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Table 1

Mean number of water molecules per molecular dynamics frame less than 3 A
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; AGtot = 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
AGyor -1.97 1.87 0.67 11.72 -7.90

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 TIAM and S117 with an
average distance of approximately 4 A (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 A (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 TIAM and 0.02 for SG6
(0.03 for tafamidis; see Table 1). Intriguingly, high hydration was
detected in the inner region for TLIAM, due to its reversed pose placing
the protonated amine in this pocket, while no water molecules for
tafamidis.
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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, TIAM 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 TIAM-
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. TLAM, 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 A 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,

O O
FETFIFTETEESFTTLLE
F'&¥F vV VY U T YTV T T V92 90 KN o 9 K

SG2

SG12

T1AM

SG6 I

E >16 Kcal/mol 0 <E <16 Kcal/mol

E < -30 Kcal/mol

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 keal/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 TIAM 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 TIAM 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 TIAM 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 TLAM
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 TLAM 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 TIAM 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 TIAM 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
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K15 and E54, in addition to the strong hydration of the amine group.
These observations suggest that the single amine moiety of TIAM 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 TIAM 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 TIAM and its analogs are
not as efficient as tafamidis for suppressing the aggregation of TTR, we
could still demonstrate that TLAM 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 TIAM 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 TIAM 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 TIAM an-
alogs and how to maximize their efficacies.
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