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0N4R Tau aggregates producing morphologically
different and structurally similar ‘‘on-path’’ and
‘‘off-path’’ oligomers

Joshua T. Skrehot,a Mikhail Matveyenkaa and Dmitry Kurouski *ab

We utilized nano-infrared spectroscopy to resolve the morphology

and structure of Tau aggregates. We identified ‘‘on-path’’ donut-

like aggregates that evolve into fibrils and ‘‘off-path’’ round oligo-

mers that do not. Despite morphological differences, both species

share similar b-sheet-rich structures, providing critical insights into

the mechanisms of Tau aggregation.

Microtubules form intracellular skeletons responsible for a
large spectrum of critically important physiological functions,
including metabolism, signaling, division, and motion. Assem-
bly and disassembly of cell microtubules are determined by
various isoforms of Tau that are produced as a result of
alternative splicing of exons 2, 3, and 10.1–4 These isoforms
can have zero (0N4R), one (1N4R), or two (2N4R) N-terminal
inserts that enhance the binding of Tau isoforms to the tubulin
of microtubules.5–8

Under pathological conditions known as Alzheimer’s dis-
ease (AD) and tauopathies, Tau aggregates form spherical
oligomers that later propagate into b-sheet-rich filaments
known as amyloid fibrils.9–12 Although the secondary structure
of Tau fibrils has been well understood, there is very little
known about the structural organization of Tau oligomers.12–15

This is primarily due to their transient nature and high
morphological heterogeneity.13,16–19 At the same time, patho-
logical progression of AD has been attributed to the cell-to-cell
transfer of Tau aggregates between anatomically connected
neurons.20–22 Such cell-to-cell transfer has been demonstrated
in numerous in vitro neuronal models.20,23–25

In the current study, we utilize innovative nano-infrared
spectroscopy, also known as atomic force microscopy–infrared
(AFM-IR) spectroscopy,26–30 to investigate the morphology and
secondary structure of Tau oligomers formed at the early stages
of protein aggregation. In AFM-IR, a metallized scanning probe

can be positioned at the surface of individual protein
aggregates.31–34 Next, infrared light is used to trigger thermal
expansions in the sample that are reordered by the probe.
These thermal expansions are converted into IR spectra, which,
in turn, can be used to examine the secondary structure of
protein aggregates.35–37 Using AFM-IR, we recently demon-
strated that protein aggregation could yield structurally and
morphologically diverse protein aggregates (a-synuclein and
amyloid b)34,38 or two distinctly different types of oligomers
(human islet amyloid precursor protein, hIAPP).39 In the former
case, structural evolution from an antiparallel to a parallel b-
sheet has been observed. In the latter case, the protein simulta-
neously formed donut-like (DO) and round (RO) oligomers that
had drastically different secondary structures.39 It has also been
shown that RO persisted throughout the entire course of
protein aggregation, while DO quickly disappeared with the
appearance of fibrillar species. Based on these findings, Warren
and co-workers made a conclusion that DO were ‘‘on-path’’
oligomers that yielded fibrils, while RO were ‘‘off-path’’ species
that generated no higher-order supramolecular ensembles.39

In this work, we investigated the morphology and second-
ary structure of protein aggregates formed by 0N4R Tau. This
isoform lacks N repeats that can change the mechanisms of
Tau aggregation.15,40 At the same time, it is important to note
that the 0N4R Tau isoform has pathogenic significance in
tauopathies.16,18,41,42 For this, sample aliquots were taken
during the onset (8 h), during the middle (24 h), and at the
end (48 h and 72 h) of protein aggregation (Fig. S1). Next,
atomic force microscopy (AFM) was used to examine the
topology of protein aggregates observed at all four time points
(Fig. 1A). During the onset of protein aggregation (8 h), we
observed the presence of both DO and RO. DO tended to
exhibit lower heights than RO, although the difference was
not statistically significant. We also found that during the
early stages of Tau aggregation (24 h), DO disappeared, while
only RO were observed together with fibrillar (FB) species
(Fig. 1A). The same species (RO and FB) were also observed by
AFM at the late stage of Tau aggregation (48 h and 72 h). It
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should be noted that RO observed at the early (8 h) and late
(48 h) stages of protein aggregation were very similar in height
(15–20 nm). These aggregates were also similar to fibrillar
species observed at the middle (24 h) and late (48 and 72 h)
stages of Tau aggregation (B10 nm). These results suggest
that DO observed during the onset of Tau aggregation were
highly likely to produce fibrils. Thus, these aggregates are
likely to be the ‘‘on-path’’ species of Tau aggregation. At the
same time, our results suggest that RO are the ‘‘off-path’’
species that yield no higher-order protein aggregates. It
should be noted that additional studies are needed to fully
understand how DO propagate into fibrillar species. Finally,
we emphasize that AFM images are intended only to visualize
species present at different time points of protein aggregation
and do not aim to quantify the relative abundance of both DO
and RO.

Next, we acquired nano-IR spectra of all protein aggregates
discussed above. The spectra exhibited both amide I (1615–
1700 cm�1) and II (B1550 cm�1) bands. Amide I bands
primarily originate from the CQO vibration of the peptide
(amide) bond and can, therefore, be used to interpret the
secondary structure of protein aggregates. Expanding upon
this, we fit the amide I band in the acquired spectra to reveal

the relative contributions of parallel b-sheets, disordered
proteins, and antiparallel b-sheets to the secondary structure.

We found that both RO and DO observed during the onset of
protein aggregation had similar secondary structures dominated
by parallel and antiparallel b-sheets (B60%) with B40% unor-
dered protein (Fig. 2B). We also observed no evolution in the
protein secondary structure between 8 h and 48 h RO. The same
conclusion could be made about fibrillar species observed at the
middle (24 h) and late (48 and 72 h) stages of Tau aggregation.
Thus, these findings indicate that although 0N4R Tau forms
morphologically different oligomers at the early stages of protein
aggregation, two oligomer populations display similar average
secondary structures within the resolution of the current analy-
sis. We also found that both oligomers and fibrils share strong
similarities with the secondary structure of 0N4R Tau fibrils.

Based on the reported results, one can question the potential
of AFM-IR in the structural analysis of such aggregates. However,
previously reported results by Warren and co-workers demon-
strated that RO and DO formed by hIAPP exhibited drastically
different IR spectra, which allowed them to resolve their differ-
ences in their secondary structures.39 Based on this evidence, we
can conclude that 0N4R Tau indeed formed structurally similar,
if not identical, DO and RO at the early stage of protein
aggregation. Nevertheless, morphological analysis of 0N4R Tau
aggregation allowed us to conclude that DO rather than RO

Fig. 1 AFM images (A) and histograms (B) of protein aggregates observed
during the onset (8 h), middle (24 h), and at the end (48 h and 72 h) of
0N4R Tau aggregation. Red arrows indicate DO, blue arrows indicate RO,
and green arrows indicate fibrils. Scale bars are 500 nm. For the reported
height profiles, 20–30 individual protein species were analyzed. For every
sample, 2–3 individual AFM images were recorded. Error bars represent
standard deviations. NS – non-statistical significance.

Fig. 2 (A) AFM-IR spectra acquired from 0N4R Tau aggregates observed
during the onset (8 h), middle (24 h), and at the end (48 h and 72 h) of
protein aggregation. (B) Histogram of amide I fit indicating the relative
contributions of parallel b-sheets, disordered proteins, and antiparallel b-
sheets to the secondary structure of 0N4R aggregates. Statistical analysis
showed no statistical significance between the relative contributions of
parallel b-sheets, disordered proteins, and antiparallel b-sheets to the
secondary structure of 0N4R aggregates observed at different time points
of protein aggregation.
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triggered fibril formation. It should be noted that Warren and co-
workers also concluded that DO observed upon hIAPP aggrega-
tion seeded fibrils.39 Based on these findings, we can conclude
that both hIAPP and 0N4R Tau exhibit DO and RO, with DO being
‘‘on-path’’ and RO likely being ‘‘off-path’’ species in protein
aggregation. Certainly, analysis of the aggregation dynamics of
other proteins like TDP-43 and Tau isoforms with 1N and 2N
repeats is required to understand whether the formation of DO
and RO is a general phenomenon observed across a large group
of amyloidogenic proteins.

In summary, our results show that during the initial phases
of 0N4R Tau protein aggregation, two distinct morphological
species emerge: DO and RO (Fig. 3). As the process advances, DO
vanish as fibrillar structures develop, whereas RO persist into the
later stages. This suggests that DO are ‘‘on-pathway’’ intermedi-
ates that directly transition into fibrils, while RO represent ‘‘off-
pathway’’ structures that do not evolve into larger supramolecu-
lar assemblies.

Despite their different fates, both DO and RO species possess
similar secondary structures, primarily composed of b-sheets
with approximately 40% unordered regions. These findings
highlight the intricate nature of Tau aggregation, a factor that
is vital for developing targeted inhibitors designed to block the
pathological conversion of oligomers into fibrils.

Finally, we note that Tau exhibits a large number of post-
translational modifications (PTMs), including phosphorylation.43

One can expect that such PTMs could alter the mechanisms of
protein self-assembly.44 Therefore, in our future studies, we plan
to examine the effects of PTMs on the self-assembly of Tau
proteins.

The manuscript was written through the contributions of all
authors. All authors have given approval to the final version of
the manuscript.
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