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Abstract
Transthyretin aggregation-associated proteotoxicity appears to cause several human amyloid
diseases. Rate-limiting tetramer dissociation and monomer misfolding of transthyretin (TTR) occur
before its aggregation into cross-β-sheet amyloid fibrils. Small molecule binding to and preferential
stabilization of the tetrameric state of TTR over the dissociative transition state raises the kinetic
barrier for dissociation, imposing kinetic stabilization on TTR and preventing aggregation. This is
an effective strategy to halt neurodegeneration associated with polyneuropathy, according to recent
placebo-controlled clinical trial results. In three recent papers, we systematically ranked possibilities
for the three substructures composing a typical TTR kinetic stabilizer, using fibril inhibition potency
and plasma TTR binding selectivity data. Herein, we have successfully employed a substructure
combination strategy to use these data to develop potent and selective TTR kinetic stabilizers that
rescue cells from the cytotoxic effects of TTR amyloidogenesis. Of the 92 stilbene and
dihydrostilbene analogues synthesized, nearly all potently inhibit TTR fibril formation. Seventeen
of these exhibit a binding stoichiometry of > 1.5 of a maximum of 2 to plasma TTR, while displaying
minimal binding to the thyroid hormone receptor (< 20%). Six analogues were definitively
categorized as kinetic stabilizers by evaluating dissociation time-courses. High resolution TTR•
(kinetic stabilizer)2 crystal structures (1.31-1.70 Å) confirmed the anticipated binding orientation of
the 3,5-dibromo-4-hydroxyphenyl substructure and revealed a strong preference of the isosteric 3,5-
dibromo-4-aminophenyl substructure to bind to the inner thyroxine binding pocket.

Introduction
Intrinsic and/or extrinsic challenges to the maintenance of organismal protein homeostasis, in
the absence of a biological correction (e.g., induction of a stress-responsive signaling pathway)
or a chemical correction (a small molecule that binds to and stabilizes a particular misfolding-
prone protein) to rebalance the proteostasis network, can lead to aging-associated
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proteotoxicity and degenerative diseases.1-5 These include Alzheimer's disease, as well as the
transthyretin and gelsolin amyloidoses.3,5-10 These maladies are associated with the
accumulation of an insoluble protein(s), including amyloid fibrils after which these diseases
have been named, leading to the degeneration of one or more tissues – often those composed
of post-mitotic cells, such as neurons or muscle cells.3,6,10 Whether intra- or extracellular
aggregates lead to degeneration, which aggregate morphology is responsible, and by what
mechanism are key unanswered questions related to the amyloidoses.3-11

Transthyretin (TTR) is a homotetrameric protein composed of 127-amino-acid, β-sheet-rich
subunits.12-15 The established physiological functions of TTR are to bind to and transport the
thyroid hormone thyroxine (T4) and holo-retinol binding protein in the blood and cerebrospinal
fluid (CSF).11,12,16-18 Although TTR serves as the major carrier of thyroxine in the CSF, TTR
is a minor carrier in blood because of the presence of two other T4 carrier proteins, thyroid
binding globulin and albumin. Thus, more than 99% of TTR's thyroxine binding sites in the
blood are unoccupied.11

Transthyretin is one of more than 30 non-homologous human amyloidogenic proteins, whose
misfolding and/or misassembly appears to elicit the proteotoxicity and cell degeneration
thought to cause the amyloidoses.4,7,11,19 Amyloidogenesis from TTR secreted by the liver
appears to require rate-limiting tetramer dissociation, which affords non-amyloidogenic folded
monomers that must undergo partial denaturation to misassemble into a variety of aggregate
structures, including cross-β-sheet amyloid fibrils.20-25 TTR amyloidogenesis occurs by a
thermodynamically favorable or downhill aggregation reaction, and not by a nucleated
polymerization that governs many other amyloidogenesis processes.26 Amyloidogenesis could
also compete with TTR monomer folding in the endoplasmic reticulum of hepatocytes,
although this source of proteotoxicity is still under debate. The demonstrated effectiveness of
a kinetic stabilizer in a placebo-controlled clinical trial for polyneuropathy suggests that
dissociation of the TTR tetramer is the predominate process that leads to TTR proteotoxicity.
4 Accumulation of either wild type (WT) TTR or mutant TTR aggregates outside of cells, and
possibly later inside of certain cells, appears to cause the neurodegeneration and/or organ
degeneration characteristic of the TTR amyloidoses.

Amyloidogenesis of WT-TTR within the heart leads to the sporadic amyloid disease senile
systemic amyloidosis (SSA) – a late onset cardiomyopathy that affects up to 20% of the aged
population.27-29 Familial amyloid cardiomyopathy (FAC) appears to be caused by the
deposition of one of a few TTR mutants within the heart, the most common variant deposited
being V122I-TTR, a mutation found in 3-4% of African Americans that appears to confer
complete penetrance of FAC.30,31 Both SSA and FAC result from TTR proteotoxicity in
trans, as heart tissue does not synthesize TTR.

Amyloidogenesis of one of over 100 thermodynamically less stable variants of TTR4,32,33

appears to cause familial amyloid polyneuropathy (FAP), a peripheral neuropathy, often
exhibiting autonomic nervous system involvement.34 The most common FAP variant is V30M-
TTR, affecting largely the Portuguese, Swedish and Japanese populations.35-37 Central
nervous system selective amyloidosis (CNSA) appears to be a rarer disease associated with
the deposition of the most destabilized TTR variants (e.g., A25T- and D18G-TTR) in the brain,
but not in the periphery.4,38,39 The choroid plexus secreting these variants into the CSF appears
to be a more permissive secretor of unstable and misfolding-prone TTR variants than the liver,
which extensively degrades these highly destabilized variants instead of secreting them into
the blood, explaining why the peripheral tissues are not subjected to A25T- and D18G-TTR
amyloidogenesis.4,38-40
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There are currently no FDA-approved drugs or accepted therapeutic strategies for treating SSA
and FAC. The only therapeutic strategy currently being practiced for ameliorating FAP is gene
therapy mediated by liver transplantation, wherein the disease-associated TTR variant
producing liver is replaced by a WT-TTR producing liver, substantially reducing disease-
associated variant TTR levels in the blood.41-43 The drawbacks of utilizing liver transplantation
to treat FAP include the shortage of livers, the significant surgical risk, life-long immune
suppression requirements, and the expense. In addition, WT-TTR continues to deposit in the
heart post-transplantation, leading to cardiomyopathy, suggesting an aging-associated decline
in the proteostasis capacity of the heart.1,2,44-46 Because of the limited applicability of liver
transplantation to treat the TTR amyloidoses (not applicable to SSA – the disease with the most
patients) and especially the risk of death from transplant complications, it is highly desirable
to develop a general chemotherapeutic strategy for ameliorating the TTR amyloidoses.11,47,
48 Towards this end, we have been developing kinetic stabilizers of TTR, small molecules that
differentially stabilize the native tetrameric structure of TTR over the dissociative transition
state, making the barrier for TTR tetramer dissociation too high to surmount under
physiological conditions – thus preventing TTR amyloidogenesis.5,11,49-56 A phase II/III
placebo-controlled clinical trial has recently been completed by FoldRx Pharmaceuticals for
one of the kinetic stabilizers synthesized by our laboratory, demonstrating that it halts
neurodegeneration (www.foldrx.com). The demonstrated utility of a TTR kinetic stabilizer to
ameliorate a TTR amyloid disease is further supported by human genetic evidence – namely,
that the incorporation of T119M-TTR trans-suppressor subunits into TTR heterotetramers
otherwise composed of FAP-associated subunits kinetically stabilizes the TTR tetramer and
ameliorates FAP amyloidogenesis in Portuguese compound heterozygotes.5,36,49

The energetically weaker dimer-dimer interface of tetrameric TTR,54 bisected by the
crystallographic C2 axis (Figure 1A), creates the two funnel-shaped T4 binding pockets.
11-14,17,57 To date, we have synthesized over one thousand small molecules that exhibit
structural complementarity to the T4 binding sites within TTR and bind with a range of affinities
and cooperativities.5,11,15,47,48,52,55-72 We have recently conducted a systematic three-part
study to optimize the three substructures comprising a typical TTR kinetic stabilizer, the two
aromatic rings (aryl-X and aryl-Z) and the linker-Y connecting them (Figure 1B).58-60 In each
paper, we rank-ordered the numerous possibilities for one substructure, based on their ability
to inhibit TTR fibril formation and to bind selectively to TTR in human plasma, the remainder
of the structure being constant. We also evaluated the highly ranked substructures for their
ability to bind to the thyroid hormone receptor or cyclooxygenase.58-60 We created a so-called
efficacy score, eq. 1 (discussed in detail below) integrating TTR amyloid inhibition efficacy
data (dependent on the extent of kinetic stabilization of TTR) and plasma TTR binding
stoichiometry data into one score.

(eq. 1)

While structure-based drug design principles were not employed implicitly in this studies, we
were aware that one of the most highly ranked aryl-X substructures strongly prefers to bind in
the outer thyroxine binding subsite (Figure 1B, bottom left) for reasons outlined below. In
addition, we knew that the trans −CH=CH− and −CH2-CH2− linkers maximized the
hydrophobic effect upon binding to TTR. Numerous TTR•(kinetic stabilizer)2 crystal
structures reveal the key molecular interactions required for high affinity binding to the two
T4 sites.57-60,62-67 Pertinent to this study, aryl-X rings bearing a 4-hydroxyl substituent flanked
by bromides strongly prefer to bind in the outer binding subsite, bridging subunits by making
salt bridging interactions with the Lys-15/15′ ε-ammonium groups and by maximizing
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occupancy of halogen binding pockets (HBPs) 1 and 1′.58 Electron withdrawing substituents
at the 3 and 5 positions (e.g., Br, Cl) flanking a 4-hyrdoxl group results in phenolate formation
(pKa lowering) at neutral pH.58 Benzoxazole, biphenyl, biphenylether, and biphenylamide
TTR co-crystal structures all reveal that the 3,5-dibromo-4-hydroxylphenyl substructure
comprising them strongly prefers to be placed in the outer binding site to make K15 salt bridges.
59,60 Hence, we expect the 3,5-dibromo-4-hydroxyphenyl ring comprising the stilbenes and
dihydrostilbenes used in this study to occupy the outer T4 binding pocket. Moreover, we expect
the trans double bond linker and the −CH2-CH2− linker used in this exercise to interact with
the hydrophobic side chains of Leu-17/17′, Ala-108/108′, Leu-110/110′ and Val-121/121′,
maximizing the hydrophobic effect and thus binding affinity, based on crystal structures of
WT-TTR•(Resveratrol (1))2

57 (Figure 1A and C) and the complexes between WT-TTR and
other stilbenes having only one of the two aromatic rings bearing substituents.59

Based on the data from the substructure optimization studies,58-60 we tested the hypothesis
that we could produce a small molecule library that is rich in potent and highly selective kinetic
stabilizers by simply combining the most highly ranked substructures. We utilized the highly
ranked 3,5-dibromo-4-hydroxy substituted aryl-X ring and isosteric variants thereof (replacing
the hydroxyl group with functional groups like NH2), a variety of highly ranked aryl-Z rings,
as well as desirable hydrophobic linkers (trans −CH=CH− and −CH2CH2−) to demonstrate
that the substructure combination strategy affords a library with a high proportion of potent
and highly selective TTR kinetic stabilizers / amyloidogenesis inhibitors. Structural studies
reinforce prior data on the binding preference of the 3,5-dibromo-4-hydroxyphenyl
substructure to the outer thyroxine binding subsite58-60 and, importantly, reveal the strong
preference of the 3,5-dibromo-4-aminophenyl substructure to bind to the inner thyroxine
binding subsite. The ability of all the TTR kinetic stabilizers tested in this study to nearly
eliminate TTR-induced cytotoxicity in the recently developed cell culture assay suggests that
they merit further study as potential drug candidates to ameliorate the human TTR amyloidoses.

Results
Having established previously that a stilbene comprising one 3,5-dibromo-4-hydroxyphenyl
ring and one unsubstituted aryl ring exhibits a binding stoichiometry to TTR of 1.5 out of a
maxima of 2 in human plasma and completely inhibits TTR amyloidogenesis (7.2 μM59; see
below), herein we first set out to optimize the structure of stilbene-based TTR kinetic stabilizers
using previously determined aryl-Z ring efficacy scores to guide this substructure combination
strategy. Secondly, we used the substructure combination strategy to evaluate the highly ranked
−CH2-CH2− linker, readily synthesized by hydrogenation of the double bond of the stilbenes.
Thirdly, we used the substructure combination strategy to demonstrate that by further
optimizing the aryl-X ring we could remove an off-target binding activity. The chemical purity
of all compounds used in this study was ≥ 95 %, Figures S1-S3.

Inhibition of Acid-mediated WT-TTR Amyloid Formation by Candidate Kinetic Stabilizers
The efficacy with which stilbene and dihydrostilbene library members inhibit WT-TTR
amyloidogenesis was evaluated using the previously established acid-mediated fibril formation
assay.20,58-60 Briefly, each compound (7.2 μM, the minimum concentration required to occupy
both T4 binding sites) was preincubated with a physiologically relevant concentration of WT-
TTR (3.6 μM) for 30 min and TTR amyloidogenesis was initiated by adjusting the pH to 4.4.
The extent of TTR fibril formation was quantified by measuring turbidity, previously shown
to be equivalent to thioflavin T quantification. At this pH, a 90% yield of TTR fibril formation
is observed after a 72 h incubation period in the absence of a TTR kinetic stabilizer. TTR
amyloidogenesis in the presence of a candidate kinetic stabilizer was expressed as a percentage
relative to that exhibited by WT-TTR in the absence of inhibitor (assigned to be 100 %). Potent
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TTR kinetic stabilizers allow < 10% of WT-TTR fibril formation at a concentration of 7.2
μM and < 40% of WT-TTR fibril formation at a concentration equal to that of WT-TTR (3.6
μM) (0% fibril formation = 100% inhibition).5,15,55,56,58-60,62,64-67,69-72 Of the 88 3,5-
dibromo-4-hydroxyphenyl–based stilbene- and dihydrostilbene kinetic stabilizers synthesized
and evaluated here, 77 are excellent amyloidogenesis inhibitors, allowing < 10% of WT-TTR
fibril formation at a concentration of 7.2 μM (> 90% inhibition, Figures 2-4, black font = %
fibril formation). Compounds exhibiting more than 95% inhibition were reevaluated at a
concentration equal to the TTR tetramer (3.6 μM). At this concentration, the library of
compounds allows between 15–30% of WT-TTR fibril formation (Figures S4-S6),
demonstrating that the substructure combination strategy is capable of producing potent TTR
kinetic stabilizers.

Binding Stoichiometry of Potent Kinetic Stabilizers to TTR in Human Blood Plasma
The 77 stilbene and dihydrostilbene kinetic stabilizers that allowed < 10% of WT-TTR fibril
formation in vitro were further evaluated for their ability to bind selectively to TTR in human
blood plasma (3.6 – 5.4 μM) using the established ex vivo TTR plasma binding selectivity
assay.73 Briefly, the candidate kinetic stabilizer (10.8 μM) was incubated with human blood
plasma at 37 °C for 24 h. Any unbound inhibitors, endogenous small molecules, or
macromolecules that could bind to the resin used in the next step were removed by addition of
quenched sepharose resin.73 The TTR and TTR•(kinetic stabilizer)n complexes in the plasma
were immunocaptured using a sepharose-resin-conjugated anti-TTR antibody. After extensive
washing, TTR and any TTR-small molecule complexes bound to the resin were dissociated by
high pH treatment. The ratio of TTR monomer to bound candidate kinetic stabilizer was
calculated from HPLC peak areas using standard curves.73 The numbers in blue font in Figures
2-4 represent the average candidate kinetic stabilizer binding stoichiometry to TTR in human
blood plasma, the maximum being 2, due to two thyroxine binding sites per TTR tetramer. Of
the 77 potent (< 10% fibril formation) TTR aggregation inhibitors evaluated, only three kinetic
stabilizers display modest binding stoichiometry (< 1 equivalent bound) whereas 74 inhibitors
exhibit average binding stoichiometries exceeding 1 equivalent bound per tetramer. Notably,
37 of these exhibit exceptional binding selectivity to plasma TTR, exhibiting > 1.5 equivalents
bound per TTR tetramer. It is reassuring that the substructure combination strategy yields
stilbenes and dihydrostilbenes that generally exhibit very high individual efficacy scores (eq.
2), reflecting desirable amyloid inhibition efficacy and plasma TTR binding selectivity
(Figures 2-4, numbers in green font, 1 being a perfect kinetic stabilizer).

(eq. 2)

Average efficacy scores (eq. 1) are also depicted in bold black font in Figures 2 and 3 in the
bottom row and the rightmost column. In this calculation, we average % fibril formation (%
F.F.ave) and plasma TTR binding stoichiometry (P.S.ave) values in each column where the
substituent(s) is constant but the positioning on the aryl ring varies and in each row where the
substituent(s) vary but the positioning on the aryl ring is constant.

Evaluating TTR Kinetic Stabilizers for Thyroid Hormone Receptor Binding
Because the majority of the members of our stilbene and dihydrostilbene library are composed
of the 3,5-dibromo-4-hydroxyphenyl thyroxine-like substructure, we were concerned about
their binding selectivity to TTR over the thyroid hormone receptor. Thus, TTR kinetic
stabilizers were evaluated for their ability to bind to the thyroid hormone receptor [analyses
carried out by Cerep laboratories in Redmond, WA (see experimental section for details)]. The
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results are expressed as percent displacement of the control radioligand (125I-labeled
triiodothyronine, [125I]−T3). Greater than 20% displacement of [125I]−T3 by candidate kinetic
stabilizers indicates undesirable library members. Of the 41 TTR kinetic stabilizers evaluated,
nearly half (11 stilbene analogues and 10 dihydrostilbene analogues) exhibit insignificant
thyroid hormone receptor binding (< 20%) (Figures 2-4, % values in red font). These
compounds are promising lead TTR kinetic stabilizers. Given the rarity of thyroid hormone
receptor binding in the previous study that identified the 3,5-dibromo-4-hydroxy substructure
as optimal,58 it was disappointing, but perhaps not shocking, that half of the stilbenes and
dihydrostilbenes tested bound to thyroid hormone receptor.

Replacing the Phenolic Group in 3,5-dibromo-4-hydroxyphenyl-based Stilbenes
In a modest effort towards further aryl-X substructure optimization, we asked whether we could
substitute the hydroxyl group in the context of a simple stilbene composed of one unsubstituted
aryl ring (aryl-Z) and one ring bearing 3,5-dibromo-substituents and a variable 4-position
substituent without losing potency and selectivity. We considered a variety of functional groups
at the 4-position (Figure S7). The amino group was equivalent to the hydroxyl group in terms
of potency: an encouraging result as anilines are functional groups in FDA-approved drugs.
However, some anilines are carcinogenic in animals, and possibly in humans. Motivated by
this result, four stilbenes with aniline-based aryl-X rings and substituted aryl-Z substituents
were synthesized (Figure 4, compounds 24b-e) to assess both potency and selectivity. Given
the limited number of compounds that were synthesized and the diversity of Z-substituents,
the potency of these compounds (Figure 4, % F.F. numbers in black font) was impressive,
demonstrating the merit of further aryl-X optimization. Moreover, three of these compounds
exhibit excellent TTR binding selectivity in plasma (Figure 4, numbers in blue font). Notably,
none of these compounds bind to the thyroid hormone receptor (Figure 4, percentage in red
font), suggesting that further aryl-X optimization may be an effective strategy to reduce TTR
kinetic stabilizer thyroid hormone receptor binding. This limited series exhibits impressive
individual efficacy scores (Figure 4, numbers in green font). Moreover, as discussed in detail
below, the distinct inner binding subsite preference of the 3,5-dibromo-4-aminophenyl
substructure nicely complements the outer binding site preference of the 3,5-dibromo-4-
hydroxyphenyl substructure discussed above, providing another substructure to include in
future substructure combination strategies.

Demonstrating that Potent Amyloidogenesis Inhibitors are Kinetic Stabilizers of WT-TTR
TTR fibril formation is rate limited by tetramer dissociation.5,20-26 Thus, the imposition of
kinetic stabilization on TTR by small molecule binding to the TTR tetramer can be measured
by the rate of tetramer dissociation, which is assessed by linking the slow tetramer dissociation
step to rapid monomer unfolding, easily quantified using far-UV circular dichroism (CD) or
fluorescence spectroscopy.5,11,54 To demonstrate kinetic stabilization of TTR, we
preincubated WT-TTR (1.8 μM) with candidate kinetic stabilizers (1.8 or 3.6 μM) for 30 min.
Dissociation was then accelerated and made measurable on a convenient laboratory timescale
by adding urea to a final concentration of 6 M. The rate and extent of dissociation was monitored
by the thermodynamically linked monomer unfolding of WT-TTR at 25 °C, monitored by far-
UV CD over 144 h. All candidate kinetic stabilizers at a concentration of 3.6 μM dramatically
slowed dissociation, allowing less than 15% of the TTR to dissociate (Figure 5A). Tetramer
dissociation was also clearly slowed at a concentration of 1.8 μM, equal to that of the TTR
tetramer, allowing 20 to 33% tetramer dissociation, indicating that the binding of one small
molecule to one of the two T4 binding sites is sufficient to stabilize the ground state over the
dissociative transition state – imposing kinetic stabilization on the entire TTR tetramer (Figure
5B).
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Inhibition of WT- and V30M-TTR-induced Cytotoxicity by Potent Kinetic Stabilizers
Previous studies demonstrate that treatment of cell lines derived from tissues that are targets
of TTR deposition with recombinant WT-TTR or V30M-TTR homotetramers results in
proteotoxicity.19,74 Moreover, these studies establish that TTR cytotoxicity can be inhibited
by small molecules that kinetically stabilize TTR against dissociation.19,74,75 Previous
experiments conclude that partially folded monomers and/or oligomers resulting from TTR
dissociation and misassembly are the major cytotoxic species in cell culture.19 Resveratrol
(1) is known to bind to and kinetically stabilize WT- and V30M-TTR and reduce their
cytotoxicity, and therefore was used as the positive control. WT-TTR and V30M-TTR were
preincubated without and with equimolar amounts of candidate kinetic stabilizers or 1 at 4 °C
for 18 h. The human neuroblastoma IMR-32 cells were treated with these solutions (8 μM final
concentration of TTR and compounds) for 24 h at 37° C after which cell viability was assessed
by the resazurin reduction assay.76 Viable cells reduce the substrate resazurin to resorufin, a
fluorescent compound, which was monitored by fluorescence emission at 590 nm. The results
are expressed as the percentage of fluorescence generated by viable cells treated with vehicle
only (100% viable). Cells treated with cytotoxic TTR in the absence of kinetic stabilizers
exhibit 45-65% viability. All the kinetic stabilizers tested nearly completely inhibit WT-TTR
and V30M-TTR-induced cytotoxicity at a final concentration equimolar to that of TTR (Figure
6A). Importantly, none of the compounds evaluated were cytotoxic to IMR-32 cells in the
absence of TTR (> 80% cell viability, (Figure 6B)). Thus, the substructure combination strategy
affords compounds that protect against TTR proteotoxicity.

Crystallographic Analysis of WT-TTR•(kinetic stabilizer)2 Complexes
Crystal structures of WT-TTR in complex with 3d, 13c, 17d, and 24c-e were determined to
1.70, 1.40, 1.40, 1.32, 1.40 and 1.48 Å resolutions, respectively (see Table 1 for data collection
and refinement statistics). In all 6 structures, the electron density was clear and allowed
unambiguous placement of the ligand (unbiased 2Fo-Fc electron density maps contoured at
3σ shown in Figure S8). As anticipated, the 3,5-dibromo-4-hydroxyphenyl rings of stilbene
3d and dihydrostilbene 17d contribute to binding by their placement in the complementary
thyroxine outer binding subsite,58,59 positioning the bromides in HBPs 1 and 1′. The phenolate
anion of 3d and 17d appears to engage in a salt bridge interaction with the ε-ammonium group
of Lys-15/15′ (Figure 7A and C). The 2,6-dichlorophenyl ring in 3d and 17d occupies the inner
binding subsite, directing the chloride atoms into HBPs 3 and 3′, stacking the face of the aryl
ring between the two symmetry-related Leu110 residues (Figure 7A and C). In the case of
stilbene 13c, composed of a 3,5-dibromo-4-hydrophenyl aryl-X ring and a p-amino aryl-Z ring,
a mixture of two binding orientations is observed in the electron density. The 3,5-dibromo-4-
hydroxyphenyl ring occupies the thyroxine outer binding subsite ∼90% of the time for reasons
described above, orientating the p-amino group from the aryl-Z ring to make bridging hydrogen
bonds with Ser-117/117′ side chains (Figure 7B). In the minor binding orientation, the 3,5-
dibromo-4-hydroxyphenyl ring of 13c occupies the inner binding subsite and the phenol/
phenolate makes hydrogen bonds with Ser-117/117′ side chains while the bromides occupy
HBPs 3 and 3′ (Figure 7B).

In stilbenes 24c-e, the 3,5-dibromo-4-aminophenyl substructure was placed in the inner binding
subsite in all cases. This binding orientation appears to be stabilized by bridging hydrogen
bonds between the amino substituent and the Ser-117/117′ hydroxyl side chains and by
simultaneous placement of the bromides into HBPs 3 and 3′ (Figure 7D, E and F). The p- or
m-amino substituent on the other ring in 24d and 24e does not appear to interact with TTR,
and thus the aryl-Z ring can be further optimized by the substructure combination strategy. The
dimethoxyphenyl groups on 24c were able to interact with HBPs 1 and 1′ (Figure 7D).

Choi et al. Page 7

J Am Chem Soc. Author manuscript; available in PMC 2011 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In all 6 structures, the trans −CH=CH− or −CH2CH2− linker occupies the hydrophobic pocket
created by residues Leu-17/17′, Ala-108/108′, Leu-110/110′ and Val-121/121′. These linkers
afford the aryl rings some degree of rotational freedom enabling optimal placement of the two
substituted rings into HBPs 1, 1′ and 3, 3′.

Discussion
A substructure combination strategy was employed herein, based on previous aryl-X, linker-
Y, and aryl-Z substructure rankings,58-60 to guide the synthesis of a library of stilbenes and
dihydrostilbenes. This effort afforded a high fraction of potent and highly selective TTR kinetic
stabilizers that rescue cells from the cytotoxic effects of TTR amyloidogenesis thought to cause
the human amyloidoses, without exhibiting cytotoxicity themselves. The stilbene libraries
depicted in Figures 2 and 3 were made up of combinations of substructural components
exhibiting high average efficacy scores in the aforementioned 3-part study.58-60 Even though
more of the 3,5-dibromo-4-hydroxyphenyl-based stilbenes and dihydrostilbenes afforded
thyroid hormone binding capacity than the previous substructure optimization studies would
have predicted58-60, a further aryl-X ring and/or aryl-Z substructure optimization and
combination strategy may produce potent and selective compounds lacking this property.

We calculated individual efficacy scores according to equation 2 for each compound
synthesized and evaluated in this study, Figures 2-4. The individual efficacy scores displayed
in Figure 2 reveal that the substructure combination strategy was very effective, in that 96%
of the stilbenes examined exhibit an efficacy score > 0.57 out of a maximum of 1. The efficacy
score of 0.57 was chosen as a benchmark, because this is the efficacy score of the compound
that ameliorated familial amyloid polyneuropathy in a placebo-controlled clinical trial
(www.foldrx.com). Compounds exhibiting > 10% fibril formation at a concentration twice that
of TTR, for which plasma binding stoichiometry was not assessed, were assumed to have an
efficacy score < 0.57.

The individual efficacy scores displayed in Figure 3 reveal that the linker substructure
combination strategy was also very effective. All of the dihydrostilbenes examined exhibit an
efficacy score > 0.57 out of a maximum of 1. We did not prepare quite as many dihydrostilbenes
as we did stilbenes and it could be argued that we hydrogenated the stilbenes exhibiting high
efficacy scores, hence it is probably not appropriate to conclude that dihydrostilbenes are
superior to stilbenes. Nonetheless, we sampled quite a range of substituents and substitution
patterns in both libraries, indicating that the substructure combination strategy was quite
effective in the context of both stilbenes and dihydrostilbenes.

Surprisingly, only 30% of the promising stilbene compounds evaluated displaced < 20% of
T3 from the thyroid hormone receptor. This was unexpected because the compounds resulting
from the individual substructure optimization studies displayed much less T3 displacement.
58-60 However, the problem of T3 displacement seems to be easily remedied by a linker
replaccement affected by simply hydrogenating the thyroid receptor binding stilbenes. More
than 76% of the promising dihydrostilbenes evaluated displaced < 20% of T3 from the thyroid
hormone receptor. Another means of correcting the T3 displacement problem could be to
perform additional aryl-X substructure optimization and combination strategies.

The structural data presented herein provides further evidence for the strong preference of the
3,5-dibromo-4-hydroxyphenyl ring to occupy the outer binding pocket of TTR in the context
of stilbenes and dihydrostilbenes (Figure 7A-C). In stark contrast, the structural data reveal
that the 3,5-dibromo-4-aminophenyl ring strongly prefers to occupy the inner binding subsite
in the context of stilbenes (Figure 7D-F). Based on this result, we predict that stilbenes and
dihydrostilbenes composed of one 3,5-dibromo-4-hydroxyphenyl ring, which prefers to bind
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in the outer thyroxine binding subsite, and one 3,5-dibromo-4-aminophenyl ring, which prefers
to bind to the inner thyroxine binding subsite, will exhibit high individual efficacy scores. The
substructure combination strategy used herein to generate potent and selective stilbene and
dihydrostilbene TTR kinetic stabilizers could likely be successfully applied to generate potent
and selective 2-aryl benzoxazole-based TTR kinetic stabilizers as well. Not only is the hetero-
aromatic ring of a benzoxazole a highly ranked linker,59 but previous studies that were much
more limited in scope demonstrate that benzoxazoles are excellent TTR kinetic stabilizers62.

The kinetic studies carried out herein demonstrate that selective binding of small molecules to
the native tetrameric state of TTR drastically slows down the rate of tetramer dissociation, by
increasing the energy barrier for dissociation. We also showed that the kinetic stabilization of
TTR imposed by the binding of these compounds precludes TTR-mediated cytotoxicity using
a recently introduced cytotoxicity assay; apparently by preventing tetramer dissociation that
leads to monomers and oligomers previously shown to be the cytotoxic species. Since
amyloidogenesis-linked neurotoxicity and cardiotoxicity is thought to cause FAP and SSA,
respectively, we envision that this assay, not utilized in the prior substructure optimization
studies, will be useful for predicting compounds that will show efficacy in human patients.

Conclusions
We have successfully utilized the data generated in three previous substructure optimization
papers to identify potent and selective stilbene and dihydrostilbene kinetic stabilizers using a
substructure combination strategy. We also showed that this strategy is useful for eliminating
off-target activities, such as thyroid hormone receptor binding. Notably, the majority of the
kinetic stabilizers emerging from the substructure combination strategy exhibit high individual
efficacy scores and prevent TTR amyloidogenesis-associated cytotoxicity in a cell culture
model that we believe is predictive for kinetic stabilizer efficacy in the human TTR
amyloidoses. There is reason to be optimistic that a subset of the potent and selective stilbene-
and dihydrostilbene-based TTR kinetic stabilizers produced in this study will exhibit the
appropriate pharmacokinetic and pharmacodynamic properties to motivate their further
development.

Experimental Section
Wild Type Transthyretin Fibril Formation Assay

WT-TTR was expressed and purified from an E.coli expression system as described previously.
77 To assess fibril formation, a test compound (5 μL of a 1.44 mM solution in DMSO) was
added to 495 μL of a solution of TTR (0.4 mg/mL) in 10 mM phosphate, 100 mM KCl and 1
mM EDTA (pH 7.0) in a disposable cuvette. The mixture was vortexed, and incubated at room
temperature for 30 min. An acidic buffer solution (500 μL of 100 mM acetate, 100 mM KCl,
1 mM EDTA, pH 4.2) was then added to decrease the pH of assay solution to 4.4. The cuvettes
were incubated at 37 °C for 72 h without agitation. After the solution was vortexed to evenly
distribute any precipitate, the turbidity of the solution at 400 nm was measured using a Hewlett
Packard model 8453 UV-VIS spectrophotometer.

Evaluating the Binding Stoichiometry of Candidate Kinetic Stabilizers to TTR in Human Blood
Plasma

The plasma TTR binding selectivity assay that evaluates the binding stoichiometry of a test
compound to TTR in human blood plasma has been previously described,73 and is used with
minor modifications. Briefly, to a 1 mL sample of human blood plasma in a 2 mL Eppendorf
tube was added a test compound (7.5 μL of a 1.44 mM solution in DMSO) and then the plasma
solution was incubated at 37 °C for 24 h on a rocker plate (30 rpm). A 1:1 (v/v) slurry of
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unfunctionalized sepharose resin in TSA (10 mM Tris, 140 mM NaCl, pH 8.0) buffer was
added and the solution was incubated for 1 h at 4 °C on a rocker plate (18 rpm). The solution
was then centrifuged and the supernatant was divided into two 400 μL aliquots, which were
added to 200 μL of 1:1 (v:v) slurry of anti-TTR antibody conjugated sepharose resin in TSA.
The solution was gently rocked (18 rpm) at 4 °C for 20 min, then centrifuged and the supernatant
removed. The resin was washed three times by shaking for 1 min with 1 mL of TSA containing
0.05% saponin and then twice more with 1 mL of TSA. After centrifugation to remove the
supernatant, 155 μL of triethylamine (100 mM, pH 11.5) was added to the sepharose resin to
dissociate the TTR and bound test compound from the resin and the suspension was vortexed
for 1 min. After centrifugation, 144 μL of the supernatant containing the test compound and
TTR was neutralized by addition of 0.84 μL of glacial acetic acid before HPLC analysis. The
supernatant was analyzed by reverse phase HPLC, as described previously,73 on a Water 600
E multi-solvent delivery system, using a Waters 486 tunable absorbance detector, a 717
autosampler, and a ThermoHypersil Keystone Betabasic-18 column (150 Å pore size, 3 μm
particle size). The “A” mobile phase comprises 0.1% TFA in 94.9% H2O + 5% CH3CN and
the “B” mobile phase is made up of 0.1% TFA in 94.9% CH3CN + 5% H2O. Linear gradients
were run from 100:0 A:B to 0:100 A:B for 9 min.

Binding of Potent TTR Amyloidogenesis Inhibitors to the Thyroid Hormone Receptor
The potential binding of TTR kinetic stabilizers to the thyroid hormone receptor was evaluated
by Cerep laboratories in Redmond, WA using the following experimental protocol. Membrane
homogenates of liver (100 μg of total protein) are incubated for 18 h at 4 °C with 0.1 nM
[125I]T3 in the absence or presence of a TTR kinetic stabilizer in buffer (20 mM Tris-HCl, pH
7.6, 50 mM NaCl, 2 mM EDTA, 10% glycerol, and 5 mM β-mercaptoethanol). Nonspecific
binding is corrected for in the presence of 1 μM T3. Following the incubation period, the
samples are filtered rapidly under vacuum through glass fiber filters (GF/B, Packard) and rinsed
several times with an ice-cold buffer containing 50 mM Tris-HCl and 150 mM NaCl (pH 7.4),
employing a 96-sample cell harvester (Unifilter, Packard). The filters are dried, then counted
for radioactivity in a scintillation counter (Topcount, Packard) using a scintillation cocktail
(Microscint 0, Packard).

Urea-induced Dissociation Kinetics Study
Slow TTR tetramer dissociation is not detectable by far-UV circular dichroism (CD)
spectroscopy, however, dissociation is linked to rapid (∼500,000 × faster) monomer unfolding
under denaturing conditions, which is easily detectable by far-UV CD spectroscopy. Test
compounds (5 and 10 mM in DMSO) were diluted 10 fold in EtOH to give 0.5 and 1 mM stock
solutions. Such stocks (7.2 μL) were added to 200 μL of TTR (18 μM in 10 mM sodium
phosphate buffer, 100 mM KCl, 1 mM EDTA (pH 7.0)) in 2 mL Eppendorf tubes. These
mixtures were briefly vortexed and incubated for 30 min at 25 °C. TTR/test compounds (100
μL) were added to 900 μL of a 6.67 M urea solution in 10 mM sodium phosphate buffer, 100
mM KCl and 1 mM EDTA (pH 7.0) to give a final concentration of 1.8 μM for TTR and final
concentrations of test compound of 1.8 μM (1×) and 3.6 μM (2×), respectively. The mixtures
were vortexed and incubated in the dark at 25 °C without agitation. CD spectra at a final urea
concentration of 6 M were measured at 215-218 nm (0.5 nm steps and 5 times scan) after 0, 5,
10, 25, 48, 72, 96, 120, 144 h of incubation.

IMR-32 Cell-based Assay
Cells—The IMR-32 human neuroblastoma cell line was maintained in Opti-MEM (cell culture
media, Invitrogen), supplemented with 5% fetal bovine serum, 1 mM Hepes buffer, 2 mM L-
glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin and 0.05 mg/ml CaCl2 (complete
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cell medium). Two- to 3-day-old cultures (70% confluent) were used for the cytotoxicity
experiments.

Recombinant WT-TTR and V30M-TTR purified at 4 °C and capable of amyloidogenesis were
used as cytotoxic insults to IMR-32 cells. The proteins were buffer exchanged in Opti-MEM
at 10 °C using a Centriprep device (10 kDa MWCO, Millipore).

Stocks of the TTR kinetic stabilizers were prepared at 1 mM in 0.5% DMSO/Opti-MEM and
stored at -20 °C. For the experiments, test compounds (32 μM in Opti-MEM) were mixed 1:1
with filtered-sterilized TTR (32 μM in Opti-MEM) or with Opti-MEM only, vortexed and
incubated for 18 h at 4 °C. TTR (16 μM) alone and Opti-MEM alone containing the same
amount of DMSO used above were prepared in parallel and incubated under the same
conditions.

IMR-32 cells were seeded in black wall, clear bottom, 96-well tissue culture plates (Costar) at
a density of 6,000 cells/well in complete cell culture medium and incubated overnight at 37 °
C. The incubated TTR/test compound samples, TTR and Opti-MEM were diluted 1:1 with
freshly prepared Opti-MEM supplemented with 0.8 mg/mL bovine serum albumin, 2 mM
Hepes buffer, 4 mM L-glutamine, 200 units/mL penicillin, 200 μg/mL streptomycin and 0.1
mg/mL CaCl2. The medium from the cells was then removed and replaced immediately by the
TTR/test compound mixtures, TTR or Opti-MEM. The 96-well plates were spun at 2000 × g
for 30 min at 4 °C to allow the IMR-32 cells to re-attach to the bottom of the wells. The cells
were then incubated 24 h at 37 °C after which cell viability was measured. The final
concentration of both TTR and test compound was 8 μM.

Cell viability assay—The viability of the cells treated with TTR or TTR/test compound
mixtures were evaluated by resazurin reduction assay. Briefly, 10 μL/well of resazurin (500
μM in PBS) was added to each well and incubated for 2 h at 37 °C. Viable cells reduce resazurin
to the highly fluorescent resorufin dye, which is quantitated in a multiwell plate reader (Exc/
Em 530/590nm, Tecan Safire2, Austria). Cell viability was calculated as percentage of
fluorescence relative to cells treated with vehicle only (100% viability) after subtraction of
blank fluorescence (wells without cells). All the experimental conditions were performed at
least in triplicate. Averages and standard error corresponding to 2 independently performed
experiments were calculated using GraphPrism (San Diego, CA, US).

Crystallization and Structure Determination of the WT-TTR/ligand Complexes
The TTR protein was concentrated to 4 mg/mL in 10 mM sodium phosphate buffer and 100
mM KCl (pH 7.6) and co-crystallized at room temperature with a 5 molar excess of each ligand
using the vapor-diffusion sitting drop method. All crystals were grown from 1.395 M sodium
citrate, 3.5% v/v glycerol at pH 5.5. The crystals were cryo-protected with 10% v/v glycerol.
Data for 13c were collected at beamline GM/CA-CAT 23-IDB at the Advanced Photon Source
(APS) at a wavelength of 1.0333 Å. Data for 3d were collected at beam line 9-2 and data for
17d and 24c-e at 11-1 at the Stanford Synchrotron Radiation Lightsource (SSRL) at
wavelengths of 0.9194 Å and 0.9795 Å, respectively. All diffraction data were indexed,
integrated and scaled using HKL200078 in space group P21212 with two subunits observed per
asymmetric unit. The structure was determined by molecular replacement using the model
coordinates of 2FBR72 in the program Phaser.79 Further model building and refinement were
completed using Refmac.80 Hydrogens were added during refinement and anisotropic B values
calculated. Final models were validated using the JCSG quality control server incorporating
Molprobity,81 ADIT (http://rcsb-deposit.rutgers.edu/validate) WHATIF,82 Resolve,83 and
Procheck.84 Data collection and refinement statistics are displayed in Table 1.
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Protein Data Bank Accession Code
Atomic coordinates and structure factors have been deposited in the Protein Data Bank and are
available under accession codes 3IMR (WT-TTR in complex with 3d), 3IMT (WT-TTR in
complex with 13c), 3IMS (WT-TTR in complex with 17d), 3IMW (WT-TTR in complex with
24c), 3IMU (WT-TTR in complex with 24d), and 3IMV (WT-TTR in complex with 24e).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Substructure combination strategy to identify potent and selective TTR kinetic stabilizers. (A)
Ribbon diagram depiction of the crystal structure (PDB accession code 1DVS) of resveratrol
(1) bound to the two thyroxine (T4) binding pockets within the WT-TTR tetramer, with the
monomer subunits individually colored. The top portion represents an expanded view of one
T4 binding site with 1 bound with a ‘Connelly’ analytical molecular surface applied to residues
within 8Å of ligand in the T4 binding pocket (green = hydrophobic, purple = polar). (B)
Schematic depiction of the substructure combination strategy to create TTR kinetic stabilizers
(top). The aryl-X and aryl-Z rings as well as the linker-Y can be varied to generate candidate
TTR kinetic stabilizers. The most highly ranked aryl-X, aryl-Z and linker-Y substructures from
previous studies, based on potency and plasma TTR binding stoichiometry, are combined in
this substructure combination strategy to create potent and selective TTR kinetic stabilizers
that nearly eliminate amyloidogenesis associated cytotoxicity. The inner and outer T4 binding
subsites within one schematically represented TTR T4 binding site are labeled in red font. (C)
The innermost halogen binding pockets (HBPs) 3 and 3′ (labeled in A) are composed of the
methyl and methylene groups of Ser117/117′, Thr119/119′, and Leu110/110′. HBPs 2 and 2′
(labeled in A) are made up by the side chains of Leu110/110′, Ala109/109′, Lys15/15′ and
Leu17/17′. The outermost HBPs 1 and 1′ (labeled in A) are lined by the methyl and methylene
groups of Lys15/15′, Ala108/108′ and Thr106/106′. Figure generated using the program MOE
(2006.08), Chemical Computing Group, Montreal, Canada.
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Figure 2.
Evaluation of the potency and selectivity of stilbene-based TTR kinetic stabilizers. Percent (%)
fibril formation (F.F.) values are in black font representing the extent of in vitro WT-TTR (3.6
μM) fibril formation in the presence of inhibitor (7.2 μM) relative to aggregation in the absence
of inhibitor (assigned to be 100%). The TTR tetramer binding stoichiometry of potent
aggregation inhibitors (defined as those exhibiting < 10% F.F.) bound to human plasma TTR
ex vivo are shown in blue font (10.8 μM kinetic stabilizer concentration, maximum binding
stoichiometry is 2 due to the two thyroxine binding sites per TTR tetramer). Extent of
competitive binding of potent (based on % F.F. as defined above) and highly selective (defined
as those exhibiting a human plasma TTR binding stoichiometry > 1.5) TTR kinetic stabilizers
to the thyroid hormone receptor is shown in red font. Individual efficacy scores (as defined by
eq. 2) of TTR kinetic stabilizers are shown in green font, whereas average efficacy scores
(defined by eq. 1) are shown at the bottom of the columns (reflecting the average value in a
column) and at the right side of the rows, reflecting the average value of the compounds in that
row.
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Figure 3.
Evaluation of the potency and selectivity of dihydrostilbene-based WT-TTR kinetic stabilizers.
This figure is organized and defined strictly analogous to the descriptions in the legend to
Figure 2.
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Figure 4.
Effect of replacement of a hydroxyl group by an amino group in selected TTR kinetic
stabilizers. Percent fibril formation (% F.F.) values (black font), plasma TTR binding
stoichiometry (blue font), T3 displacement from thyroid hormone receptor (red font) as well
as individual efficacy scores (green font) are shown, precisely as defined in Figure 2, with the
exception that average efficacy scores are not shown.
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Figure 5.
The influence of kinetic stabilizer binding on the rate of TTR tetramer dissociation. WT-TTR
(1.8 μM) tetramer dissociation time courses in 6 M urea without (■) and in the presence of
putative kinetic stabilizers 9d, 13c, 20d, 23c, 24c, and 24e at a concentration of 3.6 μM (A)
and 1.8 μM (B), evaluated by linking the slow tetramer dissociation process to rapid and
irreversible monomer denaturation in 6 M urea, as measured by far-UV circular dichroism at
215-218 nm over a time course of 144 h.
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Figure 6.
(A) Demonstration that kinetic stabilizers of WT-TTR and V30M-TTR can prevent
cytotoxicity associated with the process of TTR amyloidogenesis. IMR-32 human
neuroblastoma cells were treated with WT-TTR (8 μM, white bar) or V30M-TTR (8 μM, grey
bar) exhibiting cytotoxicity that is prevented by preincubating WT-TTR (white bars) or V30M-
TTR (grey bars) with the stilbene and dihydrostilbene-based kinetic stabilizers or resveratrol
(1) (a kinetic stabilizer previously shown to be effective) included as a positive control (8 μM
each). Cell viability was measured after 24 h by the resazurin reduction assay and all the
experimental conditions were compared to cells treated with vehicle only (100% cell viability).
(B) Cytotoxicity of selected compounds (8 μM) to the human neuroblastoma cell line IMR-32.
Columns represent the average values of 2 independently performed experiments (6
experimental replicates). The error bars represent standard error.
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Figure 7.
Crystal structures of homotetrameric WT-TTR in complex with inhibitors 3d, 13c, 17d, 24c,
24d, and 24e. Ribbon diagram depiction of a close-up view of one of the two identical T4
binding sites (see Figure 1A). A ‘Connelly’ analytical molecular surface was applied to residues
within 8Å of ligand in the T4 binding pocket (green = hydrophobic, purple = polar). Polar
residues K15 and S117/117′ are shown with bonds depicted where interactions are observed.
In the case of stilbene 13c, a mixture of two binding orientations is observed. The 3,5-
dibromo-4-hydroxyphenyl ring occupies the thyroxine outer binding subsite ∼90% of the time
(see Results section for a more complete description and explanation). Figure generated using
the program MOE (2006.08), Chemical Computing Group, Montreal, Canada.
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