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ABSTRACT: Transthyretin (TTR) is a cerebrospinal fluid and serum
protein that undergoes ordered aggregation (amyloidogenesis) in
familial amyloidotic polyneuropathy (FAP) and senile systemic
amyloidosis (SSA). It is now widely accepted that dissociation of the
native TTR tetramer is a precondition for amyloidogenesis; thus,
molecules that stabilize the tetramer have received much attention as
potential TTR amyloidosis inhibitors. Many of these inhibitors bind to
the thyroxine (T4) binding pocket and interact specifically with a
section of the TTR sequence, corresponding to residues 105−115, that
is implicated in amyloidogenic propensity. In this work, we study the effects of “stabilizing” inhibitors on ordered aggregation of
TTR(105−115) peptide. We show that molecules known to bind full-length TTR at the T4 site are potent, specific inhibitors of
ordered aggregation, while molecules that do not interact with TTR exhibit milder, nonspecific disruption through a
“hyperbundling” effect. Our results suggest that, in addition to annealing the native tetramer, “stabilizing” inhibitors may also
directly disrupt amyloidogenic aggregation of TTR monomers through specific interactions with the exposed TTR(105−115)
sequence.

Amyloidosis is a pathogenic form of protein aggregation
that is implicated in over 40 human illnesses including

Alzheimer’s disease, Parkinson’s disease, type II diabetes, and
Creutzfeldt−Jacob disease.1−3 The pathological significance of
amyloidosis has been recognized for more than 150 years;
however, even with a recent surge in interest following the
association with common neurodegenerative diseases, the
mechanisms underlying amyloid formation remain poorly
understood.4,5 Consequently, progress in the development of
effective antiamyloid drugs has been exceedingly slow. Current
drug treatments for both neurodegenerative and systemic
amyloidoses can temporarily improve quality of life but affect
disease progression only slightly.6,7

One potential exception to this overall bleak picture are
amyloidoses associated with the protein transthyretin (TTR),
which include the most common systemic amyloidosis, FAP,
and the late onset neurodegenerative disease SSA.8,9 In its
normal biological role, TTR acts as a carrier of T4 in plasma
and the cerebrospinal fluid. It also mediates retinol transport
and uptake via specific interactions with retinol binding protein
(RBP). The native configuration of TTR is a homotetramer
with two T4 binding sites located along one axis at the subunit
interface (Figure 1).10,11 It is well established that amyloido-
genic propensity in TTR lies exclusively with the monomeric
form of the protein; the homotetramer is completely
nonamyloidogenic.12−14 Thus, early onset TTR amyloidosis
(associated with FAP) is linked to a range of tetramer-
destabilizing single or double point mutations, of which around
80 have been identified thus far.15

Compounds that stabilize the TTR tetramer, on the other
hand, are potent amyloidogenesis inhibitors and are often

considered as potential drug treatments for TTR-associated
amyloidoses.16−20 Small molecules bound at the T4 sites serve
to “anneal” one of the interfacial axes, substantially increasing
the stability of the tetramer overall.16,21,22 Within the past two
decades, a large number of these “stabilizing” inhibitors have
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Figure 1. Image of the human TTR tetramer with T4 bound (in the
center). The view along the T4 binding site axis to provides the best
view of residues 105−115 (highlighted in black) in the T4 binding
pocket. Rendered from pdb file 2ROX10 using PDB Protein Workshop
v 3.9.11
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been identified, including conventional nonsteroidal anti-
inflammatory drugs (NSAIDs),16 carborane cluster-containing
NSAID derivatives,17 and analogues of thyroxine such as
biphenyl ethers,19 benzoxazoles,23 and “palindromic” thyroxin
derivatives.20 These molecules form a number of important
contacts within the T4 site. The termini typically interact with
residues D54, K15, S117, and T119, and the diaryl core
interacts with a cluster of residues including, T106, A108, A109,
and L110.18,24 Several T4 mimetics are currently in clinical trials
(including stage III) with promising results.
The ability of stabilizing inhibitors of TTR amyloidosis to

pre-empt amyloidogenesis via stabilization of the TTR tetramer
is well established in vitro.16−19,25,26 In addition to the results
from ongoing clinical trials, there is anecdotal evidence that
TTR tetramer stabilization may be at least a moderately
effective strategy in vivo, based on the fact that TTR is less
amyloidogenic in the cerebrospinal fluid (CSF), where T4 site
occupancy is higher relative to the serum.27 However, it is
difficult to understand the basis of tetramer stabilizing
inhibition in the context of low pH cellular compartments,
which may be the origin of amyloidogenic TTR in the cell27,28

and where even “stabilized” TTR tetramers would likely
dissociate.14

With the focus on stabilization of the TTR tetramer,
relatively little progress has been made in understanding the
factors underlying amyloidogenic propensity in the monomeric
protein. Some early work from Gustavsson and co-workers
showed that two peptides forming β-strands within the T4
binding site (amino acids 10−20 and 105−115 of the full-
length TTR polypeptide) underwent amyloid-like aggregation
in vitro.29 Subsequent NMR-based analyses by Jaroniec et al.
revealed that the structure adopted by TTR(105−115) in-fibril
was an extended β-strand, similar to its configuration in native
TTR as shown in Figure 1.30,31 The amyloidogenic nature of
TTR(105−115), together with the fact that this segment of the
sequence becomes solvent exposed upon dissociation of the
tetramer, would suggest that TTR(105−115) plays an
important role in amyloidogenic aggregation of TTR
monomers.
In this study, we investigate the ability of selected molecules

to disrupt self-assembly of TTR(105−115) fibrils using a
combination of saturation transfer difference (STD) NMR
spectroscopy and imaging by atomic force microscopy (AFM)
and scanning electron microscopy (SEM). Control molecules
with no known interaction with TTR exhibit nonspecific
perturbation of TTR(105−115) protofilament bundling,
resulting in a branched, “hyperbundled” fibril morphology. In
contrast, molecules that bind specifically at the T4 site,
including thyroxine and several NSAIDs, are potent inhibitors
of ordered aggregation of TTR(105−115). Our results suggest
that, in addition to stabilization of the TTR tetramer,
“stabilizing” inhibitors may also directly disrupt amyloido-
genesis of TTR monomers by specifically blocking access to the
amyloidogenic TTR(105−115) segment.

■ EXPERIMENTAL PROCEDURES

Materials and Chemical Reagents. All small molecule
inhibitors including L-thyroxine, flurbiprofen, flufenamic acid,
diflunisal, retinol and acetaminophen were purchased from
Sigma (St. Louis, MO). The peptides TTR(105−115) (Y-T-I-
A-A-L-L-S-P-Y-S) and miniPEG-AALL were purchased from
Biomatik Corp. (Cambridge, ON).

To test for inhibition activity, each of these molecules were
dissolved in an “aggregation buffer” composed of HPLC grade
water (Sigma), 10% (v/v) CD3CN (Cambridge Isotope
Laboratories Inc., Andover, MA), 0.1% (v/v) TFA (Sigma),
and 10% (v/v) D2O (Sigma). The final pH was 2.0. The
solutions were then filtered using 0.1 μm nylon syringe filers
(Fisher Canada, Ottawa, ON) to obtain the maximum soluble
concentration of low solubility inhibitors (i.e., L-thyroxine,
flurbiprofen, flufenmaic acid, diflunisal, biotin, and retinol),
which was typically between 1 and 10 μM. The maximum
concentrations of soluble inhibitors acetaminophen and
miniPEG-AALL used were 1 mM and 500 μM, respectively.
In concentration dependence experiments, these solutions were
diluted with “blank” aggregation buffer.
Ordered aggregation was initiated by adding lyophilized

TTR(105−115) to a concentration of 1.2 mM, allowing ∼2 h
for solvation, and then refiltering with 0.1 μm nylon syringe
filters. We found this method to yield 1 mM soluble
TTR(105−115) (measured using tyrosine absorption, ε0 =
2800 at λ = 274 nm) with no aggregates detected in initial AFM
images. Then the final sample solutions were collected directly
into 5 mm Norell NMR tubes (Chemglass, Vineland, NJ) for
analysis. Samples were aged at room temperature for ∼3 weeks,
during which time NMR experiments were conducted and
aliquots were withdrawn periodically for AFM experiments.

Saturation Transfer NMR. All NMR data were collected
using Bruker DRX 600 MHz spectrometer at 25 °C. Water
suppression was implemented using excitation sculpting with
gradients.32 The pulse sequence for the STD NMR experiments
was employed as previously described.33 Briefly, a train of 60
Gian-shaped pulses at 40 dB and 12 ms duration separated by a
1 ms delay was applied to achieve selective saturation. Off-
resonance irradiation for the saturation transfer reference
spectra was performed at 25 ppm. On-resonance irradiation was
performed at 0 ppm for the saturation transfer experiments.
This differs somewhat from conventional STD-NMR experi-
ments in which a specific, detectable resonance on the target
molecule is saturated. In our case, the size of the TTR(105−
115) fibrils (≫100 kDa) results in extreme broadening of the
resonances associated with in-fibril TTR(105−115), while the
peaks associated with the soluble species remain sharp. This
allows us to selectively saturate a fraction of the in-fibril protons
at virtually any chemical shift (though not as far downfield as 25
ppm where we apply the saturation pulse in off-resonance
spectra). Saturation spreads rapidly throughout the fibril via
dipolar couplings, which can then be transferred to soluble
TTR on binding. Control experiments were performed to
ensure no direct saturation of soluble TTR(105−115) in “on-
resonance” experiments.
Saturation transfer efficiency was determined by measuring

the ratio of the intensity of the on- and off-resonance difference
spectrum ISTD to the off resonance spectrum ISTR at each peak.
To compare the degree of the saturation, ISTD/ISTR values were
normalized to the highest STD efficiency ImaxSTD/ISTR.

34

2D NMR Experiments. 2D total correlation spectroscopy
(TOCSY) pulse sequence was implemented using the DIPSI-2
sequence for mixing.35 The isotropic mixing time was 80 ms.
The spectral width was 6.6 kHz in both dimensions. Spectra
were 2048 points in the direct dimension for each of 128
increments in the indirect dimension (256 transients/incre-
ment) with quadrature detection by States-TPPI. All NMR data
were processed using the MestRe Nova program (Mestrelab
Research, Santiago de Compostela, Spain).
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Atomic Force and Electron Microscopy. AFM imaging
was performed using a Dimension 3100 scanning probe
microscope (SPM) from Veeco (Peabody, MA) with 125 μm
silicon SPM tip with a spring constant of 37.09 N/m which was
purchased from Digital Instruments (Santa Barbara, CA). All
AFM experiments were conducted in air. After incubation,
samples were extracted directly from NMR tubes, diluted 2−4
times in aggregation buffer and applied to a freshly cleaved mica
substrate, and then allowed 2 min for adsorption. The same
procedure was applied for sample in the later stages of ordered
aggregation, but with 5−10-fold dilution. After sample
deposition, the substrate was washed with the HPLC grade
water and dried with argon gas (Air Liquide, Burlington, ON).
Imaging was carried out in tapping mode. The scan speed was
1.00 or 1.5 Hz. The drive amplitude of 200−973.4 mV and
resonant frequency of 298−300 Hz were employed. Images
were analyzed and measurments taken using the Image SXM
software package.36 Length and width distributions were
derived from 30 randomly sampled measurements per image.
Electron micrographs were generated using a Hitachi S-520

scanning electron microscope. Samples were deposited on a
carbon-coated EM grid and dried by desiccation under low
vacuum for 10 min. Dried samples were subjected to negative
staining using 1% phosphotungstic acid, followed by a second
round of desiccation prior to imaging.

■ RESULTS AND DISCUSSION

Ordered Aggregation of TTR(105−115). TTR(105−
115) is among the most well-characterized models of ordered

aggregation. The smallest ordered aggregates of TTR(105−
115) (protofibrils) are thought to be single layer β-sheets
composed of “in register” parallel strands.31,37 Protofibrils
stacked in an antiparallel arrangement correspond to a
protofilament. A mature fibril consists of approximately four
intertwined protofilaments.38 To provide a baseline for our
subsequent experiments, we first generated fibrils of
TTR(105−115) in the absence of small-molecule inhibitors.
1D STD NMR spectroscopy was used to probe the binding
configuration of soluble TTR(105−115) to fibrillar TTR(105−
115).39,40 Raw NMR spectra corresponding to a typical STD-
NMR experiment are shown in Figure S1 with an arrow
indication the position of the saturation pulse. The underlying
principle of this experiment is that saturation transfer efficiency
decreases with increasing distance between saturated and
unsaturated atoms during a binding event.39 Thus, specific
binding configurations yield unique “STD profiles” (e.g., Figure
2A) in which the intermolecular binding mode is reflected in
the degree of saturation of specific atoms. The backbone amide
proton STD profile shown in Figure 2A, which was collected
roughly at the midpoint of the aggregation process, is
consistent with those reported previously by our group.33,41

We use AFM and SEM imaging to reveal the consequences
of altered intermolecular interactions on fibril morphology.
Figure 2B represents the classic TTR(105−115) fibril structure
consisting of long, unbranched strands. Morphological details,
including height and width distributions, are provided in Figure
2C,D. These measurements are consistent with those reported

Figure 2. STD and AFM analysis of unperturbed TTR(105−115) fibrils. (A) STD profile for backbone amide protons of TTR(105−115) after 3
weeks of incubation, corresponding to the midpoint of ordered aggregation. Error bars are the standard deviation from 5 transients. (B) AFM image
(5 × 5 μm) showing unperturbed TTR(105−115) fibril morphology. (C, D) Statistical analysis of fibril height and width (respectively), based 30
randomly sampled measurements.
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previously33 showing a “flattening” of the fibrils as they are
adsorbed onto the mica surface.
Nonspecific Inhibitors. As a negative control, we tested

the effect of several molecules that are not known to interact
directly with TTR on TTR(105−115) ordered aggregation.
Retinol is associated with TTR indirectly, through the
interaction between TTR and RBP.27 A very recent study by
Hyung et al. showed that some retinoids, but not retinol, were
capable of stabilizing the TTR tetramer even in the absence of
RBP, suggesting a direct interaction with the protein.42 In the
present study, retinol was selected as a TTR-relevant molecule
that does not bind the T4-site and hence should not interact
specifically with TTR(105−115). Neither Retinol nor any of
the other nonspecific inhibitors tested induced a chemical shift
change or line broadening in the TTR(105−115) 1H spectrum,
suggesting no significant interaction between these molecules
and the soluble peptide.
In the presence of retinol and after 48 h of incubation, STD

experiments yield an unambiguous profile for TTR(105−115)
amide protons, which is indicative of a specific binding mode
and thus ordered aggregation (Figure 3A). Overall, the profile

is similar to that of TTR(105−115) in the absence of retinol
(shown in gray), except for a substantially more pronounced
“dip” at Leu 110 and Leu 111. This reduced saturation transfer
efficiency in the amide backbone is correlated with an increased
saturation of Cβ side-chain protons on the same residues (data
not shown), which we interpret to indicate close aliphatic
interactions with the fibril on binding.33 The significantly
increased amide proton saturation at Ser 115 may reflect a
slightly altered binding configuration in which the Ser 115

backbone hydrogen is in close proximity to the fibril on
binding.
AFM images collected after 48 h of incubation revealed a

“branched” fibril morphology (Figure 3B).43 Upon analysis of
the AFM data, it is clear that the “branching” is not due to
forking of the growing ends, but rather perturbed bundling.
Fibril widths immediately prior to branchpoints are 75 ± 6 nm
on average, substantially wider than the 52 ± 4 nm average for
unperturbed TTR fibrils (Figure 2C). The average width of
fibrils immediately after branchpoints is comparable to
unperturbed fibrils (43 ± 6 nm). This would suggest a
“hyperbundled” morphology in which an excessive number of
protofilaments are recruited into fibrils, with periodic
unbundling once a critical diameter is reached. Hyperbundling
agrees well with the detection of increased saturation of Cβ

protons on Leu 110 and Leu 111 as this feature of the STD
profile was linked previously to the incorporation of soluble
TTR(105−115) into mature, bundled fibrils.33 Hyperbundling
has also been observed for a different amyloidogenic species
(Aβ1−40) in the presence of a different small molecule (Congo
Red),44 supporting the hypothesis that it is a nonspecific
phenomenon. Hyperbundled TTR(105−115) fibrils lack the
stability of unperturbed fibrils, decaying completely to
amorphous aggregates after ∼96 h of incubation.
We also monitored TTR(105−115) fibrilization in the

presence of acetaminophen, which is functionally related to
NSAIDs but not known to interact specifically with TTR.
Acetaminophen is substantially more soluble than retinol under
our conditions, allowing us to examine nonspecific disruption at
stoichiometric concentrations of inhibitor. For acetaminophen
concentrations at and above 1 mM, there was a substantial
decrease in signal-to-noise in the raw STD spectrum. There is
therefore an increased uncertainty in the STD profile (Figure
3C), though lower backbone amide proton saturation at Leu
110 and Leu 111 is still detectable, as is the concomitant
increase in the Cβ protons (data not shown). In previous work,
similar decreases in signal-to-noise were linked to concurrent
ordered and disordered aggregation.41 The STD profile
acquired in the presence of acetaminophen agrees with the
unperturbed profile at Ser 115 but shows significantly increased
saturation at Ile 107. This would suggest a distinct binding
configuration with closer positioning of the Ile 107 backbone
amide proton to the fibril.
As predicted from the decrease in STD signal-to-noise,

corresponding AFM images reveal intensely hyperbundled
fibrils together with substantial amorphous aggregation (Figure
3D). While the occurrence of hyperbundling appears
independent of the nonspecific inhibitor used, the extent of
hyperbundling was influenced both by the nature of the
inhibitor and its concentration. For example, acetaminophen
was a significantly weaker hyperbundling agent than retinol,
requiring ∼50-fold higher concentration to a produce the same
degree of “branching”. Biotin was also tested and found to have
a hyperbundling propensity similar to retinol. It is likely that
the most important factor dictating hyperbundling propensity is
solubility, since this parameter would directly influence degree
of nonspecific interaction with the fibril.

Specific Inhibitors. In order to test for specific inhibition of
TTR(105−115) ordered aggregation, we selected molecules
known to interact with TTR at the T4 binding site. These
included T4 and NSAIDs flurbiprophen, diflunisal, and
flufenamic acid. We also tested a solubility tagged tetrapeptide
(miniPEG-A-A-L-L) corresponding to the “binding core” of

Figure 3. STD and AFM analysis of TTR(105−115) ordered
aggregation in the presence of nonspecific inhibitors. (A) The STD
profile for the amide protons of TTR(105−115) after 48 h incubation
in the presence of retinol, corresponding to the maximum population
of hyperbundled fibrils. Error bars are the standard deviation from 5
transients. The native STD profile is provided for comparison (gray
outline circles, dotted line). (B) Typical AFM image (2 × 2 μm) of
hyperbundled TTR(105−115) fibrils after 48 h incubation in the
presence of 1.7 μM retinol. (C) The STD profile for the amide
protons of TTR(105−115) after 48 h incubation in the presence of
116 μM acetaminophen. Error bars are the standard deviation from 5
transients. (D) Typical AFM image (3 × 3 μm) showing hyperbundled
TTR(105−115) aggregates in the presence of 116 μM acetaminophen.
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TTR(105−115).33,45 All of these molecules exhibited complete
inhibition of ordered aggregation under our conditions, even at
>1000-fold dilutions relative to TTR(105−115) (i.e., nano-
molar concentrations of the inhibitor). It would be hard to
attribute this level of potency to a nonspecific interaction with
the fibril, but in the case of a specific inhibitor, it can be
rationalized by arguing that the compound acts specifically on
the growing fibril ends, which would be orders of magnitude
lower in concentration than the peptide itself (mid-nanomolar
range).46

Saturation transfer cannot be used in the absence of ordered
aggregation because a singular binding mode is required to
generate distinctive features in the STD profile (although
nonspecific saturation transfer still occurs through disordered
interactions). Figure 4A shows a TTR(105−115) STD “profile”

collected in the presence of T4 at its solubility limit (10 μM).
The increased uncertainty and “flattening” of the profile are
typical of pure amorphous aggregation.41 Figures 4B−D show
AFM images of amorphous aggregation in the presence of T4,
flurbiprofen, and miniPEG-A-A-L-L, respectively. These
aggregates differ somewhat in size but are clearly exclusively
amorphous.
In order to reveal the underlying mechanism of specific

inhibition, we searched for a concentration regime in which
ordered aggregation was only partially disrupted by a specific
inhibitor. This proved to be exceedingly difficult for all
molecules tested due to a sharp boundary between complete
inhibition and unperturbed ordered aggregation at ∼10 nM
inhibitor. However, in the case of T4, conditions were found in

which concurrent ordered and amorphous aggregation were
observed. AFM images from a series of T4 dilutions are shown
in Figure 5. At 10 μM T4, the aggregates are small and
spherical, which is typical of pure amorphous aggregation
(Figure 5A). In the presence 100 nM T4 the aggregates are still
clearly amorphous but are now larger and nonspherical (Figure
5B). These aggregates bear a resemblance to the “seed clusters”
that are often observed in early fibril formation in vitro;43,44

Figure 4. STD and AFM analysis of TTR(105−115) aggregation in
the presence of specific inhibitors. (A) Typical STD “profile”
associated with pure amorphous aggregation. These data were
acquired in the presence of thyroxine at its solubility limit (10 μM).
Error bars are from 5 transients. The native STD profile is provided for
comparison (gray outline circles, dotted line). (B) (C), and (D) are
AFM images showing the amorphous aggregates that form in the
presence of specific inhibitors thyroxine (10 μM), flurbiprophen (10
nM), and miniPEG-A-A-L-L (10 nM), respectively. Flurbiprophen and
miniPEG-A-A-L-L are shown at the lowest concentration for which
amorphous aggregates were observed. Further dilutions of all specific
inhibitors (to 5 and 1 nM) resulted in unperturbed ordered
aggregation.

Figure 5. AFM images showing the concentration dependence for
specific inhibition of TTR(105−115) ordered aggregation by
thyroxine. All images were acquired after 3 weeks incubation with
TTR(105−115) concentration 1 mM. (A) Thyroxine concentration at
its solubility limit (10 μM). (B) 100-fold dilution (100 nM). (C)
1000-fold dilution (10 nM).
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however, no fibrils were observed at this dilution even after
several months of incubation.
At 10 nM of T4, TTR(105−115) fibrils were observed

(Figure 5C), though amorphous aggregation was still dominant,
preventing a meaningful analysis by STD. Limited specific
disruption of ordered aggregation is evident nonetheless in the
adoption of a “kinked” morphology that is substantially
different from unperturbed fibrils. In contrast to hyperbundling
in nonspecific inhibition, the “kinked” morphology is suggestive
of direct interference with the incorporation of soluble
TTR(105−115) into lengthening fibrils, most likely through
blocking of exposed TTR(105−115) binding cores (i.e., A108-
A109-L110-L111)

45 at the growing fibril ends. Thus, specific
inhibitors tip the balance between ordered and amorphous
aggregation47 by interposing themselves between fibrillar
aggregate attachment sites and soluble TTR(105−115). This
model for disruption is consistent with both the high potency
of specific inhibitors and the abrupt transition between pure
amorphous and fully ordered aggregation in dilution experi-
ments.
Specificity of T4 Inhibition for TTR(105−115). While

molecules that bind the T4 site of TTR clearly exhibit enhanced
inhibition of ordered aggregation for TTR(105−115), it is
possible that these compounds are potent disruptors of
amyloid-like aggregation in general. Studies comparing serum
levels of free T4 to the volume of Alzheimer’s-linked amyloid
deposits (i.e., neocortical neuritic plaques of A-beta and
neurofibrillary tangles of tau protein) suggest that, far from
exhibiting an inhibitory effect, high levels of free T4 actually
intensif y amyloidogensis in vivo.48,49 For additional evidence in
vitro, we monitored fibrilization of another model peptide,
DFNKF, in the presence and absence of T4 (Figure 6). This
molecule was selected for its TTR(105−115)-like aggregation
mechanism and supramolecular structure.50 As can be seen in
Figure 6B, DFNKF underwent extensive fibrilization even in
the presence of relatively high concentrations of T4 (up to its
10 μM solubility limit). As with nonspecific inhibition of
TTR(105−115) fibrilization, fibril branching in Figure 6B is
consistent with nonspecif ic interactions between T4 and growing
DFNKF fibrils.

■ CONCLUSIONS

In summary, we have demonstrated that compounds known to
bind the T4 site of TTR are potent, specific inhibitors of
ordered aggregation in an amyloidogenic segment of the full-
length protein, TTR(105−115). Compounds selected as
negative controls also inhibited fibrillization at higher
concentrations, but through a nonspecific mechanism involving
perturbation of protofilament bundling. These data suggest that
even in the event of complete monomerization of TTR (e.g., in
low pH cellular compartments), stabilizing inhibitors may still
disrupt amyloidogenesis by specifically blocking the exposed
amyloidogenic segment TTR(105−115).
Clearly, it will be desirable in future work to acquire direct

evidence that this “blocking” mechanism applies equally to
aggregation of the full-length protein. However, in the presence
of the native tetramer, such studies will be complicated by the
dual antiamyloidogenic mechanisms of specific inhibitors; i.e., it
will be challenging to separate effects due to tretramer
stabilization from effects due to amyloidogenic epitope
blocking. One option may be to use a mutant that strongly
destabilizes the tetramer so that the protein is essentially
completely monomeric in spite of the presence of a “stabilizing”
inhibitor; however, those strongly destabilizing mutants that
have been developed thus far are weakly amyloidogenic under
native conditions.51,52 Natively folded monomers of the
moderately amyloidogenic variant TTR(T119M) have been
transiently generated via a subdenaturing pulse of urea and high
hydrostatic pressure.51
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