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ABSTRACT: Protein aggregation is initiated by structural changes from native
polypeptides to cytotoxic oligomers, which form cross-β structured amyloid.
Identification and characterization of oligomeric intermediates are critically important
for understanding not only the molecular mechanism of aggregation but also the
cytotoxic nature of amyloid oligomers. Preparation of misfolded oligomers for
structural characterization is, however, challenging because of their transient,
heterogeneous nature. Here, we report two distinct misfolded transthyretin (TTR)
oligomers formed through different oligomerization pathways. A pathogenic TTR
variant with a strong aggregation propensity (L55P) was used to prepare misfolded
oligomers at physiological pH. Our mechanistic studies showed that the full-length
TTR initially forms small oligomers, which self-assemble into short protofibrils at
later stages. Enzymatic cleavage of the CD loop was also used to induce the formation
of N-terminally truncated oligomers, which was detected in ex vivo cardiac TTR
aggregates extracted from the tissues of patients. Structural characterization of the oligomers using solid-state nuclear magnetic
resonance and circular dichroism revealed that the two TTR misfolded oligomers have distinct molecular conformations. In addition,
the proteolytically cleaved TTR oligomers exhibit a higher surface hydrophobicity, suggesting the presence of distinct
oligomerization pathways for TTR oligomer formation. Cytotoxicity assays also revealed that the cytotoxicity of cleaved oligomers is
stronger than that of the full-length TTR oligomers, indicating that hydrophobicity might be an important property of toxic
oligomers. These comparative biophysical analyses suggest that the toxic cleaved TTR oligomers formed through a different
misfoling pathway may adopt distinct structural features that produce higher surface hydrophobicity, leading to the stronger
cytotoxic activities.

Protein misfolding and aggregation are implicated in
diverse degenerative disorders such as Alzheimer’s disease

and amyloidosis.1−4 Misfolding and aggregation are initiated
by structural changes from native polypeptides to oligomeric
intermediate states, which eventually form cross-β structured
amyloid.1−4 Although the identity of toxic species formed
during the aggregation process remains the subject of active
debate, mounting evidence suggests that small oligomeric
species rather than mature fibrils are responsible for cellular
dysfunction.5−14 Identification and structural analyses of
oligomeric intermediates are, therefore, critical for under-
standing the cytotoxic properties of misfolded oligomers.
Structural characterization of misfolded oligomers would also
be essential to developing biomarkers and molecular imaging
probes that can detect misfolded oligomers formed at an initial
stage of protein misfolding disorders.15−17

Transthyretin (TTR) is a 55 kDa homotetramer that binds
and transports thyroxine in the plasma and cerebrospinal
fluid.18,19 TTR misfolding and aggregation are linked to
amyloidosis (ATTR), which impacts numerous organs,
including the peripheral nerves and heart. Amyloid deposition
of wild-type (WT) TTR is linked to amyloid cardiomyopathy
(ATTR-CM), affecting as much as 25% of the population over

age 80.20−23 More than 120 single-point mutations were
observed in patients with earlier onset of amyloid cardiomy-
opathy [hereditary ATTR-CM (hATTR-CM)].24 Aggregation
of the TTR variants was also observed in the peripheral and
autonomic nerves, causing amyloid polyneuropathy (ATTR-
PN) in ∼50000 patients worldwide.25,26 ATTR amyloidosis
was originally believed to be a rare disease, but it is now well
recognized that amyloidosis is underdiagnosed and signifi-
cantly more prevalent than previously thought.27,28

Previous biochemical studies of ATTR amyloidosis revealed
that native TTR tetramers are dissociated into monomers,
which undergo a structural change to a partly folded
intermediate that self-associates into oligomers and subse-
quently amyloid.29−31 On the basis of the mechanistic studies,
therapeutic agents that can stabilize native tetramers were
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developed to prevent the dissociation of the native TTR.32 The
TTR stabilizers, including tafamidis, were shown to delay the
development of disease and improve the quality of life of
ATTR patients at early stages of the disease.33,34 Thus, early
diagnosis of ATTR amyloidosis is essential to the effective
treatment of ATTR patients. Currently, most diagnostic tools
for ATTR amyloidosis are focused on detecting amyloid fibrils
deposited on tissues.35 Development of biomarkers that can
detect misfolded oligomeric species formed at an initial stage
of aggregation would be critically important in the treatment of
ATTR amyloidosis.
Isolation and structural analyses of misfolded TTR

oligomers are essential for developing biomarkers and
molecular imaging probes. In this study, two distinct misfolded
TTR oligomers were prepared for the biophysical studies by
using a full-length pathogenic TTR variant with a strong
aggregation propensity (L55P)36,37 that might allow us to
prepare a large amount of oligomers for the structural studies.
In addition to the full-length TTR, N-terminally truncated
TTR (residues 49−127) produced by an enzymatic cleavage
was used to produce misfolded oligomers because ex vivo TTR
amyloids extracted from the tissues of patients contain the N-
terminally truncated TTR.38,39 The N-terminally truncated
TTR oligomers were also detected in the plasma of hATTR
patients,16 supporting that aggregation of the cleaved TTR is
also physiologically relevant.
The full-length TTR oligomers (L55P) were obtained by

incubating the purified protein at physiological pH and
temperature (37 °C). The proteolytic cleavage of the TTR
also accelerated misfolding and aggregation, as was previously
demonstrated,40−42 resulting in the formation of small
oligomers. The biophysical properties of the TTR oligomers,
such as cytotoxicity and hydrophobicity, were investigated to
gain insights into the correlation between cytotoxicity and
hydrophobicity. Interestingly, the truncated TTR oligomers
(residues 49−127) with higher hydrophobicity exhibited
stronger cytotoxic activity than the full-length TTR oligomers.
Our comparative structural analyses using solid-state nuclear
magnetic resonance (NMR) and circular dichroism (CD) also
revealed that the truncated TTR oligomers adopt molecular
structures different from those of the full-length TTR
oligomers, suggesting that the more toxic oligomers may
have distinct structural features that exhibit higher surface
hydrophobicity.

■ MATERIALS AND METHODS
Preparation of Recombinant TTR. Protein expression

was carried out using a bacterial expression system with the
L55P TTR plasmid (pMMHa, a gift from Dr. Kelly at Scripps),
as previously described.43 Escherchia coli cells (BL21) were
cultured in M9 medium containing 15N-enriched NH4Cl and
[13C]glucose under constant 250 rpm agitation at 37 °C. The
cells were grown until the optical density at 600 nm reached
0.7−0.8, and TTR overexpression was induced with 1 mM
isopropyl β-D-1-thiogalactopyranoside. After incubation for an
additional 12−14 h at 25 °C, the cells were harvested via
centrifugation. The bacterial pellet was dissolved using Tris
lysis buffer [10 mM Tris and 150 mM NaCl (pH 8.0)], and the
resuspended solution was sonicated to disrupt the bacterial
pellet. The soluble fraction was collected via centrifugation,
and high-molecular weight impurities were removed by
ammonium sulfate precipitation (50 wt %/vol). The super-
natant saved via centrifugation was dialyzed overnight against

Tris buffer [25 mM Tris, 1 mM PMSF, and 1 mM EDTA (pH
8.0)] at 4 °C. The protein was further purified by using an
anion exchange column [HiTrap Q HP; 20 mM Tris and 1
mM EDTA (pH 8.0)] and gel filtration chromatography with a
size exclusion column [HiLoad 16/60 Superdex 75 pg; 10 mM
sodium phosphate buffer (pH 7.4)].
Preparation of TTR Oligomers. The purified full-length

proteins [5−15 mg/mL in 10 mM PBS buffer (pH 7.4)] were
incubated under constant agitation at 250 rpm and 37 °C to
induce oligomerization of L55P TTR. To obtain the cleaved
TTR (residues 49−127) oligomers, full-length L55P TTR (15
μM) was incubated with trypsin using a ratio of 200:1 (w/w)
for 5 days.
Transmission Electron Microscopy (TEM). Three micro-

liters of the incubated TTR solution was placed on a glow-
discharged Formvar/carbon-coated copper 400 mesh grid and
incubated for 30 s. A filter paper was used to remove excess
solution, and the grids were washed with deionized water. The
grids were stained with 1% uranyl acetate and incubated for 30
s. Excess stain was removed using filter paper, and the samples
were then dried in air. CM12 Philips TEM at an electron
energy of 80 kV was used to obtain TEM images. To examine
reproducibility of oligomer formation, a whole TEM grid was
examined for the samples prepared with three independent
experiments.
Cell Viability Assay. SH-SY5Y neuroblastoma cells were

cultured in a 1:1 mixture of 1% Pen-Strep and DMEM/F12
medium with 10% FBS at 37 °C in a humidified atmosphere
with 5% CO2. The growth medium was replaced every 5 days.
SH-SY5Y cells with a density of 10 000 cells per well were
plated in a 96-well plate. The mammalian cells were allowed to
settle on the plate for 24 h, and the cell medium was renewed
with fresh medium containing the TTR oligomers at different
concentrations. After incubation for 48 h, the cells in a fresh
medium were treated with MTT, which were then incubated
for an additional 4 h. Sodium dodecyl sulfate (SDS) was added
to the cells, and the optical density was recorded at 570 nm
using a microplate reader (SpectraMax) after 4 h. All of the
experiments were carried out in duplicate.
Fluorescence Experiments. A thioflavin T fluorescence

assay was used to monitor TTR aggregation kinetics with and
without trypsin. The TTR variant (0.3 and 0.7 mg/mL) was
incubated with 10 μM thioflavin T in a clear bottom
microplate. The microplate was shaken at 250 rpm and 37
°C. The ThT fluorescence was recorded for different inucation
periods using a microplate reader (SpectraMax) with excitation
and emission wavelengths of 482 and 440 nm, respectively.
For ANS binding experiments, a 20 μM ANS solution was

prepared in 10 mM PBS buffer (pH 7.4). TTR oligomers were
mixed with the ANS working solution to a final protein
concentration of 10 μM. The emission spectra were recorded
between 400 and 650 nm using a 1 mm slit width with a 350
nm excitation wavelength.
Circular Dichroism (CD) Spectroscopy. All CD spectra

were recorded using a protein concentration of 0.2 mg/mL
(monomeric TTR concentration). Far-ultraviolet CD spectra
from 190 to 260 nm were recorded using a Jasco J-815 CD
spectrometer with a 1 mm quartz cuvette. An average of 20
scans was acquired for each sample.
Solid-State NMR. Two-dimensional (2D) solid-state NMR

spectra were recorded using a Bruker 800 MHz NMR
spectroscope and a 3.2 mm magic-angle-spinning (MAS)
probe. The NMR experiments were performed at an MAS
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frequency of 12 kHz, and a dipolar-assisted rotational
resonance (DARR)44 was used for the mixing scheme in the
2D experiments. Then, 1024 × 256 complex data points were
collected for all of the samples, and 128 FIDs were
accumulated for each t1 data point with an acquisition delay
of 2 s. TopSpin 4.0 and Sparky 3.145 were used to process and
anlayze the NMR data.

■ RESULTS
Preparation of Small TTR Oligomers. Previous bio-

physcial studies of TTR misfolding and aggregation suggested
that dissociation of the tetramer into amyloidogenic monomers
is a rate-determining step in the TTR aggregation, and the
dissociation is accelerated under more acidic conditions with
an optimum pH of ∼4.43,46 Previous structural studies have,
therefore, been mainly focused on misfolded TTR aggregates
formed under mildly acidic conditions. In this study, a TTR
variant with strong aggregation propensity (L55P)36 was
employed to prepare misfolded oligomers at neutral pH
because pathogenic mutations were shown to promote the
dissociation of the native tetramers, accelerating misfolding
and aggregation.47 The pathogenic TTR variant (5 mg/mL)
with strong aggregation propensity was incubated at 37 °C to
induce the formation of misfolded oligomers at physiological
pH. Size exclusion chromatography (SEC) was employed to
probe oligomers present in the protein solution incubated at
37 °C and pH 7.4 (red in Figure 1a). After a short incubation

period (1 day), small oligomers eluting at ∼12 mL were
observed for the TTR variant. Larger oligomeric species appear
to form after a longer incubation of 14 days (Figure S1).
The morphology of the oligomeric species was investigated

by TEM (Figure 1b and Figure S2a), which revealed small
spherical oligomers with a diameter of ∼5 nm. After the longer
incubation, larger oligomeric species (protofibrils) were also
observed in addition to small oligomers, suggesting that the
small oligomeric species self-assemble into the protofibrils
(Figure S1), as was previously observed for wild-type TTR

oligomers formed under mildly acidic conditions (pH 4.4).48

To confirm the formation of protofibrils, the TTR variant was
incubated at a higher concentration of 15 mg/mL at pH 7.4
(blue in Figure 1a). The larger oligomeric species eluting at
∼10 mL via SEC were examined via TEM, revealing the
formation of protofibrils (Figure 1c and Figure S2b). Long
fibrillar aggregates were, however, not observed even after
prolonged incubation times. These results suggest that the
TTR variant forms small oligomeric species that aggregate into
curly protofibrils instead of long filamentous fibrillar
aggregates.
TTR Oligomers Formed by Enzymatic Cleavage. TTR

misfolding and aggregation were shown to be accelerated by
the enzymatic cleavage of the CD loop (residues 48 and
49).40−42 Our previous studies also revealed that the
proteolytic cleavage effectively induces TTR misfolding and
aggregation at physiological pH.42 Thus, the pathogenic TTR
variant (L55P) was treated with trypsin to prepare misfolded
N-terminally truncated TTR. Aggregation rates of L55P TTR
incubated with trypsin are greatly increased (Figure 2a),

consistent with the previous observations. Interestingly, TEM
analyses of the incubated TTR samples revealed the presence
of small oligomers (Figure 2b and Figure S4). After long
incubations, larger oligomeric species and fibrillar aggregates
were not detected in contrast to the full-length oligomers,
suggesting that the small oligomers were formed through an
oligomerization pathway different from that of the full-length
TTR variant (Figure 1).
Characterization of the Small TTR Oligomers.

Cytotoxic activities of the full-length and N-terminally cleaved
oligomers were examined by using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure
3a). The viability assays reveal that the oligomers formed by
the enzymatic cleavage (cleaved, green) exhibited stronger
cytotoxic activity compared to that of the full-length TTR
oligomers (red). It was previously shown that surface
hydrophobicity is correlated well with the toxicity of the
misfolded oligomers.49 The ANS (8-anilino-1-naphthalenesul-
fonic acid) fluorescence assay was, therefore, used to compare
the hydrophobicity of the oligomers (Figure 3b). The higher
fluorescence intensity of the cleaved oligomers (green) clearly
indicates that the cleaved TTR oligomers have larger
hydrophobic surfaces, consistent with their stronger cytotoxic
properties.

Figure 1. (a) Size exclusion chromatography (SEC) analysis of L55P
TTR. Purified L55P TTR [in 10 mM PBS buffer (pH 7.4)] was
incubated at different concentrations, 5 and 15 mg/mL, to afford
oligomers (O) and protofibrils (PF), respectively. TEM images of the
purified (b) oligomers and (c) protofibrils.

Figure 2. (a) Aggregation kinetics of L55P TTR (pH 7.4) with and
without trypsin. The enzymatic cleavage for the K48−T49 peptide
bond was confirmed by MS and SDS gel (Figure S3). (b) TEM image
of the cleaved TTR oligomers. ThT fluorescence was measured at 482
nm with an excitation wavelength of 440 nm to examine the
aggregation kinetics. The errors were calculated from two
independent experiments.
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Structural Features of the Small TTR Oligomers. Our
TEM analyses revealed that small oligomeric species appear to
self-assemble into larger oligomers. CD spectroscopy was used
for comparative structural analyses of the small oligomers and
protofibrils formed by the full-length TTR at different
incubation periods (Figure 4). The native TTR is rich in β-

structures, as evidenced by a maximum at ∼195 nm and a
minimum at ∼215 nm (black). In the full-length TTR small
oligomers (red), the magnitudes of the CD signals in the low-
wavelength regions are significantly decreased compared with
those of the native state, suggesting that the TTR oligomers
become more unstructured than the native state. However, the
strong signal at ∼215 nm in the full-length TTR oligomer
spectrum similar to that of the native state indicates that the
full-length oligomers contain extensive β-structures. It is also
notable that the CD spectrum for the protofibrils (blue) is
almost identical to that of the small oligomers (red), suggesting
that no major conformational changes are accompanied by the
self-assembly of the oligomers into the protofibrils. On the
contrary, oligomeric species formed by the enzymatic cleavage
at pH 7.4 (green) exhibit a quite distinct CD spectrum with a
maximum at ∼206 nm and a minimum of ∼222 nm, suggesting
that the cleaved oligomers adopt molecular structures distinct
from those of the full-length oligomers.
Solid-state NMR is well-suited for comparative structural

analyses of the full-length L55P oligomers and native tetramer
(Figure 5a) because the 13C NMR chemical shifts of the

aliphatic carbons are highly sensitive to the local environ-
ments.50,51 The 2D NMR spectra obtained with a dipolar-
assisted-rotational-resonance (DARR)44 mixing scheme show
that the NMR cross-peaks from the full-length L55P TTR
oligomers (red) are similar to those of the native TTR
tetramer (black). However, many NMR cross-peaks in the
native state disappeared in the oligomer spectra, suggesting
that TTR may undergo local conformational changes. Indeed,
the resonance assignment of the native state52 revealed that
most cross-peaks absent in the full-length oligomer spectrum
correspond to those of EF helix/loop regions (pink in panels a
and c of Figure 5), suggesting that the helical region undergoes
conformational changes during oligomerization. Single-point
mutations that destabilize the helical regions were also shown
to promote TTR misfolding and aggregation.53 These results
indicate that local structural changes of the EF helix/loop
regions are critical to misfolding and aggregation of TTR.
In addition to the EF helix/loop, many cross-peaks from the

residues in the tetrameric interfaces (AB and GH loops) of the
native state (blue in panels a and c of Figure 5) are absent in
the full-length TTR oligomer spectrum, suggesting reorganiza-
tion of the monomers in the misfolded oligomers. The new
NMR resonances observed for the full-length oligomers
(asterisk in Figure 5a) may originate from those regions that
undergo local conformational changes and/or new interfacial
regions in the misfolded oligomers. These NMR results suggest
that the monomers in the full-length TTR oligomers have
overall native-like β-structures with substantial non-native local
structures and non-native interfacial regions. The native-like
monomers may adopt non-native oligomers with distinct
interfaces from those of the native tetramers.
Molecular conformations of the proteolytically cleaved L55P

oligomers (green) were also compared with those of the native
TTR (black, Figure 5b). NMR cross-peaks from serval amino
acid residues such as Thr, Val, and Ala are still overlapped.
However, more than half of the NMR cross-peaks in the native
state, including the EF helix/loop and AB and GH loops,
disappeared in the cleaved oligomer spectrum. The NMR
resonances from the CD and DE loop (brown, Figure 5b,d)
are also absent in the cleaved oligomer spectrum, indicating
that the enzymatic cleavage of the CD loop induces more
drastic conformational changes and the cleaved oligomers
adopt non-native molecular conformations. The NMR results
are consistent with the substantial differences observed in the

Figure 3. (a) MTT cell viability assay for the native (N) and oligomeric (O) states tested at different TTR concentrations (monomer
concentrations of 20 and 40 μM). (b) ANS fluorescence spectra of purified L55P oligomers (red, oligomers; green, cleaved oligomers). TTR
oligomers (5 μM) were mixed with 20 μM ANS [in 10 mM PBS buffer (pH 7.4)], and the fluorescence emission spectra were recorded with an
excitation wavelength of 350 nm.

Figure 4. CD spectra of the L55P TTR oligomers (0.14 mg/mL) in
10 mM phosphate buffer (pH 7.4). Spectra were recorded at 20 °C
using a Jasco-815 CD spectrometer with a 1 mm quartz cuvette. The
full-length oligomers and protofibrils were obtained after incubation
for 1 day and 3 weeks, respectively.
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CD spectra for the native state (black) and cleaved TTR
oligomers (green, Figure 4).

■ DISCUSSION
Structural characterization of misfolded protein oligomers is
quite difficult because of the transient and heterogeneous
nature.5,8,54−56 The preparation of diverse misfolded oligomers
with differential cytotoxic activities is essential for exploring the
cytotoxic nature of the misfolded oligomers. It was previously
shown that TTR amyloids consisting of the N-terminally
truncated as well as full-length TTR were found in the tissues
of patients. The C-terminal fragment produced by the
enzymatic cleavage of the K48−T49 peptide bond was
shown to be the main TTR fragment,39,57−59 indicating that
enzymatic cleavage may result in aggregation of the N-
terminally cleaved TTR fragment. Indeed, previous studies
revealed that enzymatic digestions of the K48−T49 peptide
bond in the TTR variants (E51_S52dup and S52P) lead to the
formation of TTR amyloids containing the N-terminally
truncated fragment (residues 49−127).40,41 A very recent

study also showed that ex vivo TTR aggregates (V122I)
containing the N-terminally truncated fragment are thermo-
dynamically and morphologically similar to those of the in
vitro 49−127 TTR aggregates prepared by enzymatic
cleavage.58 In addition, the N-terminally truncated TTR
oligomers were detected in the plasma of hATTR patients,16

supporting that aggregation of the cleaved TTR might be
physiologically relevant. In this study, misfolded TTR
oligomers formed by the full-length and proteolytically cleaved
TTR were, therefore, prepared for comparative biophysical
analyses.
The full-length TTR variant (L55P) initially formed small

oligomers with a diameter of ∼5 nm at an early stage of
aggregation, which then self-assemble into protofibrils after
longer incubations. The enzymatic cleavage of the CD loop
also induced the formation of small oligomeric species, but the
small oligomers did not aggregate into larger aggregates under
the experimental conditions used in this study. Our structural
analyses of the TTR oligomers revealed that the small
oligomers formed by the enzymatic cleavage adopt molecular

Figure 5. (a) Aliphatic regions of the 13C-detected 2D solid-state NMR DARR spectra for the L55P native (black) and full-length oligomers (red).
(b) Overlaid 2D spectra for the native L55P TTR (black) and L55P TTR oligomers formed by enzymatic cleavage (green). (c) Crystal structure of
the L55P TTR monomer (Protein Data Bank entry 3DJZ) with colored residues in the tetrameric interface (AB and GH loops, blue) and EF helix/
loop (magenta) that disappeared in the full-length TTR oligomer NMR spectrum. (d) Crystal structure with colored residues in the loop regions
[AB and GH, EF helix/loop, and CD and DE loops (brown)] that disappeared in the cleaved TTR oligomer NMR spectrum. A DARR mixing time
of 20 ms was used for the 2D solid-state NMR spectra. The NMR samples were collected and packed into 3.2 mm MAS rotors by
ultracentrifugation. The oligomer samples inside the rotor have remained stable, reproducing the identical NMR spectra. The NMR assignments of
the cross-peaks are made on the basis of our previous backbone assignment of the native TTR.52
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structures distinct from those of the full-length oligomers,
suggesting the presence of distinct oligomerization pathways
for the TTR variant. Our biophysical analyses also revealed
that the N-terminally cleaved oligomers exhibit higher surface
hydrophobicity, which might lead to stronger cytotoxicity.
These results suggested that the more toxic cleaved oligomers
adopt distinct molecular conformations with higher surface
hydrophobicity.
Our experimental data are generally consistent with previous

results. First, it was previously shown that cytotoxic activities of
the six amyloid oligomers formed from three polypeptides, β-
amyloid (Aβ) peptides, α-synuclein, and the N-terminal
domain of HypF from E. coli (HypF-N), correlated well with
their surface hydrophobicity.49 These results suggest that the
extent of the exposed hydrophobic surface is a critical
parameter for toxic misfolded oligomers. The hydrophobic
regions of the oligomers may play important roles in cellular
dysfunctions through aberrant interactions with lipid mem-
branes and/or various cellular proteins involved in signaling
pathways.
Second, helical amyloidogenic intermediates have been

previously observed during misfolding and aggregation of
intrinsically disordered proteins, including α-synuclein,60,61
suggesting that helical secondary structures may play an
important role in cytotoxic activities of misfolded oligomers.
However, recent comparative structural analyses of toxic and
nontoxic misfolded oligomers revealed that the formation of
specific secondary structures like β-sheet is not a prerequisite
for cytotoxic properties of misfolded oligomers.62 Our
structural analyses using CD spectroscopy showed that the
full-length TTR oligomers are substantially β-structured with
some disordered regions, which is consistent with our previous
solid-state NMR structural studies using selective labeling
schemes.63,64 However, the truncated TTR oligomers with
higher cytotoxicity have nonhelical secondary structures quite
distinct from those of the full-length TTR oligomers and other
helical amyloidogenic intermediates. These results are in line
with previous observations that suggest differences in
secondary structures are not enough to account for cytotoxic
activities of misfolded oligomers. More detailed structural
characterization of the toxic oligomers is required to unravel
tertiary and quaternary structural features that exhibit
enhanced surface hydrophobicity.
Atomic structures of the ex vivo TTR fibrils extracted from

an ATTR patient’s heart and vitrous body of the eye were
recently determined by cryo-electron microscopy (cryo-
EM).65,66 The cryo-EM structures revealed that TTR under-
goes conformational changes from the natively folded β-barrel
structures to disc-like 2D flat layers. The structural changes
involve various loop regions, including AB, CD, DE, and GH
loops and the EF helix/loop. In particular, unfolding of the CD
loop in the native state was proposed to be a critical step for
TTR fibril formation.66 The structural rearrangement is
consistent with our NMR results for the cleaved TTR
oligomers, which revealed structural changes in the loop
regions (pink, blue, and brown in Figure 5d). In addition, the
two ex vivo TTR fibrils consist of the full-length and N-
terminally truncated TTR, including the fragment of residues
49−127. Our TTR oligomers formed by the enzymatic
cleavage also contain both the full-length and N-terminally
truncated fragments (Figure S3b). These results suggest that
the enzymatic cleavage of the CD loop may accelerate the
tetramer dissociation and the N-terminally truncated mono-

mers can coaggregate with the full-length monomers. More
detailed structural investigation of the cleaved oligomers would
be required for thorough comparative structural analyses.

■ CONCLUSION
Distinct misfolded oligomeric species formed by the N-
terminally truncated and full-length L55P TTR were prepared
for biophysical and structural characterization. Biophysical
analyses of the TTR oligomers revealed that the proteolytically
cleaved oligomers have a higher surface hydrophobicity,
exhibiting stronger cytotoxic properties. Comparative struc-
tural analyses revealed that the full-length TTR oligomers have
extensive native-like β-structures with non-native interfacial
regions, while the proteolytically cleaved oligomers adopt
distinct non-native molecular structures from those of the full-
length oligomers. These results suggest that detailed structural
characterization of quaternary structures of misfolded
oligomers is required to explore enhanced surface hydro-
phobicity, which is critical for understanding their cytotoxic
properties. Finally, the full-length oligomers were able to self-
assemble into protofibrils, while the proteolytically cleaved
oligomers remained as small oligomers under our experimental
conditions, suggesting that the two oligomers were formed
through different oligomerization pathways.
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