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Nanoscale structural characterization of transthyretin
aggregates formed at different time points of protein
aggregation using atomic force microscopy-infrared
spectroscopy
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Using AFM-IR, we examined the secondary structure of TTR oligomers
E‘I‘(’}‘;‘;;g(}ir‘;fl";f;f;“l\]umber: formed at the early (3-6 h), middle (9-12 h), and late (28 h) of protein
R35GM142869 aggregation. We found that aggregating, TTR formed oligomers (Type 1)
that were dominated by a-helix (40%) and p-sheet (~30%) together with
Review Editor: Jean Baum unordered protein (30%). Our results showed that fibril formation was trig-
gered by another type of TTR oligomers (Type 2) that appeared at 9 h. These
new oligomers were primarily composed of parallel p-sheet (55%), with a
small amount of antiparallel p-sheet, a-helix, and unordered protein. We
also found that Type 1 oligomers were not toxic to cells, whereas TTR fibrils
formed at the late stages of protein aggregation were highly cytotoxic. These
results show the complexity of protein aggregation and highlight the drastic
difference in the protein oligomers that can be formed during such

processes.
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1 | INTRODUCTION

Transthyretin (TTR) is a small tetrameric protein that
transports thyroxine (T4), a thyroid hormone linked to
metabolism, muscle and heart function, and brain devel-
opment (Blake et al., 1978; Kanda et al., 1974; Saraiva
et al., 2012; Yee et al., 2019). Under pathological condi-
tions that are known as TTR amyloidosis, TTR deposits
are found in wvarious organs and tissues (Ando
et al., 2005; Pires et al., 2012; Robinson & Reixach, 2014;
Sanguinetti et al., 2022; Sebastiao et al., 2001). Although
the exact cause of TTR amyloidosis is unclear, in vitro
studies demonstrated that TTR aggregation is triggered
by irreversible dissociation of the tetramer into mono-
mers. Next, unfolded TTR monomers assembly into pro-
tein oligomers that later propagate into amyloid fibrils
(Matsuzaki et al., 2017; Reixach et al., 2004).

Steinebrei et al. (2022) utilized cryo-electron micros-
copy (cryo-EM) to resolve the secondary structure of
ex vivo extracted TTR fibrils. It was found that TTR fibrils
were composed of several monomers that adopted p-sheet
secondary structure that propagated in the direction per-
pendicular to B-strands. Similar experimental results
were reported by Schmidt et al. (2019) for Val30Met
mutant of TTR. These results are consistent with the sec-
ondary structure of amyloid fibrils adopted by other amy-
loidogenic proteins, including amyloid f (AB) and
a-synuclein (a-syn) (Gremer et al., 2017; Guerrero-
Ferreira et al.,, 2018; Heberle et al., 2020; Kollmer
et al., 2019; Li et al., 2018). At the same time, there is very
little if anything is known about the oligomers of such
proteins (Chen et al., 2015; Knowles et al., 2014). Mor-
phological heterogeneity and transient nature of such
oligomers limit the use of cryo-EM and solid-state
nuclear magnetic resonance for their structural charac-
terization. Recently reported results by our and other
research groups demonstrated that this problem can be
overcome by atomic force microscopy-infrared (AFM-IR)
spectroscopy (Dazzi, 2009; Dou et al., 2021; Ramer
et al., 2018; Ruggeri et al., 2015; Ruggeri, Mannini,
et al., 2020).

This innovative spectroscopic approach is based on
the pulsed tunable IR light that is directed into the sam-
ple of interest (Centrone, 2015; Dazzi et al., 2010;
Dazzi & Prater, 2017; Dou et al., 2020; Mayet et al., 2013;
Ramer et al., 2017; Wieland et al., 2019). This causes ther-
mal expansions in the illuminated specimens that are
passed to the metalized scanning probe which can be
positioned directly at the object of interest (Chae
et al.,, 2017, Schwartz et al., 2022). Next, the thermal
expansions are converted into IR spectra that can be used
to interpret the secondary structure of individual oligo-
mers or fibrils (Matveyenka et al., 2022b, 2022c; Rizevsky,

!_

FIGURE 1 AFM images of TTR tetramers (0 h), oligomers (3-
9 h), as well as oligomers and fibrils found at 12 and 24 h of protein
aggregation at pH 3. Scale bars are 500 nm. AFM, atomic force
microscopy; TTR, transthyretin.

Zhaliazka, et al., 2022; Ruggeri et al., 2015, 2016; Ruggeri,
Benedetti, et al., 2018; Ruggeri, Charmet, et al., 2018;
Ruggeri, Flagmeier, et al.,, 2020; Ruggeri, Mannini,
et al., 2020) Using AFM-IR, Zhou and Kurouski (2020)
found that a-syn oligomers found at the early time points
of protein aggregation had a mixture of parallel and anti-
parallel p-sheet. However, a-syn oligomers found at the
late stage of protein aggregation, as well as a-syn fibrils,
were dominated by parallel p-sheet secondary structure.
These results indicated that a conversion of antiparallel
into parallel B-sheet was taken place upon oligomer
growth and propagation into amyloid fibrils (Zhou &
Kurouski, 2020). Zhaliazka and Kurouski (2022) found
that Af;_4, oligomers with parallel and antiparallel
B-sheet had unequal rates of formation. Specifically,
AP;_4 had a much faster assembly rate forming parallel
B-sheet oligomers compared to the oligomers with anti-
parallel B-sheet.

In this study, we used AFM-IR to investigate the sec-
ondary structure of individual TTR oligomers formed at
3, 6,9, 12, and 24 h of protein aggregation at pH 3. We
also investigated the secondary structure of TTR fibrils
formed at 9, 12, and 24 h. Finally, we used cell assays to
determine the extent to which these protein aggregates
exert cell toxicity to N27 rat dopaminergic cells.

2 | RESULTS

2.1 | Morphological transformations that
are taking place upon TTR aggregation

AFM is a robust and reliable technique that is commonly
used to monitor changes in the morphology of protein
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FIGURE 2 Averaged AFM-IR spectra acquired from TTR
tetramers (0 h, red) and oligomers (a) formed at 3 h (orange), 6 h
(light green), 9 h (green), 12 h (blue), and 24 h (purple). Histogram
(b) of distribution of parallel and antiparallel p-sheet, a-helix, and
unordered protein in TTR tetramers (0 h) and oligomers formed at
the different time points of protein aggregation. AFM-IR, atomic
force microscopy infrared; TTR, transthyretin.

species that take place during their self-assembly into
oligomers and fibrils (Ruggeri et al., 2019; Zhaliazka
et al., 2023). Prior to the aggregation (0 h), TTR tetramers
with heights of 8-12nm were primarily observed
(Figures 1 and S1). Only a very small number of higher-
order aggregates (16-28 nm) were found in the Oh
sample.

At the early stage of protein aggregation (3-9 h), we
primarily observed TTR oligomers with no fibrillar species
detected. The heights of these oligomers ranged from 4 to
38 nm (3-9 h) (Figures 1 and S1). At the middle stage
(12 h), we observed small fibrillar species together with the
oligomers. The height of the fibrillar species ranged from

m Parallel B-sheet u a-helix and random coil
B-turn Anti-Parallel B-sheet

FIGURE 3 Averaged AFM-IR spectra acquired from TTR
fibrils observed at 9 h (green), 12 h (blue), and 24 h (purple).
Histogram (b) of distribution of parallel and antiparallel $-sheet,
a-helix, and unordered protein in TTR fibrils formed at the
different time points of protein aggregation. AFM-IR, atomic force
microscopy infrared; TTR, transthyretin.

2.5 to 4.5 nm, whereas slightly thicker fibrils (5.5-9.5 nm)
were observed (Figures 1 and S1). AFM imaging revealed a
substantial increase in the abundance of fibrillar species at
the late stage of TTR aggregation (24 h). It should be noted
that the heights of fibrils observed at 24 h were larger (11-
19 h) compared to the fibrils observed at 12 h of protein
aggregation (5.5-9.5 nm) (Figures 1 and S1).

These findings suggested that tetramer dissociation
and the assembly of TTR monomers into oligomers
occurred within the first 6 h of protein aggregation. At
the later time points (12 h), TTR oligomers propagated
into fibrils. These findings are in good agreement with
the kinetics of TTR aggregation recorded using thioflavin
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SCHEME 1 AtpH 3, TTR tetramers dissociate into monomers
that form Type 1 oligomers. These stable oligomers persist at later
time points of TTR aggregation. At 9 h, Type 2 oligomers are
formed that instantaneously propagate into fibrils. TTR,
transthyretin.

T (ThT) assay (Figure S2). Thus, our results also revealed
dynamic changes in the size of oligomers observed during
the entire course of protein aggregation. However, AFM
was not capable of probing changes in the secondary
structure of TTR oligomers associated with the discussed
above morphological transformations. To overcome this
limitation, we used AFM-IR.

2.2 | Changes in the secondary structure
of TTR oligomers and fibrils that take place
during TTR aggregation

We acquired AFM-IR spectra from TTR tetramers at 0 h,
as well as protein oligomers formed at 3, 6, 9, 12, and
24 h (Figures 3a,b and S3-S8). AFM-IR spectra exhibited
amide I and II bands centered around 1525 and
1640 cm ™!, respectively (Figure 2). The position of the
amide I band can be used to determine the secondary
structure of analyzed specimens (Rizevsky, Mat-
veyenka, & Kurouski, 2022). Specifically, the amide I
band centered ~1635 cm ™' indicates the predominance
of parallel p-sheet, whereas the amide I band around
1690 cm ™' indicates the antiparallel p-sheet in analyzed
protein samples. Unfolded proteins exhibit amide I
around 1660 cm ™', whereas a-helical proteins had amide
I ~1650 cm™* (Matveyenka et al., 2022a, 2023). Expand-
ing upon this, we fitted the acquired spectra to quantify
the amounts of parallel and antiparallel p-sheet, a-helix,
and unordered protein in the analyzed TTR oligomers.
We found very little if any changes in the secondary
structure of TTR oligomers observed at 3 h compared to
TTR tetramers that were present at 0 h of protein aggre-
gation. Both types of protein specimens were dominated
by a-helix (40%) and p-sheet (~30%) together with unor-
dered protein (30%). Structurally similar oligomers were
observed at 6 h. However, we found that oligomers
formed at 9 h were drastically different from the oligo-
meric species observed at the early time points of protein
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TTR6h TTR12h TTR 24h Control

FIGURE 4 A histogram of LDH toxicity assay of TTR
aggregates formed at 6, 12, and 24 h of protein aggregation. One-
way ANOVA showed significant differences between samples

(p < 0.05), and Tukey HSD post hoc test was used for further group
comparison. ANOVA, analysis of variance; HSD, honest significant
difference; LDH, lactate dehydrogenase; TTR, transthyretin.

aggregation. These new oligomers were primarily com-
posed of parallel B-sheet (55%), with a small amount of
antiparallel p-sheet, a-helix, and unordered protein. At
this time point of protein aggregation, we also observed
fibrillar species with the same secondary structure as the
new oligomers (Figure 3a,b). Thus, one can expect that
once formed, such f-sheet-rich oligomers rapidly propa-
gated into fibrils. We also found that TTR oligomers
observed at 12 and 24 h were structurally similar to the
oligomers formed at 6 h of protein aggregation. These
results indicate that TTR aggregation at the early time
points (3-6 h) results in the formation of oligomers (Type
1) that are very similar to TTR tetramers from the per-
spective of their secondary structure (Scheme 1). Such
oligomers persist unchanged at the later time points of
protein aggregation (24 h). At the same time, later during
the aggregation (9 h) a new class of oligomers is formed
(Type 2). These oligomers are dominated by parallel
fB-sheet. Once formed, they instantaneously propagated
into fibrils that were visible in the AFM images (9 h of
TTR aggregation; Scheme 1). Such an abrupt propagation
of these oligomers into fibrillar species was also con-
firmed by ThT kinetics (Figure S1).

It should be noted that we observed very little of any
changes in the secondary structure of TTR fibrils formed
at 12 and 24 h compared to the fibrils detected at 9 h
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FIGURE 5 PCA plot of AFM-IR spectra acquired from

oligomers and fibrils formed at different time points of protein
aggregation. AFM-IR, atomic force microscopy infrared; PCA,
principal component analysis.

(Figures 3 and S9-S11). All these protein aggregates were
dominated by parallel p-sheet (42%-58%), with a small
amount of antiparallel pB-sheet, a-helix, and unordered
protein (Figure 3).

2.3 | Toxicity of TTR aggregates formed
at different time points of protein
aggregation

We used N27 rat dopaminergic cells to investigate the
relationship between protein aggregates observed at dif-
ferent time points of TTR aggregation and their toxicity.
The cells were exposed to Type 1 oligomers formed at
6 h, as well as TTR aggregates formed at 12 and 24 h of
protein aggregation (Figure 4). Next, a lactate dehydroge-
nase (LDH) assay was used to determine cell viability.
We found that Type 1 oligomers formed at 6 h were not
toxic to the N27 cells. At the same time, TTR fibrils
formed at 24 h exerted strong cytotoxicity.

2.4 | Nano-infrared analysis of structural
heterogeneity of TTR oligomers and fibrils

We used principal component analysis (PCA) to investi-
gate the degree of structural heterogeneity of both oligo-
mers and fibrils formed at different time points of protein
aggregation (Figure 5; Zhaliazka & Kurouski, 2022). PCA
revealed substantial diversity in the secondary structure
of individual oligomers present at 12 and 24 h. At the
same time, we observed only a small degree of structural

heterogeneity in the TTR oligomers present at 3 h. TTR
oligomers observed at 6 and 9 h exhibited lower struc-
tural heterogeneity than the oligomers detected at 12 and
24 h, but greater variability in their secondary structure
than 3 h oligomers. These findings demonstrated that
although on average very little structural transformations
in these oligomers formed at different time points were
observed (Figure 2), AFM-IR revealed a progressive
increase in the structural variability of TTR oligomers
from an early (3 h) to the late (12 and 24 h) time points.

AFM-IR coupled to PCA revealed significantly lower
diversity in the fibrillar species observed at 9, 12, and
24 h compared to oligomers formed at these time points.
Specifically, all fibrils observed at the same time point
were found to be highly uniform from the perspective of
their secondary structure (Figure 5).

3 | DISCUSSION

Protein aggregation is a complex process that follows free
energy minimization (18; 5; 6). The process starts with
protein misfolding which can be triggered by a large
number of factors including low pH and high tempera-
tures (Chiti & Dobson, 2017; Kurouski et al., 2010, 2014;
Lai et al., 1996; Xu, Shashilov, Ermolenkov, et al., 2007;
Xu, Shashilov, & Lednev, 2007). Previously reported
results by the Kelly group demonstrated that low pH trig-
gered monomerization of tetrameric TTR (Colon &
Kelly, 1992; Kelly et al., 1997). Next, TTR monomers mis-
fold and self-assembly into amyloid oligomers that later
propagate into fibrils. Our results demonstrated that at
least two types of TTR oligomers are formed as a result of
protein aggregation. The first type is oligomers (Type 1)
dominated by o-helix (40%) and p-sheet (~30%) together
with unordered protein (30%). These oligomers ranged
from 18 to 38 nm. Nano-IR analysis of these oligomeric
species revealed that such a-helix-rich oligomers were
present not only at the early stages (3-6 h), but also at
the late stages (12-24 h) of protein aggregation. We also
found that the structural heterogeneity of such oligomers
progressively increases with the duration of protein
aggregation at pH 3. We also found that these Type 1 olig-
omers exert no cell toxicity. Similar results were reported
by Zhaliazka and Kurouski (2022) for Ap;_4, oligomers
formed at the early time points of protein aggregation.
Independently, Rizevsky, Matveyenka, and Kurouski
(2022) found that insulin oligomers formed at the early
stages were far less toxic than insulin fibrils that were
formed at the later stages of protein aggregation. Our
results are in good agreement with the previously
reported results by Rizevsky, Matveyenka, and Kurouski
(2022). Specifically, we found that TTR fibrils that were
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formed at 12 and 24 h were substantially more toxic than
Type 1 oligomers formed at the early stages of protein
aggregation (3-6 h). AFM-IR revealed that these fibrils
were formed from completely different oligomers (Type
2) that were first observed only at 9 h. These new oligo-
mers were dominated by parallel p-sheet (55%), with a
small amount of antiparallel p-sheet, a-helix, and unor-
dered protein. We also found that unlike protein oligo-
mers, TTR fibrils observed at 12 and 24 h exhibited high
structural similarities and very little if any heterogeneity.
It should be noted that this complexity of protein aggre-
gation cannot be revealed using conventional IR spectros-
copy that probes a large volume of solution and,
therefore, provides information about all types of aggre-
gates present in the sample (Figure S12).
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