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F U L L - L E NG TH PA P E R
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Abstract

Different tauopathies are characterized by the isoform-specific composition of

the aggregates found in the brain and by structurally distinct tau strains.

Although tau oligomers have been implicated as important neurotoxic species,

little is known about how the primary structures of the six human tau isoforms

affect tau oligomerization because the oligomers are metastable and difficult to

analyze. To address this knowledge gap, here, we analyzed the initial oligo-

mers formed by the six tau isoforms in the absence of posttranslational modifi-

cations or other manipulations using dot blots probed by an oligomer-specific

antibody, native-PAGE/western blots, photo-induced cross-linking of

unmodified proteins, mass-spectrometry, and ion-mobility spectroscopy. We

found that under these conditions, three-repeat (3R) isoforms are more prone

than four-repeat (4R) isoforms to form oligomers. We also tested whether

known inhibitors of tau aggregation affect its oligomerization using three

small molecules representing different classes of tau aggregation inhibitors,

Methylene Blue (MB), the molecular tweezer CLR01, and the all-D peptide

TLKIVW, for their ability to inhibit or modulate the oligomerization of the six

tau isoforms. Unlike their reported inhibitory effect on tau fibrillation, the

inhibitors had little or no effect on the initial oligomerization. Our study pro-

vides novel insight into the primary–quaternary structure relationship of

human tau and suggests that 3R-tau oligomers may be an important target for

future development of compounds targeting pathological tau assemblies.
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1 | INTRODUCTION

The human microtubule-associated protein tau is
encoded by a single gene residing on chromosome
17, which is translated into six isoforms as a result of

alternative mRNA splicing of exons 2, 3, and 10 in the
central nervous system.1,2 The six isoforms differ by the
absence or presence of 1 or 2 N-terminal inserts (0N, 1N,
or 2N), and either three (3R) or four (4R) 31- or
32-amino acid repeats in the microtubule-binding
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domain. The expression of tau isoforms is regulated
developmentally. All six isoforms are expressed in the
adult human brain,1 whereas only 0N3R, the shortest tau
isoform, is expressed in the fetal brain.3 Tau is expressed
predominantly in neurons, but it is also found at lower
expression levels in other cell types and in various
organs, including heart, kidney, lung, and liver.4,5 In
neurons, tau is found primarily in axons and to a lower
extent in dendrites, where it regulates microtubule
assembly and maintenance, neurite outgrowth, axonal
elongation, and axonal transport.6–8

Approximately equal amounts of 3R and 4R tau
isoforms are present in the adult human brain, yet 2N
forms are underrepresented compared to 0N and 1N
isoforms. The regulation of tau-isoform expression var-
ies in different brain regions. For example, 0N3R tau is
expressed at lower levels in the cerebellum compared to
other brain regions and 4R tau isoforms are elevated in
the globus pallidus.9–11 Under pathological conditions,
including neurodegenerative diseases and brain injury,
tau dissociates from the microtubules and self-
assembles first into water-soluble oligomers, and later
into insoluble fibrillar aggregates.12 These processes are
associated with abnormal posttranslational modifica-
tions of tau, of which hyperphosphorylation has been
studied the most, yet the details of these events, includ-
ing their temporal order and spatial distribution, are yet
to be deciphered.

Over 20 neurodegenerative diseases known as
tauopathies are associated with aberrant self-assembly of
tau into oligomers and fibrils.13 Based on the tau
isoforms found in brain deposits post-mortem,
tauopathies are divided into three groups, including 3R
tauopathies, such as Pick's disease (PiD); 4R tauopathies,
including progressive supranuclear palsy (PSP), cor-
ticobasal syndrome (CBS), argyrophilic grain disease
(AGD), and globular glial tauopathy (GGT); and 3R
+ 4R tauopathies such as Alzheimer's disease (AD),
frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17), and chronic traumatic
encephalopathy (CTE).13,14 Each disease is characterized
by pathogenic tau inclusions, such as neurofibrillary tan-
gles (NFT) in AD, Pick bodies in PiD, and mixed neuro-
nal and glial inclusions in PSP, CBS, and CTE.15,16

Different tauopathy models have been generated for
studying the pathology of 3R and 4R tau isoforms related
to the various tauopathies, yet the distinct pathogenic
properties of the different tau isoforms are still an active
area of research. Studies in transgenic drosophila models
of tauopathy have suggested that accumulation of either
0N3R and 0N4R human tau isoforms caused functional
deficits and that 0N3R-tau accumulation contributed

more to failure in signal transduction compared to
0N4R-tau.17,18 To date, to the best of our knowledge, no
study has compared directly the initial oligomerization
propensity of all six tau isoforms.

Unlike most amyloidogenic proteins, unmodified tau
does not aggregate spontaneously. Tau aggregation can
be induced in the presence of polyanions, such as
nucleic acids, acidic peptides, heparin, or arachidonic
acid, or by introducing covalent posttranslation
modifications, such as phosphorylation, in vitro.19–21

Arachidonic acid- and heparin-induced tau filaments of
different human tau isoforms have shown distinct
assembly properties of each isoform.19,20 Heparin-
induced 2N4R-tau fibrils consisted of a mixture of ≥4
conformations, whereas heparin-induced 2N3R-tau fila-
ments primarily adopted a single conformation.20

Arachidonic acid-induced aggregation of tau suggested
that the N-terminal inserts might facilitate tau oligomer-
ization. Thus, arachidonic acid-induced 0N tau aggrega-
tion resulted in small, globular oligomers that did not
elongate into straight filaments (SFs) or paired helical
filaments (PHFs) when compared to other tau isoforms.
1N3R and 2N3R tau isoforms formed PHFs readily when
induced to aggregate by arachidonic acid, in contrast to
4R tau isoforms, which formed PHFs less frequently.19

In the past two decades, most studies have focused
on understanding the pathology of insoluble, fibrillar
tau aggregates in different tauopathies. However, eleva-
tion of oligomeric tau has been reported in patients
with AD prior to formation of NFT pathology,
suggesting that an increase in tau oligomers might be
an early pathologic event in AD.22 Recent studies have
shown that neuronal loss and cell death occurred in
different tauopathy models before tau-fibril formation
suggesting that tau oligomers were the main neurotoxic
species.23–34 In support of this hypothesis, administra-
tion of recombinant tau oligomers into the hippocam-
pus of wild-type mice resulted in immediate memory
impairment.25 Direct comparison between tau oligo-
mers and tau fibrils applied extracellularly to SH-SY5Y
human neuroblastoma cells found that the oligomers
were 60% more neurotoxic.35 Despite recent studies
characterizing tau oligomerization, the question how
the primary structure of human tau isoforms affects the
oligomerization is yet unanswered. To address this
question, here we analyzed the initial oligomers formed
by the six isoforms in isolation or in a mixture
reflecting their physiologic composition using several
biochemical and biophysical methods. We also tested
known inhibitors of tau fibrillation representing differ-
ent chemical classes for their ability to affect tau
oligomerization.
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2 | RESULTS

2.1 | 3R-tau isoforms show a higher
reactivity than 4R-tau isoforms with the
anti-tau-oligomer antibody TOC1

Our goal in this study was to examine whether oligomers
exist in unmodified human tau and if differences exist
among the six isoforms, without posttranslational modifi-
cations or any other manipulations. We envisioned the
study to serve as a baseline for future systematic charac-
terization of posttranslationally modified tau proteins
and of variants containing disease-associated sequence
variations. To study the oligomerization propensity of dif-
ferent tau isoforms, the purified, recombinant proteins
were analyzed first using dot blots probed with antibody
Tau Oligomeric specific Complex-1 (TOC1)36 (Figure 1a),

one of several antibodies reported previously to label tau
oligomers.27,29,37 In initial experiment, we also tried to
use antibodies TOMA38 and T22.27 Despite the successful
demonstration of using these antibodies by other groups,
in our hands, their signal was low and inconsistent com-
pared with TOC1. Therefore, we used TOC1 in all subse-
quent experiments.

To validate equal protein loading, we probed the
same membranes also with the anti-human tau mono-
clonal antibody (mAb) HT7 (Figure 1a, bottom row).
The HT7 reactivity of all tau isoforms was similar,
confirming loading equal amounts of the tau isoforms.
All the isoforms were found to be TOC1-reactive, yet
the signal intensity varied among them (Figure 1a). To
quantify the differences, we used densitometry and
normalized the intensity of TOC1-reactive dots to the
densitometric value of total tau. The analysis showed

FIGURE 1 Dot-blot analysis of

tau isoforms. (a) Each tau isoform

was spotted on a nitrocellulose

membrane in triplicates and probed

with antibody TOC1. (b) A plot of

the average densitometric intensity

of 3R versus 4R isoforms. The p-

value was calculated using an

unpaired Student's t-test. (c) A plot

of the densitometric intensity of

each isoform. Each bar represents

an average of three independent

experiments, each with at least

three technical replicates. The

p values were calculated by a one-

way ANOVA with Bartlett's test for

multiple comparisons and are

shown only where p < .05
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that 3R-tau isoforms had significantly higher TOC1
reactivity compared to 4R-tau isoforms (Figure 1b,
p < .0001). Comparing each of the individual isoforms
showed that 1N3R-tau (normalized densitometric
value 0.42 ± 0.04) was the most reactive isoform,
though the differences between this isoform and the
two other 3R isoforms, 0N3R-tau (0.35 ± 0.06) and
2N3R-tau (0.38 ± 0.04) did not differ significantly
(Figure 1c). Among the 4R-tau isoforms, the reactivity
of 0N4R-tau (0.30 ± 0.07) was more than twice those
of 1N4R-tau (0.11 ± 0.02) or 2N4R-tau (0.14 ± 0.02).
The data demonstrated that the absence or presence of
the second repeat in the microtubule-binding domain
was the main determinant of TOC1 reactivity and that
in the context of 4R-, but not 3R-tau, the presence of
one N-terminal insert reduced the formation of
TOC1-reactive oligomers by ≥50%, whereas the addi-
tion of the second N-terminal insert had little effect
on the reactivity.

Next, we asked whether the presence of other
isoforms might affect the oligomerization tendency of tau
compared to each isoform in isolation. In the adult
human brain, the proportion of 3R and 4R tau isoforms
are roughly equal and 0N, 1N, and 2N comprise �37,
�54, and �9% of total tau, respectively.39 Thus, we tested
whether the TOC1-reactivity of a mixture of all the
isoforms in these proportions would simply reflect the
oligomerization of each isoform or would suggest cooper-
ativity or inhibition of oligomerization. Based on the
experimental results of each individual isoform, the
weighted average normalized density of the mixture was
calculated to be 0.29. The experimental densitometric
values measured for the mixture, 0.28 ± 0.03, suggested
that mixing the tau isoforms did not lead to cooperativity
or inhibition, but rather reflected simply the TOC1 reac-
tivity for each individual isoform.

2.2 | 3R-tau isoforms form abundant
dimers

To investigate the contribution of individual oligomers
to the TOC1 reactivity in the dot blots, we analyzed each
tau isoform using native polyacrylamide gel electropho-
resis (native-PAGE) followed by western blots probed
with antibodies TOC1 (Figure S1) and HT7 (Figure 2).
Previous studies have suggested that dimerization of
2N4R-tau yields two forms of tau assembly—cysteine-
dependent and cysteine-independent dimers, both of
which are involved in tau oligomerization, although
with different kinetics.40 Although we used DTT in our
preparation of the tau proteins, DTT was removed before
the final step and the proteins were kept in the absence

of DTT before testing their oligomerization state. As a
precaution, to test whether oxidation and covalent
dimerization might contribute to the observed oligomer
size distribution, we analyzed each isoform both in the
absence (Figure 2a) and in the presence (Figure 2b) of
DTT. Our analysis showed that there were no meaning-
ful differences in the oligomer size distributions between
these conditions (Figure 2c–h), suggesting that the oligo-
mers we detected in these experiments were cysteine-
independent.

Probing with HT7 showed gel bands ranging from
monomer up to at least a putative tetramer and in two
cases, up to a putative hexamer (Figure 2a). 0N
(Figure 2c) and 1N (Figure 2d) 3R tau isoforms showed
bands up to a putative pentamer, whereas the highest
band observed for the 2N3R isoform was a tetramer
(Figure 3e). All 3R isoforms showed prominent putative
dimer bands, which were highest for 1N3R,
corresponding to the highest reactivity of TOC1 with
this isoform in the dot blots among all six isoforms.
Interestingly, 1N3R-tau stood out among the 3R isoform
in that the dimer abundance of this isoform was nearly
three times higher than the monomer abundance,
suggesting strong stabilization of the dimer compared
to 0N3R- or 2N3R-tau. In contrast, the monomer was
the most abundant band of all the 4R tau isoforms.
0N4R (Figure 2f) showed bands up to a putative pen-
tamer whereas the highest observed oligomers of 1N
(Figure 2g) and 2N (Figure 2h) was a hexamer. The
monomer abundance of 1N4R-tau was substantially
higher and the dimer abundance slightly higher than
those of 0N4R- or 2N4R-tau, whereas the abundance of
higher-order oligomers of the latter two isoforms was
greater than that of 1N4R-tau. Together with the results
for the 3R isoforms, these observations suggested that
the presence of the sequence corresponding to exon
2 in the N-terminus might contribute to stabilizing the
dimer.

To test whether the observed oligomers, particularly
the dimers, contributed to the TOC1 reactivity observed
in the dot blots (Figure 1), each membrane was probed
first with TOC1 before stripping and re-probing with
HT7. Surprisingly, no reactivity at all was observed with
TOC1 (Figure S1). Potential explanations for this obser-
vation are that the higher reactivity of 3R isoforms
found in the dot blots probed with TOC1 did not corre-
late with the abundant tau dimers we detected in 3R
tau isoforms using antibody HT7 in these native-PAGE/
western blots, that TOC1 does not react with the small
oligomers we detected in the native-PAGE/western
blots or, more likely, that the fractionation process
itself, though gentler than SDS-PAGE, disrupted the
TOC1 epitope.
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2.3 | 3R-tau isoforms form more
abundant cross-linked high molecular
weight oligomers than 4R-tau isoforms

In addition to the dot blots and native-PAGE/western
blots, to test whether chemical cross-linking might offer
additional insight into the oligomer-size distribution of

different tau isoforms, we employed photo-induced cross-
linking of unmodified proteins (PICUP),41,42 a method
used previously to study the oligomerization of multiple
amyloidogenic proteins.42–44 In this method, photo-
activation leads to formation of radicals, resulting in
“zero-length” cross-links directly between polypeptide
chains without a linker moiety, primarily among Tyr

FIGURE 2 Native-PAGE/western blot analysis of tau isoforms. (a) Native-PAGE fractionation of 500 ng of each tau isoform followed by

western blotting probed with mAb HT7. Molecular weight markers are shown on the left. The gel is an example of one of six independent

experiments. (b) Native-PAGE fractionation of 500 ng of each tau isoform treated with DTT followed by western blotting probed with mAb

HT7. The gel is an example of one of three independent experiments. Molecular weight markers are shown on the left. C-H) Quantification

of the abundance of each oligomer species (N-mer) for each tau isoform by densitometry. The key in panel (c) applies also to panels (d)–(h).
The data are shown as mean ± SD. Disagreement between the apparent abundance of individual bands in panels (a) or (b) and the

quantification results reflects the level of variability in the experimental system
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and/or Trp residues.45 A set of experiments was carried
out first to optimize the protein-to-Ru(Bpy) ratio, while
keeping the Ru(Bpy) to APS ratio at 1:20, as rec-
ommended.46 This optimization step showed that 10 μM
tau and a tau:Ru(Bpy) ratio of 1:4, respectively, resulted

in efficient cross-linking and therefore these conditions
were applied to all subsequent PICUP experiments. In all
cases, the uncross-linked protein was used as a control.
Thanks to the high sensitivity of silver-staining, low-
abundance impurities were apparent below the monomer

FIGURE 3 PICUP analysis of the

six tau isoforms. (a) Representative gels

showing cross-linked (+) and non-

crosslinked (�) tau isoforms

fractionated by SDS-PAGE and silver-

stained. The putative oligomer order is

noted on the right of each band. The

bands below the monomers are either

impurities or degradation products.

Positions of molecular weight markers

are shown on the left. (b–g) The
abundance of each band was

quantified densitometrically and

normalized to the entire lane. Each bar

represents an average of three

independent experiments, each with at

least three technical replicates
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band, which decreased in abundance after cross-linking,
likely due to degradation under the vigorous radical reac-
tion that yields the polypeptide cross-linking.

Following cross-linking, the oligomer-size distribu-
tion was analyzed by SDS-PAGE and silver staining
(Figure 3a). The distributions comprised individual
bands, in which depending on the isoform, the highest
individual oligomer was between a tetramer and a
heptamer, and a smear was observed above those bands,
in which individual oligomers could not be resolved. We
classified this band as high-molecular-weight (HMW)
oligomers and quantified it as one entity. The abundance
of the HMW oligomers was the most prominent differ-
ence between 3R isoforms (Figure 3b,d,f), for which the
abundance was 30–40%, and 4R isoforms (Figure 3c,e,g),
for which the HMW band abundance was <20%.

The oligomer size distribution of 3R-tau isoforms
showed oligomers ranging from dimer through heptamer
for 0N3R (Figure 3b) and from dimer through pentamer
for 1N3R (Figure 3d) and 2N3R (Figure 3f). PICUP analy-
sis of 0N4R resulted in a size distribution ranging from
dimer to tetramer (Figure 3c), whereas the size distribu-
tion of 1N4R (Figure 3e) and 2N4R (Figure 3g) cross-
linked oligomers displayed bands ranging from dimer to
hexamer. Densitometric analysis showed both similarities
and differences among the tau isoforms (Figure S2). 3R
tau isoforms had similar distributions, suggesting that the
N-terminal sequences coded by exons 2 and 3, which do
not contain Tyr or Trp, did not contribute meaningfully
to the cross-linking. Interestingly, despite the absence of
these reactive residues in them, the absence or presence
of exon 2- and 3-encoded sequences had a considerable
impact on the oligomer size distributions of 4R isoforms,
suggesting an interaction between the N-terminus and
the repeat domain in these isoforms. Thus, whereas the
distribution of 1N4R-tau resembled that of 1N3R-tau, in
0N4R-tau the dimer (36%) and trimer (26%) were more
prominent than in all other isoforms and no oligomers
above a tetramer were observed, suggesting stabilization
of dimers and trimers of this isoform. The opposite pic-
ture was observed in 2N4R-tau, the only isoform in
which the dimer abundance was lower than that of the
monomer, suggesting destabilization of dimers and
higher-order oligomers of this isoform. Some cross-linked
oligomers appeared split into two or more bands,
suggesting stabilization of different conformers.

2.4 | Mass spectrometry and ion-
mobility analysis of tau isoforms

As important complementary methods, mass spectrom-
etry (MS) and ion-mobility-coupled mass spectrometry

(IM-MS) were used to analyze the oligomer abundance
of each tau isoform. Though these methods, which
analyze the protein in the gas phase, are not directly
comparable to solution-phase methods, they provide
useful information that can be correlated with the
results obtained in solution and have been used in
many cases for similar analyses of amyloidogenic
proteins.47–50 Our analysis showed monomers and
dimers, but not higher oligomers, likely because they
are too large to be transferred in a stable form into the
gas phase. Although oligomers have been reported
before for tau-derived peptides or fragments,51–56 to
the best of our knowledge, previous IM-MS studies of
full-length tau did not report oligomers49,57–59 and this
is the first such report. We used the dimer abundance
to compare among the tau isoforms and to examine to
what extent the data correlated with the solution-phase
analyses (Figure S2).

The dimer abundance of 3R isoforms showed a slight
increase in the order 0N (0.49%), 1N (0.56%), 2N (0.88%;
Figure 4a), though these differences were statistically
insignificant (p > .2). In contrast, the dimer abundance
of 0N4R-tau, 2.71%, was substantially higher than those
of all the other isoforms and was significantly higher
(p < .0001, Figure 4a, gray bars only) than those of
1N4R-tau (0.43%) or 2N4R-tau (0.85%) and from all the
3R isoforms. IM-MS analysis of the isoforms showed a
somewhat higher dimer abundance than the MS spectra
for all the isoforms (Figure 4b), likely reflecting the
higher sensitivity of the method for detecting oligomers
compared to MS. The measurements supported the
observation that the dimer abundance of 0N4R-tau was
the highest among the six isoforms, yet due to higher
variability of these measurements, the differences were
not statistically meaningful (p > .17, Figure 4b, gray
bars only).

Comparing the dimer abundance measured by the
four methods we used showed that for all isoforms,
the abundance measured using the solution-state tech-
niques, native-PAGE and PICUP/SDS-PAGE was sub-
stantially higher than by the gas-phase methods, MS
and IM-MS. Nonetheless, plotting the data using two
y-axes (Figure S2) clearly showed a different pattern
for the 3R compared to the 4R isoforms. All the 3R
isoforms followed the same behavior, showing higher
dimer abundance by native-PAGE compared to
PICUP, whereas the abundance for 4R isoforms was
similar between the two methods or higher in PICUP.
The 0N4R, in particular, displayed a unique pattern,
which was more consistent among the different tech-
niques, emphasizing that dimers of this isoform might
be particularly stabilized compared to the other
isoforms.
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2.5 | Effect of aggregation inhibitors on
tau oligomerization

Next, we asked whether and how known aggregation
inhibitors might affect tau oligomerization. Several clas-
ses of compounds have been tested as tau aggregation
inhibitors including small molecules and peptides.60–65

MB was shown to inhibit tau aggregation and reached
phase-3 clinical trials, though unfortunately, it failed to
achieve a significant therapeutic effect,64,65 possibly
because it targets only tau and not Aβ.66 In contrast, the
molecular tweezer CLR01 was found to inhibit both Aβ
and tau aggregation,67,68 Aβ toxicity,67,69,70 and tau
seeding in cell culture,68 and both proteins' in vivo

pathology.62,70 The tau-specific aggregation inhibitor-pep-
tide, D-TKLIVW, has been reported to inhibit tau aggre-
gation effectively in vitro,71,72 and has not been tested
in vivo.

To test if MB, CLR01, and/or D-TLKIVW, which act
by different mechanisms of action, modulate initial tau
oligomerization, we added each inhibitor to each tau iso-
form and analyzed the effect of the inhibitors using
TOC1-probed dot blots, native-PAGE/western blot pro-
bed with HT7, MS, and IM-MS. The protein to inhibitor
ratio was 1:10 in all cases. As PICUP cross-linking occurs
mostly through Trp and Tyr residues, D-TLKIVW was
expected to interfere with this chemistry and therefore
we did not include PICUP in the analysis of the potential
inhibitors.

For the dot-blot analysis, 10 μM of each tau isoform
were used and 500 ng of the protein in the absence or
presence of each inhibitor were spotted on the membrane
(Figure 5a–c). Having established that loading of the dots
was consistent in all cases, in these experiments, we did
not probe the membranes with HT7 and therefore the
quantitative comparison here is of the absolute densito-
metric values. The analysis showed that the TOC1 reac-
tivity of 3R-, but not 4R-tau isoforms decreased in the
presence of MB (Figure 5a, d). The densitometric signal
of 0N3R decreased from 8,108 ± 607 in the absence of
MB to 6,197 ± 1854 in the presence of the compound
(24% inhibition, p = .063). The average value in the pres-
ence of MB seemed to be affected by one outstanding
high-value data point (Figure 4d). When this data point
was excluded, the inhibitory effect increased to 30%
(p = .003). A highly similar inhibition was found for the
1N3R and 2N3R isoforms. The densitometric signal for
the former decreased from 8,389 ± 1,453 in the absence
of MB to 5,912 ± 1,127 in the presence of MB (30% inhi-
bition, p = .003), whereas for the latter the signal
decreased from 6,659 ± 1,471 to 4,820 ± 703 (28% inhibi-
tion, p = .03).

Neither CLR01 nor D-TLKIVW affected the reactivity
of TOC1 to any of the tau isoforms compared to the same
isoforms analyzed in the absence of the inhibitor
(Figure 4b,c,e,f). Previously, we reported that CLR01
inhibited tau oligomerization and tau-seeding in the
P301S mouse model of tauopathy,62 yet in that case, the
oligomers formed in vivo likely were different from those
analyzed here. In addition, in vivo, an important compo-
nent of CLR01's mechanism of action is facilitating lyso-
somal degradation,73 which cannot be assessed in an
in vitro system, such as the one used here.

To assess whether specific tau oligomers might have
been inhibited by MB, we analyzed each isoform in the
absence or presence of MB using native-PAGE followed
by western blots probed with mAb HT7. We also tested

FIGURE 4 Relative abundance of dimers in MS and IM-MS in

the absence (gray bars) or presence (white bars) of MB. (a) Dimer

abundance is estimated based on MS peak intensity. The data are

presented as mean ± SD. The p values were calculated by a two-

way ANOVA for multiple comparisons and are shown only for

comparison of each isoform with 0N4R-tau. (b) Dimer abundance

extracted from IM-MS mobiligrams. The data are presented as

mean ± SD. The p values were calculated by a two-way ANOVA for

multiple comparisons. p > .05 values are not shown
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the other two inhibitors to check if they might shift the
oligomer size distribution in a way that TOC1 dot-blots
could not reveal (Figure S3). In contrast to the �30%
reduction in TOC1 reactivity with 3R isoforms in dot
blots the presence of MB, we did not observe any modu-
lation of the oligomer size distribution of any tau isoform
by MB, CLR01, or D-TLKIVW in the native-PAGE/
western blots probed with mAb HT7 (Figure S3).

We also tested the effect of MB on the dimer abun-
dance of each isoform by and IM-MS. The MS analysis
indicated a �3-fold increase in dimer abundance of
0N3R-tau in the presence of 10-fold excess MB
(Figure 4a), though the variability of the data in this
experiment was particularly high (p = .70). The dimer
abundance of the other five isoforms was not affected by
the presence of MB. Similar data were observed in IM-
MS analysis (Figure 4b), which supported a �3-fold
increase in dimer abundance of 0N3R-tau in the presence
of MB, and in this case, the difference was statistically
significant.

3 | DISCUSSION

Despite a large body of research on tau structure and
aggregation, the initial oligomerization of the six isoforms
of tau in their unmodified form has not been studied

systematically to date. Here, we attempted to close this
knowledge gap by applying several biochemical and bio-
physical methods to the characterization of the oligomers
formed by each tau isoform, in the absence of modifiers
or posttranslational modifications, both in solution and
when the protein is transferred into the gas phase under
gentle conditions that allow studying oligomers.74,75 The
main finding of our study is that under the conditions we
used, 3R- and 4R-tau isoforms form different oligomer
size distributions. Our goal was to characterize oligomers
in unmodified, unmanipulated human tau, which is not
known to aggregate in vitro in the absence of inducers,68

to form oligomers in the absence of oligomerization
seeds,35 or to cause toxicity to cultured cells. In fact,
unmodified monomeric tau has been used as a negative
control in experiments examining the toxicity of tau olig-
omers seeded using Aβ or α-synuclein oligomers.76 As we
did not use such inducers, we limited the investigation to
comparing the initial oligomer size distributions and
antibody reactivity of each isoform and did not attempt
to characterize their toxicity.

Dot-blot analysis showed that 3R-tau isoforms have a
higher propensity to form TOC1-immunoreactive oligo-
mers compared to 4R tau isoforms (Figure 1). Previous
reports have suggested that TOC1 mainly reacts with tau
dimers,36 yet we did not observe reactivity of TOC1 with
any oligomers when the different tau isoforms were

FIGURE 5 Dot-blot analysis of tau isoforms in the absence or presence of MB, CLR01, or D-TLKIVW. (a–c) Dot blot analysis of tau
isoforms, 500 ng/spot, in the absence (�) or presence (+) of MB (a), CLR01 (b), or D-TLKIVW. Then, 100 μM of each inhibitor were added

to 10 μM of each tau isoform and the mixture was spotted immediately on a nitrocellulose membrane in triplicates and probed with TOC1.

(d–f) Densitometric analysis of the dot blots. Each bar represents an average of three independent experiments, each with at least three

technical replicates. The p values were calculated by a two-way ANOVA. Only p values <.05 are shown
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fractionated by native-PAGE (Figure S1), possibly due to
loss of the epitope under the assay conditions. However,
probing the same membranes with the anti-human-tau
mAb HT7 showed that indeed the dimer abundance of
3R-tau isoforms was higher than in 4R-isoforms. Interest-
ingly, the one exception was 0N4R-tau, whose TOC1
reactivity was similar to that of 3R isoforms. This isoform
was found by the MS (Figure 4a) and IM-MS (Figure 4b)
experiments to form substantially more abundant dimers
than all other isoforms, providing a possible explanation
for its high TOC1 reactivity.

The higher reactivity of TOC1 with 3R-tau isoforms
also correlated with formation of HMW oligomers in our
PICUP experiments (Figure 3), which were substantially
more abundant than in 4R-tau isoforms, suggesting that
they may form by self-association of dimers. This hypoth-
esis is supported by a previous study suggesting that tau
dimers may nucleate formation of higher order oligo-
mers.36 The PICUP data also supported particular stabili-
zation of dimers of 0N4R-tau (Figure 3c) compared to
other isoforms, in agreement with the MS and IM-MS
data. Such stabilization was not observed in the native-
PAGE/western blot analysis (Figure 2), possibly due to
the different assay conditions.

These data suggest that oligomer formation tenden-
cies of the different tau isoforms are dictated primarily by
the absence or presence of the second repeat in the
microtubule-binding domain, which is absent in 3R-tau.
Our findings correlate with observations that 3R seg-
ments are part of the ordered core of tau fibrils in 3R, 4R,
and 3R + 4R tauopathies, including AD, CBD, CTE, and
Pick's fibril cores.77–82 However, our study points to a key
role of the repeat-domain not only in the final fibril struc-
ture, but also in the initial oligomerization.

Immunohistochemistry studies of postmortem AD
brain sections using specific monoclonal antibodies for
3R-tau and 4R-tau have shown higher distribution of 3R-
tau in the majority of the NFTs in the hippocampus and
cortex.83 The study suggested that the higher contribution
of 3R-tau isoforms to NFTs correlated better with pathol-
ogy progression 4R-tau isoforms. In another study, the
sarkosyl-insoluble fractions of postmortem AD brains
showed higher amounts of 3R- compared to 4R-tau.84 A
drosophila model of tauopathy also showed a higher con-
tribution of accumulated 0N3R-tau in disrupting signal
transduction compared to 0N4R.17 Our results are consis-
tent with these studies and suggest that the pathological
effects of 3R-tau may be related to a higher propensity of
unmodified 3R-tau isoforms to form dimers and HMW
oligomers than 4R-tau isoforms.

In agreement with our previous examination of tau
seeding in cell culture, which showed that the addition of
DTT had little effect on the seeding capability of different

forms of tau,68 here we found that adding DTT did not
affect meaningfully the oligomerization of any of the tau
isoforms (Figure 2b), possibly because the proteins were
reduced in the process of their purification. Nonetheless,
these data suggest that the higher tendency of 3R-tau
isoforms to form dimers and HMW oligomers we
observed was not simply controlled by disulfide bond
formation.

Our study supports a growing body of evidence for
the importance of oligomeric tau, rather than the insolu-
ble aggregates, for the disease-related neuronal dysfunc-
tion and death in tauopathies.47,85 We find that
oligomerization is a natural tendency of tau, even in the
absence of posttranslational modifications, seeds, or
assembly inducers. Moreover, we find that 0N and 1N
isoforms are more susceptible to oligomerization than 2N
isoforms. The native-PAGE analysis showed that 1N3R-
tau has the highest dimer abundance among all the tau
isoforms and 1N4R-tau and 0N4R- tau displayed slightly
higher dimer abundance compared to 2N4R-tau. The
PICUP study suggests that the presence or absence of the
two N-terminal inserts in 4R-tau isoforms has substantial
effects on the oligomer size distributions of 4R-tau
isoforms. These data suggest that the contribution of
exons 2 and 3-coded sequences is important in tau
oligomerization and deserves more attention in further
studies.

MB has been reported to decrease tau oligomerization
and aggregation in different tauopathy models.86–88 A
phase 2 clinical trial of MB in mild/moderate patients
with AD showed significant cognitive improvement, yet
in a follow-up phase 3 trials, MB failed to meet the pri-
mary outcomes,89,90 possibly because it did not affect tau
oligomers.65 Here, we tested the effect of MB on the six
tau isoforms' oligomerization and found conflicting
results. The compound appeared to reduce tau oligomers
of only 3R isoforms in dot blots probed with TOC1
(Figure 5), but native-PAGE analysis did not show a
change in oligomers of any isoform (Figure S3) and IM-
MS data suggested an increase in 0N3R-tau oligomers
(Figure 4b). Taken together, these inconclusive data sup-
port the notion that MB does not have a substantial
impact on the tau oligomers studied here.

The molecular tweezer, CLR01, has been developed
by our group and shown to inhibit aggregation of multi-
ple amyloidogenic proteins,91,92 including 0N3R tau
induced to aggregate by arachidonic acid67 and 2N4R tau
induced to aggregate by heparin or phosphorylated
in vitro.68 It also was shown to inhibit seeded intracellu-
lar tau aggregation and reduce tau oligomers and seeds
in transgenic mouse brains.62 The lack of an effect of
CLR01 on the tau oligomers studied here suggests that
they are distinct from those found in vivo, as might be
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expected. Similarly, we did not find any modulation
activity for the all D-peptide, D-TLKIVW, a specific tau
aggregation-inhibitor that has been shown to prevent
fibrillation of tau fragments,71 possibly because those
fragments are distinct from the full-length tau proteins
studied here and/or because the peptide might inhibit
only fibril elongation but not the initial oligomerization
of tau.

In conclusion, our study provides new insight into the
extent to which the structural elements that distinguish
the six human tau isoforms, the N-terminal inserts
encoded by exons 2 and 3, and the second repeat encoded
by exon 10, control tau oligomerization. The data suggest
that the absence of the second repeat promotes initial
oligomerization, whereas the N-terminal inserts have
more subtle, yet significant effects on the initial tau oligo-
merization. This information is important for analyzing
the seeding capacity and cytotoxicity of tau and will serve
as a baseline for future analysis of posttranslationally
modified forms of tau toward an improved mechanistic
understanding of the forces driving the self-assembly of
the protein into neurotoxic oligomers and aggregates.

4 | MATERIALS AND METHODS

4.1 | Expression and purification of
recombinant tau

Plasmids encoding the six wild-type human tau isoforms
were a generous gift from Dr. Stuart Feinstein
(University of California Santa Barbara). All plasmids
contained DNA encoding a N-terminal 6 � His tag for
purification. Expression and purification of each isoform
were similar to those described previously.93 Briefly, tau
was expressed in BL21 (DE3) bacteria (Invitrogen,
Waltham, MA). Bacterial cells were lysed using a high-
pressure EMULSIFLEX homogenizer (Avestin, Mann-
heim, Germany) and the lysates were heated for 15 min
at 95�C and filtered. The filtrates were loaded onto a Ni-
NTA affinity-chromatography column (HisTrap HP, GE
Healthcare, Chicago, IL). Tau-containing fractions were
detected using SDS-PAGE followed by Coomassie Bril-
liant Blue staining, pooled, and incubated overnight with
tobacco-etch virus (TEV) protease to cleave the 6 � His
tag. The reaction mixture was loaded onto a Ni-NTA col-
umn, and the tag-free tau was collected in the flow-
through and dialyzed against an ion-exchange buffer
comprising 50 mM MES, 50 mM NaCl, and 1 mM
dithiothreitol (DTT), pH 6.8. The protein solution was
fractionated using an NaCl gradient from 50 to 150 mM
on an ion-exchange chromatography column (HiTrap SP
HP, GE Healthcare) and tau-containing fractions were

pooled. Finally, the protein was purified further by size-
exclusion chromatography using a S200 column
(GE Healthcare) and 1� phosphate-buffered saline (PBS)
as the mobile phase. Fractions containing purified tau
were pooled and concentrated by ultrafiltration
(Amicon® Ultra 15, Millipore Sigma, 10 kDa molecular-
weight cutoff). The protein concentration and purity
were determined by a bicinchoninic acid (BCA) assay
and densitometric analysis, respectively. The yield was in
the range of 1–8 mg starting with a 3 L culture volume
and the purity was >90%. The purified protein was
aliquoted and stored at �80�C until the time of use.

4.2 | Dot blot analysis

Five hundred nanograms of each tau isoform were spot-
ted onto 0.22-μm nitrocellulose membranes (Thermo
Fisher Scientific, Waltham, MA). Membranes were
blocked in blocking buffer comprising 5% non-fat dry
milk powder in Tris-buffered saline containing 0.1%
Tween-20 (TBST) for 1 hr at room temperature (RT) and
then incubated with antibody TOC-1 (1:5,000 dilution),
stripped, and re-probed with antibody HT7 (1:1,000).
Membranes were washed thrice for 10 min in TBST
followed by incubation with horseradish peroxidase
(HRP)-conjugated goat anti-mouse antibody for 1 hr at
RT. The membranes were developed using SuperSignal
West Pico PLUS Chemiluminescent Substrate (Life Tech-
nologies, Carlsbad, CA) and visualized using an Azure
Biosystems c300 Gel Imager.

4.3 | Native-PAGE/western blot

Each tau isoform was fractionated using Novex
NativePAGE 3–12% gradient Bis-Tris gels (Thermo Fisher
Scientific) as described previously.94 Briefly, tau samples
were prepared by mixing the protein solution with a
Native-PAGE sample buffer comprising 50 mM bis-Tris,
10 mM NaCl, 12% glycerol, and 0.001% Ponceau S,
pH 7.2, on ice, and 500 ng of each sample were loaded on
the gels. Following the gel run, the proteins were trans-
ferred onto polyvinyl difluoride (PVDF) membranes
(Thermo Fisher Scientific) for 1 hr at 25 V on ice using
XCell II Blot Modules (Invitrogen). Proteins then were
fixed in 8% acetic acid for 15 min and the membranes
were air dried. Membranes were reactivated in methanol
and blocked in 5% non-fat dry milk in TBST for 1 hr at
RT. The membranes were probed with TOC1 (1:5,000
dilution), stripped, and re-probed with HT7 (1:1,000).
Membranes were washed and incubated with HRP-
conjugated goat anti-mouse antibody (Thermo Fisher
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Scientific) at 1:10,000 dilution in blocking buffer for 1 hr
at RT, developed using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Life Technologies), and
visualized using an Azure Biosystems c300 Gel
Imager.95,96

4.4 | PICUP and SDS-PAGE analysis

Each tau isoform was cross-linked using PICUP45 as
described previously.46,97 In brief, 1 μl of 40 μM Tris
(2,2-bipyridyl)-dichlororuthenium (II) hexahydrate [Ru
(Bpy)] and 1 μl of 800 μM ammonium persulfate, prepared
in PBS were added to 18 μl of 10 μM of tau (protein to
Ru(Bpy) molar ratio 1:4). The mixture was vortexed briefly
and irradiated for 1 s using a 150 W visible light source
(model 170-D, Dolan-Jenner, Lawrence, MA), after which
the free-radical reaction was quenched by adding 1 μl of
1 M DTT (Thermo Fisher Scientific) in PBS, followed by
brief vortexing. Cross-linked proteins were mixed with 4�
LDS NuPAGE sample buffer (Invitrogen), heated at 95�C
for 5 min, and 250 ng of each protein mixture was frac-
tionated by SDS-PAGE using 4–12% bis-Tris gradient gels
(GenScript). Non-cross-linked proteins were used as nega-
tive controls in each case. The proteins were visualized by
silver staining (SilverXress, Invitrogen).

4.5 | Inhibitor analysis

Tau isoforms were mixed with each inhibitor at a 1:10
concentration ratio, respectively. Inhibitors were pre-
pared at a stock concentration of 2 mM in 1� PBS and
1 μl of the stock was added to 10 μM protein. Dot blot
and Native-PAGE analyses were performed immediately
after adding the inhibitors to the protein, as described
above. For mass spectrometry experiments, tau isoforms
were diluted to 10 μM and sprayed in 20 mM ammonium
acetate. Methylene blue was added at a 10� concentra-
tion into the solution of tau.

4.6 | Mass spectrometry

The samples in the absence or presence of inhibitors were
loaded into custom gold-coated borosilicate capillaries.
The samples were sprayed at a capillary voltage of 1.5 kV
on a Waters Synapt G2 Si mass spectrometer in time-of-
flight (TOF) mode. Scans were collected over 2 min using
a scan time of 1 s. Three to five replicates were collected
for each sample. The TOF data were deconvoluted using
UniDec,98 and the deconvoluted dimer and monomer
intensities were quantified.

Ion-mobility analysis was performed by spraying the
samples in Mobility TOF mode. The wave velocity was
set at 1,000 m/s. These experiments were collected over
5 min using a scan time of 1 s. The scans from 14.38 to
21.98 ms were extracted for the maximum intensity of
the dimers. Three to five replicates were collected for
each sample. The spectrum extracted from the
mobiligram range was deconvoluted with UniDec and
the deconvoluted dimer and monomer intensities were
compared.

4.7 | Statistics

Statistical analysis was performed using GraphPad Prism
9.2. Data are shown as mean ± SD for a minimum of
three independent experiments and three technical repli-
cates in each case.
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