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Abstract

The V122l mutation that alters the stability of transthyretin (TTR) affects 3-4% of African
Americans and leads to amyloidogenesis and development of cardiomyopathy. In addition, 10—
15% of individuals over the age of 65 develop senile systemic amyloidosis (SSA) and cardiac
TTR deposits due to wild-type TTR amyloidogenesis. As no approved therapies for TTR amyloid
cardiomyopathy are available, the development of drugs that prevent amyloid-mediated
cardiotoxicity is desired. To this aim, we developed a fluorescence polarization-based HTS screen,
which identified several new chemical scaffolds targeting TTR. These novel compounds were
potent kinetic stabilizers of TTR and prevented tetramer dissociation, unfolding and aggregation
of both wild type and the most common cardiomyopathy-associated TTR mutant, V122I-TTR.
High-resolution co-crystal structures and characterization of the binding energetics revealed how
these diverse structures bound to tetrameric TTR. Our study also showed that these compounds
effectively inhibited the proteotoxicity of V122I-TTR towards human cardiomyocytes. Several of
these ligands stabilized TTR in human serum more effectively than diflunisal, which is one of the
best known inhibitors of TTR aggregation, and may be promising leads for the treatment and/or
prevention of TTR-mediated cardiomyopathy.
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INTRODUCTION

The misassembly of soluble proteins into toxic amyloid aggregates underlies a large number
of human degenerative diseases (1-3). TTR is one of more than 30 human amyloidogenic
proteins whose misassembly can cause a variety of degenerative gain-of-toxic-function
diseases. TTR is a tetrameric protein (54 kDa), secreted from the liver into the blood where,
using orthogonal sites, it transports thyroxine (T4) and holo-retinol binding protein (4).
However, 99% of the TTR T4 binding sites remain unoccupied in humans owing to the
presence of two other T, transport proteins in blood (3). Familial TTR amyloid diseases,
which are associated with one of more than 80 mutations in the TTR gene, include the
systemic neuropathies (familial amyloid polyneuropathy [FAP]), cardiomyopathies (familial
amyloid cardiomyopathy [FAC]), and central nervous system amyloidoses (CNSA) (5-8).

Cardiac amyloidosis is most commonly caused by deposition of immunoglobulin light
chains or TTR in the cardiac interstitium and conducting system. It is a chronic and
progressive condition, which can lead to arrhythmias, biventricular heart failure, and death
(8-10). Two types of TTR-associated amyloid cardiomyopathies are clinically important.
Wild-type (WT) TTR aggregation underlies the development of senile systemic amyloidosis
(SSA). Cardiac TTR deposits can be found in 10 to 15% of the population over the age of 65
at autopsy (10,11). Many of these patients are asymptomatic, but there is little doubt that
SSA is an underdiagnosed disease. In addition, a number of TTR mutations, including
V1221, lead to amyloidogenesis and familial amyloid cardiomyopathy (FAC) (12-15).
Population studies show that the V1221 mutation is found in 3-4% of African Americans
(~1.3 million people) and contributes to the increased prevalence of heart failure among this
population segment (14,15). The mutant TTR allele behaves as an autosomal dominant
allele with age-dependent penetrance and the frequency of cardiac amyloidosis from TTR in
African-American individuals above age 60 is four times that seen in Caucasian-Americans
of comparable age.

All of the TTR mutations associated with familial amyloidosis decrease tetramer stability,
and some decrease the kinetic barrier for tetramer dissociation (3, 16). The latter is
important because tetramer dissociation is the rate-limiting step in the TTR amyloidogenesis
cascade (3). Kinetic stabilization of the native, tetrameric structure of TTR by interallelic
trans suppression (incorporation of mutant subunits that raise the dissociative transition state
energy) prevents post-secretory dissociation and aggregation, as well as the related disease
familial amyloid polyneuropathy (FAP), by slowing TTR tetramer dissociation (17).
Occupancy of the TTR T4 binding sites with rationally designed small molecules is known
to stabilize the native tetrameric state of TTR over the dissociative transition state, raising
the kinetic barrier, imposing kinetic stabilization on the tetramer and preventing
amyloidogenesis (3, 16, 18).

Previous studies have focused on rational ligand design and as a result most of the TTR
stabilizers reported to date are halogenated biaryl analogues of T4, many resembling non-
steroidal anti-inflammatory drugs (NSAIDs). Some of these compounds, such as the NSAID
diflunisal, which is currently tested in clinical trials in FAP patients for its efficacy to
ameliorate peripheral neuropathy resulting from TTR deposition, (19) have anti-
inflammatory activity (20, 21). The pharmacological effects of NSAIDs are due to inhibition
of cyclo-oxygenase (COX) enzymes (22). Inhibition of COX-1 can produce side effects such
as gastrointestinal irritation, leading to ulcers and bleeding (23). Inhibition of COX-2 has
been associated with an increased risk of severe cardiovascular events, including heart
failure, particularly in patients with preexisting cardiorenal dysfunction (20, 21, 24, 25).
Therefore, heart and kidney impairment are exclusion criteria for participation of patients in
the diflunisal clinical trials to treat TTR-mediated FAP (19). Genomic variations can
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increase the sensitivity of individuals to adverse side effects of NSAIDs. Serum
concentrations of NSAIDs depend on CYP2C9 and/or CYP2C8 activity. CYP2C9
polymorphism might play a significant role in the profile of adverse side effects of NSAID
and alleles that affect the activity of CYP2C9 are found at different frequency in subjects of
Caucasian, African or Asian descent (26, 27). Hence, the long-term therapy with drugs that
have inhibitory effect on COX activity to prevent TTR aggregation is especially problematic
in patients who suffer from TTR-mediated cardiomyopathy. The design and development of
drugs to treat/prevent FAC or SSA thus presents the challenge not only to find compounds
with a greater variety of chemical scaffolds that accomplish stabilization, but do so without
the adverse side effects due to inhibition of COX activity.

For these reasons, the development of a rapid and robust screen for compounds that bind to
and stabilize TTR could be useful. To date, no high-throughput screening (HTS)
methodology is available for the discovery of TTR ligands (28,29). Therefore, we developed
a versatile fluorescence polarization (FP) based HTS assay that can detect binding of small
molecules to the T4 binding pocket of TTR under physiological conditions.

Design and synthesis of the TTR FP probe

FP is used to study molecular interactions by monitoring changes in the apparent size of a
fluorescently labeled molecule. Binding is measured by an increase in the FP signal, which
is proportional to the decrease in the rate of tumbling of a fluorescent ligand upon
association with macromolecules such as proteins (Fig. 1A). To synthesize a fluorescent
TTR ligand 1, we initially started with the NSAID diflunisal analogue 2 (Fig. 1B) (30). The
product of attaching a linker to 2, compound 3, had very low binding affinity to TTR (Kgy; >
3290 nM, fig. S1A and fig. S1B). The crystal structure of the diclofenac analog 4 showed
that the phenolic hydroxyl flanked by the two chlorine atoms is oriented out of the binding
pocket into the solvent (31). We reasoned that attaching a PEG amine linker to the phenol
group of 4 would generate compound 5 which would bind to TTR (Fig. 1B and fig. S1C). 5
was coupled to fluorescein isothiocyanate (FITC) to produce the FITC-coupled TTR FP
probe (1, Fig. 1B). The binding characteristics of the probe (K41 = 13 nM and K4, = 100
nM) were assessed with ITC (Fig. 2A).

Evaluation of the FP assay

The binding of 1 to TTR was evaluated to test its suitability for the FP assay with a standard
saturation binding experiment. A fixed concentration of probe 1 (0.1 uM) was incubated
with increasing concentrations of TTR (0.005 uM to 10 uM) and the formation of 1eTTR
complex was quantified by the increase in FP signal (excitation A 485 nm, emission A 525
nm) relative to the concentration of TTR (Fig. 2B). The fluorescence polarization increased
with the concentration of TTR until saturation was reached. A large dynamic range (70 —
330 mP) was measured for the assay. To validate the FP assay, we tested known TTR
binders in a displacement assay (for detailed information see Supplemental Material).
Compound 2 (Kgpp = 231 nM, R? = 0.997), Thyroxine (T4) (Kapp = 186 M, R? = 0.998) and
diclofenac (Kgpp = 4660 nM, R? = 0.999) decreased the FP signal in a dose-dependent
manner (Fig. 2C, fig. S2B and S2C). The FP assay is a competitive displacement assay and
therefore it provides apparent binding constants (Kapp). However, these apparent binding
constants correlate well with the data obtained by ITC which measures direct interactions in
solution and gives an actual (Ky) value (table S1).
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Adaptation of the FP assay for HTS

Next, we optimized the FP assay for HTS and screened a ~130,000 small molecule library
for compounds that displaced probe 1 from the T, binding sites of TTR. The FP assay was
performed in 384-well plates with low concentrations of probe 1 (1.5 nM) and TTR (50 nM)
ina 10 pL assay volume. Detergent (0.01% Triton X-100) was added to the assay buffer to
avoid false positive hits from aggregation of the small molecules. The assay demonstrated
robust performance, with a, large dynamic range (~70-230 mP) and a Z’ factor (32, 33) in
the range of 0.57-0.78 (fig. S3A and S3B).

Hits were defined as compounds, which resulted in at least 50% decrease in FP and
demonstrated relative fluorescence between 70 and 130%. Many fluorescence quenchers and
enhancers, which have less than 70% and greater than 130% total fluorescence relative to a
control (compound without TTR), were excluded from the hit list. The excluded compounds
have native fluorescence that is similar to fluorescein, which would interfere with the FP
measurements and result in false positive hits. Two hundred compounds were designated as
positive hits (0.167% hit rate). The top 33 compounds (compounds with lowest FP 1Csg)
were assayed in a 10-point duplicate dose-response FP assay and displayed an 1Csq
(concentration that resulted in 50% decrease in the FP signal) between 0.277 and 10.957 uM
(table S2).

Validation of the HTS hits

The top 33 compounds were retested with the FP assay (table S2) and with surface plasmon
resonance (SPR) as another independent biophysical method. Solutions of the 33 hits were
passed over immobilized, biotinylated TTR on a streptavidin coated chip. The binding of a
small molecule to TTR on the sensor chip produces a SPR response signal (RU). The RU
signal after addition of the top 33 compounds was measured and compared to a negative,
solvent only, control. All compounds identified by the screen as hits were confirmed as TTR
binders using SPR (fig. S4). We also found known TTR binders, such as NSAIDs
(diclofenac, meclofenamic acid, and niflumic acid) and isoflavones (apigenin) in our screen
(3, 34) (table S2). Among the best ligands (Fig. 2D) were the NSAID, niflumic acid, two
catechol-O-methyl-tranferase (COMT) inhibitors, 3,5-dintrocatechol and Ro 41-0960 (35)
and a number of compounds not previously known to bind to TTR. The chemical structures
of these ligands were confirmed by 1H NMR and high-resolution mass spectrometry
(HRMS) and the chemical purity was determined to be >95% (fig. S5).

Inhibition of TTR amyloidogenesis by the HTS hits

To test whether the new TTR ligands (7.2 uM) could function as kinetic stabilizers, we
measured their ability to inhibit TTR (3.6 uM) amyloidogenesis at 72 hrs at pH 4.4 (fig. S6)
(29). All 33 compounds inhibited TTR aggregation (<50% fibril formation, table S2). Of
these, 23 were very good (<20% fibril formation) and 11 were excellent (<2% fibril
formation) TTR kinetic stabilizers (Fig. 3A). All of the potent TTR stabilizers, except
niflumic acid, and the two COMT inhibitors 3,5-dintrocatechol and Ro 41-0960, were
chemical entities with no previously reported biological activity. Since occupancy of only
one T4 binding site within TTR is sufficient for kinetic stabilization of the tetramer (3), we
tested the most potent ligands at substoichiometric concentrations (2.4 fold molar excess of
TTR relative to ligand) in a Kinetic aggregation assay monitored over 5 days (Fig. 3B).
Under these conditions ligands 7, 14, 15 and Ro 41-0960 dramatically slowed fibril
formation and outperformed the known TTR stabilizer, diclofenac, which blocked only
~55% of TTR aggregation.
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Evaluating the TTR ligands for COX-1 enzymatic inhibition and binding to thyroid hormone

receptor

A successful clinical candidate against TTR amyloid cardiomyopathy should have minimal
off-target toxicity due to the potential need for life-long use of these drugs. Specifically, the
TTR ligands should exhibit minimal binding to COX and the nuclear thyroid hormone
receptor (THR). Inhibition of COX is contraindicated for treating FAC patients, since COX
inhibition can not only lead to renal dysfunction and blood pressure elevation, but may
precipitate heart failure in vulnerable individuals (20, 21, 24, 25). Therefore, the most potent
TTR ligands were evaluated for their ability to inhibit COX-1 activity, as well as, for
binding to THR, in comparison with the NSAID niflumic acid. Although niflumic acid
exhibited substantial (94%) COX-1 inhibition, three of the 12 new compounds evaluated (7,
6 and 10) displayed less than 1% inhibition of COX-1. Only one ligand (compound 8)
showed significant (58%) and two compounds (6 and 10) minor (5%) binding to THR (Fig.
3C).

Characterization of the binding energetics to TTR

Many reported TTR ligands, including T4, bind TTR with negative cooperativity, which
appears to arise from subtle conformational changes in TTR upon ligand binding to the first
T, site (3, 16, 36). We used ITC to determine the binding constants and to evaluate
cooperativity between the two TTR Ty sites (Fig. 2A, Fig. 4A, Fig. 4B and fig. S1 and fig.
S7). The ITC data for compounds 1, 7, 14, and Ro 41-0906 binding to TTR were fit to a
two-site binding model and show that these potent ligands bind TTR with low nanomolar
affinity. The dissociation constants for these ligands indicated that they bound TTR with
negative cooperativity (table S3). Analysis of the free energies associated with ligand
binding to TTR indicates that binding was driven both by burial of the hydrophobic ligand in
the TTR binding site (which leads to the favorable binding entropies) and specific ligand-
TTR interactions (which leads to the favorable binding enthalpies) (Fig. 2A, Fig. 4A, Fig.
4B, and fig. S7B) (37). The binding of compounds 7 (Kq; = 58 nM and Ky, = 500 nM) and
14 (K41 = 26 nM and Kgo = 1800 nM) to TTR did not cause major conformational changes
to the TTR tetramer structure (Fig. 5).

We explored the binding kinetics of the potent TTR ligands 7 and Ro 41-0960 by SPR (Fig.
4C and fig. S4B). Ligand 7 exhibited concentration-dependent binding to TTR with a K4 of
57.91+ 13.2 nM, determined by fitting steady state data (Fig. 4C) (38). This affinity was
similar to the one obtained by ITC (Kq 1 = 58 nM). Measurement of the binding kinetics of
ligand 7 to TTR gave a similar binding constant (K4 = 20.22 + 2.04 nM) to the one
determined from the steady state data. Target residence time (1), the reciprocal of Kqgs,
differentiates between transient and long-lived ligand-protein complexes. Compounds that
dissociate from their target slowly have a longer t, allowing less frequent administration.
Ligand 7 had favorable binding kinetics to TTR with rapid on-rate and a slow off-rate
(longer 1) (Kon = 1.29 x 106 + 1.3 x 10° M~1s71 and k¢ = 0.026 + 0.001 s~1). Ro 41-0960
also showed similar binding kinetics as ligand 7 (Kg = 56.05 + 4.14 nM, ko, = 2.35 x 106 +
1.5 x 10° M~Is71 and kqf = 0.132 £ 0.009 s~1), although the kqf was ~5x faster (fig. S4B).
In contrast, NSAIDs such as niflumic acid and diclofenac displayed a much faster
dissociation from TTR (Koff = 0.523 s71 and 1.01 s™1, respectively) compared to ligand 7 or
Ro 41-0960 (~ 20x or 40x lower target residence time than ligand 7) (fig. S4C and fig. S4D).

Crystal structures of WT « Ligand complexes

The crystal structures of WT-TTR in complex with Ro 41-0960, 7, 9 and 14 were
determined to 1.25, 1.45, 1.50 and 1.60-A resolutions, respectively (Fig. 5). Known TTR
kinetic stabilizers are composed of two substituted aryl rings connected by a linker (39), but
the FP-based HTS screen identified molecules with distinct ring systems (Fig. 2D). The 2-
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imino-1-methylimidazolidin-4-one ring of 14, the 3,5-dimethyl-1H-pyrazole ring of 7, and
the pyridine ring of 9, all sat within the inner cavity of the T4 binding site, and were able to
hydrogen bond with the Ser117 and Thr109 that comprise the innermost boundary of the T4
binding site (Fig. 5C-F). The 3,5-methyl groups of 7 extended into the two symmetrical
HBPs, 3 and 3'. In doing so, the two amino nitrogens of the pyrazole ring formed hydrogen
bonds with Ser117 and 117’ similar to the single H-bond made by the pyridine ring of 9,
while the 2-imino-1-methylimidazolidin-4-one ring of 14 formed the most extensive,
hydrogen-bond network with Thr109 and 109’ and Ser117 and 117. ' The aforementioned
hydrogen-bonds tethered these ring systems in position (Fig. 5C—F). Although it has been
reported that hydrophobic linkers are preferred for ligand binding within HBP2 and 2’, the
compounds identified here had diverse linkers that enable the adjoined rings to have
sufficient flexibility to make optimal interactions with HBPs 1,1’ and 3,3’ (39). The 2-fluoro
substituted phenyl ring of 7 and the ethoxy benzyl ring of 9 occupied the outer binding
cavity, placing a portion of the aryl ring into HBP1 or 1'. The 3,4-dihydroxy-5-nitrophenyl
and 3,5-dibromo-phenyl rings of Ro 41-0960 and 14, respectively, displayed an acidic
phenol, which was able to make electrostatic interactions with Lys15 and 15’ through a
putative phenolate -LysNH3™ bridge (30). This interaction closed the T4 pocket around the
inhibitor (Fig. 5C and 5D).

This combination of the electrostatic and hydrophobic interactions bridged and stabilized the
two adjacent TTR subunits across the weaker TTR dimer—dimer interface, resulting in native
state stabilization (3), which subsequently increased the activation energy for tetramer
dissociation, the rate-limiting step in TTR amyloidogenesis cascade (3, 17, 18). The
structural analysis of WT-TTR in complex with 14 (Fig. 5D) suggested why this compound
was a very strong TTR Kinetic stabilizer, as it made multiple hydrogen bonds with TTR
within the T4 binding site, while engaging in electrostatic interactions with Lys15 and
Lys15' at the periphery of the pocket.

Kinetic stabilizers prevent TTR-induced cytotoxicity against human cardiac and neuronal

cell lines

Because, there are no mouse models of V1221-TTR FAC, we turned to a recently developed
in vitro cell-based assay, which employs the human cardiac cell line AC16 (40). The AC16
cell line was generated from adult ventricular cardiomyocytes (41), which is one of the sites
of TTR amyloid deposition. This cellular model is currently the patho-physiologically most
relevant tissue culture model for SSA and FAC. Treatment of AC16 cells with the
destabilized V1221 TTR variant decreased cell viability to 49+1% relative to vehicle treated
cells (100% viability). Most of the ligands identified by our HTS effectively prevented the
proteotoxicity of V1221 TTR towards AC16 cells (Fig. 6A). We also assessed the toxicity of
WT-TTR towards human neuroblastoma cell line IMR-32, as an in vitro a model for FAP
(42), which provided similar results (fig. S8B). Ro 41-0960 and ligands 7, 14 and 15
completely rescued AC16 cell viability (Fig. 6A). None of the compounds identified in the
HTS were cytotoxic to AC16 cells or to IMR-32 cells at the concentration tested (fig. S8A
and fig. S8C). Unexpectedly, despite their potency as TTR stabilizers and lack of cellular
toxicity (Fig. 3A and fig. S8A and fig. S8C), the COMT inhibitor, 3,5-dinitrocatechol, and
the NSAID, niflumic acid, performed poorly in the cell culture system (Fig. 6A and fig.
S8B).

Stabilization of serum TTR against acid-mediated dissociation and amyloidogenesis

To stabilize the TTR tetramer and thus prevent amyloid fibril formation in FAC or SSA,
small molecules must be able to selectively bind to TTR in human serum over other serum
proteins. Compounds that bind to TTR selectively in serum are the best candidates for
further evaluation. The 12 most potent ligands, identified in this HTS, were tested for their
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ability to stabilize TTR in human serum (Fig. 6B-D). Since TTR must first dissociate into
monomers in order to denature and aggregate, we tested how much intact TTR tetramer
remained after 72 hours of acid treatment in the presence and absence of 50 uM TTR ligands
(TTR concentration in human serum is ~ 3-5 uM). We compared our TTR ligands to
diflunisal, which had previously been shown to inhibit acid-mediated tetramer dissociation
and aggregation of serum wild type and FAP-mutant TTR (43). Seven of the twelve newly
identified TTR ligands almost fully stabilized serum TTR (% tetramer at 72 hours: 75.5 -
100% of tetramer present at 0 hours) at 50 uM (Fig. 6B-D). At 50 uM, diflunisal (%tetramer
at 72hrs: 17.5%) and niflumic acid (Y%tetramer at 72hrs: 11.5%), as well as 3,5-
dinitrocatechol (Y%tetramer at 72hrs: 37.6%), compound 10 (%tetramer at 72hrs: 43.6%) and
compound 12 (%tetramer at 72hrs: 24.3%), were unable to completely stabilize TTR. At 200
uM, which is within the therapeutic concentration range of diflunisal (100-200 uM), all
tested compounds stabilized TTR (fig. S9).

DISCUSSION

Amyloidosis is a systemic disease caused by structural alteration of proteins that tend to
precipitate in the extracellular space as insoluble fibrils. FAC is a hereditary TTR-related
systemic amyloidosis with predominant cardiac involvement resulting from myocardial
infiltration of amyloid protein. There are currently no FDA-approved drugs for prevention or
treatment of TTR-induced amyloid cardiomyopathy and the therapy for most patients is
confined to symptomatic relief. Liver transplantation, which removes the source of the
pathologic protein, has been the treatment of choice for hereditary TTR amyloidoses. Heart
transplantation is performed as a palliative measure for a subset of FAC patients who
display predominately cardiac pathology and only mild systemic involvement (44,45).

Small molecules targeting the formation, clearance, or assembly of toxic aggregates provide
a promising strategy to treat amyloidoses (3, 16, 46). A number of disease causing mutations
(e.g., L55P, V30M, and V122I) influence the thermodynamic stability and the kinetics of
dissociation of the TTR tetramer in vitro, and these properties of the variant tetramers appear
to be correlated to the severity of the resulting disease (47,48). Moreover, suppressor
mutations in TTR (e.g., T119M) that kinetically stabilize the native tetramer and protect
against the development of pathology in compound heterozygotes carrying a disease-
associated mutation, have been identified (49).

Binding of small molecule ligands to the unoccupied thyroxine (T4) binding sites of TTR
stabilizes the TTR tetramer and slows tetramer dissociation and amyloidogenesis in vitro.
These kinetic stabilizers could potentially be used as small molecule therapeutics for the
treatment of TTR amyloidoses (for review see: (16, 46,50).

Recently clinical trials of TTR kinetic stabilizers have been initiated in FAP patients. The
two compounds, which are being tested are the NSAID, diflunisal (19), and the benzoxazole,
tafamidis (51). Due to the lack of animal models that faithfully reproduce the pathology of
human TTR-mediated familial amyloidoses, the efficacy of TTR kinetic stabilizers was
assessed in human FAP patients. Several transgenic mouse models that overexpress human
mutant TTR (V30M) do not reproduce the tissue distribution of TTR deposits observed in
peripheral nerves of human FAP patients carrying the same mutation (52,53). No mouse
models that express transgenic human V1221 TTR have been generated. In addition, the
level of TTR overexpression required to observe TTR amyloid deposits in mice is very high.
Because of the stoichiometric requirements of small molecule to TTR tetramer the
concentrations of drug required to stabilize transgenic human TTR are difficult to achieve in
these mouse models (2,3). Almost all existing TTR Kinetic stabilizers were identified by
structure-based drug designs and time consuming assays, performed under non-

Sci Transl Med. Author manuscript; available in PMC 2012 August 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alhamadsheh et al.

Page 8

physiological binding conditions. One such assay uses the displacement of radioactively-
labeled T, from TTR (28). However, the use of radioactivity makes it unsuitable for HTS.
Another assay is based on the ability of TTR binders to stabilize TTR during acid-mediated
aggregation (29). This is a simple but cumbersome assay (72 hours), which requires long
incubation times, large amounts of protein and little kinetic information about ligand
binding. In contrast, the FP-based assay we developed provided a simple, sensitive, and
robust method that detected the binding of small molecules to the T4 binding pocket of TTR
under physiological conditions.

Preliminary results indicate that probe 1 bound to TTR in human serum (fig. S10). The
measurement of TTR concentrations in blood samples is clinically used as a sensitive
indicator of the nutritional status of patients. The half-life of TTR in humans in vivo is about
2-4 days, which is much shorter than that of other nutritional markers such as aloumin
(approximately 20 days). Therefore, TTR concentration is more sensitive to changes in
protein-energy status than albumin as it reflects recent dietary intake rather than overall
nutritional status. In addition to being an excellent small molecule screening tool, this new
FP assay has the potential to be developed as an alternative to the more error-prone
immunoprecipitation-turbidity assay that is used by many clinical laboratories to determine
plasma TTR concentrations (54).

The FP assay was adapted for HTS and enabled us to identify a variety of highly potent and
structurally diverse TTR kinetic stabilizers. Most TTR ligands up to date were identified by
rational design. Consequently their chemical diversity is limited and many have COX-
inhibitory activity. Genomic variations in the human population are known to influence the
response to pharmacotherapy. Hence, in the current era of pharmacogenomics it seems
desirable not to limit disease therapy to a “one drug fits all” system. Unlike many previously
reported halogenated TTR ligands, most of the new chemical TTR binding scaffolds we
discovered using this HTS, had minimal COX-1 or THR activity. Many of the known
kinetic stabilizers of TTR, including diflunisal, which has been in clinical trials for FAP
since 2006 (19), show inhibitory activity towards COX. While there is never a simple way to
predict whether a compound will be effective in all patients or whether individuals will
suffer from adverse side effects, it is well known that COX inhibitors are associated with a
number of adverse side effects, especially in patients with already compromised cardiac
function, which makes their use in patients suffering from cardiomyopathy problematic.
These adverse reactions include renal dysfunction and elevated blood pressure and they may
precipitate heart failure in vulnerable individuals (20, 21, 24, 25, 55).

Our newly identified TTR kinetic stabilizers were able to rescue cardiomyocytes from the
proteotoxicity of TTR aggregates thought to cause FAC and SSA in patients. Thus these
compounds offer additional classes of highly effective TTR tetramer stabilizers. Several of
the new TTR ligands we identified appeared to be very selective for TTR in human serum,
where they stabilized human TTR even in the presence of all other serum proteins such as
albumin. Eight of the twelve ligands we tested were more potent TTR stabilizers (at 50 uM)
than diflunisal, which is currently in clinical trials for the treatment of FAP. Binding to
serum proteins is an important factor in determining the overall distribution, metabolism,
activity, and toxicity of a drug. When ligands exhibit excellent TTR amyloid fibril inhibition
data in vitro, yet display poor serum selectivity, it is assumed that they prefer to bind to the
drug-binding sites in albumin and/or similar sites in other proteins found in plasma. It is
unlikely that such promiscuous inhibitors will prevent TTR misfolding and amyloidosis in a
complex environment like human blood or CSF.

The ligands we identified should be effective against SSA and FAC, because they bound
both WT and V1221 mutant TTR to Kinetically stabilize tetramers. In conclusion, we

Sci Transl Med. Author manuscript; available in PMC 2012 August 24.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alhamadsheh et al.

Page 9

discovered a number of new chemical scaffolds that were able to stabilize wt and mutant
TTR and our data provide the incentive to further evaluate the efficacy of the most selective
and potent ligands against FAC and SSA. No FDA-approved drugs or accepted therapeutic
strategies are at this time available for treating SSA and FAC. Hence, we envision that
several of the new TTR Kkinetic stabilizers described in this manuscript might be promising
leads to be developed as therapeutics for FAC and SSA.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic of the FP assay and structures of TTR ligands and FP probe 1. (A) The rate of
tumbling of fluorescent probe 1 decreases upon binding to TTR, which results in increasing
its fluorescence polarization signal. (B) Chemical structures of the TTR ligands 2-5 used to
design probe 1.
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Fig. 2.

Assessment of FP probe 1 binding to TTR and structures of TTR ligands. (A) Assessment of
the binding affinity of probe 1 to TTR by ITC. Calorimetric titration of probe 1 against TTR
(Kg,1 =13 nM and K4 2 = 100 nM). Raw data (top) and integrated heats (bottom) from the
titration of TTR (2 uM) with probe (25 uM). The solid red line represents the best fit
binding isotherm to a two-site binding model. (B) FP saturation binding between probe 1
(0.1 uM) and increasing concentration of TTR (0.005 to 10 uM) (C) Competition of probe 1
from TTR by increasing concentrations (0.01 pM — 50 uM) of ligand 2 (Kapp = 0.231 uM,
R2 = 0.997). FP Assays were performed in triplicate. Error bars: SD. (D) Structures of the
newly identified TTR ligands. Compounds with co-crystal structures in Fig. 5 are labeled in
red in all figures.
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Fig. 3.

Evaluation of inhibition of TTR aggregation and binding to THR and COX-1 (A) Percentage
of TTR (3.6 uM) fibril formation in the presence of ligands (7.2 uM) relative to aggregation
in the absence of ligands (denoted 100%) after 72 hours. (B) Comparison of TTR (3.6 uM)
aggregation inhibition in the presence of substoichiometric amounts of ligands (3.0 uM)
compared to diclofenac. (C) THR binding and COX-1 inhibition data for the most potent
TTR ligands. THR binding is expressed as % displacement of 12%|-labeled triiodothyronine
(T3) by test compounds (10 uM). COX-1 inhibition is shown as % inhibition of COX-1
mediated conversion by test compounds (10 uM). Error bars: SEM
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Fig. 4.

Assessment of the binding of ligands Ro 41-0960 and 7 to TTR using ITC and SPR.
Calorimetric titration of (A) Ro 41-0960 (Kq 1 = 15 nM and Ky » = 2000 nM) and (B) 7
(Kg.1 =58 nM and Kq » = 500 nM) against TTR. Raw data (top) and integrated heats
(bottom) from the titration of TTR (2 uM) with ligand (25 uM). The solid red line through
the integrated heats represents the best fit binding isotherm to a two-site binding model. (C)
SPR sensogram showing concentration-dependent binding of ligand 7 to TTR (0.001 uM to
2.2 uM). Normalized RUs are plotted over a time course. Equilibrium binding analysis
(inset) indicates an apparent Kd of 57.91 + 13.2 nM (SD).
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Fig. 5.

Crystal structures of WT-TTR bound to T4, Ro 41-0960, 14, 7, and 9 (A) Ribbon diagram
of WT-TTR with T4 bound to each of the two T4 binding pockets within the tetramer
(monomer subunits individually colored). (B) Expanded view of T4 within the binding site
with a “Connelly” analytical molecular surface applied to residues within 8 A of ligand
(green = hydrophobic, purple = polar). (C to F) Expanded views of Ro 41-0960, 14, 7, and 9
bound to TTR. Hydrogen bonds are represented as dashed lines between functional groups.
The innermost halogen binding pockets (HBPs) 3 and 3’ are composed of the methyl and
methylene groups of Ser117/117’, Thr119/119', and Leu110/110". HBPs 2 and 2’ are
assembled from the side chains of Leu110/110", Ala109/109’, Lys15/15', and Leul7/17'. 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 ' (Thr 106 not shown).
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Fig. 6.

Inhibition of V12211 TTR cytotoxicity and stabilization of human serum TTR. (A)
Inhibition of V12211 TTR cytotoxicity towards AC16 cells. TTR and ligands concentration:
8 uM. Resveratrol is a positive control. Cell viability is shown relative to cells treated with
vehicle only. Error bars: SEM (B) Quantitative analysis of TTR serum stability after 72
hours. (C&D) Stabilization of human serum TTR. Serum TTR in the presence and absence
50 uM compounds was subjected to acid denaturation. TTR immunoblot at 0 (C) and 72 (D)
hours after acidification of serum
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