structures of 3-deoxytolcapone, tolcapone, 3-O-methyltolcapone and tafamidis. 

2. Materials and Methods

2.1 Materials

Recombinant human wt TTR was prepared and quantified essentially as described [22]. Tolcapone, 

tafamidis and 3-O-methyltolcapone were purchased from Carbosynth.

2.2 Synthesis of 3-Deoxytolcapone

The chemical reactions were carried out under nitrogen atmosphere using solvents dried with 

standard procedures, monitored by Thin Layer Chromatography (TLC) on silica gel 60 F254, using either UV 
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light (254 nm) or staining agents (FeCl3, green bromocresol) to reveal functional groups. 1H and 13C-NMR 

spectra were registered on Bruker AVANCE300 and AVANCE400 spectrometers (1H 300/400 MHz, 13C 100 

MHz) with residual non-deuterated solvent as internal standard. Low-resolution mass spectra were obtained 

on Waters SQ Detector ESI-MS. Elemental analysis and HPLC analysis were performed by means of a Thermo 

Fisher FlashSmart Instrument and an Agilent Technologies 1260 Infinity, respectively. Both methods 

confirmed a purity of the product > 95%. Melting point was determined on a Gallenkamp apparatus in sealed 

capillary tube in nitrogen atmosphere.

1-(4-Hydroxy-5-nitrophenyl)-1-(4’-methylphenyl)methanone (3-deoxytolcapone): 4-Hydroxy-3-

nitrobenzoic acid (5.46 mmol, 1.00 g) and dry DMF (1.31 mmol, 0.102 ml) were dissolved in dry toluene (15 

ml) in a two-necked round bottomed flask. Under magnetic stirring, SOCl2 (10.10 mmol, 0.733 ml) was added 

to the yellow suspension and subsequently, using a condenser, the mixture was heated at 65 °C to get all the 

reactants more soluble. After 4 hours the solution was quickly cooled down in an ice bath and then dry 

toluene (2 ml) and dry AlCl3 (12.01 mmol, 1.60 g) were added. The mixture was left reacting overnight at 

room temperature. After this, the reaction mixture resulted as a viscous brownish oil, which was analyzed by 

TLC to assess total completion of the reaction (EtOAc/Hex 4/1, Rf=0.51). The oil was treated with aqueous 

0.025N HCl (60 ml) and the mixture stirred for 20 min. Once the oil was dissolved and the mixture turned 

orange, the suspension was filtered and the aqueous layer was extracted with toluene (2×50 ml). The organic 

layers were combined and basified with 30% NH3 (5 ml). As the solution turned yellow, the formed solid was 

filtered and suspended again in 1N HCl (20 ml). After 30 min, the solid was filtered, dissolved in hot DCM and 

recrystallized at -4 °C to give the title compound as bright yellow crystals (0.78 g, 3.03 mmol, 55%). 1H NMR 

(300 MHz, CDCl3) δ (ppm): 10.93 (s, 1H, OH), 8.59 (d, J = 2.0 Hz, 1H, H6), 8.13 (dd, J = 8.7, 2.0 Hz, 1H, H2), 7.70 

(d, J = 8.1 Hz, 2H, H2’, H6’), 7.34 (d, J = 8.1 Hz, 2H, H3’, H5’), 7.32 (d, J = 8.7 Hz, 1H, H3), 2.48 (s, 3H, CH3). 13C-

NMR (100 MHz, CDCl3) δ (ppm): 193.0 (CO), 157.8 (C4), 143.9 (C4’), 138.4 (C2), 134.0 (C5), 132.9 (C1’), 130.3 

(C1), 130.0 (C2’, C6’), 129.4 (C3’, C5’), 127.7 (C6), 120.3 (C3), 21.7 (CH3). ESI-MS (-): calc. for C14H11NO4: 257.24; 

found m/z 256.07 [100%, (M-H)-]. Anal. CHNS: calc. for C14H11NO4: C (65.37%), H (4.31%), N (5.45%); found: C 

(64.99%), H (4.26%), N (5.32%). Mp: 124.8-125.2 °C. HPLC chromatogram and 1H and 13C NMR spectra of 3-

deoxytolcapone are reported in Supplementary Figures 1-3, respectively. 

2.3 Western Blot analysis

TTR binding and stability assay in the presence of urea by TTR ligands was conducted for TTR present in 

human plasma by means of a Western Blot procedure carried out according to a previously reported protocol 

[23], with some modifications [15], as follows. Aliquots of human plasma were diluted 16 folds in Na 

phosphate buffer (Na phosphate 40 mM, NaCl 0.15M pH 7.4) and supplemented with 4 and 8 µM of each 

ligand dissolved in DMSO. One more plasma sample supplemented with DMSO was used as a negative 
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control. After 2-hour incubation at 20 °C, an equal volume of 8 M urea was added to each sample to obtain 

a final 4 M urea concentration (final ligand concentrations: 2 and 4 µM). The incubation was prolonged for 

18 hours at 20 °C, followed by non-denaturing SDS-PAGE, using Tris-Glycine buffer containing 0.025% SDS in 

the running buffer and 0.2% SDS in the loading buffer. SDS at these concentrations does not denature TTR 

tetramers but does prevent re-association of TTR monomers. The blotting step was accomplished by means 

of a Trans-Blot SD transfer apparatus (BIO-RAD), and the membrane after the blotting step was incubated 

overnight in blocking buffer containing 5% Skim Milk, at 25 °C. Immunodetection of TTR monomers was 

performed by employing rabbit anti-human TTR polyclonal Ab (Dako) as primary Ab, and anti-rabbit Ab 

labeled with Dylight 680 (SERACARE) as secondary Ab. Western Blotting images were recorded by using an 

Odissey Image System (LI-COR). The employed rabbit anti-TTR antibody does not appear to specifically 

discriminate between the native fraction of tetrameric TTR distinct from other protein aggregates, and as a 

consequence only the change in intensity of the band of TTR monomers, which reflects the change in the 

level of tetrameric TTR dissociation, could be accurately monitored.

2.4 Crystallization, data collection and structure determination

Crystals of wt human TTR in complex with 3-O-methyltolcapone and 3-deoxytolcapone were 

prepared by co-crystallization by using the hanging-drop vapor diffusion method essentially as described 

[24]. Human wt TTR (5 mg/ml) in 20 mM sodium phosphate, pH 7, was incubated with a 4-fold molar excess 

of each tolcapone derivative solubilized in DMSO. Drops (1.5 μl) were formed by mixing equal volumes of the 

solution containing the TTR-ligand complexes and of the reservoir/precipitant solution (2.2 M ammonium 

sulfate, 0.1M KCl, 30 mM sodium phosphate, pH 7.0). Single crystals were obtained in about one week of 

incubation at room temperature. Diffraction data were collected at 100 K using synchrotron radiation at the 

ID23-2 beamline of the ESRF storage ring, Grenoble (France). Data were processed using XDS [25] and 

AIMLESS [26]. The crystals of human TTR in complex with 3-O-methyltolcapone and 3-deoxytolcapone 

belonged to space group P21212, isomorphous with most previously determined crystal structures of human 

TTR, and diffracted to a resolution of 1.21 Å and 1.26 Å, respectively. The two structures were refined starting 

with a rigid body refinement using REFMAC5 [27] and, as initial model, the crystal structure of TTR in complex 

with resveratrol-3-O-3-glucuronide (PDB ID: 5AKS) [24] devoid of solvent molecules and ligands, and 

randomized, to avoid any possible phase bias. Model building and water or ligand addition/inspection were 

manually conducted using COOT [28]. The structures were refined with phenix.refine software within PHENIX 

suite [29], including the hydrogen atoms in the riding positions.  

Atomic coordinates of the ligand molecules and restraints were obtained through the PRODRG server 

[30] within CCP4 suite [31]. The ligand orientation was determined by inspecting the electron density map, 
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calculated with (Fo-Fc) coefficients and phases from the model, deprived of the ligand. The final Rfactor and 

Rfree values for TTR in complex with 3-O-methyltolcapone and 3-deoxytolcapone were 0.156 and 0.179, and 

0.147 and 0.172, respectively. Models were checked with PROCHECK [32] in the CCP4 suite [31]. Data 

collection and refinement statistics are reported in Table 1. 

TABLE 1. Data collection, processing and refinement statistics*

Data collection TTR - 3-
deoxytolcapone 

complex 
(PDB ID: 6SUG)

TTR - 3-O-
methyltolcapone 

complex 
(PDB ID: 6SUH)

Space group P21212 P21212

Unit cell (a, b, c, Å) 43.01; 85.55; 64.52 42.91; 85.46; 64.71

Resolution range (Å) 64.53-1.21 (1.23-
1.21)

42.91-1.26 (1.28-
1.26)

Total number of 
reflections

446083 (172773) 382211 (18194)

Unique reflections 72459 (3396) 64681 (3086)

Multiplicity 6.2 (5.1) 5.9 (5.9)

Completeness (%) 98.8 (94.7) 99.6 (98.5)

Rsym 0.055 (1.031) 0.086 (1.440)

Rpim 0.026 (0.540) 0.058 (0.960)

<I/(I)> 15.6 (1.7) 11.1 (2.1)

Refinement statistics

Rfactor/Rfree (%) 0.147/0.172 0.156/0.179

Average all atom B-
factor (Å2)

22.0 21.0

Total number of 
atoms/water molecules

4282/201 4092/190

Geometry 

Ramachandran 
favored/allowed/outlier
s (%)

99.6/0.4/0.0 98.7/1.3/0.0

RMS bonds/angles 0.010/1.170 0.014/1.307
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Values in parentheses refer to the highest resolution shell. 

3. Results and Discussion

3.1 Synthesis of 3-deoxytolcapone 

The synthesis of 3-deoxytolcapone was carried out through a one-pot strategy (Scheme 1). Specifically, 4-

hydroxy-3-nitrobenzoic acid was transformed into the corresponding acyl chloride by treatment with SOCl2 

and immediately used as reactant in the same round bottomed flask. Toluene, which in the first step was 

merely a solvent, in the second step acted as a scavenger for acyl chloride intermediate in a Friedel-Crafts 

reaction. The success of this one-pot reaction was completed by the possibility of easily recrystallizing the 

desired product. In fact, solubilizing the crude in the minimum amount of boiling dichloromethane followed 

by a slow cooling, firstly at room temperature and then at -4 °C, it was possible to obtain big rhombic crystals 

(range 0.5-1 cm) of 3-deoxytolcapone, which were easily filtered.

O

HO
NO2

O

HO
NO2

OH i

O

HO
NO2

Cl ii

Scheme 1. Synthesis of 3-deoxytolcapone. Reaction conditions: (i) SOCl2 (1.85 eq.), dry DMF (0.24 eq.), dry 

toluene, 65 °C, 4h; (ii) dry AlCl3 (2.20 eq.), dry toluene, overnight, room temperature, 55% overall yield.

3.2 Comparative analysis of the ability of the tolcapone analogues 3-O-methyltolcapone and 3-

deoxytolcapone to selectively stabilize TTR in the presence of plasma proteins

In prospect of using TTR stabilizers for the pharmacological therapy of ATTR, Western Blotting 

methodologies were developed to evaluate the ability of ligands to interact with TTR, in the presence of the 

large amount of the other plasma proteins, especially serum albumin. At the same time our Western Blotting 

analysis provides evidence for the stabilizing effect of tolcapone analogues on the tetrameric native structure 

of TTR under partially denaturing conditions. Under such conditions (4 M urea), the extent of TTR 

dissociation, as revealed by the intensity of the band of TTR monomers, is inversely proportional to the ability 

of TTR ligands to stabilize the tetrameric protein. The comparative analysis of the stabilizing effect of 

tolcapone and its analogues, along with that of the reference compound tafamidis, was carried out at two 

ligand concentrations (2 and 4 M) in diluted human plasma. Indeed, the ability of 3-O-methyltolcapone to 
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selectively interact with TTR and to protect its native state in the presence of plasma proteins was very high, 

similar to that of tolcapone, and, remarkably, better than that of tafamidis. The protective effect of 3-

deoxytolcapone was also high, and more similar to that of tafamidis as compared to tolcapone and 3-O-

methyltolcapone (Fig. 2). 

Figure 2. Western Blot analysis of the selective structural stabilization of human plasma TTR by 2 and 4 µM 

tolcapone, 3-O-methyltolcapone, 3-deoxytolcapone and tafamidis, in the presence of plasma proteins. The 

intensity of the bands of TTR monomer is inversely proportional to the degree of stabilization of the native 

tetrameric TTR structure by synthetic ligands in the presence of 4 M urea. 

To elucidate the molecular determinants of the stabilizing effect on the TTR tetramer of the two tolcapone 

analogues and consequently of the inhibition of TTR amyloidogenesis [5,33], the high-resolution X-ray 

analysis of the structures of their complexes with TTR was performed.

3.3 X-ray structure of wt human TTR in complex with 3-O-methyltolcapone  

Based on the X-ray analysis of the structure of the TTR  3-O-methyltolcapone complex, determined 

at 1.26 Å resolution, the so called ‘forward binding mode’ was found, which is characterized by the position 

of the polar moiety of the 3-methoxy-4-hydroxy-5-nitrophenyl ring in the outermost part of the binding cavity 

(Fig. 3). Such binding mode is the same as that reported for the TTR  tolcapone complex [13]. The electron 

densities for both the 3-methoxy-4-hydroxy-5-nitrophenyl ring and the innermost apolar 4-methyl-phenyl 

ring are well defined. The r.m.s.d. between equivalent Cα atoms in the monomer of TTR in complex with 3-

O-methyltolcapone and tolcapone [13] is 0.484 Å, and the two binding cavities are equally occupied 

(0.48/0.50). The 4-methyl-phenyl ring of 3-O-methyltolcapone is positioned near the inner hydrophobic 

binding sites HBP2 and HBP3, deeply into the TTR binding cavity, sitting between Leu110 and Thr119 (Fig. 

3b). The central carbonyl group of 3-O-methyltolcapone forms with the OH group of Thr119’ at 2.7 Å away a 

relevant H-bond which is also established by tolcapone within the same distance [13]. The 3-methoxy-4-

hydroxy-5-nitrophenyl ring is also held in place by hydrophobic interactions with Leu17/Leu17’, 

Ala108/Ala108’, and Val121/Val121’, in analogy with the TTR-tolcapone complex. Moreover, the 3-methoxy 
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group also participates in hydrophobic interactions, namely with Leu17, Val121’ and Thr106’, enforcing the 

dimer-dimer interactions that stabilize the TTR tetramer. At variance with the hydrophobic interactions 

established by the 3-methoxy group, in the TTR-tolcapone complex the 3-hydroxy group can contribute to 

the stabilization of the TTR tetramer via polar interactions [13]. The -amino group of Lys15’ is sandwiched 

between the 4-hydroxy and 5-nitro groups of 3-O-methyltolcapone within H-bond distance (2.9 and 3.0 Å, 

respectively), and Glu54’ at 3.0 Å away, in a fashion similar to that described for the TTR-tolcapone complex. 

However, in the case of the TTR-tolcapone complex Lys15 is sandwiched between the two hydroxy groups of 

the 3-hydroxy-4-hydroxy-5-nitrophenyl ring, at distances of 3.0 Å, 2.6 Å, and the carboxyl group of Glu54 at 

2.9 Å [13].
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Figure 3. Details of TTR-ligand interactions in the crystal structures of the TTR3-O-methyltolcapone (PDB ID: 

6SUH) and TTR3-deoxytolcapone (PDB ID: 6SUG) complexes. a) OMIT (Fo-Fc) electron density maps (blue), 

contoured at 2.5 σ, of tolcapone analogues (left: 3-O-methyltolcapone; right: 3-deoxytolcapone) bound in 

the two cavities of the TTR tetramer. b) Detailed views of the two symmetry-related binding modes of each 

ligand (green) within the T4 binding cavity interacting through residues present in HBP1 (Lys15, stabilized 

through the interaction with Glu54, and Thr106), HBP2 (Leu110, Leu17, Lys15), and HBP3 (Ser117, Leu110, 

Ala108, and Thr119). Interacting residues are represented as sticks. A central water molecule (dark gray 

sphere) establishes hydrogen bond interactions with Ser117 and Ser117’ at the dimer-dimer interface of the 

TTR-3-O-methyltolcapone complex.
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The presence of the 2-fold axis along the binding pocket creates two symmetrical binding modes of 

the ligand, related by a 180° rotation. This situation probably causes the presence of several alternate 

conformations of the residues in the proximity of 3-O-methyltolcapone, namely Leu17, Ser 117, and Thr119, 

in analogy with previous observations reported for the TTR-tolcapone complex [13]. Finally, a similar 

interaction pattern between TTR-bound 3-O-methyltolcapone and tolcapone is also confirmed by the 

presence of a well conserved network of water molecules, mainly localized at the top and bottom gates of 

the binding cavity, which are sealed by the presence of Lys15/Glu54 and Ser117 residues, respectively (Fig. 

3b). 

3.4 X-ray structure of wt human TTR in complex with 3-deoxytolcapone

Unexpectedly, the limited change in the tolcapone molecule consisting in the lack of the hydroxy 

group at position 3 of the hydrophilic aryl ring, led to a drastic change in the mode of binding of 3-

deoxytolcapone as compared to tolcapone. In fact, the structure of TTR in complex with 3-deoxytolcapone, 

determined at 1.21 Å resolution, reveals the “reverse binding mode” of the ligand (Figs. 3 and 4), with the 

hydrophilic 4-hydroxy-5-nitrophenyl ring innermost, as opposed to the ‘forward binding mode’ of bound 

tolcapone and 3-O-methyltolcapone. Nevertheless, the structure of protein moiety is not significantly 

affected by the different bound ligands (r.m.s.d.: TTR  3-deoxytolcapone/TTR  3-O-methyltolcapone 0.079 Å; 

TTR  3-deoxytolcapone/TTR  tolcapone 0.503 Å). The electron densities for both the 4-hydroxy-5-nitrophenyl 

ring and the outermost apolar 4-methyl-phenyl ring are well defined. 3-Deoxytolcapone is bound within the 

two cavities of the TTR tetramer with nearly the same occupancy (0.47/0.50). In the case of uncomplexed 

TTR (PDB 1F41) [4] and of the TTR 3-O-methyltolcapone complex (Fig. 3b), a central water molecule 

establishes H-bonds with the two symmetry-related Ser117/Ser117’ residues, thereby bridging the two 

adjacent monomers at the dimer-dimer interface; on the other hand, in the case of the TTR  3-

deoxytolcapone complex H-bond interactions with both Ser117 residues are established by the 4-hydroxy 

group of the nitrophenyl ring (Fig. 3b). In fact, in the ‘reverse binding mode’ the 4-hydroxy group is placed 

within H-bond distance from Ser117 and Ser117’ (2.9 Å for both residues). A similar binding geometry was 

also reported for the potent TTR stabilizer AG10, where the TTR tetramer is stabilized by the presence of H-

bonds between the 3,5-dimethyl-1H-pyrazole ring of AG10 and Ser117/Ser117’ residues [12]. The nitro group 

of the nitrophenyl ring of 3-deoxytolcapone is tethered by H-bonds with the OH group of Ser117 at 2.9 Å and 

with the carbonyl and amide groups of the Thr118-Ser117 peptide bond at 3.3 and 3.2 Å, respectively (Fig. 

3b). The 4-methyl-phenyl ring of 3-deoxytolcapone sits in between the outer hydrophobic binding sites HBP1 

and HBP1’, sandwiched between the aliphatic moieties of the side chains of Lys15/Lys15’ and 

Thr106/Thr106’, and the apolar side chains of Ala108/Ala108’and Val121/Val121’. Several residues, namely 

Leu17, Ser117, Ser115, which are in the proximity of 3-deoxytolcapone, present alternate conformations. 
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Differently from TTR-bound tolcapone and 3-O-methyltolcapone, the central carbonyl group of 3-

deoxyltolcapone is located within a distance of 4.1 Å from the hydroxy group of Thr119 (Fig. 3b) and the 

ligand shows a rotation of 33° and 29° relative to tolcapone and 3-O-methyltolcapone, respectively (Fig. 3b 

and 4). Moreover, the lack of the hydroxy substituent in 3-deoxytolcapone allows for a deeper penetration 

of the ligand of 1.42 Å, as compared to 3-O-methyltolcapone, induced by the reduced steric hindrance and 

the different ligand binding orientation.

Figure 4. Close-up views of the superimposition of: TTR-3-O-methyltolcapone (magenta) with TTR-tolcapone 

(yellow), and TTR-3-deoxytolcapone (azure) complexes. The figure shows the displacement of the TTR-bound 

3-deoxytolcapone relative to bound tolcapone and 3-O-methyltolcapone, and its rotation, allowing the 

interaction of the ligand 4-hydroxy group with the Ser117/Ser117’ hydroxy groups.

4. Conclusions

In summary, 3-O-methyltolcapone selectively stabilizes the TTR tetramer at the dimer-dimer 

interface to an extent similar to that of tolcapone, in agreement with the very similar chemical structures of 

the two ligands and the limited differences in their interactions with TTR. However, the pharmacokinetics of 

3-O-methyltolcapone in humans was reported to be remarkably more favorable than that of tolcapone [21]. 

The lack of a third substituent, either hydroxy or methoxy group, in the nitro-phenyl ring of 3-

deoxytolcapone, and, consequently, of its interaction with the protein moiety, leads to the ‘reverse binding 

mode’ of this compound (Fig. 3 and 4) and to its significant rotation within the binding cavity. In addition, the 

reduced steric hindrance of the nitro-phenyl ring allows for a deeper penetration of 3-deoxytolcapone into 

the TTR binding pocket. Despite its distinct binding mode, 3-deoxytolcapone affords an effective and selective 

stabilization of TTR in the presence of plasma proteins. In fact, the loss or the weakening of stabilizing 

interactions with protein residues as compared to tolcapone and 3-O-methyltolcapone is compensated by 

new interactions established by 3-deoxytolcapone at the dimer-dimer interface. Moreover, the lack of the 

metabolically susceptible 3-hydroxy group in the nitro-phenyl ring is also expected to significantly increase 



14

the plasma half-life of 3-deoxytolcapone relative to tolcapone. The chemical modification of the 3-hydroxy 

group or the lack of this group in 3-O-methyltolcapone and 3-deoxytolcapone, respectively, results in a 

greater lipophilicity of the two tolcapone analogues in comparison with tolcapone. This feature might 

increase brain permeability and therefore be advantageous for the pharmacological therapy of TTR 

amyloidoses affecting the central nervous system (leptomeningeal and oculo-leptomeningeal amyloidoses). 

Based on the scaffold of tolcapone and on the structure-activity relationships of tolcapone analogues, our 

results provide hints for the design of new effective TTR stabilizers.
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Highlights
- Inhibitors of TTR amyloidogenesis stabilize the native protein structure
- Tolcapone analogues afford high TTR stabilization
- Crystal structures of TTR in complex with tolcapone analogues have been 

determined
- Structure-activity relationships of tolcapone analogues have been established


