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Carboranes represent a potentially rich but underutilized class of
inorganic and catabolism-inert pharmacophores. The regioselec-
tivity and ease of derivatization of carboranes allows for facile
syntheses of a wide variety of novel structures. The steric bulk,
rigidity, and ease of B- and C-derivatization and lack of �-
interactions associated with hydrophobic carboranes may be ex-
ploited to enhance the selectivity of previously identified bioactive
molecules. Transthyretin (TTR) is a thyroxine-transport protein
found in the blood that has been implicated in a variety of amyloid
related diseases. Previous investigations have identified a variety
of nonsteroidal antiinflammatory drugs (NSAIDs) and structurally
related derivatives that imbue kinetic stabilization to TTR, thus
inhibiting its dissociative fragmentation and subsequent aggrega-
tion to form putative toxic amyloid fibrils. However, the cycloox-
ygenase (COX) activity associated with these pharmaceuticals may
limit their potential as long-term therapeutic agents for TTR amy-
loid diseases. Here, we report the synthesis and evaluation of
carborane-containing analogs of the promising NSAID pharmaceu-
ticals previously identified. The replacement of a phenyl ring in the
NSAIDs with a carborane moiety greatly decreases their COX
activity with the retention of similar efficacy as an inhibitor of TTR
dissociation. The most promising of these compounds, 1-carboxylic
acid-7-[3-fluorophenyl]-1,7-dicarba-closo-dodecaborane, showed
effectively no COX-1 or COX-2 inhibition at a concentration more
than an order of magnitude larger than the concentration at which
TTR dissociation is nearly completely inhibited. This specificity is
indicative of the potential for the exploitation of the unique
properties of carboranes as potent and selective pharmacophores.

amyloid � cyclooxygenase � nonsteroidal antiinflammatory drug � fibril

The dicarba-closo-dodecaboranes (carboranes) are icosahe-
dral carbon-containing boron clusters with extraordinary

characteristic properties (such as resistance to catabolism, ki-
netic inertness to reagents, strong hydrophobicity, and well-
established chemistry) that afford the opportunity for their
exploitation as novel hydrophobic pharmacophores. The three
isomeric dicarbon carboranes, closo-1,2-C2B10H12, closo-1,7-
C2B10H12, and closo-1,12-C2B10H12, commonly known as ortho-,
meta-, and para-carborane, respectively, share approximately the
same volume as a rotated phenyl ring. This, as well as their
structural integrity, ease of substitution, and delocalized bond-
ing, suggests their description as three-dimensional analogs of
aromatic hydrocarbons (1), allowing their facile substitution for
phenyl rings as rigid scaffolding in pharmacological agents. This
rigid scaffolding can be easily and selectively derivatized through
deprotonation of the slightly acidic C–H vertices by a strong base
(alkyllithium reagents, Grignard reagents, etc.) affording a
strongly nucleophilic carboranyl anion capable of reaction with
a wide range of electrophiles, including alkyl halides, carbonyl
derivatives, and chlorosilanes, to mention only a few examples
(1). Conversely, the B–H vertices exhibit slight nucleophilicity
permitting derivatization by reactive electrophiles, leading, for
example, to B-iodo derivatives. The latter, in combination with
Pd-catalyzed cross-coupling reactions (2), facilitates synthesis of
a diverse range of B-derivatives. This difference in reactivity

makes the regioselective preparation of B- and/or C-derived
carboranes possible without the need for complicated protecting
group strategies or expensive reagents (for recent reviews, see
refs. 3 and 4). Much of this chemistry has been used in the
exploration of carboranes as agents of high-in-boron content for
use in boron neutron capture therapy (BNCT), thus providing a
wealth of information indicating the biocompatibility and resis-
tance to catabolism of a variety of carborane-supported struc-
tures (5). However, this plethora of knowledge is starkly con-
trasted by the paucity of carborane pharmacophores used
outside the field of BNCT. Recent reports of carborane phar-
macophores include HIV protease inhibitors based on metal-
lacarboranes (6) or carborane-substituted porphyrins (7). Endo
and coworkers have investigated the application of carboranes as
a three-dimensional hydrophobic core in the design of potent
estrogen receptor agonists (8) and retinoid antagonists (9),
illustrating the lipophilicity of the carborane moiety previously
noted by peptide chemists when synthesizing biologically active
peptides bearing (o-carboranyl) alanine (10). This hydrophobic-
ity may be fine-tuned through choice of the carborane cage
isomer and the position of substitution on the carborane cage,
with the resulting structure providing unique Hansch-Fujita �
parameters (11). Indeed, simple substitution of ortho-carborane
for a phenyl group in an insect neuropeptide resulted in a 30-fold
increase in pheromonotropic activity in vitro relative to the
parent pentapeptide while showing significantly augmented re-
sistance to saline washes (12). This same carborane derivative
exhibited a 10-fold increase in potency in vivo as compared with
an endogenous 33-membered pheromone biosynthesis-
activating neuropeptide because of lack of vulnerability from
aminopeptidase attack (12). Further success using carboranes
has resulted in the discovery of powerful carboranyl analogues
of the anti-estrogen tamoxifen (13) and the controversial drug
thalidomide (14). In an effort to expand upon these successes, we
have endeavored to identify further biological targets where the
unique properties of carboranes may prove to be beneficial.

Transthyretin (TTR), also known as thyroxin-binding preal-
bumin, is a 55-kDa homotetrameric protein comprising 127-
amino acids with an extended �-sheet conformation (15, 16).
TTR is found in human plasma (0.2 mg/ml, 3.6 �M tetramer)
where it binds and transports thyroxine (T4) in two funnel-
shaped binding sites defined by the dimer–dimer interface and
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also forms a complex with retinol-binding protein, which, in turn,
transports vitamin A (15–17). In 1978, Costa et al. (18) demon-
strated that TTR was the major component of amyloid fibrils
associated with familial amyloid polyneuropathy (FAP). Since
this discovery, TTR has been implicated as the causative agent
in a variety of amyloid diseases [including senile systemic
amyloidosis (SSA), familial amyloid cardiomyopathy (FAC), and
central nervous system selective amyloidosis (CNSA)], with SSA
resulting from the deposition of wild-type TTR (WT-TTR) in
the heart and the remaining diseases (FAC, FAP and CNSA)
associated with the accumulation of one of �70 TTR variants in
a variety of tissues (19–24). Currently, the only treatment
available for FAP is gene therapy mediated by liver transplan-
tation, in which a liver producing WT-TTR is substituted for the
FAP variant-producing organ. In many cases, because of con-
tinuing deposition of WT-TTR, cardiac amyloidosis continues
despite surgical intervention (25).

Studies have indicated that the mechanism of TTR amyloid
fibril formation requires mildly acidic conditions, simulating the
pH of lysosomes, and proceeds through tetramer dissociation to
a monomeric intermediate that subsequently aggregates to form
the pathogenic amyloid fibrils (26–28). However, under similar
conditions, the native conformation of TTR can be stabilized in
vitro by thyroid hormone and structurally similar derivatives
thereof (29). As �0.5% of the two T4-binding sites within TTR
are occupied in vivo, investigations have focused on small
molecule inhibitors that stabilized tetrameric TTR without
undesirable hormonal activity (30). This research has been
successful in identifying a wide variety of structurally diverse
compounds that impart kinetic stabilization to tetrameric TTR
(for a recent review, see ref. 31). However, many of the most
promising compounds are known nonsteriodal antiinflamma-
tory drugs (NSAIDs), such as flufenamic acid and diflunisal
(Fig. 1) or structurally related species.

The pharmacological effects of NSAIDs stem from their
inhibition of cyclooxygenase (prostaglandin endoperoxide syn-
thase or COX) enzymes (32). COX exists in the human body as
three isozymes: COX-1, COX-2, and COX-3. Whereas the
precise function of COX-3 remains elusive, inhibition of COX-1
can lead to problematic side effects such as gastrointestinal
irritation, leading to ulcers and bleeding (33, 34), and, whereas
COX-2-specific inhibitors have garnered much attention from
the pharmaceutical industry, inhibition of COX-2 has been
implicated in increased risk of cardiovascular events (35). In this
way, the design of inhibitors of TTR aggregation presents the
challenge of not just preventing amyloid fibril formation but also
ameliorating the deleterious side effects associated with the
pharmaceuticals that accomplish this challenge.

The hydrophobic binding channels in TTR seem to be ideally
suited for the utilization of carboranes as a skeletal core. Crystal
structures of TTR indicate that the funnel-shaped T4-binding
site can be generalized into a spacious outer binding pocket large
enoughtobindstericallybulkysubstituents (suchasdibenzofuran-
4,6-dicarboxylic acid) and a smaller inner pocket, as shown in
Fig. 2 (36). We hypothesized that the three-dimensional carbo-
rane structure would fill the outer pocket while maximizing

hydrophobic interactions (see Fig. 2). It was further hypothesized
that COX activity could be reduced by this steric bulk as well as
the inability of the carborane moiety to participate in �–�
stacking used by many COX inhibitors, but unnecessary for
inhibition of TTR dissociation (38). This report describes the
synthesis of a group of carborane-based compounds and their
efficacy as potent inhibitors of TTR dissociation followed by
fibril formation. We further screen those compounds recognized
as promising inhibitors of TTR amyloid formation and identify
a lead compound that also lacks any significant COX inhibitor
activity.

Results and Discussion
Design and Synthesis of Inhibitors. The design of the structures to
be synthesized was based upon a general pharmacophore com-
position identified as preferable through limited screening (39,
40). Analysis of these data suggests that the carboxylic acid
functionality plays an important role in the binding of amyloid
fibril inhibitors to TTR. The cocrystal structures between tran-
sthyretin and T4 indicate that this carboxylic acid-functionalized
moiety resides near the entry of the TTR-binding channel in the
outer pocket, as represented in Fig. 2 (41). The remaining
hydrophobic substituted phenyl ring of T4 is tucked into the
smaller inner pocket. By using this structure as a template, it was
clear that it would be efficacious to directly connect the carbox-
ylic acid functionality to the bulky carborane moiety to fully use
the increased volume of the outer pocket. Continuing to use T4
as an analog, a phenyl moiety would provide van der Waals
interactions within the smaller inner pocket. With this approach
in mind, potential inhibitors 1–8 were synthesized (Fig. 3).

Compounds 1 and 3 were synthesized by base-mediated sa-
ponification of the corresponding methyl esters, prepared ac-
cording to literature procedures (42, 43). The corresponding
methyl ester of 2 produced from 4,5,7,8,9,10,11,12-octamethyl-
1,2-dicarba-closo-dodecaborane, was similarly subjected to base-
mediated saponification to give 2 in good yield (44). Synthesis of
5 began with the reaction of decaborane with 4-[tert-
butoxycarbonyl-(3-trif luoromethyl-phenyl)-amino]-but-2-ynoic
acid methyl ester [see supporting information (SI) Schemes
1–12] in refluxing toluene/acetonitrile yielding 4. Subsequent
saponification of 4 produced the corresponding acid, 5, in
good yield. Compounds 6 and 8 began as 1-[3-f luorophenyl]-1,
2-dicarba-closo-dodecaborane and 1-[3-f luorophenyl]-1,7-
dicarba-closo-dodecaborane, respectively (45). Lithiation of the
free C–H vertex followed by reaction with methyl chloroformate
yielded the methyl esters of 6 and 8 (compound 7), which were
saponified to provide the acids in good yield.

TTR Assay. Inhibitors were evaluated by using a 72-h stagnant
fibril formation assay previously described (29). In short, during
this assay, physiological concentrations of TTR (3.6 �M) are

Fig. 1. Flufenamic acid and diflunisal, potent NSAID inhibitors of TTR
amyloidosis.

Fig. 2. Schematic representation of the tetrameric structure of TTR depicting
the two symmetry related T4-binding sites. Binding mode for T4 (Left), and
putative binding of a representative carborane compound (Right) showing in-
teractions of carboxylate groups with lysines at entry of the binding site. Color
coding: red, BH groups; black, carbon atom (adapted from ref. 37).
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subjected to acid-mediated partial denaturation at pH 4.4 either
in the presence or absence of inhibitor. Fibril formation is
measured by optical density at 400 nm, and the results are
reported as percent fibril formation (% ff), with TTR in the
absence of inhibitor defined as 100% ff. Therefore, the lower the
% ff, the more efficacious the inhibitor.

A recent report has indicated that o-carborane, when possess-
ing an electron-withdrawing group, such as carbonyl, � to a cage
carbon, is prone to nucleophilic attack and degradation to the
corresponding anionic B9 nido-carborane cage in the presence of
wet polar organic compounds (46). Consequently, 1H and 13C
NMR studies were performed on the methyl ester of 1 in both
DMSO and acetone. Consistent with the previous report, the
sample, when dissolved in DMSO, evolved a gas (presumably
hydrogen, consistent with conversion to nido-carborane) in the
NMR tube and showed near quantitative conversion to the nido
derivative within the time required to obtain a spectrum. For-
tunately, the sample prepared with acetone solvent showed no
indication of degradation even after 4 h (results not reported).
To demonstrate identical results with TTR assays of flufenamic
acid diluted in both DMSO and acetone, analyses were per-
formed by using both solvents to dissolve flufenamic acid, and
the results were found to be strictly analogous (results not
reported).

Inhibitors, positive (flufenamic acid, a known potent inhibi-
tor) and negative controls were run in triplicate concurrently
with each group of three to four compounds. The results for both
of these controls were found to be quite consistent. The negative
control, TTR in the absence of inhibitor, produced an OD of
0.98 � 0.04 at 400 nm over 12 trials. Similarly, the positive
control, TTR in the presence of 3.6 �M flufenamic acid, yielded
14 � 4% ff, again over a dozen trials. Inhibitors 1–8 were
synthesized to give a reasonably varied collection of structures
from which promising lead compounds could be identified. The
TTR assay results for inhibitors 1–8 are shown in Fig. 3. In all
cases, these compounds conform to the previously expounded
theory regarding the design of TTR amyloid inhibitors (39, 40).

Compounds 1 and 2 differ only in size and were chosen to give
a qualitative estimate of the steric constraints imposed by the

TTR-binding channel upon the design of new inhibitors.
Whereas 1 was proven to be a moderate inhibitor, 46% ff and
21% ff at 3.6 and 7.2 �M, respectively, 2 exhibited poor
inhibition, 72% ff at the higher 7.2 �M concentration. Further-
more, the superior potency of 1 compared with that of 3
substantiated the preference of a carboxylic acid functionality �-
(as opposed to �-) with respect to the aromatic platform in
agreement with previous studies (39). These results were en-
couraging; they definitively indicated that the carborane skeletal
structure was able to enter the TTR-binding channel and inhibit
dissociation as well as validate the suggestion that the design of
carborane-containing TTR inhibitors would follow known the-
ory. This enabled the focus of inhibitor designs upon carborane
analogs of previously identified inhibitors, with the reasonable
expectation that similar efficacy could be achieved: thus, the
synthesis of compounds 4 and 5, which can be viewed as
carborane analogs of flufenamic acid, as well as 6–8, which share
structural similarities with dif lunisal. Assays of 4 and 7 indicated
that these methyl esters, unable to interact electrostatically with
the protonated ammonium groups on the two symmetry related
Lys-15 located at the mouth of the binding channel, were poor
inhibitors of amyloid formation at all concentrations. However,
anions of the corresponding carboxylic acids, 5 and 8, capable of
interacting with the ammonium group, were both found to be
potent inhibitors of aggregation. Whereas 6 exhibited poor
inhibition, it affords the opportunity for comparison with both
5 and 8. Inhibitor 8 is the meta isomer of 6, which provides a more
linear configuration, maximizing interactions between its car-
boxylate functionality and the ammonium groups of Lys-15.
Similarly, whereas 5 shares being an ortho isomer with 6, the
increased degrees of freedom imparted through the amino-
methyl spacer of 5 allows a conformation that again would
maximize the electrostatic interactions. In summary, both 5 and
8 have been identified as potent inhibitors of TTR amyloid
formation, on the order of the known inhibitor, f lufenamic acid.

Further testing with compounds 1, 5, and 8 was initiated to
verify that these compounds inhibited aggregation in a manner
similar to that of the known inhibitor, f lufenamic acid. All
compounds exhibited dose-dependent effectiveness, as shown in

Fig. 3. TTR amyloid inhibitors. All assays were performed at a TTR concentration of 3.6 �M. Inhibitor concentration and percent fibril formation are given below
each inhibitor.

4810 � www.pnas.org�cgi�doi�10.1073�pnas.0700316104 Julius et al.



Fig. 4, with IC50 values of 4.4, 2.6, 2.1, and 2.9 �M for 1, 5, 8, and
flufenamic acid, respectively. As these compounds are presumed
to inhibit TTR fibril formation through raising the tetramer
dissociation barrier through ground-state stabilization, good
inhibitors of fibril formation should slow tetramer dissociation
and thereby prevent aggregation, leading to fibril formation (47).
Therefore, the rate of fibril formation was monitored by turbid-
ity at a final pH of 4.4 over 120 h (Fig. 5), demonstrating a
slowing of aggregation proportional to the efficacy shown by the
inhibitors. Compounds 5 and 8 consistently showing decreased
turbidity at all time points as compared with 1, as would be
expected. In summary, both 5 and 8 have been identified as
potent inhibitors of TTR amyloid formation, on the order of the
known inhibitor, f lufenamic acid.

COX-1/COX-2 Assays. Three TTR inhibitors were chosen to be
screened for cyclooxygenase activity, compounds 1, 5, and 8.
Compounds 5 and 8 were chosen because of their effectiveness
in inhibiting TTR amyloid aggregation whereas 1 was chosen to
establish a baseline of inhibition, which could be attributed to the
carborane carboxylic acid moiety itself. Inhibition of COX-1
(ovine) and COX-2 (human recombinant) was performed by
using a commercially available enzyme immunoassay according
to the manufacturer’s instructions. Stock solutions of com-
pounds 1, 5, and 8 were dissolved in absolute ethanol. As in the
case of the TTR assay stock solutions, there was concern that
dissolution of the compounds in polar organic solvents might
lead to degradation of their carborane cages. However, 11B NMR
spectra of ethanol solutions of 1 showed no perceptible degra-
dation after 24 h (results not reported). The compounds were
initially screened at 100 �M to give the results reported in Table
1. The cyclooxygenase active site of both COX-1 and COX-2 is
located at the end of a long hydrophobic channel that is broad
near the membrane-binding domain (the lobby) and narrows as
it extends toward the active site (48). A network of hydrogen
bonds involving Arg-120, Tyr-355, His-513 (Arg in COX-2), and

Glu-524 form a constriction, which functions as a gate for ligand
entrance to the COX active site (49). [For the sake of simplicity,
the numbering of amino acid residues for both COX-1 and
COX-2 isoforms is based on the sheep seminal vesicle COX-1
sequences as described in ref. 50.] Additionally, the active site,
itself, consists of several aromatic residues (including Phe-381,
Tyr-385, and Trp-387) that can contribute to both hydrophobic
and �–� interactions with the substrate (49). It was hypothesized
that both the steric bulk and lack of �–� stacking of the
carborane skeleton would produce a poor COX inhibitor and
enhance TTR selectivity. Compound 1 exhibits minimal COX
inhibition, with COX-1 retaining 83 � 10% of initial activity and
COX-2 retaining 93 � 13%, implying that the carborane moiety
is a poor substrate for COX, through either of the above
mechanisms. Similarly, 8 is an exceptionally poor inhibitor of
both COX isoforms, with COX-1 and COX-2 retaining 93 �
13% and 94 � 16% initial activity, respectively. Curiously,
compound 5 is an inhibitor of COX-1 (6.0 � 5.9% initial activity)
and less so of COX-2 (57 � 10% initial activity) at this elevated
dose. Again, this difference between 5 and 8 could presumably
be due to the enhanced distance between aromatic platforms
leading to increased flexibility of 5 as compared with 8. Pre-
suming that 8 is being excluded from the active site because of
steric constraints at the constriction, one could conclude that a
longer, more flexible linker would enable the phenyl ring of 5 to
slip past this roadblock and participate in hydrophobic interac-
tions slightly inhibiting COX.

To directly compare the COX activity of 8 relative to flufe-
namic acid, a full COX inhibition curve was run with 8 and
flufenamic acid (Fig. 6) by using a commercially available
colorimetric COX screening assay. Inhibition assays for flufe-
namic acid and 8 were run for ovine COX-1 (Fig. 6A) and
COX-2 (Fig. 6B) at various concentrations. Compound 8 proved
to be a virtually imperceptible inhibitor of both COX-1 (IC50 �
200 �M) and COX-2 (IC50 � 100 �M) isoforms at a concen-
tration more than an order of magnitude larger than the
concentration necessary for 8 to perform exceptionally well with
regard to the inhibition of TTR amyloid formation, making it an
ideal lead compound for further study.

Conclusion
Our results have shown that carborane analogs of NSAIDs bestow
kinetic stabilization of transthyretin in vitro. The hydrophobicity,
steric bulk, and lack of �-interactions make the carborane func-
tionality an ideal scaffolding for use in the binding channel of TTR.
Similarly, these same properties are detrimental when applied to
cyclooxygenase inhibitors. Consequently, we have shown that sub-
stitution of a carborane moiety for a phenyl ring in NSAIDs with
known TTR activity retains the TTR potency of the compound
while dramatically reducing the detrimental COX activity. The
unique properties noted above as well as their biological and
chemical stability make carboranes very attractive pharmacophores
in the design and synthesis of potent and selective pharmaceuticals.

Fig. 4. Stagnant TTR (3.6 �M) amyloid formation assay (pH 4.4) with com-
pounds 1, 5, and 8 and flufenamic acid (FLU) at various concentrations over 72 h.

Fig. 5. TTR (3.6 �M) fibril formation (pH 4.4) in the presence of 3.6 �M
inhibitors 1, 5, 8, and flufenamic acid (FLU) plotted with WT-TTR control.

Table 1. TTR fibril formation and COX assay data
for selected compounds

Compound TTR,* % ff

% Initial activity†

COX-1 COX-2

1 46 � 6 83 � 10 93 � 13
5 22 � 2 6 � 5.9 57 � 10
8 15 � 5 93 � 13 94 � 16

*WT-TTR (3.6 �M) fibril formation assay (pH 4.4) in the presence of 3.6 �M
inhibitors.

†COX enzyme immunoassay in the presence of 100 �M inhibitors.
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Materials and Methods
Synthesis of Inhibitors. The synthesis and characterization of
compounds 1–8 are described in SI Materials and Methods.
Flufenamic acid was used as purchased (Lancaster Synthesis,
Pelham, NH).

TTR Cloning. The transthyretin cDNA was amplified by PCR by
using a human cDNA clone obtained from ATCC (American Type
Culture Collection, Manassas, VA) as the template. The primers
GGGGCCATGGCTGGCCCTACGGGCACCGGTG and GG-
GGCTCGAGATTATTCCTTGGGATTGGTGACGACAG-
CCGTGGTGG were used to amplify the entire gene as well as to
introduce NcoI and XhoI sites at the 5� and 3� ends of the product,
respectively. The PCR products were cloned into pCRBluntII-
TOPO (Invitrogen, Carlsbad, CA) cloning vectors. After sequence
confirmation, the gene was subcloned into pETM-11 (EMBL).
Again, the construct was confirmed by nucleotide sequencing. This
construct added a methionine and an alanine to the N terminus of
the protein as well as a hexa-histidine tag.

Expression, Purification, and Characterization. Human transthyretin
was expressed in BL21–Gold (DE3) cells grown in a shake flask
in LB media with 0.1 mM isopropyl �-D-thiogalactoside (IPTG)
induction for 16 h. Cells were harvested by centrifugation. Each
gram of cell pellet was resuspended and lysed in 5 ml of lysis
buffer (20 mM Tris, pH 8.0/0.3 M NaCl/10 mM imidazole/2 mM
2-mercaptoethanol (�-ME)/2 �g/ml DNase I/0.2 mg/ml ly-
sozyme/1:100 protease inhibitor mixture; Sigma, St. Louis, MO).
The lysate was clarified by centrifugation at 27,000 � g for 30
min. The soluble, recombinant protein was purified by binding
to Ni-NTA Superflow resin (Qiagen, Valencia, CA) and elution
with 300 mM imidazole. The purified protein was �99% pure,
estimated by SDS/PAGE. Mass spectrometry confirmed the
molecular weight of the recombinant protein and the purity of
the sample.

TTR Assay. Stagnant assay. Concentrated stock solutions of the
inhibitors tested were freshly prepared by dissolving the com-

pounds in acetone. The vibration-free amyloid fibril inhibition
assay was performed as described (29) with the following
changes. A series of microfuge tubes were prepared, each
containing 490 �l of a 200 mM sodium acetate-buffered (pH 4.2,
100 mM KCl, 1 mM EDTA) solution. To these tubes was added
500 �l of a 10 mM phosphate-buffered (pH 7.4, 100 mM KCl, 1
mM EDTA) solution containing 7.2 �M tetrameric TTR to yield
a final pH of 4.4 and TTR concentration of 3.6 �M. A 10-�l
aliquot of inhibitor stock solution was then added (360 or 720
�M), resulting in a final inhibitor concentration of 3.6 or 7.2 �M
in a total volume of 1 ml. The Eppendorf tubes were then
incubated while motionless at 37°C for 72 h, after which the
extent of fibril formation was measured by OD at 400 nm.
Results are reported as percent fibril formation, essentially the
ratio of the ODs for TTR in the presence of inhibitor to TTR in
the absence of inhibitor. Inhibitors were generally assayed in
groups of three to four at both concentrations and in triplicate.
In addition, three controls were also included with each group.
A positive control of protein with flufenamic acid, known to be
a potent inhibitor of TTR amyloid formation, as well as a
negative control of protein in the absence of inhibitor were both
assayed in triplicate in addition to a sample of inhibitor alone to
give the results shown in Fig. 3.
Concentration vs. inhibition assay. Samples were prepared identical
to the stagnant assay above with the following change. Inhibitors
1, 5, 8, and flufenamic acid were serially diluted to yield final
concentrations of 0.36, 1.8, 3.6, 7.2, and 10.8 �M. Protein
concentration remained at 3.6 �M, and turbidity measurements
were again taken after 72 h of incubation at 37°C to provide the
results shown in Fig. 4.
Time course assay. Samples were prepared according to the pro-
tocol described for the stagnant assay above with the following
changes. Compounds 1, 5, and 8 and flufenamic acid were
diluted to provide final concentrations of 3.6 �M, equimolar to
the protein concentration. Turbidity measurements were then
performed at 12, 25, 48, 72, 96, and 120 h in triplicate. Samples
at each time point were vortexed and measured as described
above and then discarded, providing a separate set of samples for
each time point shown in Fig. 5.

COX-1/COX-2 Assay. COX enzyme immunoassay. Compounds 1, 5, and
8 were screened for their ability to inhibit COX-1 and COX-2 by
using a commercially available COX inhibitor screening assay kit
(Catalog No. 560131; Cayman Chemical, Ann Arbor, MI) with
provided reagents and according to the manufacturer’s instructions.
Stock solutions of the test compounds were made by dissolving a
weighed amount of each inhibitor in absolute ethanol to yield final
inhibitor concentrations of 100 �M and then assayed to provide the
results reported in Table 1.
COX colorimetric assay. Compound 8 and flufenamic acid were
subjected to a full inhibition curve versus COX-1 and COX-2 by
using a commercially available colorimetric COX inhibitor screen-
ing assay kit (Catalog No. 760111; Cayman Chemical, Ann Arbor,
MI) with provided reagents and according to the manufacturer’s
instructions. Flufenamic acid and 8 were serially dissolved in
ethanol to yield a spectrum of final concentrations and assayed,
providing the results shown in Fig. 6.
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Fig. 6. Colorimetric COX-1 (A) and COX-2 (B) inhibition assays using 8 and
flufenamic acid (FLU).
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