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ABSTRACT 

This study investigated the effects that 2N4R (full length), 0N4R, and 0N4R P301L tau 

species have on microtubule (MT) dynamics, MT tip avoidance, and MT affinity using live 

cell TIRF microscopy and biophysical analysis. It was determined that 2N4R tau exhibits 

tip avoidance (of ~200 nm) during growth only, while 0N4R tau does not demonstrate tip 

avoidance during growth or shortening. Therefore, tip avoiders such as 2N4R tau do not 

influence MT growth rate as much as non-tip avoiders. In addition, the N-terminal repeats 

may reduce the influence of tau on shortening rate. Both 2N4R and 0N4R tau suppress 

catastrophe and rescue of MTs, possibly through phenocopying the kinetic stabilizing 

effects of MTAs like paclitaxel, vinblastine, or colchicine. We believe 2N4R tau acts as a 

“pseudo” kinetic stabilizer like Taxol, which promotes MT assembly, while 0N4R tau acts 

as a “true” kinetic stabilizer, most like colchicine. We propose that 2N4R tau has at least 

two binding sites, including one higher affinity site and one lower affinity site, resulting 

in a KD of 0.31 µM that is preferentially associated with GDP-tubulin, enabling growing 

tip avoidance. 0N4R tau loses access to the higher affinity site but retains access to the 

lower affinity site, resulting in a KD of 3.2 µM. Uniquely, 0N4R P301L tau does not readily 

bind to MTs (KD >> 10 µM), indicating loss of both the higher and lower affinity binding 

sites, possibly due to a conformation change after the removal of the two N-terminal 

inserts and the mutation on the second MT binding repeat. Overall, it appears that the 

high affinity site may exhibit a preference for the GDP-tubulin MT lattice and is located 

on the two N-terminal insert region, while the lower affinity binding site is deleted or 

made inaccessible after the P301L mutation on the second MT binding repeat. This work 

reports novel findings in quantification of the effects of multiple tau isoforms and a P301L 

tau mutant on MT dynamics and utilizes these observations to classify the isoforms as 

either “true” or “pseudo” kinetic stabilizers. Additionally, the loss of tip avoidance 

observed for the 0N4R tau isoform for the first time further supports its similarity to 

colchicine. Possible implications for tauopathies include the decreased ability of 0N4R 

P301L tau to bind to MTs, which on its own may promote disease-associated progression 

toward tau oligomerization. Thus, MT binding may in fact result from the failure of tau 

to aggregate.     
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CHAPTER 1 

 

INTRODUCTION 

Tauopathies & Alzheimer’s Disease 

Tau is a microtubule associated protein (MAP) that has been shown to play an 

important role in microtubule (MT) assembly and stabilization. Wild-type, unfolded tau 

does not seem to show any major signs of aggregation, however, aggregation of tau with 

itself into paired helical filaments (PHFs; initially described by Kidd, 1963) and 

neurofibrillary tangles (NFTs) are hallmarks of a wide variety of tauopathies (Kidd, 1963). 

Tauopathies are neurodegenerative disorders characterized by the deposition of 

abnormal tau protein in the brain. The spectrum of tau pathologies includes, but is not 

limited to, Alzheimer’s disease (AD; initially described by Alzheimer) (Alzheimer, 1907), 

progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), argyrophilic 

grain disease (AGD), Pick’s disease (PiD), Huntington disease (HD), frontotemporal 

dementia with Parkinsonism-17 (FTDP-17) (V. M.-Y. Lee, Goedert, & Trojanowski, 2001), 

as well as globular glial tauopathies, chronic traumatic encephalopathy, and aging-related 

tau astrogliopathy (Kovacs, 2018; Orr, Sullivan, & Frost, 2017).  

As of 2019, AD affects nearly 5.8 million Americans of all ages and is the sixth 

leading cause of death in the United States. As the general population ages, AD is also 

becoming more common; the number of people aged 65 and older with AD is predicted 

to triple to 13.8 million by 2050 (“Alzheimer’s Facts and Figures Report | Alzheimer’s 

Association,” n.d.). NFTs are aggregates of hyperphosphorylated tau protein most 
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commonly known as a primary marker of AD (Serrano-Pozo, Frosch, Masliah, & Hyman, 

2011). NFTs have a stereotypical spatiotemporal progression that correlates with the 

severity of cognitive decline. In fact, a topographic staging of NFTs is used for the 

pathological diagnosis of AD (H. Braak & Braak, 1991). There are currently no disease-

modifying therapies available for the treatment of tauopathies, and current challenges for 

treatment include the inability to diagnose early in progression and to discriminate 

between distinct tauopathies in patients (Orr et al., 2017). While the potential of tau to 

cause neurodegenerative disease has been confirmed by the identification of tau mutants 

in patients with FTDP-17 (Hutton et al., 1998), the understanding of the cellular 

mechanisms by which tau forms aggregates, and the pathways underlying tau-induced 

neuronal dysfunction and death is incomplete (Y. Wang & Mandelkow, 2016). Therefore, 

ongoing multidisciplinary studies are needed that mechanistically relate the molecular 

biophysics of tau to the disease manifestations caused by tauopathies. 

In recent years, there has been substantial progress in our understanding of the 

roles of tau both in normal physiology and in disease states such as AD. For instance, 

many in vitro and in vivo studies conclude tau is necessary for amyloid-β (Aβ) induced 

neurotoxicity (Roberson et al., 2007). One unanticipated finding indicated that tau 

pathology can even spread between neurons to propagate the disease (Holmes & 

Diamond, 2014). Additionally, researchers have adopted the wide use of tau-knockout 

mice as AD models, leading to the identification of multiple novel physiological functions 

of tau as well as pathological functions of tau in neurodegenerative disease (Y. Wang & 

Mandelkow, 2016). The remainder of this introduction provides a summary of the 
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expression and structure of tau, describes its novel physiological roles and pathological 

functions, and reports the known mechanisms underlying tau-induced 

neurodegeneration, all while identifying gaps in this knowledge. 

 

Tau Protein: Isoforms, Expression, Structure, & Distribution 

Tau protein is encoded by a single gene, MAPT, which comprises 16 exons located 

on chromosome 17q21 in humans (Andreadis, 2006; Neve, Harris, Kosik, Kurnit, & 

Donlon, 1986). It is transcribed into an RNA that yields six main tau isoforms which either 

lack or contain exons 2 (E2), 3 (E3), and 10 (E10) via alternative splicing (Jesús Avila, Lucas, 

Pérez, & Hernández, 2004; Xing & Lu, 2018). The human MAPT gene and the splice 

isoforms of tau in the human brain are illustrated below in Figure 1. These isoforms differ 

depending on the number of 29-residue near-amino-terminal inserts they maintain after 

splicing, which are encoded by E2 and E3. Isoforms containing 0, 1 or 2 inserts are known 

as 0N, 1N and 2N, respectively (Y. Wang & Mandelkow, 2016). There are four carboxy-

terminal repeat domains, also referred to as MT binding regions, in full length tau, the 

second of which is located on exon 10. Therefore, isoforms containing exon 10 have four 

MT binding regions and isoforms lacking exon 10 have three MT binding domains—

referred to as 4R and 3R, respectively (Jesus Avila et al., 2016; G. Lee, Cowan, & Kirschner, 

1988; Y. Wang & Mandelkow, 2016). The alternative splicing of E10 is associated with 

distinct tauopathies which can be classified into three groups based on the tau isoforms 
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found in the aggregates: 4R tauopathies (PSP, CBD and AGD), 3R tauopathies (PiD) and 

3R & 4R tauopathies (AD) (Dickson, Kouri, Murray, & Josephs, 2011). 

The longest isoform of tau (2N4R) contains 80 Ser or Thr residues, 56 negative 

residues (Asp or Glu), 58 positive residues (Lys or Arg), and 8 aromatic residues (5 Tyr 

and 3 Phe), making it a highly water-soluble, hydrophilic protein (Y. Wang & Mandelkow, 

2016). This combination of residues produces an overall basic protein, although the C 

terminus is roughly neutral, and the N-terminal is mostly acidic. The charge imbalance 

that results is important for interactions with MTs, internal folding, and aggregation. The 

overall structure of tau can be subdivided into two major domains: the C-terminal 

assembly domain that is responsible for binding to MTs and the N-terminal projection 

domain that projects away from MTs when tau is bound to MTs. The distinction of these 

two domains is illustrated below in Figure 1. The middle region of tau (amino acids 151-

243) links the projection domain with the MT assembly domain and consists of a Pro-rich 

region. This region is the target of proline-directed kinases such as glycogen synthase 

kinase 3β (GSK3β), cyclin-dependent kinase 5 (CDK5), mitogen-activated protein kinase 

(MAPK), and JUN N-terminal kinase (JNK) among others (Y. Wang & Mandelkow, 2016). 
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Figure 1. The human MAPT gene and the splice isoforms of tau in the human brain. MAPT, the 

gene encoding human tau, contains 16 exons (Neve et al., 1986). Exon 1 (E1), E4, E5, E7, E9, E11, 

E12, and E13 are constitutive, whereas the others are subject to alternative splicing. E0 and E1 

encode the 5ʹ untranslated sequences of MAPT mRNA, whereas E14 is part of the 3ʹ untranslated 

region. E0 is part of the promoter, which is transcribed but not translated. E4a, E6, and E8 are 

transcribed only in peripheral tissue. Tau can be subdivided into two major domains: the MT 

assembly domain in the carboxy‑terminal section (responsible for binding to MTs and for tau 

aggregation) and the projection domain (amino‑terminal section that projects away from MTs). 

The Pro-rich region that links the two domains contains seven PXXP motifs, which serve as 

binding sites for signaling proteins with SRC homology 3 (SH3) domains (such as the tyrosine 

kinase FYN) (G. Lee, Todd Newman, Gard, Band, & Panchamoorthy, 1998). In AD and other 

tauopathies, these motifs become hyperphosphorylated and thereby can be recognized by several tau 

phosphorylation-dependent antibodies (not shown here). Mutations of tau are mostly clustered in 

or near the repeat domains, denoted below the protein. Adapted from (Y. Wang & Mandelkow, 

2016). 

 

Tau is an intrinsically disordered protein, meaning it has no fixed or ordered 3D-

structure, making structure-function studies relatively difficult to conduct. However, 

certain structural motifs and features have been identified. Nuclear magnetic resonance 



 

6 
 

(NMR) and small-angle X-ray scattering illustrate that normal tau is ‘intrinsically 

disordered’ or ‘natively unfolded,’ (Mukrasch et al., 2009). Despite this, tau protein readily 

undergoes a global conformation change to form a folded, paperclip-like shape, in which 

the N-terminal, C-terminal, and the repeat domains all approach each other (Jeganathan, 

Von Bergen, Brutlach, Steinhoff, & Mandelkow, 2006). Truncation of tau prevents the 

formation of the ‘paperclip’ structure, possibly promoting tau aggregation. A more in-

depth discussion of tau structure can be found in the ‘Tau Interactions with Microtubules 

& Tubulin’ section below. 

In the brain, tau is mainly found in neurons but is also present at low levels in glia 

(Lopresti, Szuchet, Papasozomenos, Zinkowski, & Binder, 1995; Miyazono et al., 1993). 

Tau has also been detected outside of cells, although the mechanism underlying tau 

release remains unclear (Y. Wang & Mandelkow, 2016). Tau has also been found to be 

naturally expressed in non-nervous system tissues such as skeletal muscle, kidney, and 

breast tissue, although not to the same extent as in the brain (“Tissue expression of MAPT 

- Summary - The Human Protein Atlas,” n.d.). In the adult brain all six isoforms of tau are 

expressed, whereas in the fetal brain only the shortest tau isoform is expressed (0N3R). In 

the adult human brain, expression levels of the 3R and 4R forms are roughly equal and 

the 2N isoform is underrepresented compared with 0N and 1N tau, with 0N, 1N, and 2N 

tau isoforms comprising approximately 37%, 54%, and 9% of total tau, respectively (M. 

Goedert & Jakes, 1990). Transgenic mice are widely used as models for the investigation 

of tauopathies, however, they may not be completely representative of the human form 

of the disease. For example, the adult mouse brain almost exclusively expresses the three 
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isoforms of 4R tau only, whereas in humans all six isoforms are expressed (Kosik, 

Orecchio, Bakalis, & Neve, 1989; Takuma, Arawaka, & Mori, 2003). 

The distribution of tau within neurons is dependent upon multiple proposed 

sorting mechanisms that is also developmentally regulated (Drubin, Caput, & Kirschner, 

1984). Before neurites begin to form, tau is distributed evenly in the soma. As neurites 

begin to emerge, tau moves evenly into them as well until polarity is established and one 

neurite becomes the axon. Tau then becomes enriched in the axons of neurons; however, 

minor amounts can still be found in the dendrites and cell nuclei (Papasozomenos & 

Binder, 1987; Sultan et al., 2011). There are a few hypotheses about how the tau 

distribution process occurs at the mRNA and at the protein level. At the mRNA level, tau 

mRNA has been shown to be preferentially translated in axons (Morita & Sobuě, 2009). 

Tau mRNA also distributes towards proximal axons, mediated by a 3’ untranslated region 

axonal localization signal (Aronov, Aranda, Behar, & Ginzburg, 2001; Litman, Barg, 

Rindzoonski, & Ginzburg, 1993). At the protein level, tau has a slower turnover in the 

axons than in the somatodendritic compartment, a higher affinity to MTs in the axons 

than in the dendrites, and quick axonal transport after synthesis (Hirokawa, Funakoshi, 

Sato-Harada, & Kanai, 1996; Kosik, Crandall, Mufson, & Neve, 1989).  An axon initial 

segment barrier has also been reported, that inhibits the retrograde diffusion of tau back 

into the dendrites (Li et al., 2011). However, these sorting mechanisms also seem to be 

isoform-dependent, therefore it is likely that tau protein serves different functions in 

different environments (C. Liu & Götz, 2013). 
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The expression of tau isoforms in the human brain shows not only temporal 

distinctions throughout development but also significant regional variation. For example, 

the mRNA and protein levels of tau in the white matter and cerebellum are just one half 

of that in the neocortex (Trabzuni et al., 2012). The splicing of MAPT also exhibits regional 

differences; for instance, there is less 0N3R tau in the cerebellum than in other regions 

(Boutajangout, Boom, Leroy, & Brion, 2004; Trabzuni et al., 2012). The two N-terminal 

inserts may affect the subcellular distribution of tau in neurons as well, as shown in mice 

where 0N, 1N, and 2N tau isoforms each show distinct subcellular distributions (C. Liu & 

Götz, 2013). Mouse and human tau proteins are highly homologous between N1 and the 

C terminus (with 92% sequence similarity), but differ significantly over the N-terminal 

header (with just 57% sequence similarity) (Adams et al., 2009; M. Goedert, Wischik, 

Crowther, Walker, & Klug, 1988). Overall, the variation of tau expression may contribute 

to the differential vulnerability of brain regions to tau pathology, but mouse models may 

not accurately recapitulate human tau structure and expression. 

 

Tau Protein Phosphorylation & Other Post-Translational Modifications 

Several recent studies show a strong indication that phosphorylation and other 

post-translational modifications of tau have important roles in development, physiology, 

and pathophysiology. These modifications include, but are not limited to, 

phosphorylation (and hyperphosphorylation), dephosphorylation, acetylation, 

glycosylation, glycation, deamidation, isomerization, nitration, methylation, 
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ubiquitylation, sumoylation, and truncation (Y. Wang & Mandelkow, 2016). In 

development, fetal tau usually carries an average of seven phosphoryl groups where adult 

tau normally carries much less (about 2 phosphoryl groups per tau molecule) (Kanemaru, 

Takio, Miura, Titani, & Ihara, 1992). However, in AD adult tau is phosphorylated more 

than fetal tau on average, carrying eight phosphoryl groups per molecule (Kopke et al., 

1993). These studies suggest that it is not just the phosphorylation, but the excess 

phosphorylation of tau that is pathological. It is also important to note that the nature of 

the brains in these post-mortem studies may not reflect the true phosphorylation levels of 

tau in vivo, as it has been shown that the post-mortem interval can lead to 

dephosphorylation of soluble tau by phosphatases (Matsuo et al., 1994). 

In the longest tau isoform (2N4R) there are as many as 85 potential 

phosphorylation sites, most of which are accessible when tau is in its unfolded structure, 

consisting of 80 Ser or Thr phospho-sites and 5 Tyr phospho-sites (Y. Wang & Mandelkow, 

2016). About 45 of these phosphorylation sites have been observed experimentally 

(Hanger, Anderton, & Noble, 2009). In AD, there are 17 Thr-Pro or Ser-Pro motifs located 

around the flanking regions of tau that are abnormally phosphorylated and are targets of 

many signal-transducing kinases. MT affinity regulating kinases (MARKs/PAR1 kinases) 

have also been shown to phosphorylate tau in or near the repeat domain (Hanger et al., 

2009). Tau can also be phosphorylated by SRC family tyrosine-kinases such as FYN at 

Tyr18 and ABL family members at Tyr394, and phosphorylation at these sites has been 

found in PHFs of patients with AD (Hanger et al., 2009; Rosseels et al., 2015). Conversely, 

multiple protein phosphatases have been shown to play a role in the dephosphorylation 
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of tau, which may have a protective effect against hyperphosphorylation (Hanger et al., 

2009). Phosphorylation of tau also plays an important part in regulating tau’s binding to 

MTs, which is discussed further below. 

Hyperphosphorylation of tau at many of the sites mentioned above suggests a 

variety of mechanisms that may produce pathologic conditions. For instance, 

hyperphosphorylated tau has been observed to cause synaptic dysfunction after 

missorting from the axons to the somatodendritic compartment (Hoover et al., 2010; Thies 

& Mandelkow, 2007; Zempel, Thies, Mandelkow, & Mandelkow, 2010). 

Hyperphosphorylated tau may also alter its degradation and truncation via proteases, for 

example, phosphorylation at Ser262 or Ser356 prevents tau from being recognized by the 

C terminus of HSP70-interacting protein-heat shock protein 90 complex, avoiding 

degradation (Dickey et al., 2007). Hyperphosphorylation of tau is also thought to increase 

the aggregation of tau and is discussed further below (Grundke-Iqbal et al., 1986). 

Hyperphosphorylated tau is also thought to induce pathology via indirect mechanisms 

such as impairment of the formation of the kinesin complex, which mediates axonal 

transport (Ittner, Ke, & Götz, 2009). In AD, hyperphosphorylation of tau is thought to 

accentuate tau aggregation into PHFs and NFTs, however this still debated and is 

discussed further below (Grundke-Iqbal et al., 1986). 

Tau can be acetylated at a few Lys residues in the flanking region or in the repeat 

domain of tau by the P300 acetyltransferase or by the CREB-binding protein (Cook, 2014; 

Min et al., 2010). One of these Lys sites (Lys280) can be auto-acetylated by tau due to its 
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intrinsic acetyltransferase activity (Cohen, Friedmann, Hwang, Marmorstein, & Lee, 

2013). The effect of tau acetylation depends on the residue being acetylated, as acetylation 

can both facilitate and inhibit tau degradation (Cook, 2014; Min et al., 2010). This leads to 

differential findings regarding the overall pathological effect of tau acetylation. In patients 

with AD and in the rTg4510 transgenic mouse model, normal tau acetylation at residues 

Lys259, Lys290, Lys321, or Lys353 is reduced, indicating that acetylation is necessary for 

normal tau function (Cook, 2014). However, acetylation at Lys280 has been shown to be 

pathological and was detected in AD, AGD, tangle-predominant senile dementia (TPSD), 

PiD, FTDP-17, and PSP (Irwin et al., 2013). Tau acetylation at Lys174 was also found in 

human AD brains and appeared to be critical for tau-induced toxicity (Min et al., 2015). 

Of the other post-translational modifications mentioned above, glycosylation, 

glycation, nitration, methylation, and truncation of tau will be briefly discussed. Tau is 

modified by N-glycosylation only in AD brains, where it may facilitate tau 

hyperphosphorylation by changing the conformation of tau so that dephosphorylation is 

suppressed and phosphorylation is accelerated (F. Liu, Zaidi, Iqbal, Grundke-Iqbal, & 

Gong, 2002). It is also proposed to help stabilize the structure of PHFs (J. Z. Wang, 

Grundke-Iqbal, & Iqbal, 1996). Glycation of tau is detected in PHFs and might reduce the 

binding of tau to MTs (Ledesma, Bonay, & Avila, 1995; Watanabe et al., 2004; Yan et al., 

1995). Nitration of tau at Tyr18, Tyr29, and Tyr394 alters the confirmation of tau and can 

promote or inhibit aggregation depending on the nitration site; this has been detected in 

AD and other tauopathies (Reyes, Geula, Vana, & Binder, 2012). Methylation of tau was 
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shown to suppress its aggregation, as in vitro studies of human AD brains show less 

methylation of PHF-tau than in normal human brains (Funk et al., 2014). 

The truncation of tau could produce fragments with higher aggregation 

tendencies due to the disruption of the paperclip-like structure of the native protein. Tau 

truncation and fragments have been observed in AD and other tauopathies and may even 

induce neurodegeneration independent of tau aggregation (Y. Wang & Mandelkow, 

2016). A 20-22-kDa N-terminal tau fragment, proposed to have been generated by 

caspases, was detected in an AD mouse model and in the cerebrospinal fluid of patients 

with AD and was found to be neurotoxic in primary neurons (Corsetti et al., 2015). 

Another tau fragment found in the human brain that does not contain the negatively 

charged N-terminal is thought to promote acetylation and detyrosination of α-tubulin in 

cultured cells (Derisbourg et al., 2015). The effect on tau pathology is unknown, but the 

fragment does have a stronger affinity for MTs than full length (2N4R) tau (Derisbourg et 

al., 2015). One recent study describes a novel pathological process in which caspase-2 

cleavage of tau at Asp314 impairs cognitive and synaptic function in animal and cellular 

models of tauopathies by promoting the missorting of tau to dendritic spines. The 

truncation product, Δtau314, was present at higher levels in brains from cognitively 

impaired, rTg4510 mice and humans with AD (Zhao et al., 2016).  
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The Role of Tau Protein in Cell Mechanics & Neuroscience 

Tau protein was first identified in 1975 by Weingarten and colleagues as a protein 

contaminant that co-purified with MTs. This contaminant, known as the “microtubule-

associated protein tau,” was found to be critical for MT stability (Weingarten, Lockwood, 

Hwo, & Kirschner, 1975). It was later discovered that tau protein is the major constituent 

of NFTs, one of the two major pathological hallmarks of AD (Orr et al., 2017). Today, the 

most well-described role for physiological tau is to bind and stabilize MTs, particularly 

the MTs of neuronal axons (Holtzman et al., 2016). In adult neurons, tau is distributed 

mainly in the axons and associates with MTs through the repeat MT assembly domain 

and flanking regions. The net effect of this binding is the promotion of MT assembly, MT 

stabilization, and regulation of dynamic instability of MTs (Feinstein & Wilson, 2005; 

Mandelkow & Mandelkow, 2011). The MT regulatory function of tau is discussed further 

below. More recently, tau has been found to exhibit several novel functions other than 

stabilizing MTs. Specifically, tau demonstrates different functions in the different 

subcellular compartments of neurons such as axons, dendrites, and the nucleus, although 

the mechanism of this discrepancy is not fully understood (Y. Wang & Mandelkow, 2016). 

 Axonal tau has been found to regulate transport in this subcellular compartment 

by influencing the function of the motor proteins kinesin and dynein. Kinesin transports 

cargoes towards the axon terminal (towards the plus-ends of MTs) and dynein transports 

cargoes towards the cell body (towards the minus-ends of MTs) (Stamer, Vogel, Thies, 

Mandelkow, & Mandelkow, 2002). First, tau can slow down anterograde and retrograde 

transport by competing with kinesin and dynein for binding to MTs. This reduces the 
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binding frequency, run length, and motile fraction of these motor proteins, but does not 

seem to affect the motor velocity (Dixit, Ross, Goldman, & Holzbaur, 2008; Stamer et al., 

2002). Tau inhibits kinesin more strongly than it inhibits dynein, leading to an overall 

accumulation of cargoes such as mitochondria in the cell body. Tau can also reduce the 

number of motor proteins that are engaged with cargoes (Vershinin, Carter, Razafsky, 

King, & Gross, 2007), compete with other cargoes for available kinesin (while acting as a 

cargo itself) (Konzack, Thies, Marx, Mandelkow, & Mandelkow, 2007; Utton, Noble, Hill, 

Anderton, & Hanger, 2005), regulate the release of cargo vesicles from kinesin chains 

(Kanaan et al., 2011), and facilitate the interaction of dynactin with MTs to stabilize the 

interaction of dynein with MTs (Magnani et al., 2007). However, these studies, performed 

in vitro or in cultured cells, do not agree with in vivo studies where the deletion or 

overexpression of tau in mice had little effect on axonal transport (Yuan, Kumar, 

Peterhoff, Duff, & Nixon, 2008). Therefore, there are probably additional in vivo processes 

to compensate for the impact of tau on axonal transport seen in in vitro studies.  

Tau also seems to be important in neurite formation and axon elongation and 

maturation, however, this function needs further investigation as there are controversial 

results from different tau-knockout mice (Caceres & Kosik, 1990). It is of note, however, 

that these studies found the knockdown of tau to inhibit neurite formation entirely and 

the overexpression of tau to promote the formation of neurites even in non-neuronal cells 

(Caceres & Kosik, 1990; Knops et al., 1991). More recent studies have shown that the 

overexpression of another MAP, MAP2c, induces neurite formation in neuro-2a cells 

through rapid accumulation and bundling of stable MTs bound by MAP2c (Dehmelt, 
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Nalbant, Steffen, & Halpain, 2006). Since tau shares at least one MT binding motif with 

MAP2, it is entirely possible that tau and MAP2 may be acting on MTs through the same 

or similar mechanisms (S. A. Lewis, Wang, & Cowan, 1988). Interestingly, tau was found 

to protect MTs against the severing effects of katanin so that when tau was depleted axon 

branching was increased. This suggests that detachment of tau from MTs might be a 

mechanism for regulating branch formation (Qiang, Yu, Andreadis, Luo, & Baas, 2006).  

Tau has also been observed to interact with another constituent of the cytoskeleton 

besides MTs—actin filaments—inducing aligned bundles and modifying the organization 

of the cytoskeletal network (Biernat et al., 2002). The phosphorylation of tau appears to 

alter this association with actin, as phosphorylated tau was found in rod-like inclusions 

of cofilin and actin (Whiteman et al., 2009). Another more recent study in live cells found 

tau colocalizes with MTs and actin filaments at the interface between actin filament 

bundles and dynamic MTs in filopodia, suggesting that tau links these two 

cytoskeletons—at least during initial neuronal development. The same study also found 

tau knockdown reduced axon outgrowth and growth cone turning in Wnt5a gradients, 

likely due to disorganized MT bundling (Biswas & Kalil, 2018). Another recent study 

visualized microtubule-associated protein 4 (MAP4), MAP2, and tau bound to F-actin and 

MTs simultaneously, forming F-actin/MT hybrid bundles, although tau had the weakest 

bundle-forming activity. Interestingly, the MT assembly-promoting activity of MAP4 and 

MAP2, but not of tau, was upregulated by their interaction with F-actin, suggesting that 

tau may play a mediator role in cytoskeletal dynamics such as protrusion formation (Doki 

et al., 2020). 
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 While dendritic and nuclear tau is sparsely distributed, some interesting functions 

of tau in these compartments have been discovered. Dendritic tau is possibly involved in 

the regulation of synaptic plasticity, the ability of synapses to strengthen or weaken over 

time in response to increases or decreases in their activity—thought to contribute to 

learning and memory (Y. Wang & Mandelkow, 2016). In one study, endogenous tau from 

the dendritic shaft translocated to the excitatory postsynaptic compartment after 

pharmacological synapse activation in cultured mouse neurons and hippocampal slices 

(Frandemiche et al., 2014). Tau has also been detected in the nucleus of neurons, human 

fibroblasts, and human neuroblastoma cells (Loomis, Howard, Castleberry, & Binder, 

1990; Sjöberg, Shestakova, Mansuroglu, Maccioni, & Bonnefoy, 2006). Nuclear tau in 

cultured neurons appears to assist in maintenance of genomic DNA, and cytoplasmic and 

nuclear RNA (Sultan et al., 2011; Violet et al., 2014). Additionally, tau aggregates were 

found in the nuclei of neurons from patients with HD or AD, but it is unclear what the 

effects may be (Fernández-Nogales et al., 2014). 

 Other physiologic functions of tau include, but are not limited to, neuronal 

activity, long-term depression (LTD), and neurogenesis (Y. Wang & Mandelkow, 2016). 

Many of these novel functions derive from the use of tau-knockout mice in neuroscience 

studies that exhibit pathological changes only recently noticeable and quantifiable, since 

early investigations did not show any overt phenotype in young tau-knockout mice, most 

likely due to compensation by other MAPs where necessary (Harada et al., 1994). To 

begin, tau has been shown to play a role in regulating neuronal activity through mediating 

pathological network hyperexcitability. For instance, genetic depletion of tau protected 
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against excitotoxicity in mice overexpressing human amyloid precursor protein (APP), in 

mice expressing a mutation in the gene encoding the voltage-gated sodium channel 

subunit Nav1.1, as well as in mice lacking the voltage-gated potassium channel Kv1.1 

subunit (Gheyara et al., 2014; Holth et al., 2013; Ittner et al., 2010; Leroy et al., 2012; 

Roberson et al., 2007). Unfortunately, not much is known about the role of tau in normal 

neural network activity (Lei et al., 2014). 

It has also been found that there may be a role for tau in synaptic plasticity, 

specifically in the processes of LTD and/or long-term potentiation (LTP) (Ahmed et al., 

2014; Kimura et al., 2014). LTP is a form of activity-dependent plasticity which results in 

the persistent enhancement of synaptic transmission, whereas LTD results in the 

reduction of efficacy of synaptic transmission (Bliss & Cooke, 2011). Most neuroscientists 

believe that LTP and LTD are the actual synaptic processes underlying learning and 

memory, however, this has not yet been definitively resolved (Martin, Grimwood, & 

Morris, 2000; Sanes & Lichtman, 1999). In both in vivo and ex vivo studies, an impairment 

of LTD but not LTP (or vice versa (Ahmed et al., 2014)) was observed in the hippocampus 

of tau-knockout mice (Kimura et al., 2014). Different methods used to induce LTD, 

different knockout lines, or the ages of the mice may contribute to this discrepancy. 

Another set of studies found that adult hippocampal neurogenesis in tau-knockout mice 

was severely diminished (X. P. Hong et al., 2010), but in a different tau-knockout line no 

reduction in neurogenesis was observed—only a decrease in migration of immature 

neurons from the subgranular zone of the hippocampal formation to the granular layer 
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(Fuster-Matanzo et al., 2009). Despite contrasting results, the papers discussed point to 

some involvement of tau in synaptic plasticity and neurogenesis. 

 

Tau Interactions with Microtubules & Tubulin 

Microtubules are composed of globular protein subunits of αβ-tubulin 

heterodimers which stack end to end into linear protofilaments (Mahya Hemmat, Castle, 

& Odde, 2018). These protofilaments interact laterally to form a hollow, cylindrical tube, 

approximately 25 nm in outer diameter called a microtubule (MT). MTs generally have 13 

protofilaments, but this number can vary slightly (by 1-2 protofilaments) depending on 

the conditions or the organism (B. T. Castle & Odde, 2016). The MT lattice has a left-

handed helical pitch of 1.5 dimers per revolution, due to the slight offset of adjacent 

protofilaments (B. T. Castle & Odde, 2016). This alignment results in “an inherent polarity 

with α-tubulin monomers facing out at the minus-end and β-tubulin monomers facing 

outwards at the plus-end” (B. T. Castle & Odde, 2016). This is how molecular motors such 

as kinesins and dynein recognize MT polarity, with directional bias to move toward the 

plus-end or the minus-end, respectively (B. T. Castle & Odde, 2016). 

Other important aspects of MT dynamics are self-assembly and dynamic 

instability, in which individual MTs stochastically switch between extended periods of 

growth and rapid shortening, while the average length of the MT population remains 

relatively constant (Mitchison & Kirschner, 1984). Tubulin can either be bound by 

guanosine diphosphate (GDP) or guanosine triphosphate (GTP), the latter of which is 
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required for plus-end polymerization. Dynamic instability is tightly coupled to the 

presence or absence of a stabilizing region of GTP-bound tubulin at the end of the MT; 

when the GTP-tubulin stabilizing region is lost and unstable GDP-tubulin is exposed, the 

MT rapidly disassembles until a region of GTP-tubulin is restored (Desai & Mitchison, 

1997). In vitro, MTs exhibit dynamic instability at both the plus- and minus-ends. 

However, in vivo the minus-end is typically attached to centrosomes or gamma tubulin 

ring complexes, such that assembly dynamics mainly happen at the plus-end of the MT 

(B. T. Castle & Odde, 2016). Dynamic instability is modulated by a variety of MAPs, 

including tau, although the interaction of tau with MTs and tubulin is not yet completely 

understood. The following discussion summarizes what is known and what remains to 

be determined. 

One of the main mechanisms through which tau has been found to protect against 

MT depolymerization is by decreasing the dissociation of tubulin at both the plus- and 

minus-ends, resulting in an increased growth rate and decreased catastrophe frequency 

(Murphy, Johnson, & Borisy, 1977; B Trinczek, Biernat, Baumann, Mandelkow, & 

Mandelkow, 1995). In vitro, tau induces the formation of MTs at 37◦C and tubulin rings at 

20◦C with no self-assembly of tubulin alone, suggesting that tau may also induce MTs 

(Devred et al., 2004; Kutter, Eichner, Deaconescu, & Kern, 2016; Weingarten et al., 1975). 

Recently, tau was proposed to bind preferentially to GDP-tubulin from the MT lattice, 

avoiding GTP-tubulin at the dynamic plus-end cap and in agreement with a stabilizing 

role (Duan et al., 2017). In conflict, fluorescence resonance energy transfer (FRET) 

monitoring of tau has uncovered that tau decorates MT tips as well as the lattice (Breuzard 
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et al., 2013), and tau is unable to induce MT formation in vitro when only GDP-tubulin is 

present (Devred et al., 2004). Additionally, GFP-tagged tau was observed to be more 

abundant on the labile domain of MTs, the GTP-tubulin cap, in rat cortical neurons, and 

loss of MT mass was predominantly from the labile domain as well (Qiang et al., 2018). 

These authors propose that tau is not strictly a MT stabilizer, but rather allows MTs to 

conserve long labile domains (Baas & Qiang, 2019; Qiang et al., 2018). However, these 

studies used quantitative immunofluorescence that may not be representative of real-

time, in vivo MT dynamics and simply inferred the labile domain from nocodazole 

treatment experiments without single MT resolution. In addition, the “labile” region is 

presumably mostly GDP-tubulin lattice (B. T. Castle & Odde, 2016; Brian T. Castle, 

McKibben, Rhoades, & Odde, 2020) 

Tau was thought to bind MTs as individual molecules, although some reports 

suggested tau self-associates along the MT and forms intermittent solid patches 

(Ackmann, Wiech, & Mandelkow, 2000; Dixit et al., 2008). Three years ago, reports began 

to surface that tau can also undergo a phase transition under in vitro conditions of 

molecular crowding, resulting in the formation of tau liquid droplets that can concentrate 

tubulin 10 times or higher than the surrounding solution (Hernández-Vega et al., 2017). 

Nucleation of MTs is observed inside the tau drops, and elongation of the drops results in 

MT bundle formation which could support stabilization and provide enough plasticity 

for the formation of long axonal bundles of MTs. The function of tau drops is unknown, 

but they have been observed in GFP-tau transfected neurons (Wegmann et al., 2018). 
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Two more recent papers in Nature Cell Biology used total internal reflection 

fluorescence (TIRF) microscopy to show tau condenses into a monolayer patchwork of 

islands that coat MTs and regulate movement of molecular motors and action of enzymes 

(Siahaan et al., 2019; Tan et al., 2019). These patches share some properties with phase-

separated liquid droplets of tau, for example, both condensates are reversible, depend on 

tau concentration, can fuse with neighboring droplets/islands, and can be dissolved. 

However, the single-layer tau condensation on MTs does not take on a gel-like 

consistency, nor does it exchange as quickly with tau in solution. This suggests that MTs 

may have a stabilizing effect on tau (Tan et al., 2019). Both papers found that tau bound 

MTs in two ways, either diffusely as individual molecules or in dynamic islands of 

condensed tau proteins that decorated the length of MTs. The monolayer islands were of 

uniform density and grew and shrank from their outer boundaries, even fusing when they 

met along the MT. Their formation required a minimum concentration of soluble tau, 0.25 

nM and 5 nM, reported by Tan et al. and Siahaan et al., respectively (Siahaan et al., 2019; 

Tan et al., 2019). Interestingly, this concentration is in the range of normal physiologic tau 

concentrations, but it remains to be seen whether tau islands exist in vivo. Though the 

authors found tau patches on neurons in mice, all mechanistic experiments were 

performed in vitro. 

Within these islands, tau’s mobility slowed relative to tau bound to MTs as single 

molecules. Island tau exchanged more slowly with free tau and took longer to detach from 

MTs once free tau was removed from solution, suggesting that within these condensed 

patches, tau molecules interact with one another. Siahaan et al. found that kinesin-1 could 
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easily move between islands but fell off MTs as soon as it encountered an island. 

Conversely, the molecular motor Kip3 was able to move slowly through islands in 

addition to moving quickly between islands. They also found that condensed tau blocked 

MT severing by katanin (Siahaan et al., 2019). Tan et al. reported that the islands allowed 

movement of dynein complexes but blocked the MT-severing enzyme spastin (Tan et al., 

2019). Together, the data suggest that tau islands form selectively permissible barriers that 

spatially regulate the location and action of other MAPs. It is speculated that that other 

MAPs may form similar patches that spatially sort proteins and regulate transport as well, 

although this has not yet been reported (Hernández-Vega et al., 2017). 

 Additionally, it is thought that physiological and pathological phosphorylation as 

well as tau mutations may affect island dynamics; unfortunately, these theories have not 

yet been tested. Tan et al. did, however, identify critical regions of tubulin and tau 

necessary for condensation that differ from that observed with tau alone. They propose 

that tubulin’s C-terminal tails hinder the ability of single tau molecules to directly contact 

the surface of the tubulin dimer, but are required for tau condensation and facilitate direct 

contact of tau islands with the tubulin dimer surface (Kellogg et al., 2018; Tan et al., 2019). 

The group also truncated different domains of tau and found that the MT binding domain 

alone was excluded from condensates, while the isolated N-terminal projection domain 

exhibited only diffuse binding. The isolated C-terminus of tau and a “bonsai” construct 

consisting of a fusion between the N- and C-terminus, but lacking the MTBD, formed 

condensates, though more weakly than 2N4R (full length) tau. This indicates that the C-

terminus of tau permits other portions of the molecule to form condensates. Therefore, 
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potential hydrophobic interactions within the C-terminal may be important for the 

intermolecular interactions that underlie tau condensation (Tan et al., 2019). The group 

also showed that GFP-labeled tau preferentially forms patches on GDP-tubulin lattices 

and selectively condensates on curved MTs (Tan et al., 2019). 

Change in the natural ratio of tau isoforms has an indirect impact on MT assembly 

and dynamics due to the lower capacity of the 3R isoform (vs the 4R isoform) to stabilize 

MTs and polymerize tubulin (Panda, Samuel, Massie, Feinstein, & Wilson, 2003; Scott et 

al., 1991). 4R tau shows higher affinity for MTs and is better at enhancing MT assembly 

than 3R tau due to the addition of the 4th repeat domain, R2 (M. Goedert & Jakes, 1990). 

The two N-terminal inserts can influence the attachment or spacing between MTs and 

other cell components, as they are part of the projection domain of tau (Chen, Kanai, 

Cowan, & Hirokawa, 1992; Frappier, Georgieff, Brown, & Shelanski, 1994). It has long 

been considered that the N-terminal projection domain of tau modulates the formation of 

MT bundles (Chen et al., 1992; Rosenberg, Ross, Feinstein, Feinstein, & Israelachvili, 2008). 

In one model, the projection domain is proposed to exert a repulsive force on MTs based 

on atomic force microscopy (AFM) results (Mukhopadhyay & Hoh, 2001). In another 

model, tau is proposed to organize MT spacing by dimerization of the projection domain 

and the proline rich region on adjacent MTs (Rosenberg et al., 2008). It is unclear which 

model is correct and it is possible that both are right (Donhauser, Saunders, D’Urso, & 

Garrett, 2017). Finally, NMR and FRET studies have found the N-terminal domain of tau 

to remain disordered and highly flexible upon tubulin binding (Kadavath, Jaremko, et al., 

2015; Melo et al., 2016). 
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 Phosphorylation of tau also influences its interaction with MTs as well as the 

stabilization and assembly of MTs themselves. For example, the phosphorylation of 

Ser262 in the repeat domain of tau by MARK, PKA, or CaMKII can reduce the affinity of 

tau to MTs (Hanger et al., 2009). Another study directly compared the abilities of 

hypophosphorylated tau, hyperphosphorylated tau, and wild-type tau to bind MTs in 

Drosophila neurons and found that hypophosphorylated tau actually bound more strongly 

to endogenous MTs than hyperphosphorylated and wild-type tau (Talmat-Amar et al., 

2011). Phosphorylation of Thr231 in the flanking region of tau can trigger the detachment 

of tau from MTs after stimulating a trans-to-cis isomerization and conformational change 

of tau that reduces its affinity for MTs (P. J. Lu, Wulf, Zhou, Davies, & Lu, 1999). The trans 

conformation and MT binding ability of tau can be restored by an isomerase, PIN1 (P. J. 

Lu et al., 1999). Another interesting phenomenon in humans and mice after traumatic 

brain injury as well as in the brains of individuals with mild cognitive impairment or AD 

is the identification of cis tau (Kondo et al., 2015). Non-enzymatic post-translational 

modifications may affect tau’s interaction with MTs and facilitate tau aggregation 

(Ledesma et al., 1995); for instance, glycation of tau may reduce the binding of tau to MTs 

(Watanabe et al., 2004; Yan et al., 1995), nitration of certain tau Tyr residues reduces its 

binding to MTs via a conformation change and may promote aggregation (Reyes et al., 

2012), and truncated tau124–441 fragments exhibit stronger affinity for MTs than full length 

tau (2N4R) does, because the removal of the negatively charged N-terminal domain 

enhances its binding to the negative surface of MTs (Derisbourg et al., 2015). The 
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expression of this fragment can also promote acetylation and detyrosination of α-tubulin 

in cultured cells, but its relevance to tau pathology is unknown (Derisbourg et al., 2015). 

Tau forms a different conformation when bound to soluble tubulin as opposed to 

free tau and tau bound to assembled MTs. FRET experiments in vitro show that tau bound 

to soluble tubulin adopts an open conformation (Melo et al., 2016), and loses the global 

paperclip-like structure observed for free tau in solution (Jeganathan et al., 2006; 

Mukrasch et al., 2009; Schwalbe et al., 2014). Tubulin-bound tau retains its intrinsically 

disordered character, which may explain why tau is able to bind to more than one tubulin 

molecule (Martinho et al., 2018; Tompa & Fuxreiter, 2008). In contrast, FRET experiments 

in cells show that MT-bound tau does display the global, paperclip-like folding as seen in 

free tau in in vitro conditions (Di Primio et al., 2017; Jeganathan et al., 2006). However, 

when tau detaches from MTs in vivo, this global fold is lost, illustrating that the 

cytoplasmic environment is much more complex than can be reproduced in vitro (Di 

Primio et al., 2017). A cryo-EM study discovered that tau is randomly distributed on the 

MT surface, and additional FRET and fluorescence recovery after photobleaching (FRAP) 

studies in live cells similarly concluded that the distribution of tau-MT interactions along 

the MT is characterized by random tau diffusion coupled to differential binding phases 

(Breuzard et al., 2013; Santarella et al., 2004). Another more recent study named this 

diffusion model “kiss-and-hop interactions” in which tau is able to diffuse along MTs in 

either direction independent of active transport (Hinrichs et al., 2012).  
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Early studies by peptide mapping allowed the first characterization of the 

interaction between tau and MTs. The interaction was described as an array of weakly 

interacting sites with the MT binding region containing the four highly homologous 

repeats R1–R4 acting as the core (Butner & Kirschner, 1991; Bruce L. Goode, Chau, Denis, 

& Feinstein, 2000). More recently, a breakthrough study highlighted the crucial residues 

of the tau MT binding region that directly mediate the interaction, without the use of 

stabilizing agents other than tau (Kellogg et al., 2018). The study also confirmed the 

longitudinal mode of tau binding on MTs, as tau was found along the protofilaments. The 

observed interaction spans tau residues 242–367, covering the MT binding region, and is 

centered on the α-tubulin subunit with β-tubulin contacts on both sides. The study also 

showed that each repeat of the protein adopts an extended conformation that spans both 

intra- and inter- tubulin dimer interfaces, centered on α-tubulin and connecting three 

tubulin monomers. Residues 269–284 and 300–310 contain the two hexapeptide motifs 

275-VQIINK-280 and 306-VQIVYK-311 which form an extended structure in agreement 

with the EM observation of an extended conformation for R2 (Kadavath, Jaremko, et al., 

2015; Kellogg et al., 2018).  

Most structural data for the interaction of tau with MTs was obtained using MTs 

stabilized by exogenous agents such as paclitaxel (Taxol), which facilitates the study by 

decreasing the dynamics of the system. However, there are a number of studies that show 

differences between tau binding to Taxol pre-stabilized MTs, or to tau-induced MTs. For 

example, kinetic analysis of tau binding to Taxol-stabilized vs tau-induced MTs suggests 

the existence of two different binding sites for tau to tubulin, one of which overlaps the 
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Taxol binding site located on β- tubulin in the inner surface of MTs (Makrides, Massie, 

Feinstein, & Lew, 2004; Santwana Kar, Juan Fan, Michael J. Smith, Michel Goedert, 2003). 

Since tau may bind to MTs in a similar way as Taxol, it is obvious that Taxol-induced MT 

stabilization may affect the ability of tau to bind to MTs. However, studies utilizing Taxol-

stabilized MTs allowed for mapping of the binding region of the tau protein at the residue 

level (Sillen et al., 2007). Specifically, the proline rich region and the 10 amino acid residues 

located at the C-terminal end of the MT binding region were found to interact with MTs, 

and the basic residues in these regions are important for the interaction (B. L. Goode et al., 

1997; Kadavath, Jaremko, et al., 2015). One set of experiments compared tau binding to 

Taxol-stabilized MTs with tau binding to tubulin when tau is used as the exclusive inducer 

of MT polymerization (Martinho et al., 2018). Thiol-disulfide exchanges between tau and 

tubulin or Taxol-stabilized MTs were observed by electron paramagnetic resonance 

measurements of labels linked by disulfide bridges to two natural cysteines in tau. 

Differences in the kinetics of label release were observed between preformed, Taxol-

stabilized MTs and tau-induced MTs, representative of differences in tau binding kinetics. 

The measurements also helped localize the two acknowledged binding sites of tau on 

tubulin: the first one near Cys347 of the α-tubulin subunit and the second one near Cys131 

of the β-tubulin subunit, located at the interface between two protofilaments. The α-

tubulin subunit binding site may interact with Cys291 of tau in R2, and the β-tubulin 

subunit binding site could interact with Cys322 of tau in R3. The first site agrees with 

models proposing that the R2-R3 would encompass the interface between tubulin 

(Kadavath, Hofele, et al., 2015; Kellogg et al., 2018). However, both sites are less accessible 
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in Taxol-stabilized MTs, which may at least partially explain the much slower interaction 

kinetics of tau with Taxol-stabilized MTs (Martinho et al., 2018).  

Some evidence, as discussed above, suggests that tau has the ability to recognize 

different nucleotides states (Bechstedt, Lu, & Brouhard, 2014; Duan et al., 2017). It should 

be noted that Bechstedt et al. examined a concentration of tau below which it has been 

shown to influence MT dynamics (Drechsel, Hyman, Cobb, & Kirschner, 1992; Pryer et al., 

1992). Additionally, Duan et al. examined tau binding to MTs after pre-stabilization with 

Taxol, which has been shown to influence tau’s interaction with MTs (Samsonov, Yu, 

Rasenick, & Popov, 2004). Therefore, a study was needed to overcome these previous 

limitations. One of the most recent and relevant studies in this area found that tau 

preferentially binds GDP-tubulin (KD = 0.26 µM) over GMPCPP-tubulin (KD = 1.1 µM) in 

vitro as well as GTP-tubulin at growing MT tips in vitro and in vivo (Brian T. Castle et al., 

2020). This nucleotide preference causes tau binding to lag the growing MT plus-end by 

about 100-200 nm both in vitro and in live cells. Therefore, tau appears to be a 

“microtubule tip avoiding protein” and acts primarily by suppressing MT shortening 

rather than promoting MT growth. This study was the first to establish tau in a new class 

of tip avoiding MAPs, however, this study used only full length human tau (2N4R) and 

did not investigate the effects of other tau isoforms (Brian T. Castle et al., 2020).  

In addition, Castle et al. investigated the specific mechanisms by which tau may 

be able to distinguish the tubulin nucleotide states. Cryo-EM has illustrated that GTP-

tubulin in the MT lattice undergoes a compaction at the longitudinal interface upon 
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nucleotide hydrolysis, in contrast to GDP-tubulin (Alushin et al., 2014). This compaction 

could produce a change in the intradimer distance between tubulin subunits that is 

energetically favorable to tau binding. Intradimer distance is also reduced on the inside 

of the MT curves compared to straight regions, therefore tau nucleotide preference could 

also explain observations that tau preferentially binds curved regions of MTs (Samsonov 

et al., 2004). It is also important to note that tau’s nucleotide binding preference appears 

to be specific to tubulin in polymerized MTs and is not present when binding to tubulin 

dimers in solution (Brian T. Castle et al., 2020). Overall, it appears that full length 2N4R 

human tau exhibits GDP nucleotide preference as a result of structural changes in the MT 

lattice stemming from hydrolysis. This may become relevant to neuropathological states 

if it is found that tau mutations fail to properly recognize GDP-tubulin, becoming 

abnormally displaced and impacting MT dynamics. Indeed, tip avoiding activity enables 

tau to allow MT plus-ends to remain dynamic while also potentially protecting against 

large losses of MT mass during shortening. 

 

Tau Mutations & Pathophysiology 

To date, there are more than 80 tau mutations identified in the human MAPT gene 

(“MAPT | ALZFORUM,” n.d.). These mutations can be sorted into two categories: 

missense and splicing mutations. Missense mutations alter the sequence of tau, therefore 

changing the alternative splicing, whereas splicing mutations change the ratio of different 

tau isoforms but do not result in mutant tau protein. Most missense mutations, for 
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example, G272V, N279K, ΔK280, P301L, V337M or R406W, are located in or near the MT 

binding domain and therefore tend to have reduced affinity for MTs (Barghorn et al., 

2000). It was also found that these mutants had an increased probability of pathological 

aggregation (M. Hong et al., 1998). Most splicing mutations are located in or near intron 

10, increase the inclusion of exon 10 (R2), and therefore increase the ratio of 4R to 3R tau 

(Y. Wang & Mandelkow, 2016). In familial tauopathies, these mutations seem to be the 

cause of pathological tau aggregation, however, in sporadic tauopathies such as AD this 

causality is not as clear. Subsequent neurodegeneration may result from loss of function, 

gain of function, or tau mislocalization due to MAPT mutations. 

Loss of tau function is usually considered to be due to tau hyperphosphorylation 

and aggregation. For example, hyperphosphorylation of tau at the repeat domain reduces 

its MT binding and stabilization effect which may lead to axonal transport defects (Y. 

Wang & Mandelkow, 2016). Interestingly, tau mutation A152T is localized far away from 

the repeat domain but still decreases the binding of tau to MTs and enhances the 

formation of oligomers (Coppola et al., 2012). Another mutation outside the MT binding 

domain (RH5) disrupts binding of tau with the dynactin complex, compromising dynein 

activity, and possibly interfering with general axonal transport (Magnani et al., 2007).  In 

one study, it was found that expression of tau with a variety of mutations caused varying 

degrees of effects on MTs, including reduced binding of tau to MTs and disorganized MT 

morphology (Michel Goedert & Jakes, 2005). Tau aggregation decreases levels of soluble 

tau, which may also affect MT assembly as well as several of the novel functions of tau 

described in the sections above. Neurotoxicity due to loss of tau function was also 
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confirmed in adult tau-knockout mice in the form of behavioral impairments; tau was 

found to be necessary for normal neuronal and brain function (Lei et al., 2014).  

Gain of function of pathologic tau has also been demonstrated through various 

experiments focusing on the distinction between NFTs and oligomeric tau species. 

Growing evidence suggest that formation of NFTs is neither necessary nor sufficient for 

neurodegeneration; in brains of AD patient’s most neurons die without having developed 

NFTs at all, and tangle-bearing neurons may survive for up to 20 years (Gómez-Isla et al., 

1997; Morsch, Simon, & Coleman, 1999). Mouse models also confirmed that neuron loss 

is not correlated with NFT formation, and that tangle-bearing neurons can survive while 

appearing to function normally (Andorfer et al., 2005; Spires-Jones et al., 2008). In 

transgenic mouse models, soluble tau species appear to impair synaptic function and 

cause cognitive deficits before or without any NFT formation at all, suggesting that NFT 

formation may actually be a defense mechanism to remove pathogenic tau from the 

soluble tau pool (Y. Wang & Mandelkow, 2016). “In two regulatable transgenic mouse 

models expressing human tau with the P301L mutation (rTg4510) or expressing the repeat 

domain of tau with the ΔK280 mutation, switching off tau expression improved memory 

impairment even though NFTs remained, clearly showing that tau aggregates are not 

sufficient for neurodegeneration and the cognitive effects that are typically observed in 

these models (Santacruz et al., 2005; Sydow et al., 2011; Van Der Jeugd et al., 2012)” (Y. 

Wang & Mandelkow, 2016). However, in the long term PHFs or NFTs may sequester other 

cell components and occupy too much space in the cell, leading to dysfunction and 

neurodegeneration. 
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Recent studies have suggested that tau oligomers are the toxic species in analogy 

to the ‘amyloid cascade hypothesis’ in which soluble oligomers, rather than insoluble 

aggregates of amyloid peptides, are actually the cause of neurodegeneration in AD (Walsh 

& Selkoe, 2007). Indeed, tau oligomers are increased in AD brains, however, they have not 

been well characterized due to heterogeneous assay methods and oligomer preparations 

(Lasagna‐Reeves et al., 2012). For instance, some studies show tau prone to aggregation is 

toxic to cultured cells and another study shows oligomers only lead to loss of spines (Flach 

et al., 2012; Tepper et al., 2014; Tian et al., 2013). One study produced regulatable tau 

transgenic mouse models with a ‘pro-aggregant’ or an ‘anti-aggregant’ tau variant and 

found that it may just be the potential of tau to aggregate that is necessary for tau-induced 

toxicity (Eckermann et al., 2007). Hyperphosphorylated tau has also been proposed to 

have toxic gains of function independent of aggregation. Hyperphosphorylated tau was 

found to interact with JIP1 to impair the formation of kinesin complex, hindering axonal 

transport (Ittner et al., 2009). Another model of tauopathy concluded that the 

hyperphosphorylation of tau led to the abnormal alignment and accumulation of F-actin 

filaments, thereby inducing neurodegeneration (Fulga et al., 2007). 

Mislocalization of tau to the dendritic spines is another key pathological 

observation in many tauopathies. Hyperphosphorylation, mutations, and overexpression 

of tau can drive the mislocalization of tau into postsynaptic spines, resulting in synaptic 

dysfunction (Hoover et al., 2010; Tai et al., 2014; Thies & Mandelkow, 2007). For example, 

dendritic missorting of tau was induced in cultured primary neurons after treatment with 

Aβ oligomers. This promoted the translocation of tubulin tyrosine ligase-like enzyme 6 
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(TTLL6) into dendrites and subsequent severing of MTs by spastin (Zempel et al., 2013). 

Missorting of pathological tau to dendrites may also enhance Aβ toxicity by delivering 

FYN to postsynaptic sites where FYN phosphorylates and stabilizes the NMDA receptor 

(Ittner et al., 2010; Roberson et al., 2007). This leads to unusual stabilization of the 

interaction between NMDA receptors and postsynaptic density protein 95 (PSD95) and 

overstimulation by the excitatory neurotransmitter glutamate (Ittner et al., 2010; Roberson 

et al., 2007). An additional study highlighted the ability of truncated tau to missort into 

dendritic spines where it impairs cognitive and synaptic function in animal and cell 

models (Zhao et al., 2016). Intraneuronal tau aggregates may become extraneuronal when 

NFT-bearing neurons die, allowing them to be taken up by healthy neurons nearby 

(Serrano-Pozo et al., 2011). Mutated forms of tau have also been shown to spread between 

neighboring neurons via endocytosis and exocytosis, allowing the disease to propagate to 

unaffected areas (Gerson & Kayed, 2013). 

 

Tau Interaction with Itself & Aggregations 

As mentioned before, the native tau protein is relatively unfolded yet 

demonstrates a change in its global conformation to form a paperclip-like shape, in which 

the N-terminal, C-terminal and the repeat domains all approach each other (Jeganathan 

et al., 2006). Truncation of tau prevents the formation of this structure and might thereby 

promote tau aggregation. When tau aggregates into PHFs, the repeat domain of tau forms 

the core and the C- and N-terminal domains form a ‘fuzzy coat’ surrounding the core 
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(Wischik et al., 1988). The cores contain β-structures while the fuzzy coat of PHFs remains 

highly flexible. Because of this the fuzzy coat is remarkably difficult to image; therefore, 

its structure is largely obscure (hence, ‘fuzzy’ coat). However, it can be viewed as a two-

layered polyelectrolyte brush that may contribute to the stabilization of tau fibrils 

(Wegmann, Medalsy, Mandelkow, & Müller, 2012). Given the normally unfolded nature 

of tau it seems counterintuitive that it would aggregate into well-ordered fibers, 

nonetheless, aggregation of tau is characteristic of several neurodegenerative diseases.  

Interestingly, tau aggregates are also found in the brains of patients without cognitive 

impairment, with a condition called primary age related tauopathy (PART), possibly 

indicating a protective function of aggregates (Crary et al., 2014; Jellinger et al., 2015). 

Despite this, it is unclear whether PART is a distinct tauopathy or rather an early stage of 

AD (Heiko Braak & Del Tredici, 2014). 

Two short hexapeptide motifs (VQIINK and VQIVYK) located at the beginning of 

R2 and R3, respectively, have been shown to be essential for tau aggregation and show 

tendency for forming β-sheet structures (Von Bergen et al., 2000). The VQIVYK motif, in 

particular, might start the process of fibril formation when the β-sheets become 

uncovered, enabling them to stack and interlock tightly (Sawaya et al., 2007). In fact, 

strengthening the β-structure with certain mutations like ΔK280 or P301L accelerated tau 

aggregation both in vitro and in vivo (Khlistunova et al., 2006). There is also some evidence 

that polyanions are capable of accelerating tau aggregation by compensating for the 

repulsive charges of tau and stabilizing the pro-aggregation conformation. For example, 

sulfated glycosaminoglycans such as heparin, carboxylated microbeads (M. Goedert et al., 
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1996; Kampers, Friedhoff, Biernat, Mandelkow, & Mandelkow, 1996; Wille, Drewes, 

Biernat, Mandelkow, & Mandelkow, 1992), and the protein immunophilin have also been 

shown to induce aggregation of tau in vitro (Giustiniani et al., 2014; Hernández, Cuadros, 

& Avila, 2004). 

Post-translational modifications, such as hyperphosphorylation and truncation, 

are also thought to drive tau aggregation although this is still a matter of debate. Because 

tau hyperphosphorylation precedes aggregation and aggregated tau shows 

hyperphosphorylation in patients with tauopathies and transgenic mice, it was assumed 

that phosphorylation drives aggregation of tau (F. Braak, Braak, & Mandelkow, 1994). 

However, there are conflicting reports; to begin, abnormally hyperphosphorylated tau 

isolated from human AD brains can self-assemble into PHFs in vitro (Alonso, Zaidi, 

Novak, Grundke-Iqbal, & Iqbal, 2001). However, in vivo, AD-like hyperphosphorylation 

of tau but not tau aggregation occurs during animal hibernation and in anaesthesia-

induced hypothermia, indicating that phosphorylation alone is not sufficient for tau 

aggregation and that other cofactors may be involved (Arendt et al., 2003; Planel et al., 

2007). In addition, phosphorylation at certain sites actually protects against aggregation 

(Schneider, Biernat, Von Bergen, Mandelkow, & Mandelkow, 1999), and tau aggregation 

without phosphorylation can be induced in vitro efficiently by polyanionic cofactors (M. 

Goedert et al., 1996; Kampers et al., 1996). In conclusion, tau phosphorylation alone does 

not appear to be sufficient for its aggregation, however, it may accelerate aggregation 

indirectly by detaching tau from MTs (Y. Wang & Mandelkow, 2012). Truncated tau 

fragments have shown to have a higher frequency of aggregation, such as the tau151-391 
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fragment found in PHFs taken from human AD brains (Wischik et al., 1988); transgenic 

rats expressing this fragment develop NFTs (Zilka et al., 2006). Another tau fragment 

produced by caspase 3 cleavage is prone to aggregation and formation of NFTs in human 

AD brains and in the Tg4510 tauopathy mouse model (De Calignon et al., 2010). Another 

fragment in human AD brains and in a P301S mouse model of tauopathy shows 

compromised MT assembly activity in addition to aggregation (Zhang et al., 2014).  

There are multiple models proposed to explain the mechanism of tau aggregation: 

a nucleation-elongation mechanism and a template-assisted model are the two that have 

gained the most attention so far. The nucleation-elongation mechanism postulates that the 

rate-limiting step for tau protein aggregation is the formation of an initial oligomeric 

nucleus for aggregation. Once formed, polymerization is occurs via direct addition of 

protein subunits to the growing ends of the fibre (aka elongation) (Von Bergen et al., 2000). 

In vitro, nucleation can be circumvented by using external seeds from preformed PHFs, 

accelerating overall assembly (Von Bergen et al., 2000); similarly in vivo, preformed PHFs 

can seed tau aggregation in cultured cells (Clavaguera et al., 2009; Peeraer et al., 2015). 

There is also some evidence suggesting tau can convert into various conformationally 

stable ‘strains,’ a property reminiscent of prion disease (Clavaguera et al., 2014; Sanders 

et al., 2014). This phenomenon is in line with the template-assisted model, in which the 

‘infectious’ tau protein acts as a template to catalyze the conformational changes of 

healthy tau protein to the diseased state, leading to pathological tau aggregation. While 

these models sound promising, whether either of them truly explain the mediation of tau 

aggregation is yet to be confirmed. 
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Disease-Associated Mutations: Tau P301L 

One of the most studied tau mutants is P301L tau. The mutation occurs in a highly 

conserved region of the tau sequence within exon 10, therefore only affecting the 4-repeat 

(4R) tau isoforms as exon 10 is spliced out of the 3-repeat (3R) isoforms. The Pro to Leu 

missense mutation at amino acid 301 is a point mutation (CCG to CTG), however, the 

mutation is not associated with a change in exon 10 splicing. Originally identified in a 

Dutch kindred (HFTD1), a U.S. kindred (FTD003) (Hutton et al., 1998), and in six French 

families (FTDP-17) (Dumanchin et al., 1998), the P301L mutation has since been found in 

approximately 32 families around the world. Indeed, tau protein with the P301L mutation 

has shown a reduced affinity for MTs and an increased tendency for aggregation in vitro 

(Barghorn et al., 2000; M. Hong et al., 1998) and in vivo (Di Primio et al., 2017; Nagiec, 

Sampson, & Abraham, 2001; Rodríguez-Martín et al., 2016; Vega et al., 2005). The P301L 

mutation also strengthens the β-structure of tau, accelerating tau aggregation both in vivo 

and in vitro (Khlistunova et al., 2006; Von Bergen et al., 2000).  

Many mouse models carrying this mutation in human tau have been generated, 

including the Tau P301L conditional line, the widely used triple transgenic 3xTg, the 

single transgenic JNPL3, and the conditional line rTg4510. The Tau P301L mouse research 

model is associated with tau hyperphosphorylation and conformational changes starting 

around seven months of age (“Tau P301L | ALZFORUM,” n.d.). These transgenic mice 

overexpress 2N4R (full length) human tau bearing the P301L mutation under the control 

of the neuron-specific murine Thy1 promoter (Terwel et al., 2005). Tangle-like pathology 

is mainly observed in the brain stem and spinal cord, and to a lesser extent in the midbrain 
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and cerebral cortex (Terwel et al., 2005). Tau P301L mice display age-associated deficits in 

two cognitive tests that do not depend heavily on motor ability, the passive avoidance 

task and a novel object recognition task (Maurin et al., 2014), however, at young ages Tau 

P301L mice actually outperform wild-type littermates in object recognition memory due 

to enhanced LTP (Boekhoorn et al., 2006). This occurs before hyperphosphorylation and 

tauopathy are apparent and may be due to accelerated dendritic spine maturation 

(Kremer et al., 2011). Premature death due to hindbrain tauopathy generally occurs 

between eight and 12 months (Dutschmann et al., 2010). 

The 3xTg line contains transgenic mutations in the genes encoding three different 

proteins: amyloid precursor protein (APP), presenilin-1 (PSEN1), and tau (MAPT). The 

APP mutation is a double point mutation at KM670 and 671NL and has been shown to 

increase total Aβ levels leading to amyloid pathology. The PSEN1 mutation is a single 

point mutation at M146V, and the MAPT mutation is a P301L point mutation (“3xTg | 

ALZFORUM,” n.d.). The line was generated by taking single-cell embryos from mice with 

knock-in mutant PSEN1 and injecting them with the other two human mutant transgenes 

(APP and MAPT, both under the control of the mouse Thy1.2 promoter). The transgenes 

integrated at a single locus on chromosome two, causing a 3 bp deletion that does not 

affect any known genes (Goodwin et al., 2019). These mice display both plaque and tangle 

pathology due to the overexpression of these transgenes in the hippocampus and cerebral 

cortex. Aβ intracellular deposition is progressive, starting at three or four months of age, 

and extracellular Aβ deposits appear by six months in the frontal cortex. By 12 to 15 

months of age, aggregates of conformationally-altered and hyperphosphorylated tau are 
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detected in the hippocampus (Billings, Oddo, Green, McGaugh, & LaFerla, 2005; Oddo et 

al., 2003). 

The single transgenic JNPL3 mouse line carries a transgene encoding 0N4R human 

tau with a P301L missense mutation driven by the mouse prion promoter. These mice 

were developed in the lab of Mike Hutton at the Mayo Clinic. Hemizygous animals 

express human tau at levels comparable to endogenous murine tau, whereas 

homozygotes express human tau at approximately twice the endogenous level 

(“JNPL3(P301L) | ALZFORUM,” n.d.). Transgene expression is strongest in the 

cerebellum and hippocampus and NFTs develop in an age and gene-dose dependent 

manner—as early as 4.5 months in homozygotes and 6.5 months in heterozygotes (J. Lewis 

et al., 2000). Behaviorally, 90% of JNPL3 mice exhibit motor and behavioral problems by 

ten months of age (J. Lewis et al., 2000). One study using the JNPL3 mouse model suggests 

that overall Tyr phosphorylation might contribute to tau aggregation after it was found 

that an increase in Tyr phosphorylation of tau highly correlated with the formation of tau 

aggregates (Vega et al., 2005). 

The rTg4510 tetracycline inducible mouse line expresses a repressible form of 

human tau containing the P301L mutation. The transgene, driven by a tetracycline 

operator, encodes 0N4R human tau with the P301L mutation as well as exons 2-3 of the 

mouse prion protein gene untranslated sequence. The CaMKIIα-tTA transgene contains 

the tetracycline-controlled transactivator protein (tTA) under control of the forebrain-

specific calcium/calmodulin-dependent kinase II promoter (“rTg(tauP301L)4510 | 
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ALZFORUM,” n.d.). This mouse has become a popular model since it was first introduced 

in 2005 as it allows researchers temporal control over mutant tau transgene expression 

and accurately phenocopies the tau pathology and neurodegeneration observed in human 

tauopathies (Ramsden et al., 2005; Santacruz et al., 2005). However, a 2019 study showed 

that disruption of an endogenous mouse gene, caused by random insertion of the tau 

P301L transgene, significantly contributes to the neuropathological and 

neurodegenerative phenotypes observed in rTg4510 mice (Gamache et al., 2019). 

Therefore, researchers are urged to be cautious in attributing findings in these mice purely 

to the expression of transgenic tau P301L. 

Keeping in mind that not all phenotypes in rTg4510 mice are necessarily due to 

tau P301L overexpression, rTg4510 mice express high levels of mutant tau (approximately 

13 times more than the level of endogenous murine tau) and develop progressive age-

related NFTs, neuronal loss, and behavioral impairments (Ramsden et al., 2005). 

Following transgene suppression neuronal death stops and cognitive decline is paused or 

even reversed (Blackmore et al., 2017; Santacruz et al., 2005; Spires et al., 2006). Bi-

transgenic rTg4510 mice produce tangle-like inclusions in the hippocampus by 5.5 months 

of age (Ramsden et al., 2005; Santacruz et al., 2005), however, suppression of tau P301L 

expression from conception through six weeks of age was able to delay the onset of tau 

pathology for up to six months (Helboe, Egebjerg, Barkholt, & Volbracht, 2017). rTg4510 

mice develop neuronal loss, although the timing and extent may vary between 

laboratories and suppression of tau P301L was able to preserve brain weight (Helboe et 

al., 2017; Santacruz et al., 2005). These mice also display significant (about 30%) loss of 
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dendritic spines at eight to nine months (Kopeikina et al., 2013). Plasticity of the 

hippocampus is disrupted in an age-dependent manner, with normal LTP at 1.3 months, 

but impaired LTP at 4.5 months (Hoover et al., 2010). Finally, rTg4510 mice also display 

age-dependent deficits in a variety of cognitive and behavioral tests. For example, 

retention of spatial memory in a Morris Water Maze became impaired between 2.5 and 4 

months, with females being more significantly impaired than males (Ramsden et al., 2005; 

Yue, Hanna, Wilson, Roder, & Janus, 2011). Additionally, spatial memory improved when 

the transgene was suppressed by dox (Santacruz et al., 2005). 

Many studies support the notion that the P301L disease phenotype is largely due 

to various post-translational modifications. In fact, one study in tau P301L expressing 

mice found that the solubility of tau is decreased and the phosphorylation at the AT180 

(Thr231), AT270 (Thr181), and 12E8 (KIGS262/356) epitopes of tau are increased with ageing 

(Deters, Ittner, & Götz, 2008). Additionally, Hoover et al. found a significantly higher level 

of phosphorylated S199 in murine neurons expressing P301L human tau than in neurons 

expressing WT human tau due to proline directed kinases (Hoover et al., 2010). 

Unfortunately, it is not always easy to determine specific residues that are phosphorylated 

due to poor antibody specificity; therefore, additional research needs to be done to 

determine additional key phosphorylation sites of P301L tau. In addition, when tau is 

acetylated at Lys259, Lys290, Lys321, or Lys353, tau degradation is facilitated, 

subsequently suppressing its phosphorylation and aggregation (Cook, 2014; Min et al., 

2010). Acetylation at Lys259, Lys290, Lys321, or Lys353 occurs in normal tau and is 

reduced in brains of rTg4510 transgenic mice and in individuals with AD (Cook, 2014). In 
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addition, both human AD and rTg4510 mouse models demonstrate tau aggregation and 

subsequent NFT formation after generation of the tau 1–421 fragment following cleavage of 

full length tau by caspase 3 (De Calignon et al., 2010). 

Although many alterations to tau implicated in disease have been shown to affect 

MT polymerization both in vitro and in vivo, virtually nothing is known about the 

mechanism by which these changes occur. The tau P301L mutant has been shown to 

interact with MTs and tubulin, although the conditions and conclusions have differed. An 

overall summary of tau P301L interaction with MTs follows, with specific examples of 

such studies. It is widely believed that tau with the P301L mutation exhibits reduced 

binding to MTs and a decreased ability to initiate tubulin assembly (Barbier et al., 2019). 

Specifically, the initiation rate is decreased but the tubulin polymerization reaches the 

same extent as seen in in vitro assays (M. Hong et al., 1998). Later in vitro studies confirmed 

the initial finding that mutations such as P301L affect the ability of tau to bind MTs and 

to promote tubulin assembly, however, there is no agreement on the extent of the specific 

effect of the mutation (Barghorn et al., 2000; Combs & Gamblin, 2012; DeTure et al., 2000). 

The effect of the tau P301L mutation on tau MT stabilizing capacity depends on the 

number of N-terminal inserts (0, 1, or 2 N isoforms) (Mutreja, Combs, & Gamblin, 2019). 

For the P301L mutation, the tau-dependent defects seem to diminish with the removal of 

each N-terminal insert, possibly due to different conformational changes induced by the 

mutation on the global paperclip-like structure of tau (Jeganathan et al., 2006). In in vivo 

studies, such as in mammalian cells expressing tau P301L, there is proportionally less tau 

bound to MTs when compared to wild-type tau binding (Di Primio et al., 2017; Nagiec et 
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al., 2001). However, a strong consensus on the impact of the P301L mutation in a cellular 

context has not yet been reached due to confounding results. For example, co-localization 

with MTs and generation of MT bundles was shown to be identical for both the tau P301L 

mutant and wild-type tau in neuroblastoma and CHO cells transfected with GFP-tagged 

tau constructs (DeTure et al., 2000). Overall, the isoform-specific effect of the P301L 

mutation might explain part of the discrepancies reported on the impact of P301L tau on 

MTs. 

As a specific example, one study isolated recombinant tau-4R (human 2N4R tau) 

and mutant tau-P301L (human 2N4R P301L tau) from wild-type, Δmds1, and Δpho85 yeast 

strains and measured binding to Taxol-stabilized porcine MTs in relation to their 

phosphorylation patterns (Vandebroek et al., 2006). Δmds1 and Δpho85 yeast strains are 

devoid of the kinases Mds1 and Pho85, the functional homologues of mammalian kinases 

GSK-3β and CDK5, respectively (Vandebroek et al., 2005). Tau-4R isolated from yeast 

lacking Mds1 was less phosphorylated and bound to MTs more strongly than Tau-4R 

isolated from wild-type yeast, whereas Tau-4R isolated from yeast lacking Pho85 

demonstrated increased phosphorylation resulting in very poor binding to MTs. 

Dephosphorylation promoted binding to MTs at uniform, high levels, and isolated, 

hyperphosphorylated, and conformationally altered Tau-4R completely failed to bind 

MTs altogether. Mutant Tau-P301L (human 2N4R P301L tau) was also expressed, isolated, 

and analyzed in parallel. Surprisingly, de-phosphorylated Tau-P301L isolated from all 

yeast strains bound with equal or higher affinity to MTs compared to de-phosphorylated 

Tau-4R, proving that the P301L mutation did not directly affect MT binding. Instead, it 
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was found that the P301L mutation indirectly affected MT binding via phosphorylation. 

Moreover, MT binding assays and AFM demonstrated that the high apparent binding of 

phosphorylated Tau-P301L was due to aggregation on the MT surface, causing 

pronounced MT deformation and bundling in vitro (Vandebroek et al., 2006). 

Another study performed in primary cortical neurons from P301L knock-in (KI-

P301L) mice aimed to determine the effects of murine P301L tau expression on the kinetics 

of mitochondrial axonal transport and tau phosphorylation (Rodríguez-Martín et al., 

2016). Dysregulation of mitochondrial activity and transport is associated with a number 

of age-related neurodegenerative disorders (De Vos, Grierson, Ackerley, & Miller, 2008; 

Exner, Lutz, Haass, & Winklhofer, 2012; Lin & Beal, 2006), and recent findings implicate 

defective mitochondrial function and dynamics induced by Aβ peptide and/or tau in the 

pathogenesis of AD (Amadoro et al., 2014; Eckert, Nisbet, Grimm, & Götz, 2014; Manczak 

& Reddy, 2012). In the 2016 study, researchers observed a significant reduction in the 

number of mitochondria in the axons and a significant increase in the volume of 

individual motile mitochondria in neurons derived from KI-P301L mice compared to 

wild-type neurons. They also found that tau phosphorylation and the ability of P301L tau 

to bind to MTs was reduced in KI-P301L mouse neurons compared to tau in wild-type 

neurons, however, the P301L mutation did not influence the ability of murine tau to 

associate with membranes in cortical neurons or in adult mouse brain. Overall, P301L tau 

was found to be associated with mitochondrial changes and caused an early reduction in 

murine tau phosphorylation coupled with impaired MT binding in neurons (Rodríguez-

Martín et al., 2016). 
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One recent in vitro study found that the tau P301L mutation results in an increased 

affinity for tubulin dimers while having a negligible effect on binding to stabilized MTs 

(Elbaum-Garfinkle, Cobb, Compton, Li, & Rhoades, 2014). As previously identified, tau 

P301L exhibits impaired tubulin polymerization, as well as increased aggregation 

propensity relative to wild-type tau protein and thus serves as a model for both loss of 

function and gain of toxic function aspects of tauopathies (M. Hong et al., 1998; Von 

Bergen et al., 2000). Using fluorescence correlation spectroscopy (FCS) to quantify binding 

of tau to soluble tubulin dimers, the 2014 study determined that the tau P301L mutant 

bound to tubulin more tightly than wild-type tau (KD wild-type tau ∼ 2.5 μM < KD tau 

P301L ∼ 1.0 μM). However, only minor differences in the affinity of tau P301L and wild-

type tau for Taxol stabilized MTs were observed; this was not surprising because most 

studies find bigger differences in the dynamics of MT polymerization than in MT affinity. 

Additionally, since the MTs were pre-stabilized with Taxol, tau may interact with and 

stabilize MTs via the same or a similar mechanism. It is of note that previous 

measurements quantifying binding of P301L tau to MTs have reported varying and 

conflicting results including a decrease, no significant difference, and even a slight 

increase in binding affinity relative to wild-type tau (Barghorn et al., 2000; M. Hong et al., 

1998; M. Lu & Kosik, 2001). Elbaum-Garfinkle et al. also determined that tau P301L was 

less effective at promoting MT polymerization than wild-type tau due to a more compact 

tubulin-bound structure than wild-type tau. Specifically, the moderate increase in tubulin 

binding affinity arising from the proline to leucine mutation in tau P301L is correlated 

with decreased capacity to polymerize tubulin. It was also found that tau P301L 
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aggregates more readily than wild-type tau, illustrating the important role tau and free 

tubulin interactions play in the role of tau pathology (Elbaum-Garfinkle et al., 2014).  
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CHAPTER 2 

 

SUMMARY 

This study aims to elucidate and quantify how different tau isoforms (2N4R (full 

length) tau and 0N4R tau) and a mutant (0N4R P301L tau) species affect well understood 

MT dynamic processes such as growth, shortening, catastrophe, and rescue. Since tau 

isoforms and mutants have been shown to exert differential binding affinity for MTs, we 

postulate that differences in biophysical properties of these tau species manifest in the 

observed effects on MT dynamic processes. These effects were monitored in real-time via 

MT-based assays using transient, fluorescent protein transfection, live cell TIRF 

microscopy, and subsequent biophysical analysis. In agreement with the relevant 

literature, we hypothesize that 0N4R tau displays the greatest affinity for MTs, followed 

by 2N4R (full length) tau and 0N4R P301L tau. We also hypothesize, since tau is 

considered to stabilize MTs, that MT dynamics are suppressed to an extent corresponding 

with the hypothesized MT affinity for that tau species, i.e. the tighter the tau-MT binding, 

the greater the suppression of MT dynamics. Surprisingly, we found that 2N4R (full 

length) tau has a larger MT affinity than 0N4R tau, with KD, 2N4R tau = 0.31 µM and KD, 0N4R tau 

= 3.2 µM. Because simple differences in MT affinity could not explain why 0N4R tau 

suppressed MT growth rate more than 2N4R (full length) tau, we postulate this may be 

due to a loss of tubulin nucleotide preference and MT tip avoidance during growth. It was 

determined that 2N4R (full length) tau exhibits tip avoidance (of ~200 nm) during growth 

only, in agreement with previous literature, while 0N4R tau does not demonstrate tip 
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avoidance at any time. Therefore, tip avoiders such as 2N4R (full length) tau do not 

influence MT growth rate as much as non-tip avoiders. Further in-depth investigation of 

tau-altered MT dynamics reveals both 2N4R and 0N4R tau suppress catastrophe and 

rescue of MTs through phenocopying microtubule-targeting agents (MTAs) to induce 

kinetic stabilization. We believe 2N4R (full length) tau acts as a “pseudo” kinetic stabilizer 

like Taxol, which promotes MT assembly, while 0N4R tau acts as a “true” kinetic 

stabilizer, most like colchicine. Loss of tip avoidance and GDP-tubulin nucleotide 

preference observed for the 0N4R tau isoform further supports its similarity to colchicine. 

Overall, our results indicate that 2N4R (full length) tau has at least two binding sites: one 

of higher affinity, which exhibits GDP-tubulin MT lattice preference, and one of lower 

affinity. 0N4R tau loses access to the higher affinity binding, eliminating its tubulin 

nucleotide preference, but retains access to the lower affinity binding. Uniquely, 0N4R 

P301L tau does not readily bind to MTs, indicating loss of both the higher and lower 

affinity binding, possibly due to a conformation change after the removal of the two N-

terminal inserts and the mutation on the second MT binding repeat. Possible implications 

for tauopathies include the decreased ability of 0N4R P301L tau to bind to MTs, which on 

its own may promote disease-associated progression of tau oligomerization. 

Alternatively, all tau constructs used in this study may have the same intrinsic affinity for 

MTs, however, the 2N truncation and P301L mutation inhibits tau from folding into its 

paperclip-like structure that prevents aggregation. Thus, MT binding may in fact result 

from the failure of tau to aggregate. By developing a biophysical basis for the interaction 
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of various human tau isoforms and mutants with MTs we can better hypothesize a 

mechanistic model for tau protein in diseased states such as AD and other tauopathies.  

 

INTRODUCTION 

MTs are a well-studied constituent of the cytoskeleton that exhibit dynamic 

processes such as growth, shortening, catastrophe, and rescue. They are composed of αβ-

tubulin heterodimers stacked end to end into linear protofilaments, 13 of which interact 

laterally to form a cylindrical tube ~25 nm in outer diameter called a MT (B. T. Castle & 

Odde, 2016; Mahya Hemmat et al., 2018). MTs exhibit important dynamic processes 

including self-assembly and dynamic instability, during which MTs stochastically switch 

between extended periods of growth and rapid shortening so that the average length of 

the MT population remains relatively constant (Mitchison & Kirschner, 1984). In part, 

dynamic instability is modulated by the tubulin nucleotide state, which is either bound 

by GDP or GTP (Desai & Mitchison, 1997). GTP-tubulin is required for plus-end 

polymerization and MT growth (Desai & Mitchison, 1997). When the GTP-tubulin 

stabilizing region at the MT tip is lost, an unstable GDP-tubulin region is exposed, and 

the MT rapidly disassembles until a GTP-tubulin region restored (Desai & Mitchison, 

1997). MTs can also exhibit kinetic stabilization after treatment with MTAs like 

vinblastine, Taxol, or colchicine (Brian T. Castle et al., 2017; M. Hemmat, Braman, 

Escalante, & Odde, 2020). Vinblastine is classified as a “true” kinetic stabilizer because it 

promotes MT disassembly, whereas Taxol is classified as a “pseudo” kinetic stabilizer 
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because it promotes MT assembly (Brian T. Castle et al., 2017). Colchicine is a “true” 

kinetic stabilizer, which acts by reducing MT growth and shortening rate while stabilizing 

tubulin lateral bonds (M. Hemmat et al., 2020). 

Tau is a MAP that was first identified as a protein contaminant that co-purified 

with MTs, critical for MT stability (Weingarten et al., 1975). Physiological tau binds to and 

stabilizes MTs of neuronal axons (Holtzman et al., 2016) and promotes MT assembly, 

stabilization, and dynamic instability (Feinstein & Wilson, 2005; Mandelkow & 

Mandelkow, 2011). NMR and small-angle X-ray scattering show normal tau is 

‘intrinsically disordered’ or ‘natively unfolded,’ with no fixed or ordered 3D-structure 

(Mukrasch et al., 2009). However, tau undergoes a global conformation change to form a 

paperclip-like structure where the N-terminal, C-terminal, and repeat domains all 

approach each other when bound to MTs in vivo (Di Primio et al., 2017; Jeganathan et al., 

2006). Tau interacts with MTs longitudinally along protofilaments, connecting three 

tubulin monomers centered on an α-tubulin subunit with β-tubulin subunit contacts on 

either side (Kellogg et al., 2018). While the residues of tau that directly mediate the 

interaction between tau and MTs span the MT binding region, both N-terminal isoforms 

as well as repeat domain isoforms have been shown to affect tau-MT interactions 

(Derisbourg et al., 2015; M. Goedert & Jakes, 1990; Kellogg et al., 2018). For example, 

removal of the negatively charged N-terminal repeats enhances tau binding to the 

negatively charged surface of MTs (Derisbourg et al., 2015). Additionally, an AFM study 

shows that the N-terminal projection domain exerts a repulsive force on MTs thought to 

organize MT spacing during MT bundle formation, however, removal of this force may 
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enhance tau’s binding to MTs (Chen et al., 1992; Mukhopadhyay & Hoh, 2001; Rosenberg 

et al., 2008). 

MT dynamic instability is modulated by many MAPs including tau; however, tau-

MT and tau-tubulin interactions are not completely understood. Studies focusing on tau’s 

interaction with specific tubulin nucleotide states suggest that tau protects against 

depolymerization by decreasing tubulin dissociation at both the plus- and minus-ends, 

leading to an increased growth rate and decreased catastrophe frequency (Murphy et al., 

1977; Bernhard Trinczek, Biernat, Baumann, Mandelkow, & Mandelkow, 1995). Tau can 

also induce MT formation in vitro at 37◦C and tubulin rings at 20◦C, with no self-assembly 

of tubulin (Devred et al., 2004; Kutter et al., 2016; Weingarten et al., 1975). Importantly, 

tau shows a preference for specific nucleotide states, binding to GDP MTs with a stronger 

affinity than GMPCPP (GTP-like) MTs (Duan et al., 2017). However, FRET monitoring 

found that tau decorates both MT tips and the lattice (Breuzard et al., 2013), tau cannot 

induce MT formation in vitro when only GDP-tubulin is present (Devred et al., 2004), and 

GFP-tagged tau was found to be more abundant on the GTP-tubulin MT cap or the labile 

region (Qiang et al., 2018). Therefore, it was proposed that perhaps tau is not a strict MT 

stabilizer, but instead allows MTs to conserve long, labile domains (Baas & Qiang, 2019; 

Qiang et al., 2018). It is of note that these studies used quantitative immunofluorescence 

that may not be representative of real-time, in vivo MT dynamics, and they inferred the 

labile domain from nocodazole treatment experiments without single MT resolution (Baas 

& Qiang, 2019; Qiang et al., 2018). Additionally, the labile domain is presumed to be 

mostly made up of GDP-tubulin lattice (B. T. Castle & Odde, 2016; Brian T. Castle et al., 
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2020). The most recent studies found that tau forms a monolayer patchwork of islands 

coating MTs and selectively condensates on curved MTs which often display GDP-tubulin 

(Siahaan et al., 2019; Tan et al., 2019). Additionally, Castle et al. reports that 2N4R (full 

length) tau displays a GDP-tubulin nucleotide preference and a fluorescence offset from 

the growing MT tip corresponding with previous estimates of the GTP cap size in the 

same cell line (Brian T. Castle et al., 2020; Seetapun, Castle, McIntyre, Tran, & Odde, 2012). 

Tau P301L is a mutation associated with tauopathies such as AD, in which 

hyperphosphorylated tau protein aggregates into PHFs and NFTs that ultimately leads to 

neuronal dysfunction and cell death (Hutton et al., 1998; Serrano-Pozo et al., 2011). There 

are over 80 tau mutations identified in the human MAPT gene that are either missense or 

splicing mutations (“MAPT | ALZFORUM,” n.d.). The P301L mutation is a missense 

mutation located on exon 10, the exon encoding the second MT binding repeat domain, 

and therefore only affects 4R isoforms (“MAPT | ALZFORUM,” n.d.). It is a Proline to 

Leucine point mutation at amino acid 301 (“MAPT | ALZFORUM,” n.d.). The P301L tau 

protein shows reduced affinity for MTs and an increased tendency for aggregation in vitro 

(Barghorn et al., 2000; M. Hong et al., 1998) and in vivo (Di Primio et al., 2017; Nagiec et 

al., 2001; Rodríguez-Martín et al., 2016; Vega et al., 2005), partially due to strengthening 

of the β-structure of tau (Khlistunova et al., 2006; Von Bergen et al., 2000). Various mouse 

models have been established to research the mutation and its effects on MTs; one popular 

inducible, transgenic line is the rTg4510 mouse model (“Research Models | ALZFORUM,” 

n.d.; “rTg(tauP301L)4510 | ALZFORUM,” n.d.). Tau P301L exhibits reduced binding to 

MTs and a decreased ability to initiate tubulin assembly (Barbier et al., 2019), confirmed 
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in vitro (Barghorn et al., 2000; Combs & Gamblin, 2012; DeTure et al., 2000), and in vivo 

there is proportionally less P301L tau bound to MTs vs wild-type tau (Di Primio et al., 

2017; Nagiec et al., 2001). However, there is no agreement on the extent of the specific 

effects this has in progression of disease states (Barghorn et al., 2000; Combs & Gamblin, 

2012; DeTure et al., 2000). At least part of the effect of the P301L mutation on tau’s MT 

stabilization ability depends on the number on N-terminal inserts the protein maintains 

(Mutreja et al., 2019); defects lessen with the removal of each N-terminal insert due to 

possible conformation changes which increase inherent MT affinity (Jeganathan et al., 

2006). However, there is no strong agreement on the impact of P301L tau in a cellular 

context, as some studies report a reduced affinity for MTs (Barbier et al., 2019; Combs & 

Gamblin, 2012; DeTure et al., 2000; Di Primio et al., 2017; M. Hong et al., 1998; M. Lu & 

Kosik, 2001; Nagiec et al., 2001; Rodríguez-Martín et al., 2016) and some report a greater 

or equal affinity for MTs (Barghorn et al., 2000; DeTure et al., 2000; Elbaum-Garfinkle et 

al., 2014; Vandebroek et al., 2006). An isoform-specific effect of the mutation may explain 

these discrepancies. 

This study aims to elucidate and quantify how different tau isoforms (2N4R (full 

length) tau and 0N4R tau) and a mutant (0N4R P301L tau) species affect well understood 

MT dynamic processes such as growth, shortening, catastrophe, and rescue. Briefly, a 

protocol for transient transfection of fluorescent tau-EGFP protein plasmids and 

subsequent live cell TIRF imaging was developed, creating a way to visualize these 

proteins in vivo at a subcellular level and in real time. As it has been shown that EGFP 

labeling of tau at the N- or C- terminus does not disrupt its MT binding or ability to 
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promote MT growth, for the purpose of this study it can be assumed that EGFP tags do 

not affect tau’s interaction with MTs in any way (Kaniyappan et al., 2020). Since tau 

isoforms and mutants have been shown to exert differential binding affinity for MTs, we 

postulate that differences in biophysical properties of these tau species manifest in 

differential effects on MT dynamics. In agreement with the relevant literature, we 

hypothesize that 0N4R tau displays the greatest affinity for MTs, followed by 2N4R (full 

length) tau and 0N4R P301L tau. We also hypothesize, since tau is considered to stabilize 

MTs, that MT dynamics are suppressed by an amount corresponding with the 

hypothesized MT affinity for that tau species, i.e. the tighter the tau-MT binding, the 

greater the suppression of MT dynamics. After LLC-PK1 cell transfection and live cell 

TIRF imaging, short videos illustrating MT bundling and altered MT dynamics were 

produced for each condition. Both 2N4R and 0N4R tau almost completely covered MTs 

and induced MT bundling, whereas 0N4R P301L tau hardly bound to MTs at all. When 

quantifying the effects of these tau-EGFP species on MT dynamics parameters, we found 

both 2N4R and 0N4R tau suppressed overall MT dynamics whereas 0N4R P301L tau 

surprisingly enhanced certain MT dynamics. This led us to the question: do differences in 

MT affinity account for quantified differences in the effects of tau species on MT 

dynamics? 

Next, we determined an inherent difference in MT affinity of the 2N4R and 0N4R 

tau species. To measure MT affinity, the equilibrium dissociation constant was estimated 

for each tau-EGFP isoform by carefully measuring concentrations of MT-bound and free 

tau-EGFP relative to background fluorescence and an EGFP-α-tubulin control. 0N4R 
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P301L tau was not able to be analyzed as no appreciable binding was observed in cells 

under this condition. Surprisingly, we found that 2N4R (full length) tau has a stronger 

MT binding affinity than 0N4R tau, with KD, 2N4R tau = 0.31 µM and KD, 0N4R tau = 3.2 µM. 

Because simple differences in MT affinity could not explain why 0N4R tau suppressed 

MT growth rate more than 2N4R (full length) tau, we postulate this may be due to a loss 

of tubulin nucleotide preference and MT tip avoidance during growth which has been 

previously identified for the 2N4R (full length) tau species (Brian T. Castle et al., 2020). 

Visually, no offset was observed for 0N4R tau during growth or shortening; fluorescence 

offset calculations using the TipTracker MATLAB code confirmed this. Therefore, we 

conclude that 2N4R (full length) tau may have at least two binding sites: one of higher 

affinity, which exhibits GDP-tubulin MT lattice preference, and one of lower affinity. 

0N4R tau loses access to the higher affinity site, eliminating its tubulin nucleotide 

preference, but retains access to the lower affinity site. Uniquely, 0N4R P301L tau does 

not readily bind to MTs, indicating loss of both the higher and lower affinity binding sites, 

possibly due to a conformation change after the removal of the two N-terminal inserts and 

the mutation on the second MT binding repeat. 

Differences in the estimated equilibrium dissociation constants as well as a large 

reduction in MT affinity for 0N4R P301L tau prompted us to further probe additional 

biophysical parameters using FRAP microscopy. Could differences between the off-rate 

or on-rate constants explain differences between the equilibrium dissociation constants 

determined for 2N4R and 0N4R tau? Additionally, could the 0N4R P301L tau phenotype 

be explained by a lower effective diffusion coefficient in the cytoplasm and subsequent 
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aggregation? FRAP experiments were conducted to determine an off-rate constant (koff) 

and an effective diffusion coefficient (Deff) for each tau-EGFP species both in cytoplasm 

(free tau-EGFP) and on MTs (MT bound tau-EGFP). However, these experiments could 

not be included in the body of this report due to inconsistent photobleaching, and 

additional experiments could not be performed due to COVID-19 related lab closures. 

Instead, these methods and preliminary results are included in the Appendix. 

 

MATERIALS & METHODS 

The following methods in quotations are identical to those previously described 

by Castle et al., 2020, and therefore extended sections are quoted directly from this 

previous work (Brian T. Castle et al., 2020). Any modifications are signified in square 

brackets. 

 

Tau Cloning, Purification, and Labeling 

“The parent tau plasmid encodes for the longest tau isoform, 2N4R tau. It includes 

an N-terminal His-tag with a tobacco etch virus (TEV) protease cleavage site for 

purification (Melo et al., 2016). The native cysteines, C291 and C322, are mutated to serine 

to allow for the introduction of cysteine at residue S433 for site-specific labeling. This 

mutation does not impact microtubule polymerization in vitro (McKibben & Rhoades, 

2019)” (Brian T. Castle et al., 2020). 
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“Tau protein expression was induced with 1mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) at OD ~0.6 overnight at 16 °C. Purification was based on 

previously reported methods (Melo et al., 2016). Briefly, cells were lysed by sonication, 

and the cell debris pelleted by centrifugation. The supernatant was incubated with Ni-

NTA resin (Qiagen or BioRad) and the recombinant protein was bump eluted with 500 

mM imidazole. The His-tag was removed by incubation with lab purified TEV proteinase 

overnight at 4 °C (constructs >200 residues). Uncleaved protein was removed by a second 

pass over the Ni-NTA column. Remaining contaminants were removed using size 

exclusion chromatography on a HiLoad 16/600 Superdex 200 Column (GE Life Sciences, 

Marlborough, MA). Proteins that did not require fluorescent labeling were buffer 

exchanged using Amicon concentrators (MilliporeSigma, Burlington, MA) into storage 

buffer (20 mM Tris pH 7.4 and 50 mM NaCl) and snap frozen for storage at -80°C” (Brian 

T. Castle et al., 2020). 

“Site specific labeling of tau for fluorescent measurements was carried out as 

described previously (Melo et al., 2016). Briefly, tau was incubated with 1 mM 

dithiolthreitol (DTT) for 30 minutes, and then buffer exchanged into labeling buffer (20 

mM Tris pH 7.4, 50 mM NaCl, and 6 M guanidine HCl). Alexa Fluor 488 maleimide was 

added in 2-fold molar excess and incubated at room temperature for 10 minutes, followed 

by overnight incubation at 4°C. Labeling reactions were protected from ambient light and 

with constant stirring; the dye was added dropwise. The labeled protein was buffer 

exchanged into 20 mM Tris pH 7.4 and 50 mM NaCl and unreacted dye was removed 

using HiTrap Desalting Columns (GE Life Sciences). Labeled protein was then snap 
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frozen for storage at -80°C. The addition of Alexa488 did not influence tau-induced 

tubulin polymerization overall (Brian T. Castle et al., 2020)” (Brian T. Castle et al., 2020).  

The other tau plasmids used in this study, 0N4R and 0N4R P301L human tau-

EGFP were gifts from Dr. Julia Gerson at the University of Michigan−Ann Arbor. Both 

plasmids are in the pEGFP-N1 backbone and are kanamycin resistant. A map of the 

backbone can be found online at Addgene (“Addgene: Vector Database - pEGFP-N1,” 

n.d.). All plasmids used in this study (2N4R, 0N4R, and 0N4R P301L human tau-EGFP) 

were sequenced via Sanger Sequencing available at the University of Minnesota Genomics 

Center. Briefly, short forward and reverse primer sequences (20-25 bp) were designed 

based upon the backbone of each plasmid and location of the tau protein of interest 

relative to the fluorescent protein EGFP. 25 nmole of each DNA oligo with standard 

desalting purification, normalized to 100 µM in IDTE pH 8.0, was purchased from 

Integrated DNA Technologies through the UMinn Core Facility Portal. 2N4R (full length) 

tau forward and reverse primer sequences were ‘CGC AAA TGG GCG GTA GGC GTG’ 

and ‘CGT CGC CGT CCA GCT CGA CCA G,’ respectively. 0N4R and 0N4R P301L tau 

forward and reverse primer sequences were ‘CAT GGT CCT GCT GGA GTT CGT G’ and 

‘GAT GAG TTT GGA CAA ACC AC,’ respectively. 6.4 pmol of a single sequencing primer 

was combined with 1400 ng of the appropriate DNA template to reach a total volume of 

12 µL in a 0.5 mL tube. Samples were sent to the University of Minnesota Genomics Center 

for Sanger Sequencing where PCR was performed. The results were compared to existing 

literature with the Standard Nucleotide Blast software provided by NIH (“Nucleotide 
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BLAST: Search nucleotide databases using a nucleotide query,” n.d.). All tau protein 

identities were confirmed with a minimum 97% identity sequence match. 

 

TIRF Microscopy 

“Unless otherwise noted, all proteins were handled and stored as described 

previously (Gell et al., 2010). [mCherry-α-tubulin-labeled MTs growing in live LLC-PK1 

cells] were imaged by TIRF microscopy using a 100x, 1.49NA Apo TIRF objective on a 

Nikon TiE inverted stand equipped with the Perfect Focus, H-TIRF module and LU-N3 

laser launch (Nikon Instruments Inc., Melville, NY) under control of NIS-Elements 

software (v4.xx, Nikon Instruments). Images were collected on a Zyla 4.2 PLUS sCMOS 

camera (Andor, Belfast, UK) with a high speed emission filter wheel (HS-632; Finger Lakes 

Instrumentation, Lima, NY) placed between the camera and stand for color separation. 

For tau binding and microtubule dynamics imaging, 488 nm and 561 nm TIRF lasers were 

reflected up through the rear aperture of the objective using a triple band pass filter set 

(TRF69901; Chroma Technology Corp., Bellows Falls, VT). Unless otherwise noted, all 

images were collected using 200 ms exposure at 20% laser power.” (Brian T. Castle et al., 

2020). 

 

Live Cell Imaging 

“LLC-PK1 cells used for imaging were cultured in glass-bottomed 35 mm dishes 

as previously described (Brian T. Castle et al., 2017). After 24 hrs in culture, LLC-PK1 cells 

were transiently transfected with [2N4R, 0N4R, or 0N4R P301L] tau-EGFP and mCherry-
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α-tubulin using FuGENE® HD transfection reagent (Promega, Madison, WI) according to 

the manufacturer’s instructions. Briefly, cells were incubated overnight with a 4:1 

FuGENE:pDNA ratio in OptiMEM+10% FBS. The same FuGENE:pDNA ratio was 

maintained for cells transiently transfected with mCherry-α-tubulin only. Prior to 

imaging, FuGENE and pDNA were removed from the sample by media exchange. 

Transiently transfected LLC-PK1 cells were imaged on the same Nikon TiE stand (Nikon 

Instruments) used for TIRF. A 100x 1.49NA Apo TIRF objective (Nikon Instruments) 

without additional tube lens resulted in a final pixel sampling size of 65 nm. [Unless 

otherwise noted,] images were collected at 500 ms intervals for a total of 1 min using 200 

ms exposure under illumination from SpectraX Light Engine (Lumencor, Beaverton, OR) 

at 50% power. The stage and objective were maintained at 37°C for the duration of 

imaging using environmental control provided by a BoldLine stagetop incubation system 

(OkoLab)” (Brian T. Castle et al., 2020). 

 

Microtubule Tip Tracking and Fluorescence Profile Analysis 

“The dynamic microtubule end was tracked using our previously described semi-

automated algorithm (Demchouk, Gardner, & Odde, 2011; Prahl, Castle, Gardner, & 

Odde, 2014) TipTracker (version 3.1), without modification. Briefly, fluorescence profiles 

along the determined microtubule axis (x’’-axis) are fit with a Gaussian survival function 

𝐼(𝑥′′) =  
1

2
𝐼𝑀𝑇𝑒𝑟𝑓𝑐 (

𝑥′′−𝜇𝑃𝐹

√2𝜎𝑃𝐹+𝑃𝑆𝐹
) + 𝐼𝐵𝐺    (Eq. 1) 
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where µPF is taken to be the position of the microtubule tip, IMT and IBG are the fluorescence 

intensity on the microtubule and the background, respectively, and σPF+PSF is the spread of 

the fluorescence due to the combination of the point spread function and the taper or 

spread of protofilament lengths at the microtubule tip. For averaging purposes, 

fluorescence profiles along the microtubule axis from [both] channels (tubulin and tau) 

were aligned to µPF determined from the [mCherry-α-tubulin] channel. Fluorescence 

offset values were the difference between µPF resulting from tracking the tubulin and tau 

channels (offset = µPF, tub – µPF, tau). In [vivo] fluorescence profiles were normalized to the 

maximum value” (Brian T. Castle et al., 2020). 

“For the current imaging setup, the fluorescence intensity per EGFP molecule per 

exposure was determined using LLC-PK1α cells stably expressing EGFP-α-tubulin 

(Rusan, Fagerstrom, Yvon, & Wadsworth, 2001) as previously described (Seetapun et al., 

2012). This value was then used to estimate the number of tau molecules bound per length 

of microtubule by dividing the integrated fluorescence by the length of the microtubule 

segment. Since LLC-PK1 cells are epithelial and do not express tau, it was assumed that 

all tau molecules in the cells expressing tau-EGFP were tagged” (Brian T. Castle et al., 

2020). 

 

Statistical Analysis 

“Unless otherwise noted, comparisons between experimental conditions were 

performed by [Kruskal–Wallis one-way analysis of variance (ANOVA) statistical tests 

performed in GraphPad Prism 8], and where appropriate, corrected for multiple 
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comparisons using [Dunn’s multiple comparisons test with α = 0.05]. For all statistics, 95% 

confidence intervals were estimated using a bootstrapping method as previously 

described (Brian T. Castle et al., 2017)” (Brian T. Castle et al., 2020). 

 

RESULTS 

 Over the course of this study a variety of phenotypic and biophysical effects were 

observed using live cell TIRF microscopy as discussed earlier in the ‘Materials & Methods’ 

section. As it has been shown that EGFP labeling of tau at the N- or C- terminus does not 

disrupt its binding or ability to promote MT growth, for the purpose of this study it can 

be assumed that EGFP tags do not affect tau’s interaction with MTs (Kaniyappan et al., 

2020). Therefore, from this point forward all tau species will be referred to without 

reference to their EGFP tags (i.e. 0N4R tau vs 0N4R tau-EGFP). 

In general, the observed effect of tau protein on mammalian MTs can be broken 

down into four main sections: cell level phenotypic effects, MT dynamic effects, MT tip 

offset effects, and thermodynamic (equilibrium dissociation constant) effects. These 

effects differ based on the isoform of the tau protein used and whether the P301L mutation 

is present. Each of these effects were assessed in the presence of various tau-EGFP species, 

and phenotypic effects will be discussed first. 
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Phenotypic Effects of Tau Variants on LLC-PK1 cells  

LLC-PK1 cells were transfected with either EGFP-α-tubulin only (LLC-PK1α 

cells), or mCherry-α-tubulin and one of the tau-EGFP species (2N4R (full length) tau, 

0N4R tau, or 0N4R P301L tau). Figure 2 below shows a sequence of time-lapse images of 

LLC-PK1α cells expressing EGFP-α-tubulin, with white arrows indicating growing MTs 

and cyan arrows indicating shortening MTs. Figure 2 represents the normal (control) MT 

phenotype of LLC-PK1 cells which exhibit a well-spread morphology on the glass 

substrate with dynamic, independent MTs clearly visible near the edge of the cell. Figure 

3 below illustrates kymographs from individual MTs in the periphery of LLC-PK1α cells 

expressing EGFP-α-tubulin. These kymographs show normal MT dynamics of growth 

and rapid shortening (denoted by white arrows and cyan arrows, respectively, in Fig. 2), 

as well as catastrophe and rescue, (denoted by cyan arrow heads and white arrow heads, 

respectively, in Fig. 3). It is important to understand the native phenotype of LLC-PK1 

cells at both the cellular and MT level in order to interpret the effects of the various tau 

species used in this study. Quantification of LLC-PK1α (control) MT dynamics can be 

found in the next section, ‘Effect of Tau on Microtubule Dynamics in LLC-PK1 cells.’ 

 

Figure 2. Sequence of time-lapse images of LLC-PK1α cells expressing EGFP-α-tubulin. Images 

were taken every 500 ms for 60 s, for a total of 121 frames. From left to right, images are shown at 

0 s, 20 s, 40 s, and 60 s. White arrows indicate growing MTs while cyan arrows indicate shortening 

MTs. Scale bar is 5 µm. 
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Figure 3. Kymographs of individual MTs of LLC-PK1α cells expressing EGFP-α-tubulin showing 

normal MT dynamics. Scale bars are 1 µm and 10 s in the x- and y-direction, respectively. White 

arrow heads indicate a rescue event and cyan arrow heads indicate a catastrophe event. White 

arrows indicate periods of growth while cyan arrows indicate periods of shortening. Scale bars are 

1 µm and 10 s in the x- and y-direction, respectively. 

 

Next, the 2N4R (full length) tau isoform was transfected into LLC-PK1 cells along 

with mCherry-α-tubulin to visualize the distribution of tau on MTs. Figure 4 below shows 

each channel independently and together (composite). It is apparent that 2N4R (full 

length) tau and mCherry-α-tubulin are largely colocalized on MTs with some fluorescent 

protein freely diffusing in the cytoplasm (Fig. 4). It should also be noted that what appears 

to be a large, bright bundle of MTs in the upper left-hand side of the cell in each frame 

(Fig. 4). Cells under this condition are not as spread as LLC-PK1α cells (Fig. 4). 

Additionally, MT dynamics are not as readily apparent as they were in LLC-PK1α cells 

where tau was not expressed (Fig. 4). Figure 5 below illustrates kymographs of two 

individual MTs from these cells expressing both 2N4R (full length) tau and mCherry-α-

tubulin. It is of note that the mCherry-α-tubulin channel appears dimmer than the 2N4R 

(full length) tau channel; this effect can be seen in all conditions where a tau-EGFP 
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construct and mCherry-α-tubulin construct are used together, and can be attributed to the 

difference in fluorescence emission efficiency between EGFP and mCherry fluorophores. 

At first glance, growth seems to occur more often and shortening seems to occur less often 

(Fig. 5). Although catastrophe frequency is increased, rescue seems to occur more readily 

after shortening begins (Fig. 5). Similarly, quantification of these kymographs for the 

2N4R (full length) tau condition can be found in the next section, ‘Effect of Tau on 

Microtubule Dynamics in LLC-PK1 cells.’ 

 

 

Figure 4. Sequence of time-lapse images of LLC-PK1 cells expressing 2N4R (full length) tau-EGFP 

and mCherry-α-tubulin. Images were taken every 500 ms for 60 s, for a total of 121 frames. From 

left to right, images are shown at 0 s, 20 s, 40 s, and 60 s. Scale bars are 5 µm. 
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Figure 5. Kymographs of individual MTs of LLC-PK1 cells expressing 2N4R (full length) tau-

EGFP and mCherry-α-tubulin showing MT dynamics. White arrow heads indicate a rescue event 

and cyan arrow heads indicate a catastrophe event. Scale bars are 10 s and 1 µm in the x- and y-

direction, respectively. 

 

Next, the 0N4R tau isoform was transfected into LLC-PK1 cells along with 

mCherry-α-tubulin to visualize the distribution of tau on MTs. Figure 6 below shows each 

channel independently and together (composite). As you can see, these cells exhibit a 

“spiky” morphology with bright bundles of MTs poking into the cell’s boundary, creating 

a stretched appearance of the cytoplasm (Fig. 6). Similar to the 2N4R (full length) tau 

condition, it is apparent that 0N4R tau and mCherry-α-tubulin are largely colocalized on 

MTs as well (Fig. 6). The lower half of the composite channel shows individual MTs that 

are slightly more orange than yellow in color, like the bundled MTs in the top half of the 

image (Fig. 6, composite). This may indicate that when more tau is bound to MTs 

(represented by a more yellow color), MTs appear more bundled than when less tau is 

bound to individual MTs (represented by a more orange color). Once again, cells in this 

condition are not as spread as LLC-PK1α cells and MT dynamics are not as readily 
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apparent as they were in LLC-PK1α cells where tau was not expressed (Fig. 6). Figure 7 

below illustrates kymographs of two individual MTs from these cells expressing both 

0N4R tau and mCherry-α-tubulin. From these images it appears that growth phases are 

even more pronounced and shortening phases are even shorter than they were for the 

2N4R (full length) tau condition (Fig. 7). Additionally, there is generally less time between 

catastrophe and rescue events and overall rescue frequency seems to have increased even 

further than that of the 2N4R (full length) tau condition (Fig. 7). Quantification of these 

kymographs for the 0N4R tau condition can also be found in the next section, ‘Effect of 

Tau on Microtubule Dynamics in LLC-PK1 cells.’ 

 

Figure 6. Sequence of time-lapse images of LLC-PK1 cells expressing 0N4R tau-EGFP and 

mCherry-α-tubulin. Images were taken every 1 s for 3 min, for a total of 181 frames. From left to 

right, images are shown at 0 s, 60 s, 120 s, and 180 s. Note the “spiky” and bundled appearance of 

the MTs under this condition. Scale bars are 5 µm. 
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Figure 7. Kymographs of individual MTs of LLC-PK1 cells expressing 0N4R tau-EGFP and 

mCherry-α-tubulin showing MT dynamics. White arrow heads indicate a rescue event and cyan 

arrow heads indicate a catastrophe event. Scale bars are 20 s and 1 µm in the x- and y-direction, 

respectively. 

 

Finally, the 0N4R P301L tau isoform was transfected into LLC-PK1 cells along with 

mCherry-α-tubulin to visualize the distribution of tau on MTs. Figure 8 below shows each 

channel independently and together (composite). The morphology of cells under this 

condition appears more well spread like LLC-PK1α (control) cells expressing only EGFP-

α-tubulin (Fig. 8). The large majority of tau is not bound to MTs under this condition, and 

instead is freely diffusing in the cytoplasm (Fig. 8). This indicates a reduced affinity of 

0N4R P301L tau for MTs. Additionally, the appearance of multiple dark spots in the 

cytoplasm (Fig. 8, yellow arrow), possibly long, slender organelles such as mitochondria, 

may indicate a shift in intracellular trafficking by motor proteins or general mitochondrial 

dysfunction. Figure 9 below illustrates kymographs of two individual MTs from these 

cells expressing both 0N4R P301L tau and mCherry-α-tubulin. From these images it 

appears that MTs under this condition exhibit shorter periods of growth than the 2N4R 

(full length) and 0N4R tau conditions, as well as periods of rapid shortening similar to 
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LLC-PK1α MT dynamics where no tau is present (Fig. 9). Additionally, it appears that 

both rescue and catastrophe frequency is increased in this condition (Fig. 9). 

Quantification of these kymographs for the 0N4R P301L tau condition can also be found 

in the next section, ‘Effect of Tau on Microtubule Dynamics in LLC-PK1 cells.’ 

 

 
Figure 8. Sequence of time-lapse images of LLC-PK1 cells expressing 0N4R P301L tau-EGFP and 

mCherry-α-tubulin. Images were taken every 1 s for 3 min, for a total of 181 frames. From left to 

right, images are shown at 0 s, 60 s, 120 s, and 180 s. Note the large majority of 0N4R P301L tau-

EGFP is not bound to the MTs under this condition. A long, slender organelle (possibly a 

mitochondrion) is marked by the yellow arrow in the most bottom, right-hand frame (composite, 

180 s). Scale bars are 5 µm. 
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Figure 9. Kymographs of individual MTs of LLC-PK1 cells expressing 0N4R P301L tau-EGFP 

and mCherry-α-tubulin showing MT dynamics. White arrow heads indicate a rescue event and 

cyan arrow heads indicate a catastrophe event. Scale bars are 20 s and 1 µm in the x- and y-

direction, respectively. 

 

 It is also important to discuss additional phenotypes observed over the course of 

this study such as extended growth, MT bundling, and kinetic stabilization. Figure 10 

below illustrates the first two observed phenotypes: extended growth and MT bundling. 

These cells, transfected with 2N4R (full length) tau and mCherry-α-tubulin, were 

visualized over the course of 3 and 10 minutes to reveal periods of extended growth and 

MT bundling (Fig. 10. left). Extended growth is apparent in the lengthening of individual 

and bundled MTs over the course of 3 and 10 minutes (Fig. 10. left). Kymographs of MTs 

under this condition illustrating altered MT dynamics such as bundling are apparent due 

to layered kymographs (Fig. 10, right). The number of MTs present in a bundle are 

counted and denoted on the composite kymograph for each MT, with up to four MTs 

present in a bundle (Fig. 10, right). Figure 11 below shows time lapse images of cells 

expressing 0N4R tau and mCherry-α-tubulin over 3 and 10 minutes. MTs under this 

condition seem to be bundling, illustrated by the thick, yellow bundles of MTs (Fig. 11, 
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left) and layered kymographs (Fig. 11, right). Up to five MTs present in a bundle were 

observed for this condition (Fig. 11, right). Additionally, these MTs appear to be exhibiting 

kinetic stabilization because hardly any growth or shortening is observed over the course 

of 3 or 10 minutes for this condition (Fig. 11). 

 

Figure 10. (Left) Sequence of time-lapse images of LLC-PK1 cells expressing 2N4R (full length) 

tau-EGFP and mCherry-α-tubulin. Images were taken every 1 s for 3 min, for a total of 181 frames 

(left column, 3 min), or every 1 s for 10 min, for a total of 601 frames (right column, 10 min). From 

top to bottom, images are shown at 0 s, 90 s, and 180 s, or 0 s, 300 s, and 600 s, respectively. MTs 

under this condition seem to be exhibiting extended periods of growth. Scale bars are 5 µm. (Right) 

Kymographs of MTs of LLC-PK1 cells expressing 2N4R (full length) tau-EGFP and mCherry-α-

tubulin illustrating altered MT dynamics such as bundling, apparent due to layered kymographs. 

Number of MTs present in a bundle are counted and denoted on the composite kymograph for each 

MT. Scale bars are 1 µm and 20 s in the x- and y-direction, respectively. 
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Figure 11. (Left) Sequence of time-lapse images of LLC-PK1 cells expressing 0N4R tau-EGFP and 

mCherry-α-tubulin. Images were taken every 1 s for 3 min, for a total of 181 frames (left column, 

3 min), or every 1 s for 10 min, for a total of 601 frames (right column, 10 min). From top to bottom, 

images are shown at 0 s, 90 s, and 180 s, or 0 s, 300 s, and 600 s, respectively. MTs under this 

condition seem to be exhibiting “kinetic stabilization” and bundling. Scale bars are 5 µm. (Right) 

Kymographs of individual MTs of LLC-PK1 cells expressing 2N4R (full length) tau-EGFP and 

mCherry-α-tubulin illustrating altered MT dynamics such as bundling, apparent due to layered 

kymographs. Number of MTs present in a bundle are counted and denoted on the composite 

kymograph for each MT. Scale bars are 1 µm and 20 s in the x- and y-direction, respectively. 
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Effect of Tau on Microtubule Dynamics in LLC-PK1 cells 

 As discussed in Chapter 1, MT dynamics can be divided into four different events: 

growth, shortening, catastrophe, and rescue. Figure 12 below illustrates the effect of 

different tau isoforms and a tau mutant on MT growth and shortening rate in living LLC-

PK1 cells. Average LLC-PK1α MT growth and shortening rates were 91.30 nm/s and 

369.80 nm/s, respectively (Fig. 12). Compared to control (EGFP-α-tubulin only) dynamics, 

2N4R (full length) tau modestly reduced the rate of MT growth and shortening by about 

7.2% and 12.8%, respectively (Fig. 12, Fig. 13). 0N4R tau reduced MT growth and 

shortening rates even further, by about 42% and 63%, respectively, compared to control 

dynamics (Fig. 12, Fig. 13). Surprisingly, 0N4R P301L tau seemed to restore MT growth 

and shortening rates to those observed for the 2N4R (full length) tau condition (Fig. 12). 

Compared to control dynamics, 0N4R P301L tau reduced the rate of MT growth and 

shortening by approximately 16.4% and 15.9%, respectively, similar to 2N4R (full length) 

tau (Fig. 13). Of the three conditions examined, 2N4R (full length) tau and 0N4R tau 

appeared to suppress shortening to a greater extent than growth. On the other hand, 0N4R 

P301L tau suppressed both growth and shortening by an approximately equal amount. 

Table 1 below reports all p-values determined from comparisons in Figure 12. All 

comparisons between conditions not denoted on Figure 12 are statistically significant at α 

= 0.05. 
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Figure 12. Effect of tau species on MT dynamics growth and shortening. P-values can be found in 

Table 1 below. Test results from Kruskal–Wallis one-way analysis of variance, corrected for 

multiple comparisons using Dunn’s multiple comparisons test with α = 0.05. Error bars are ± 95% 

CI. ns p > 0.05. 

 

 
Figure 13. Percent effect of tau species on MT dynamics growth and shortening. Percent difference 

from control (GFP α-tubulin) is annotated above each bar. All percentages denote percentages less 

than that of the control mean.  
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Table 1. Summary statistics for MT growth and shortening under all conditions. Growth is to the 

left of the diagonal blacked-out cells and shortening is to the right of the diagonal blacked-out cells. 

Test results from Kruskal–Wallis one-way analysis of variance, corrected for multiple comparisons 

using Dunn’s multiple comparisons test with α = 0.05. ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 

0.001, **** p ≤ 0.0001. 

Growth 

(adjusted p value) 

EGFP-α-

tub only 

(control) 

2N4R 

(full 

length) 

tau-EGFP 

0N4R 

tau-EGFP 

0N4R 

P301L 

tau-EGFP 

Shortening 

(adjusted p 

value) 

EGFP-α-tub only 

(control) 
 0.000055 <0.000001 <0.000001 

EGFP-α-tub 

only (control) 

2N4R (full length) 

tau-EGFP 
0.002989  <0.000001 0.947415 

2N4R (full 

length) 

tau-EGFP 

0N4R tau-EGFP <0.000001 <0.000001  <0.000001 
0N4R tau-

EGFP 

0N4R P301L tau-

EGFP 
<0.000001 >0.999999 <0.000001  

0N4R P301L 

tau-EGFP 

 

Figure 14 below illustrates the effect of different tau isoforms and a tau mutant on 

MT catastrophe and rescue frequency in living LLC-PK1 cells. Average LLC-PK1α MT 

catastrophe and rescue frequencies were 0.068 s-1 and 0.090 s-1, respectively (Fig. 14). 

Compared to control (EGFP-α-tubulin only) dynamics, 2N4R (full length) tau significantly 

reduced the frequency of MT catastrophe and rescue by about 29.3% and 19.8%, 

respectively (Fig. 14, Fig. 15). 0N4R tau reduced MT catastrophe and rescue frequency 

even further, by about 35.4% and 35.2%, respectively, compared to control dynamics (Fig. 

14, Fig. 15). Interestingly, 0N4R P301L tau seemed to restore MT catastrophe frequency to 

near the frequency observed for the 2N4R (full length) tau condition (Fig. 14). Compared 

to control dynamics, 0N4R P301L tau reduced the frequency of MT catastrophe by 

approximately 13.9% (Fig. 15). Surprisingly, 0N4R P301L tau strongly increased the rescue 
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frequency to well above the rescue frequency of control MTs, by about 40% (Fig. 15). Of 

the three conditions examined, 0N4R tau suppressed MT catastrophe and rescue 

frequency more than 2N4R (full length) tau or 0N4R P301L tau, and by approximately 

equal amounts relative to control catastrophe and rescue frequencies (Fig. 14, Fig. 15). 

2N4R (full length) tau suppressed catastrophe more strongly than rescue (Fig. 14, Fig. 15). 

0N4R P301L tau suppressed MT catastrophe the least, and in contrast enhanced MT rescue 

by almost 1.5 times that of control (Fig. 14, Fig. 15). All comparisons between conditions 

are statistically significant at α = 0.05. 

 

 
Figure 14. Effect of tau species on MT dynamics catastrophe and rescue. All conditions within 

rescue and catastrophe are statistically significant (****). Statistical significance determined using 

the Holm-Sidak method, with α = 0.05. Error bars are ± 95% CI.  **** p ≤ 0.0001. 
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Figure 15. Percent effect of tau species on MT dynamics catastrophe and rescue. Percent difference 

from control (GFP α-tubulin) is annotated above each bar. All percentages (excluding 0N4R P301L 

rescue) denote percentages less than that of the control mean. 0N4R P301L rescue percentage is 

greater than that of the control mean. 

 

Tip Tracker Analysis & Offset Calculation in LLC-PK1 cells 

As discussed in Chapter 1, tau has been observed to exhibit an offset from the 

growing MT tip which is composed largely of GTP-tubulin, i.e. the “GTP cap.” This 

preference of tau for the GDP nucleotide state of tubulin has been reported by multiple 

sources (Bechstedt et al., 2014; Brian T. Castle et al., 2020; Duan et al., 2017; Tan et al., 

2019), the most recent of which also quantified this offset using a specialized TipTracker 

MATLAB code developed in Dr. David Odde’s lab at the University of Minnesota—Twin 

Cities. Additional details of the code can be found in the ‘Materials & Methods’ section of 

this report. Figure 16 below shows example kymographs of individual MTs from LLC-

PK1 cells expressing 2N4R (full length) tau and mCherry-α-tubulin illustrating 

fluorescence offset. Fluorescence offset can be seen as mCherry-α-tubulin fluorescence 

signal lining the growth phase of MTs (Fig. 16, white arrows). During periods of 

shortening tau and tubulin fluorescence converge such that there is no longer an offset, as 
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observed in the kymographs (Fig. 16, cyan arrows). In this paper, both 2N4R (full length) 

tau and 0N4R tau were examined for fluorescence offset during growth and shortening. 

0N4R P301L tau was not able to be examined for fluorescence offset as it was not observed 

to bind to MTs. 

 

Figure 16. Example kymographs of individual MTs from LLC-PK1 cells expressing 2N4R (full 

length) tau-EGFP and mCherry-α-tubulin illustrating fluorescence offset. White arrows indicate 

periods of growth while cyan arrows indicate periods of shortening. Fluorescence offset is shown as 

mCherry-α-tubulin fluorescence signal lining the growth phase of MTs. Scale bars are 20s and 1 

µm in the x- and y-direction, respectively. 

 

Figure 17 below illustrates the steps of the TipTracker MATLAB code that was 

used for tip tracking and fluorescence profile analysis for both the 2N4R (full length) tau 

and 0N4R tau conditions. MTs shown are from LLC-PK1 cells expressing 0N4R tau and 

mCherry-α-tubulin, imaged by TIRF microscopy (Fig. 17, top left). Tracking was done in 

the EGFP channel due to stronger fluorescence signal. The green box indicates the region 
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of interest used in TipTracker, the blue line is the determined MT axis, and the cyan dot 

is the estimated MT tip position for the frame displayed (Fig. 17, top left). In this example, 

MT length increased over the period of tracking, therefore the MT of interest was 

determined to be in a period of growth (Fig. 17, bottom left). The resulting fluorescence 

intensity profiles along the MT axis in both the 0N4R tau channel (red dots) and the 

mCherry-α-tubulin channel (black dots) is also shown in Figure 17 (bottom right). The 

blue line is the best fit of a Gaussian survival function, Eq. 1, and the cyan dot is the 

estimated MT tip position (Fig. 17, bottom right). Note there is a very small or no offset 

between channels for this condition (Fig. 17, bottom right). 

The TipTracker code performs these measurements for each frame that is selected 

for analysis in the sequence of time-lapse images, then averages these profiles. Next, 

fluorescence profiles are normalized to each of their respective maximum values. Figure 

18 below shows an example of the average and normalized mCherry-α-tubulin (dotted 

red line) and 2N4R (full length) tau (dotted green line) fluorescence signals along one MT 

axis during growth. From this plot, the distance to shift both profiles was calculated using 

the tip position (µPF, tub) estimated from the mCherry-α-tubulin channel. For example, both 

profiles shown below would be shifted to the left by approximately 336 nm before offset 

calculation (Fig. 18). After the x-axis is shifted, fluorescence offset values are calculated as 

the difference between µPF resulting from tracking the tubulin and tau channels (offset = 

µPF,tub – µPF,tau). Figure 19 below shows example offset values calculated for individual MTs 

undergoing growth (left) and shortening (right) after x-axis shifting. Blue stars indicate 

µPF, tub now intersecting with the mCherry-α-tubulin fluorescence profile at x = 0 nm (Fig. 
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19). A positive fluorescence offset indicates that the tau-EGFP channel lags the mCherry-

α-tubulin channel, and a negative offset indicates that the mCherry-α-tubulin channel lags 

the tau-EGFP channel (Fig. 19). 

 

 
Figure 17. (Top Left) Example MTs imaged by TIRF microscopy and used for tip tracking and 

fluorescence profile analysis. MTs shown are from LLC-PK1 cells expressing 0N4R tau-EGFP and 

mCherry-α-tubulin. Tracking was done in the EGFP channel due to stronger fluorescence signal. 

Green box indicates the region of interest used in TipTracker. Blue line is the determined MT axis 

and cyan dot is the estimated MT tip position. (Top Right) Histogram of MT increment size over 

the period of tracking. The distribution is approximately normal. (Bottom Left) MT length over 

time period of tracking. This MT was determined to be in a period of growth. (Bottom Right) 

Fluorescence intensity along the MT axis in both the 0N4R tau-EGFP channel (red dots) and the 

mCherry-α-tubulin channel (black dots). Blue line is best fit of a Gaussian survival function, Eq. 

1, and cyan dot is the estimated MT tip position. Note there is a very small or no offset between 

channels for this condition. 
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Figure 18. Average and normalized fluorescence signal of mCherry-α-tubulin and 2N4R (full 

length) tau-EGFP along the MT axis during growth. Fluorescence values were centered using the 

tip position estimated from the mCherry-α-tubulin signal using TipTracker. Dotted lines are best 

fit of a Gaussian survival function, Eq. 1. Distance to shift both profiles was calculated using the 

µPF from the mCherry-α-tubulin channel. For example, both profiles shown above were shifted to 

the left by 336.41 nm before offset calculation. 

 

 

Figure 19. Example offset values measured for individual MTs undergoing growth (left) and 

shortening (right). MTs shown are from LLC-PK1 cells expressing 2N4R (full length) tau-EGFP 

and mCherry-α-tubulin. Blue stars indicate µPF, tub now intersecting with the mCherry-α-tubulin 

fluorescence profile at x = 0 nm. Fluorescence offset values are calculated as the difference between 

µPF resulting from tracking the tubulin and tau channels (offset = µPF,tub – µPF,tau). Lines are best fit 

of a Gaussian survival function, Eq. 1. 



 

82 
 

Finally, dual fluorescence profiles for each MT tracked were pooled based on the 

tau-EGFP species being expressed (2N4R (full length) tau or 0N4R tau), and whether the 

MT was determined to be growing or shrinking during tip tracking. The fluorescent 

profiles were then averaged for each condition to produce Figure 20 and 21, shown below. 

For 2N4R (full length) tau, the average fluorescence offset observed during growth and 

shortening was approximately 220 ± 47 nm and -7.3 ± 7.6 nm, respectively (mean ± 95% 

CI) (Fig. 20). While the offset value for 2N4R (full length) tau during shortening is negative 

(meaning the mCherry-α-tubulin channel lags the tau-EGFP channel), the 95% CI is 

comparable to the mean, resulting in an effective offset value of 0 nm during shortening 

(Fig. 20). In summary, 2N4R (full length) tau exhibits approximately a +220 nm offset from 

the MT tip that is lost when the MT experiences a catastrophe event and enters the 

shortening phase. For 0N4R tau, the average fluorescence offset observed during growth 

and shortening was approximately -47 ± 46 nm and -41 ± 63 nm, respectively (mean ± 95% 

CI) (Fig. 21). While offset values for 0N4R tau are negative, their 95% CIs are comparable 

to their means, resulting in effective offset values of 0 nm for both growth and shortening 

(Fig. 21). Indeed, no offsets could be observed for 0N4R tau during either growth or 

shortening (Fig. 7). All fluorescence offset values are tabulated in Table 2 below. 

Table 2. Fluorescence offset values (nm) reported for growth and shortening for 2N4R (full length) 

tau and 0N4R tau. A positive value indicates that the tau-EGFP channel lags the mCherry-α-

tubulin channel, and a negative value indicates that the mCherry-α-tubulin channel lags the tau-

EGFP channel. Fluorescence offset values indicated are the mean ± 95% CI. 

 2N4R (full length) tau 0N4R tau 

Growth (nm) 220.4 ± 46.5 -46.5 ± 45.5 

Shortening (nm) -7.3 ± 7.6 -41.2 ± 62.7 
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Figure 20. Average fluorescence signal of mCherry-α-tubulin and 2N4R (full length) tau-EGFP 

along the MT axis during periods of growth (left) or shortening (right). Fluorescence values were 

centered using the tip position estimated from the mCherry-α-tubulin signal using TipTracker. 

Dotted lines are best fit of a Gaussian survival function, Eq. 1. Error bars are ± SEM. Fluorescence 

offset values indicated are the mean ± 95% CI and are tabulated in Table 2 below. 

 

 

Figure 21. Average fluorescence signal of mCherry-α-tubulin and 0N4R tau-EGFP along the MT 

axis during periods of growth (left) or shortening (right). Fluorescence values were centered using 

the tip position estimated from the mCherry-α-tubulin signal using TipTracker. Dotted lines are 

best fit of a Gaussian survival function, Eq. 1. Error bars are ± SEM. Fluorescence offset values 

indicated are the mean ± 95% CI and are tabulated in Table 2 below. 
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Fluorescence offset values tabulated in Table 2 above are also reported graphically 

in Figure 22 below. 2N4R (full length) tau during growth has a statistically larger offset 

than itself during shortening and 0N4R tau during growth (Fig. 22). 0N4R tau during 

shortening does not have a statistically different offset than itself during growth, or than 

2N4R (full length) tau during shortening (Fig. 22). In summary, during growth, 2N4R (full 

length) tau exhibits approximately a +220 nm offset from the MT tip that is lost when the 

MT experiences a catastrophe event and enters the shortening phase (Brian T. Castle et al., 

2020). Effectively, 0N4R tau has lost the ability to avoid the MT tip during growth and 

does not exhibit GDP nucleotide preference and tip avoidance during growth or 

shortening.  

 

Figure 22. Graphical illustration of fluorescence offset values for 2N4R (full length) tau and 0N4R 

tau during growth and shortening. Statistical significance determined using the Holm-Sidak 

method, with α = 0.05. Error bars are ± 95% CI. ns p > 0.05, **** p ≤ 0.0001.  
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Determination of Equilibrium Dissociation Constant (KD) of Tau Isoforms 

 Next, we attempted to estimate the equilibrium dissociation constant—KD—of the 

2N4R (full length) and 0N4R tau isoforms to assess any differences in the affinity of these 

isoforms for MTs. Figure 23 below shows free tau concentration vs MT-bound tau 

concentration for 2N4R (full length) and 0N4R tau on a per cell average basis. Tau bound 

per length of MT and free tau-EGFP concentration (estimated from the background 

intensity levels) was calculated for multiple MT and background regions per cell, then 

averaged per cell. As before, the MTs appeared saturated by tau-EGFP in both conditions 

(Fig. 4, Fig. 6). Interestingly, 2N4R (full length) free tau concentration is mostly confined 

between 0-3 µM, and bound tau concentration between 0-750 molec./µm MT (Fig. 23, top). 

By contrast, 0N4R free tau concentration is more spread between 0-15 µM, as well as 

bound tau concentration between 0-2500 molec./µm MT (Fig. 23, bottom). It is of note that 

extrema exist around 6 µM for 2N4R (full length) tau and between 15-30 µM for 0N4R tau 

(Fig. 23). These values were not plotted in Figure 24 (bottom) to better illustrate the line 

of best fit. We propose that other phenomena are affecting tau-MT interactions at these 

high tau concentrations. 
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Figure 23. Average per cell binding data for 2N4R (full length) tau (top) and 0N4R tau (bottom). 

Tau bound per length of MT and free tau-EGFP concentration (estimated from the background 

intensity levels) was calculated for multiple MTs per cell, then averaged per cell. Extrema exist at 

6 µM for 2N4R (full length) tau and between 15-30 µM for 0N4R tau. 

  

Next, the average data shown above in Figure 23 was binned based on free tau 

concentration values per cell. Figure 24 below shows the resulting tau bound per length 

of MT versus the free tau-EGFP concentration estimated from the background intensity 

levels. The bottom graph shows the same data as the top, minus the last three data points 

(extrema) for each condition (Fig. 24). The following Hill function (Eq. 2) was used to 
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estimate a KD value for each tau condition. The line of best fit of the Hill function resulted 

in an estimated free tau concentration (µM), n (the cooperativity parameter), and KA value. 

KD was then calculated from the estimated values of KA and n according to the relationship 

shown below in Eq. 3. 

𝜃 = (
1

1+ 
𝐾𝐴
[𝐿]

𝑛)     (Eq. 2) 

where 𝜃 =
[𝐿𝑅]

[𝑅𝑡𝑜𝑡]
 and 𝐾𝐷 =  (𝐾𝐴)𝑛   (Eq. 3) 

Next, Eq. 3 can be substituted into Eq. 2 to produce Eq. 4 shown below, 

[𝐿𝑅] = [𝑅𝑡𝑜𝑡] ∗ (
1

1+ 
𝐾𝐴
[𝐿]

𝑛)    (Eq. 4) 

where [𝐿𝑅] = [𝐵𝑜𝑢𝑛𝑑 𝑡𝑎𝑢], [𝑅𝑡𝑜𝑡] = [𝑓𝑟𝑒𝑒 𝑀𝑇], and [𝐿] = [𝑓𝑟𝑒𝑒 𝑡𝑎𝑢]. 

Substituting these values into Eq. 4 ultimately yields Eq. 5 shown below. 

[𝐵𝑜𝑢𝑛𝑑 𝑡𝑎𝑢] = [𝑓𝑟𝑒𝑒 𝑀𝑇] ∗ (
1

1+ 
𝐾𝐴

[𝑓𝑟𝑒𝑒 𝑡𝑎𝑢]

𝑛)   (Eq. 5) 

The resulting line of best fit of the Hill function for each condition is illustrated below as 

a grey (2N4R (full length) tau) or pink (0N4R tau) solid line in Figure 24. 

 Figure 24 (bottom) shows the resulting KD ± 95% CI and n resulting from the fit for 

each tau isoform. 2N4R (full length) tau had a KD of 0.31 ± 0.12 µM, and an n value of 

approximately 2.1 (Fig. 24, bottom). On the other hand, 0N4R tau had a significantly larger 

KD of 3.2 ± 0.51 µM, and an n value of approximately 1.8 (Fig. 24, bottom, Fig. 25). As 
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larger KD values represent a weaker affinity, 2N4R (full length) tau appears to display 

stronger affinity and binding to MTs (Fig. 24, bottom). Interestingly, 0N4R tau had a 

smaller n value than 2N4R (full length) tau, representative of the extent of cooperativity 

in binding. All KD and n values are tabulated in Table 3 below. Additionally, Figure 25 

below shows a graphical illustration of the estimated KD values for 2N4R (full length) tau 

and 0N4R tau. 

 

 

Figure 24. Tau bound per length of MT versus the free tau-EGFP concentration estimated from 

the background intensity levels. Curves indicate best-fit Hill function to all data points. Data was 

binned based on free tau concentration values per cell. Value of KD ± 95% confidence interval (CI) 

and n resulting from the fit is shown. Bottom graph show the same data as the top, minus the last 

three data points (extrema) for each condition. Error bars are ± 95% CI. 
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Table 3. KD and n values reported for 2N4R (full length) tau and 0N4R tau. Data was binned 

based on free tau concentration values per cell and KD and n values determined by curves of best-

fit Hill function to all data points. Value of KD ± 95% confidence interval (CI) and n resulting from 

the fit is shown. 

 2N4R (full length) tau 0N4R tau 

KD (µM) 0.31 ± 0.12 3.2 ± 0.51 

n 2.09 1.77 

 

 

Figure 25. Graphical illustration of estimated KD values for 2N4R (full length) tau and 0N4R tau. 

Statistical significance determined using the Holm-Sidak method, with α = 0.05. Error bars are ± 

95% CI. **** p ≤ 0.0001.  

 

 

DISCUSSION 

Over the course of this study LLC-PK1 cells were transiently transfected with 

either EGFP-α-tubulin only (LLC-PK1α cells), or mCherry-α-tubulin and one of the tau-

EGFP species (2N4R (full length) tau, 0N4R tau, or 0N4R P301L tau). Subsequent live cell 

TIRF imaging allowed for tracking, quantification, and analysis of these proteins in vivo 

at a subcellular level and in real time. This study aimed to elucidate and quantify how 

different tau isoforms and a mutant tau species affect well understood MT dynamic 

processes such as growth, shortening, catastrophe, and rescue. It was found that 2N4R 
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(full length) tau exhibited a larger MT binding affinity than 0N4R and 0N4R P301L tau, 

the latter of which exhibited virtually no MT binding. We were surprised to find that 

0N4R tau suppressed MT dynamics more than 2N4R (full length) tau even though it has 

lower MT affinity. We determined that this effect is likely due to loss of MT tip avoidance 

and GDP-tubulin nucleotide preference of 0N4R tau during growth, which is observed in 

the 2N4R (full length) tau condition. We also determined that 2N4R (full length) and 0N4R 

tau suppress MT dynamics through phenocopying MTAs to induce kinetic stabilization. 

2N4R (full length) tau acts as a “pseudo” kinetic stabilizer like Taxol, which promotes MT 

assembly, while 0N4R tau acts as a “true” kinetic stabilizer, most like colchicine. Loss of 

tip avoidance and GDP-tubulin MT lattice preference further supports 0N4R tau’s 

similarity to colchicine. Overall, our results imply that 2N4R (full length) tau has at least 

two binding sites: one of higher affinity, which exhibits GDP-tubulin MT lattice 

preference, and one of lower affinity. 0N4R tau loses access to the higher affinity site, 

eliminating its tubulin nucleotide preference, but retains access to the lower affinity site. 

Uniquely, 0N4R P301L tau does not readily bind to MTs, indicating loss of both the higher 

and lower affinity binding sites, possibly due to a conformation change after the removal 

of the two N-terminal inserts and the mutation on the second MT binding repeat. 

To summarize, the phenotypic effects of 2N4R (full length) tau, 0N4R tau, and 

0N4R P301L tau are as follows. 2N4R (full length) tau and 0N4R tau colocalized with 

mCherry-α-tubulin on MTs, and MT dynamics were not as readily apparent as they were 

in LLC-PK1α cells where tau was not expressed. Compared to LLC-PK1α (control) cells, 
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both 2N4R (full length) and 0N4R tau-transfected LLC-PK1 cells exhibited a less spread 

morphology and bundled MTs. Tau has previously been found to facilitate MT bundling 

through a variety of mechanisms (Biswas & Kalil, 2018; Chen et al., 1992; DeTure et al., 

2000; Doki et al., 2020; Frappier et al., 1994; Hernández-Vega et al., 2017; Rosenberg et al., 

2008). The N-terminal projection domain in particular has been proposed to modulate the 

formation of MT bundles by controlling the spacing of adjacent MTs, specifically, via 

dimerization of the projection domain and the proline rich region on adjacent MTs (Chen 

et al., 1992; Rosenberg et al., 2008). It is surprising that 0N4R tau was still able to form MT 

bundles even without the two N-terminal repeat domains maintained in 2N4R (full 

length) tau. Perhaps the N-terminal repeat domains are not necessary for MT bundling, 

but instead are more important in the spacing of adjacent MTs. Therefore, 0N4R tau may 

form tighter MT bundles than 2N4R (full length) tau. In contrast, 0N4R P301L tau 

exhibited very little binding to MTs in LLC-PK1 cells and had a more spread morphology, 

similar to control cells. Additionally, the appearance of multiple dark spots in the 

cytoplasm of 0N4R P301L tau-transfected LLC-PK1 cells may indicate a shift in 

intracellular trafficking by motor proteins or general mitochondrial dysfunction. 

Mitochondrial changes and impaired P301L tau-MT binding are consistent with results 

found in primary cortical neurons from P301L knock-in mice (Rodríguez-Martín et al., 

2016). Another possible explanation of this phenomenon may be general mitochondrial 

dysfunction, which has been reported before in P301L tau transgenic mice (David et al., 

2005). 
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In summary, quantification of MT dynamics from 2N4R (full length) tau, 0N4R 

tau, and 0N4R P301L tau kymographs are as follows. Average LLC-PK1α (control) MT 

growth and shortening rates were 91.30 nm/s and 369.80 nm/s, and average catastrophe 

and rescue frequencies were 0.068 s-1 and 0.090 s-1, respectively. This data, as well as 2N4R 

(full length) tau data, is consistent with Castle et al., using the same cell line (Brian T. 

Castle et al., 2020). 2N4R (full length) tau and 0N4R tau significantly reduced the rate of 

MT growth and shortening and the frequency of MT catastrophe and rescue, although 

0N4R had a greater effect in all cases. Because 0N4R tau had a greater effect on MT 

shortening than 2N4R (full length) tau, the N-terminal, non-MT binding region of the tau 

protein may reduce the influence of tau on shortening. Indeed, this is in good agreement 

with phenotypic bundling effects observed for these tau species, possibly explaining why 

0N4R tau suppresses MT dynamics more than 2N4R (full length) tau. 2N4R (full length) 

and 0N4R tau also appear to kinetically stabilize MTs upon binding. Kinetic analysis of 

tau binding to Taxol-stabilized vs tau-induced MTs suggests the existence of two different 

tau-binding sites on tubulin, one of which overlaps the Taxol binding site on the inner 

surface of MTs (Makrides et al., 2004; Santwana Kar, Juan Fan, Michael J. Smith, Michel 

Goedert, 2003). Since tau may bind to MTs at the same binding site as Taxol, it is possible 

that tau shares Taxol’s ability to kinetically stabilize MTs. 2N4R (full length) and 0N4R 

tau suppressed shortening to a greater extent than growth, and 2N4R (full length) tau 

suppressed catastrophe more strongly than rescue. This points to 2N4R (full length) tau 

acting as an overall “pseudo” kinetic stabilizer, similar to Taxol, as it has a net MT 

assembly promoting effect. Recently, another MTA, colchicine, was found to act as a true 
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kinetic stabilizer by reducing MT growth rate while stabilizing tubulin lateral bonds and 

reducing MT shortening rate (M. Hemmat et al., 2020). 0N4R tau suppressed MT 

catastrophe and rescue significantly more than 2N4R (full length) tau or 0N4R P301L tau, 

but by an equal amount relative to control. This could indicate that 0N4R tau also acts as 

a kinetic stabilizer, possibly similar to the “true” kinetic stabilizer colchicine. 

The reduced affinity of 0N4R P301L tau for MTs is consistent with the findings 

from multiple studies (Barbier et al., 2019; Combs & Gamblin, 2012; DeTure et al., 2000; 

Di Primio et al., 2017; M. Hong et al., 1998; M. Lu & Kosik, 2001; Nagiec et al., 2001; 

Rodríguez-Martín et al., 2016). However, it is also inconsistent with multiple other studies 

which claim the P301L tau mutation results in no change or a slight increase in affinity of 

tau for MTs (Barghorn et al., 2000; DeTure et al., 2000; Elbaum-Garfinkle et al., 2014; 

Vandebroek et al., 2006). This discrepancy is frustrating but can be explained by the use 

of various in vitro, cellular, or animal systems, as well as undocumented use of different 

P301L tau isoforms. A summary of previous tau P301L studies mentioned here can be 

found below in Table 4. As discussed in Chapter 1, different isoforms of tau have been 

shown to exhibit different effects on MTs; therefore, isoforms used must be clearly 

reported and conclusions placed in the appropriate context. Because P301L tau mutations 

only affect 4R isoforms, the effect of the mutation on tau-MT binding and stabilization 

depends significantly on the N-terminal isoform used (Mutreja et al., 2019). For example, 

it was found that the effects of the P301L tau mutation seemed to diminish with the 

removal of each N-terminal insert, possibly due to different conformational changes 
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induced by the mutation (Jeganathan et al., 2006). Therefore, the specific use of 2N4R vs 

1N4R or 0N4R P301L tau is of great importance in tau-MT interaction-based studies, yet 

isoform identities are rarely reported in the literature. 

Surprisingly, 0N4R P301L tau restored MT growth and shortening rates, as well 

as catastrophe frequency, to approximately those observed for 2N4R (full length) tau. 

0N4R P301L tau suppressed both growth and shortening by approximately equal 

amounts (~16%) and suppressed catastrophe the least of all tau species observed (Fig. 14, 

Fig. 15). This is in good agreement with phenotypic effects discussed above as 0N4R P301L 

tau is unable to bind to MTs and therefore is unable to affect MT dynamics as much as 

0N4R tau. 0N4R P301L tau may aggregate with itself and free tubulin in the cytoplasm, 

effectively removing tau and tubulin from solution. Alternatively, the very small amount 

of 0N4R P301L tau that does bind to MTs may be able to induce a partial effect of 0N4R 

tau. In contrast, 0N4R P301L tau strongly increased MT rescue frequency by about 40%, 

almost 1.5 times that of control (Fig. 15). The strong enhancement of MT rescue frequency 

may also be explained by possible aggregation of 0N4R P301L tau in the cytoplasm. If 

0N4R P301L tau forms aggregates with itself, free tubulin dimers may experience less 

molecular crowding and higher probability of availability for the shortening MT tip, 

thereby enhancing rescue frequency. Alternatively, tau aggregates may actually 

physically disrupt MT shortening, therefore producing a type of “pseudo” rescue event.  
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Table 4. Summary of previous P301L tau studies of interest. 

Source 
P301L Tau 

Isoform(s) 
Experimental Environment 

Single MT 

Resolution 

(Y/N)? 

MT 

Affinity, 

KD (µM) 

< Wild-

type 

Affinity 

≥ Wild-

type 

Affinity 

M. Hong et al., 

1998 

2N4R (full length), 

recombinant E. coli 

Quantitative immunoblot analysis of 

Taxol-stabilized MTs in vitro 
N 

0.079 ± 

0.016 
X  

Barghorn et 

al., 2000 

2N4R (full length), 

recombinant E. coli 

ELISA of Taxol-stabilized MTs in 

vitro 
N 

0.063 ± 

0.041 
 X 

DeTure et al., 

2000 

2N4R (full length), 

recombinant E. coli 

ELISA of Taxol-stabilized MTs in 

vitro 
N NA X  

DeTure et al., 

2000 

2N4R (full length), 

recombinant E. coli 

EM of Taxol-stabilized & bundled 

MTs in vitro 
Y NA  X 

DeTure et al., 

2000 

2N4R (full length), 

recombinant E. coli 

Neuroblastoma (BE(2)-M17), 

HEK293, & CHO cells transfected 

with GFP-tau, fixed with 

paraformaldehyde 

N NA  X 

Nagiec et al., 

2001 

0N4R, recombinant 

E. coli 

Confocal microscopy of living 

HEK293 cells transfected with 

EGFP-tau 

N NA X  

M. Lu & 

Kosik, 2001 
0N4R  

NIH 3T3 cells (primary mouse 

embryonic fibroblasts) transfected 

with fluorescent tau 

Y NA X  

Vandebroek et 

al., 2006 

De-polymerized 

human 2N4R (full 

length), 

recombinant yeast 

SDS-PAGE & Western blotting of 

Taxol-stabilized MT binding in vitro 
N 0.68 ± 0.07  X 
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Combs & 

Gamblin, 2012 

2N4R (full length), 

recombinant 

bacteria 

EM of Taxol-stabilized MTs in vitro Y NA X  

Elbaum-

Garfinkle et 

al., 2014 

K16 (residues 198–

372)—truncated 

0N4R, recombinant 

E. coli 

SDS-PAGE of Taxol-stabilized MT 

binding in vitro 
N 1.1 ± 0.8  X 

Rodríguez-

Martín et al., 

2016 

2N4R (full length) 

murine 

Primary cortical neurons from 

P301L knock-in mice, Taxol-

stabilized MTs 

N NA X  

Di Primio et 

al., 2017 
0N4R 

FRAP & FRET analysis of HeLa & 

HT22 cells (hippocampal neurons), 

transfected with FRET/fluorescent-

tau, treated with Nocodazole or 

Taxol 

Y NA X  

Mutreja et al., 

2019 

0N4R, 1N4R, & 

2N4R (full length), 

recombinant E.coli 

EM of glutaraldehyde-fixed MTs in 

vitro 
Y NA X  
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As first discussed in Chapter 1, tau has been observed to exhibit a GDP-tubulin 

nucleotide preference resulting in an offset from the MT tip which displays GTP-tubulin, 

i.e. the “GTP cap” (Bechstedt et al., 2014; Brian T. Castle et al., 2020; Duan et al., 2017; Tan 

et al., 2019). This preference has been reported by multiple sources, the most recent of 

which also quantified this offset using a specialized TipTracker MATLAB code (Brian T. 

Castle et al., 2020). While Castle et al. observed fluorescence offset in cells expressing 

2N4R (full length) tau and mCherry-α-tubulin, they did not look for this behavior from 

other isoforms such as 0N4R tau. In summary, 2N4R (full length) tau exhibits 

approximately a +220 nm offset from the MT tip that is lost when the MT experiences a 

catastrophe event and enters a shortening phase. This is in agreement with Castle et al., 

who reported an average offset of +226 nm during MT growth consistent with previous 

estimates of the GTP cap size in the same cells, 750 GTP-tubulin subunits or 310 nm 

(Seetapun et al., 2012). During periods of shortening we found tau and tubulin 

fluorescence channels converged so that there was no longer an offset, consistent with 

Castle et al. (Brian T. Castle et al., 2020). Average fluorescence offset values for 0N4R tau 

were not statistically different from 0 nm during both growth and shortening. 0N4R tau 

has lost the ability to avoid the MT tip during growth and does not exhibit GDP-tubulin 

MT lattice preference and tip avoidance during growth or shortening. This finding agrees 

with MT dynamics data, as 2N4R (full length) tau exhibits tip avoidance only during 

growth and therefore does not affect growth as much as shortening. Similarly, 0N4R tau 

shows loss of tip avoidance during growth and no tip avoidance during shortening, 

therefore 0N4R tau affects MT growth more than 2N4R (full length) tau. In addition, loss 
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of GDP-tubulin MT lattice preference observed for the 0N4R tau isoform further supports 

its similarity to colchicine, as colchicine does not exhibit a nucleotide preference or MT tip 

avoidance (M. Hemmat et al., 2020). Ultimately, it seems that tip avoiders such as 2N4R 

(full length) tau do not influence MT growth as much as non-tip avoiders like 0N4R tau. 

Lastly, the equilibrium dissociation constant—KD—for the 2N4R (full length) and 

0N4R tau isoforms were estimated to assess any differences in the affinity of these 

isoforms for MTs. 0N4R P301L tau binding affinity was not assessed as it was not observed 

to readily bind MTs. As previously mentioned, MTs appeared saturated by tau-EGFP in 

both conditions. This is not surprising because the concentration of free tau reported here 

(0.2-13 µM) is much greater than previously reported saturation levels (20 nM) above 

which tau islands are no longer distinguishable and the entire MT is covered with tau 

(Tan et al., 2019). It is of note that extrema of very high free and bound tau concentrations 

exist around 6 µM for 2N4R (full length) tau and between 15-30 µM for 0N4R tau. We 

propose that other unknown phenomena are affecting tau-MT interactions at these high 

tau concentrations, such as aggregation of tau with itself and on MTs. We found 2N4R 

(full length) tau has a KD of 0.31 ± 0.12 µM and an n value of approximately 2.1, while 

0N4R tau has a significantly larger KD of 3.2 ± 0.51 µM and a smaller n value of 

approximately 1.8. 0N4R tau has a smaller n value than 2N4R (full length) tau, 

representative of the extent of cooperativity in binding. The reduced binding 

cooperativity of 0N4R tau is reconciled by the larger KD value and weaker affinity for MTs 

of 0N4R tau compared to 2N4R (full length) tau. Similarly, Castle et al. reported a KD of 

1.1 ± 0.78 µM for 2N4R (full length) tau in the same cell line (Brian T. Castle et al., 2020). 
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Elbaum-Garfinkle et al. reported a wild-type tau affinity for MTs of 1.1 ± 0.7 µM, in 

accordance with both the KD determined in this paper and Castle et al.’s measurement 

(Elbaum-Garfinkle et al., 2014). However, they used tau K16 (residues 198–372) for their 

experiments, which spans half of the Pro-rich region to the end of the fourth MT binding 

repeat and does not contain any N-terminal inserts (Elbaum-Garfinkle et al., 2014). As 

larger KD values represent a weaker affinity, 2N4R (full length) tau displays stronger 

affinity and binding to MTs when compared to 0N4R tau. This is in opposition with 

previous findings that removal of N-terminal inserts increases the affinity of tau for MTs 

(Derisbourg et al., 2015; Jeganathan et al., 2006; Mutreja et al., 2019). As our reported KD 

values only differ by a factor of 10, it is of note that this is not considered to be a large 

change in normal thermodynamic analysis. Another possible explanation for this 

discrepancy is that during analysis, only independent MTs not exhibiting bundling were 

included. As the two N-terminal regions of tau mediate MT spacing during bundling 

(Chen et al., 1992; Mukhopadhyay & Hoh, 2001; Rosenberg et al., 2008) and our data 

suggests 0N4R tau may form tighter MT bundles than 2N4R (full length) tau, the 

independent MTs analyzed may unintentionally represent an inaccurate, lower binding 

affinity of damaged 0N4R tau. 

I would like to reiterate that a recent study found EGFP labeling of tau at the N- 

or C-terminus did not disrupt its binding or ability to promote MT growth (Kaniyappan 

et al., 2020). While the paper did conclude that EGFP tags create steric hindrance against 

aggregation of the tau repeat domain, aggregation is not directly analyzed in this study. 

Therefore, for the purpose of this study it can be assumed that EGFP tags do not affect 
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tau’s interaction with MTs in any way. While differences between MT spacing within 

bundles for the 2N4R (full length) tau vs the 0N4R tau condition would have been exciting 

to observe in this study, it was beyond the scope and capabilities of this work as AFM or 

super-resolution microscopy would be necessary. Our measurements of MT dynamics in 

the presence of 0N4R P301L tau are novel to the extent of our knowledge. Unfortunately, 

an estimation of the MT affinity of 0N4R P301L tau was unable to be achieved. Ultimately, 

we cannot offer any proof of 0N4R P301L tau’s mechanism of action, thus additional 

research is necessary to determine exactly how mutant tau exerts its quantified effects on 

MT dynamics. Similarly, the N-terminal inserts of tau have been shown to be important 

for regulating tau’s affinity for MTs, however, they have not yet been shown to be 

important for mediating tau’s nucleotide preferences as suggested here. However, 

additional experimentation in vitro is necessary to definitively claim 0N4R tau does not 

exhibit a nucleotide preference when interacting with free tubulin. Lastly, we are unable 

to explain why 0N4R tau has a lower MT binding affinity than 2N4R (full length) tau, in 

opposition with the literature discussed above. Further research such as FRAP 

experimentation is necessary to fully understand these mechanisms, and may reveal 

differences between the off-rate constant (koff), on-rate constant (kon), or effective diffusion 

coefficient (Deff) for each tau species that explain why 2N4R (full length) and 0N4R tau 

exhibit different MT binding affinities. 

In support of this data, we propose 2N4R (full length) tau has at least two MT 

binding sites, including one of higher affinity which exhibits GDP-tubulin MT lattice 

preference, resulting in a KD of 0.31 µM. 2N4R (full length) tau exhibits tip avoidance and 
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does not affect growth as much as shortening, during which tip avoidance is lost. 0N4R 

tau loses access to the higher affinity site and therefore is unable to exhibit GDP-tubulin 

nucleotide preference, resulting in a KD of 3.2 µM. 0N4R tau shows loss of tip avoidance 

during growth and no tip avoidance during shortening, therefore affecting MT growth 

more than 2N4R (full length) tau. In addition, the N-terminal repeat, non-MT binding 

region of tau protein may reduce the influence of tau on shortening via organization of 

MT spacing during bundling. We found that tip avoiders such as 2N4R (full length) tau 

do not influence MT growth as much as non-tip avoiders. In opposition, 0N4R P301L tau 

does not readily bind to MTs, indicating loss of both the higher and lower affinity binding 

sites. Consequently, it follows that the high affinity binding site may be located on the N-

terminal region (or accessibility is lost due to a conformation change following removal 

of the N-terminal repeats), and the lower affinity binding site is damaged or made 

inaccessible after the P301L mutation on the second repeat domain of the 0N4R tau 

protein. Further research is necessary to confirm this theory, such as AMF/super-

resolution microscopy, in vitro nucleotide preference, and FRAP experimentation as 

mentioned above and discussed further below. Additionally, both 2N4R (full length) and 

0N4R tau suppress catastrophe and rescue of MTs through phenocopying MTAs to act as 

a kinetic stabilizer. We believe 2N4R (full length) tau acts as a “pseudo” kinetic stabilizer 

such as Taxol, which promotes MT assembly, while 0N4R tau acts as a “true” kinetic 

stabilizer, most like colchicine. The loss of GDP-tubulin MT lattice preference and tip 

avoidance observed for the 0N4R tau isoform further supports its similarity to colchicine. 

To further classify the mechanism of action of kinetic stabilization, readily available, 
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computational-based, biophysical models for Taxol and colchicine could test our 

hypothesis that 2N4R (full length) tau and 0N4R tau act as “pseudo” and “true” kinetic 

stabilizers, respectively, as well as generate new hypotheses for other tau isoforms or 

mutated states. 

 

CONCLUSIONS 

 Changes in overall LLC-PK1 cell phenotype, MT dynamics, MT tip offset, and MT 

affinity in the presence of various tau species were investigated with live cell TIRF 

imaging and biophysical analysis. It was determined that 2N4R (full length) tau exhibits 

tip avoidance and does not affect growth as much as shortening, during which tip 

avoidance is lost. 0N4R tau shows loss of tip avoidance during growth and no tip 

avoidance during shortening, therefore affecting MT growth more than 2N4R (full length) 

tau. Both 2N4R (full length) and 0N4R tau suppress catastrophe and rescue of MTs, 

possibly through phenocopying MTAs like Taxol, vinblastine, or colchicine to act like a 

kinetic stabilizer. We believe 2N4R (full length) tau may act as a “pseudo” kinetic 

stabilizer such as Taxol, which promotes MT assembly, while 0N4R tau acts as a “true” 

kinetic stabilizer, most like colchicine. In addition, the N-terminal repeat, non-MT binding 

region of tau protein may reduce the influence of tau on shortening. Overall, we found 

that tip avoiders such as 2N4R (full length) tau do not influence MT growth as much as 

non-tip avoiders. We also propose that 2N4R (full length) tau has at least two binding 

sites, including one higher affinity site and one lower affinity site, resulting in a KD of 0.31 
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µM. 0N4R tau loses access to the higher affinity site, probably located on the projection 

domain, but retains access to the lower affinity site, resulting in a KD of 3.2 µM. In 

opposition, 0N4R P301L tau does not readily bind to MTs, indicating loss of both the 

higher and lower affinity binding sites. Consequently, it follows that the lower affinity 

binding site is damaged or made inaccessible after the P301L mutation on the second MT 

binding repeat of 0N4R tau. 

However, when compared to previous work in the field, not all the conclusions 

above are in exact alignment. Many if not all of these discrepancies can be explained by 

the use of various in vitro, cellular, or animal systems, as well as undocumented use of 

different tau isoforms. Different isoforms of tau have been shown to exhibit different 

effects on MTs and therefore are of great importance in tau-MT interaction-based studies, 

yet isoform identities are rarely reported in the literature. However, this work reports 

novel findings in quantification of the effects of multiple tau isoforms (2N4R (full length) 

and 0N4R tau) and a mutant (0N4R P301L tau) on MT dynamics such as growth, 

shortening, catastrophe, and rescue, and utilizes these observations to classify the 

isoforms as either “true” or “pseudo” kinetic stabilizers. Additionally, the loss of GDP 

nucleotide preference and tip avoidance observed for the 0N4R tau isoform is another 

new finding that further supports its possible similarity to colchicine. Future work in these 

areas are described in more detail below.  
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CHAPTER 3 

 

RELEVANCE IN BIOLOGY & MEDICINE 

 The results of this work suggest that there are multiple biophysical properties of 

the tau protein that affect MT dynamics in live cells, and that various isoforms and 

mutations exhibit differential effects. This is in part due to the possibility of multiple tau-

MT binding sites, two of which may be affected by the truncation of the two N-terminal 

repeats and by the P301L mutation on the second MT binding repeat, manifesting in 

distinctive MT affinities and loss of MT tip avoidance. Overall, it appears that the high 

affinity site may exhibit a preference for the GDP-tubulin MT lattice and is located on the 

two N-terminal insert region, while the lower affinity binding site is deleted or made 

inaccessible after the P301L mutation. Additionally, this work reports novel 

quantifications of the effects of multiple tau isoforms and a P301L tau mutant on MT 

dynamics and utilizes these observations to classify the isoforms as either “true” (0N4R 

tau) or “pseudo” (2NR4 (full length) tau) kinetic stabilizers. Possible implications for 

tauopathies studied in neurobiology and neurodegenerative disease include the 

decreased ability of 0N4R P301L tau to bind to MTs, which on its own may promote 

disease-associated progression of oligomerization. Alternatively, all tau constructs used 

in this study may have the same intrinsic affinity for MTs, however, the 2N truncation 

and P301L mutation may inhibit tau from folding into its paperclip-like structure that 

prevents aggregation. Thus, MT binding may in fact result from the failure of tau to 

aggregate. Overall, this work promotes the different effects and biophysical properties 
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exhibited by multiple tau isoforms and a mutant, thus advocating for further in-depth and 

multi-disciplinary studies of other tau isoforms and mutations, especially in the context 

of neurodegenerative tauopathies. Understanding the basic mechanisms through which 

various tau isoforms impact MT dynamics enhances comprehension and interpretation of 

how these isoforms are altered when disease-causing mutations or post-translational 

modifications arise. 

 

FUTURE WORK 

These results have a number of implications for future studies. They suggest that 

multiple biophysical properties of the tau protein affect MT dynamics, and that different 

isoforms and mutated proteins exhibit differential effects. Therefore, this work advocates 

for future multi-disciplinary studies of tau isoforms and mutations, especially in the 

context of neurodegenerative disease. Future work should first focus on repeating these 

studies in human cells, as opposed to a porcine epithelial cell line, and then in a more 

physiologically relevant cell type such as mouse or human neurons. Next, additional 

FRAP experiments should be conducted to determine an off-rate constant (koff) and an 

effective diffusion coefficient (Deff) for each tau-EGFP species both in cytoplasm (free tau-

EGFP) and on MTs (MT bound tau-EGFP). Subsequently, an on-rate constant (kon) for each 

species could be calculated from estimated off-rate constants and equilibrium dissociation 

constants. These experiments may reveal differences between the koff or kon that explain 

why the 2N4R (full length) and 0N4R isoforms exhibit different MT binding affinities and 



 

106 
 

equilibrium dissociation constants. Additionally, FRAP experiments may explain that the 

0N4R P301L tau phenotype is due to a lower effective diffusion coefficient in the 

cytoplasm and subsequent aggregation. As mentioned earlier, it would also be interesting 

to try to identify differences between the bundling abilities of 2N4R (full length) and 0N4R 

tau with the use of AFM or super-resolution microscopy. Further work to identify the 

structures seen in cytoplasm of 0N4R P301L tau expressing cells should also be conducted 

to determine if mitochondrial dysfunction or intracellular trafficking changes are 

occurring. 

Additional work for this study should also include phospho-proteomic mass 

spectrometry analysis of the 0N4R P301L tau mutant in LLC-PK1 cells. This assay will 

determine if 0N4R P301L tau is being phosphorylated in live LLC-PK1 cells and if so, at 

which residues. We hypothesize that phosphorylation of 0N4R P301L tau may cause tau 

to become detached from MTs, in agreement with the previously described phenotype 

(Billings et al., 2005; Deters et al., 2008; Hoover et al., 2010; Oddo et al., 2003; “Tau P301L 

| ALZFORUM,” n.d.; Vandebroek et al., 2006, 2005). An alternative hypothesis is that the 

P301L mutation produces a tau protein that has decreased affinity for MTs independently 

of phosphorylation, which has also been reported before (Rodríguez-Martín et al., 2016). 

Once key residues have been identified a literature review shall be conducted to 

determine common kinases expressed in LLC-PK1 cells that phosphorylate these sites. 

Alternatively, a simple in vitro assay could prove if phosphorylation or some other post-

translational modification is causing 0N4R P301L tau to dissociate from MTs in LLC-PK1 

cells. We hypothesize to see a different phenotype in vitro to that in living LLC-PK1 cells; 



 

107 
 

if 0N4R P301L tau binds to MT seeds in vitro, we can realistically conclude that a cellular-

dependent process such as phosphorylation is causing mutant tau to detach from MTs in 

vivo. In contrast, if 0N4R P301L tau in vitro does not bind to MTs, we can conclude that 

the P301L mutation simply reduces tau’s affinity for MTs by some other mechanism 

independent of cellular processes such as phosphorylation. This could include a 

conformation change in the structure of tau that strongly inhibits MT binding. 

Beyond these wet-lab assays, future work via computational-based methods 

would also enhance the efforts of future studies. A biophysical model could be derived 

with multiple, user-dependent inputs. This model would allow us to confirm the values 

of biophysical parameters determined in this study, such as the equilibrium dissociation 

constant, by observing outputs of the model such as MT growth and shortening rates, and 

rescue and catastrophe frequencies (and vice versa). Additionally, the model could also 

test the hypothesis that 2N4R (full length) tau and 0N4R tau act as “pseudo” and “true” 

kinetic stabilizers, respectively, as biophysical models for their MTA analogues (Taxol and 

colchicine) are readily available. The model could also be used to generate new 

hypotheses for other tau isoforms or mutated states.  
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CHAPTER 4 

APPENDIX 

Methods for Fluorescence Recovery After Photobleaching 

Tau cloning, purification, and labeling as well as general TIRF microscopy set-up 

and live cell imaging was performed as described in the ‘Materials & Methods.’ The 

following methods in quotations are previously described by Castle et al. (Brian T. Castle 

et al., 2020). After FRAP experimentation, statistical analysis was performed as described 

in ‘Materials & Methods’ unless otherwise noted. 

 “For FRAP experiments, a 488 nm 100 mW Argon-ion laser (Spectra-Physics, 

Santa Clara, CA) shuttered by a Uniblitz VS35 shutter (Vincent Associates, Rochester, NY) 

was focused on the imaging plane as previously described (Brian T. Castle et al., 2017) 

using a separate light path from that used for TIRF imaging. Bleach event timing was set 

to a 3 s delay and 100 ms exposure using a VMM-TI shutter driver/timer (Vincent 

Associates). Simultaneous TIRF imaging was accomplished by replacing the triple band 

pass filter above with an 80/20 beam splitter. To compensate for the beam splitter, the 488 

nm TIRF laser was increased to 100% power such that 20% laser power used for imaging 

was maintained. Temperature was maintained at 37°C using an objective heater (OkoLab 

S.R.L., Pozzuoli, Italy) and airstream incubator (Nevtek, Burnsville, VA)” (Brian T. Castle 

et al., 2020). 

“FRAP curves were fit with an exponential recovery curve by weighting early time 

points during recovery more strongly than steady-state values as described previously 
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(Brian T. Castle et al., 2017). Prior to fitting, FRAP values were corrected using 

microtubules outside the bleached region and then normalized to the average value over 

2 s (20 frames) prior to the bleach event. Assuming the tau dynamics are at steady-state 

with microtubules in vivo, and that the amount of bleached tau is small compared to the 

total amount of tau, then the exponential recovery is dictated by the off-rate as described 

in (Chloë Bulinski, Odde, Howell, Salmon, & Waterman-Storer, 2001); 

 𝐼(𝑡) = 1 − exp (−𝑘𝑜𝑓𝑓𝑡)     (Eq. 6) 

where koff is the tau unbinding rate” (Brian T. Castle et al., 2020). 

 

Estimating koff and Deff with Fluorescence Recovery After Photobleaching 

 The figures and data shown below illustrate FRAP experimentation conducted in 

order to estimate the effective diffusion coefficients (Deff) and the off-rate constants (koff) 

of the three tau-EGFP species (2N4R (full length) tau, 0N4R tau, and 0N4R P301L tau). 

FRAP experiments were performed for each species both in the cytoplasm and on MTs in 

living LLC-PK1 cells, following the protocol described in ‘Materials & Methods.’ EGFP-

α-tubulin expressed in LLC-PK1α cells acted as a control. From Figures A1 and A2 below 

it is apparent that while the laser was triggered, indicated by bright green spots (Fig. A1 

& A2, left, middle) and bright green vertical bars (Fig. A1 & A2, right, arrow), not enough 

photobleaching occurred to be able to capture the full fluorescent recovery profile post-

bleach. It is possible that during the experiment, some of the shutters on the laser were 

unintentionally closed, reducing the power of the laser and the extent of photobleaching 
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achieved. Unfortunately, due to COVID-19 related lab closures and malfunctioning Nikon 

software, additional FRAP experiments were unable to be conducted. Therefore, these 

results obtained from primary FRAP experiments were not included in the ‘Results,’ 

‘Discussion,’ or ‘Conclusions’ of this report, however, they are appended here to 

demonstrate the effort that went into obtaining these values. Future work should include 

re-doing these experiments with correct laser power levels, as discussed in ‘Future Work.’ 

 

Figure A1. (Left) Images of LLC-PK1 cells expressing EGFP-α-tubulin, 2N4R (full length) tau-

EGFP, 0N4R tau-EGFP, or 0N4R P301L tau-EGFP before (2.4 sec), during (2.6 sec), and 

immediately after (2.8 sec) photobleaching. Scale bars are 5 µm. (Right) Kymographs showing 

FRAP in the cytoplasm for each condition. Bleach event is denoted by bright green vertical bar. 

Time is on the y-axis and position is on the x-axis. Scale bars are 1 µm and 20 s in the x- and y-

axis, respectively. 
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Figure A2. (Left) Images of LLC-PK1 cells expressing EGFP-α-tubulin, 2N4R (full length) tau-

EGFP, 0N4R tau-EGFP, or 0N4R P301L tau-EGFP before (2.4 sec), during (2.6 sec), and 

immediately after (2.8 sec) photobleaching. Scale bars are 5 µm. (Right) Kymographs showing 

FRAP on MTs for each condition. Bleach event is denoted by bright green vertical bar. Time is on 

the y-axis and position is on the x-axis. Scale bars are 1 µm and 20 s in the x- and y-axis, 

respectively. 
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Figure A3 below shows FRAP profiles in the cytoplasm of LLC-PK1 cells for all 

four species analyzed in this study. Cells expressed either EGFP-α-tubulin only (control) 

or mCherry-α-tubulin and various tau-EGFP species (either 2N4R (full length) tau, 0N4R 

tau, or 0N4R P301L tau). The black line is best fit of exponential recovery, Eq. 6, and 

respective off-rate constants for each condition are reported on each graph. Figure A4 

below illustrates Deff values calculated from the same set of experiments. Both koff and Deff 

values are reported in Tables A1 and A2 below. 

 

Figure A3. FRAP of EGFP-α-tubulin or tau-EGFP species in the cytoplasm of cells expressing 

only EGFP-α-tubulin (control) or mCherry-α-tubulin and various tau-EGFP species (2N4R (full 

length) tau, 0N4R tau, or 0N4R P301L tau). Line is best fit exponential recovery. Error bars are ± 

95% CI. koff values are reported again in Table A1 below. 
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Figure A4. Diffusion coefficients from FRAP fitting of tau species in the cytoplasm of LLC-PK1 

cells expressing only EGFP-α-tubulin (control) or mCherry-α-tubulin and various tau-EGFP 

species (2N4R (full length) tau, 0N4R tau, or 0N4R P301L tau). Error bars are ± 95% CI. Deff 

values are reported in Table A2 below. 

 

Figure A5 below shows FRAP profiles on MTs of LLC-PK1 cells for all four species 

analyzed in this study. Cells expressed either EGFP-α-tubulin only (control) or mCherry-

α-tubulin and various tau-EGFP species (either 2N4R (full length) tau, 0N4R tau, or 0N4R 

P301L tau). The black line is best fit of exponential recovery, Eq. 6, and respective off-rate 

constants for each condition are reported on each graph. Figure A6 below illustrates Deff 

values calculated from the same set of experiments. Both koff and Deff values are reported 

in Tables A1 and A2 below. 
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Figure A5. FRAP of EGFP-α-tubulin or tau-EGFP species on MTs of cells expressing only EGFP-

α-tubulin (control) or mCherry-α-tubulin and various tau-EGFP species (2N4R (full length) tau, 

0N4R tau, or 0N4R P301L tau). Line is best fit exponential recovery. Error bars are ± 95% CI. koff 

values are reported again in Table A1 below. 

 

 

Figure A6. Diffusion coefficients from FRAP fitting of tau species on MTs of LLC-PK1 cells 

expressing only EGFP-α-tubulin (control) or mCherry-α-tubulin and various tau-EGFP species 

(2N4R (full length) tau, 0N4R tau, or 0N4R P301L tau). Error bars are ± 95% CI. Deff values are 

reported in Table A2 below. 
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Supporting Tables 

 

Table A1. koff values reported for EGFP-α-tubulin, 2N4R (full length) tau-EGFP, 0N4R tau-

EGFP, and 0N4R P301L tau-EGFP in the cytoplasm and on MTs in LLC-PK1 cells. koff values 

determined by curves of best-fit exponential recovery to all data points for each condition. Value of 

koff ± SEM resulting from the fit is shown. 

koff (s-1) α-tubulin 2N4R (full length) tau 0N4R tau 0N4R P301L tau 

In cytoplasm 0.51 ± 0.07 0.46 ± 0.07 0.44 ± 0.05 0.67 ± 0.08 

On microtubules 0.84 ± 0.31 0.31 ± 0.02 0.32 ± 0.02 0.47 ± 0.06 

 

Table A2. Deff values reported for EGFP-α-tubulin, 2N4R (full length) tau-EGFP, 0N4R tau-

EGFP, and 0N4R P301L tau-EGFP in the cytoplasm and on MTs in LLC-PK1 cells. Deff values 

determined by FRAP fitting. Value of Deff ± SEM resulting from the fit is shown. 

Deff (µm2/s) α-tubulin 2N4R (full length) tau 0N4R tau 0N4R P301L tau 

In cytoplasm 2.9 ± 1.9 41.6 ± 14.6 35.9 ± 13.2 8.9 ± 4.0 

On microtubules 3.4 ± 1.5 1.8 ± 1.5 1.8 ± 1.0 1.2 ± 0.8 

 

 

 

 

 

 


