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Abstract

Amyloid formation of full-length TTR involves dissociation of the native tetramers into misfolded 

monomers that self-assemble into amyloid. In addition to the full-length TTR, C-terminal 

fragments including residue 49 – 127 were also observed in vivo, implying the presence of 

additional misfolding pathways. It was previously proposed that a proteolytic cleavage might lead 

to the formation of the C-terminal fragment TTR amyloid. Here, we report mechanistic studies of 

misfolding and aggregation of a TTR variant (G53A) in the absence and presence of a serine 

protease. A proteolytic cleavage of G53A in the CD loop (K48-T49) with agitation promoted TTR 

misfolding and aggregation, suggesting that the proteolytic cleavage may lead to the aggregation 

of the C-terminal fragment (residue 49 – 127). In order to gain more detailed insights into TTR 

misfolding promoted by proteolytic cleavage, we investigated structural changes of G53A TTR in 

the presence and absence of trypsin. Our combined biophysical analyses revealed that the 

proteolytic cleavage accelerated the formation of spherical small oligomers, which exhibited 

cytotoxic activities. However, the truncated TTR appeared to maintain native-like structures, rather 

than the C-terminal fragment (49 – 127) being released and unfolded from the native state. In 

addition, our solid-state NMR and FT-IR structural studies showed that the two aggregates derived 

from the full-length and cleaved TTR exhibited nearly identical molecular structural features, 

suggesting that the proteolytic cleavage in the CD loop destabilizes the native tetrameric structure 
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and accelerates oligomer formation through a common TTR misfolding and aggregation 

mechanism rather than through a distinct molecular mechanism.

Graphical Abstract
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Transthyretin (TTR) is a 55 kDa homo-tetrameric transporter protein that carries the retinol 

binding protein and thyroxine (T4) in the plasma and cerebrospinal fluid.1, 2, 3, 4 Each 

monomer consisting of 127 residues adopts a β-sandwich structure formed by two four-β-

stranded anti-parallel sheets (CBEF and DAGH) (Fig. 1).2, 5, 6, 7 The β-sheet rich monomers 

form a dimer through anti-parallel H-H’ and F-F’ interactions, and the dimers are then 

assembled into a tetramer through interactions between AB and GH loops

Misfolding and aggregation of transthyretin (TTR) is associated with several human amyloid 

diseases (ATTR amyloidosis) including cardiomyopathy and polyneuropathy.8, 9, 10, 11 

ATTR amyloidosis is characterized by a wide range of phenotypes. For example, deposition 

of wild-type TTR is implicated in a late onset senile systemic amyloidosis (cardiac 

disorder), which affects nearly 25% of the population over age 80.12, 13, 14, 15 More than 100 

single-point mutations have been identified in the 127-residue protein, and most of the TTR 

variants were shown to accelerate misfolding and aggregation, leading to earlier onset of 

various amyloidosis such as familial amyloidotic polyneuropathy, familial amyloid 

cardiomyopathy, and rarely central nervous system selective amyloidosis.15, 16, 17, 18

Previous biochemical analyses of TTR misfolding and aggregation process revealed that the 

full-length native tetrameric TTR is dissociated into monomers, which undergo 

conformational transition to aggregation-prone monomers.19, 20, 21, 22, 23, 24, 25 The 

amyloidogenic monomers form oligomeric intermediate states that self-assemble into bigger 

aggregates.26 In addition to the full-length TTR amyloid, C-terminal fragments were 

detected in TTR amyloids in vivo,14, 27, 28 implying the presence of additional misfolding 

and aggregation pathway. A major component of the TTR fragments is the residue 49 – 127 

C-terminal fragment,29, 30 indicating that a proteolytic cleavage of the peptide bond K48 – 

T49 in the CD loop might lead to the aggregation of the C-terminal fragment. Indeed, 

trypsin digestion of the K48 – T49 peptide bond in TTR variants (S52P and E51_S52dup) 

was demonstrated to accelerate the formation of TTR amyloids containing the residue 49 – 
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127 C-terminal fragment.31, 32 It was also shown that increased sheer stress produced by 

excessive stirring (900 rpm) facilitated the proteolytic cleavages of other TTR variants 

(V30M and L55P), triggering misfolding and aggregation of the TTR variants.33 The sheer 

force generated by stirring is equivalent to that in the heart in vivo. In addition, a ubiquitous 

enzyme, plasmin, was able to cleave the K48 – T49 peptide bond,34 suggesting the 

proteolytic cleavage and subsequent aggregation may take place in vivo. However, detailed 

molecular mechanism of the aggregation induced by the cleavage remains elusive. The 

cleaved C-terminal fragment (49 – 127) that might be released from the folded native TTR 

may undergo misfolding transition. The misfolded fragments may then form distinct TTR 

aggregates with different molecular conformations from those of the full-length TTR. 

Indeed, the recombinant C-terminal fragment (49 – 127) was shown to readily form non-

fibrillar aggregates at the physiological pH.35 On the other hand, the proteolytic cleavage 

may just destabilize native tetrameric structures, accelerating dissociation of the tetramers. 

The dissociated monomers with the cleaved C-terminal fragment (49 – 127) may self-

assemble into amyloid, like full-length TTR. In this study, we investigated misfolding and 

aggregation of a TTR variant (G53A) in the presence and absence of trypsin to elucidate 

aggregation pathways of the full-length and C-terminal fragment (49 – 127) TTR with a 

combined use of various biophysical techniques. Circular dichroism (CD), dynamic light 

scattering (DLS), and transmission electron microscopy (TEM) were used to examine an 

early stage of aggregation. Solid-state NMR and FT-IR spectroscopy were employed to 

compare structural features of G53A TTR aggregates formed in the presence and absence of 

trypsin. Our comprehensive biophysical studies suggest that the proteolytic cleavage of the 

K48 – T49 peptide bond in the CD loop accelerates the formation of cytotoxic oligomers. 

The G53A TTR aggregates formed in the presence and absence of trypsin, however, 

exhibited similar molecular structures, indicating that the cleaved G53A TTR variant forms 

aggregates through a common TTR misfolding and aggregation pathway.

Materials and Methods

Protein expression and purification:

The recombinant human G53A TTR was produced using BL21(DE3) expression system 

using the pMMHa plasmid as described previously.20 Briefly, an isolated colony from the 

LB agar plate was inoculated into five milliliters of LB media and the small culture was 

added to the larger culture (0.5 L) after 4 hours of incubation. Protein expression was 

induced at an OD600 of 0.6-0.7 with 1 mM IPTG and the bacteria cells were grown 

overnight (12-14 hrs) at 25 °C. The cells were harvested by centrifugation at 8000 rpm at 4 

°C and the bacterial pellet was stored at −80 °C for at least 1 hr. The pellet was then 

resuspended in lysis buffer (10 mM Tris buffer, 150 mM NaCl, pH 8) and sonicated to 

disrupt the cells. After the sonication, supernatant was collected by centrifugation and 

ammonium sulphate was added (up to 50 %) to precipitate out other cellular proteins. The 

precipitates were removed by centrifugation, and the supernatant was dialyzed against 20 

mM Tris buffer (1 mM EDTA and 1mM PMSF, pH 8) overnight at 4 °C. The G53A TTR 

was further purified with HiTrap Q HP column (GE Healthcare) followed by size exclusion 

gel chromatography using HiLoad 16/60 Superdex 200 column (GE Healthcare). The 
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protein concentration was calculated using an extinction coefficient of 7.76 × 104 M−1 cm−1 

at 280 nm.

ThT fluorescence:

Wild-type and mutant forms of TTR (0.3 and 0.7 mg/ml) were incubated in duplicates in 10 

mM phosphate buffer with 10 μM thioflavin T (ThT). A 200 μL of each sample was added to 

a 96 well black clear bottom microplate in the absence and presence of trypsin. The 

microplate was incubated at 37 °C under constant agitation at 250 rpm in an orbital shaker. 

Using a SpectraMax® microplate reader, ThT fluorescence emission was monitored every 

30 min at 482 nm with excitation of 440 nm.

Aggregation Kinetics:

In addition to the ThT fluorescence, aggregation kinetics of the TTR variants (0.25 – 0.7 

mg/ml, pH 7.4) in the presence and absence of trypsin were monitored by measuring optical 

density at 400 nm using 1 mm quartz cuvette. Dynamic light scattering (DLS, DynaPro 

Nano Star) was also used to probe oligomerization of the TTR variant (G53A) at an early 

stage of aggregation. An average of 10 scans was recorded with an acquisition time of 3 sec 

for each scan. The kinetic experiments were carried out in duplicate using two different 

protein concentrations.

SDS-PAGE:

G53A TTR incubated at 0.7 mg/mL in the presence and absence of trypsin was analyzed by 

SDS-PAGE. Twenty microliters of the reaction mixture was removed from the TTR samples 

at different incubation times. For the G53A TTR samples incubated in the presence of 

trypsin, the digestion reaction was quenched by adding phenylmethylsulfonyl fluoride 

(PMSF) to a final concentration of 1.5 mM. For the SDS-PAGE analyses, the TTR samples 

collected at different incubation times were denatured by heating at 70 °C in the presence of 

SDS sample buffer for 10 min. The denatured TTR samples were saved at −80 °C until they 

were run on 4-12 % gradient bis tris SDS-PAGE gel using MES running buffer and the gel 

was stained with Coomassie blue.

MTT assay:

Human neuroblastoma SH-SY5Y cells were used to measure cytotoxic activities of G53A 

TTR incubated in the presence and absence of trypsin at 37 °C. The mammalian cells were 

grown in 1:1 mixture of DMEM/F12 medium with 10 % FBS and 1 % Pen-Strep at 37 °C in 

5 % CO2. Every 4-5 days the growth medium was renewed.

To measure the cell viability, about 10,000 cell/well were plated in 96 well black clear 

bottom plate. After 24 hrs of incubation, the cell medium was replaced by fresh medium and 

the cells were treated with G53A TTR samples (0.25 and 0.5 mg/mL) incubated in the 

presence and absence of trypsin. After 48 hrs of the treatment, cell medium was replaced by 

the fresh medium. The cells were then treated with MTT and incubated for 4 hrs. SDS was 

added to the wells to dissolve formazan and optical density at 570 nm was measured using a 

SpectraMax® microplate reader. The cell viability (%) was calculated as (ODsample - 
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ODblank) * 100/ (ODcell medium alone - ODblank). The experiments were carried out in 

duplicate using two different protein concentrations.

Mass spectrometry:

G53A TTR was incubated in the presence of trypsin at 0.7 mg/mL at 37°C under constant 

agitation at 250 rpm. After 8 hrs of incubation, the reaction mixture was desalted using 

Millipore C18 Zip-Tips. One microliter of desalted sample was mixed with one microliter of 

matrix (sinapinic acid) and the mixture was loaded onto the MALDI plate. The MALDI 

mass spectrum was obtained using Bruker Autoflex Speed MALDI-TOF mass spectrometry.

Transmission Electron Microscopy:

G53A TTR (0.5 mg/mL) was incubated in the presence and absence of trypsin at 37 °C 

under constant agitation at 250 rpm. To examine the oligomer morphologies, G53A TTR 

samples were diluted by 20 times with 10 mM phosphate buffer and five microliters of the 

sample was placed on the formvar/carbon coated copper 400 mesh grid. After 30 sec, excess 

solution was blotted off with filter paper and the grid was stained with 10 μL of 0.2 % uranyl 

acetate buffer for 30 sec. Excess stain was blotted off by the filter paper and the grids were 

air-dried. TEM images of the samples were acquired using Philips CM12 Transmission 

Electron Microscope at 80 kV.

CD Spectroscopy:

CD spectra were recorded using Jasco J-815 CD spectrometer at room temperature using 1 

mm quartz cuvette. Protein samples were incubated (in the presence and absence of trypsin) 

at the concentration of 0.5 mg/mL at 37 °C under constant agitation at 250 rpm. At every 10 

min interval, 10 μL of the incubated sample was collected and diluted to 0.25 mg/mL with 

10 mM phosphate buffer (pH 7.4) before the data collection. Each CD spectrum was 

recorded with an average of 10 scans. Protein secondary structure analysis was carried out 

using the CDSSTR secondary structure analysis program on DICHROWEB36, 37.

FT-IR spectroscopy:

G53A TTR was incubated at 0.7 mg/mL in the presence and absence of trypsin for one week 

and two weeks, respectively. Amyloid precipitates from the TTR samples were collected by 

centrifugation. The precipitates were then washed with water to remove any soluble proteins. 

The protein samples were placed on the ATR crystal and air-dried for 30 min. A background 

scan was performed before the data collection and the IR spectra for the protein precipitates 

were recorded using Nicolet iS50 ATR.

Solid-state NMR:

Solid-state NMR spectra were recorded using Bruker 800 MHz spectrometers equipped with 

a 3.2 mm MAS probe. Two-dimensional 13C-13C correlation NMR spectra were recorded 

using a dipolar-assisted rotational resonance (DARR)38 mixing scheme at a spinning 

frequency of 12.5 kHz. The 90° pulse-lengths for 1H and 13C were 3.0 and 3.5 μs, 

respectively, and the two-pulse phase-modulated (TPPM)39 decoupling scheme was 

employed with a radio-frequency field strength of 90 kHz. For the 2D DARR spectra, 
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complex data points of 2048 × 512 were collected for the amyloid states with an acquisition 

delay of 2 s, and 64 FIDs were accumulated for each t1 data point.

Preparation of TTR aggregates for solid-state NMR:

The TTR variant (0.7 mg/ml) was incubated at 37 °C in 10 mM phosphate buffer (pH 7.4) 

under constant agitation at 250 rpm in the presence and absence of trypsin to prepare 

proteolyzed and full-length TTR amyloids, respectively. To obtain full-length G53A TTR 

amyloid, the protein sample was incubated at the above condition in the absence of trypsin 

for two weeks and the amyloid was collected via centrifugation. For the proteolyzed TTR 

amyloid, G53A TTR was treated with trypsin at a ratio of 1:200 enzyme to protein ratio by 

weight and incubated for one week. The TTR aggregates were collected by centrifugation 

and their structural features were initially examined with FT-IR. The structural analyses 

revealed that the secondary structure of the TTR aggregates obtained at different incubation 

times were identical (Fig. S1). Thus, the longer incubation time was used for structural 

characterization of the full-length G53A TTR amyloid due to the slower aggregation kinetics 

in the absence of trypsin. TTR aggregates were prepared from different batches of the TTR 

solution and solid-state NMR spectra were collected and averaged for the TTR aggregates.

Results

Proteolytic cleavage triggers aggregation of G53A TTR

Previous biochemical studies showed that mutations in the CD loop (S52P and E51_S52dup) 

render the TTR variants susceptible to the proteolytic cleavage, which triggers amyloid 

formation of the TTR variants.31, 32 In this study, another mutant form, G53A TTR 

associated with leptomeningeal amyloidosis,40 was used to investigate misfolding and 

aggregation pathway of the TTR variant in the presence and absence of proteolytic enzyme, 

trypsin. Figure S2 shows aggregation kinetics of G53A TTR at the physiological pH of 7.4 

in the presence and absence of trypsin. The aggregation kinetics was initially monitored by 

measuring optical density (OD) at 400 nm as a function of incubation times (Fig. S2). In the 

absence of trypsin, the TTR variant remains soluble without notable precipitation for 10 

hours at a protein concentration of 0.7 mg/ml. Upon addition of trypsin, aggregation of the 

TTR variant was greatly accelerated, as demonstrated for the other mutants (S52P and 

E51_S52dup).

The aggregation behavior of G53A TTR was compared to those of wild-type (WT) and 

another mutant form of TTR (L55P) in the presence and absence of trypsin at the 

physiological pH of 7.4 (Fig. 2). Aggregation of the WT and two mutant forms of TTR was 

promoted in the presence of trypsin (Fig. 2). It is also notable that G53A TTR exhibited a 

stronger aggregation propensity than L55P and WT TTR. Aggregation of WT TTR was also 

observed after 4 hrs of incubation in the presence of trypsin. The accelerated aggregation 

kinetics in the presence of trypsin was reproduced at a lower protein concentration of 0.3 

mg/ml (Fig. S3).

G53A TTR variant was chosen for more detailed analyses because of its stronger 

aggregation behavior in the presence of trypsin. In order to investigate whether the mutant 
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TTR (G53A) is cleaved by trypsin, the TTR variant incubated in the presence of trypsin was 

analyzed by polyacrylamide gel electrophoresis (SDS-PAGE). The SDS-PAGE analysis of 

the TTR variant in the presence and absence of trypsin clearly shows that G53A TTR is 

cleaved upon addition of trypsin (Fig. S4). Mass spectrometry was used to identify TTR 

fragments produced by the trypsin digestion, and the residue 49 – 127 C-terminal fragment 

was the major component (Fig. S5a). Protein precipitates formed in the presence of trypsin 

were collected by centrifugation and analyzed with SDS-PAGE (Fig. S5b). The G53A 

precipitates contained small fragments as well as full-length TTR. These results indicate that 

the proteolytic cleavage of the K48 – T49 peptide bond in the CD loop promotes amyloid 

formation of G53A TTR. It also appears that the C-terminal fragments co-aggregate with 

full-length TTR on the basis of SDS-PAGE shown in Fig. S5b. These results are consistent 

with recent cryo-EM structural studies of ex vivo TTR fibrils that revealed the TTR fibrils 

consist of N-terminally truncated and full-length TTR41.

G53A TTR remains largely folded after the proteolytic cleavage

In order to examine an early stage of misfolding and aggregation for the full-length and 

truncated G53A TTR, CD spectroscopy was used to probe initial conformational transition 

of the TTR variant during aggregation process at the physiological pH of 7.4. The initial CD 

spectrum of G53A TTR exhibits a minimum at 213 nm and maximum at 195 nm, 

corresponding to those of β-structured proteins. In the absence of trypsin, the CD spectra 

remain nearly identical for 3 hours of incubation at 37 °C. Upon addition of trypsin, the CD 

signal at 195 nm gradually decreases, while other regions at 200 – 220 nm are not affected, 

suggesting that the TTR variant becomes slightly more disordered by the proteolytic 

cleavage.

The CD spectra were analyzed to obtain secondary structure information using the software 

DICHROWEB36, 37 (Table 1). The secondary structural analyses showed that the TTR 

variant has slightly less β-sheet content (38 %) than WT TTR (42 %)26. The less structured 

or more dynamic nature of the TTR variant might be related to its stronger aggregation 

propensity than WT TTR.26 In the presence of trypsin, relative content of the β-sheet 

structure slightly decreases by 2 %, while the disordered regions increase by 2 % after 3 

hours of incubation. These small changes in the secondary structure indicate that the N- and 

C-terminal fragments produced by trypsin cleavage remain bound together and the cleaved 

TTR is still largely folded.

Proteolytic cleavage promotes the formation of small cytotoxic oligomers

The changes in the CD spectra upon addition of trypsin may originate from the formation of 

small oligomers. Dynamic light scattering (DLS) was used to probe oligomerization in the 

presence and absence of trypsin (Fig. 4). In the absence of trypsin, the autocorrelation 

function decays slowly at longer time intervals (> 500 μs) after 2 hrs of incubation, 

suggesting the formation of small oligomers (Fig. 4a). Upon addition of trypsin, the 

correlation of the signal decays more slowly even after shorter incubation times (Fig. 4b), 

clearly suggesting that the oligomerization process is greatly accelerated in the presence of 

trypsin.
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Transmission electron microscopy (TEM) was used to examine morphology of the 

oligomers formed in the presence and absence of trypsin (Fig. S6). The TEM images reveal 

that the TTR variant forms small spherical oligomers at the physiological pH (Fig. S6a). 

Similar types of oligomers were also observed in the presence of trypsin, suggesting that the 

full-length as well as cleaved TTR variant form similar oligomeric species (Fig. S6b). It 

appears that the spherical oligomers are clustered to form bigger less-ordered aggregates 

rather than fibrillar aggregates in the presence and absence of trypsin.

It is widely believed that small oligomeric species formed at an early state of aggregation are 

real cytotoxic agents.42, 43, 44, 45, 46, 47, 48 Cytotoxic activities were investigated for the TTR 

variant incubated for 2 hours using (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay (Fig. 5). The TTR variant incubated in the presence of trypsin exhibits 

a stronger cytotoxic activity (blue in Fig. 5). Taken together with the DLS and TEM results 

that indicated addition of trypsin accelerated the formation of small oligomeric species (Fig. 

S6 and Fig. 4), the proteolytic cleavage by trypsin appears to promote the formation of 

cytotoxic G53A oligomers at the physiological pH.

G53A TTR forms nearly identical aggregates in the presence and absence of trypsin

The TEM images of the TTR variant aggregates formed in the presence and absence of 

trypsin show that the two oligomeric species have similar structural features, implying that 

the full-length G53A and truncated TTR may have similar misfolding and aggregation 

pathways. In order to compare molecular structures of the G53A aggregates formed in the 

presence and absence of trypsin, FT-IR and solid-state NMR were employed (Fig. 6). 

Amyloid fibrils have absorption spectra with broad amide-I bands ranging from 1600 to 

1700 cm−1, which are sensitive to the secondary structures and dihedral torsional angles φ/ψ 
of the amide backbone.49, 50 The amide-I bands from both G53A aggregates produced in the 

presence and absence of trypsin exhibit nearly identical maxima at 1630 and 1675 cm−1. The 

absorption peaks at the amide-II (1,500 – 1600cm−1) and -III (1,300 – 1,450 cm−1) regions 

(Fig. 6a and Fig. S7a) also appear at the same wavenumbers, suggesting that the two 

aggregates have similar β-structures.

Morphology of the two TTR aggregates incubated in the presence and absence of trypsin 

was examined by using TEM (Fig. S7b and S7c). The TEM images reveal that G53A TTR 

forms non-fibrillar aggregates in the presence and absence of trypsin. It appears that the 

small spherical oligomers observed at an early stage of aggregation (Fig. S6) self-assemble 

into the less ordered aggregates, suggesting the oligomers are on the aggregation pathway. 

Molecular structural features of the two TTR aggregates were also compared by solid-state 

NMR spectroscopy. Fig. 6b shows overlaid 13C-13C correlation solid-state NMR spectra for 

G53A TTR aggregates formed in the presence (black) and absence (red) of trypsin. The 2D 

DARR spectra for the aliphatic regions are overlapped well, suggesting that the 13C NMR 

chemical shifts of aliphatic carbons including Cα and Cβ carbons are very similar for the 

two oligomeric states. The 13C NMR chemical shifts of the aliphatic carbons are highly 

sensitive to the secondary structures and φ/ψ dihedral angles,51 and thus the overlaid NMR 

spectra suggests that the two oligomeric species adopt similar molecular conformations 
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consistent with the FT-IR spectra shown in Fig. 6a. The cross-peaks with different chemical 

shifts may come from the residues close to the cleavage site in the CD loop.

It is, also, notable that the cross-peaks from the truncated G53A oligomers (black) are better 

resolved than those of the full-length G53A oligomers (red). The higher resolution is more 

evident in the one-dimensional slice along 55 ppm in the 2D DARR spectra (Fig. S8). 

Relatively sharp resonances that are absent in the full-length G53A oligomers are also 

observed in the truncated G53A oligomers. These results suggest that the two oligomeric 

states have overall similar secondary structures and morphology, but the truncated oligomers 

contain more ordered local structures.

Discussion

There is an increasing body of evidence that suggests aggregation-prone proteins behave like 

a prion that can form diverse misfolded protein aggregates with distinct molecular 

conformations and different biological activities, which might be associated with diverse 

disease phenotypes of protein misfolding disorders. TTR amyloidosis is also characterized 

by various disease phenotypes, suggesting the presence of distinct TTR amyloids. Indeed, at 

least two different types of TTR amyloids have been detected in vivo.27 One of the two 

amyloids consists only of full-length TTR, while the other amyloid was formed by a mixture 

of the full-length and truncated TTR. A major component of the fragmented TTR is the 

residue 49 – 127 C-terminal fragment. The presence of the two types of TTR amyloids 

suggests that the full-length and C-terminal fragment TTR may have distinct misfolding 

pathways, leading to the different types of TTR amyloids.

Previous studies showed that a proteolytic cleavage of the K48 – T49 peptide bond in the 

CD loop promotes TTR misfolding and aggregation of the TTR variants (S52P and 

Glu51_Ser52dup).31, 32 The cleaved C-terminal fragment (49 – 127) may be released from 

the folded TTR and subsequently unfolded, leading to the formation of amyloid. The TTR 

aggregates formed by the C-terminal fragment may have distinct molecular conformations 

from those of full-length TTR. On the other hand, the N- and C-terminal fragments may still 

be bound together due to the hydrogen-bonding interactions between the β-strands in the 

natively folded TTR. The proteolytic cleavage of the CD loop may just destabilize the 

tetrameric structure of TTR, accelerating dissociation of the tetramers to monomers that is 

the rate determining step in the TTR aggregation process24, 52. In this mechanism, TTR 

amyloid formed in the presence of trypsin would have similar molecular conformations to 

those of intact full-length TTR.

In this study, we used various biophysical techniques to investigate an early stage of TTR 

aggregation in the presence and absence of trypsin. Structural features of the final product 

(oligomeric aggregates) formed in the presence and absence of trypsin were also examined 

using FT-IR and solid-state NMR in order to compare aggregation pathway of the full-length 

and truncated TTR. In the presence of trypsin, the peptide bond K48-T49 was cleaved, and 

subsequently TTR oligomerization was accelerated (Fig. 4). The small spherical oligomeric 

species detected in TEM (Fig. S6) exhibited cytotoxic activities (Fig. 5). Structural changes 

during the oligomerization process in the presence of trypsin were probed by using CD 
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spectroscopy (Fig. 3b). Notable changes in the CD signals at low wavelength region (< 200 

nm) were observed during TTR oligomerization promoted by the proteolytic cleavage, 

suggesting a local unfolding of the protein at the early stage of oligomerization. However, 

FT-IR and solid-state NMR spectra for the G53A TTR oligomers formed in the presence and 

absence of trypsin revealed that the two oligomeric states adopt nearly identical molecular 

conformations. The combined structural analyses of G53A TTR at an early stage of 

oligomerization process and the oligomeric states indicate that the TTR variant in the 

presence and absence of trypsin forms oligomeric aggregates via a similar misfolding and 

aggregation pathway. The proteolytic cleavage in the CD loop appears to induce a local 

unfolding transition, accelerating oligomerization of the TTR variant without inducing major 

conformational changes. These results are consistent with our previous solid-state NMR 

structural studies of TTR oligomers that revealed the oligomeric species maintain extensive 

native-like β-sheet structures.26, 53

The crystal structures of WT and mutant forms of TTR revealed that the CD loop adopts a 

tight turn on the residue G53 (Fig. S9). Glycine is commonly found in the turn position 

because of its high steric flexibility. Substitution of the glycine with the smallest sidechain 

by alanine may increase flexibility of the CD loop in the native TTR and destabilize the 

native tetrameric structure of G53A TTR. Perturbations of the CD loop in the other TTR 

variants (S52P and Glu51_Ser52dup) were also shown to reduce the thermodynamic 

stability of tetrameric native TTR presumably due to the enhanced flexibility of the CD loop. 

In addition, a single-point mutation in the strand D (L55P) disrupts β-strand D, affecting the 

stability of the CD loop.54, 55 The structural, dynamic perturbation of the CD loop by the 

mutations renders the three TTR variants (S52P, Glu51_Ser52dup, and L55P) more 

susceptible to the proteolytic cleavage. Thus, the single-point mutation (G53A) in the CD 

loop may also affect the stability of the CD loop, destabilizing the native tetrameric TTR. 

Indeed, the TTR variant is more easily dissociated from tetramers to dimers and monomers 

in SDS-PAGE compared to WT TTR (Fig. S10). In addition, our previous biochemical 

studies of misfolding and aggregation of G53A TTR variant revealed that tetrameric forms 

of the native TTR variant are readily dissociated into monomers and dimers even at the 

physiological pH of 7.4.26

In summary, a proteolytic cleavage of the K48-T49 bond in the CD loop promoted the 

formation of cytotoxic spherical oligomers. Structural analyses of the TTR variant (G53A) 

in the presence and absence of trypsin at an early stage oligomerization revealed that the 

full-length and cleaved TTR did not undergo major structural changes during the 

oligomerization process. In addition, our FT-IR and solid-state NMR structural studies of the 

TTR oligomers formed in the presence and absence of trypsin suggested that the two 

oligomeric species adopt similar molecular conformations. These results indicate that the 

full-length and cleaved TTR variants form the aggregates through a similar misfolding and 

aggregation mechanism. The proteolytic cleavage appears to destabilize the CD loop, 

accelerating dissociation of the native tetramers into monomers that is the rate determining 

step in the TTR aggregation process.
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ABBREVIATIONS

NMR nuclear magnetic resonance

DARR dipolar assisted rotational resonance

TTR transthyretin

CP cross-polarization

WT wild-type

CD circular dichroism

TEM transmission electron microscopy

FT-IR Fourier transform infrared

DLS dynamic light scattering

MAS magic-angle spinning

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide

ATTR TTR amyloidosis

PAGE polyacrylamide gel electrophoresis

ThT thioflavin T
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Figure 1. 
Crystal structure of native tetrameric TTR with the monomeric form of TTR. The arrow 

indicates the K48 – T49 peptide bond in the CD loop. A pdb code of 1F416 was used to 

draw the crystal structure.
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Figure 2. 
Aggregation kinetics of WT and mutant forms of TTR (0.7 mg/ml) in the presence and 

absence of trypsin. Thioflavin T (ThT) fluorescence emission spectra were recorded at 482 

nm with an excitation of 440 nm. The uncertainty was calculated from two independent 

experiments.
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Figure 3. 
Experimental CD spectra of G53A TTR in the absence (a) and presence (b) of trypsin at 

different incubation times. Calculated spectra derived from the simulated secondary 

structure in Table 1 are plotted with solid squares. The TTR variant (0.5 mg/ml) was 

incubated in 10 mM sodium phosphate buffer (pH 7.4) at 37 °C and the CD spectra were 

recorded at 20 °C.
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Figure 4. 
Autocorrelation function measured by using dynamic light scattering for G53A TTR in the 

absence (a) and presence (b) of trypsin at different incubation times. The TTR variant (0.25 

mg/ml) was incubated in the phosphate buffer (pH 7.4) at 37 °C.
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Figure 5. 
Cell viability measured with MTT assay for the G53A (0.25 and 0.5 mg/ml) TTR incubated 

in the presence and absence of trypsin in phosphate buffer (pH 7.4) at 37 °C. The uncertainty 

was calculated from two independent measurements for each protein concentration.
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Figure 6. 
(a) Overlaid FT-IR spectra for the full-length (red) and truncated (black) G53A TTR 

aggregates obtained with an incubation time of 3 days. (b) Aliphatic regions of the 2D 
13C-13C correlation solid-state NMR spectra of the two aggregates obtained with a DARR 

mixing time of 25 ms. The cross-peaks from the valine and threonine sidechains (Cβ-Cγ) 

are indicated by V and T, respectively.
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Table 1.

Relative content of the secondary structure for G53A TTR in the presence and absence of trypsin obtained 

from the analyses of the CD spectra in Figure 3 using the software DICHROWEB.

 α-helix (%) β-strand (%) disordered (%)

G53A (0 min) 5 38 56

G53A + Trypsin (0 min) 5 38 57

G53A + Trypsin (10 min) 6 36 58

G53A + Trypsin (30 min) 5 36 59

G53A + Trypsin (90 min) 4 36 58

G53A + Trypsin (180 min) 4 36 58
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