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A B S T R A C T   

Aggregation and fibrillization of transthyretin (TTR) is a fatal pathogenic process that can cause cardiomyopathic 
and polyneuropathic diseases in humans. Although several therapeutic strategies have been designed to prevent 
and treat related pathological events, there is still an urgent need to develop better strategies to improve potency 
and wider applicability. Here, we present our study demonstrating that 3-iodothyronamine (T1AM) and selected 
thyronamine-like compounds can effectively prevent TTR aggregation. T1AM is one of the thyroid hormone (TH) 
metabolites, and T1AM and its analogs, such as SG2, SG6, and SG12, are notable molecules for their beneficial 
activities against metabolic disorders and neurodegeneration. Using nuclear magnetic resonance (NMR) spec
troscopy and biochemical analysis, we confirmed that T1AM analogs could bind to and suppress acid-induced 
aggregation of TTR. In addition, we employed computational approaches to further understand the detailed 
mechanisms of the interaction between T1AM analogs and TTR. This study demonstrates that T1AM analogs, 
whose beneficial effects against several pathological processes have already been proven, may have additional 
benefits against TTR aggregation and fibrillization. Moreover, we believe that our work provides invaluable 
insights to enhance the pleiotropic activity of T1AM and structurally related analogs, relevant for their thera
peutic potential, with particular reference to the ability to prevent TTR aggregation.   

1. Introduction 

Thyroid hormones (THs) are essential signaling molecules that 
modulate diverse physiological and pathological processes [1,2]. Upon 
secretion from the thyroid, the predominant forms of THs are 
L-thyroxine (T4) and 3,3′,5-triiodo-L-thyronine (T3), of which T3 is the 
active form that mediates most of the TH-related physiological pro
cesses. In 2004, however, it was discovered that in human blood and 
tissues, there is another active endogenous molecule whose physiolog
ical activity is mostly antagonistic to T3, and subsequent 
mass-spectrometric analyses determined its chemical structure as a 
mono-iodine-containing thyronamine, 3-iodothyronamine (T1AM) [3]. 
In contrast to the classical signaling targets of T3, such as the nuclear 

thyroid hormone receptor, the major target of T1AM was identified as 
trace amine-associated receptor families (such as TAAR1), thus medi
ating different signaling pathways from those of T3 [4]. 

The discovery of T1AM and its distinctive signaling pathways has 
attracted considerable attention owing to its potential as a novel ther
apeutic intervention for various human diseases [1,5,6]. In particular, 
several research groups have identified that T1AM and its analogs are 
effective not only for metabolic disorders, but also for neurodegenera
tive diseases (NDDs) [5,7,8]. A series of reports have demonstrated that 
the neuroprotective effects of T1AM and its analogs are mediated by an 
increase in ERK1/2 phosphorylation and transcription factor c-fos 
expression [5], by modulation of SIRT6 and autophagy induction [7], or 
by interplay with the histaminergic system [8,9]. Notably, Chiellini et al. 
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developed a 3-methylbiaryl-methane analog of T1AM, SG2, and its po
tential oxidative metabolite SG6, and found that they exhibited thera
peutic activities against NDDs [5,10,11]. In addition, an aspect of 
considerable importance in the development of drugs intended for the 
treatment of CNS disorders is to know the effective delivery of these 
agents across the blood brain barrier (BBB). In a recent study, di Leo 
et al. [6] investigated the permeability of an in vitro model of BBB to 
T1AM, showing compelling evidence that T1AM was able to efficiently 
cross the BBB. 

One of the advantageous features of TH analogs as drugs is their 
multifunctionality, which simultaneously target various physiological 
processes. T1AM can target multiple receptors and channels, for 
example, TAAR families (TAAR1, TAAR5, and TAAR8), ADRA2A, 
TRPM8, TRPV1, and F0F1-ATPase, implying that similar multi- 
functionality is also expected for T1AM analogs [11]. However, there 
are several TH transporter proteins, such as thyroxine-binding globulin, 
transthyretin (TTR), and albumin [12], suggesting that T1AM analogs 
may interact with these proteins and affect their physiological features. 

In the present study, we investigated the possible beneficial effects of 
T1AM and its analogs on TTR. TTR is a transporter of thyroxine and a 
holo-retinol-binding protein. In its native state, TTR maintains a well- 
folded tetrameric complex, in which two hydrophobic binding pockets 
for T4 are constructed [13,14]. Notably, in addition to its physiological 
importance, TTR has attracted enormous attention because of its 
intrinsic ability to aggregate and form amyloid fibrils. TTR amyloidosis 
(ATTR) is known to be caused by wild-type protein (often called senile 
systemic amyloidosis, as it mainly occurs at the age of 70 years) or by a 
single amino-acid substitution, such as V30M, L55P, and V122I, which 
often results in amyloid fibril deposition in the heart or peripheral 
nervous system (thus referred to as familial amyloid cardiomyopathy or 
polyneuropathy) [15–18]. Previous in vitro and in vivo studies have 
shown that the amyloidogenic propensity of TTR correlates with its 
tetramer stability; dissociation into monomers and the subsequent for
mation of misfolded species is a rate-limiting step of TTR aggregation 
and fibril formation [17,19]. Based on these observations, it was 
reasoned that molecules that can bind to the hydrophobic T4 binding 
pocket may stabilize the tetrameric state of TTR and inhibit its aggre
gation [20]. This idea was indeed followed by the successful develop
ment of the drug tafamidis, whose inhibitory effect on ATTR was 
validated in clinical trials [21,22]. 

However, even after this great success, the need to develop further 
optimized therapeutic molecules for ATTR still exists because of the 
occasional limited efficacy and reduced capability of tafamidis to be 
distributed in the brain or eyes [23,24]. Therefore, in the present study, 
we aimed to assess whether T1AM and its analogs, SG2, SG6, and SG12 
(Fig. 1), interact with TTR and exert an additional role as a suppressor of 
ATTR. These T1AM analogs were selected based on their structural 
resemblance and functional efficacy, while pertaining differences in 

their functional groups. This series of ligands is therefore suitable to 
investigate the role of specific chemical moieties in interacting with TTR 
and suppressing its aggregation. To this end, we combined nuclear 
magnetic resonance (NMR) spectroscopy and computational simulation 
approaches to investigate the interactions between TTR and T1AM an
alogs at atomic resolution. We also validated the efficacy of T1AM an
alogs as stabilizers of the TTR tetramer with in vitro thioflavin T (ThT) 
fluorescence and turbidity measurements. Our results indicate that 
T1AM analogs are promising stabilizers of the TTR tetramer. In partic
ular, considering their multi-functionality toward metabolic and 
neurodegenerative disorders, T1AM and its analogs may provide a novel 
and powerful therapeutic strategy for various related diseases. 

2. Materials and methods 

2.1. Drugs 

T1AM and tafamidis were purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and Cayman Chemical (Ann Arbor, MI, USA), respectively, 
and the thyronamine-like compounds, SG2, SG6, and SG12, were kindly 
provided by Prof. Rapposelli [5,10]. Aliquots were stored at − 20 ◦C in 
DMSO as a 200 mM stock solution and diluted to the desired final 
concentration in the assay media. 

2.2. Protein sample preparation 

Human wild-type (WT), V30M, and L55P TTR proteins were 
recombinantly expressed in Escherichia coli and purified using previously 
described procedures [25]. Briefly, the pQE30 vector (Qiagen, Hilden, 
Germany) and E. coli M15(pREP4) competent cells were used for protein 
expression. To complement the relatively large size (~55 kDa) of 
tetrameric WT TTR complex for NMR measurements, we employed the 
fractional deuteration procedure, where M9 minimal media made with 
99 % deuterium oxide and supplemented with 3 g/L [U-13C]-D-glucose 
and 0.5 g/L 15NH4Cl (Cambridge Isotope Laboratories, Tewksbury, MA, 
USA) was used for protein production. Subsequently, the purification 
procedures were composed of sonication and centrifugation for cell 
debris removal, anion exchange chromatography (HiTrap Q HP; Cytiva, 
Marlborough, MA, USA), and the final size-exclusion chromatography 
(HiLoad 16/600 Superdex 75 pg; Cytiva); the latter two chromato
graphic procedures were conducted with the ÄKTA FPLC system 
(Cytiva). The fractions from the chromatographic runs were monitored 
using SDS-PAGE for purity. The final pure fractions were pooled, 
flash-frozen with liquid nitrogen, and stored in a − 80 ◦C freezer until 
use. We confirmed the integrity of the final TTR samples with 
mass-spectrometry and NMR; the mass-spectrometric analysis showed 
no indication of modification, and the NMR spectra obtained with our 
samples fit well with the deposited data in BMRB (see below). 

Fig. 1. Structures of endogenous 3-iodothyronamine (T1AM) and synthetic thyronamine-like analogs, SG2, SG6, and SG12.  
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2.3. NMR spectroscopy 

For NMR experiments, we used an Avance III HD 850 MHz NMR 
spectrometer equipped with a cryogenic HCN probe (Bruker, Billerica, 
MA, USA). Fractionally deuterated and uniformly 13C- and 15N-labeled 
([frac-2H; U-13C; U-15N]) WT-TTR were prepared at a concentration of 
200 μM in a buffer consisting of 50 mM MES pH 6.5, 100 mM NaCl, 
5 mM dithiothreitol, 0.01 % NaN3, and 7 % D2O. The sample volume 
was adjusted to 300 μL to be accommodated in a 5-mm Shigemi tube 
(Sigma-Aldrich). Resonance assignment information was obtained from 
BMRB accession numbers 5507 and 27514 [26,27]. For NMR data 
acquisition, the TopSpin 3.2 software package (Bruker) was used, and 
we employed the POKY software suite for NMR data analysis [28]. 

Titration experiments were conducted by serially adding T1AM an
alogs (dissolved in DMSO-d6) to the [frac-2H; U-13C; U-15N]-WT-TTR 
sample and collecting 2D 1H–15N TROSY-HSQC spectra. We repeated the 
same titration experiments with tafamidis (dissolved in DMSO-d6) for 
comparison with those of T1AM analogs. To clarify the signal 

assignment of the 1:1 mixture of TTR and the T1AM analog, 3D TROSY- 
HNCA spectra were also obtained. Notably, we confirmed that the NMR 
spectra did not exhibit any noticeable signal perturbation upon the 
addition of the same amount of DMSO-d6 (without T1AM analogs) to the 
TTR sample. The signal perturbation plot was obtained by calculating 
ΔδNH for each signal upon addition of 1-fold T1AM analogs using the 
following equation: ΔδNH = [(ΔδN/5)2 + (ΔδH)2]1/2, where ΔδN and 
ΔδH are the signal movements in ppm in the NMR spectra of ligand-free 
and bound WT-TTR. 

Finally, to test whether tafamidis competes with SG2 or SG6 for the 
same binding site of TTR, we added 1-fold tafamidis to the samples of 
[frac-2H; U-13C; U-15N]-WT-TTR containing 2-fold SG2 or SG6, and 
collected 2D 1H–15N TROSY-HSQC spectra. 

2.4. Aggregation assay 

The aggregation propensity of TTR samples (WT, V30M, and L55) in 
the absence or presence of T1AM analogs was evaluated using an 

Fig. 2. Results of NMR signal perturbation induced by titrations of T1AM analogs onto TTR. One-fold equivalent (vs. the concentration of TTR monomer) of T1AM 
and its analogs were added to the sample of [frac-2H; U-13C; U-15N]-TTR, and the 2D 1H–15N HSQC and 3D HNCA spectra were obtained to monitor the signal 
perturbations of TTR. (A-D) Perturbation of the backbone 1H–15N HSQC signals by the titration of T1AM analogs was plotted using the following equation: ΔδNH 
(ppm) = [(ΔδN/5)2 + (ΔδH)2]1/2 (see Methods for details). The residues whose signals disappeared beyond detection during titration are indicated by red triangles. 
(E-G) Structural model of TTR (PDB ID: 2ROX) colored according to the extent of signal perturbations. Residues whose signals were significantly perturbed are 
colored as follows: red, signals that disappeared during titration; blue, signals that exhibited significant shifts (ΔδNH > 0.02 ppm); black, signals not assigned residues 
and prolines. On the left is the native tetrameric model, while only half of the tetrameric model is shown on the right for better presentation. The colors are shown at 
one subunit for simplicity. Note that the same figure was not included for the result of SG12 due to the lack of noticeable signal perturbation. 
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aggregation assay under mildly acidic conditions [29,30]. TTR samples, 
which were prepared at a concentration of 64 μM in PBS buffer (pH 7.4; 
10 mM phosphate, 140 mM NaCl, and 2.7 mM KCl), were first treated 
with either DMSO or five-fold T1AM analogs (T1AM, SG2, SG6, or SG12) 
dissolved in DMSO. These TTR-T1AM analog mixtures were subse
quently mixed in a 1:1 ratio with acetate buffer (200 mM sodium acetate 
pH 4.2, 100 mM KCl, and 1 mM EDTA). The mixture was then incubated 
at 37 ◦C without agitation. 

Aggregation was monitored by ThT fluorescence (and turbidity 
measurements for WT TTR) using a Tecan Spark™ 10 M microplate 
reader (Männedorf, Switzerland). To measure ThT fluorescence, the 
samples were first diluted to a final concentration of 4 μM TTR with a 
buffer consisting of 200 mM Tris (pH 8.0) and 150 mM NaCl, and 400 μL 
of this mixture was then mixed with 2 μL of 2 mM ThT solution in a 
buffer consisting of 200 mM Tris (pH 8.0) and 150 mM NaCl. The 
measurements were performed in triplicate with the samples filled in a 
96-well black-wall microplate (excitation and emission wavelengths 
were 440 nm and 482 nm, respectively). To measure turbidity, the 
sample was transferred into a 96-well transparent microplate, and the 
optical density at 330 nm was obtained in triplicate. The measurement 
results were averaged and plotted in the figures along with their stan
dard deviation as an error bar. The reproducibility of the measurement 
results was confirmed by repeating the same experiment two to three 
times. 

2.5. Molecular docking and molecular dynamics (MD) simulation 

Protein preparation and molecular docking were performed in the 
TTR-T4 complex of the Protein Data Bank (PDB) [31] coded with PDB ID 
2ROX [14] using the Chemscore function of the GOLD program, as 
previously validated [32]. MD simulations were performed to test the 
stability of the predicted pose using AMBER Version 16 (San Francisco, 
CA, USA) [33]. The TTR complexes, derived from the best scored 
docking poses of SG2, SG6, SG12, T1AM, and tafamidis as a control were 
placed in a parallelepiped water box using an explicit solvent model 
(TIP3P) and solvated with a 10 Å water cap. For system neutralization, 
sodium ions were used as counterions. Three steps of minimization were 
carried out before 70 ns of MD simulation: optimization of the solvent, 
relaxation of the side chains of the protein and finally of the ligand. We 
used the particle mesh Ewald electrostatic and periodic boundary con
ditions. For MD trajectory, minimized structures as the starting con
formations were used. We set the time step of the simulations to 2.0 fs 
with a cutoff of 10 Å for the non-bonded interaction, and employed 
SHAKE to keep all bonds involving hydrogen atoms rigid. 
Constant-volume periodic boundary MD was run for 500 ps along with 
the temperature increase from 0 to 300 K. Subsequently, 
constant-pressure periodic boundary MD was run for 69.5 ns at 300 K. 
We used the Langevin thermostat to keep the temperature of the system 
constant, sustaining all the α carbons and ligand with 10 kcal of constant 
harmonic force for the first 1.6 ns. After this, we relaxed the ligand for 
additional 1.6 ns, and ran the last simulation without any constraint for 
the remaining 66.3 ns. The trajectory was collected in one frame per 
every 100 ps of the simulation, generating 700 frames for all complexes. 
General Amber force field parameters were assigned to the ligands, and 
partial charges were calculated using the AM1-BCC method. The set of 
the 30 closest water molecules to the ligand was determined using the 
closest command in the CPPTRAJ module [34] of AMBER 16. The sol
vent molecules were set automatically by distance, and the water closest 
for each frame was recorded. The MD trajectories were examined with 
the MD Movie tool of Chimera [35] and the CPPTRAJ module. The 
Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) 
approach [36] was used to calculate binding free energy of the com
plexes, applying the MMPBSA routine [37]of AMBER to 100 frames 
extracted from stable simulation trajectories. The contribution of each 
binding site residue to ligand stabilization in the same trajectory was 
also analyzed, using the PAIRWISE command in the CPPTRAJ module, 

which writes out van der Waals energy (EVDW) and electrostatic energy 
(EELEC) of non-bonded interactions. Results are reported as the sum of 
EVDW and EELEC in kcal/mol. 

3. Results 

3.1. NMR titration experiments of TTR with T1AM analogs 

We first examined whether T1AM analogs directly interact with TTR. 
To this end, we collected a series of 2D 1H–15N TROSY-HSQC and 3D 
TROSY-HNCA spectra of the [frac-2H; U-13C; U-15N]-TTR samples 
titrated with increasing amounts of ligands; that is, T1AM, SG2, SG6, 
and SG12 (Fig. 1). Notably, all the ligands incurred NMR signal 
perturbation, albeit in a different fashion (Fig. 2 and S1). Upon addition 
of 1-equivalent of T1AM to TTR, signals corresponding to the residues 
V14, V20, G22, and A108 disappeared beyond detection, whereas sig
nals for M13, K15, L17, A19, I26, S50, G53, L55-G57, T59, I107, A109- 
L111, S117, and V122 shifted significantly (ΔδNH > 0.02 ppm; the 
average plus one standard deviation value from the results of SG6 
titration). SG2 induced consistent, yet more pronounced signal pertur
bation: the signals for A19, V20, G22, E92, A108, L110-S112, Y114, 
S115, S117, T118, A120, and V121 disappeared with 1-fold addition of 
SG2, and the signals for C10, V14-L17, S23, A25-N27, F33, S50, E51, 
G53, L55, L58, K76, K80, H88, E89, A91, V94, Y105-I107, A109, V122, 
and K126 shifted significantly. The 1-fold addition of SG6 resulted in the 
disappearance of the signals for K15, L17, V20, G22, A25, A108-L111, 
Y114, S115, S117, T118, A120, and V121, whereas the signals for 
V16, A19, S23, S50, L55, L58, K76, F87, E92-V94, T96, T106, I107, 
S112, and V122 were significantly shifted. In contrast, the overall signal 
perturbation was greatly diminished in the titration results of SG-12; the 
1-fold addition to TTR only caused minimal signal shifts without any 
disappearance. We also observed consistent changes in the signal in
tensity upon ligand titration; as a representative example, the signal 
intensity change of the residue A109 is shown in Fig. S2. 

To compare the ligand binding of T1AM and its analogs, we exam
ined whether each added ligand dissociates from TTR using a simple 
buffer exchange procedure. By comparing the 2D 1H–15N TROSY-HSQC 
spectra before and after buffer exchange, we could easily distinguish the 
ligand-free state of TTR from the ligand-bound state. From these trials, 
we confirmed that T1AM and SG12 could be easily removed from the 
TTR sample, whereas extensive buffer exchange could not dissociate the 
SG2- and SG6-TTR complexes (Fig. S3). This result indicated that the 
binding interactions of TTR with SG2 and SG6 were sufficiently stable, 
whereas those of T1AM and SG12 were not. 

Overall, ligand titration experiments showed that the addition of SG2 
and SG6 resulted in the most severe signal perturbations (Fig. 2). 
Notably, SG6 exhibited more signal broadening than SG2, while signal 
movements were more noticeable in the SG2 titration than in SG6. In 
contrast, T1AM or SG12 caused only modest or minimal signal changes, 
respectively. 

Moreover, we tested whether tafamidis competes with T1AM analogs 
for the binding site on TTR. The 2D 1H–15N TROSY-HSQC spectra of the 
TTR samples, which mixed first with either 2-fold SG2 or SG6, and 
subsequently with 1-fold tafamidis, exhibited the same spectral feature 
with that of the TTR sample containing 1-fold tafamidis (Fig. S4). This 
indicates that the affinity of tafamidis for TTR was stronger than those of 
SG2 and SG6, and T1AM and its analogs bind to TTR with the over
lapped binding site of tafamidis. 

3.2. Aggregation assay of TTR in the presence of T1AM analogs 

Next, we tested the efficacy of T1AM analogs in inhibiting the ag
gregation of TTR. The aggregation of TTR was induced by lowering the 
pH of the protein sample to 4.4, and the suppressive effects of T1AM 
analogs were tested by inducing TTR aggregation in the absence or 
presence of 5-fold ligands [29,38]. Subsequent aggregation was 
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monitored using ThT fluorescence and turbidity measurements (Fig. 3 
and S5). As a reference molecule, we examined the effect of tafamidis, 
and we only focused on the data obtained with 5-fold ligands, because 
the results obtained in the presence of 1-fold T1AM analogs showed less 
distinguishable effects on TTR aggregation (Fig. S6). The measurement 
results indicated that among T1AM analogs, SG6 was the most effective 
inhibitor of TTR aggregation, while the effect of SG12 was negligible in 
ThT assays. This observation is consistent with the NMR results, where 
the binding interaction between TTR and SG6 was stronger than the 
others, whereas SG12 caused minimal perturbations to the NMR signals 
of TTR. In contrast, the relatively weak inhibitory effects of SG2 on TTR 
aggregation were somewhat inconsistent with the NMR results because 
the NMR signal perturbations by SG2 were comparable with those by 
SG6. 

In addition, we repeated the same aggregation assay with two 
pathogenic variants of TTR, V30M and L55P, which exhibited more 
amyloidogenic propensities than WT [39,40]. Upon treatment of 5-fold 
T1AM analogs to V30M TTR, TTR aggregation was again slowed down 
significantly; the inhibitory effect of SG6 was the most pronounced 
among T1AM analogs (Fig. 4A and S7A). In contrast, T1AM analogs 
could not cause any noticeable effect on the aggregation of L55P TTR 
(Fig. 4B and S7B). 

3.3. Molecular docking simulation of TTR with T1AM analogs 

To investigate the details of the interaction between TTR and T1AM 
analogs at atomic resolution, we conducted molecular docking simula
tions and compared the resultant complex models. The binding of T4 
with TTR includes the ionic bridge between K15 (TTR) and the car
boxylic acid (T4) and the polar interaction between E54 (TTR) and the 
protonated amine (T4) [14]. Therefore, we aimed to investigate the 
interaction of the single amine (for T1AM, SG2, and SG12) or carbox
ylate (for SG6) moiety of T1AM analogs in the TTR binding site using 
molecular docking simulation, comparing results to the pose of tafami
dis (Fig. 5) [21]. 

Overall, the docking models provided a detailed view of the in
teractions between TTR and T1AM analogs (Fig. 5, gray). First, although 
the docking model predicted that both SG2 and SG12 interact similarly 
in the TTR-binding site, the longer spacer of SG2 allows a stronger 
interaction with E54 of TTR (Fig. 5AB, gray). The aniline moiety of SG2 
and SG12 lies in the inner region of TTR, towards S115, S117, and T119. 
In contrast, the molecular docking results for T1AM were completely 
different; a reversed pose of T1AM was suggested, thus placing the 
phenolic OH group near K15 (Fig. 5C, gray). This interaction is common 
and frequent within ligands crystallized with TTR [41,42] and is 

Fig. 3. TTR aggregation assay results in the presence/absence of 5-fold T1AM and its analogs. The results without any ligand (DMSO) or with 5-fold tafamidis (Tafa) 
were included for comparison. TTR aggregation was induced by mildly acidic conditions (the concentration of TTR was 32 μM) and was subsequently quantified 
using thioflavin-T (ThT) fluorescence (A) and turbidity (B) measurements after 3-day incubation at 37 ◦C (the daily measurement results of ThT fluorescence are 
shown in Fig. S5). The measurements were conducted in triplicate, and the standard deviations from those were denoted as error bars in the figure. 

Fig. 4. Aggregation assay results of two pathogenic TTR variants, V30M (A) and L55P (B), in the presence/absence of 5-fold T1AM and its analogs. The results 
without any ligand (DMSO) or with 5-fold tafamidis (Tafa) were included for comparison. TTR aggregation was induced by mildly acidic conditions (the concen
tration of TTR was 32 μM) and was subsequently quantified using thioflavin-T (ThT) fluorescence measurements after 3-day incubation at 37 ◦C (the daily mea
surement results of ThT fluorescence are shown in Fig. S7). The measurements were conducted in triplicate, and the standard deviations from those were denoted as 
error bars in the figure. 
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preferred over the unusual interaction between the amine and E54. The 
amine chain occupies the serine-rich region, engaging S117 of both 
chains A and C, whereas the same locus was accompanied by the aniline 
group of SG compounds. Docking of SG6 (Fig. 5D, gray) is, as expected, 
in the classical forward mode, guaranteeing the ionic bond between 
carboxylate and K15 and the polar interaction between the aniline 
moiety and S117. The binding mode described here for T1AM analogs is 
very similar to the classical arrangement of other kinetic stabilizers of 
TTR, such as tafamidis (Fig. 5E, gray) [21]: a strong ionic binding an
chors the carboxylate to K15, in the outer region of the binding site, and 
many lipophilic interactions stabilize the ligand in the central part of the 
pocket, which is composed by three parallel sheets (residues 15–17, 
108–110 and 117–119 for both specular chains of interfaced dimers). 
The two chlorines protrude towards the inner polar pocket, rich in 

serines (S115 and S117) belonging to all neighboring monomers, and 
strongly involved in the stabilization of the TTR tetramer [43]. 

3.4. Molecular dynamics (MD) simulation of the TTR-ligand complexes 

To further evaluate the stability of the complexes between TTR and 
T1AM analogs, we conducted MD simulations. After constraint relaxa
tion (frame 40), the protein backbone reached a Cα RMSD stability of 
2 Å in all complexes (Fig. 6). In the TTR-SG2 complex, (Fig. 6A) a shift of 
the RMSD plot is detected, due to the specular movement of the ligand 
between the two interfaced dimers, near frame 400; the RMSD of SG2 
returned stable at an average value of 1.5 Å, like all the other ligands. 

Ultimately, despite some system fluctuations, all compounds 
retained their binding disposition. The final structures of the MD 

Fig. 5. Superposition of the docking results (gray), and the average structure of MD simulation of SG2 (A; pink), SG12 (B; tun), T1AM (C; green), SG6 (D; cyan) and 
tafamidis (E; orange). The chain (A, B, C, or D) from which each residue originates is indicated along with the residue information. 
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simulations superimposed on the initial docking pose are shown in 
Fig. 5. It was evident from the model of SG12-TTR complex (Fig. 5B, tan) 
that K15 attempted to reach E54 and detach it from the protonated 
amine of the ligand. Not only the initial interaction with E54 failed, the 
interactions with serines in the inner pocket were also lost. The behavior 
of SG2 in complex with TTR was different (Fig. 5A, pink): although the 
initial interaction between the aminoethyloxy chains of SG2 and E54 
was retained during the simulation, it failed to maintain stable inter
action with S117 and T119, probably because the molecule length is not 
sufficient to reach the inner region when the protonated amine anchors 
E54. T1AM (Fig. 5C, green), in its inverted pose, maintained a polar 
interaction with K15, which appeared weaker than a hydrogen bond, 
because K15 was engaged in strong ionic bonding with E54. The ligand 
still seemed to engage in fruitful interactions with serine residues. The 
comparison with SG6 (Fig. 5D, cyan), showed how the usual ionic 
interaction with K15 of the carboxylate group of SG6 guarantees a better 
interaction with respect to the similar docking pose of SG2. Fig. 5E 
shows the results obtained with tafamidis, which were used as a control 
and subjected to the same docking and dynamics procedure. Notably, 
the final structure of tafamidis overlaps well with the experimental pose, 
validating the suitability of our approaches. 

To explore the role of the key residues in ligand stabilization and 
their correlation with inhibitory activity against TTR aggregation, we 

analyzed the MD trajectories in detail (Fig. 7). This helped us to identify 
the effect of fluctuations on interactions between the residues and the 
ligands over time, which were not discernible in Fig. 5. Residues 
involved in the interaction with a distance less than 5 Å from the ligand 
were analyzed, with a focus on two regions: the outer region, which 
usually binds with K15, and the inner region, which interacts with S115 
and S117. Water molecules were also analyzed separately: the one 
closest (less than 3 Å apart) to the ligand end in the K15 region, and the 
other closest to the opposite end of the ligand in the inner region. 

For SG2 (Fig. 7A), the involvement of many residues, particularly 
S117 and T119, is evident in more than half of the unconstrained 
simulation. In addition, E54 stably interact with the amine of SG2. The 
protonated amine group of K15 was located approximately 4.5 Å from 
the amine group of SG2 for the entire simulation, interacting with E54 
and weakly with the ether oxygen atom of the SG2 linker (not reported 
in Fig. 5 for clarity). The first level of interactions is however with water, 
in both the outer and inner regions of the binding sites. This means that 
during the simulation the interaction of SG2 with E54, S117 and T119 
was recurrently displaced by the solvent. Regarding SG12 (Fig. 7B), the 
initial interaction between SG12 and E54 loosened during the uncon
strained simulation, as did the nearness of K15. Only fluctuating in
teractions between the aniline group and residues S117 and T119 
(Fig. 7B; black and orange lines, respectively) were visible. In a large 

Fig. 6. RMSD of the TTR Cα atoms (blue line) and ligand heavy atoms (orange line) in molecular dynamics simulations of the TTR-ligand complexes: SG2-TTR (A), 
SG12-TTR (B), T1AM-TTR (C), SG6-TTR (D) and tafamidis-TTR (E). 
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Fig. 7. Distances of the key residues of TTR from the ligand during molecular dynamics simulation of the TTR-ligand complexes. Only residues involved within 
distances less than 5 Å are reported: K15 (magenta), E54 (red), S115D (S115 from the chain D; green), S117A (gray), S117C (black), T119C (gold). For K15 and E54, 
due to the high flexibility, the closest value between chains A and C has been reported for clarity. Water molecules less than 3 Å from the protonated amine of SG2 
and SG12, the phenolic hydroxyl of T1AM, and the carboxylate of SG6 and tafamidis are reported in blue (WAT OUT), whereas water molecules less than 3 Å from 
the aniline nitrogen of SG2, SG12 and SG6 and chlorines of tafamidis are reported in cyan (WAT IN). 
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part of the simulation, the main interaction in the inner and outer re
gions was with water molecules, which was consistent with its relatively 
weak interaction with TTR. T1AM engaged in fluctuating interactions 
with K15 by the phenolic OH group (Fig. 7C; magenta line) and a polar 
interaction between the protonated amine of T1AM and S117 with an 
average distance of approximately 4 Å (Fig. 7C; gray, distance between 
heteroatoms), and with T119 (Fig. 7C; orange, distance between het
eroatoms). However, in the inner region, the main direct interaction was 
with water molecules; the distance between the protonated amine of 
T1AM and the closest water molecules during the simulation was re
ported to be less than 3 Å (Fig. 7C; cyan). A large number of water 
molecules seemed to be also attracted in the outer region of the binding 
site (Fig. 7C; blue). For SG6, strong interactions with S117 and T119 
were evident without any water molecule interference or bridges 
(Fig. 7D). During the simulation a strong interaction was observed be
tween the carboxylate group of SG6 and K15 (alternatively K15 of the A 
and C chains: the minimum distance is shown in the figure). The in
teractions with K15, S115, S117, and T119 were maintained, displacing 
the water that is poorly represented in the binding site. The average 
number of water molecules per frame of simulation in the region of K15 
varies from about 2 for SG2 and SG12, to 1 for T1AM and 0.02 for SG6 
(0.03 for tafamidis; see Table 1). Intriguingly, high hydration was 
detected in the inner region for T1AM, due to its reversed pose placing 
the protonated amine in this pocket, while no water molecules for 
tafamidis. 

With the aim to validate the binding affinity information suggested 
by molecular dynamics simulation, a MMPBSA calculation was per
formed on all complexes (Table 2). In this calculation, T1AM and SG12 
complexes showed unfavorable binding energy, and SG2 showed 
slightly negative energy. On the other hand, SG6 and tafamidis have a 
favorable free energy, which is in agreement with our experimental 
results. 

Taken together, the results of the MD simulations provide placeable 
explanation to rationalize the results of the NMR titration experiments 
and the TTR aggregation assay. An additional effort was made to eval
uate the energetic correlation between the NMR data and the closest 
atoms along the MD trajectory, through a per-residue deconvolution of 
the interaction energies. The pairwise calculation of the interaction 
energy between ligands and each binding-site residue is summarized in  
Fig. 8. No residue in the binding pocket of the SG12-TTR complex was 
involved in strong interaction with the ligand, except E54. In the T1AM- 
TTR complex, many residues are involved in weak interactions, covering 
the central region of the binding site (L17, A108, A109, and L110). 
Despite the negative term of the electrostatic energy between T1AM and 
S115, S117, and T119, an unfavorable VDW component led to a slightly 
positive contribution for the serines, more marked for T119. SG2 
seemed, differently, to strongly interact with the central part of the 
binding site (L17, A108, A109, and L110), and with E54. The latter 
result was overestimated because the pairwise calculation cannot ac
count for the presence of water, which is crucial for the ionic interaction 
between E54 and the protonated amine of SG2. Negative values of 
interaction energy were also detected for the polar residues of the inner 
region, in agreement with the NMR perturbation results. K15 is involved 
only in the binding of SG6, with high negative values of energy. For the 
SG6-TTR complex, the interaction spectrum of the residues is similar to 
that of SG2, yet with stronger energies. Negative values were detected 
for L17, A108, A109, L110, S115, S117, and T119. 

Notably, molecular dynamics results and energy calculations 
demonstrate that the presence of a protonated amine, potentially 
capable to bind E54 analogously to T4, leads to attracting water in the 
binding site [44]. SG12 lost its initial interaction with S117 and T119; 
SG2, with the aminoethoxy linker, could engage a strong ionic bond 
with E54 and retain polar interaction with S115, S117 and T119, but 
they were substituted by water molecules during the simulation, 
perhaps due to insufficient chain length. T1AM, despite the high flexi
bility of the amine chain and its polarity, which could induce a strong 
interaction with serine residues and T119, attracts stable water mole
cules in the range of 3 Å from the amine, losing direct contact with the 
binding site residues. 

4. Discussion 

The distinct features of thyromimetic molecules in various patho
logical processes have attracted a wide range of interest. However, 
despite numerous studies evaluating various beneficial effects of thy
romimetics, their interaction with TTR, the TH transporter protein, and 
the subsequent effects on several TTR-related pathogenic mechanisms, 

Table 1 
Mean number of water molecules per molecular dynamics frame less than 3 Å 
from the protonated amine of SG2 and SG12, the phenolic hydroxyl of T1AM, 
and the carboxylate of SG6 and tafamidis (WAT OUT), and from the aniline 
nitrogen of SG2, SG12, and SG6 and chlorines of tafamidis (WAT IN).   

WAT OUT WAT IN 

SG2  2  0.5 
SG12  2.5  0.5 
T1AM  1.2  2 
SG6  0.02  0.1 
Tafamidis  0.03  0  

Table 2 
Binding free energy of TTR complexes, obtained by the MMPBSA method. 
VDWAALS = van der Waals contribution; EEL = electrostatic energy; EPB 
= electrostatic contribution to the solvation free energy calculated by Poisson- 
Boltzmann method; ENPOLAR = nonpolar solvation free energy contribution; 
EDISPER = dispersion term; ΔGtot = final estimated binding free energy in 
kcal/mol.  

ENERGY (kcal/mol) SG2 SG12 T1AM SG6 Tafamidis 

EEL -28.18 -29.78 -38.44 -30.65 -36.10 
WDV -236.43 -212.91 -241.22 107.02 124.46 
EPB 246.31 228.47 260.06 -105.57 -116.50 
ENPOLAR -24.44 -23.53 -26.68 -25.74 -25.71 
EDISPER 40.77 39.63 46.96 43.23 45.94 
ΔGtot -1.97 1.87 0.67 -11.72 -7.90  

Fig. 8. Results of the pairwise non-bonded energy calculations. The contribution of each residue of the TTR binding site to the ligand stabilization was reported in 
terms of kcal/mol of interaction energy with the color code labeled as follows: E > 16 kcal/mol colored in black; 0 < E < 16 kcal/mol in dark gray; 
− 10 < E < 0 kcal/mol in light gray; − 30 < E < − 10 kcal/mol in pink; E < − 30 kcal/mol in red. 
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for example, ATTR, have not been sufficiently investigated [45]. To this 
end, we previously characterized the interaction between TTR and 
diphenyl-methane-based thyromimetics (sobetirome and its analogs, 
IS25 and TG68) using NMR spectroscopy and computational simulation, 
and reported that these molecules interact with and effectively suppress 
TTR aggregation [46]. In the present study, we aimed to elucidate the 
binding interaction between TTR and thyronamine-based compounds, 
including 3-iodothyronamine (T1AM) and its diphenyl-methane analogs 
(i.e., SG2, SG6, and SG12) and characterize their subsequent effects on 
TTR aggregation. Although a series of T1AM analogs have been noted as 
promising therapeutic molecules for obesity and NDDs [11,47], their 
relationship with TTR has not been elucidated to date. 

Our NMR spectroscopic titration experiments confirmed the direct 
binding of T1AM and its analogs at the hydrophobic T4-binding site of 
TTR (Fig. 2 and S4). However, subsequent NMR signal perturbation 
analyses indicated that each T1AM analog exerted differential effects on 
TTR NMR signals. First, it was evident that the TTR signals were most 
affected by SG2 and SG6, whereas the effects of T1AM and SG12 were 
less significant. Moreover, in contrast to the wide signal perturbations by 
SG2 and SG6 at both the inner and outer regions of the T4-binding 
pocket, the NMR signal perturbation by T1AM was localized at the 
outer region, whereas that by SG12 was more focused at the inner region 
of the binding pocket (Fig. 2). ThT fluorescence and turbidity assay re
sults further corroborated the NMR data (Fig. 3). The activity of T1AM 
analogs in suppressing acid-induced aggregation of WT TTR was high in 
the following order: SG6 > SG2 ≈ T1AM > SG12. This correlates well 
with the NMR signal perturbation (Fig. 2) and intensity change (Fig. S2) 
results; more significant changes in TTR NMR signals imply a stronger 
interaction, which subsequently suggests higher stability of the native 
tetrameric state of TTR. 

Intriguingly, the aggregation assays of two pathogenic variants of 
TTR, V30M and L55P, indicated that the efficacy of T1AM analogs 
manifests with WT and V30M, not with L55P. This may be attributed to 
the altered T4 binding site of L55P TTR. Based on our calculation results, 
E54 play critical roles to stabilize the interaction with T1AM and its 
analogs. The V30M substitution may cause only, if any, a minimal effect 
on the binding site architecture, while the effect of L55P substitution 
would be more significant due to its proximal location to E54. Indeed, 
the structural model of L55P TTR indicated that the conformation of E54 
can be disturbed by the mutation [48]. These observations collectively 
suggest that a certain TTR variant may require additional consideration 
for ligand design to ensure its sufficient functionality toward TTR 
aggregation. 

Molecular docking calculations and MD simulation results also pro
vided consistent, yet more detailed explanations for the differential 
binding interactions of T1AM analogs with TTR. First, the simulation 
results consistently indicated that SG2 and SG6 were tighter binders of 
TTR than T1AM and SG12. The intriguing difference in the NMR titra
tion results of SG2 and SG6, however, is that the region including the 
residues S50-T60 was more affected by the interaction with SG2 than 
that with SG6. The hints for this came from the simulations suggesting 
the aminoethoxy chain of SG2 may mediate the interaction with E54, 
while the carboxylate group of SG6 directly interacts with K15. It is also 
notable that SG6 exhibited the most inhibitory effects on TTR aggre
gation, implying the importance of the local interaction between the 
carboxylate group of the ligand and the amine group of K15 for an ag
gregation suppressor; a similar observation was made in previous re
ports that some thyromimetic suppressors of TTR aggregation, such as 
tafamidis and GC-1 analogs, also contain the terminal carboxylate group 
that may be involved in the interaction with K15 [21,46]. The simula
tion results also provide plausible explanations for the NMR signal 
perturbation results of T1AM and SG12. For T1AM, the computational 
study predicted the opposite binding and incorporation of water mole
cules in the region of the T4 binding pocket, resulting in the formation of 
a complex with reduced stability. The calculations showed SG12 to be a 
weak binder, mainly due to the lack of a stable interaction network with 

K15 and E54, in addition to the strong hydration of the amine group. 
These observations suggest that the single amine moiety of T1AM ana
logs, in contrast to the single carboxylate, could be critical for the 
interaction with TTR; they need to have an appropriate linker accom
modating the network with K15 and E54, as well as hydrophobic and 
bulky moieties complementing the inner hydrophobic T4 binding pocket 
of TTR. Finally, the MMPBSA calculation results summarized these an
alyses to conclude that the binding affinity of T1AM analogs for TTR is in 
the following order: SG6 > SG2 > T1AM > SG12, which aligns well 
with the NMR data and the aggregation assay results. 

Taken together, our study provides a novel possibility for using 
T1AM and its analogs as therapeutic molecules to modulate TTR 
amyloidosis. Owing to the well-established benefits of TH-derived me
tabolites and thyromimetics in various human diseases, many related 
derivatives and analogs have been developed and investigated [2,11,49, 
50]. In this study, although it was clear that T1AM and its analogs are 
not as efficient as tafamidis for suppressing the aggregation of TTR, we 
could still demonstrate that T1AM and its analogs, SG2 and SG6, have 
therapeutic potentials toward TTR aggregation and prove the feasibility 
of developing further optimized multi-functional molecules that are 
effective for both TTR amyloidosis and TH-related metabolic disorders 
or neurodegeneration. 

To the best of our knowledge, this is the first study to observe the 
direct binding of T1AM and thyronamine-like analogs to TTR. Although 
a previous study showed that the major transporter of T1AM is apoli
poprotein B-100 [51,52], our observations provide a plausible clue that 
TTR may work as an additional transporter protein at least for some 
T1AM analogs. This indicates that T1AM analogs may have multiple 
transport pathways, resulting in differential kinetic profiles and 
distinctive distributions. Therefore, we believe that the present study 
may provide novel insights into the working mechanisms of T1AM an
alogs and how to maximize their efficacies. 
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