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Abstract 

Tau protein, encoded by the MAPT gene, is a microtubule-associated protein involved 

in the regulation of microtubule stability in neurons, contributing to cell shape mainte-

nance and intracellular transport, among other functions. Tau is not found as a unique 

isoform; instead, different Tau isoforms of varying sizes are present in the brain, but 

a Full-length Tau isoform (Full Tau) containing all 16 exons has never been previ-

ously identified. This study has explored the structure and function of the Full Tau 

isoform, which includes all exons of the MAPT gene. To achieve this, we expressed 

the Full Tau isoform in bacteria, alongside the Tau 4R2N isoform as a control, and 

tested its microtubule-binding capacity, self-aggregation propensity, and effects on 

cultured cells regarding cell proliferation and cell death. Our results indicated several 

differences between the Full Tau and Tau 4R2N isoforms, suggesting distinct roles in 

cellular dynamics. To explain these differences, we suggest the role of exon 8, which 

is present in the Full Tau isoform but absent in Tau 4R2N.

Introduction

Tau protein is one of the brain microtubule-associated proteins present in neuronal 
cells [1,2]. Tau is crucial for regulating microtubules stabilization [3], tubular structures 
that are part of the cytoskeleton and are essential for maintaining cell shape and for 
intracellular transport. In the brain, Tau regulates microtubule stabilization that are 
critical for the development and maintenance of neuronal connections [4–9]. The 
gene that encodes the Tau protein is MAPT gene, located on chromosome 17q21 
[10]. Three main Tau transcripts derived from the MAPT gene have been character-
ized, each arising through regulated alternative splicing events [11]. Although alter-
native splicing of MAPT RNA results in several Tau isoforms, no transcript has yet 
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been identified that translates into the Full-length Tau protein examined in this study. 
[8,11,12].

In the human central nervous system (CNS), six main distinct Tau isoforms are 
expressed, each contributing to functional diversity and complexity in neuronal 
operations [5,13,14]. These isoforms share a set of constitutive exons—1, 4, 5, 7, 
9, 11, 12, and 13—that are consistently present across all variants, demonstrating 
their roles in Tau protein structure such as microtubule binding, nuclear acid bind-
ing or pathological self-aggregation [15]. Conversely, the non-constitutive exons 
2, 3, and 10, are included in specific isoforms, reflecting their regulatory roles in 
isoform-specific functions [5,9,14]. Isoform diversity results from alternative splicing. 
a process in which specific exons are either included or excluded depending on 
the action of regulatory proteins that promote or inhibit exon inclusion [16,17]. The 
generation of diverse protein isoforms from a single gene via alternative splicing is 
not as common as one might believe [18]. RNA-seq studies indicate that almost all 
coding genes have a primary protein isoform, and only a few genes show strong 
evidence for multiple alternative splice isoforms, with MAPT being one of the well-
studied examples [19–21].

Furthermore, recent studies have described new Tau isoforms obtained through 
intron retention rather than alternative splicing. These isoforms retain intron 3, 11, or 
12 [22–24]. This observation suggests that exons 1, 12, and 13 may be considered 
non-constitutive exons. Despite the discovery of these new isoforms, none results in 
a transcript containing all 16 exons of the MAPT gene.

There are two types of Nervous System. First, CNS develops after the formation of 
the neural tube. Afterwards, cells from neuronal crest migrate to form the Peripheral 
Nervous System (PNS) [25]. Sometimes CNS and PNS are considered as different 
entities with transitions between both systems [26], such as in the case of dorsal root 
ganglion [27]. Additionally, specific Tau isoforms are present in mammal peripherical 
nervous system, where exons 4A and 6 are found as Big Tau isoform [28,29]. This 
big Tau isoform, may be protective for Tau misfolding, less vulnerable to Tau pathol-
ogy and, as indicated, binds to microtubules from PNS [8]. The presence of exon 
8 has been detected in cDNA derived from bovine RNA transcripts [30,31]. Also, 
exon trapping assays indicate that the exclusion of this exon is the default splicing 
pattern [9,12]. However, the inclusion of exon 8 in mature RNA transcripts has been 
observed not only in bovine but also in the monkey brain [32]. This pattern contrasts 
significantly with findings in humans, where exon 8 is typically not included in mature 
Tau isoforms, highlighting a notable difference in RNA processing between species 
[31].

Although the ENSEMBL database (MAPT-205; ENSP00000410838.2) indicates 
there is a transcript capable of being translated into Full Tau protein can exists, there 
are currently no reports of its expression. In this work, we will examine the properties, 
structure and functions of Full Tau (RNA transcript contains 16 exons: −1, 1, 2, 3, 4, 
4A, 5, 6, 7, 8, 9, 10, 11, 12, 13 and 14, totaling 776 amino acids (known in this work 
as Full Tau; (Fig 1A). Exon −1 is part of the promoter and is transcribed but not trans-
lated, similar to exon 14) [33].
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Fig 1.  Tau 4R2N and Full Tau protein purification. (A) Alternative splicing scheme of Tau 4R2N and Full Tau and specific domains. NTR: N-Terminal 
Region, PRR: Proline-Rich Region, MTBR: Microtubule-Binding Region, CTR: C-Terminal Region (B) Coomassie brilliant blue staining of purification of 
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Results

Isolation and purification of Full Tau protein isoform

As previously indicated, we have focused this work on the Tau protein isoform containing all the exons. We searched 
databases such as UniProt, NCBI, and ENSEMBL to look for the presence of Full Tau. Thus, Full Tau protein could be 
found in ENSEMBL under the identifier (MAPT-205; ENSP00000410838.2) but it seems that it could be present in humans 
and other mammals, in a very low amount, not only at protein but also at RNA level. Obviously, the translated protein is 
expected to be expressed at very low levels when its RNA expression is also low. Thus, to isolate Full Tau protein, we syn-
thetized the cDNA for the RNA expressing all the exons and cloned that cDNA in a plasmid to be expressed in bacteria. As 
control we did the same experiment to express human Tau 4R2N isoform [34].

Fig 1 shows Tau 4R2N molecule and Full Tau molecule (Fig 1A), these proteins were compared to identify structural 
differences. The complete amino acid sequences of both human Tau isoforms are shown in S1 File. Tau 4R2N includes 
exons +2, + 3, and +10 (S1A File) while Full Tau additionally incorporates exons + 4A, + 6, and +8, with a total of 776 
aminoacids (S1B File). In both sequences, the exons are highlighted alternating between blue and black to facilitate 
identification.

As indicated, we induced the expression of both proteins in E. coli BL21 strains for subsequent in vitro analyses. The 
isolation of isoforms is well described in Materials & Methods. Fig 1B shows the Coomassie-stained gel control of both 
expressions without and with induction of expression using 0.5mM IPTG. In section C, the Western Blot using the anti-
body that recognizes human Tau (HT7) confirms that the new bands are Tau. Both Coomassie-stained whole gel control 
and Western Blot images are in S2 File. The results highlight the efficiency of the inducible expression system used, 
ensuring that overexpression of the isoforms of interest occurs only under controlled conditions. The clear differentiation 
in the amino acid sequences between Tau 4R2N and Full Tau underscores the importance of studying these isoforms 
individually to understand their specific roles.

Full Tau, microtubule binding capacity

The primary and most well-known function of the Tau protein is its binding to microtubules [5]. To confirm the in silico find-
ings, we decided to study the microtubule-binding capacity of our Full Tau isoform by separating microtubule-bound and 
free Tau by in vitro polymerization, followed by electron microscopy analysis and by separating polymerized or aggregated 
from soluble protein through centrifugation [35].

To analyze the binding of Full human Tau to microtubules and compare it with the binding of the human Tau 4R2N 
isoform, we used the same microtubules. These microtubules (MTs) are derived from mouse brain, obtained after a first 
polymerization cycle (see scheme in Fig 2A). These mouse brain MTs already contain mouse Tau protein. After cold depo-
lymerization, tubulin-Tau links remain during a second polymerization cycle [1]. Before this second cycle, equal amounts 
of Full Tau or Tau 4R2N isoforms were added to depolymerized mouse microtubules. The second cycle was then carried 
out, allowing the added human Tau isoforms to bind to the second-cycle polymerized MT at the open sites present in the 
pre-assembled MT [36].

After polymerization, the assembled MTs were visualized by electron microscopy (Fig 2B). In MTs in the absence of 
human Tau isoforms or in the presence of human Tau 4R2N, MTs are clearly formed. However, in the presence of human 
Full Tau some differences in the amount and structure of MT were observed. A lower amount of MTs was found compared 
with those found in the presence of Tau 4R2N and a higher proportion of amorphous aggregates were observed (Fig 2B). 

both proteins showing control of both expressions without and with induction of expression using 0.5mM IPTG. (C) Western Blot using the antibody that 
recognizes human Tau (HT7) indicating bands from induction are corresponding Tau. Both B and C panels are electrophoresis from same purifications. 
Unadjusted and uncropped images of blots and gels are found on S2 File.

https://doi.org/10.1371/journal.pone.0335251.g001

https://doi.org/10.1371/journal.pone.0335251.g001
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Fig 2.  Microtubule binding capacity of Full Tau isoform.  (A) Scheme of the interaction of human Tau isoforms to second polymerization cycle 
of mouse microtubules (see Methods). (B) Electron microscopy images of second polymerization cycle of mouse brain microtubules in the absence 
(control) or presence of Tau 4R2N or Full Tau isoform. Circles indicate thin MTs. (C) Coomassie brilliant blue staining showing tubulin percentage after 
centrifugation of the two cycle-polymerization MTs. SN: Supernatant, PLL: Pellet (D) Western Blot analyses of human Tau bound to microtubules after 
copolymerization, in the second polymerization cycle of mouse microtubules, detected by anti-human Tau antibody HT7. Unadjusted and uncropped 
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Microtubule-like polymers with a smaller diameter than control microtubules were also found (Fig 2B). All these observa-
tions indicate that the presence of Full Tau isoform may partially interfere with the previously reported in vitro MTs polym-
erization taking place in the absence of that isoform.

Tubulin polymers in the absence or presence of human Tau isoforms, could be isolated by centrifugation and in the 
pelleted fraction, the presence of tubulin can be visualized by fractionation of the MTs proteins by gel electrophoresis, and 
staining with Coomassie blue (Fig 2C). By comparing the results of Fig 2B and 2C we can conclude that there is no major 
difference in the amount of pelleted protein, but there is a clear structural difference in the tubulin aggregates present in 
the pellet.

How does the presence of exon 8 affect Tau binding to microtubules?

Figs 2D and 2E demonstrate that Full Tau exhibits reduced binding to microtubules compared to the Tau 4R2N isoform. 
Full Tau closely resembles Big Tau, an isoform containing all Tau exons except exon 8 [8]. However, previous studies 
[37] have shown that Big Tau binds to microtubules with higher affinity than that now found for Full Tau. To investigate the 
impact of exon 8 on Tau-microtubule binding, we examined the binding of an artificial isoform composed of Tau 4R2N plus 
exon 8. The results presented in S3 File reveal that this isoform has a significantly reduced microtubule-binding capac-
ity, similar to that found for Full Tau isoform and distinct from that of Big Tau isoforms [32]. These findings suggest that 
the presence of exon 8 decreases the interaction of Tau with microtubules, explaining the weaker microtubule binding 
observed for Full Tau compared to the Tau 4R2N isoform.

In vitro aggregation of Full Tau

We decided to study the aggregation capacity of the Full Tau isoform, as this is a crucial aspect in the research of neurode-
generative diseases such as Alzheimer’s disease (AD) and other tauopathies [5,38]. Tau is a microtubule-associated protein 
that, under pathological conditions, can form insoluble aggregates, a central pathological feature in these tauopathies.

Fig 3A shows representative electron microscopy images illustrating the influence of heparin on the aggregation of Tau 
4R2N and Full Tau isoforms, as it is well established that the presence of heparin accelerates filament polymerization for 
Tau [39,40]. In the presence of heparin, Tau 4R2N isoform, forms dense and highly organized structures (filaments). On 
the other hand, Full Tau in the presence of heparin, shows less aggregated structures that are more disorganized and 
amorphous compared to those assembled in the presence of Tau 4R2N (Fig 3B–BG). To test that those aggregates are 
indeed assembled from Full Tau, immuno electron microscopy was carried out by using an antibody against Tau. In S4 
File, the arrow tips show the gold nanoparticles indicating Tau presence in those aggregates. In the absence of heparin, 
Tau 4R2N forms numerous amorphous aggregates and filaments, whereas Full Tau forms amorphous aggregates, though 
with fewer polymers (S5 File).

To quantify the amount of Tau aggregates, following heparin addition and incubation, the samples were centrifuged, 
and the presence of human Tau isoforms in the supernatant and pellet was determined. Fig 3F shows a larger amount of 
pelleted protein for the Tau 4R2N isoform compared to the human Full Tau isoform, as quantified in (Fig 3H–BJ).

In silico 3D structural analysis of human Tau protein isoforms: Tau 4R2N and Full Tau

To try to explain the previous results, we decided to perform a three-dimensional in silico analysis of both isoforms using 
the models with the highest confidence (i.e., highest predicted local distance difference test (pLDDT)) among the five 

images of blots and gels are found on Data Availability. (E) Quantification of the ratio between Tau 4R2N and Full Tau Western Blot signal intensity in 
C. Quantitative analysis shows the mean ± SEM. * p < 0.05; ** p < 0.01 using one-way ANOVA; post-hoc Turkeys’s test, followed by Student’s t-test for 
comparisons. Sample size: n = 3.

https://doi.org/10.1371/journal.pone.0335251.g002

https://doi.org/10.1371/journal.pone.0335251.g002
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predictions generated by AlphaFold2 (AF2) [41]. Fig 4 shows the three-dimensional structure predictions of the Tau 4R2N 
and Full Tau isoforms, generated with AF2. The microtubule-binding domains (exons 9, 10, 11, and 12) are highlighted in 
red, exon 8 is highlighted in green, while the rest of the structure is shown in white. These predictions were visualized at 
different rotation angles (0°, 90°, 180°, and 270°) around the “y” axis to provide a comprehensive view of the conformation 

Fig 3.  Aggregation capacity of T42 and Full Tau isoforms. (A) Representative images of electron microscopy of Tau aggregates obtained upon in 
vitro incubation of purified T42 and Full Tau extracts from bacteria in presence of heparin to promote aggregate formation. Filaments marked with white 
arrows ends. Scale bars show 400nm. (B) Area of the amorphous polymers found on Full Tau in vitro aggregation analysis. (C) Length distribution of the 
fibrillar polymers formed by Tau 4R2N. (D) Number of amorphous aggregates grouped by area intervals. (E) Number of fibrillar polymers of Tau 4R2N 
grouped by length intervals. (F) Western Blot of Tau isoforms present in soluble or pellet fractions after centrifugation. SN: Supernatant, PLL: Pellet 
Unadjusted and uncropped images of blots and gels are found on Data Availability. (G) Quantitative analysis of pelleted proteins. (H) Quantitative ratio of 
Tau 4R2Nand Full Tau protein. Quantitative analysis shows the mean ± SEM. * p < 0.05; ** p < 0.01 using unpaired; 2-tailed t test. Sample size: n = 3.

https://doi.org/10.1371/journal.pone.0335251.g003

https://doi.org/10.1371/journal.pone.0335251.g003
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Fig 4.  Tridimensional structure prediction of Tau 4R2N and Full Tau. Microtubule Binding Domain Exons’ 9, 10, 11, 12 are represented in red, the 
rest of exons in white. Both are the predictions with the highest confidence (highest pLDDT) among the five predictions made by AF2. Images were 
taken at different degrees of rotation about the “y” axis for complete visualization. Exon 8 is highlighted in green. MTBD is colorized in red. Scheme of 
proteins structure highlighting differences in both structure and size.

https://doi.org/10.1371/journal.pone.0335251.g004

https://doi.org/10.1371/journal.pone.0335251.g004
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of both isoforms. The images reveal the spatial arrangement of the microtubule-binding domains, which are crucial for the 
function of Tau in microtubule stabilization.

The quantitative analysis of solvent-accessible surface area [42] reveals that Full Tau and Tau 4R2N present practically 
the same buried area percentage (S1 Table), but three-dimensional structure predictions performed with AF2 showed 
that the microtubule-binding domains in Tau 4R2N are more accessible compared to Full Tau. In all rotations (0°, 90°, 
180°, and 270°), the red-highlighted exons of Tau 4R2N are more prominently exposed and appear less obstructed by 
other regions of the protein. This suggests that in Tau 4R2N, these domains can more easily interact with microtubules, 
facilitating a greater binding and stabilization capacity. However, in the Full Tau isoform, these domains seem to be more 
enveloped or partially covered, mainly exon 8 (Fig 4, green). This reduced accessibility could affect its ability to efficiently 
interact with microtubules.

Differential Effects of Tau Isoforms on Cell Viability and Growth Rate in HEK 293T Cells

Neurons exhibit a significantly lower proliferation capacity compared to non-neuronal cells. One possible explanation is 
that cell proliferation requires dynamic microtubules to facilitate the formation of the mitotic spindle. However, in neurons, 
microtubules are highly stable and lack such dynamism; interphase microtubules are not depolymerized for subsequent 
assembly into the mitotic spindle, due to the presence of microtubule-associated proteins (MAPs), such as Tau [43]. 
Additionally, the stability of neuronal microtubules supports the development of their unique asymmetric morphology, as 
opposed to the more rounded morphology typically seen in non-neuronal cells (see reference [5]). Interestingly, when 
Tau is expressed in non-neuronal cells, some neuronal-like features can be observed [44]. To investigate this further, we 
expressed Full Tau and the Tau 4R2N isoform in a non-neuronal cell line to assess potential changes in cell proliferation.

The representative images in Fig 5A show the cellular proliferation of HEK 293T cells after infection with lentiviruses 
expressing Tau 4R2N and Full Tau, and its growth rate, quantitatively represented as the percentage of newly occupied 
area by the cells (Fig 5B). We decided to study cellular proliferation rate as it allows us to identify whether the overexpres-
sion of one of the isoforms could generate stress or lead to apoptosis due to excessive microtubule stabilization, which 
affects their ability to properly adhere, mitotic capacity and maintain their normal extended morphology. It has been previ-
ously described that this occurs with the overexpression Tau [44].

In the negative control condition, cells maintain a common growth rate for the cell line. However, cells upon lentivi-
ral infection show proliferative changes. When we quantified these growth rate changes (Fig 5B), we found significant 
differences when comparing Tau 4R2N with negative control and Full Tau. However, no significant differences were found 
between negative control and Full Tau. This could indicate that the Full Tau isoform does not induce microtubule over-
stabilization, as occurs with the Tau 4R2N

isoform.
Cell viability was also analyzed using calcein (Fig 5C-F). Calcein is a hydrophobic, non-fluorescent compound that 

easily penetrates living cells. Once inside, intracellular esterases hydrolyze calcein, converting it into a hydrophilic, highly 
fluorescent molecule that remains well-retained within the cytoplasm. First, negative control was compared with empty 
lentiviral transduction controls, and it was observed that infection caused a significant cell death (Fig 5C-D). Once the 
effect of cells transduction was determined, the cell viability of cells overexpressing Tau 4R2N and Full Tau isoforms was 
compared. The overexpression of Full Tau isoform did not lead to a reduction in cell viability compared to its infection con-
trol (C.Empty-Full Tau) (Fig 5E). In contrast, the overexpression of the Tau 4R2N isoform resulted in a statistically signif-
icant increase in cell death compared to its infection control (C.Empty-Tau 4R2N), the negative control, and Full Tau (Fig 
5E-F). These results suggest that the expression of Tau 4R2N has a greater impact on altering cellular physiology than 
Full Tau. This is likely due to excessive microtubule stabilization by Tau 4R2N, which interferes with the normal dynamics 
necessary for cell division and cellular transport. Consequently, we observe distinct differences in how these isoforms 
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Fig 5.  Proliferation and viability of HEK 293T cells following lentiviral infection with Tau 4R2N and Full Tau.  (A) Cellular proliferation rate, 
assessed through images taken 24 hours post-transduction and after 48 hours of growth. Scale bar: 40 µm. (B) Quantification of cellular proliferation 
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affect cellular structure viability and proliferation. These findings highlight the specific role of Tau 4R2N in disrupting cellu-
lar morphology, suggesting its potential impact on cellular functions related to microtubule dynamics.

Discussion

Isolation of microtubules from mammalian brains results in the presence of not only the main component of microtubules, 
tubulin, but also microtubule-associated proteins (MAPs) such as MAP1A, MAP1B, MAP2, Tau, and others [2,45,46]. In all 
cases, except for the Tau protein, the Full-length protein is expressed, despite the presence of shorter isoforms [2,45–47]. 
However, there are currently no reports indicating the presence of the Full-length Tau isoform in the mammalian brain.

Curiously, shorter Tau isoforms are expressed in embryonic or first developmental stages, and larger isoforms are 
expressed at later times of development and maturation. Even in aged brains, the complete protein has not been 
detected, probably because the level of its RNA is very low, even at mature stages.

We decided to study a Tau isoform with all exons present in the MAPT gene, identified in ENSEMBL database as 
MAPT-205; ENSP00000410838.2, which we refer to as Full Tau in this work, and compare it with the well-described Tau 
4R2N isoform [34]. A characteristic of the Full Tau isoform is that it includes all exons, which means the presence of exon 
4A and exon 8 simultaneously. However, it has been described that both exons do not appear together in any known Tau 
isoform [8,14], highlighting the potential uniqueness of the Full Tau isoform.

We induced the expression of both isoforms in E. coli BL21 strains and conducted various in vitro assays with the pro-
teins generated in our laboratory. Given that the microtubule-binding region [48,49] of Tau is crucial for its primary function 
and aggregation, and our in-silico analysis showed it to be less exposed in Full Tau, we performed experiments to evalu-
ate the microtubule-binding capacity of our Full Tau isoform. Electron microscopy showed that, in the absence of added 
human Tau, the microtubules were well-formed, but their structure was denser and more intertwined in the presence of 
Tau 4R2N, suggesting a slight promotion of polymerization. Full Tau also slightly promoted polymerization.

Therefore, some differences on the interaction of Full Tau with tubulin to promote MT polymerization can be suggested. 
Firstly, the inclusion of these additional exons might cause Full Tau to adopt a conformation that partially blocks the 
microtubule-binding domains, particularly exon 8, as previously suggested. Although these findings are intriguing, more 
in-depth research is needed to fully understand their implications. Indeed, exon 8 sequence has some similarities with 
Exon 10 sequence (S6 File), and both can compete for the same microtubule polymer.

In both sequences, basic amino acids could react with the acidic residues present at the C-terminal region of tubulin 
molecules [50,51], but with different results: microtubule polymerization or aberrant aggregation (see Fig 2B), could take 
place in the absence or presence of Full Tau. In addition, Exon 8 could compete with some microtubules binding regions, 
like exon 10, in its interaction with tubulin monomers. Another possible explanation is that the more complex structure of 
Full Tau might favor intramolecular interactions that compete with microtubule binding. This means that some regions of 
the protein might interact with each other, preventing the microtubule-binding domains from being fully available for their 
stabilizing function [48,52,53]. More work should be done to determine the differences between Full Tau and other Tau 
isoforms with tubulin.

To study the aggregation capacity, we used heparin, which accelerates the polymerization of Tau filaments [4,54]. 
Electron microscopy showed that, in the presence of heparin, Tau 4R2N formed dense and organized structures, whereas 

based on the newly occupied area by cells. Sample size: n = 3 fields per replicate (n = 3). (C) Calcein viability assay comparing cell death between the 
negative control and transduction controls for each protein. Scale bar: 100 µm (D) Quantitative analysis of viability, measure from the data shown in (C). 
Sample size: n = 3 fields per replicate (n = 3). (E) Representative images of the calcein viability assay in cells overexpressing Tau 4R2N and Full Tau, 
along with their respective transduction controls (C. Empty-Tau 4R2N and C. Empty-Full Tau). Same scale as (E). (F) Quantification of cellular viability 
the data shown in (E). Sample size: n = 3 fields per replicate (n = 3). Quantitative data are presented as mean ± SEM. Statistical significance: *p < 0.05; 
**p < 0.01, determined by one-way ANOVA followed by Tukey’s post-hoc test, with additional comparisons conducted using Student’s t-test. Sample size: 
n = 5 fields per replicate (n = 3).

https://doi.org/10.1371/journal.pone.0335251.g005

https://doi.org/10.1371/journal.pone.0335251.g005
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Full Tau formed less organized and more amorphous aggregates, with no filaments observed for Full Tau. Also, a 
lower amount of pelleted aggregates was found in Full Tau compared to Tau 4R2N isoform. This may be because self-
aggregation occurs through the microtubule-binding regions of the Tau molecule, which could be partially obscured by the 
presence of exon 8, as previously indicated.

In this work, we conducted an in silico three-dimensional analysis with AF2 [41], revealing significant structural differ-
ences between the two isoforms, particularly in the accessibility or exposure of the microtubule-binding domains. In Tau 
4R2N, these domains are more accessible compared to Full Tau, suggesting that Tau 4R2N may interact more effectively 
with microtubules. This could be due to potential interference in Full Tau by exon 8 with the microtubule-binding domain, 
as suggested by the AlphaFold model (Fig 4).

Finally, we analyzed the cell viability and growth rate of Hek-293T cells following infection with lentivirus expressing Tau 
4R2N and Full Tau. Overexpression of Tau 4R2N significantly decreased the proportion of live cells compared to Full Tau 
overexpression. These changes suggest that Tau 4R2N, due to its excessive microtubule-stabilizing capacity, more dras-
tically affects cell morphology, adhesion and proliferation than Full Tau, interfering with the normal dynamics necessary for 
cell division and transport.

A characteristic of mature neurons is the lack of proliferation due to cell cycle exit [55,56]. Neuronal microtubules are 
more stable than those in dividing cells [57] and are primarily used for forming complex structures related to their mor-
phology [55]. Stable microtubules in neurons result from the binding of microtubule-associated proteins (MAPs), such as 
MAP1B, MAP2, or Tau, to brain tubulin, which could facilitate cell cycle exit and reduced cell proliferation. The action of 
any of these MAPs could complement the absence of other ones. Indeed, mice lacking Tau protein are viable although 
they have some defects [16].

Thus, to analyze the role of the Full Tau in the absence of other brain MAPs, or Tau isoforms, we have expressed Full 
Tau in non-neuronal cells, since in previous studies it was reported that other Tau isoforms expressed in non-neuronal 
cells facilitates microtubule stabilization and reduce cell proliferation [44]. Interestingly, Full Tau shows different effects, as 
indicated in this work.

In conclusion, the Full Tau isoform, possibly present in a low amount, shows less interaction capacity with microtubules 
and lower self-aggregation compared to the Tau 4R2N isoform. The structural characteristics of Full Tau affect the normal 
functionality of the Tau protein, suggesting that Full Tau could play a role distinct from that of the canonical isoforms and is 
likely to exert a non-deleterious influence on the pathological behavior of the Tau protein.

Experimental procedures

Bacteria culture and Tau purification

Vectors pRK-T42 and pRK-FullTau and pRK-T42 + E8 (GenScript, Netherlands), encoding different Tau isoforms were 
overexpressed in E. coli BL21 competent cells by electroporation, from which Tau was purified, as described elsewhere 
[54]. These bacteria were cultured in LB medium with 100 ng/ml of Ampicillin at 37 °C overnight. Bacterial suspensions 
were transferred to 1L of LB with 100 ng/ml of Ampicillin and further incubated at 37 °C, until the optical density readings 
at 600 nm ranged between 0.6 and 0.8. At this point, 0.5 mM of IPTG was added to each sample so as to trigger transcrip-
tion and incubated once again at 30 °C for 3 h. The samples were centrifuged at 2950 × g at 4 °C for 20 min and pellets 
were resuspended in Tau buffer, which consists of Lysis buffer (20 mM MES pH 6.4, 1mM EGTA, 2 mM DTT) comple-
mented with protease inhibitor mixture, 0.2mM MgCl

2
, lysozyme and DNAse I. Subsequently, cells were disrupted with a 

French pressure cell press (in ice cold conditions to avoid protein degradation). In the next step, NaCl was added to a final 
concentration of 500mM and lysates were boiled for 20 min. Denatured proteins were removed by ultracentrifugation with 
127.000 g at 4 °C for 30 min. To this supernatant, 2 mg/mL of streptomycin sulfate was added at 4°C for 15 minutes. The 
supernatants were kept to get rid of residual DNA. Ammonium sulfate ((NH₄)₂SO₄) (50–60%) was added to the samples, 
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and they were incubated agitating at 4 °C for at least 1 h. Subsequently, the Tau pellet was obtained by centrifugation at 
15,000 g at 4°C for 30 minutes. The pellet was resuspended with buffer A (20mM MES pH 6.8, 1 mM EDTA, 2mM DTT, 
0.1mM PMSF, 50mM NaCl) and dialyzed overnight at 4 °C against dialysis buffer A to remove salt. Next day, it was treated 
with RNAse (10 mg/mL). Pellets containing purified Tau were resuspended in buffer A and the purification process was 
checked by SDS-PAGE and Coomassie blue staining to check for the whole protein bands appeared upon Coomassie 
blue staining. The presence of human Tau isoforms was confirmed by Western blot using HT7 antibody (S2 File)

Western blots

The proteins were separated on 10% acrylamide/bisacrylamide gels in the presence of SDS at 120 mV for approximately 
1 h. The proteins in the gel were transferred to nitrocellulose membranes (Schleicher and Schuell, Keene, NH, USA) 
at 150 mA for 45 min, using the Bio-Rad Mini-Protean system. Subsequently, the membranes were blocked using 5% 
milk powder in 0.1% Tween PBS for 1 h. The membranes were then washed twice with 0.1% PBS/Tween-20 (v/v) under 
stirring for 10 min. The membrane was stained with Ponceau dye (Ponceau 0.3% in TCA 3%) to check the transfer effi-
ciency. Finally, they were incubated with the appropriate primary antibody overnight at 4 °C: anti-human Tau (HT7, mouse, 
1:5000, Thermo Scientific); anti-BetaTubulin (mouse, 1:5000, Sigma). Protein expression was detected using the second-
ary antibody (1:2000), which were incubated per one hour at room temperature. After performing three 10-min washes in 
the wash solution, the immunoreactive proteins were detected using the ECL (Enhanced Chemiluminescence Detection 
System, Amersham). Uncropped and unadjusted Western blot images are provided in S7 File.

3D modeling analysis

A user-friendly interface for accessing AlphaFold2 has recently been made available through notebooks. We used the 
ColabFold notebook, whose structure prediction is powered by AlphaFold2 combined with RoseTTAFold and a fast, 
multiple sequence alignment generation stage using MMseqs2. Each isoform structure prediction was downloaded from 
ColabFold and visualized with The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. For accurate visu-
alization, the microtubule binding domain region of both Tau isoforms was colored in red, while the rest of the protein was 
colored in white. Four images with different rotations along the y-axis were taken to provide a complete visualization of the 
protein structure.

Tau microtubule‐binding capacity assay

Tau microtubule polymerization was carried out as previously described [50,58], using the brain of 10-month-old C57BL/6 
mice. After a first polymerization cycle, the microtubule fraction was collected by centrifugation. The microtubule pellet was 
resuspended in a buffer containing 0.1M MES pH 6.4, and a second polymerization cycle in the absence or presence of 
Full human Tau isoform or human Tau 4R2N isoform. After incubation for 30 min at 37 °C, electron microscopy [59], and 
the samples were centrifuged and the protein present in super and pellet fraction were characterized by gel electrophore-
sis and Western Blot using Tau antibody HT7 and quantified.

Aggregation assays

Tau aggregates were grown for the different Tau isoforms by vapor diffusion in hanging drops, following the standard 
procedure employed for protein crystallization [60], see also [61]. The different Tau isoforms were purified from bacteria 
as outlined previously. Their concentration was estimated by measuring absorbance at 280 nm, factoring in individually 
determined extinction coefficients for each isoform, and confirmed via Coomassie Blue staining.

40 μM of Full Tau or Tau 4R2N isoforms in a buffer containing 0.1 M NaCl, 20 mM ammonium acetate (CH₃COONH₄) 
and 1.5 mM CaCl

2
, pH 7.0 were incubated in the absence or presence (10 μM) of heparin for 12 h at 37 °C [61]. Protein 
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aggregates were analyzed by electron microscopy [54] and isolated by centrifugation [39], measuring the amount of 
protein in super and pellet by gel electrophoresis and Western Blot, using Tau antibody HT7, being quantified the obtained 
results.

Immuno-MS

Post-incubation drops were adsorbed for 5 min onto 400 MEs Copper Collodion grids ionized in a BAE 120 Evapora-
tor (Bal-Tec) and washed with PBS for 3 min. Grids were blocked for 10 min with PBS + 10% FBS and then incubated 
with Tau12 antibody (MAB2241, Sigma-Aldrich) diluted in PBS + 5% FBS for 30 min at RT. They were washed once 
in PBS for 3 min, then incubated with 10 nm colloidal gold conjugated with a secondary antibody diluted 1:30 in PBS 
and 5% fetal bovine serum (FBS) for 30 min. The grids were washed once in PBS for 3 min and once in H2O milli-Q 
for 3 min, then dried and stained with uranyl acetate for 40 s. The samples were visualized by transmission electron 
microscopy.

Cell culture

Hek-293T cells (CRL-11268, ATCC) were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM glutamine, 
non-essential amino acids, 10 U/ml penicillin and 10 μg/ml streptomycin, at 37 °C and 5% CO

2
.

Lentivirus production

Viral stocks were produced in P100 plates by transient cotransfection of Hek-293T cells with 10 μg of the corresponding 
lentivector plasmid: Lv Tau 4R2N (kindly provided by Kenneth Kosik, UC Santa Barbara, California), Lv- Empty Tau 4R2N 
(GFP; Addgene plasmid 12252), Lv- Full Tau (GenScript, Netherlands) and Lv- Empty Full Tau (qWPI; Addgene plasmid 
#12254), 6 μg of the packaging plasmid pCMVdR8.74 (Addgene plasmid 22036) and 5 μg of the VSV-G envelope protein 
plasmid pMD2G (Addgene plasmid 12259) using Lipofectamine LTX reagent (Invitrogen) and PLUS REagents following 
instructions of the supplier (Invitrogen). Next day, the transfection was stopped and 5 mL of medium were added. Two and 
three days after transfection, lentivirus were collected and stored at −80 ºC. Lentiviral titer was calculated as previously 
described [62].

Study of cell viability and growth rate in non-neuronal cells expressing human Tau isoforms

HEK-203T cells were infected by packaged lentiviral particles at an approximated MOI of 5 Infective Units (IU)/cell. 
Forty-eight and seventy-two hours after infection, photos were taken with the Orca Flash (monochrome sCMOS) (Zeiss) 
using a 40X dry objective under brightfield illumination. Western blot was performed for infection confirmation. Viabil-
ity assay was performed following the Calcein AM assay. 2 μM calcein AM working solution in PBS was added to the 
cells. The plates were incubated at 37 °C for 20 minutes, and calcein AM fluorescence (ex/em 494/517 nm) was read by 
sCMOS ORCA-Fusion (C11440-20UP) using a 10X/0.3 Aire EC Plan-Neo (Zeiss 420340−9901). The quantification of 
growth rate and viability was performed using Fiji [63]. Quantitative analysis was done using One-way ANOVA followed by 
Student’s t-test for comparisons.

Statistical analysis

For quantitative experiments, the statistical significance was determined by Student’s t test or One-way ANOVA with Tur-
key post-hoc test, for comparisons including more than two groups. A p value of less than 0.05 was considered significant 
(* p < 0.05; ** p < 0.01). Data analysis was conducted using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). 
For all figures in which error bars are shown, data represent the mean ± SEM. The normality of the data distribution was 
assessed using the Shapiro-Wilk test.
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Supporting information

S1 File.  Tau 4R2N and Full Tau protein. (A) Amino acid sequence of Tau 4R2N (+2, + 3, + 10). (B) Amino acid sequence 
of Full Tau (+2, + 3, + 4A, + 6, + 8), an isoform including all exons. Exon 1 starts in blue and alternates with black. Amino 
acids with a larger font size indicate a codon spanning both exons. Sequences were obtained from ENSEMBL and 
Uniprotein.
(PDF)

S2 File.  Human Tau proteins expressed in bacteria. Characterization by gel electrophoresis of Full human Tau 
and Tau 4R2N isoforms purified from bacteria (see Methods). (A) Coomassie brilliant blue staining. (B) Western Blot 
with antibody HT7.
(PDF)

S3 File.  Microtubule binding capacity of Exon 8 Tau isoform. Electron microscopy images of second polymerization 
cycle of mouse brain microtubules in the absence (control) or presence of Tau 4R2N or Exon 8 Tau isoform. Circle points 
thin MTs.
(PDF)

S4 File.  Immuno-MS of amorphous Full Tau aggregates (A) Immunogold labeling of Full Tau aggregates correspond-
ing to the analysis shown in Figure 3 (white arrows indicate nanogold particles).
(PDF)

S5 File.  Aggregation assays in the absence of heparin. (A) Aggregation assays of Full Tau and Tau 4R2N carried out 
without heparin.
(PDF)

S6 File.  Sequence comparison of Exon 8 and Exon 9–10. Scheme of the comparison between the sequences of Exon 
8 and Exons 9–10 (Exon 9-gray, Exon 10-black) where basic amino acids are highlighted inside a box showing their simi-
lar location in both sequences.
(PDF)

S7 File.  Raw image dataset supporting the experimental results presented in this study. This figure  
includes the unprocessed original images from all key experiments, including Western blots and Coomassie-
stained gels.
(PDF)

S1 Table.  Solvent accessible surface areas. Comparative of Solvent Accessible Surface Areas of both isoforms.
(PDF)

Author contributions

Conceptualization: Laura Vallés-Saiz, Indalo Domene-Serrano, Felix Hernández, Jesús Avila.

Data curation: Laura Vallés-Saiz, Indalo Domene-Serrano.

Formal analysis: Laura Vallés-Saiz, Indalo Domene-Serrano, Felix Hernández, Jesús Avila.

Funding acquisition: Felix Hernández, Jesús Avila.

Investigation: Laura Vallés-Saiz, Indalo Domene-Serrano.

Methodology: Laura Vallés-Saiz, Indalo Domene-Serrano, Angel J. Picher, Mar Pérez, Vega García-Escudero.

Writing – original draft: Laura Vallés-Saiz, Indalo Domene-Serrano, Felix Hernández, Jesús Avila.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0335251.s008


PLOS One | https://doi.org/10.1371/journal.pone.0335251  October 31, 2025 16 / 18

Writing – review & editing: Laura Vallés-Saiz, Indalo Domene-Serrano, Angel J. Picher, Mar Pérez, Vega García-
Escudero, Felix Hernández, Jesús Avila.

References
	 1.	 Weingarten MD, Lockwood AH, Hwo SY, Kirschner MW. A protein factor essential for microtubule assembly. Proc Natl Acad Sci U S A. 

1975;72(5):1858–62. https://doi.org/10.1073/pnas.72.5.1858 PMID: 1057175

	 2.	 Goedert M, Crowther RA, Garner CC. Molecular characterization of microtubule-associated proteins tau and MAP2. Trends Neurosci. 
1991;14(5):193–9. https://doi.org/10.1016/0166-2236(91)90105-4 PMID: 1713721

	 3.	 Baas PW, Qiang L. Tau: It’s Not What You Think. Trends Cell Biol. 2019;29(6):452–61. https://doi.org/10.1016/j.tcb.2019.02.007 PMID: 30929793

	 4.	 Goedert M, Jakes R, Spillantini MG, Hasegawa M, Smith MJ, Crowther RA. Assembly of microtubule-associated protein tau into Alzheimer-like 
filaments induced by sulphated glycosaminoglycans. Nature. 1996;383(6600):550–3. https://doi.org/10.1038/383550a0 PMID: 8849730

	 5.	 Avila J, Lucas JJ, Perez M, Hernandez F. Role of tau protein in both physiological and pathological conditions. Physiol Rev. 2004;84(2):361–84. 
https://doi.org/10.1152/physrev.00024.2003 PMID: 15044677

	 6.	 Iqbal K, Liu F, Gong C-X. Tau and neurodegenerative disease: the story so far. Nat Rev Neurol. 2016;12(1):15–27. https://doi.org/10.1038/nrneu-
rol.2015.225 PMID: 26635213

	 7.	 Guo T, Noble W, Hanger DP. Roles of tau protein in health and disease. Acta Neuropathol. 2017;133(5):665–704. https://doi.org/10.1007/s00401-
017-1707-9 PMID: 28386764

	 8.	 Fischer I, Baas PW. Resurrecting the Mysteries of Big Tau. Trends Neurosci. 2020;43(7):493–504. https://doi.org/10.1016/j.tins.2020.04.007 PMID: 
32434664

	 9.	 Corsi A, Bombieri C, Valenti MT, Romanelli MG. Tau Isoforms: Gaining Insight into MAPT Alternative Splicing. Int J Mol Sci. 2022;23(23):15383. 
https://doi.org/10.3390/ijms232315383 PMID: 36499709

	10.	 Neve RL, Harris P, Kosik KS, Kurnit DM, Donlon TA. Identification of cDNA clones for the human microtubule-associated protein tau and chro-
mosomal localization of the genes for tau and microtubule-associated protein 2. Brain Res. 1986;387(3):271–80. https://doi.org/10.1016/0169-
328x(86)90033-1 PMID: 3103857

	11.	 Andreadis A. Tau gene alternative splicing: expression patterns, regulation and modulation of function in normal brain and neurodegenerative 
diseases. Biochim Biophys Acta. 2005;1739(2–3):91–103. https://doi.org/10.1016/j.bbadis.2004.08.010 PMID: 15615629

	12.	 Andreadis A, Nisson PE, Kosik KS, Watkins PC. The exon trapping assay partly discriminates against alternatively spliced exons. Nucleic Acids 
Res. 1993;21(9):2217–21. https://doi.org/10.1093/nar/21.9.2217 PMID: 7684835

	13.	 Liu C, Götz J. Profiling murine tau with 0N, 1N and 2N isoform-specific antibodies in brain and peripheral organs reveals distinct subcellular local-
ization, with the 1N isoform being enriched in the nucleus. PLoS One. 2013;8(12):e84849. https://doi.org/10.1371/journal.pone.0084849 PMID: 
24386422

	14.	 Caillet-Boudin M-L, Buée L, Sergeant N, Lefebvre B. Regulation of human MAPT gene expression. Mol Neurodegener. 2015;10:28. https://doi.
org/10.1186/s13024-015-0025-8 PMID: 26170022

	15.	 Alonso ADC, El Idrissi A, Candia R, Morozova V, Kleiman FE. Tau: More than a microtubule-binding protein in neurons. Cytoskeleton (Hoboken). 
2024;81(1):71–7. https://doi.org/10.1002/cm.21795 PMID: 37819542

	16.	 Buchholz S, Zempel H. The six brain-specific TAU isoforms and their role in Alzheimer’s disease and related neurodegenerative dementia syn-
dromes. Alzheimers Dement. 2024;20(5):3606–28. https://doi.org/10.1002/alz.13784 PMID: 38556838

	17.	 Recinos Y, Bao S, Wang X, Phillips BL, Yeh Y-T, Weyn-Vanhentenryck SM, et al. Lineage-specific splicing regulation of MAPT gene in the primate 
brain. Cell Genom. 2024;4(6):100563. https://doi.org/10.1016/j.xgen.2024.100563 PMID: 38772368

	18.	 Marasco LE, Kornblihtt AR. The physiology of alternative splicing. Nat Rev Mol Cell Biol. 2023;24(4):242–54. https://doi.org/10.1038/s41580-022-
00545-z PMID: 36229538

	19.	 Park SA, Ahn SI, Gallo J-M. Tau mis-splicing in the pathogenesis of neurodegenerative disorders. BMB Rep. 2016;49(8):405–13. https://doi.
org/10.5483/bmbrep.2016.49.8.084 PMID: 27222125

	20.	 Tress ML, Abascal F, Valencia A. Alternative Splicing May Not Be the Key to Proteome Complexity. Trends Biochem Sci. 2017;42(2):98–110. 
https://doi.org/10.1016/j.tibs.2016.08.008 PMID: 27712956

	21.	 Aya F, Valcárcel J. Shaping human brain development and vulnerability through alternative splicing. Cell Genom. 2024;4(6):100584. https://doi.
org/10.1016/j.xgen.2024.100584 PMID: 38870907

	22.	 García-Escudero V, Ruiz-Gabarre D, Gargini R, Pérez M, García E, Cuadros R, et al. A new non-aggregative splicing isoform of human Tau is 
decreased in Alzheimer’s disease. Acta Neuropathol. 2021;142(1):159–77. https://doi.org/10.1007/s00401-021-02317-z PMID: 33934221

	23.	 Ngian Z-K, Tan Y-Y, Choo C-T, Lin W-Q, Leow C-Y, Mah S-J, et al. Truncated Tau caused by intron retention is enriched in Alzheimer’s disease cor-
tex and exhibits altered biochemical properties. Proc Natl Acad Sci U S A. 2022;119(37):e2204179119. https://doi.org/10.1073/pnas.2204179119 
PMID: 36067305

https://doi.org/10.1073/pnas.72.5.1858
http://www.ncbi.nlm.nih.gov/pubmed/1057175
https://doi.org/10.1016/0166-2236(91)90105-4
http://www.ncbi.nlm.nih.gov/pubmed/1713721
https://doi.org/10.1016/j.tcb.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/30929793
https://doi.org/10.1038/383550a0
http://www.ncbi.nlm.nih.gov/pubmed/8849730
https://doi.org/10.1152/physrev.00024.2003
http://www.ncbi.nlm.nih.gov/pubmed/15044677
https://doi.org/10.1038/nrneurol.2015.225
https://doi.org/10.1038/nrneurol.2015.225
http://www.ncbi.nlm.nih.gov/pubmed/26635213
https://doi.org/10.1007/s00401-017-1707-9
https://doi.org/10.1007/s00401-017-1707-9
http://www.ncbi.nlm.nih.gov/pubmed/28386764
https://doi.org/10.1016/j.tins.2020.04.007
http://www.ncbi.nlm.nih.gov/pubmed/32434664
https://doi.org/10.3390/ijms232315383
http://www.ncbi.nlm.nih.gov/pubmed/36499709
https://doi.org/10.1016/0169-328x(86)90033-1
https://doi.org/10.1016/0169-328x(86)90033-1
http://www.ncbi.nlm.nih.gov/pubmed/3103857
https://doi.org/10.1016/j.bbadis.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15615629
https://doi.org/10.1093/nar/21.9.2217
http://www.ncbi.nlm.nih.gov/pubmed/7684835
https://doi.org/10.1371/journal.pone.0084849
http://www.ncbi.nlm.nih.gov/pubmed/24386422
https://doi.org/10.1186/s13024-015-0025-8
https://doi.org/10.1186/s13024-015-0025-8
http://www.ncbi.nlm.nih.gov/pubmed/26170022
https://doi.org/10.1002/cm.21795
http://www.ncbi.nlm.nih.gov/pubmed/37819542
https://doi.org/10.1002/alz.13784
http://www.ncbi.nlm.nih.gov/pubmed/38556838
https://doi.org/10.1016/j.xgen.2024.100563
http://www.ncbi.nlm.nih.gov/pubmed/38772368
https://doi.org/10.1038/s41580-022-00545-z
https://doi.org/10.1038/s41580-022-00545-z
http://www.ncbi.nlm.nih.gov/pubmed/36229538
https://doi.org/10.5483/bmbrep.2016.49.8.084
https://doi.org/10.5483/bmbrep.2016.49.8.084
http://www.ncbi.nlm.nih.gov/pubmed/27222125
https://doi.org/10.1016/j.tibs.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27712956
https://doi.org/10.1016/j.xgen.2024.100584
https://doi.org/10.1016/j.xgen.2024.100584
http://www.ncbi.nlm.nih.gov/pubmed/38870907
https://doi.org/10.1007/s00401-021-02317-z
http://www.ncbi.nlm.nih.gov/pubmed/33934221
https://doi.org/10.1073/pnas.2204179119
http://www.ncbi.nlm.nih.gov/pubmed/36067305


PLOS One | https://doi.org/10.1371/journal.pone.0335251  October 31, 2025 17 / 18

	24.	 Ruiz-Gabarre D, Vallés-Saiz L, Carnero-Espejo A, Ferrer I, Hernández F, Garcia-Escudero R, et al. Intron retention as a productive mechanism 
in human MAPT: RNA species generated by retention of intron 3. EBioMedicine. 2024;100:104953. https://doi.org/10.1016/j.ebiom.2023.104953 
PMID: 38181704

	25.	 Butler SJ, Bronner ME. From classical to current: analyzing peripheral nervous system and spinal cord lineage and fate. Dev Biol. 
2015;398(2):135–46. https://doi.org/10.1016/j.ydbio.2014.09.033 PMID: 25446276

	26.	 Ridet JL, Perre J, Foncin JF. The transition zone of the central nervous system-peripheral nervous system of the adult rat; ultrastructural and immu-
nocytochemical studies: a new function of the astroglia?. J Hirnforsch. 1991;32(6):761–4. PMID: 1726542

	27.	 Nothias F, Boyne L, Murray M, Tessler A, Fischer I. The expression and distribution of tau proteins and messenger RNA in rat dorsal root ganglion 
neurons during development and regeneration. Neuroscience. 1995;66(3):707–19. https://doi.org/10.1016/0306-4522(94)00598-y PMID: 7644032

	28.	 Couchie D, Mavilia C, Georgieff IS, Liem RK, Shelanski ML, Nunez J. Primary structure of high molecular weight tau present in the peripheral 
nervous system. Proc Natl Acad Sci U S A. 1992;89(10):4378–81. https://doi.org/10.1073/pnas.89.10.4378 PMID: 1374898

	29.	 Goedert M, Spillantini MG, Crowther RA. Cloning of a big tau microtubule-associated protein characteristic of the peripheral nervous system. Proc 
Natl Acad Sci U S A. 1992;89(5):1983–7. https://doi.org/10.1073/pnas.89.5.1983 PMID: 1542696

	30.	 Himmler A. Structure of the bovine tau gene: alternatively spliced transcripts generate a protein family. Mol Cell Biol. 1989;9(4):1389–96. https://
doi.org/10.1128/mcb.9.4.1389-1396.1989 PMID: 2498650

	31.	 Chen WT, Liu WK, Yen SH. Expression of tau exon 8 in different species. Neurosci Lett. 1994;172(1–2):167–70. https://doi.org/10.1016/0304-
3940(94)90688-2 PMID: 8084527

	32.	 Nelson PT, Stefansson K, Gulcher J, Saper CB. Molecular evolution of tau protein: implications for Alzheimer’s disease. J Neurochem. 
1996;67(4):1622–32. https://doi.org/10.1046/j.1471-4159.1996.67041622.x PMID: 8858947

	33.	 Gendron TF, Petrucelli L. The role of tau in neurodegeneration. Mol Neurodegener. 2009;4:13. https://doi.org/10.1186/1750-1326-4-13 PMID: 
19284597

	34.	 Chakraborty P, Rivière G, Liu S, de Opakua AI, Dervişoğlu R, Hebestreit A, et al. Co-factor-free aggregation of tau into seeding-competent RNA-
sequestering amyloid fibrils. Nat Commun. 2021;12(1):4231. https://doi.org/10.1038/s41467-021-24362-8 PMID: 34244499

	35.	 Cleveland DW, Hwo SY, Kirschner MW. Purification of tau, a microtubule-associated protein that induces assembly of microtubules from purified 
tubulin. J Mol Biol. 1977;116(2):207–25. https://doi.org/10.1016/0022-2836(77)90213-3 PMID: 599557

	36.	 Makrides V, Massie MR, Feinstein SC, Lew J. Evidence for two distinct binding sites for tau on microtubules. Proc Natl Acad Sci U S A. 
2004;101(17):6746–51. https://doi.org/10.1073/pnas.0400992101 PMID: 15096589

	37.	 Fischer I. Big Tau: What We Know, and We Need to Know. eNeuro. 2023;10(5):ENEURO.0052-23.2023. https://doi.org/10.1523/
ENEURO.0052-23.2023 PMID: 37164636

	38.	 Bourdenx M, Koulakiotis NS, Sanoudou D, Bezard E, Dehay B, Tsarbopoulos A. Protein aggregation and neurodegeneration in prototypical 
neurodegenerative diseases: Examples of amyloidopathies, tauopathies and synucleinopathies. Prog Neurobiol. 2017;155:171–93. https://doi.
org/10.1016/j.pneurobio.2015.07.003 PMID: 26209472

	39.	 Pérez M, Valpuesta JM, Medina M, Montejo de Garcini E, Avila J. Polymerization of tau into filaments in the presence of heparin: the minimal 
sequence required for tau-tau interaction. J Neurochem. 1996;67(3):1183–90. https://doi.org/10.1046/j.1471-4159.1996.67031183.x PMID: 
8752125

	40.	 Lee VM, Goedert M, Trojanowski JQ. Neurodegenerative tauopathies. Annu Rev Neurosci. 2001;24:1121–59. https://doi.org/10.1146/annurev.
neuro.24.1.1121 PMID: 11520930

	41.	 Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein structure prediction with AlphaFold. Nature. 
2021;596(7873):583–9. https://doi.org/10.1038/s41586-021-03819-2 PMID: 34265844

	42.	 Fraczkiewicz R, Braun W. Exact and efficient analytical calculation of the accessible surface areas and their gradients for macromolecules. J Com-
put Chem. 1998;19(3):319–33. https://doi.org/10.1002/(sici)1096-987x(199802)19:3<319::aid-jcc6>3.0.co;2-w

	43.	 Avila J. Microtubule functions. Life Sci. 1992;50(5):327–34. https://doi.org/10.1016/0024-3205(92)90433-p PMID: 1732704

	44.	 Lee G, Rook SL. Expression of tau protein in non-neuronal cells: microtubule binding and stabilization. J Cell Sci. 1992;102 ( Pt 2):227–37. https://
doi.org/10.1242/jcs.102.2.227 PMID: 1400630

	45.	 Tucker RP. The roles of microtubule-associated proteins in brain morphogenesis: a review. Brain Res Brain Res Rev. 1990;15(2):101–20. https://
doi.org/10.1016/0165-0173(90)90013-e PMID: 2282447

	46.	 Sánchez C, Díaz-Nido J, Avila J. Phosphorylation of microtubule-associated protein 2 (MAP2) and its relevance for the regulation of the neuronal 
cytoskeleton function. Prog Neurobiol. 2000;61(2):133–68. https://doi.org/10.1016/s0301-0082(99)00046-5 PMID: 10704996

	47.	 Matus A. Microtubule-associated proteins: their potential role in determining neuronal morphology. Annu Rev Neurosci. 1988;11:29–44. https://doi.
org/10.1146/annurev.ne.11.030188.000333 PMID: 3284444

	48.	 Barbier P, Zejneli O, Martinho M, Lasorsa A, Belle V, Smet-Nocca C, et al. Role of Tau as a Microtubule-Associated Protein: Structural and Func-
tional Aspects. Front Aging Neurosci. 2019;11:204. https://doi.org/10.3389/fnagi.2019.00204 PMID: 31447664

	49.	 El Mammeri N, Dregni AJ, Duan P, Wang HK, Hong M. Microtubule-binding core of the tau protein. Sci Adv. 2022;8(29):eabo4459. https://doi.
org/10.1126/sciadv.abo4459 PMID: 35857846

https://doi.org/10.1016/j.ebiom.2023.104953
http://www.ncbi.nlm.nih.gov/pubmed/38181704
https://doi.org/10.1016/j.ydbio.2014.09.033
http://www.ncbi.nlm.nih.gov/pubmed/25446276
http://www.ncbi.nlm.nih.gov/pubmed/1726542
https://doi.org/10.1016/0306-4522(94)00598-y
http://www.ncbi.nlm.nih.gov/pubmed/7644032
https://doi.org/10.1073/pnas.89.10.4378
http://www.ncbi.nlm.nih.gov/pubmed/1374898
https://doi.org/10.1073/pnas.89.5.1983
http://www.ncbi.nlm.nih.gov/pubmed/1542696
https://doi.org/10.1128/mcb.9.4.1389-1396.1989
https://doi.org/10.1128/mcb.9.4.1389-1396.1989
http://www.ncbi.nlm.nih.gov/pubmed/2498650
https://doi.org/10.1016/0304-3940(94)90688-2
https://doi.org/10.1016/0304-3940(94)90688-2
http://www.ncbi.nlm.nih.gov/pubmed/8084527
https://doi.org/10.1046/j.1471-4159.1996.67041622.x
http://www.ncbi.nlm.nih.gov/pubmed/8858947
https://doi.org/10.1186/1750-1326-4-13
http://www.ncbi.nlm.nih.gov/pubmed/19284597
https://doi.org/10.1038/s41467-021-24362-8
http://www.ncbi.nlm.nih.gov/pubmed/34244499
https://doi.org/10.1016/0022-2836(77)90213-3
http://www.ncbi.nlm.nih.gov/pubmed/599557
https://doi.org/10.1073/pnas.0400992101
http://www.ncbi.nlm.nih.gov/pubmed/15096589
https://doi.org/10.1523/ENEURO.0052-23.2023
https://doi.org/10.1523/ENEURO.0052-23.2023
http://www.ncbi.nlm.nih.gov/pubmed/37164636
https://doi.org/10.1016/j.pneurobio.2015.07.003
https://doi.org/10.1016/j.pneurobio.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26209472
https://doi.org/10.1046/j.1471-4159.1996.67031183.x
http://www.ncbi.nlm.nih.gov/pubmed/8752125
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1146/annurev.neuro.24.1.1121
http://www.ncbi.nlm.nih.gov/pubmed/11520930
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1002/(sici)1096-987x(199802)19:3<319::aid-jcc6>3.0.co;2-w
https://doi.org/10.1016/0024-3205(92)90433-p
http://www.ncbi.nlm.nih.gov/pubmed/1732704
https://doi.org/10.1242/jcs.102.2.227
https://doi.org/10.1242/jcs.102.2.227
http://www.ncbi.nlm.nih.gov/pubmed/1400630
https://doi.org/10.1016/0165-0173(90)90013-e
https://doi.org/10.1016/0165-0173(90)90013-e
http://www.ncbi.nlm.nih.gov/pubmed/2282447
https://doi.org/10.1016/s0301-0082(99)00046-5
http://www.ncbi.nlm.nih.gov/pubmed/10704996
https://doi.org/10.1146/annurev.ne.11.030188.000333
https://doi.org/10.1146/annurev.ne.11.030188.000333
http://www.ncbi.nlm.nih.gov/pubmed/3284444
https://doi.org/10.3389/fnagi.2019.00204
http://www.ncbi.nlm.nih.gov/pubmed/31447664
https://doi.org/10.1126/sciadv.abo4459
https://doi.org/10.1126/sciadv.abo4459
http://www.ncbi.nlm.nih.gov/pubmed/35857846


PLOS One | https://doi.org/10.1371/journal.pone.0335251  October 31, 2025 18 / 18

	50.	 Serrano L, de la Torre J, Maccioni RB, Avila J. Involvement of the carboxyl-terminal domain of tubulin in the regulation of its assembly. Proc Natl 
Acad Sci U S A. 1984;81(19):5989–93. https://doi.org/10.1073/pnas.81.19.5989 PMID: 6385005

	51.	 Serrano L, Montejo de Garcini E, Hernández MA, Avila J. Localization of the tubulin binding site for tau protein. Eur J Biochem. 1985;153(3):595–
600. https://doi.org/10.1111/j.1432-1033.1985.tb09342.x PMID: 3935441

	52.	 Kellogg EH, Hejab NMA, Poepsel S, Downing KH, DiMaio F, Nogales E. Near-atomic model of microtubule-tau interactions. Science. 
2018;360(6394):1242–6. https://doi.org/10.1126/science.aat1780 PMID: 29748322

	53.	 Stancu I-C, Ferraiolo M, Terwel D, Dewachter I. Tau Interacting Proteins: Gaining Insight into the Roles of Tau in Health and Disease. Adv Exp Med 
Biol. 2019;1184:145–66. https://doi.org/10.1007/978-981-32-9358-8_13 PMID: 32096036

	54.	 Pérez M, Arrasate M, Montejo De Garcini E, Muñoz V, Avila J. In vitro assembly of tau protein: mapping the regions involved in filament formation. 
Biochemistry. 2001;40(20):5983–91. https://doi.org/10.1021/bi002961w PMID: 11352733

	55.	 Sakakibara A, Ando R, Sapir T, Tanaka T. Microtubule dynamics in neuronal morphogenesis. Open Biol. 2013;3(7):130061. https://doi.org/10.1098/
rsob.130061 PMID: 23864552

	56.	 Homem CCF, Repic M, Knoblich JA. Proliferation control in neural stem and progenitor cells. Nat Rev Neurosci. 2015;16(11):647–59. https://doi.
org/10.1038/nrn4021 PMID: 26420377

	57.	 Baas PW, Rao AN, Matamoros AJ, Leo L. Stability properties of neuronal microtubules. Cytoskeleton (Hoboken). 2016;73(9):442–60. https://doi.
org/10.1002/cm.21286 PMID: 26887570

	58.	 Serrano L, Valencia A, Caballero R, Avila J. Localization of the high affinity calcium-binding site on tubulin molecule. J Biol Chem. 
1986;261(15):7076–81. https://doi.org/10.1016/s0021-9258(19)62723-7 PMID: 3700428

	59.	 Gaskin F, Cantor CR, Shelanski ML. Turbidimetric studies of the in vitro assembly and disassembly of porcine neurotubules. J Mol Biol. 
1974;89(4):737–55. https://doi.org/10.1016/0022-2836(74)90048-5 PMID: 4475698

	60.	 Crowther RA, Olesen OF, Smith MJ, Jakes R, Goedert M. Assembly of Alzheimer-like filaments from full-length tau protein. FEBS Lett. 
1994;337(2):135–8. https://doi.org/10.1016/0014-5793(94)80260-2 PMID: 8287967

	61.	 Fichou Y, Lin Y, Rauch JN, Vigers M, Zeng Z, Srivastava M, et al. Cofactors are essential constituents of stable and seeding-active tau fibrils. Proc 
Natl Acad Sci U S A. 2018;115(52):13234–9. https://doi.org/10.1073/pnas.1810058115 PMID: 30538196

	62.	 Martín-Maestro P, Gargini R, García E, Simón D, Avila J, García-Escudero V. Mitophagy Failure in APP and Tau Overexpression Model of Alzhei-
mer’s Disease. J Alzheimers Dis. 2019;70(2):525–40. https://doi.org/10.3233/JAD-190086 PMID: 31256128

	63.	 Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source platform for biological-image analysis. Nat 
Methods. 2012;9(7):676–82. https://doi.org/10.1038/nmeth.2019 PMID: 22743772

https://doi.org/10.1073/pnas.81.19.5989
http://www.ncbi.nlm.nih.gov/pubmed/6385005
https://doi.org/10.1111/j.1432-1033.1985.tb09342.x
http://www.ncbi.nlm.nih.gov/pubmed/3935441
https://doi.org/10.1126/science.aat1780
http://www.ncbi.nlm.nih.gov/pubmed/29748322
https://doi.org/10.1007/978-981-32-9358-8_13
http://www.ncbi.nlm.nih.gov/pubmed/32096036
https://doi.org/10.1021/bi002961w
http://www.ncbi.nlm.nih.gov/pubmed/11352733
https://doi.org/10.1098/rsob.130061
https://doi.org/10.1098/rsob.130061
http://www.ncbi.nlm.nih.gov/pubmed/23864552
https://doi.org/10.1038/nrn4021
https://doi.org/10.1038/nrn4021
http://www.ncbi.nlm.nih.gov/pubmed/26420377
https://doi.org/10.1002/cm.21286
https://doi.org/10.1002/cm.21286
http://www.ncbi.nlm.nih.gov/pubmed/26887570
https://doi.org/10.1016/s0021-9258(19)62723-7
http://www.ncbi.nlm.nih.gov/pubmed/3700428
https://doi.org/10.1016/0022-2836(74)90048-5
http://www.ncbi.nlm.nih.gov/pubmed/4475698
https://doi.org/10.1016/0014-5793(94)80260-2
http://www.ncbi.nlm.nih.gov/pubmed/8287967
https://doi.org/10.1073/pnas.1810058115
http://www.ncbi.nlm.nih.gov/pubmed/30538196
https://doi.org/10.3233/JAD-190086
http://www.ncbi.nlm.nih.gov/pubmed/31256128
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772

