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Tau protein aggregates inside neurons in the course of Alzheimer's disease (AD). Because of the enor-
mous number of people suffering from AD, this disease has become one of the world's major health and
social problems. The presence of tau lesions clearly correlates with cognitive impairments in AD patients,
thus, tau is the target of potential treatments for AD, next to amyloid-f. The exact mechanism of tau
aggregation has not been understood in detail so far; especially little is known about the structural
rearrangements of tau aggregates at the growth phase. The research into tau conformation at each step
of the aggregation pathway will contribute to the design of effective therapeutic approaches. To follow
the secondary structure of individual tau aggregates at the growth phase, we applied tip-enhanced
Raman spectroscopy (TERS). The nanospectroscopic approach enabled us to follow the structure of indi-
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vidual aggregates occurring in the subsequent phases of tau aggregation. We applied multivariate data
analysis to extract the spectral differences for tau aggregates at different aggregation phases. Moreover,
atomic force microscopy (AFM) allowed the tracking of the morphological alterations for species occur-
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Neurodegenerative disorders with accompanying abnormal
aggregation of proteins are some of the most serious health
and social problems worldwide today."* Alzheimer’s disease
(AD) is the most common form of dementia, and it constitutes
approximately 50-60% of total dementia cases."” In 2020, ca.
50 million people worldwide were suffering from dementia.* It
is estimated that the number of individuals suffering from
dementia will almost double every 20 years® because of an
aging population and prolonged life expectancy.

The major histopathological hallmark of neurodegenera-
tion involved in Alzheimer’s disease is the presence of intra-
neuronal tau neurofibrillary tangles (NFTs) and extra-neuronal
amyloid-p (AB) plaques in the neocortex.®® The neuronal
mechanism that links tau neurofibrillary tangles and amyloid-
B plaques with neural system failure and cognitive decline in
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ring with the progression of tau aggregation.

AD has not been fully understood.” However, amyloid-p and
tau protein interact at synapses, causing simultaneous toxicity
in the pathogenesis of AD.®'°"> Most of the AP targeting
therapies have failed in clinical trials, thus, there is still a need
for alternative strategies to fight against AD.>**™** Because of a
clear correlation of tau lesions with cognitive impairments, tau
protein has also become a target for potential AD treatments.’
In particular, small soluble oligomeric aggregates, found to be
the most toxic species among various forms of tau aggregates
present in the brain of AD patients, will be targets for future
tau-oriented therapies against AD."®"”

Tau neurofibrillary tangles (NFTs) appear in neurons at a
later stage of the disease.” This suggests that inhibiting tau aggre-
gation at the early stages of the tau aggregation process could
prevent neurodegenerative symptoms characteristic of the late
stages of AD. Therefore, knowledge of the aggregation pathway and
accompanying structural rearrangements occurring during tau
neurofibrillary tangle (NFT) formation related to the disease etiol-
ogy is of critical importance for the proper design of therapeutic
strategies based on aggregation suppression. Despite the efforts of
researchers representing numerous research disciplines, the mole-
cular mechanisms mediating tau aggregation remain elusive,'®"®
There is still no cure for neurodegenerative disorders.*

The lack of selective techniques enabling the investigation
of individual forms of protein during the aggregation process

This journal is © The Royal Society of Chemistry 2024
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(oligomers, protofibrils and fibrils) has limited the possibility
of exploring the knowledge regarding structural changes of
aggregates occurring at the subsequent stages of this process,
and thus, a complete understanding of the aggregation
pathway. Conventional analytical techniques provide infor-
mation averaged for a number of molecules at different stages
of the aggregation process. Therefore, so far it has been poss-
ible to build only theoretical hypotheses regarding aggregation
pathways without a detailed verification of structural tran-
sitions occurring in molecules during the course of this
process over time.

Recent advances in molecular nanospectroscopy, specifi-
cally TERS (tip-enhanced Raman spectroscopy), showed that
this technique was efficient for probing the structural
rearrangements of proteins with the resolution of single
protein aggregates.”*>* TERS enables the acquisition of the
Raman signal from individual molecules with nanometric
spatial resolution.>'**** Thus, it is possible to determine the
local chemical structure and conformation of aggregating pro-
teins. Structural characteristics of aggregating proteins and
peptides have recently been studied with AFM-IR.*>>” TERS
and AFM-IR are complementary methods, both taking advan-
tage of a combination of scanning probe microscopy (SPM)
with molecular spectroscopy to deliver chemical information
on a studied sample at the nanoscale. However, these two tech-
niques exploit different physical phenomena to overcome the
diffraction limit.>® In TERS, the SPM tip acts as a nanoantenna
which converts the propagating wave into the near field, and
vice versa, the near field from the measured sample to the pro-
pagating wave. This antenna is the source of a well-defined
electromagnetic field due to the collective movements of elec-
trons (plasmons) in the nanostructure present at the SPM tip
apex under irradiation with laser light. In AFM-IR, the laser
illuminates the sample in close proximity to the AFM tip. The
sample absorbs the electromagnetic radiation, which is fol-
lowed by thermal expansion of the sample. Under the expan-
sion, the sample located directly under the AFM tip pushes the
cantilever, and the cantilever deflection, which is proportional
to the IR absorption, is used.”®

Both TERS and AFM-IR have a few minor pros and cons
which make them slightly more suitable for other specific
applications. For example, due to the high absorption of water,
AFM-IR is challenging to implement for the measurement of
aggregating proteins/peptides in water, while TERS has been
already shown to deliver structural information on amyloid-p
in a liquid environment.*® On the other hand, infrared nanos-
pectroscopy provides better contrast in the spectral range of
amides, which delivers information about the secondary struc-
tures of proteins and peptides.”® However, both methods
provide complementary structural information at the nano-
scale and can be interchangeably applied in investigations of
aggregating amyloids,>*>>2%2730

Here, we report on research into the chemical structure and
conformation of tau protein aggregates at the growth phase of
the aggregation process. While the structure of tau fibrils is
dominated by the cross-f pattern, still little is known about the
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structural rearrangements occurring in the course of tau aggre-
gation. Thus, we captured TER spectra for protofibrils and
young fibrils at the early aggregation stage to reveal their struc-
ture and gain insights into the TER signature related to struc-
tural transitions resulting from the ongoing aggregation. We
applied multivariate data analysis to treat the TERS data
acquired from protofibrils and young fibrils to reveal discre-
pancies in the structure of tau aggregates in time.

To find a representative time point to explore the structure
of tau protein aggregates at the early phase of the aggregation,
we performed a comprehensive study of the time-dependent
aggregation (0-336 h). We applied AFM imaging of tau species
occurring in the studied time range of aggregation (Fig. 1A)
and determined the length of the aggregates (Fig. 1B). Based
on the AFM images, 24 and 72 h incubation times of tau
protein (at 37 °C) were selected specifically to monitor the
structure of tau aggregates via TERS before full fibrillation.

The AFM topography images of tau aggregates after 24 and
72 h together with cross-section profiles through oligomers
(red profiles 1-3), protofibrils (green profiles 4-6) and fibrils
(blue profiles 7-9) are presented in Fig. 1C. The extracted
height cross-section profiles (Fig. 1C) clearly indicate the mor-
phological diversity between tau aggregates at various aggrega-
tion stages: oligomers, protofibrils, and fibrils. For both 24
and 72 h of incubation, oligomeric intermediates character-
istic of the initial aggregation stage display the lowest profiles
(2.5-5 nm) with the smallest half-width. The height and the
half-width of the profiles extracted for protofibrils (4-6) are
exactly between those for oligomeric and fibrillar aggregates
(ca. 5.2-6.2 nm). The profiles of fibrils are clearly the highest
ones (ca. 6.2-8 nm) with the largest half-width.

To explore the TERS pattern of protofibrils and young
fibrils, we acquired single point spectra at selected locations.
In Fig. 2, TER spectra acquired from individual protofibrils
and fibrils with the indicated locations of spectra acquisition
marked on the corresponding AFM topography images are pre-
sented. TER spectra collected after 24 h of incubation display
mainly bands characteristic of the initial aggregation phases.
The prominent band in the spectral range between 1526 and
1514 cm™ " was attributed to anti-parallel p-sheets in amyloid-p
aggregates in the protofibril form.?° Depending on the location
of spectra acquisition, the TER spectra of protofibrils incu-
bated for 24 h also display the amide III bands indicating the
presence of turns/random coil structures (1263-1248 cm™"),
anti-parallel p-sheets (1243 cm™'), and parallel p-sheets
(1228-1222 cm™*).>*** Moreover, in the spectra of protofibrils,
bands characteristic of phenylalanine can also be recognized,
specifically the ring breathing mode at 1003 cm™" and/or the
ring deformation mode at ca. 1030 em™".>"**> In most spectra
of protofibrils, TER bands in the amide I region are not well
resolved. TER spectra acquired from young fibrils after 72 h of
tau protein aggregation are rich in bands characteristic of pro-
teins and fibrillar aggregates. Here, a well-resolved band at
1633-1628 cm™" in the amide I region indicating the presence
of parallel p-sheets was found in aggregated species at the
advanced aggregation stage.>! In the amide II region, intense
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Fig. 1 Monitoring of morphological changes during the aggregation of tau protein: (A) AFM topography images of tau protein aggregating within
0-336 h, (B) ratios of tau aggregates displaying length of aggregates in the ranges: 1-50 nm, 50-200 nm, 200—-500 nm, and above 500 nm, (C) AFM
images of tau protein aggregating for 24 and 72 h together with cross-section profiles through oligomers, protofibrils, and fibrils.

bands in the spectral range of 1574-1552 cm™' suggest the

abundance of fibril core p-sheet/random coil structures in
fibrillar aggregates.”>** The less intense band in this spectral
region at 1539-1534 cm™" may indicate the presence of a-helix
secondary structure to a minor extent.>***

All acquired spectra of young fibrils formed after 72 h of
incubation display the intense band at 1490-1473 cm™" attrib-
uted to N-H deformation of the heteroaromatic ring of
histidine.>****> Additionally, a relatively weak band in the
range of 1466-1433 cm™" (CH, CH,, and CH; deformation) is
visible in the TER spectra.*>” The symmetric stretching of
CO,~ group is well defined at 1420-1403 cm™'.***” The C,-
H/N-H bending mode distinctive of p-sheets is pronounced in

5296 | Nanoscale, 2024, 16, 5294-5301

the range of 1397-1387 cm™".>>*” In the amide III region, the
band at 1340-1320 cm™' of methylene deformation occurs
with various intensities depending on the site of spectrum
acquisition.’>° In this spectral range, bands typical of the sec-
ondary structure are also pronounced at 1267-1266 cm ™
(unordered structure),*>**%%%” 1241-1239 em™" (anti-parallel
B-sheets),>*** and 1232-1214 cm™" (parallel p-sheets).”>** In
all TER spectra acquired from young fibrils, the band at
1182-1178 ecm™" is present. This spectral position is attributed
to the N-H vibration of histidine or arginine,*"** and/or the
C-H stretching of methionine,> and the C-H bending/C-O
stretching vibrations of phenylalanine.?" Finally, the band at
ca. 1003 cm™" is the most characteristic band for proteins

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Single point TER spectra with the corresponding AFM topographies containing indicated locations of the spectra acquisition. TER spectra

were acquired from protofibrils after 24 h of incubation (left panel), and
are indicated with green and purple bands, respectively.

attributed to a ring breathing mode of phenylalanine.>®?*3

Numerous vibrational modes typical of p-sheets indicate the
increase of the relative content of f-sheet secondary structure
in comparison with protofibrillar aggregates.

We exploited multivariate data analysis to extract TERS
band characteristics for tau protein aggregates at the growth
phase of the aggregation process. Specifically, the principal
component analysis (PCA) and hierarchical cluster analysis
(HCA) were conducted on spectra collected from protofibrils
after 24 h of incubation and young fibrils after 72 h of incu-
bation in order to extract the most important information and
spectral differences from the data. The results of PCA and HCA
are presented in Fig. 3 and 4, respectively.

The PCA algorithm allows us to reduce the dimensionality
of the collected spectral data and produces the scores and
loading plots. The scores plot visually presents similarity or
variability within the data based on the grouping along princi-
pal components (PCs). The loading plots of principal com-
ponents present the spectral differences that determined the
data separation. The results of PCA presented in Fig. 3 show
that three main principal components were distinguished
(PC1, PC2, and PC3), which together represent 77% of the
total spectra variability. Therefore, the subgrouping along the
first three PCs is statistically significant. However, the analyzed
data show the strongest dependence on the PC1, which
explains 33% of the total variance. The spectra acquired from
protofibrils are located mainly along the positive values of
PC1, while spectra of fibrils are grouped predominantly in the
negative space of PC1. The loading plot of PC1 contains
extremes characteristic of proteins. In particular, a prominent
maximum is observed at 1521 cm ™" related to the anti-parallel

This journal is © The Royal Society of Chemistry 2024

fibrils aggregating for 72 h (right panel). Parallel and anti-parallel -sheets

B-sheet content in protofibrils.*® Moreover, the maximum

located at 1173 ecm™" was significant for the subgrouping of
spectra acquired from tau aggregates after 24 h of incubation
on the positive side of PC1. The bands present in the spectral
region of 1200-1100 cm™" are attributed to the vibrations of
the side chains of amino acids. The location of the maximum
at 1173 cm™' may indicate the N-H vibration of histidine or
arginine,’™*> and/or the C-H stretching of methionine,*" or
the vibration of tyrosine.?® The significant loading value at the
negative side of the PC1 loading at 1627 cm ™" influenced the
separation of spectra acquired from fibrils incubated for 72 h
and the location of these data in the negative PC1 space. The
position of this minimum suggests the increase of the parallel
B-sheet content in young fibrils in comparison with protofi-
brils.>® Thus, the structure of tau protein aggregates is order-
ing along the incubation into species composed of parallel
B-sheets characteristic of mature fibrils. Additionally, the
minimum at 1399 ecm™' of the PC1 loading attributed to
f-sheet bending may indicate the increase in the relative
content of p-sheets in fibrils formed after 72 h of incubation.?°

The acquired TER spectra of protofibrils and young fibrils
also display separation along PC2 (25% of the total variance).
The spectra acquired from protofibrils are located predomi-
nantly in the negative PC2 space, which is driven by the
minima of the PC2 loading located at 1496 cm™*
(histidine),***° 1138 em™" (the NH*" vibration of glutamine,
asparagine, or isoleucine),**® and 962 ecm™' (Cp wagging of
histidine)®® characteristic of amino acid residues. Moreover,
the minimum at 1370 cm™" of the PC2 loading indicates the
C.~H/N-H bending modes of p-sheets in protofibrils.>%>"3>4°
Spectra recorded from aggregates incubated for 72 h (young

Nanoscale, 2024, 16, 5294-5301 | 5297
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Fig. 3 The results of the principal component analysis (PCA) of spectra acquired from protofibrils after 24 h of incubation (orange), and fibrils after
72 h of incubation (blue): (A) the — 3D scores plot, (B) and loading plots for three first principal components (PCs); (C—E) 2D scores plots.
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Fig. 4 The results of hierarchical cluster analysis (HCA) of spectra acquired from protofibrils after 24 h of incubation, and fibrils after 72 h of incu-
bation: (A) dendrogram presenting the clustering and (B) mean spectra for each cluster.
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fibrils) are located mostly on the positive side of PC2. Here,
such a separation is affected by the PC2 loading maxima at
1613 (tyrosine, isoleucine),®'*® 1466 cm™ (alanine, glutamic
acid, lysine, proline, serine, and valine), and 1177 cm ™" (histi-
dine) em™ attributed to various amino acids.*" This separ-
ation may indicate various conformation of aggregates studied
after 24 and 72 h of tau protein incubation. The change of
structural properties, and/or secondary structure content
results in different spatial arrangements of amino acid resi-
dues. The effect of structural rearrangements is specifically
prominent in TERS. The resulting TER bands in collected
spectra are dependent on the selection rules, which are associ-
ated with a mutual orientation of TERS probe vs. the polariz-
ation vector of the electric field of the incident irradiation, and
the orientation of the studied molecules.

The separation along PC3 (19% of the total variance) is less
evident than along PC1 and PC2. However, a major part of the
spectra acquired from protofibrils after 24 h of tau incubation
is located in the positive space of PC3. The positions of the
PC3 loading extrema, which influenced the data separation,
are characteristic of the secondary structure of proteins or
specific amino acids. Specifically, the maximum at 1573 cm ™"
is attributed to indole ring vibration in tryptophan (Trp),** and
unordered regions of proteins or p-sheet vibrations.>** The
position of the 1479 em™ maximum correlates with the spec-
tral position of CH, CH,, CH3, and C-N vibrations in histidine
or arginine.”****® The maximum at 1171 cm™" corresponds to
the N-H vibration of histidine or arginine.*"** A well-pro-
nounced minimum at 1532 cm™" is characteristic of anti-paral-
lel p-sheets.?® The peak at 1434 cm™" corresponds to the spec-
tral position of CH,, CH; deformational vibrations,>*°® and
histidine, or lysine.*’ The minimum at 1021 cm™" is character-
istic of alanine.*'

We also performed the HCA for all acquired data. The
results are presented in Fig. 4. In the HCA, based on the den-
drogram, the analyzed spectra are clustered and the mean
spectra for each cluster are calculated. This approach allows us
to effectively compress the number of variables and inspect
the differences in the characteristic spectral bands. The HCA
clearly discriminated the input data into two groups: a cluster
containing 85.7% of spectra acquired from protofibrils after
24 h of incubation (COMP 1), and a cluster composed in 100%
of spectra collected from fibrils after 72 h of incubation
(COMP 2). The mean spectra of each cluster are presented in
Fig. 4B. The overall conclusion from this analysis is consistent
with the PCA results. The mean spectra are differentiated
mainly in the spectral region characteristic of peptide/protein
backbone, specifically amide I, amide II, and amide III, which
suggests alterations in the secondary structure of the studied
types of tau aggregates. First, in the mean spectrum of COMP1
composed mainly of spectra acquired from protofibrils formed
after 24 h of tau aggregation, the amide I bands are not well
resolved. However, two clear maxima are outlined at
1576 cm ™" and 1525 cm™", indicating the presence of f-sheet/
random coil structures and anti-parallel f-sheets,
respectively.’*® In this spectral region, the mean spectrum

This journal is © The Royal Society of Chemistry 2024
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attributed to young fibrils (COMP2) displays a relatively higher
intensity around 1576 cm™, and the peak typical of anti-paral-
lel p-sheets is not pronounced. The overall shapes of the
amide I and amide II bands are different for COMP2. Here, the
relatively intense amide I band at 1620 cm™" indicating the
abundance of parallel p-sheets is well pronounced. In the
amide II range, the band at 1545 cm™" can be distinguished
suggesting the a-helix secondary structure.®® The difference in
the intensity is significant for the band at 1388 cm™'. This
spectral position is attributed to the C,-H/N-H bending
typical of p-sheets.”?” The increase in the intensity in this
spectral region suggests the increase in the p-sheet secondary
structure content in young fibrils. The intensity of the mean
spectrum of COMP2 is also higher in the amide III region,
with two well pronounced maxima at 1315 cm ' and
1262 cm™* assigned to CH, deformation vibration, and unor-
dered regions of proteins, respectively.?**® The amide III band
attributed to p-sheets is at ca. 1230 cm™" in the spectrum of
COMP1, suggesting the presence of anti-parallel f-sheets in
the structure of protofibrils, whereas in the mean spectrum of
young fibrils the position of this band shifts to 1221 ecm™
typical of parallel B-sheets.>” Dissimilarity in the band position
and intensity is also visible in the spectral region characteristic
of specific vibrations in amino acids. Specifically, in the spec-
tral range of 1200-1100 cm ™", the mean spectrum of COMP1
(protofibrils, 24 h of tau aggregation) displays a maximum at
1175 ecm™ " (the N-H vibration of histidine or arginine®*'*> and/
or the C-H stretching of methionine®'). This maximum is
located at 1185 cm™" in the mean spectrum of COMP2 (young
fibrils formed after 72 h of tau incubation). This band at
1185 cm ™" is attributed to the C-H bending/C-O stretching
vibrations of phenylalanine.*" In both mean spectra of selected
components, the band at ca. 1003 cm™* (phenylalanine) is pro-
minent; however, the intensity in this position is relatively
higher for the mean spectrum of young fibrils. The relatively
high intensity of the band at 1003 cm™' together with the
band at 1185 cm ™" in the mean spectrum of young fibrils indi-
cate that the vibrations of functional groups in phenylalanine
are oriented perpendicular to the polarization vector of the
electric field of the incident irradiation, which results in the
manifestation of these vibrations in the TER spectrum. All the
described differences in the mean spectra of components
selected in HCA suggest different spatial arrangements of the
secondary structure, and thus, amino acids in the structure of
tau protein protofibrils and young fibrils.

In order to uncover the meaningful features from the col-
lected map, the Non-negative Matrix Factorization (NMF)
algorithm was used. This method allows transformation of the
high-dimensional data into two matrices. The most informa-
tive in this approach is matrix H, which corresponds to the
chemical compounds composing the spectra and allows pro-
duction of the false-color maps of its distribution. The results
of the NMF analysis for the representative map are presented
in Fig. 5. The NMF component of the TER spectrum displays
bands characteristic of fibrillar species including amide I
bands at 1649 cm™" (a-helix/unstructured coils),*® 1628 cm™

Nanoscale, 2024, 16, 5294-5301 | 5299
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Fig. 5 TERS mapping of tau fibril: (A) AFM image of tau fibril with
superimposed TERS map (green pixels) subjected to NMF analysis. The
intensity of pixels corresponds to the contribution of the specific NMF
component in the TER spectrum in a particular pixel. (B) The plot of the
corresponding NMF component.

(parallel p-sheets),*" and 1612 ecm™" (tyrosine, isoleucine),*"*®

amide II bands at 1566 cm ' (random coils, fibril core
B-sheets)*®** and 1530 (anti-parallel -sheets),>® and amide III
bands at 1289 cm™" (a-helix)*" and 1212 em™" attributed to the
parallel p-sheet secondary structure.’®**> Moreover, well-
resolved bands at 1435 cm™" (CH, CH,, CH; deformation),*>~’
1350 cm™" (CH, deformation),*>*® and 1003 cm™" (ring breath-
ing mode of phenylalanine)*>>**> are distinctive for the struc-
ture of proteins.

In summary, we showed the nanoscale Raman spectra from
individual tau aggregates at the growth phase, specifically pro-
tofibrils and young fibrils. The multivariate data analysis
enabled the extraction of spectral differences for TERS data
acquired from the studied types of tau aggregates. We con-
firmed that the spectral patterns of protofibrils were domi-
nated by vibrations of antiparallel p-sheets, while the TER
spectra of young fibrils were rich in bands characteristic of
parallel p-sheets. The knowledge on the structural rearrange-
ments of tau in the course of the aggregation process contrib-
utes to revealing the mechanisms of the tau aggregation and
thus, designing effective therapeutic approaches against AD at
early stages of the disease.

It is worth noting that our findings refer to the fibril growth
conditions described here. Abnormal aggregation of amyloids
including tau is a very complex process, which can be affected
by a plethora of intrinsic and extrinsic factors such as a
protein sequence and concentration, buffer composition,

5300 | Nanoscale, 2024, 16, 5294-5301
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temperature, pH and also the influence of the heparin sodium
characteristics (molar mass, exact elemental composition,
etc.). Therefore, the secondary structure of the aggregates
could change upon different conditions.
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