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ABSTRACT 

Tau protein is associated with many neurodegenerative disorders known as 

tauopathies, such as Alzheimer’s disease (AD), progressive supranuclear palsy (PSP), 

and Picks’ disease (PiD). Depending on the alternative splicing of the microtubule-

associated protein tau (MAPT) gene in the central nervous system, tau protein may carry 

either three or four microtubule-binding repeats (3R vs 4R) along with either two, one, or 

no N-terminal acidic repeats (2N, 1N, 0N) giving rise to 6 primary tau isoforms. Under 

disease conditions, tau protein aggregates into intracellular inclusions that feature distinct 

profiles of tau isoforms (e.g. 4R/3R in AD, 4R in PSP, and 3R in PiD). Aggregates of tau 

were traditionally thought of as the main driver of neurodegeneration in tauopathies. 

Increasingly, evidence points to earlier, soluble conformations of abnormally modified 

monomers and multimeric tau as toxic forms of tau. The biological processes driving tau 

from physiological species to pathological conformations remain incompletely 

understood; however, the functional consequences of tau mutations, protein-protein 

interactions, and post-translational modifications (PTMs) are likely contributors.  

Phosphorylation and acetylation have been the most commonly and extensively 

studied PTMs of tau. Nonetheless, tau is subject to other PTMs that have not gained as 

much attention, such as carbamylation, prolyl-isomerization, polyamination, O-linked-N-

acetyl β-d-N-glucosaminylation (O-GlcNAcylation), and SUMOylation among others. 

Moreover, our understanding of the role played by PTMs in regulating the adoption of 

soluble toxic conformations by tau is in its early days. Therefore, it is of paramount 

importance to fill those gaps by shedding more light on the understudied PTMs of tau and 

investigate their role in regulating the formation of pathological tau conformations.  



In this dissertation, I set out to investigate three of the understudied PTMs of tau: 

polyamination, O-GlcNAcylation, and SUMOylation. First, I produced a set of recombinant 

tau proteins individually modified with the three PTMs using different purification 

approaches. The modified sites on recombinant tau isoforms were identified using mass 

spectrometry. Then, I assessed the impact of the three PTMs on the interactions of tau 

with microtubules (MTs) in terms of MT binding and tubulin polymerization. In addition, 

the unmodified and modified tau proteins were subjected to a set of in vitro biophysical 

and biochemical assays to determine the contribution of the three PTMs to tau’s transition 

into the known pathological conformations, including formation of filamentous 

aggregates, oligomerization, exposure of the phosphatase-activating domain, misfolding, 

and in-cell seeding capability. Several effects of polyamination, O-GlcNAcylation, and 

SUMOylation on the interaction of tau with microtubules and the adoption of pathological 

conformations by tau were identified. Integrating the findings from this work with the 

current literature can provide insights on the potential role played by PTMs in disease.  

 I show that this framework to study PTMs using recombinant proteins is useful in 

investigating the regulation of tau pathobiology even by understudied PTMs. Furthermore, 

integrating the findings from this work with the current literature can provide insights on 

the potential role played by PTMs in disease. Taken together, this approach facilitates the 

advancement of our understanding of the relationships between PTMs and tau 

conformations in health and disease. 
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CHAPTER 1: DISSERTATION INTRODUCTION 
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Abstract 

Tau protein is associated with many neurodegenerative disorders known as 

tauopathies, the most common of which is Alzheimer’s disease (AD). Intracellular 

inclusions of tau are traditionally thought of as the main driver of neurodegeneration in 

tauopathies. Recent evidence points to soluble conformations of abnormally modified 

monomers and multimeric tau as likely toxic forms of tau, as opposed to filamentous 

aggregates. Factors driving tau from a physiological state to pathological conformations 

is a growing area of interest for researchers in the field. Certain avenues are currently 

under investigation including the functional consequences of pathological tau changes 

such as tau mutations, protein-protein interactions, and post-translational modifications 

(PTMs).   

PTMs regulate several aspects of tau biology such as its normal physiological 

functions, proteasomal and autophagic clearance, solubility, and aggregation. Also, 

PTMs contribute to the transition of tau from normal to pathological conformations, such 

as oligomerization and misfolding. Phosphorylation and acetylation are the most 

extensively studied PTMs of tau; yet tau is subject to a much larger pool of PTMs that 

remain without enough examination such as carbamylation, prolyl-isomerization, 

polyamination, O-linked-N-acetyl β-d-N-glucosaminylation (O-GlcNAcylation), and 

SUMOylation among others. Moreover, our understating of how PTMs of tau specifically 

regulate its transition into pathological conformations needs further development. Filling 

this knowledge gap requires further investigation of the understudied territory of tau PTMs 

to gain a comprehensive picture of tau regulation.  
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The focus of this dissertation is to understand the role played by three of the 

understudied PTMs of tau (i.e. polyamination, O-GlcNAcylation, and SUMOylation) in 

regulating its transition into pathological conformations. Chapter 1 begins with a summary 

of our current knowledge of basic tau protein biology, tauopathies, pathological tau 

conformations, and PTMs. Then I provide an overview of the current methods to create 

recombinant tau proteins carrying specific PTMs and validate modification status. Then, 

I describe a set of biochemical and biophysical assays that assess the contribution of a 

given PTM to the different pathological tau conformations, including aggregation, 

oligomerization, exposure of the phosphatase-activating domain, misfolding, and 

seeding. By integrating these approaches, this work advances our understanding of the 

relationships between PTMs and pathological tau conformations. 
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Biology of Tau Protein 

Tau protein is encoded by the microtubule-associated protein tau (MAPT) gene 

located on chromosome 17q21 (Caillet-Boudin et al., 2015; Goedert et al., 1988). The 

MAPT gene gives rise to six primary tau isoforms in the central nervous system (CNS) 

through alternative splicing (Figure 1.1A) (Wang & Mandelkow, 2016). Alternative splicing 

of exon 10 determines whether tau protein contains either three or four of the microtubule 

binding repeats (MTBRs), called 3R and 4R isoforms, respectively (Wang & Mandelkow, 

2016). Furthermore, alternative splicing of exons 2 and 3 that encode for the N-terminal 

acidic repeats determines whether the 3R and 4R tau isoforms carry 2N, 1N, or 0N inserts 

(Wang & Mandelkow, 2016). Tau also has a unique isoform containing the additional exon 

4a increasing its molecular weight from 45-65kDa to about 110kDa (Fischer & Baas, 

2020). This larger tau isoform is called Big tau, and it is expressed mainly in the peripheral 

nervous system and select regions of the CNS such as the cerebellum and spinal cord 

(Fischer, 2023). Within the CNS, tau is expressed in neurons and mature 

oligodendrocytes (Mueller et al., 2021). On the contrary, its expression is lower in 

astrocytes with little to no expression in microglia (Kanaan, 2024). Furthermore, tau is 

distributed throughout most compartments of neuronal cells including dendrites, soma, 

axons, and nuclei (Kanaan & Grabinski, 2021).  

In 1975, the tau protein was discovered and classified as a microtubule-associated 

protein that regulates microtubule dynamics (Cleveland et al., 1977; Weingarten et al., 

1975; Witman et al., 1976). Over the years, accumulating evidence suggests a more 

diverse functional repertoire for tau that extends to several cellular compartments and 

pathways (Mueller et al., 2021; Tseng & Cohen, 2024). In addition to regulating 
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microtubule dynamics, tau may regulate axonal transport, axonal maturation, neuronal 

activity, and neurogenesis. Inside the nucleus, tau may also help maintain the integrity of 

genomic DNA (Wang & Mandelkow, 2016). In the axonal compartment of neurons, tau 

regulates axonal transport and cargo release through a signaling pathway that includes 

glycogen synthase kinase 3b (GSK3b) and protein phosphatase 1 (PP1) (Mueller et al., 

2021). This process is regulated by the phosphatase-activating domain (PAD) located in 

the extreme N-terminus of tau (Kanaan et al., 2011). Furthermore, tau regulates 

myelination in mature oligodendrocytes by recruiting Fyn kinase after initial contacts 

between oligodendrocytes and axons are established (Muller et al., 2013; Witman et al., 

1976). As is the case with the other intrinsically disordered proteins, pinpointing specific 

molecular functions can be complex and this remains an active area of investigation in 

the field (Holehouse & Kragelund, 2024). 
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Figure 1.1. Domains and post-translational modifications (PTMs) of tau. 
A, tau proteins contain multiple domains, including the acidic N-terminus (aa 1-150) 
containing the phosphatase-activating domain (PAD, aa 2-18) and the alternatively 
spliced N-terminal inserts (N1, aa 45-73 and N2, aa 74-102); the highly flexible proline-
rich domain (PRD, aa 151-243) comprised of two subdomains (P1, 151-198; P2, 199-
243); the microtubule-binding region (aa 244-368) that harbors four or three microtubule-
binding repeats (MTBRs); and the C-terminal domain (aa 369-441). Alternative splicing 
of exons 2, 3, and 10 in the MAPT gene results in six different isoforms. Inclusion or 
exclusion of exon 10 yields three isoforms of four MTBR containing isoforms (4R) or three 
isoforms of three MTBR containing isoforms (3R), respectively. Each 3R and 4R isoform 
protein has either the N1 and N2 (2N), only the N1 (1N) or neither the N1 nor N2 (0N) N- 
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Figure 1.1 (cont’d) 
terminal inserts. The amino acid length of each isoform is indicated to the right of the 
protein and the amino acids comprising each domain is indicated in parentheses below 
the domain name. B, several approaches (e.g. mass spectrometry and antibody-based 
assays) have been used to identify many tau PTMs in tauopathies, including Alzheimer’s 
disease, corticobasal degeneration, progressive supranuclear palsy, and Pick’s disease. 
This panel summarizes many of the known phosphorylation, acetylation, methylation, 
ubiquitination, SUMOylation, polyamination, glycosylation, and nitration sites in tau that 
were identified using human tissues (longest tau isoform, 2N4R, used as a reference). 
Several PTM sites involving lysine, serine or threonine residues overlap or have high 
proximity, which may lead to competition and/or complex interplay between different 
PTMs at specific sites. Figure created with BioRender.com. 

Overview of Tauopathies 

Tauopathies are a heterogenous group of neurodegenerative disorders that 

present clinically with a broad spectrum of cognitive, behavioral, and motor symptoms, 

and are associated with degeneration in brain regions related to the clinical impairments 

(Josephs, 2017; Kneynsberg et al., 2017). These disorders are characterized 

neuropathologically by the abnormal aggregation of filamentous tau into several forms of 

pathognomonic neuronal and/or glial inclusions (Goedert et al., 1988; LeDoux, 2014). 

Alzheimer’s disease (AD) is characterized by neurofibrillary tangles (NFTs), neuropil 

threads and neuritic plaques, while tufted astrocytes and oligodendrocyte coiled bodies 

are common in progressive supranuclear palsy (PSP), astrocytic plaques and ballooned 

neurons are found in corticobasal degeneration (CBD), neuronal Pick bodies are 

characteristic of Pick’s disease (PiD), and neurofibrillary tangles and astrocytic fibrillary 

deposits are found in chronic traumatic encephalopathy (CTE) (Arendt et al., 2016; Gotz 

et al., 2019; McKee et al., 2018).  

At the protein level within the inclusions, some tauopathies feature primarily 4R tau 

isoforms (e.g. CBD and PSP), 3R tau isoforms (e.g. PiD), or both 3R and 4R tau proteins 
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(e.g. AD and CTE) (Wang & Mandelkow, 2016; Zhang et al., 2022). In addition to their 

diversity at the neuropathological and protein level, diversity at the structural level of the 

filamentous forms of tau is well established (King et al., 2001; Ksiezak-Reding et al., 1996; 

Ksiezak-Reding & Wall, 2005; Ksiezak-Reding et al., 1998). Traditional electron 

microscopy and biochemistry techniques highlighted differences in paired helical 

filaments from different tauopathies, including different core residues, diameters, and 

twist periodicities (Arima, 2006; Crowther, 1991; Crowther & Goedert, 2000; Ksiezak-

Reding et al., 1994; Taniguchi-Watanabe et al., 2016; von Bergen et al., 2006; Wischik 

et al., 1985; Wischik et al., 1988; Wisniewski et al., 1984; Zhukareva et al., 2002). Building 

on these earlier studies, cryogenic electron microscopy (cryo-EM) was used to resolve 

structural differences among insoluble tau aggregates in several tauopathies with atomic 

resolution (Falcon et al., 2018; Fitzpatrick et al., 2017; Shi et al., 2021; Zhang et al., 2020). 

Collectively, cryo-EM studies indicate that tau assumes conformations within the filament 

cores unique to each of the tauopathies and this specificity may be helpful in post-mortem 

disease classification (Scheres et al., 2020; Shi et al., 2021).  

Primary Tauopathies  

 Tau pathology represent the primary neuropathological feature in primary 

tauopathies; therefore, it is thought that tau is at least one of the primary drivers of 

diseases processes in this group of neurodegenerative disorders (Kovacs, 2016). The 

differences at the neuropathological, protein, and structural levels in tauopathies are also 

accompanied by differences in the clinical presentation that seems to be related to the 

brain region(s) affected (Olfati et al., 2022).  
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Corticobasal Degeneration 

 In the late 1960s, CBD was reported in literature as a separate entity for the first 

time (Rebeiz et al., 1967, 1968). Difficulty in using limbs with slowness and clumsiness 

was the main clinical symptom that all patients presented with (Rebeiz et al., 1968). CBD 

has an onset of 40-70 years of age, and patients present with a constellation of symptoms 

commonly referred to as corticobasal syndrome (CBS): asymmetrical rigidity and apraxia 

along with dystonia and alien limb syndrome (Armstrong et al., 2013; Litvan et al., 2000). 

Inclusions of tau in CBD are comprised of 4R tau isoforms, and they are located mainly 

within the frontal and parietal cortices along with the substantia nigra (Dickson et al., 2011; 

Kovacs, 2015). The hindbrain also is affected in CBD, but the pathology is typically denser 

in the forebrain when compared to PSP (Dickson et al., 2002). The defining 

neuropathological feature of CBD is the unique astrocytic plaques (Feany & Dickson, 

1995). Furthermore, CBD brains contain ballooned neurons and globose NFTs, but these 

inclusions are shared with other tauopathies such as PSP (globose NFTs), AD, and PiD 

(ballooned neurons) (Dickson et al., 2011; Fujino et al., 2004). 

Progressive Supranuclear Palsy  

 PSP has an onset of 60-70 years of age, and patients usually present with axial 

rigidity, unstable posture, falls, dysarthria, and dysphagia along with a progressive vertical 

gaze palsy (hence the name palsy) (Steele et al., 1964; Wen et al., 2023). The main brain 

regions affected in PSP patients include basal ganglia, subthalamic nucleus, and 

substantia nigra (Dickson et al., 2011). In 1964, the first cases of PSP were reported by 

Steele, Richardson, and Olszewski (Steele et al., 1964); thus, the typical clinical 

presentation of PSP described above was later named Richardson syndrome (RS) 
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(Williams et al., 2005). Another variant of PSP resembles parkinsonism, called PSP-

parkinsonism (PSP-P), and its clinical symptoms include tremors that respond initially to 

treatment with levodopa (Williams et al., 2005). In fact, PSP may present with a wide 

range of clinical symptoms including progressive nonfluent aphasia or apraxia of speech 

(PNFA or AOS) (Josephs et al., 2005), CBS (Josephs et al., 2006; Tsuboi et al., 2005), 

or pure akinesia with gait filature (PAGF) (Ahmed et al., 2008; Williams et al., 2007). This 

heterogeneity in clinical presentation comes from different distributions of tau pathology 

inside the brain (Dickson et al., 2011). For example, tau pathology more predominant in 

brainstem is associated with PAGF; cortical predominant tau pathology is associated with 

CBS and AOS (Dickson et al., 2011). 

Like CBD, PSP is a 4R tauopathy that feature both neuronal and glial tau pathology 

in the brain (Dickson et al., 2011). The unique neuropathological feature in PSP is the 

glial lesions called tufted astrocytes (Hauw et al., 1990; Yamada et al., 1992). Moreover, 

neuronal and oligodendrocytic lesions are abundant in PSP in the forms of globose NFTs 

and coiled bodies, respectively (Yamada et al., 1992). Even though globose NFTs and 

coiled bodies are also found in CBD, they are typically more abundant and characteristic 

of PSP (Dickson et al., 2011).   

Pick’s disease  

 Since 1892, Arnold Pick reported clinical cases presenting with personality 

changes, cognitive dysfunction, and focal cortical symptoms such as apraxia and aphasia 

(Karenberg, 2001). That disease entity later became known as PiD that has an onset of 

< 65 years of age (Dickson et al., 2011). Depending on the cortical areas involved, 

patients may present with personality changes (frontal and temporal cortices) 
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(Constantinidis et al., 1974), apraxia (frontal and parietal cortices) (Lang et al., 1994), and 

progressive aphasia (per-Sylvian atrophy including the left anterior temporal cortex with 

interconnected hippocampal neurons) (Dickson et al., 2011; Graff-Radford et al., 1990). 

 Unlike CBD and PSP, PiD is a 3R tauopathy that features both neuronal and glial 

tau pathology (Dickson et al., 2011). The characteristic neuropathological feature of PiD 

is the unique Pick bodies (round intraneuronal tau inclusions) present in cortical and 

hippocampal brain regions (de Silva et al., 2006; Dickson et al., 2011; Rewcastle & Ball, 

1968). Another neuropathological feature observed in PiD is ramified astrocytes as well 

as ballooned neurons (referred to as Pick cells in PiD); yet ballooned neurons may be 

shared with other tauopathies as described above (e.g. CBD) (Dickson et al., 2011). 

Unlike CBD and PSP, pigmentation of substantia nigra typically remains intact in PiD 

(Williams, 2006). 

Frontotemporal Dementia and Parkinsonism Linked to Chromosome-17  

 Frontotemporal Dementia and Parkinsonism Linked to Chromosome-17 (FTDP-

17) are autosomal dominant neurodegenerative disorders characterized by mutations in 

genes located on chromosome 17 – the MAPT and progranulin (PGRN) genes (Boeve & 

Hutton, 2008). Therefore, FTDP-17 is further classified into FTDP-17-MAPT and 

FTDP17-PGRN. Nonetheless, mutations in the MAPT gene rather than PGRN gene 

account for most FTDP-17 cases (Goedert & Spillantini, 2000). The first evidence that 

MAPT mutations are linked to FTDP-17 cases came in the late 1990s; the reported MAPT 

mutations included G272V, V337M, P301L, and R406W (Hutton et al., 1998; Poorkaj et 

al., 1998). Since then, many other MAPT mutations were detected in FTDP-17 families; 

these mutations are in either coding regions or the intronic region after exon 10 (Spillantini 
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et al., 2000). FTDP-17 has an onset between 30-50 years of age, and afflicted individuals 

usually present with at least two out of three cardinal features: behavioral and personality 

disturbances (e.g. social inhibition, aggressive outburst, compulsive behavior), cognitive 

deficits, and motor dysfunction (sometimes referred to as parkinsonism-plus syndrome) 

(Wszolek et al., 2006). Furthermore, tau pathology exhibits a variable profile in terms of 

location (i.e. neuronal vs glial), tau isoforms (i.e. 4R, 3R, or 4R/3R), and inclusion type 

(e.g. neurofibrillary tangles) which may mimic either AD, CBD, PSP, or PiD (Goedert & 

Spillantini, 2000; Williams, 2006). 

 Familial cases of FTDP-17 provided evidence that mutations in the MAPT gene 

are sufficient to cause neurodegenerative dementias (Goedert & Spillantini, 2000). 

Missense mutations in exons 9, 12, and 13 (e.g. G272, V337M, and R406W) affect all six 

tau isoforms (Goedert & Spillantini, 2000). On the other hand, missense and deletion 

mutations in exon 10 (e.g. ∆K280, P301L, and P301S) affect only 4R tau isoforms 

(Goedert & Spillantini, 2000). Given that most of the mutations are located within the 

MTBR region, it is not surprising that these mutant forms of tau impair tau-induced 

microtubule assembly and binding (Bugiani et al., 1999; Hasegawa et al., 1998; Hong et 

al., 1998; Rizzu et al., 1999). In addition, some of these mutations are directly linked to 

tau-induced pathogenic mechanisms in disease (Alhadidy & Kanaan, 2024). For example, 

the P301L mutation increases tau oligomerization, promotes tau liquid-liquid phase 

separation, and enhances PAD exposure leading to hyperactivation of the PP1-GSK3b 

pathway and impairment of axonal transport (Combs et al., 2021; Kanaan et al., 2020; 

Maeda et al., 2018).  
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 Intronic mutations mostly located in the 5’ splice site of exon 10 represent the 

second type of MAPT mutations in FTDP-17 (Spillantini et al., 2000). Several studies 

determined a stem loop structure at the 5’ splice site of exon 10 whose stability is 

disrupted by intronic mutations (D'Souza et al., 1999; Donahue et al., 2006; Grover et al., 

1999; Hong et al., 1998; Hutton et al., 1998). Thus, some intronic mutations increase the 

inclusion of exon 10 and increase expression of 4R tau isoforms (Gallo et al., 2007; 

Niblock & Gallo, 2012; Varani et al., 1999). Indeed, evidence suggests that 4R tau is more 

pathogenic relative to 3R tau (Adams et al., 2010; Schoch et al., 2016).  

Secondary Tauopathies 

 Secondary tauopathies include one or more co-pathologies along with tau 

inclusions in affected brain regions, and tau is a primary driver of disease processes in 

these disorders (Arendt et al., 2016). Furthermore, the associated co-pathologies also 

contribute to the pathophysiology of secondary tauopathies (Kovacs, 2016).  

Alzheimer’s Disease  

AD is named after the neuroanatomist, Alois Alzheimer, who reported the first 

clinical case in patient named Auguste Deter at the Meeting of South-West German 

Psychiatrists in 1906 (Hippius & Neundorfer, 2003). Auguste D. was in her 50s and 

presented with memory impairment, hallucination, and aggressive behavior (Allsop, 

2000). She was given the diagnosis of a rare form of presenile dementia, and she died 

with severe dementia five years later (Pantel, 2017; Yang et al., 2016). An autopsy of 

Auguste D.’s brain revealed the histological hallmarks of senile plaques and neurofibrillary 

tangles (Hippius & Neundorfer, 2003). Interestingly, another physician called Oscar 

Fischer published a paper describing neuritic plaques in the same year Alois Alzheimer 
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published his work (Goedert, 2009). Four years later Fischer published another paper in 

which he remarkably described eight stages of plaques that correlate with disease stage 

(Goedert, 2009). AD was described as Alzheimer’s disease and the presbyophrenia of O. 

Fischer between 1949 and 1955, but it was later shortened to AD probably for the sake 

of convenience (Goedert, 2009).    

The foundation laid by the seminal work from Drs. Alzheimer and Fischer ultimately 

led to the current neuropathological definition of AD including extracellular amyloid-b (Ab) 

plaques and intracellular tau tangles (Glenner & Wong, 1984; Grundke-Iqbal, Iqbal, 

Quinlan, et al., 1986; Kosik et al., 1986; Masters et al., 1985; Terry et al., 1964). The 

required presence of amyloid plaques in addition to tau tangles to confirm diagnosis 

makes AD a secondary tauopathy (Irwin, 2016; Langerscheidt et al., 2024). AD 

represents the most common cause of dementia and the sixth-leading cause of death in 

USA ("2023 Alzheimer's disease facts and figures," 2023).  

There are two main forms of AD: familial AD that represents only 5% of cases and 

sporadic AD accounting for the other 95% (Andrade-Guerrero et al., 2023). Familial or 

early onset AD (EOAD) represents an autosomal dominant form of the disease with onset 

< 65 years of age (Andrade-Guerrero et al., 2023). Several genetic mutations are linked 

to EOAD, most of which involves the amyloid precursor protein (APP), presenilin 1 

(PEN1), and presenilin 2 (PSEN2) (Andrade-Guerrero et al., 2023). On the other hand, 

sporadic or late onset AD (LOAD) has onset > 65 years of age, and aging represents its 

primary risk factor (Zhao & Huai, 2023). Apoε4 reduces the age of onset of LOAD, and 

this allele is present in about 40-65% of cases (Meyer et al., 1998; Pires & Rego, 2023). 

In addition to the Apoε4 allele, genome-wide association studies (GWAS) linked LOAD to 



 

 15 

dozens of susceptibility genes, many of which are related to Ab homeostasis (Hampel et 

al., 2021).  

In AD, Ab plaques appear first in the neocortex (temporal and frontal lobes), spread 

into allocortex (e.g. hippocampus and other limbic areas), and eventually reach the 

brainstem (Grothe et al., 2017; Thal et al., 2002). Tau tangles, on the other hand, follow 

a distinctly different pattern that starts in the entorhinal region and spreads into limbic 

brain regions until it reaches the neocortex. This spatiotemporal pattern of progressive 

tau inclusion deposition is the basis of Braak staging for AD (Braak et al., 2006; Braak & 

Braak, 1991; van der Kant et al., 2020).  

According to Braak staging, tau pathology starts in the transentorhinal region with 

little/no involvement of the entorhinal cortex proper (stage I). Pathology then progresses 

through the entorhinal cortex proper and into CA1 and CA2 (stage II). Stage III includes 

the tau pathology intensifying in the entorhinal cortex proper and beginning to spread into 

the temporal lobe gyri. At stage IV of disease, the pathology becomes increasingly intense 

in the transentorhinal and entorhinal regions. Furthermore, the cortical pathology spreads 

further through the temporal cortex and extends widely in most areas of the neocortex 

except for the occipital cortex. Thereafter, pathology continues to spread further into the 

neocortical regions and the first signs of tau pathology reaching the occipital cortex are 

detectable in stage V. At stage VI, most of the neocortical areas show severe pathology 

with the occipital cortex shows more involvement into the striate areas (Braak et al., 2006; 

Braak & Braak, 1991).  

Even though the consensus is that tau pathology starts later than amyloid 

pathology, it is tau that strongly correlates with neuronal loss and cognitive decline 
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(Chetelat et al., 2010; Josephs et al., 2008; La Joie et al., 2020; Malpetti et al., 2022; 

Nelson et al., 2012; Whitwell et al., 2008). Patients usually present with memory 

impairment caused by dysfunction of the perforant pathway and neuronal loss in the 

entorhinal cortex (Gomez-Isla et al., 1996; Hyman et al., 1984; Hyman et al., 1986; 

Solodkin & Van Hoesen, 1996).  

The amyloid cascade hypothesis is one of the leading frameworks to explain AD 

pathology for the past 20+ years (Barage & Sonawane, 2015; Karran et al., 2011; Naslund 

et al., 2000; Ricciarelli & Fedele, 2017). The hypothesis states that alterations in the 

production and/or clearance of Ab leads to its accumulation. This initial event of Ab 

accumulation drives a cascade of pathophysiological changes that eventually leads to tau 

pathology and the other neuropathological sequelae that characterize AD (Selkoe, 2000). 

Decades of research suggest that the amyloid cascade hypothesis cannot explain all 

pathophysiological aspects of AD (Herrup, 2015; Kepp et al., 2023; Selkoe & Hardy, 2016; 

Uddin et al., 2020). Nonetheless, recent clinical trials demonstrated that antibodies 

targeting the Ab pathology provide, at least, a small benefit in some patients when 

administered early in the disease (Budd Haeberlein et al., 2022; van Dyck et al., 2023).  

Chronic Traumatic Encephalopathy 

As early as 1928, it became appreciated that fighters may suffer from the “punch-

drunk” syndrome whose symptoms are currently described as traumatic encephalopathy 

syndrome (MARTLAND, 1928; McKee et al., 2023). About half a decade later, Coresellis 

et al. published a case series of 15 boxers whose brains showed degeneration in the 

cortex and substantia nigra (Corsellis et al., 1973). Neurofibrillary tau tangles develop in 

the brains of boxers after repeated head injuries, and they are concentrated in the 
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perivascular space (Geddes et al., 1999). CTE is not restricted to boxers but can extend 

to other high impact sports such as soccer and football as well as military-related 

percussive head injuries (Geddes et al., 1999; McKee et al., 2015; Omalu et al., 2006; 

Omalu et al., 2005).  

CTE is caused by mild and repeated head injuries accompanied by transfer of 

acceleration and deceleration forces to the brain, with disease appearing at midlife (Chen, 

2018; Omalu, 2014). According to the most recent McKee criteria, the presence of a single 

CTE lesion is sufficient for diagnosis (McKee et al., 2023). A CTE lesion is defined as 

phosphorylated tau aggregates in neurons at the depth of cortical sulci and around small 

blood vessels. Neuronal pathology may or may not be accompanied by glial tau pathology 

(McKee et al., 2023). 

Unlike AD, tau pathology in CTE does not start in the entorhinal cortex or medial 

temporal lobe; instead, NFTs begin in the neocortex, especially the frontal lobe around 

small vessels in cerebral sulci (McKee et al., 2015; Omalu et al., 2006; Omalu et al., 

2005). At stage I CTE, the perivascular tau pathology may be accompanied by mild 

ventricular enlargement (McKee et al., 2013). Tau pathology then progresses to form “hot 

spots” at the depth of cerebral sulci accompanied by a limited spread to the adjacent 

layers of superficial cortex (stage II). At stage III, neurofibrillary tau tangles spread 

throughout the frontal, temporal, parietal, and insular cortices along with other brain 

regions such as the amygdala, hippocampus, and entorhinal cortex. Tau pathology 

becomes widespread in most cortical and medial temporal lobe regions later at stage IV 

(McKee et al., 2013).  
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As a secondary tauopathy, CTE is also accompanied by other pathologies such as 

TAR DNA-binding protein 43 (TDP-43) and Ab plaques (McKee et al., 2013). In fact, TDP-

43 inclusions are reported in about 85% of CTE cases. Moreover, autopsy of the first two 

football cases of CTE as well as other patients showed a variable profile of Ab plaques in 

the brain, with some cases having extensive Ab plaques and others having none (McKee 

et al., 2015; Omalu et al., 2006). Different studies reported that 40-50% of CTE cases 

present also with Ab plaques (McKee et al., 2013; Stein et al., 2015). Interestingly, Ab 

pathology in CTE patients is strongly associated with the Apoε4 allele (Stein et al., 2015).   

CTE Patients may present with a range of symptoms including cognitive 

impairment, mood disorders, parkinsonian symptoms, depressive disorder, aggressive 

behavior, and progressive dementia (Omalu et al., 2006; Omalu et al., 2005; Stern et al., 

2013). Of note, the clinical symptoms are correlated with the stages of tau pathology 

spreading in CTE: stage I CTE is associated with headaches and lack of attention; stage 

II CTE is associated with memory impairment and depression; stage III associated with 

cognitive dysfunctions; stage IV is associated with dementia and aggression (McKee et 

al., 2013).     

Pathological Tau Conformations in Tauopathies 

In the 1980’s, the discovery that tau is the primary constituent of neurofibrillary 

tangles provided substantial evidence for its importance in AD and other tauopathies 

(Arima et al., 1992; Bancher et al., 1987; Feany & Dickson, 1995; Mori et al., 1994; Wood 

et al., 1986). Under physiological conditions, tau lacks a stable three-dimensional 

structure (Uversky et al., 2008) and assumes an ensemble of conformations in vitro, such 

as the paperclip conformation (Jeganathan et al., 2008; Jeganathan et al., 2006). In 
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disease conditions, tau undergoes modifications and conformational changes likely 

involved in instigating a cascade of self-assembly forming filamentous (on-filament 

pathway) or non-filamentous (off-filament pathway) aggregates (Chen et al., 2020; 

Kjaergaard et al., 2018; Shammas et al., 2015). Our understanding of the mechanisms 

mediating tau toxicity and aggregation in neurodegenerative disorders has undergone 

substantial progress over the years (Samudra et al., 2023; Silva & Haggarty, 2020).  

  The toxicity of tau protein in neurodegenerative disorders was traditionally linked 

to tau filamentous aggregates such as NFTs (Cowan & Mudher, 2013). This is based on 

myriad studies showing aggregated tau pathology correlates strongly with cognitive 

decline in patients (Arriagada et al., 1992; Gomez-Isla et al., 1997; Grober et al., 1999). 

Moreover, studies in mice demonstrated that behavioral deficits are linked to the 

overexpression of pro-aggregation versus anti-aggregation tau mutants (Eckermann et 

al., 2007). However, later estimates suggest that tangle-bearing neurons are likely to 

survive for decades in the human brain (Morsch et al., 1999). Indeed, tangle-like 

inclusions are not necessary nor sufficient for neuronal dysfunction in mice (Cowan & 

Mudher, 2013). For example, neuronal dysfunction could be reversed by turning off 

expression of a mutant form of human tau despite the continued presence of tangle-like 

pathology in the rTg4510 transgenic mouse model (Santacruz et al., 2005). Moreover, 

tangle-bearing neurons in the rTg4510 mouse model remain functionally intact as 

indicated by two-photon calcium imaging (Kuchibhotla et al., 2014). Together, these 

findings highlight that tangles are not as detrimental as initially thought and suggest other 

pathological species of tau (i.e. pre-tangle forms) may be more critical to tau-mediated 

toxicity.  
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Earlier conformations of tau antecedent to fibrillar aggregation have drawn 

increasing attention. The formation of tau oligomers is considered an early event in the 

progressive accumulation of pathological tau in AD (Lasagna-Reeves et al., 2012; Maeda 

et al., 2006; Patterson et al., 2011). Oligomers are sufficient to cause synaptic and 

mitochondrial dysfunction in neurons of wild-type mice (Lasagna-Reeves et al., 2011). 

Remarkably, oligomeric tau impairs long-term potentiation in tau knockout mice (Puzzo 

et al., 2020). Moreover, treating primary mouse neurons with oligomeric tau induces 

electrophysiological dysfunction, such as inhibition of long-term potentiation (Fa et al., 

2016; Hill et al., 2019). In agreement, neutralizing oligomeric tau with immunotherapy 

rescues tauopathy-induced memory deficits in both hTau and tau P301L mice (Castillo-

Carranza, Gerson, et al., 2014; Castillo-Carranza, Sengupta, et al., 2014). 

Tau undergoes additional conformational changes early during the progressive 

accumulation of pathology in human disease also associated with mechanisms of toxicity. 

For example, excessive exposure of the biologically active motif in the extreme N-

terminus of tau (PAD) activates a PP1-GSK3b regulated pathway that disrupts axonal 

transport (Combs et al., 2021; Kanaan et al., 2011; LaPointe et al., 2009; Mueller et al., 

2021). Another conformational change of tau believed to represent a misfolding event 

that precedes aggregation involves its N-terminus coming near the MTBR–an event that 

happens very early in AD (Carmel et al., 1996; Luna-Munoz et al., 2007). In addition, 

recent work by the Diamond lab and other shows that monomeric tau can exist in 

conformations capable of seeding aggregation in cell lines and animal models (Mirbaha 

et al., 2018; Mirbaha et al., 2022). 
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In fact, accumulating evidence suggests that the levels of pathological tau 

conformations in tauopathies correlate strongly with neuronal and synaptic losses in brain 

regions (Scheff & Price, 2006). For instance, entorhinal cortex (especially layer II) along 

with the perforant pathway, hippocampal formation, and nucleus basalis of Meynert 

(mainly in the posterior portion) are the first brain regions to experience neuronal and 

synaptic losses in early/mild AD (Gomez-Isla et al., 1996; Grothe et al., 2012; Heinonen 

et al., 1995; Kordower et al., 2001; Leal & Yassa, 2013; Mufson et al., 2000; Mufson et 

al., 2002; Price et al., 2001; Scheff et al., 2007; Scheff et al., 2006; Stoub et al., 2014; 

Stoub et al., 2006; Tagliavini & Pilleri, 1983; Tiernan, Ginsberg, et al., 2018; Vana et al., 

2011). Such events of neurodegeneration in AD coincide with well-known markers of 

incipient tau pathology (i.e. pre-tangle markers such as phosphorylation at S422 and the 

AT8 epitope) (Braak et al., 2006; Guillozet-Bongaarts et al., 2006; Ikegami et al., 1996; 

Kimura et al., 1996; Luna-Munoz et al., 2007; Mercken et al., 1992; Morishima-

Kawashima, Hasegawa, Takio, Suzuki, Yoshida, Titani, et al., 1995) as well as 

pathological tau conformations in the affected brain regions, including oligomerization, 

PAD exposure, misfolding, and seeding activity (Brady & Mufson, 1991; Christensen et 

al., 2019; Combs et al., 2016; Cox et al., 2016; Furman et al., 2017; Garcia-Sierra et al., 

2000; Hyman, Kromer, et al., 1988; Kaufman et al., 2018; Lace et al., 2009; Mahady et 

al., 2023; Mesulam et al., 2004; Stopschinski et al., 2021; Tiernan et al., 2016; Tiernan, 

Mufson, et al., 2018; Vana et al., 2011). Furthermore, oligomerization, PAD exposure, 

misfolding, and adoption of seeding-competent conformation occur early in tauopathies 

other than AD, including 4R/3R (e.g. CTE), 4R (e.g. CBD), and 3R tauopathies (e.g. PiD), 

among others  (Amorim et al., 2023; Castillo-Carranza, Gerson, et al., 2014; Combs et 
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al., 2016; Cox et al., 2016; Ferrer et al., 2014; Kanaan et al., 2016; Montalbano et al., 

2023; Mufson et al., 2016). Taken together, these findings implicate common 

mechanisms of tau conformational changes and toxicity beginning early in tauopathies.   

Factors driving conformational changes of tau that culminate in its toxicity and 

aggregation remain largely elusive. A well-studied factor that alters tau conformations and 

is linked to dementia symptoms is tau mutations causing inherited FTDP-17 (Goedert & 

Spillantini, 2000). Some of these mutations may alter splicing increasing the expression 

of 4R tau isoforms (e.g. P301L) (Hutton et al., 1998), alter microtubule binding, and/or 

enhance tau aggregation (Chen et al., 2023; Ghetti et al., 2000; Huang & Stultz, 2008; 

Murrell et al., 1999; Neumann et al., 2001; von Bergen et al., 2001). Another emerging 

factor that elicits conformational changes of tau is protein-protein interactions. Examples 

include heat shock protein 90, histone deacetylase 6 (HDAC6), bassoon, and EFhd2 

among many others (Balmik et al., 2020; Martinez et al., 2022; Soliman et al., 2021; 

Tortosa et al., 2009; Vega, 2016; Vega et al., 2008; Vega et al., 2019; Weickert et al., 

2020). Finally, PTMs are also potential mediators of conformational changes linked to tau 

pathology (Alquezar et al., 2020). 

Post-translational Modifications of Tau 

Tau is subject to a broad range of PTMs, including phosphorylation, acetylation, 

methylation, ubiquitination, nitration, SUMOylation, polyamination, glycosylation, and 

carbamylation, prolyl-isomerization among others (Figure 1.1B) (Alquezar et al., 2020; 

Guo et al., 2017).A significant body of literature demonstrates that PTMs have roles in 

regulating tau localization, degradation, and aggregation, but the precise impact of 
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specific and combinatorial PTMs on the tau’s physiology and pathophysiology requires 

continued investigation (Ye et al., 2022).  

Phosphorylation 

 Tau contains 85 potential phosphorylation sites that include serine, threonine, and 

tyrosine, the majority of which are located within the proline-rich domain (PRD) and C-

terminus of tau (Park et al., 2018). Phosphorylation represents a physiological 

phenomenon for fetal tau, tightly regulated during development of the embryo (Mawal-

Dewan et al., 1994; Yu et al., 2009). Phosphorylation of tau is regulated by a multitude of 

protein kinases and phosphatases, including GSK3b, cyclin-dependent kinase 5 (cdk5), 

cdk2, Ca2+/calmodulin-dependent protein kinase II (CaMKII), 5’ adenosine 

monophosphate-activated protein kinase (AMPK), casein kinase 1 (CK1), microtubule 

affinity-regulating kinases (MARKs), cyclic AMP-dependent protein kinase A (PKA), PKB, 

PKC, tyrosine kinases (e.g. Fyn and Abl), PP1, PP2A, and PP5 (Noble et al., 2013; Park 

et al., 2018). PP2A seems to account for about 70% of tau dephosphorylation taking place 

in the human brains (Gong et al., 1993).  

In AD patients, abnormal phosphorylation is one of the earliest changes in tau 

PTMs reported for paired helical filaments (PHFs) as well as cytosolic tau (Grundke-Iqbal, 

Iqbal, Tung, et al., 1986; Kopke et al., 1993). Many of the phosphorylation sites on 

disease-related PHF tau also are present in the normal adult brain, but certain 

phosphorylation sites are unique to PHF tau (Hoffmann et al., 1997; Matsuo et al., 1994). 

Some of tau phosphorylation sites characteristic of AD and other tauopathies, and they 

can be detected by commercially available antibodies, such as pT181 (AT270), 

pS202/T205/S208 (AT8), pT212/S214 (AT100), pT181 (AT270), p231 (AT180), and 
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pS396/S404 (PHF1) (Goedert et al., 1994; Goedert et al., 1995; Mercken et al., 1992; 

Otvos et al., 1994; Zheng-Fischhofer et al., 1998).  

Tau phosphorylation can impact several aspects of tau biology including 

aggregation, microtubule binding, and tau clearance among many others (Noble et al., 

2013; Park et al., 2018). Early studies on tau phosphorylation suggested that 

phosphorylation is an event that precedes and subsequently promotes assembly of tau 

into PHF aggregates (Alonso et al., 2001; Bancher et al., 1989; Perez et al., 2000). 

Follow-up studies demonstrated that phosphorylation of tau at specific epitopes correlates 

with the severity and stage of AD (Augustinack et al., 2002; Luna-Munoz et al., 2007). 

These findings supported the notion that phosphorylation of tau drives its aggregation into 

PHFs (Yang et al., 2023). However, as more evidence accumulated, this view on tau 

phosphorylation was challenged. For example, phosphorylation at S305, S262, and S214 

inhibits rather than enhances tau aggregation (Schneider et al., 1999; Strang et al., 2019). 

Furthermore, mice overexpression GSK3b do not demonstrate an increase in the 

aggregated insoluble tau (despite increased tau phosphorylation) compared to non-

GSK3b overexpressing mice (Spittaels et al., 2000). Collectively, these studies helped 

clarify that the relationship between tau phosphorylation and aggregation is more complex 

than originally thought (Noble et al., 2013). 

Site-specific phosphorylation of tau can influence its ability to regulate microtubule 

dynamics (Yang et al., 2023). For example, phosphorylation of tau at S262 and Y310 

reduces its binding to microtubules (Ait-Bouziad et al., 2020; Biernat et al., 1993; Drewes 

et al., 1995). Moreover, tau phosphorylation is a critical mediator of tau clearance through 

the ubiquitin proteasome system (UPS) (Dickey et al., 2007). It was proposed that 
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phosphorylation at certain sites (e.g. pS202/T205 and pS396/S404) primes tau for 

ubiquitination by the ubiquitin ligase CHIP promoting tau clearance through the UPS 

(Dickey, Dunmore, et al., 2006; Dickey, Yue, et al., 2006). Therefore, clearance of tau 

through the UPS becomes interrupted in disease conditions leading to accumulation of 

abnormally phosphorylated tau (Alquezar et al., 2020).  

As our knowledge of pathological tau conformations grew, it became clear that 

phosphorylation of tau at specific sites represents a pathogenic event in tauopathies 

(Alhadidy & Kanaan, 2024). For example, phosphorylation of tau at T175 increases PAD 

exposure potentially dysregulating axonal transport (Hintermayer et al., 2020). In addition, 

tau pseudophosphorylated at S199/S202/T205 demonstrates higher PAD exposure and 

enhanced oligomerization along with impairment of axonal transport (Christensen et al., 

2023; Kanaan et al., 2020).  

Acetylation 

Acetylation is the second most studied PTM of tau. There are 44 lysine residues 

in its sequence that could serve as acetylation sites, but tau acetylation seems 

concentrated within the PRD and MTBR (Park et al., 2018). In the late 2000s to early 

2010s, sites of tau acetylation were first reported by the Gan, Lee and Trojanowski groups 

(Cohen et al., 2011; Min et al., 2010). Three tau acetylation sites reported in the two 

studies were common, these were K164, K281, and K369.  

Tau acetylation is regulated by a balance between histone acetyltransferases and 

histone deacetylases (Alquezar et al., 2020). The activity of p300 and CREB-binding 

protein (CBP), known histone acetyltransferases, is reduced in AD (Schueller et al., 

2020). Furthermore, the expression of histone deacetylases is dysregulated in AD; while 
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the levels of HDAC6 are elevated, the levels of sirtuin 1 are reduced (Ding et al., 2008; 

Julien et al., 2009). Indeed, enhancing the activity of p300 and CBP rescued memory 

deficits in THY-Tau22 mice (Chatterjee et al., 2018).  

The effect of acetylation on tau biology was investigated in several in vitro and in 

vivo studies. For example, in vitro acetylation of K18 tau fragment (spanning the 4 MTRBs 

of tau) inhibits the tau-induced microtubule polymerization (Cohen et al., 2011). In cell 

lines, enhancing tau acetylation (by silencing the tau deacetylase sirtuin 1) inhibits the 

ubiquitination and clearance of tau (Min et al., 2010). Furthermore, the acetylation mimic 

at K280Q and K281Q reduces tau’s ability to induce microtubule assembly compared to 

unmodified tau (Trzeciakiewicz et al., 2017).  

In agreement with the in vitro studies, acetylation mimic at K174Q alone or in 

combination with K281Q demonstrated a slower turnover of tau or enhancement in the 

tauopathy-related memory impairment in mice, respectively (Min et al., 2015; Tracy et al., 

2016). Furthermore, expression of the acetylation mimic at K280Q of tau in drosophila 

increased the observed tauopathy phenotype (Gorsky et al., 2016). On the other hand, 

expression of acetylation mimic K280Q in mice expressing mutant P301S tau reduced 

tau phosphorylation, decreased neuroinflammation, and restored synaptic function (Ajit 

et al., 2019). In addition, expression of multiple acetylation mimics at K164Q, K280Q, 

K281Q, and K369Q blunted tau phosphorylation and the associated tauopathy phenotype 

in drosophila (Gorsky et al., 2017). The above in vivo results are challenging to reconcile, 

but they may reflect differences in disease models, acetylation sites, and outcome 

measures. Even though acetylation of tau at K174 and/or K280 was observed in AD and 
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other tauopathies, its salience in health and disease remains undetermined (Irwin et al., 

2013; Irwin et al., 2012; Min et al., 2015).  

 Cook et al. reported a unique site of tau acetylation within MTBR region at the 

KXGS motifs (Cook, Carlomagno, et al., 2014). At these locations, enhancing acetylation 

at K decreases phosphorylation on the neighboring serine residues decreasing tau 

fibrillization and inhibiting microtubule polymerization (Carlomagno et al., 2017; Cook, 

Carlomagno, et al., 2014). Of note, hypoacetylation at the KXGS motif was reported in 

AD and rTg4510 mice (Cook, Carlomagno, et al., 2014). Building upon those interesting 

observations, the Giasson group assessed the behavior of tau acetylation mimics at all 4 

KXGS motifs of tau (K259Q, K290Q, K321Q, and K353Q) (Xia, Bell, et al., 2021). In 

agreement with previous studies, the acetylation mimic at all 4 KXGS motifs showed 

reduced tau fibrillization and microtubule-binding. Nonetheless, further studies are 

warranted to determine the impact acetylation may have on the adoption of pathological 

conformations by tau.   

Ubiquitination 

 Ubiquitination is a PTM that involves the covalent attachment of 9 kDa protein 

(ubiquitin) to one or more lysine residues of the modified protein (Ciechanover, 2015). 

The ubiquitination machinery includes an enzymatic cascade comprised of three 

enzymes: ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and 

ubiquitin ligases (E3) (Hershko et al., 1983). Protein modification by ubiquitination is 

reversed using the enzymes called deubiquitinases (DUBs), allowing for the recycling of 

ubiquitin in the cell. Ubiquitinated proteins are eventually targeted to the proteasome for 

their clearance through the UPS (Hough et al., 1986; Waxman et al., 1987). 
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 The discovery of tau ubiquitination is not surprising given that ubiquitin was 

detectable in senile plaques and NFTs in AD since the 1980s (Mori et al., 1987; 

Morishima-Kawashima et al., 1993; Perry et al., 1987). Tau ubiquitination takes place at 

K254, K311, and K353, and polyubiquitination of tau can happen through K6, K11, K48 

and K63 of ubiquitin (Cripps et al., 2006; Tan et al., 2008). Furthermore, a subset of tau 

oligomers is labelled with K63-linked ubiquitin at 11 sites and is elevated in AD 

(Puangmalai et al., 2022).  K48-linked ubiquitination directs tau towards UPS, while K63-

linked ubiquitination directs tau towards autophagic clearance (Alquezar et al., 2020; 

Cripps et al., 2006; Tan et al., 2008). Three E3 ubiquitin ligases are currently identified 

for tau: CHIP, tumor necrosis factor receptor-associated factor 6 (TRAF6), and 

axotrophin/MARCH7 (Park et al., 2018). On the other hand, only one DUB, Otub1, is 

identified for tau (Wang et al., 2017). 

Under normal condition, tau is directed to proteasomal degradation in ubiquitin-

dependent and -independent fashion (Cardozo & Michaud, 2002; David et al., 2002; 

Grune et al., 2010; Zhang et al., 2005). In AD, ubiquitinated tau is accumulated, in part, 

because of reduced proteasomal activity reported in disease conditions (Keller et al., 

2000; Lopez Salon et al., 2000). Of note, PHF and oligomeric species of tau induce 

proteasomal dysfunction, potentially creating a feedforward cycle of tau accumulation 

(Keck et al., 2003; Myeku et al., 2016). It is not clear how ubiquitination of tau contributes 

to the pathophysiology of tauopathies, but evidence suggests that ubiquitination is an 

early-to-intermediate event while tau tangles are maturing (Bancher et al., 1991; Garcia-

Sierra et al., 2012; Iwatsubo et al., 1992). 
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   Several aspects of normal tau biology are changed upon ubiquitinating tau. For 

example, monoubiquitinating full-length tau with axotrophin (E3 ubiquitin ligase) 

decreases its ability to bind microtubules (Flach et al., 2014). Furthermore, modifying tau 

at K353 using K48- or K63-linked diubiquitin decreased the formation of filamentous 

aggregates and inhibited microtubule assembly (Munari et al., 2020). When tau is 

phosphorylated by GSK3b and then subjected to ubiquitination with CHIP for more than 

two days, tau transitioned into b-sheet containing aggregates without using an 

aggregation inducer (Kim et al., 2021). Apart from one study that showed increased 

oligomeric tau upon deubiquitination in primary neurons, the effect of ubiquitination on the 

development of pathological tau conformations is unknown (Wang et al., 2017).   

Methylation 

Methylation is a lysine-directed PTM, that was first reported on PHF tau extracted 

from AD cases in 2012 (Thomas et al., 2012). Thomas et al. reported monomethylation 

of tau on seven sites detected by mass spectrometry (MS): K44, K163, K174, K180, K254, 

K267, and K290. Tau methylation is not a unique phenomenon to AD tau. In fact, soluble 

tau is modified by mono- and dimethylation in normal human brains at residues that 

partially overlap with those reported in AD (K44, K267, and K290) (Funk et al., 2014; 

Huseby et al., 2019). Most reported sites of methylation lie within or flanking the MTBR 

region of tau (Ye et al., 2022).  

Direct comparison of tau methylation sites between cognitively normal and AD 

patients showed that they share methylation at K44, K267, and K290 (Huseby et al., 

2019). Nonetheless, methylation of tau is enriched in the soluble protein fraction and 

seems to increase with more advanced stages of AD (Bichmann et al., 2021). Enzymes 
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responsible for regulating tau methylation are not completely defined but SET domain 

containing 7 (SETD7) was recently reported as a protein lysine methyl transferase for tau 

(Bichmann et al., 2021). 

Methylation regulates several aspects of tau biology. Increasing methylation levels 

of recombinant tau decreases tau aggregation and seems to favor the formation of 

globular rather than filamentous aggregates (Funk et al., 2014). Furthermore, induction 

of microtubule assembly by tau is reduced with tau methylation in a methylation-

dependent fashion. Studies in stem cells showed that methylation of tau regulates its 

subcellular localization (Bichmann et al., 2021). For example, tau methylated at K130 and 

K132 localizes preferentially in the nuclear compartment. Despite that accumulating 

knowledge, exactly how methylation regulates the adoption of pathological tau 

conformations by tauopathies is not clear.     

Advances in Detecting Tau PTMs in Tauopathies 

Given the accumulating evidence that PTMs are strong regulators of several 

aspect of tau biology, increasing efforts are put forth to characterize the PTMs of tau 

through MS (Arakhamia et al., 2020; Kametani et al., 2020; Kyalu Ngoie Zola et al., 2023; 

Mukherjee et al., 2023; Wesseling et al., 2020). Perhaps not surprisingly, different 

tauopathies demonstrate different tau PTM profiles in sarkosyl-soluble and -insoluble 

fractions, and now efforts are being made to better understand the interplay between tau 

PTMs and structural differences in tau aggregates. For example, the structural diversity 

of tau aggregates between AD and CBD can be explained by difference in the PTM profile 

of tau (Arakhamia et al., 2020). As mentioned earlier, cryo-EM clearly corroborated that 

there is heterogeneity in tau aggregates extracted from different tauopathies (Falcon et 
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al., 2018; Fitzpatrick et al., 2017; Shi et al., 2021; Zhang et al., 2020). Taken together, the 

current advances in our understanding of tau conformations and characterization of PTMs 

are highly suggestive of PTMs mediating the diversity of tau conformers in tauopathies.  

An Approach to Study PTMs of Tau 

As detailed earlier, several lines of evidence demonstrate that tau PTMs can 

change tau biology, leading to alterations in the levels of pathogenic conformations that 

are associated with neurotoxicity (Christensen et al., 2023; Cook, Stankowski, et al., 

2014; Hintermayer et al., 2020). Subsequently, a better understanding of how PTMs affect 

tau aggregation, conformation and function is of high interest in the field. In fact, studying 

recombinant tau proteins modified with one or more PTMs is a central approach to gain 

insights on the regulation of tau biology by specific PTMs (Alhadidy & Kanaan, 2024). 

Herein, we describe a set of in vitro assays that can be collectively used to determine the 

contribution of PTMs in the transition of tau into known pathological conformations using 

recombinant protein (Alhadidy & Kanaan, 2024).  

Methods to Produce Recombinant Tau Protein with PTMs 

The ability to produce modified forms of highly purified proteins facilitates the ability 

to examine the impacts of PTMs on tau conformations. We describe several methods 

through which tau can be modified with PTMs in vitro (Figure 1.2A):  
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Figure 1.2. Generation of tau modified with a specific post-translational 
modification (PTM) in vitro. 
A, four different methods are used to produce tau modified with specific PTMs. First, 
recombinant tau protein is incubated with a specific enzyme (e.g. kinase) in the presence 
of adequate substrate (e.g. phosphate) to introduce a given PTM (e.g. phosphorylation 
or acetylation). Non-enzymatic reactions involve directly incubating recombinant tau 
protein with a substrate (e.g. glucose) to introduce the PTM of interest (e.g. glycation). 
Second, bacteria are co-transformed with a plasmid that encodes tau and other plasmids 
that carry the machinery required for a specific PTM (e.g. O-GlcNAc transferase enzyme 
to introduce O-GlcNAcylation). Third, recombinant tau protein is produced with amino acid 
substitutions that mimic a given PTM (e.g. serine/threonine are substituted with either 
glutamate or aspartate to mimic phosphorylation). Fourth, semi-synthesis of tau 
fragments containing site-specific PTMs of interest is followed by ligating the modified 
fragments together. Alternatively, tau is synthesized with cysteine mutations followed by 
chemical modifications to introduce the PTM of interest. B, approaches to validate the 
PTM of interest on tau proteins. Antibody-based methods require the presence of site-
specific antibodies to verify the modification status of tau protein. Mass spectrometry can 
verify PTMs through targeted methods (e.g. selected reaction monitoring) with or without 
enrichment of modified peptides. The FLEXITau (Full-Length Expressed stable Isotope-
labeled Tau) method is used where isotope-labelled tau is introduced to the sample as a 
standard to quantify the extent of modification. Figure created with BioRender.com. 
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In Vitro Modification with Enzymatic and Non-enzymatic Reactions 

The use of enzymatic modifications is the cornerstone of studying tau PTMs in 

vitro, especially for phosphorylation and acetylation. Purified recombinant tau protein is 

incubated with an enzyme (kinase or acetyltransferase) in the presence of an adequate 

substrate (phosphate or acetyl-CoA). This approach provided opportunities to map 

specific tau sites that are modified by individual kinases and acetyltransferases (Cohen 

et al., 2011; Lund et al., 2001; Martin et al., 2013; Min et al., 2015; Min et al., 2010; 

Reynolds et al., 2000; Sengupta et al., 1998; Trzeciakiewicz et al., 2017; Wang et al., 

2002). Moreover, the enzymatic approach informed studies elucidating how 

phosphorylation and acetylation affects tau’s regulation of microtubule dynamics (Cohen 

et al., 2011; Wang et al., 2000). Enzymatic modification was also used to study how PTMs 

alter the conformation of tau and impact its potential to aggregate in vitro (Acosta et al., 

2022; Cantrelle et al., 2021; Chakraborty et al., 2023; Kamah et al., 2014; Kim et al., 

2021; Meng et al., 2022; Rankin et al., 2007; Yuzwa et al., 2014). 

Incubation of recombinant tau with a substrate can directly induce PTMs in the 

absence of enzymes (Cohen et al., 2013; Liu et al., 2016; Nacharaju et al., 1997). An 

example is glycation of tau induced by incubating tau with glucose. Subsequently, tau 

becomes heavily glycated (>10 sites) within the microtubule-binding region (Nacharaju et 

al., 1997). Glycation differentially regulates aggregation propensity of tau isoforms using 

heparin as an inducer in vitro (Liu et al., 2016). 

These methods provided a substantial base of knowledge about the effect of PTMs 

on tau; however, they are limited by the inability to introduce PTMs in a site-specific 

manner. Moreover, the isolated nature of in vitro reactions (i.e. containing only purified 
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tau and enzymes) and using substrates at concentrations higher than those observed in 

cells raises the possibility of modifying sites that are not modified in situ.   

Co-transformation of Bacterial Cells 

Co-transforming bacterial cells with a tau plasmid and other plasmids that carry 

the machinery to produce specific PTMs is another established method to study tau 

PTMs. The co-transformation approach was successfully used to produce O-linked-N-

acetyl β-d-N-glucosamine (O-GlcNAc) modified tau protein, leading to the identification of 

S400 as a potential site of O-linked-N-acetyl β-d-N-glucosaminylation (O-GlcNAcylation) 

(Yuzwa et al., 2011). O-GlcNAc modification of tau impedes the rate and extent of its 

aggregation in the presence of heparin. Moreover, O-GlcNAc modification did not induce 

detectable global conformation changes in tau as assessed using nuclear magnetic 

resonance (NMR) (Yuzwa et al., 2014).  

A challenge with independently co-transforming bacterial cells with tau and 

modification machinery is the potential misfolding and trapping of tau into inclusion bodies 

preventing its modification (Sui, Xu, et al., 2015). To circumvent this problem, a novel 

approach called the protein interaction module-assisted function X (PIMAX) system was 

created. The PIMAX system expresses a protein of interest and the enzyme as fusion 

proteins with Fos and Jun, respectively, in bacteria. The Fos and Jun interaction brings 

tau near kinases, such as GSK-3β and CDK-5. Phosphorylation of tau by this approach 

enhances the aggregation of tau in the presence of heparin as measured by thioflavin T 

(Sui, Xu, et al., 2015). In addition, tau phosphorylated by the PIMAX approach can 

aggregate without an inducer and is toxic to SH-SY5Y cells (Liu et al., 2020). 
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These approaches should prove useful for studying tau PTMs catalyzed by other 

enzymes as well. For example, understudied PTMs of tau, such as SUMOylation, may be 

effectively studied through this approach (Weber et al., 2014). Another advantage of this 

method is that it induces PTMs inside a biological system, such as bacterial cells. 

However, this method is still limited by not allowing site-specific PTMs. 

Mimicking PTMs with Alternative Amino Acids  

Modification mimicking approaches involve the substitution of specific amino acids 

with alternative amino acids that recapitulate the effects of a specific PTM. In the case of 

phosphorylation, serine and threonine residues are mutated to glutamate or aspartate to 

mimic the additional negative charge from phosphorylation or to alanine to prevent 

phosphorylation (Cao et al., 2018; Christensen et al., 2023; Eidenmuller et al., 2000; 

Eidenmuller et al., 2001; Guillozet-Bongaarts et al., 2006; Leger et al., 1997; Morris et al., 

2020). In the case of acetylation, lysine residues are changed to glutamine to mimic the 

neutralization of charge induced by acetylation or to arginine to mimic a nonacetylated 

lysine (Cook, Carlomagno, et al., 2014). A recent report utilized mimicked methylation of 

tau by substituting lysine with phenylalanine to increase the hydrophobicity at a given 

methylation site (Xia et al., 2023). This method offers the advantage of allowing the 

introduction of one or more site-specific PTMs, but it is limited by the artificial nature of 

the modifications.  

Site-specific PTMs using mimetic approaches enriched our understanding of the 

roles PTMs play in regulating tau biology in health and disease. Pseudophosphorylation 

at either T175 or the S199/S202/T205 alters tau conformation leading to increased 

exposure of tau’s PAD (Christensen et al., 2023; Hintermayer et al., 2020; Jeganathan et 
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al., 2008), which is a conformational change linked to tau-induced axonal transport 

impairment (Kanaan et al., 2012). Moreover, pseudophosphorylation at S202 and T205 

enhances the aggregation of tau in the presence of arachidonic acid (Eidenmuller et al., 

2001), and modification of S199 or T205 alone is sufficient to impair axonal transport 

(Morris et al., 2020). In addition, pseudophosphorylation at S199/S202/T205 impedes the 

cleavage of tau by caspase 3 at D421 (Cao et al., 2018). Similarly, 

pseudophosphorylation of tau at S422 inhibits caspase-3-mediated cleavage at D421 

(Guillozet-Bongaarts et al., 2006) and is linked to causing transport impairment (Tiernan 

et al., 2016). Another example is pseudoacetylation of tau within the KXGS motifs, which 

reduces its ability to form filaments as assessed by thioflavin S (Carlomagno et al., 2017). 

Conversely, pseudoacetylation at either K274 or K280/K281 of tau increases its 

propensity to aggregate (Rane et al., 2019; Trzeciakiewicz et al., 2017). 

PTM mimetics, such as pseudophosphorylation, can faithfully recapitulate the 

effects of their physiological counterparts. For example, pseudophosphorylation at 

regulatory phosphorylation sites often reproduce the effects of bona fide phosphorylation 

with GSK3b and cyclin-dependent kinase 5 (Combs et al., 2011; Eidenmuller et al., 2001; 

Fath et al., 2002; Fischer et al., 2009; Haase et al., 2004; Liu et al., 2002; Lund et al., 

2001; Rankin et al., 2007; Sun & Gamblin, 2009). Despite the advantages of targeting 

specific residues, PTM mimetics have important caveats. It must be acknowledged that 

they are not the physiological PTM and may produce artifactual changes warranting 

validation studies with the physiological modifications (Limorenko & Lashuel, 2022; 

Prokopovich et al., 2017). Moreover, not all PTMs of tau have amino acid substitution that 

mimic their effects (e.g. O-GlcNAcylation). Finally, this approach requires the investigator 
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to choose specific amino acids to modify, leaving other sites potentially modified in situ 

unchanged. 

Semi-synthesis and Chemical Mutagenesis 

The semi-synthesis method is a more recent approach that allows the introduction 

of site-specific PTMs on tau (Haj-Yahya & Lashuel, 2018). The full-length tau protein is 

synthesized in a series of fragments that can be chemically modified with the PTM of 

interest. Then, the modified fragments are brought together by fragment ligation 

reactions. The semi-synthesis strategy was first used to introduce acetylation at K280. 

Interestingly, tau acetylated at K280 aggregated with the same rate as the acetylation 

mimetic K280Q in the presence of heparin (Haj-Yahya & Lashuel, 2018). However, 

electron microscopy showed that acetylated K280 tau produced oligomeric and short 

fibrillar aggregates while the K280Q mimetic produced short filaments with no oligomers 

observed (Haj-Yahya & Lashuel, 2018). This result, along with the others observed with 

pseudophosphorylation, emphasizes the importance of expanding the approaches for 

introducing site-specific PTMs to fully understand their impact on tau behavior.  

Semi-synthesis was also used to study the effects of tau phosphorylation at 

specific residues. For example, phosphorylation of tau at S356 inhibited tau aggregation 

with heparin in vitro and reduced seeding in tau biosensor cells that measures seeding 

activity (Haj-Yahya et al., 2020). Not only was this method used to introduce 

phosphorylation, but also to introduce uncommonly studied PTMs of tau such as 

carboxymethyl lysine (Ellmer et al., 2019) and ubiquitination (Munari et al., 2020). 

Diubiquitination of tau at K353 inhibits aggregation, whereas carboxymethyl lysine 

modification left aggregation unaltered.  
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A newer strategy to introduce site-specific PTMs in tau is known as chemical 

mutagenesis (Lindstedt et al., 2021). This method uses cysteine mutants of tau as the 

means to introduce site-specific PTMs in a two-step reaction. The first reaction involves 

the formation of dehydroalanine using bis-alkylation elimination strategy with methyl 2,5-

dibromopentanoate (MDBP) followed by a second reaction where the PTM of interest is 

introduced in a site-specific manner through thia-Michael addition. Phosphorylation of tau 

is introduced through sodium thiophosphate and dimethylation through captamine. 

However, this process requires substituting the two native cysteine of tau (C291 and 

C322) with serine to circumvent inadvertently modifying these sites. Even though 

modifying both cysteines to serine did not appear to change the microtubule-polymerizing 

activity of tau (McKibben & Rhoades, 2019), it is not clear whether this modification may 

alter other aspects of tau pathobiology (e.g. protein-protein interactions, aggregation and 

conformational changes).  

Semi-synthesis and chemical mutagenesis allow for the introduction of site-

specific PTMs, circumventing one of the main obstacles faced in other methods. 

Moreover, they represent a bona fide PTM (semi-synthesis) or versions of PTMs that 

more closely resemble the in-situ modifications (chemical mutagenesis) when compared 

to mimetic mutants. However, it is not yet clear whether these approaches will be possible 

for PTMs. 

Validation of PTM Status 

After producing tau carrying a specific PTM, the modification status must be 

verified using methods such as those described below (Figure 1.2B): 
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Antibody-based Approaches 

This approach utilizes antibodies specific for a given PTM to determine the 

modification status of a target protein. Over the years, a plethora of antibodies that detect 

PTMs were generated, with a heavy focus on phosphorylated tau. Some of these 

antibodies are tau-specific and/or site-specific, such as AT8, pS422, PHF1, Tau AcK280, 

and Tau S400 O-GlcNAc, among many others. Antibodies can verify the modification 

status of tau in multiple biochemical assays such as western blot (Cohen et al., 2011; 

Hamdane et al., 2003; Yuzwa et al., 2014), enzyme-linked immunosorbent assays 

(ELISAs), dot blots (Brici et al., 2018), and immunoprecipitation (Takamura et al., 2022). 

However, it is difficult to determine the stoichiometry of a given modification site using 

antibody-dependent approaches and the efficacy of confirming PTMs with antibodies is 

inherently linked to the validation and degree of specificity of the antibody. A good 

example of the later concern was demonstrated in a report that tested more than 30 

commercially available antibodies for tau (Ercan et al., 2017). Some antibodies are 

specific, while others can be easily affected with modifications at neighboring sites. 

Validation and assessing the degree of specificity paved the way to then use the validated 

tau antibodies to identify PTM profiles of tau in different stages of AD (Ercan-Herbst et 

al., 2019).   

Mass Spectrometry 

MS is a technique used to identify and quantify specific PTMs on tau. This 

approach was used to study tau PTMs in cognitively unimpaired and tauopathy patients 

(Morishima-Kawashima, Hasegawa, Takio, Suzuki, Yoshida, Watanabe, et al., 1995). In 

addition, tryptic digestion and mass spectrometry was used to determine phosphorylation 
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(Lund et al., 2001), acetylation (Cohen et al., 2011), methylation (Funk et al., 2014), and 

glycation sites on tau in vitro (Liu et al., 2016). Moreover, tryptic digestion was used to 

determine the double glycine remnants of ubiquitination on lysine sites of tau (Yan et al., 

2022). Indeed, the double glycine remnants on tau were used to identify ubiquitination 

sites at K254, K311, and K353 within the MTBR of tau purified from AD brains (Cripps et 

al., 2006).   

The detection of other PTMs is more challenging using tryptic digestions of 

proteins, such as SUMOylation and O-GlcNAcylation (Ma & Hart, 2017; Osula et al., 

2012). For SUMOylation, two methods were developed to shorten the SUMO isopeptide 

tail on lysine residues. This was achieved using either microwave-assisted aspartic 

digestion (Osula et al., 2012) or a specialized enzyme called WaLP (Lumpkin et al., 2017). 

Alternatively, this is achieved by using a combination of Lys-C and Asp-N enzymes 

(Hendriks et al., 2018). O-GlcNAcylation is difficult to identify using MS as well (Ma & 

Hart, 2017). High-energy collision dissociation (HCD) can cleave the O-GlcNAc moiety 

off proteins, eliminating the possibility of detecting site-specific localization on a specific 

serine and/or threonine residue. Yet, the cleavage of O-GlcNAc moiety produces 

diagnostic ions that are useful to verify the modification status of tau. Alternative 

approaches include using electron transport dissociation (ETD), which is a gentler 

fragmentation method that preserves O-GlcNAc moieties. A third approach is to replace 

O-GlcNAc moieties through beta-elimination followed by Michael addition (BEMAD) with 

dithiothreitol (DTT) (Ma & Hart, 2017).The BEMAD method produces a more stable 

modification with DTT that is detectable with HCD and provides site-specific information 

about the location of O-GlcNAc. However, this method requires the dephosphorylation of 
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proteins before the DTT reactions because phosphorylated residues may give false 

positive results (Ma & Hart, 2017). 

In the past 5 years, more advanced MS-based strategies were developed to allow 

quantitative evaluation of PTMs on tau. A prominent example is the Full-Length 

Expressed stable Isotope-labeled Tau (FLEXITau) strategy in which isotope-labelled tau 

is added to the sample followed by tryptic digestion and running the sample on the mass 

spectrometer using selected reaction monitoring (SRM) (Mair et al., 2016).The 

stoichiometry of PTMs is determined by measuring the reduction of unmodified tau 

peptides in the biological sample, that contain the light isotope, relative to the isotope-

labelled tau (change in heavy to light chain ratios). This method was used successfully to 

characterize phosphorylation sites on tau expressed in Sf9 cells (Drepper et al., 2020). 

Moreover, FLEXITau was later used to determine PTMs on tau extracted from AD with 

quantitative results showing that PTMs accumulate on tau to varying degrees as disease 

progresses (Wesseling et al., 2020). Finally, mass spectrometry is used to measure tau 

turnover and quantify site-specific tau PTMs (e.g. phosphorylation at T111, T205, S208, 

T217 and T231) to develop robust biomarker assays for AD in biofluids (e.g. cerebrospinal 

fluid and plasma) (Azevedo et al., 2022; Barthelemy et al., 2022; Sato et al., 2018). 

Assays to Assess Pathogenic Tau Conformations 

 Once modified forms of tau are generated and validated, a series of assays are 

available to determine the impact on pathogenic conformations (Figure 1.3): 
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Figure 1.3. Biochemical methods to assess the impact of post-translational 
modifications on pathogenic tau conformations. 
A, tau aggregation is induced in vitro and monitored by light scattering assays. Right angle 
laser light scattering allows the determination of aggregation kinetics such as extent of 
aggregation (i.e., maximum scatter), nucleation rate (i.e., lag time), and elongation rate. 
Dynamic light scattering helps determine the size distribution of tau populations forming 
in an aggregation reaction. Alternatively, β-sheet binding dyes, such as thioflavin T, 
thioflavin S, and thiazine red, can monitor the transition of tau into β-sheet containing 
structures (i.e., fibrils). B, conformational changes that precede aggregation, including 
exposure of the phosphatase-activating domain and oligomerization, can be monitored 
with conformation-dependent antibodies (e.g. TNTs, TOC1, TOMA1, Tau22, and 
Alz50/MC-1) in non-denaturing immunoassays such as ELISAs or dot blots. 
Oligomerization of tau involves hydrophobic clustering that is monitored by 8-Anilino-1-
naphthalenesulfonic acid (ANS) assays. C, RD cells (cells expressing mutant 4 
microtubule-binding repeat domains of tau) can be utilized to determine seeding 
capability. 
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Assessing Tau Aggregation 

The process of tau aggregation involves transitioning into β-sheet-containing 

structures as assessed by spectroscopic techniques (von Bergen et al., 2005). This 

conformational transition is predominantly mediated by the two hexapeptide motifs 

located in tau’s MTBR2 and MTBR3 (Chen et al., 2019; Rojas Quijano et al., 2006; von 

Bergen et al., 2005). In vitro tau aggregation is instigated by several inducers, among 

which heparin and arachidonic acid are the most used (Sui, Liu, et al., 2015). Several 

reagents allow for the fluorometric quantification of β-sheet-containing aggregates of tau, 

and other amyloid proteins, including thioflavin T, thioflavin S, and thiazine red (Chang et 

al., 2009; Santa-Maria et al., 2006; Xue et al., 2017). These fluorometric methods are 

useful to quantify the β-sheet forming aggregates of tau in vitro and are sometimes used 

to evaluate aggregation kinetics. However, it is worth noting that both thioflavin S and 

thiazine red also stimulate tau aggregation by lowering the energy barrier to fibrillization 

(Chang et al., 2009).  

Another way to study the kinetics of tau aggregation is through right angle laser 

light scattering (LLS) (Necula & Kuret, 2004). Right angle LLS allows for the assessment 

of the nucleation rate, rate of elongation, and extent of aggregation. This approach was 

used to evaluate the aggregation kinetics of several forms of tau, including full-length, 

mutant, isoforms, and truncated forms of tau (Combs & Gamblin, 2012; Combs et al., 

2011; Cox et al., 2016; Gamblin, King, Dawson, et al., 2000). Furthermore, this technique 

was used to assess the impact of PTMs, such as phosphorylation, on aggregation kinetics 

(Chang et al., 2011; Tiernan et al., 2016).  
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Dynamic LLS allows for the determination of size distribution of a given population 

of protein aggregates (Eichmann et al., 2016). To date, tau has not been extensively 

studied using dynamic LLS experiments. A few studies assessed the extent of 

oligomerization of tau mutants in the presence of heparin and size of tau condensates 

during liquid-liquid phase separation (Hochmair et al., 2023; Trzeciakiewicz et al., 2020).  

Assessing Early Pathogenic Conformations 

Several antibodies were developed against the early pathogenic tau conformations 

mentioned above. For oligomeric tau, three antibodies are used extensively in literature: 

tau oligomeric complex 1 (TOC1) (Patterson et al., 2011), tau oligomer monoclonal 

antibody 1 (TOMA1) (Castillo-Carranza, Sengupta, et al., 2014), and T22 (Lasagna-

Reeves et al., 2012). Other oligomeric or aggregated conformation tau antibodies also 

exist and will undoubtedly prove useful in studying tau conformation (Gibbons et al., 2020; 

McMillan et al., 2023). In addition, a set of antibodies called tau N-terminal antibodies 

(TNTs) are also available that detect conformation-dependent PAD exposure in tau 

(Combs et al., 2016; Kanaan et al., 2011). Moreover, the conformational change that 

precedes tau aggregation where the N-terminus of tau is closely associated with the 

MTBR is detected with the Alz50 and MC1 antibodies (Carmel et al., 1996; Hyman, Van 

Hoesen, et al., 1988; Jicha et al., 1997). These antibodies are useful in detecting 

pathological conformations and multimers in human and animal model tissues, cell culture 

models and in vitro recombinant protein experiments across many studies in the literature.  

The use of conformation-dependent antibodies requires maintenance of the 

proteins native state in non-denaturing assays, such as sandwich ELISAs or dot blots 

(Castillo-Carranza, Sengupta, et al., 2014; Combs et al., 2016; Ercan-Herbst et al., 2019; 
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Koss et al., 2016; Patterson et al., 2011). Using such assays, the impact of PTMs on 

pathogenic tau conformations is measurable. For example, pseudophosphorylation of tau 

at S199/S202/T205 and T175 increase exposure of the PAD (Christensen et al., 2023; 

Hintermayer et al., 2020). Conversely, pseudophosphorylation of tau at S422 did not 

modify the extent of tau oligomerization or PAD exposure (Tiernan et al., 2016). 

Phosphorylation of tau at S199/S202/T205 increases its reactivity with Alz50 and MC1 

antibodies in dot blot assays as well (Shahpasand et al., 2012).  

Fluorometric measurements using 8-anilino-1-naphthalene sulfonic acid (ANS) 

were used to measure the hydrophobic clustering that takes place during tau 

oligomerization (Zhu et al., 2011). Interestingly, tau oligomers show higher hydrophobicity 

when compared with filamentous tau, offering a way to distinguish between the two tau 

species (Lo Cascio et al., 2020). A subset of tau oligomers is SDS, heat and reducing 

condition stable and are visualizable using SDS-PAGE followed by western blot 

(Patterson et al., 2011). This may prove useful in studying this subtype of tau oligomers 

in the presence of a given PTM. For example, phosphorylation at S422 increases these 

highly stable dimers of tau upon aggregation in the presence of arachidonic acid (Tiernan 

et al., 2016). 

Assessing Conformations Associated with Seeding Activity 

Transfer of tau pathology from the entorhinal cortex to other synaptically connected 

brain regions is proposed as a mechanism by which pathology spreads in AD (de 

Calignon et al., 2012; DeVos et al., 2018; Liu et al., 2012). The Diamond laboratory 

developed a sensitive assay using tau biosensor cells that measures seeding activity of 

tau (Holmes et al., 2014). This and similar assays are relatively widely used to assess 
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seeding activity of tau extracts from both human and animal brains, yielding valuable 

insights about the prion-like nature of tau, conformers of tau capable of seeding, and tau’s 

interactome (Kaufman et al., 2016; Martinez et al., 2022; Sanders et al., 2014). This work 

highlighted that tau monomers exist as a dynamic ensemble of conformational states that 

show varying degrees seeding competence depending upon the accessibility of the 

regions that mediate aggregation in microtubule-binding region (i.e., VQIINK/VQIVYK) 

(Hou et al., 2021; Mirbaha et al., 2018; Sharma et al., 2018). Tau biosensor cells were 

also used with aggregates prepared from recombinant tau, where the impact of PTMs on 

seeding behavior was investigated. For example, tau phosphorylated by recombinant 

extracellular signal-regulated kinase 2 or with a whole rat brain extract can seed 

aggregation in the absence of tau fibrils (Despres et al., 2019). 

Other Approaches to Further Our Understanding of Tau PTMs 

We provided an overview of the in vitro approaches currently available to study 

pathogenic tau conformations and the impact of PTMs on tau. However, our knowledge 

of all possible pathogenic tau conformations is far from complete (Kang et al., 2020). 

Biochemical approaches are well-complemented by structural tau studies that utilize 

biophysics to determine changes in tau conformations (Acosta et al., 2022; Elbaum-

Garfinkle & Rhoades, 2012; Zabik et al., 2017). For example, structural changes leading 

to changes in tau conformations are measurable using additional biophysical methods 

such as NMR, intramolecular Förster resonance energy transfer (FRET), differential 

mobility spectrometry (DMS), and ion mobility mass spectrometry (IM-MS) [reviewed in 

(Zabik et al., 2017)]. Moreover, molecular dynamic simulations are useful in detecting 

conformational ensembles of tau monomers, potentially paving the way to studying tau 
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multimerization (He et al., 2023). Finally, recent advances in cryo-EM imaging led to 

unprecedented atomic-level resolution of the fibrillar structures tau forms in human 

disease and in vitro (Falcon et al., 2018; Fitzpatrick et al., 2017; Lovestam et al., 2022; 

Scheres et al., 2020; Shi et al., 2021; Zhang et al., 2019; Zhang et al., 2020). As structural, 

molecular simulations, advanced imaging, and biochemical approaches converge and 

continue to advance, the landscape of tau conformations will be deciphered providing 

clues to the pathobiology of tau in disease.   

Dissertation Objectives 

 Identifying PTMs that impact tau pathology is crucial to understand disease 

pathogenesis, as well as develop disease-modifying therapies, diagnostics, and 

biomarkers for tauopathies. Most efforts in the field aim at addressing the role played by 

phosphorylation and acetylation in regulating tau behavior under health and disease 

conditions (Alhadidy & Kanaan, 2024). Nonetheless, other uncommon PTMs of tau were 

identified, may have a role in regulating tau biology, and have not received as much 

attention as phosphorylation and acetylation (Alquezar et al., 2020). 

The overall goal of this work is to determine the impact some of the understudied 

PTMs of tau have on the development of pathological tau species: polyamination, O-

GlcNAcylation, and SUMOylation. To this end, we utilized the approach described above 

to produce and purify recombinant tau proteins individually modified with each PTM. 

Then, the unmodified and modified recombinant tau proteins were tested in the 

biochemical and biophysical assays for the development of pathological tau 

conformations: aggregation, oligomerization, PAD exposure, misfolding, and seeding. 
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Moreover, the effects the PTMs on basic tau biology such as microtubule binding and 

polymerizations were determined.  

Specific aim 1: Determine the impact of polyamination with SPD on the development of 
pathological tau conformations. 

Polyamination is mediated by the action of transglutaminase enzyme that cross-

links tau protein through its glutamine and lysine residues. This mechanism was posited 

as a contributing factor to tau aggregation in tauopathies and mouse models (Halverson 

et al., 2005; Murthy et al., 1998; Singer et al., 2002; Zemaitaitis et al., 2000). However, 

another potential outcome of the polyamination reaction involves the incorporation of 

cellular polyamines [such as putrescine and spermidine (SPD)] onto glutamine residues 

of tau protein (Miller & Johnson, 1995). Interestingly, the levels of polyamines are 

elevated in AD brains (Inoue et al., 2013; Morrison & Kish, 1995). Some studies 

investigated tau aggregation in the presence of polyamines in the cellular milieu 

(Sandusky-Beltran et al., 2019; Sandusky-Beltran et al., 2021). Nonetheless, precisely 

how the direct incorporation of SPD onto glutamine residues of tau changes its 

pathobiology was unknown. This question is addressed in the first aim of my dissertation 

as described below: 

This aim is addressed in Chapter 2 using recombinant tau proteins modified with 

SPD through in vitro polyamination reactions. First, I tested the significance of SPD 

polyamination on tau’s ability to bind and induce polymerization of microtubules. 

Multimerization of recombinant tau proteins was induced with arachidonic acid, and 

aggregation kinetics monitored using LLS. Formation of filamentous tau aggregates in the 

unaggregated and aggregated tau samples were investigated using thioflavin S, electron 
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microscopy, and seeding assays. Eventually the extent of tau oligomerization, PAD 

exposure, misfolding, and multimerization were determined using western blot and 

sandwich ELISA. Based on the literature, I hypothesized that polyamination facilitates tau 

aggregation, oligomerization, PAD exposure, misfolding, and seeding.     

Specific aim 2: Determine the impact of O-GlcNAcylation on the development of 
pathological tau conformations.  

Tau is subject to O-GlcNAcylation by the action O-GlcNAc transferase (OGT) 

enzyme, and interestingly the levels of O-GlcNAcylated tau are reduced in AD brains 

(Arnold et al., 1996; Liu et al., 2009; Yang & Qian, 2017). O-GlcNAcylation reduces the 

rate and extent of heparin-induced tau aggregation, competes with phosphorylation of 

serine/threonine residues, and decreases neuronal loss and tau aggregation in animal 

models (Gatta et al., 2016; Hastings et al., 2017; Liu et al., 2004; Liu et al., 2009; Smet-

Nocca et al., 2011; Wang et al., 2020; Yuzwa et al., 2014; Yuzwa et al., 2012). However, 

it is not clear whether those effects are accompanied by a reduction in the formation of 

pathological tau conformations such as oligomerization, PAD exposure, misfolding, and 

seeding. This question was addressed in the second aim of my dissertation as described 

below: 

This aim is addressed in Chapter 3 using recombinant tau proteins modified O-

GlcNAc by co-transforming bacterial cells with tau and OGT. First, I tested the 

significance of O-GlcNAcylation on tau’s ability to bind and induce polymerization of 

microtubules. Multimerization of recombinant tau proteins was induced with arachidonic 

acid, and aggregation kinetics monitored using LLS. Formation of filamentous tau 

aggregates in the unaggregated and aggregated tau samples were investigated using 
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thioflavin S, electron microscopy, and seeding assay. The extent of tau oligomerization, 

PAD exposure, misfolding, and multimerization were determined western blot and 

sandwich ELISA. As suggested by the previous studies, I hypothesized that O-

GlcNAcylation inhibits tau oligomerization, PAD exposure, misfolding, and seeding.     

Specific aim 3: Determine the impact of SUMOylation on the development of pathological 
tau conformations. 

SUMOylation involves the covalent incorporation of a small ubiquitin-like modifier 

(SUMO) protein isoform (SUMO1, SUMO2, and SUMO3) onto lysine residues of modified 

proteins (Mahajan et al., 1997; Matunis et al., 1996). Recently, tau SUMOylation was 

reported in AD and PSP cases, with SUMO1 but not SUMO2/3 consistently colocalizing 

with phosphorylated tau aggregates (Luo et al., 2014; Takamura et al., 2022). There is 

an interplay among tau SUMOylation, phosphorylation, and ubiquitination; SUMOylation 

and phosphorylation seem to have a positive correlation, while SUMOylation and 

ubiquitination show a negative correlation in cells (Dorval & Fraser, 2006; Luo et al., 

2014). Furthermore, the reduced ubiquitination of tau that follows its SUMOylation 

eventually culminates into enhanced aggregation (Luo et al., 2014). These findings agree 

with the findings of tau SUMOylation in tauopathies where SUMO1 colocalizes with 

phosphorylated tau aggregates (Dorval & Fraser, 2006; Luo et al., 2014). However, 

directly testing whether SUMOylation of tau enhances its aggregation and development 

of the other pathological tau conformations such as oligomerization, PAD exposure, 

misfolding, and seeding was not done previously. This gap in our knowledge is addressed 

in the third aim of my dissertation as described below: 
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This aim is addressed in Chapter 4 using recombinant tau proteins modified either 

SUMO1 or SUMO2 by co-transforming bacterial cells with tau, SUMOylation machinery 

along with the respective SUMO isoform. First, I tested the significance of SUMOylation 

on tau’s ability to bind and induce polymerization of microtubules. Then, multimerization 

of recombinant tau proteins was induced with arachidonic acid. Formation of filamentous 

tau aggregates in the unaggregated and aggregated tau samples was investigated using 

electron microscopy and seeding assay. The extent of tau oligomerization, PAD 

exposure, misfolding, and multimerization were determined using sandwich ELISAs. 

Given the association of SUMO with tau aggregates in tauopathies, I hypothesized that 

SUMOylation enhances tau aggregation, oligomerization, PAD exposure, misfolding, and 

seeding. 

Dissertation Significance 

A deeper understanding of PTMs’ influence on the development of tau pathology 

is a cornerstone to advancing the field. Indeed, there are many unanswered questions 

about the PTM code governing tau behavior; herein, I will focus on addressing the 

impact of polyamination, O-GlcNAcylation, and SUMOylation on the development of 

aggregates and pathological conformations of tau. This work will represent a significant 

step towards identifying how uncommon PTMs regulate tau behavior. An expanded 

view on tau PTMs is instrumental in guiding future efforts to develop therapies, 

diagnostics, and biomarkers for tauopathies. 

2. Chapter 2: Polyamination with Spermidine Enhances Pathological Tau 
Conformations While Reducing Filamentous Aggregate Formation In Vitro 
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CHAPTER 2: POLYAMINATION WITH SPERMIDINE ENHANCES PATHOLOGICAL 
TAU CONFORMATIONS WHILE REDUCING FILAMENTOUS AGGREGATE 

FORMATION IN VITRO 
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Abstract 

Tau is subject to a broad range of post-translational modifications (PTMs) that 

regulate its biological activity in health and disease, including microtubule dynamics, 

aggregation, adoption of pathological conformations, and seeding. The most studied 

PTMs of tau are phosphorylation and acetylation; however, the salience of other less 

commonly studies PTMs of tau remains largely elusive. Tissue transglutaminase (TG) is 

an enzyme whose activity is elevated in Alzheimer’s disease (AD). TG action on tau may 

lead to two potential outcomes: intramolecular and intermolecular cross-linking along with 

the incorporation of the cationic polyamines [e.g. spermidine (SPD)] onto glutamine 

resides (Q) of tau. Several studies posited that TG-catalyzed intermolecular cross-linking 

of tau induces the formation of insoluble tau aggregates. On the contrary, the effects of 

SPD polyamination on tau biology remain unexamined even though SPD levels are 

significantly elevated in AD. In this work, we describe a method to produce recombinant 

SPD-modified tau where SPD modifications take place on multiple Q residues mainly 

within the N-terminus. SPD modification does not significantly alter tau’s binding to 

microtubules, but SPD-modified tau accelerates microtubule polymerization. We 

hypothesize that the regulation of tau N-terminus by SPD polyamination enhances 

microtubule polymerization. Further biochemical and biophysical testing showed that 

SPD polyamination of tau markedly reduces tau aggregation into filamentous aggregates. 

In addition, the reduction in filamentous structures is accompanied by lower β-sheet 

content and seeding capability of tau aggregates. Furthermore, SPD modification 

promotes the adoption of pathological conformations (e.g. oligomerization and misfolding) 

by tau with or without aggregation. Therefore, further testing is warranted to determine 
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when the increase in pathological tau conformations by SPD polyamination will results in 

cellular dysfunction. Taken together with previous in vivo studies on polyamine stress 

response, these data suggest that SPD polyamination of tau favors the formation of off-

pathway multimers that adopt pathological conformations rather than on-pathway 

filamentous aggregates. 
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Introduction 

Alzheimer’s disease (AD), in addition to other tauopathies, is characterized by the 

accumulation of abnormal forms of tau protein in intracellular inclusions (e.g. 

neurofibrillary tangles) that are closely associated with the progression of cognitive 

symptoms (Arriagada et al., 1992; Brier et al., 2016; Gomez-Isla et al., 1997; Gotz et al., 

2019; Guillozet et al., 2003; Jack et al., 2010; Malpetti et al., 2022; Tanner & Rabinovici, 

2021; Wilcock & Esiri, 1982). Tau protein is produced as six main isoforms within the 

human brain (Park et al., 2016). Some tau isoforms harbor four (4R) or three (3R) of the 

microtubule-binding repeats (MTBRs) and either two, one, or no N-terminal acidic inserts 

(2N, 1N, and 0N) (Alhadidy & Kanaan, 2024). Depending on the type of tauopathy, 

aggregates of tau may comprise 3R tau isoforms [e.g. Pick’s disease (PiD)], 4R isoforms 

[e.g. progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD)], or 

4R/3R isoforms [e.g. AD and chronic traumatic encephalopathy (CTE)] (Wang & 

Mandelkow, 2016; Zhang et al., 2022).  

In addition to abnormal tau aggregation, several aberrations in cellular functions 

take place and lead to neurodegeneration in tauopathies (Silva & Haggarty, 2020). 

Examples of such aberrations include synaptic dysfunction, dysregulated axonal 

transport, failure of protein degradation and clearance, mitochondrial dysfunction, and 

neuroinflammation among others (Chen et al., 2018; Colnaghi et al., 2019; Henley et al., 

2014; Mao et al., 2022; Matsuzaki et al., 2015; Schorova & Martin, 2016; Silva & 

Haggarty, 2020; van Niekerk et al., 2007; Wang et al., 2021). The exact mechanisms 

through which tau contributes to cellular dysfunctions in tauopathies is an active area of 

investigation. Indeed, tau undergoes conformational alterations linked to cellular 
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dysfunctions, toxicity, and neurodegeneration under disease conditions (Alhadidy & 

Kanaan, 2024).      

Oligomerization is a conformational change of tau that emerges early in 

tauopathies and contributes to several cellular dysfunctions such as disruption of 

intracellular transport, impairment of protein degradation, synaptic dysfunction, and 

dysregulated cellular bioenergetics (Cox et al., 2016; Kanaan et al., 2016; Lasagna-

Reeves et al., 2012; Maeda et al., 2007; Maeda et al., 2006; Niewiadomska et al., 2021; 

Patterson et al., 2011). In addition, tau adopts a conformation that involves excessive 

exposure of the phosphatase-activating domain (PAD) at the extreme N-terminus (Combs 

et al., 2016; Combs & Kanaan, 2017; Kanaan et al., 2011). Subsequently, hyperactivation 

of signaling pathway involving protein phosphatase 1 (PP1) and glycogen synthase 

kinase 3 β (GSK3β) leads to disrupted axonal transport (Kanaan et al., 2011; Morris & 

Brady, 2022; Mueller et al., 2021). The field also identified conformational changes of tau 

that mediate its aggregation and propagation along functionally connected brain circuitry 

(de Calignon et al., 2012; DeVos et al., 2018; Liu et al., 2012).  

In a soluble state, tau is described as an “unfolded” protein that transiently 

assumes a global hairpin folds under native conditions (Jeganathan et al., 2006). The 

global hairpin conformation, also known as the paperclip conformation, is formed by the 

folding of tau’s C-terminus near the microtubule-binding region, and the N-terminus of tau 

folding over the C-terminus (Abraha et al., 2000; Jeganathan et al., 2006). Early during 

pathological tau aggregation, tau assumes a conformation different from the paperclip 

where the N-terminus of tau directly folds over the microtubule-binding region. This third 

conformational change is thought to represent a critical checkpoint along the path of tau 
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aggregation, and it is detected by the Alz50 and MC1 antibodies (Carmel et al., 1996; 

Jicha et al., 1997; Ksiezak-Reding et al., 1988).  

Tau pathology propagates from one brain region to another through functionally 

connected brain regions (Goedert et al., 2017; Zhang et al., 2022). This process entails 

several steps where tau first transfers from a cell to another followed by seeding of tau 

pathology in the recipient cell (Clavaguera et al., 2009; de Calignon et al., 2012; Fu et al., 

2016; Liu et al., 2012). More recently, the Diamond group proposed that tau assumes 

conformational ensembles that have different ability to seed aggregation (Mirbaha et al., 

2018; Mirbaha et al., 2022; Sharma et al., 2018). The seeding-competent conformation 

is regulated by the aggregation prone motifs of tau spanning amino acids 275-VQIINK-

280 and 306-VQIVYK-311 (Chen et al., 2019; Falcon et al., 2015). To date, the reported 

pathological conformations of tau are common in tauopathies suggesting similar events 

of conformational changes and toxicity under disease conditions (Alhadidy & Kanaan, 

2024; Combs et al., 2016; Garcia-Sierra et al., 2003; Lasagna-Reeves et al., 2012; 

Mroczko et al., 2019; Niewiadomska et al., 2021; Patterson et al., 2011; Weaver et al., 

2000). 

Our understanding of the factors driving the adoption of pathological conformations 

by tau concurrently underwent tremendous progress (Alhadidy & Kanaan, 2024). Tau 

mutations linked to familial frontotemporal dementia regulate the adoption of pathological 

conformations by tau (Goedert & Spillantini, 2000). For instance, the P301L mutations 

enhances oligomerization and induces PAD exposure leading to disruption of axonal 

transport through the PP1- GSK3β pathway (Combs et al., 2021; Kanaan et al., 2020). 

Furthermore, the S320F mutation induces a seeding-competent conformation of tau 



 

 58 

(Chen et al., 2023).  Another factor that regulates the formation of pathological tau 

conformations is tau-protein interactions (Pires & Drummond, 2021). Proteins such as 

heat shock protein 90 and Bassoon enhance tau oligomerization and seeding capability, 

respectively (Martinez et al., 2022; Tortosa et al., 2009; Weickert et al., 2020). 

Furthermore, evidence suggests that post-translational modifications (PTMs) of tau are 

also potential modulators of pathological tau conformations in health and disease 

(Alhadidy & Kanaan, 2024).    

PTMs take place on all domains of tau protein, and they alter several aspects of 

tau biology as demonstrated in cell lines, animal models, and human tauopathies 

(Alhadidy & Kanaan, 2024; Alquezar et al., 2020; Cook, Stankowski, et al., 2014; Park et 

al., 2018). In fact, PTMs of tau regulate its microtubule dynamics, clearance through the 

proteasomal and autophagic pathways, and aggregation propensity (Cook, Carlomagno, 

et al., 2014; Gorsky et al., 2017; Luo et al., 2014; Man et al., 2023; Park et al., 2018; 

Puangmalai et al., 2022). In addition, disease-relevant PTMs have the capacity to alter 

the adoption of pathological conformations by tau (Christensen et al., 2023; Man et al., 

2023; Park et al., 2018; Strang et al., 2019; Xia et al., 2020). For example, 

phosphorylation within the AT8 epitope region of tau increases oligomerization, PAD 

exposure, and misfolding (Christensen et al., 2023; Jeganathan et al., 2006; Kanaan et 

al., 2020). In addition, acetylation of tau may enhance its seeding competency and 

transmissibility from cell to another (Tseng et al., 2021). Phosphorylation and acetylation 

are the most thoroughly investigated PTMs of tau, and several therapeutic strategies that 

modulate these two PTMs are currently under investigation in clinical trials (Alhadidy & 

Kanaan, 2024; Congdon & Sigurdsson, 2018). However, the effects of less common 
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PTMs such as SUMOylation, glycosylation, and polyamination are not well known 

(Alquezar et al., 2020; Gong et al., 2016; Ivanov et al., 2020; Luo et al., 2014). This 

limitation creates important gaps in our understanding of tau biology and pathogenesis of 

tauopathies.    

Tissue transglutaminase (TG) is an enzyme expressed in the central nervous 

system and plays a potential role in the development of AD and other tauopathies (De 

Vivo et al., 2009). Several studies demonstrated that tau is subject to the catalytic action 

of TG (Dudek & Johnson, 1993; Halverson et al., 2005; Miller & Johnson, 1995; Murthy 

et al., 1998; Zemaitaitis et al., 2000). TG-catalyzed reactions may lead to one of two 

outcomes: crosslinking between glutamine (Q) and lysine (K) residues and/or 

incorporation of polyamines [e.g. putrescine, spermidine (SPD), and spermine] onto Q 

residues (Dudek & Johnson, 1993; Miller & Johnson, 1995; Murthy et al., 1998). 

Interestingly, the activity and expression levels of TG are elevated in the prefrontal cortex 

of AD patients compared to controls (G. V. Johnson et al., 1997). Furthermore, the TG-

catalyzed crosslinks are detectable in tau purified from the brains of AD patients and 

P301L mice (Halverson et al., 2005; Wilhelmus et al., 2009). In vitro studies determined 

that cross-linking of tau involves Q6, Q88, Q124, Q244, Q276, Q288, Q351, and Q424 

(Murthy et al., 1998). Depending on whether cross-linking of tau is intramolecular or 

intermolecular, tau may or may not form misfolded filamentous structures (Dudek & 

Johnson, 1993; Konno et al., 2005). Despite the extensive work on the impact of TG-

catalyzed crosslinking on tau, the other potential outcome of polyamine incorporation onto 

Q residues of tau is a nascent area of investigation.  
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Polyamines are polycationic amines universally present in all types of living cells 

(Bae et al., 2018). The major polyamines in eukaryotic cells are spermine, SPD, and 

putrescine; they are essential for normal cellular functioning and survival (Igarashi & 

Kashiwagi, 2019; Park & Igarashi, 2013). In AD, two reports indicated that SPD levels are 

significantly elevated in the brain (Inoue et al., 2013; Morrison & Kish, 1995). Moreover, 

work conducted by the Lee group utilizing several mouse models of tauopathy is strongly 

suggestive of a polyamine stress response that enhances the progression of tau 

pathology (Hunt et al., 2015; Sandusky-Beltran et al., 2019; Sandusky-Beltran et al., 

2021). Nonetheless, the impact of SPD incorporation onto Q residues of tau on its 

physiological functions, aggregation, and conformational changes linked to toxicity and 

neurodegeneration in tauopathies remains completely unknown.  

Herein, we describe a method to produce recombinant SPD-modified 2N4R (SPD 

hT40) and 2N3R (SPD hT39) tau isoforms using an in vitro polyamination reactions 

catalyzed by TG. A set of biochemical and biophysical assays were employed to 

determine the impact SPD polyamination has on tau’s ability to bind or polymerize 

microtubules, adopt pathogenic conformations, and aggregate in vitro. SPD 

polyamination of tau enhanced the polymerization of microtubules in vitro. In addition, 

SPD-modified hT40 enhanced pathological tau conformations and decreased filamentous 

tau structures upon aggregation. SPD modification of hT39 favored relatively large 

globular aggregates and increased the formation of pathological tau conformations. We 

hypothesize that SPD polyamination of tau may contribute to the pathogenesis of 

tauopathies by increasing the formation of microtubule labile ends and enhancing the 

formation of pathological tau conformations at the expense of filamentous aggregates. 
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Materials and Methods 

Preparation of recombinant unmodified and SPD-modified tau proteins 

Recombinant tau protein was prepared from a 4L bacterial culture as described 

previously (Combs et al., 2017), with the exception that BL21 bacteria (NEB, #C2527H) 

were used. At the end of the purification procedure, the concentration of recombinant tau 

protein was determined using the BCA method (Thermo, # A53225) before starting the 

polyamination reaction with SPD. Polyamination reactions were performed in vitro using 

a method like that reported by Song and coworkers (Song et al., 2013). Briefly, SPD at 8 

mM (Sigma, # S2626-1G) and TG enzyme (Sigma, # TS398) at 0.2 μM were added to 

tau in reaction buffer (50mM Tris HCl, pH 8, 10 mM calcium chloride and 5 mM DTT) 

followed by a 1-hour incubation at 37 °C. Unmodified tau proteins were subjected to the 

same reaction conditions, but TG was excluded. Then, the TG enzyme was inactivated 

by heating at 70 °C for 2 min. The TG-catalyzed reaction produces SPD-modified 

monomeric proteins as well as intra- and inter-protein crosslinked proteins. Thus, the 

SPD-modified tau was further purified by passing the polyamination reaction through 100 

kDa MWCO Amicon filter (0.5 ml; Millipore, # UFC510096) to remove inter-protein 

crosslinked tau (i.e. high molecular weight species) from the sample (Figure AI.1). 

Unmodified tau proteins were subjected to the same process of passing through a 100 

kDa MWCO concentrators. The flow-through (FL) was collected for further purification. 

Each concentrator membrane was washed with 6 rounds of 400 µl of buffer A (500 mM 

NaCl, 10 mM Tris, and 5 mM Imidazole pH 8). All the FL samples were pooled and 

subsequently desalted through HiPrep 26/10 desalting column (Cytiva, #17508701) to 

fully buffer exchange the samples into Buffer A using fast protein liquid chromatography 
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(FPLC). A desalting column was equilibrated with 5 column volumes (CVs) of buffer A, 

then protein samples were run over the column in 5 CVs of buffer A at a flow rate of 5 

ml/min and fractions containing tau were collected. Finally, heavy metal affinity 

chromatography was used to purify the tau proteins (6x His tagged) from other proteins 

in the polyamination reaction (e.g. TG) using a 5ml HiTrap Talon crude column (Cytiva, 

#28953767). The HiTrap Talon column was equilibrated in 5 CVs of buffer A, the proteins 

were run over the column, the column was washed with 5 CVs of buffer A, and then tau 

proteins were eluted in 10 CVs of buffer B (81 ml of buffer A supplemented with 19 ml of 

500 mM imidazole buffer pH 8 along with 40 μl of 500 mM PMSF stock) at flow rate of 3 

ml/min in 5 ml fractions. The elution fractions containing the highly purified monomeric 

tau bands were concentrated to a concentration between 2-4 mg/ml and was 

supplemented with 1 mM DTT. The final unmodified and SPD-modified tau proteins were 

aliquoted and frozen at -80 °C. The final concentration of recombinant tau proteins was 

determined using the SDS-Lowry method as described previously in (Combs et al., 2017).  

Western blot validation of recombinant tau proteins 

To confirm the polyamination status of recombinant tau proteins, 0.5 μg was 

loaded on 4-20% TGX gels (Biorad, # 5671095) and run at 250 V for 32 min, followed by 

transfer onto nitrocellulose membrane using the Biorad wet transfer system at 40 mAmp 

for 50 min. The membrane was then blocked with 2% non-fat dry milk (NFDM) in 1X tris 

buffer saline (TBS) for 1 hour at room temperature followed by incubation in primary 

antibodies overnight at 4 °C. Primary antibodies used were Tau5 (Nicholas M. Kanaan at 

Michigan State University, RRID: AB_2721194) (Carmel et al., 1996; LoPresti et al., 1995; 

Porzig et al., 2007) at 1:100,000 in 2% NFDM and anti-spermine (Abcam, # ab26975, 
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RRID: AB_470871, cross reacts 100% with SPD) at 1:2,000 in 2% NFDM. The following 

day, the blot was washed 3 times (5 min each) with 1X TBS supplemented with 0.1% 

Tween 20 (TBS-T 0.1%). Then, secondary antibodies in 2% NFDM were added for 1 hour 

at room temperature. Secondary antibodies used were goat anti-mouse IgG1 680 (LI-

COR Biosciences, # 926-68050, RRID: AB_2783642) at 1:20,000 and goat anti-rabbit 

IgG 800 (LI-COR Biosciences, # 926-32211, RRID: AB_621843) at 1:20,000. The blot 

was then washed 3 times (5 min each) with TBS-T 0.1%. LI-COR Odyssey classic imager 

and Image Studio Lite Ver 5.2 were used to visualize the blots.  

Recombinant tau protein preparation for tandem Mass spectrometry  

Unmodified and SPD-modified tau proteins were digested using a combination of 

trypsin (Promega, #V5280) and rLysC (Promega, #V167A). First, each recombinant tau 

protein sample (3 µg) was subjected to 5 rounds of buffer exchange with 25 mM 

ammonium bicarbonate (AmBic) pH 8 using 0.5 ml Amicon filter with 3K MWCO (15,000 

RCF for 10 min; Millipore, # UFC500396). Then, recombinant tau proteins were recovered 

from the filter by centrifugation at 15,000 RCF for 2 min and vacuum dried using 

Vacufuge. The dried pellets of recombinant tau proteins were reconstituted in 50ul of 

digestion buffer (12.5 mM AmBic pH 8 + acetonitrile (ACN) 50%) and incubated at 37 °C 

for 90 min with rLysC (150 ng of enzyme per 3 μg of recombinant protein). Then, trypsin 

was added (300 ng of enzyme per 3 μg of recombinant protein) and incubated at 37 °C 

for 16-18 hours. The following day, digested protein samples were subjected to vacuum 

drying and stored at -20 °C until running on mass spectrometry (MS).  

 



 

 64 

Tandem MS of recombinant tau proteins 

We used Thermo Scientific Ultimate 3000 RSLCnano System coupled with 

nanoscale liquid chromatography for analysis. Desalting of digested peptides was 

conducted in-line using a 3 μm diameter bead, C18 Acclaim PepMap trap column (75 μm 

× 20 mm) with 2% ACN, 0.1% formic acid (FA) for 5 min at a flow rate of 2 μl/min at 40 

°C. The trap column was then brought in line with a 2 μm diameter bead, C18 EASY-

Spray column (75 μm × 250 mm) for analytical separation over 128 min with a flow rate 

of 350 nl/min at 40 °C. The mobile phase included two buffers: 0.1% FA (Buffer A) and 

0.1% FA in ACN (Buffer B), and a gradient was used for separation as follows: 12.5 min 

desalting, 95 min 4–40% B, 2 min 40–65% B, 3 min 65–95% B, 11 min 95% B, 1 min 95–

4% B, 3 min 4% B. We injected 1 μg of each sample for analysis. Top 20 data-dependent 

mass spectrometric analysis was performed with a Q Exactive HF-X Hybrid Quadrupole-

Orbitrap Mass Spectrometer. MS1 resolution was 60K at 200 m/z with a maximum 

injection time of 45 ms, AGC target of 3e6, and scan range of 300–1500 m/z. MS2 

resolution was 30K at 200 m/z, with a maximum injection time of 54 ms, AGC target of 

1e5, and isolation range of 1.3 m/z. High-energy collision dissociation (HCD) normalized 

collision energy was 28. Only ions with charge states from +2 to +6 were selected for 

fragmentation, and dynamic exclusion was set to 30 s. The electrospray voltage was 1.9 

kV at a 2.0 mm tip to inlet distance. The ion capillary temperature was 280 °C and the RF 

level was 55.0. All other parameters were set as default. 

MS data analysis to determine SPD modification sites 

RAW data files were analyzed with the MetaMorpheus software version 1.0.1 

developed by the Smith laboratory (Miller et al., 2023). For hT40 proteins, the following 
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FASTA files used were downloaded from Uniprot (November 2021) and used for analysis: 

Escherichia coli (strain K12) (UP000000625), trypsin (Q29463), Lys-C (Q02SZ7), and 

full-length tau sequence (2N4R isoform, P10636-8). The same FASTA files were used to 

analyze the hT39 proteins using with 2N3R tau isoform sequence (P10636-5) instead of 

the 2N4R sequence. Mass shift corresponding to the non-acetylated SPD were used to 

search for modifications: +128.1313485 for SPD (Schopfer et al., 2024; Yu et al., 2015). 

In addition, fragmentation pattern of SPD was determined by running SPD alone on MS. 

Mass-to-charge-ratios (m/z) corresponding to diagnostic ions (DIs) were identified: 

54.048, 57.059, 71.075, 111.109, 128.132. The search parameters for SPD modification 

included both mass shift and the identified diagnostic ions of SPD.  

The analysis sequence included mass calibration, global post-translational 

modification discovery (G-PTM-D) (Li et al., 2017), and a classic search. Mass calibration 

was conducted using the following criteria: protease = trypsin; maximum missed 

cleavages = 2; minimum peptide length = 7; maximum peptide length = unspecified; 

initiator methionine behavior = Variable; variable modifications = Oxidation on M; max 

mods per peptide = 2; max modification isoforms = 1024; precursor mass tolerance = 

±15.0000 ppm; product mass tolerance = ±25.0000 ppm. The criteria utilized for G-PTM-

D were protease = trypsin; maximum missed cleavages = 2; minimum peptide length = 7; 

maximum peptide length = unspecified; initiator methionine behavior = Variable; max 

modification isoforms = 1024; variable modifications = Oxidation on M; G-PTM-D 

modifications count = 3; precursor mass tolerance(s) = ±5.0000 ppm around 0 

,128.131348525 Da; product mass tolerance = ±20.0000 ppm. Finally, a classic search 

was conducted using the following criteria: protease = trypsin; search for truncated 
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proteins and proteolysis products = False; maximum missed cleavages = 2; minimum 

peptide length = 7; maximum peptide length = unspecified; initiator methionine behavior 

= Variable; variable modifications = Oxidation on M; max mods per peptide = 2; max 

modification isoforms = 1024; precursor mass tolerance = ±5.0000 ppm; product mass 

tolerance = ±20.0000 ppm; report peptide spectral match (PSM) ambiguity = True. SPD 

polyamination site of tau detected at a false discovery rate of 1% are reported. MetaDraw 

version 1.0.5 was utilized to review the PSMs of modified and unmodified tau peptides 

(samples of these peptides are included in Figure AI.2 and AI.3).  

Tubulin polymerization assay 

Tubulin polymerization in the presence of recombinant tau proteins was assessed 

using the Tubulin Polymerization Assay Kit (Cytoskeleton, #BK011P). Kit reagents were 

reconstituted and stored as indicated in the manual. The assay began by incubating the 

96-well plate provided with the kit at 37 °C for 10 min (Synergy H1 Hybrid Multi-Mode 

Reader and Gen5 software v3.11, BioTek). Recombinant tau proteins were prepared as 

10 μM stocks in general tubulin buffer (80 mM PIPES pH 6.9, 2 mM MgCl2, and 0.5 mM 

EGTA) and left at room temperature. Then, tubulin master mix was prepared and kept on 

ice using the recipe for enhancer detection: 355 μl of Buffer 1, 4.4 μl of 100 mM GTP, and 

85 μl of tubulin 10 mg/ml. Once the 10-min incubation of the 96-well plate was over, 

recombinant tau proteins (10 μM stocks) were added (5 μl/well) to the plate and warmed 

up to 37 °C for exactly 1 min. Then, the tubulin master mix was added (50 μl/well) yielding 

a final tau concentration of 1 μM. Fluorescence signal was measured for 1 hour to monitor 

tubulin polymerization using the kinetic mode at excitation and emission wavelengths of 

360 nm and 450 nm, respectively. Each tau protein sample was loaded in duplicate 
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(technical replicates) and the experiment was performed 4 independent times (biological 

replicates). Background levels of blank (general tubulin buffer only) were subtracted from 

the fluorescence readings before further analyzing the data. Nonlinear regression using 

“specific binding with Hill slope” was used to fit the tubulin polymerization data in 

GraphPad Prism v10.2.1 and calculate the steady state equilibrium (Vmax) along with the 

time to half maximal polymerization (Kd). 

Microtubule-binding assay  

Assays were performed using Microtubule Binding Protein Spin-Down Assay 

Biochem Kit (Cytoskeleton, # BK029). Kit reagents were reconstituted as indicated in the 

manual.  Tubulin aliquots (20 μl) were thawed, supplemented with cushion buffer (2 μl; 

80 mM PIPES pH 7.0, 1 mM MgCl2, 1 mM EGTA, and 60% sucrose), and incubated at 

35 °C for exactly 40 min. Then, general tubulin buffer (200 μl; 80 mM PIPES pH 7.0, 1 

mM MgCl2, and 1 mM EGTA) supplemented with paclitaxel at 20 μM was added to the 

polymerized tubulin. Microtubule-binding reactions were set up at room temperature 

including tubulin (20 μl, 2 µM tubulin dimer), recombinant tau proteins (0.5 μM), and 

general tubulin buffer to a final volume of 50 μl. After 30 min of incubation at room 

temperature, binding reactions were then loaded on 100 μl of sucrose cushion buffer in 

0.2 ml polycarbonate tubes (Thermo Scientific, # 45233) followed by centrifugation at 

100,000 RCF for 40 min. For all centrifugation steps, S100-AT3 Fixed Angle Rotor 

(Thermo Scientific, # 45585) and Sorvall™ MTX 150 Micro-Ultracentrifuge (Thermo 

Scientific, # 46960) were employed. Then, 30 μl of the supernatant was carefully removed 

to avoid disturbing the microtubule pellet. Laemmli buffer was added to the supernatant 

immediately (6μl of 6X Laemmli buffer). The rest of the supernatant was discarded, 
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followed by washing the microtubule pellet with general tubulin buffer (100 μl) 

supplemented with 20 μM paclitaxel.  The microtubule pellet was subjected to 

centrifugation at 100,000 RCF for an additional 20 min. The previous washing step was 

repeated one more time, followed by careful removal of the supernatant. The final pellet 

was resuspended in 60 μl of 1X Laemmli buffer. The assay was conducted 4 independent 

times. 

For each biological replicate, the supernatant and pellet (15 μl each) fractions were 

subjected to SDS-PAGE. Unmodified and SPD-modified tau samples were loaded on two 

separate 4-20% Novex tris-glycine gels (Invitrogen, # WXP42020BOX) that was run at 

225 V for 45 min. After SDS-PAGE, the two gels were cut between the 250 and 37 kDa 

marker bands and added to the same transfer cassette to transfer onto a nitrocellulose 

membrane. This step allows for the quantification of all tau bands on the same blot to 

minimize the variability in blotting procedure across samples. The rest of the blotting 

procedure was performed as described earlier.  Primary antibodies used were the Tau5 

antibody at 1:100,000 and the tubulin 5H1 antibody at 1:5,000 (Nicholas M. Kanaan at 

Michigan State University, RRID: AB_2832941) (Wang et al., 1993). Secondary 

antibodies used were goat anti-mouse IgG1 680 and goat anti-mouse IgM 800 (LI-COR 

Biosciences, # 926-32280, RRID: AB_2814919) at 1:20,000 each. LI-COR Odyssey 

classic imager and Image Studio Lite Ver 5.2 were used to visualize fluorescent signals 

of the antibody probes. Tau bands were quantified in all supernatant and pellet fractions 

followed by calculating the percentage of tau in pellet relative to total tau using the 

following equation:  

% Tau in Pellet = Tau in Pellet/ (Tau in Pellet + Tau in Sup) x 100 
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In vitro recombinant tau aggregation reaction  

Aggregation of different tau proteins was induced by arachidonic acid (ARA; 

Cayman Chemical, # 90010) in 200 μl reactions as described previously (Gamblin, King, 

Kuret, et al., 2000; Tiernan et al., 2016). Briefly, 2 μM of tau (M. Wt. = 43426 for hT39; M. 

Wt. = 46673 for hT40) was induced to aggregate in vitro by incubation in tau aggregation 

buffer (10 mM sodium HEPES, 0.1 mM EDTA, 200 mM NaCl, 5 mM DTT, pH 7.6) with 

(aggregated) or without (unaggregated; ethanol vehicle was used) 75 μM ARA. ARA 

stocks were prepared in 100% ethanol at 2 mM immediately prior to use and kept on ice. 

Finally, ARA was added as the final component in the reaction sample and then the 

samples were gently mixed by minimally shaking the tube/cuvette. Aggregation reactions 

were incubated at room temperature for 6 hours.  

Right angle laser light scattering 

The right-angle laser light scattering (LLS) assay measures tau aggregation 

kinetics over time (Gamblin, King, Dawson, et al., 2000; Tiernan et al., 2016). LLS was 

measured using class IIb laser with wavelength of 475 nm and maximum power of 20 

mW (B & W INC., model # BWI-475-20-E) and digital camera (Thor Labs, model # 

DCC1240M). Images were acquired using uc480 Viewer version 4.2 with the pixel clock 

set at 11 MHz. Images were acquired for hT40 samples at a frame rate of 2 fps and 

exposure of 250 ms, while a frame rate of 1 fps and exposure time to 300 ms was used 

for hT39 samples. Polymerization reactions of tau were transferred into glass cuvettes 

with path length of 5 mm (Starna Cells, #3-G-5), and laser light scattering was measured 

at time zero prior to addition of ARA to obtain baseline measurements. After addition of 

ARA and gently mixing the samples, images were serially acquired at 1, 2, 3, 4, 5, 10, 15, 
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20, 25, 30, 35, 40, 45, 50, 55, 60, 75, 90, 105, 120, 150, 180, 240, 300, and 360 min. 

Each experiment was conducted 4 independent times. Image analysis was performed 

with Adobe Photoshop CS6 (Adobe Systems INC.) using the marquee tool. The region of 

interest used for densitometry measurements was set to 150 pixels X 15 pixels and 

adjusted to the center of the glass cuvette within the band of scattered light. Pixel intensity 

was recorded using the histogram feature. Scattered light intensity (intensity) 

measurements during the 6 hours were fitted using nonlinear Gompertz function (Cox et 

al., 2016; Necula & Kuret, 2004; Sun & Gamblin, 2009; Winsor, 1932): 

Y=a*exp (-exp (-((x-ti)/b))) 

The Gompertz equation describes polymerization kinetics using the following three 

parameters (Necula & Kuret, 2004; Winsor, 1932): a is the maximum light scattering at 

equilibrium; b = 1/kapp, where kapp is the proportional growth rate of the filament population 

in units of time–1. Lag times, defined as time before detectable polymerization occurs, 

were calculated as ti – b. 

Thioflavin S fluorescence  

At the end of the tau aggregation reaction with ARA (described above), β-sheet 

containing aggregates were quantified using a thioflavin S (ThS) assay as described (Cox 

et al., 2016; Tiernan et al., 2016). Immediately before starting the assay, a 0.0175% ThS 

solution was prepared in water, filtered through a 0.22 µM membrane, and protected from 

light. Then, 150 μl of each tau sample was mixed with 6 μl of ThS solution and incubated 

for 5 min at room temperature. The samples (150 µl/well) were then loaded onto a black 

walled 96-well plate (Costar, # 3915) and immediately read using the Promega Glomax 

multi-detection system at 490 nm excitation and 510-570 nm emission wavelengths. 
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Control buffers for unaggregated and aggregated reactions were also loaded and read to 

obtain background measurements, then their absorbance values were subtracted from 

the tau sample values.  

Sample preparation for imaging with transmission electron microscopy 

Transmission electron microscopy (TEM) allows for the visualization of and 

measurement of tau aggregates (Tiernan et al., 2016). To this end, uranyl acetate (UA; 

Electron Microscopy Sciences, # 22400) solution was freshly prepared by dissolving 20 

mg of UA in 1 ml of deionized water (DIW) (2% UA solution) at room temperature. After 

UA completely dissolves into DIW, the solution was sterile filtered using 0.22 μM 

membrane (Fisher Scientific, # 13-1001-06). To prepare the grids, each unaggregated 

and aggregated tau sample (10 μl) was first fixed with 2% glutaraldehyde (Electron 

Microscopy Sciences, # 16100) at room temperature for 10 min. Then, each sample (5 

μl) was absorbed onto formvar-coated copper grids (Electron Microscopy Sciences, 

#FCF300-CU) for 1 minute, followed by one rapid rinse in DI water and another rapid 

rinse in UA solution. Finally, the grids were incubated with UA solution for 1 min at room 

temperature, then the solution was wicked away, and grids were left to dry for at least 1.5 

hours before imaging. Grids were prepared from 4 independent experimental replicates 

of unaggregated and aggregated tau and imaged using JEOL JEM-1400 Plus electron 

microscope at 80 kV. Electron micrographs were captured and saved through AMT XR81 

digital camera and AMT software version 602.6.    

Quantitative TEM Measurements 

For each grid, three images were captured at 5000X magnification for quantitative 

TEM. Electron micrographs were then processed using ImageJ v1.54 using a method like 
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that described by Tiernan and coworkers (Tiernan et al., 2016). First, the scale bar was 

adjusted at 373 pixels/800 nm. Then, images were smoothed 3 times to allow for the 

automatic thresholding to capture the visible tau aggregates. Finally, particle count and 

size (nm2) along with the total area occupied by tau aggregates (% Area) were collected 

by the “Analyze Particles” command. For the “Analyze Particles” command, size was set 

at 0-infinity and circularity was set at 0-1. The data were prepared for analysis and 

graphing using GraphPad Prism v10.2.1. Frequency distribution plots using 700 nm2-wide 

and 50 nm2-wide bins for hT40 and hT39, respectively, were created. The sum of particles 

in 3 images/replicate was calculated and counted as 1 independent replicate, with a total 

of 4 independent replicates. The following populations of hT40 were plotted according to 

criteria like those reported by Tiernan et al. (Tiernan et al., 2016): < 700 nm2 for globular 

aggregates only; 700-2100 nm2 for globular aggregates > 700 nm2 along with short 

filaments; 2100-5000 nm2 for short filaments only; > 5000 nm2 for long filaments only. 

Aggregates of hT39 were globular in nature and split into sizes smaller and larger than 

450 nm2.  

Western blot for unaggregated and aggregated reactions  

Unaggregated and aggregated tau samples were prepared for SDS-PAGE by 

diluting to 0.5 μM in 6X Laemmli sample buffer. Samples were boiled at 95 °C for 5 min, 

followed by vortexing and quick spin down. Samples (500 ng/lane) were loaded on 20-

well 4-20% Novex tris-glycine gel (as described above). Proteins were transferred to 

nitrocellulose membrane using the Biorad wet transfer system (as described above). The 

blot was blocked with 2% NFDM for 1 hour at room temperature, followed by incubation 

in Tau5 antibody at a dilution of 1:100,000 in 2% NFDM overnight at 4 °C. The following 
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day, the membrane was washed 3 times with TBST, 5 min each. The goat anti-mouse 

IgG1 680 secondary antibody was used at a dilution of 1:20,000 in 2% NFDM, and 

membranes were incubated in secondary at room temperature for 1 hour. Membranes 

were washed with TBST 3 times, 5 min each, before imaging the blot using LI-COR 

Odyssey classic imager and Image Studio Lite Ver 5.2. Tau bands corresponding to 

monomeric tau (monomer band) and higher molecular weight multimers (HMW band) 

were quantified in the unaggregated and aggregated tau samples.  

Sandwich enzyme-linked immunosorbent assay (sELISA) 

To detect pathological tau conformations using conformation-dependent 

antibodies (i.e. TOC1, TOMA1, TNT2, and Alz50), tau samples must be kept under native 

conditions (Castillo-Carranza, Sengupta, et al., 2014; Combs et al., 2016; Combs et al., 

2017; Jicha et al., 1997; Ward et al., 2013). Therefore, sandwich ELISA assays were used 

to measure pathological tau conformations in 4 independent replicates. All steps were 

performed at room temperature. The following capture antibodies were used in sandwich 

ELISA assays: [TOC1 (Kanaan Lab, RRID: AB_2832939), TOMA1 (Millipore, 

#MABN819), TNT2 (Kanaan Lab, RRID: AB_2736931), and Alz50 (P. Davies Albert 

Einstein College of Medicine, New York, USA, RRID: AB_2313937) along with Tau13 

(Kanaan Lab, RRID: AB_2721193) to measure total tau] (Carmel et al., 1996; Castillo-

Carranza, Sengupta, et al., 2014; Combs et al., 2016; Combs & Kanaan, 2017; Garcia-

Sierra et al., 2003; Hyman, Van Hoesen, et al., 1988; Jicha et al., 1997; Patterson et al., 

2011; Ward et al., 2013). Capture antibodies were diluted in borate saline buffer (100 mM 

borate acid, 25 mM sodium borate, 75 mM NaCl, and 0.25 mM thimerosal) at 2 ng/μl. 

Then, sandwich ELISA plates (96-well plates, Corning, #3590) were coated with the 
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capture antibodies (50 μl/well) for 1 hour. Wells were then washed 2 times with ELISA 

wash buffer [200 μl/well; 100 mM borate acid, 25 mM sodium borate, 75 mM NaCl, 0.25 

mM thimerosal, 0.4% (w/v) bovine serum albumin, and 0.05% (v/v) Tween-20], followed 

by blocking with 5% NFDM in ELISA wash buffer (200 μl/well) for 1 hour. Two washes 

with ELISA wash buffer were performed, followed by the addition of unaggregated and 

aggregated tau samples for 1.5 hours. Tau samples were prepared from unaggregated 

and aggregated hT40 reactions in TBS buffer at the following concentrations (50μl /well): 

2.5 nM for Tau13; 5 nM for TNT2; 20 nM for TOC1 and Alz50; 150 nM for TOMA1. Tau 

samples were prepared from unaggregated and aggregated hT39 reactions in TBS buffer 

at the following concentrations (50 μl/well): 2.5 nM for Tau13; 40 nM for Alz50; 100 nM 

for TNT2; 150 nM for TOC1 and TOMA1. Then, wells were washed 4 times with ELISA 

wash buffer (200 μl/well). The detection antibody R1 (Kanaan Lab, RRID: AB_2832929) 

(Berry et al., 2004) was diluted at 1:10,000 in 5% NFDM and added to the wells (50 

μl/well) for 1.5 hours. Then, sandwich ELISA wells were washed 4 times with ELISA wash 

buffer. Secondary antibody used was Goat Anti-Rabbit IgG Antibody (H+L), Peroxidase 

(Vector Laboratories, #PI-1000-1, RRID: AB_2916034) at 1:5,000 in 5% NFDM for 1 hour 

(50 μl/well). After 4 final washes with ELISA wash buffer, the peroxidase reaction was 

developed using 3,3′,5,5′-Tetramethylbenzidine (TMB; 50 μl/well; Sigma, # T0440). The 

peroxidase reaction was stopped with 4% sulphuric acid, followed by reading the 

absorbance at 450 nm using SpectraMax Plus 384 microplate reader (Molecular 

Devices). The absorbance values were further processed using GraphPad Prism v10.2.1. 

Using the following equation [%A =100 - (100 * 10-A), where A is absorbance] to calculate 
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percentage light absorbed (% Light Abs). The % Light Abs is a linear scale as opposed 

to raw absorbance values (an inverse log scale).   

Seeding assay in tau biosensor cells   

The Diamond group produced HEK293 cells that stably express the 4R repeat 

domain of tau with the P301S mutation fused to CFP or YFP (Tau RD P301S Biosensor 

Cells; purchased from ATCC, #CRL-3275, RRID: CVCL_DA04) (Holmes et al., 2014). 

Cells were grown in DMEM (Gibco) supplemented with 10% FBS, 1% Penicillin-

Streptomycin (Gibco), and 1x GlutaMAX (Gibco), and maintained at 37 °C and 5% CO2. 

A cell aliquot was thawed and passaged at least once before use in experiments. Cells 

were plated at 12,000 cells/well in Poly-D-Lysine coated 96-well plates (100 μl media/well; 

Corning, #354461). After 24 hours, Lipofectamine 2000 (Invitrogen, # 11668027) was 

used to deliver the following treatment samples: unaggregated hT40, aggregated hT40 

aggregates, unaggregated SPD-modified hT40, and aggregated SPD-modified hT40 (at 

a final concentration of 150 nM). In two separate tubes, Lipofectamine reagent or protein 

sample was diluted in OptiMEM (Gibco, # 31985062) and incubated at room temperature 

for 20 min. The first tube contained 1 μl Lipofectamine 2000 in addition to 9 μl OptiMEM, 

and the other tube contained 7.5 μl unaggregated or aggregated tau + 2.5 μl OptiMEM. 

Next, the Lipofectamine was mixed with the tau protein (20 μl) and incubated for an 

additional 20 min at room temperature. The Lipofectamine/protein mixture was then 

added to the cells (20 μl). Two days following treatment, cells were fixed with pre-warmed 

4% paraformaldehyde (Electron Microscopy Sciences, # 15714-S) in 1X cytoskeleton 

buffer (10 mM MES, 138 mM KCl, 3 mM MgCl2, and 4 mM EGTA, pH 6.1) for 20 min at 
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room temperature. Then, cells were washed 3 times with 1X TBS for 5 min each. The 

nuclear stain DAPI (1:10,000) was included in the first wash. 

Cells were imaged using a Lionheart FX Automated Microscope (BioTek) using a 

10x objective. Nine images per well were captured with GFP and DAPI filter cubes using 

the same acquisition settings. Images were processed and analyzed using Gen5 software 

v3.11 (BioTek). Seeded aggregates and nuclei were detected in the GFP and DAPI 

channels, respectively, using separate sets of size and pixel-intensity thresholds. For 

each well, the total number of aggregates was normalized to the total number of cells to 

obtain the number of seeds per cell (seeds/cell = number of GFP+ objects/number of 

DAPI+ objects). 

Statistics 

Statistical analysis was performed using GraphPad Prism v10.2.1. Unpaired, two-

tailed unpaired t-test was employed to analyze the following results: Vmax and Kd of tubulin 

polymerization assay; Lag time, kapp, and max LLS; % Area from quantitative TEM for 

hT40. Mann Whitney test was used (violation of normality) for % Area from quantitative 

EM for hT39. Two-way analysis of variance (ANOVA) followed by the post-hoc Holm-

Sidak with all possible comparisons were used to analyze the following results: % Tau in 

pellet of microtubule-binding assay; ThS signal; Monomer and HMW bands for stable 

multimers; % Light Abs of sandwich ELISA assays; seeds/cell of seeding assay in RD 

cells. Differences in outcomes were deemed statistically significant at p ≤ 0.05.  
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Results 

In vitro polyamination produces SPD-modified tau on several Q residues throughout the 

different tau domains 

Western blotting with anti-tau and anti-SPD antibodies confirmed the TG+SPD 

treated hT40 and hT39 proteins were polyaminated with SPD (Figure 2.1A and B). The 

control unmodified hT40 and hT39 did not show SPD signal, while all tau proteins were 

labeled with Tau5 (Figure 2.1A and B).  

Next, MS was employed to provide additional insight into the specific Q residues 

modified by SPD in hT40 and hT39 proteins. MS results confirm that both SPD hT40 and 

SPD hT39 were polyaminated with SPD at several residues. Both proteins share similar 

modified Q residues throughout the tau protein, including residues Q6, Q26, Q49, Q88, 

Q124, and Q424 (Figure 2.1C). SPD modifications on Q33 and Q307 were only detected 

in SPD hT40 but not SPD hT39 (Figure 2.1C). Sample mass spectra of modified and 

unmodified versions of the tau peptide spanning amino acids 407-438 from the hT40 and 

hT39 protein preparations are demonstrated in Figure AI.2 and AI.3. It is noteworthy that 

the control unmodified hT40 and hT39 proteins did not show MS-based evidence of SPD 

modifications.  
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Figure 2.1. Identification of Q residues on tau modified with SPD. 
A, western blot of SPD hT40 probed with the Tau5 (green) and Spermine antibodies (red). 
B, western blot of SPD hT39 probed with the Tau5 and Spermine antibodies. C, glutamine 
residues modified with SPD on tau as detected by mass spectrometry. Residues are 
numbered according to the sequence of full-length tau (hT40, 441 aa). Q6 is located with 
the phosphatase-activating domain–a domain of tau whose abnormal exposure is linked 
to dysregulation of axonal transport. Q49 and Q88 are located within the N1 and N2 acidic 
inserts, respectively. Q307 was detected within the MTBR of SPD hT40, but not SPD 
hT39. Q424 is located within the C-terminus of both SPD hT40 and hT39. Abbreviations: 
SPD, spermidine; Q, glutamine; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; PRD, 
proline rich domain; MTBRs, microtubule-binding repeats. Panel B created with 
BioRender.com. 

SPD-modified tau accelerates microtubule polymerization in vitro  

Tubulin polymerization assays were used to determine how SPD modification 

affects the ability of tau to modulate microtubule polymerization kinetics in vitro (Figure 

2.2A and B). SPD-modified hT40 significantly decreased the time to half maximal 
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polymerization (Figure 2.2C; Kd, t = 3.115, p < 0.05), but did not affect the steady state 

equilibrium (Figure 2.2C; Vmax, t = 1.675, p > 0.05) when compared to unmodified hT40. 

SPD-modified hT39 significantly decreased the time to half maximal polymerization 

(Figure 2.2D; Kd, t = 6.977, p < 0.05) and increased the steady state equilibrium (Figure 

2.2D; Vmax, t = 5.614, p < 0.05;) when compared to unmodified hT39.  

 

Figure 2.2. Polyamination of tau with SPD accelerates tubulin polymerization in 
vitro. 
A, curve fit of fluorescence signal corresponding to microtubule polymerization in the 
presence of hT40 proteins over 60 min. B, curve fit of fluorescence signal corresponding 
to microtubule polymerization in the presence of hT39 proteins tau over 60 min. C, Vmax 
of microtubule polymerization for unmodified hT40 and SPD hT40 proteins (left panel). Kd 
of microtubule polymerization for unmodified hT40 and SPD hT40 (right panel). D, Vmax 
of microtubule polymerization for unmodified hT39 and SPD hT39 proteins (left panel). Kd 
of microtubule polymerization for unmodified hT39 and SPD hT39 (right panel).  
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Figure 2.2 (cont’d) 
Abbreviations: SPD, spermidine; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; Vmax, 
steady state equilibrium; Kd, time to half maximal polymerization. Data represented as 
mean +/- SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001. 

SPD modification of tau alters its ability to bind microtubules in vitro  

Microtubule-binding assays were used to determine how SPD modification affects 

tau’s ability to bind pre-formed microtubules. Experiments were conducted using either 

the hT40 or hT39 tau isoforms independently (Figure 2.3A and C). Two-way ANOVA 

revealed a significant main effect for tau in the microtubule fraction [F(1,12) = 2300, p < 

0.05]. Regardless of SPD modification status, post-hoc testing indicated a statistically 

significant increase in % tau in pellet for hT40 proteins (Figure 2.3B; t = 32.44, p < 0.05 

for hT40; t = 35.37, p < 0.05 for SPD hT40).  

Two-way ANOVA detected a statistically significant interaction between the PTM 

status of hT39 proteins and the microtubule fraction [F(1,12) = 7.304, p < 0.05]. Regardless 

of SPD modification status, there was a significant increase in % Tau in pellet for hT39 

proteins (Figure 2.3D; t = 100.1, p < 0.05 for hT39; t = 103.9, p < 0.05 for SPD hT39). 

Furthermore, the % of SPD-modified hT39 in the microtubule fraction was mildly (4.5%) 

but significantly higher than that of unmodified hT39 (Figure 2.3D; t = 4.609, p < 0.05). 
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Figure 2.3. Polyamination of tau with SPD alters binding of tau to microtubules in 
vitro. 
A, representative western blot of microtubule-binding assay for unmodified and SPD-
modified hT40 proteins using Tau5 and 5H1 (tubulin) antibodies. B, quantification of the 
fraction of tau detected in the pellet of polymerized microtubules for unmodified and SPD-
modified hT40. C, western blot of microtubule-binding assay for unmodified and SPD-
modified hT39 proteins using Tau5 and 5H1 (tubulin) antibodies. D, quantification of the 
fraction of tau detected in the pellet of polymerized microtubules for unmodified and SPD-
modified hT39. Abbreviations: SPD, spermidine; hT40, 2N4R tau isoform; hT39, 2N3R 
tau isoform; MT, microtubules; Sup, supernatant. Data represented as mean ± SD. * 
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001.     
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SPD modification of tau alters its aggregation kinetics in vitro 

Right-angle LLS assays were used to determine the impact of SPD modification 

on the kinetics of tau aggregation in vitro (Figure 2.4A and B). We observed 18% 

reduction the maximum light scattering with SPD-modified hT40 compared to the 

unmodified hT40 (Figure 2.4G; t = 6.796, p < 0.05). Moreover, SPD modification slowed 

down the aggregation rate of hT40 by 45% (Figure 2.4D; t = 9.276, p < 0.05), with no 

difference in lag time (Figure 2.4C; t = 1.152, p > 0.05). On the other hand, SPD 

modification did not significantly change in the aggregation kinetics of hT39 protein 

(Figure 2.4E, F, and I; t = 1.152, p > 0.05 for lag time; t = 0.1427, p > 0.05 for kapp; t = 

1.814, p > 0.05 for max).  

SPD modification of tau reduces its b-sheet containing aggregates in vitro 

ThS assays were performed at the end of aggregation reactions to determine the 

extent of β-sheet containing aggregate formation in vitro. Two-way ANOVA detected a 

statistically significant interaction between the PTM and aggregation of hT40 [F(1, 12) = 

480.7, p < 0.05] and hT39 [F(1,12) = 41.56, p < 0.05] proteins. Upon aggregating hT40 and 

hT39 proteins, there was a significant increase in the ThS signal compared to their 

respective unaggregated samples regardless of the SPD modification [Figure 2.4H and 

J; t = 87.64, p < 0.05 for unmodified hT40; t = 56.63, p < 0.05 for SPD hT40; t = 29.37, p 

< 0.05 for unmodified hT39; t = 20.25, p < 0.05 for SPD hT39]. Of note, the SPD-modified 

aggregates of tau had significantly less ThS signal compared to the unmodified 

aggregated tau proteins (Figure 2.4H and J; t = 31.85 for hT40, p < 0.05; t = 9.433 for 

hT39, p < 0.05).  
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Figure 2.4. SPD modification decreases the rate and extent of tau multimerization, 
while reducing β-sheet containing aggregates in vitro. 
A, LLS intensity of unmodified and SPD-modified hT40 proteins. B, LLS intensity of 
unmodified and SPD-modified hT39 proteins. C, lag time to aggregation for unmodified 
and SPD-modified hT40 proteins. D, kapp for unmodified and SPD-modified hT40 proteins. 
E, lag time to aggregation for unmodified and SPD-modified hT39 proteins. F, kapp for 
unmodified and SPD-modified hT39 proteins. G, max polymerization for unmodified and 
SPD-modified hT40 proteins. H, ThS fluorescence signal after 6 hours of tau aggregation 
for unmodified and SPD-modified hT40 proteins. I, max polymerization for unmodified and 
SPD-modified hT39 proteins. J, ThS fluorescence signal after 6 hours of tau aggregation 
for unmodified and SPD-modified hT39 proteins. Abbreviations: SPD, spermidine; hT40,  
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Figure 2.4 (cont’d) 
2N4R tau isoform; hT39, 2N3R tau isoform; unagg, unaggregated; agg, aggregated; LLS, 
laser light scattering; ThS, thioflavin S; kapp, rate of tau multimerization; max, maximum 
light scattering. Data represented as mean ± SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** 
p≤0.0001.     

SPD modification alters the formation of tau aggregates in vitro 

Unaggregated and aggregated tau samples were visualized on TEM to assess 

morphology and quantify aggregate sizes. There was a 74% reduction in the total mass 

of aggregates with SPD-modified hT40 compared to unmodified hT40 (Figure 2.5A and 

D; t = 9.163, p < 0.05). Furthermore, the number of globular (< 700 nm2), short filamentous 

(2100-5000 nm2), and long filamentous (> 5000 nm2) aggregates was reduced with SPD 

modification of hT40 (Figure 2.5C, upper and lower panels). 

No difference was observed in the aggregated mass between unmodified and 

SPD-modified hT39 samples (Figure 2.5B and F; Mann Whitney U = 6, p > 0.05). The 

size distribution of aggregates showed that SPD-modified hT39 proteins form less 

globular aggregates < 450 nm2 along with a higher number of globular aggregates > 450 

nm2 (Figure 2.5E, upper and lower panels).  



 

 85 

 

Figure 2.5. SPD modification alters the sizes of tau aggregates in vitro. 
A, electron micrographs of unaggregated and aggregated hT40 proteins. Scale bar: 
800nm. Globular aggregates < 700 nm2 highlighted with black arrowheads; short (2100-
5000 nm2) and long (> 5000 nm2) filaments highlighted with blue and red arrowheads, 
respectively. B, electron micrographs of unaggregated and aggregated hT39 proteins. 
Scale bar: 800nm. Globular aggregates < 450 nm2 highlighted with black arrowheads; 
globular aggregates > 450 nm2 highlighted with green arrowhead. C, size distribution of 
aggregates formed by unmodified and SPD-modified hT40 proteins. D, total mass of 
aggregates observed with unmodified and SPD-modified hT40 expressed as percentage 
of field area. E, size distribution of aggregates formed by unmodified and SPD-modified 
hT39 proteins. F, total mass of aggregates observed with unmodified and SPD-modified  



 

 86 

Figure 2.5 (cont’d) 
hT39 expressed as percentage of field area. Abbreviations: SPD, spermidine; hT40, 
2N4R tau isoform; hT39, 2N3R tau isoform; unagg, unaggregated; agg, aggregated; % 
Area, % of aggregates per field. Data represented as mean ± SD. * p ≤ 0.05; ** p ≤ 0.01; 
*** p ≤ 0.001; **** p ≤ 0.0001. 

SPD modification increases the stable multimers in unaggregated and aggregated tau in 
vitro 

Tau aggregation leads to the formation of heat, SDS and reducing condition stable 

multimers. Here, SDS-PAGE and western blotting were employed to assess the extent to 

which SPD modification of tau affects the formation of these stable multimers (Figure 2.6A 

and D). A significant increase in the stable multimers upon aggregating hT40 proteins 

was observed at high molecular weight (i.e. the stable multimers) in unmodified and SPD-

modified samples [Figure 2.6C; two-way ANOVA, Aggregation factor: F(1, 12) = 72.79, p < 

0.05; t = 5.401, p < 0.05 for unmodified hT40; t = 6.665, p < 0.05 for SPD hT40]. Moreover, 

stable multimers were 40% higher in SPD-modified hT40 compared to unmodified hT40 

(Figure 2.6C; two-way ANOVA, PTM factor: F(1, 12) = 49.70, p < 0.05; t = 5.617, p < 0.05). 

Of note, stable multimers were 50% higher in the unaggregated SPD-modified hT40 

relative to the unaggregated unmodified hT40 (Figure 2.6C; t = 4.353, p < 0.05). Even 

though we detected a significant main effect of PTM on the monomeric tau signal [F(1, 12) 

= 5.158, p < 0.05], post-hoc testing did not reveal any statistically significant differences 

in between the unmodified and SPD-modified hT40 proteins. 

Stable multimers were significantly elevated upon aggregating SPD-modified but 

not unmodified hT39 proteins [Figure 2.6F; two-way ANOVA, Aggregation factor: F(1, 12) 

= 11.89, p < 0.05; t = 1.492, p > 0.05 for unmodified hT39; t = 3.385, p < 0.05 for SPD 

hT39]. Furthermore, SPD-modified hT39 had higher levels of stable multimers in both the 
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unaggregated and aggregated samples when compared to unmodified hT39 [Figure 2.6F; 

two-way ANOVA, PTM factor: F(1, 12) = 41.55, p < 0.05; t = 3.611, p < 0.05 for 

unaggregated samples; t = 5.505, p < 0.05 for aggregated samples]. No significant 

differences were observed in the monomeric tau signal in the unaggregated and 

aggregated of the hT39 samples regardless of SPD modification status (Figure 2.6E). 

 

Figure 2.6. SPD modification increases stable multimers in unaggregated and 
aggregated tau samples. 
A, western blot of unaggregated and aggregated hT40 samples probed with Tau5 
antibody. B, quantification of monomeric tau bands in hT40 samples. C, quantification of 
the high molecular weight (HMW) stable multimer tau bands in hT40 samples. D, western 
blot of unaggregated and aggregated hT39 samples probed with Tau5 antibody. E, 
quantification of monomeric tau bands in hT39 samples. F, quantification of HMW tau 
bands in hT39 samples. Abbreviations: SPD, spermidine; hT40, 2N4R tau isoform; hT39, 
2N3R tau isoform; un/unagg, unaggregated; agg, a/aggregated; HMW, high molecular 
weight. Data represented as mean ± SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001. 
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SPD modification of tau enhances the formation of its pathological conformations in vitro  

Several antibodies are available to detect oligomeric tau species, which are linked 

to toxicity and neurodegeneration (Alhadidy & Kanaan, 2024; Castillo-Carranza, Gerson, 

et al., 2014; Patterson et al., 2011; Ward et al., 2013). Oligomeric tau was quantified in 

unaggregated and aggregated tau samples using sandwich ELISAs with two different 

oligomeric tau antibodies (i.e. TOC1 and TOMA1). Both sandwich ELISA assays showed 

an increase in TOC1-positive [Figure 2.7A, left panel; two-way ANOVA, Interaction: F(1, 

12) = 8.959, p < 0.05; t = 16.75, p < 0.05 for unmodified hT40; t = 12.51, p < 0.05 for SPD 

hT40] and TOMA1-positive [Figure 2.7B, left panel; two-way ANOVA, Interaction: F(1, 12) 

= 9.751, p < 0.05; t = 15.23, p < 0.05 for unmodified hT40; t = 10.82, p < 0.05 for SPD 

hT40] oligomeric tau in the aggregated samples of unmodified and SPD-modified hT40 

relative to their respective unaggregated proteins. Of note, the unaggregated SPD-

modified hT40 samples had significantly higher levels of both oligomeric tau species 

relative to unmodified hT40 (Figure 2.7A, left panel for TOC1; t = 19.48, p < 0.05 for 

TOC1; Figure 2.7B, left panel for TOMA1; t = 19.60, p < 0.05 for TOMA1). Moreover, the 

aggregated samples of SPD-modified hT40 contained higher fractions of oligomeric tau 

relative to the aggregated unmodified hT40 (Figure 2.7A, left panel for TOC1; t = 15.24, 

p < 0.05 for TOC1; Figure 2.7B, left panel for TOMA1; t = 15.19, p < 0.05 for TOMA1).  

The patterns observed with hT40 proteins were the same with hT39 proteins 

(Figure 2.7A and B, right panels). Both sandwich ELISA assays showed an increase in 

TOC1-positive [Figure 2.7A, right panel; two-way ANOVA, Aggregation factor: F(1, 12) = 

104.2, p < 0.05; t = 6.99, p < 0.05 for unmodified hT39; t = 7.444, p < 0.05 for SPD hT39] 

and TOMA1-positive [Figure 2.7B, right panel; two-way ANOVA, Interaction: F(1, 12) = 
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16.57, p < 0.05; t = 2.668, p < 0.05 for unmodified hT39; t = 8.426, p < 0.05 for SPD hT39] 

oligomeric tau in the aggregated samples of unmodified and SPD-modified hT39 relative 

to their respective unaggregated proteins. Of note, the unaggregated SPD-modified hT39 

samples had significantly higher levels of both oligomeric tau species relative to 

unmodified hT40 [Figure 2.7A, right panel for TOC1; two-way ANOVA, PTM factor: F(1, 12) 

= 221.9, p < 0.05 for TOC1; t = 10.31, p < 0.05 for TOC1; Figure 2.7B, right panel for 

TOMA1; t = 3.25, p < 0.05 for TOMA1]. Moreover, the aggregated samples of SPD-

modified hT39 contained higher fractions of oligomeric tau relative to the aggregated 

unmodified hT40 (Figure 2.7A, right panel for TOC1; t = 10.76, p < 0.05 for TOC1; Figure 

2.7B, right panel for TOMA1; t = 9.007, p < 0.05 for TOMA1). 

Tau adopts pathogenic conformations associated with modifications of monomeric 

tau and following multimerization that are also linked to toxicity (Alhadidy & Kanaan, 2024; 

Christensen et al., 2023; Hintermayer et al., 2020; Kanaan et al., 2011). Those 

conformations include exposure of the PAD of tau that spans amino acids 2-18 and whose 

abnormal exposure is linked to dysfunction of axonal transport (Combs et al., 2021; 

Kanaan et al., 2011; LaPointe et al., 2009). The extent to which SPD modification can 

influence the adoption of a PAD-exposed conformations was assessed using sandwich 

ELISAs with the TNT2 antibody. Aggregated samples showed significantly higher TNT2 

signal compared to their unaggregated counterparts [Figure 2.7C, left panel; two-way 

ANOVA, Interaction: F(1, 12) = 93.47, p < 0.05] in the unmodified hT40 samples (t = 25.01, 

p < 0.05) and the SPD-modified hT40 samples (t = 11.34, p < 0.05). Moreover, TNT2 

signal was significantly higher in unaggregated SPD-modified hT40 relative to unmodified 

hT40 (Figure 2.7C, left panel; t = 11.61, p < 0.05), suggesting this modification may 



 

 90 

expose PAD without aggregation. There was not a significant difference in TNT2 signal 

between aggregated unmodified and aggregated SPD-modified hT40 (t = 2.059, p > 

0.05).  

We also assessed the impact of SPD modification on PAD exposure of the hT39 

isoform. Aggregated samples showed significantly higher TNT2 signal compared to their 

unaggregated counterparts [Figure 2.7C, right panel; two-way ANOVA, Aggregation 

factor: F(1, 12) = 316.7, p < 0.05] in the unmodified hT39 samples (t = 12.70, p < 0.05) and 

the SPD-modified hT39 samples (t = 12.47, p < 0.05). Moreover, TNT2 signal was 

significantly higher in unaggregated SPD-modified hT39 relative to unmodified hT39 

[Figure 2.7C, right panel; two-way ANOVA, PTM factor: F(1, 12) = 609.2, p < 0.05; t = 17.57, 

p < 0.05], suggesting this modification may expose PAD without aggregation. There was 

also a significant difference in TNT2 signal between aggregated unmodified and 

aggregated SPD-modified hT39 (t = 17.34, p < 0.05).  

Another misfolded conformation involves the N-terminus of tau coming into close 

proximity to the microtubule-binding region of tau, and it represents an aggregation prone 

folding event that occurs early in disease (Carmel et al., 1996; Hyman, Van Hoesen, et 

al., 1988; Jicha et al., 1997). The extent to which SPD modification can influence the 

adoption of a the Alz50 conformation was assessed using sandwich ELISAs. Alz50-

positive tau was significantly higher in the aggregated samples relative to their respective 

unaggregated proteins [Figure 2.7D, left panel; two-way ANOVA, Interaction: F(1, 12) = 

313.1, p < 0.05] in both the unmodified tau samples (t = 50.08, p < 0.05) and SPD-

modified hT40 samples (t = 25.05, p < 0.05). Moreover, the Alz50-positive conformation 

was more abundant in unaggregated SPD-modified hT40 relative to unmodified hT40 



 

 91 

(Figure 2.7D, left panel; t = 34.33, p<0.05). Unlike TNT2 signal, aggregated SPD-modified 

hT40 showed higher Alz50-positive tau relative to unmodified hT40 aggregates (t = 9.310, 

p < 0.05).  

We also assessed the degree of tau misfolding in unaggregated and aggregated 

hT39 samples. Aggregated samples showed significantly higher Alz50 signal compared 

to their unaggregated counterparts [Figure 2.7D, right panel; two-way ANOVA, 

Interaction: F(1, 12) = 48.87, p < 0.05] in the unmodified hT39 samples (t = 21.11, p < 0.05) 

and the SPD-modified hT39 samples (t = 11.23, p < 0.05). Moreover, Alz50 signal was 

significantly higher in unaggregated SPD-modified hT39 relative to unmodified hT39 

(Figure 2.7D, right panel; t = 27.91, p < 0.05), suggesting this modification may induce 

tau misfolding without aggregation. There was also a significant increase in Alz50 signal 

in the aggregated SPD-modified hT39 relative to the aggregated unmodified hT39 (t = 

18.02, p < 0.05).  

For all unaggregated and aggregated hT40 and hT39 proteins, total tau levels were 

measured using Tau13 as capture antibody (Figure AI.4). No significant differences were 

observed in total tau levels within the hT40 samples. Even though we detected a 

significant main effect of PTM on total tau signal for hT39 samples [two-way ANOVA, F(1, 

12) = 6.355, p < 0.05], post-hoc testing did not reveal any statistically significant differences 

between unmodified and SPD-modified hT39 samples in unaggregated and aggregated 

states. 
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Figure 2.7. SPD modification of tau increases its pathological conformations 
independent of aggregation in vitro. 



 

 93 

Figure 2.7 (cont’d) 
A, sandwich ELISAs measuring TOC1-positive oligomeric tau in unaggregated and 
aggregated hT40 (left panel) and hT39 (right panel) proteins. The TOC1 antibody was 
used for capture and R1 antibody for detection. B, sandwich ELISAs measuring TOMA1-
positive oligomeric tau in unaggregated and aggregated hT40 (left panel) and hT39 (right 
panel) proteins. The TOMA1 antibody was used for capture and R1 antibody for detection. 
C, sandwich ELISAs measuring PAD exposure in unaggregated and aggregated hT40 
(left panel) and hT39 (right panel) proteins. The TNT2 antibody was used for capture and 
R1 antibody for detection. D, sandwich ELISAs measuring Alz50-positive misfolded tau 
conformation in unaggregated and aggregated hT40 (left panel) and hT39 (right panel) 
proteins. The Alz50 antibody was used for capture and R1 antibody for detection. 
Abbreviations; SPD, spermidine; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; 
unagg, unaggregated; agg, aggregated; TOC1, tau oligomeric complex 1 antibody; 
TOMA1, oligomer-specific monoclonal antibody; TNT2, tau N-terminal 2 antibody to 
measure PAD exposure; Alz50, misfolded tau conformation antibody. Data represented 
as mean ± SD. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 

SPD modification reduces tau seeding in tau biosensor HEK cells 

Tau RD P301S biosensor HEK cells were used to determine whether SPD 

modification alters tau seeding competency. The seeding efficiencies of unaggregated 

and aggregated samples of unmodified and SPD-modified hT40 were tested (Figure 

2.8A). The aggregated samples of unmodified hT40 induced seeding of tau aggregation 

relative to its unaggregated samples [Figure 2.8B; two-way ANOVA, Interaction: F(1, 12) = 

29.48, p < 0.05; t = 8.891, p < 0.05]. In contrast, aggregates of SPD-modified hT40 failed 

to seed aggregation in tau biosensor cells relative to its unaggregated samples (Figure 

2.8B; t = 1.212, p > 0.05). Moreover, tau seeding was significantly lower (73%) in SPD-

modified hT40 aggregates relative to the aggregated hT40 samples (t = 7.369, p < 0.05).   
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Figure 2.8. SPD modification of tau reduces its seeding competency in tau 
biosensor cells. 
A, images of tau seeds in cells treated with unaggregated and aggregated hT40 proteins 
(green) along with DAPI staining (blue) as a surrogate for cell count. Scale bar: 200μm. 
B, quantification of number of seeds per cell in cultures treated with unaggregated and 
aggregated hT40 proteins. Abbreviations, SPD, spermidine; hT40, 2N4R tau isoform; 
hT39, 2N3R tau isoform; unagg, unaggregated; agg, aggregated; GFP, green fluorescent 
protein channel (green); DAPI, 4',6-diamidino-2-phenylindole channel (blue).  Data 
represented as mean ± SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001.     

Discussion 

 Tau undergoes a plethora of PTMs in normal and disease conditions, the most 

studied of which are phosphorylation and acetylation (Alhadidy & Kanaan, 2024). PTMs 

regulate several aspects of tau protein biology including protein-protein interactions, 

aggregation, conformational changes, microtubule binding, degradation, and clearance 

(Alhadidy & Kanaan, 2024; Alquezar et al., 2020). However, the effects of some PTMs, 

such as TG-mediated polyamination, remains largely elusive (Dudek & Johnson, 1993; 

Halverson et al., 2005; Miller & Johnson, 1995; Murthy et al., 1998; Zemaitaitis et al., 

2000). Several of the early studies focused mainly on the cross-linking of tau by TG with 
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minimal interest in polyamine incorporation onto Q residues of tau (Miller & Johnson, 

1995). Of note, metabolic profiling of polyamine levels indicated increased SPD levels in 

AD brains (Inoue et al., 2013; Morrison & Kish, 1995). Furthermore, studies in animal 

models of tauopathy reported a polyamine stress response that contributes to the 

progression of tau pathology (Sandusky-Beltran et al., 2021) (Hunt et al., 2015; 

Sandusky-Beltran et al., 2019). Thus, it is critical to determine the salience of 

incorporating SPD onto Q residues of tau (Inoue et al., 2013; Morrison & Kish, 1995).  

In this work, we sought to produce SPD-modified tau and test the effects of SPD 

polyamination on several aspects of tau biology, including microtubule binding and 

polymerization, pathological tau conformations, aggregation, and seeding capability in 

vitro. We found that the incubating recombinant tau with TG and SPD resulted in SPD 

polyamination on several Q residues mainly within the N-terminus of tau. Most 

modifications occurred in both hT40 and hT39 tau proteins (Q6, Q26, Q49, Q88, Q124, 

and Q424), while a few were detected only in hT40 protein (Q33 and Q307). Interestingly, 

two of these sites (Q307 and Q424) were previously shown to participate as amine 

acceptors in TG-mediated cross-linking of hT40 and hT39 tau isoforms (Murthy et al., 

1998). In addition, Q6, Q88 and Q124 were reported to act as amine acceptors in TG-

mediated cross-linking of hT40 (Murthy et al., 1998).  

Given the well-known association of tau with microtubules and its role in regulating 

microtubule dynamics (Alonso et al., 1994; Amniai et al., 2009; Black et al., 1996; 

Breuzard et al., 2013; Cleveland et al., 1977; Weingarten et al., 1975), we examined how 

SPD modification of tau alters microtubule binding and polymerization kinetics. Our 

results show that SPD modification does not significantly affect binding of either the hT40 
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or hT39 tau isoforms to preformed microtubules, but SPD-modified tau increases the 

microtubule polymerization rate. Moreover, SPD-modified hT39 increases the extent of 

microtubule polymerization. Considering that polyamines are positively charged (Bae et 

al., 2018) and microtubules are negatively charged (Minoura & Muto, 2006), it is 

reasonable to surmise that electrostatic forces between tau and tubulin may enhance 

polymerization of microtubules.  

The Rhoades group showed that tubulin polymerization depends on tubulin’s 

interactions with the proline-rich domain (PRD) and the MTBR region (McKibben & 

Rhoades, 2019). Furthermore, the interactions of tubulin with the two domains are 

negatively regulated by the N-terminal domain of tau. Therefore, it is likely that the 

incorporation of SPD on the N-terminus of tau releases the inhibitory effects exerted by 

the N-terminal domain on tubulin’s interactions with PRD and MTBR regions. These 

results may have implications for SPD-modified tau enhancing microtubule 

polymerization at the labile ends as was recently described (Qiang et al., 2018) or 

potentially increasing the production of labile MT (Baas & Qiang, 2019). It seems that 

polyamination of tau may have implications in the physiological and potentially disease-

associated roles of tau related to microtubule binding and regulation, which deserves 

further investigation.  

PTMs as potential regulators of tau biology are intimately linked to processes 

associated with tau in human disease, including the adoption of pathological 

conformations in monomeric or multimeric tau species (Alhadidy & Kanaan, 2024). 

Sustained conformation-dependent PAD exposure is a pathological event that occurs 

early in AD and is linked to dysregulation of axonal transport (Kanaan et al., 2011). 
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Activation of a signaling pathway involving PP1 and GSK3β mediates the PAD exposure-

induced dysregulation of axonal transport (Combs et al., 2021; LaPointe et al., 2009). In 

this work, we demonstrated that SPD modification of tau promotes a conformational 

change leading to increased PAD exposure in aggregated as well as unaggregated tau. 

Together, these findings suggest SPD modification can enhance PAD exposure and may 

be associated with axonal transport impairment with or without tau aggregation. The 

effects of SPD polyamination on PAD exposure are reminiscent of other specific PTMs 

and mutant forms of tau such as phosphorylation at sites within the AT8 epitope and the 

P301L mutation, respectively (Christensen et al., 2023; Combs et al., 2021; Hintermayer 

et al., 2020; Kanaan et al., 2011; Morris et al., 2020).  

Oligomerization of tau occurs in early Braak stages before the development of 

cognitive symptoms in AD patients (Lasagna-Reeves et al., 2012; Maeda et al., 2006). A 

considerable body of work has demonstrated that oligomeric tau species can mediate 

dysfunction and degeneration, and there is a developing consensus that tau filaments are 

not as toxic as traditionally thought (Cowan & Mudher, 2013). Indeed, tau oligomers are 

linked to several disease mechanisms including axonal transport impairment (Vossel et 

al., 2015), mitochondrial and synaptic dysfunction (Lasagna-Reeves et al., 2011), 

reduced protein synthesis (Jiang et al., 2021), inhibited long-term potentiation (Hill et al., 

2019), and memory impairment (Fa et al., 2016). In fact, the tauopathy phenotype is 

reversed with immunotherapies that target oligomeric tau species in rodent models of 

tauopathy (Bittar et al., 2022; Castillo-Carranza, Gerson, et al., 2014). SPD modification 

of tau increases the oligomeric tau species formed when aggregation is induced. 

Furthermore, it also enhances oligomer formation in unaggregated tau samples 
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suggesting that this PTM may further exacerbate the toxic mechanisms associated with 

tau oligomers.  

Tau also assumes a misfolded conformation in disease conditions where the N-

terminus folds onto the microtubule-binding region, and it is thought to precede the 

formation of filamentous tau aggregates (Carmel et al., 1996). This misfolded 

conformation is detected with the Alz50 antibody that was originally developed against 

paired helical filaments isolated from AD brain tissue (Wolozin et al., 1986). Our results 

showed that SPD modification of tau increases the Alz50 conformation in unaggregated 

and aggregated samples. This finding agrees with previous work demonstrating that the 

importance of other PTMs, such as phosphorylation at the S202 and T205, for adoption 

of the Alz50 conformation by tau (Steinhilb et al., 2007).  

SPD modification decreases the extent of tau filamentous aggregation, as 

indicated by reduced β-sheet structure formation (ThS) and LLS signal. Confirming this 

effect, TEM demonstrated that SPD polyamination of tau markedly reduces the formation 

of filamentous tau aggregates. In parallel, the levels of oligomeric, PAD-exposed, and 

Alz50-positive tau conformations with SPD-modified tau were higher than those observed 

with unmodified tau even without inducing aggregation. This pattern of tau polymerization 

with SPD polyamination highlights the idea that pathological tau conformations are not 

necessarily linked to the formation of filamentous aggregates. It is also suggestive that 

tau polymerization can follow on- or off-filament pathways (Kjaergaard et al., 2018). 

Taken together, these findings suggest that SPD polyamination favors an off-filament 

pathway of tau polymerization.  
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Previous work by the Diamond group and others demonstrates that tau seeding 

represents an early change during the development of tau pathology (Holmes et al., 2014; 

Manca et al., 2023; Woerman et al., 2016) and that seeding capability of tau is linked to 

conformational changes that can either enhance or impede seeding (Dinkel et al., 2011; 

Falcon et al., 2015).  Recent studies suggest that PTMs, such as phosphorylation and 

acetylation, are one factor that alters tau’s ability to seed aggregation (Despres et al., 

2019; Tseng et al., 2021). In this work, we observed a reduced capability of SPD hT40 to 

seed aggregation in tau biosensor cells. This result suggests that the conformations of 

tau species formed by SPD modification, including the globular aggregates, are not 

capable of seeding tau aggregation.  

In the context of AD, TG activity and SPD levels are significantly elevated 

suggesting polyamination pathways are dysregulated in disease (Inoue et al., 2013; G. 

V. Johnson et al., 1997; Morrison & Kish, 1995). In fact, modulating polyamine 

metabolism has a significant impact on tauopathy phenotypes in mouse models of 

tauopathy. In an adeno-associated virus (AAV) C-terminal truncated tau mouse model, 

the Lee group showed that knocking out the spermidine/spermine-N1-acetyltransferase 

enzyme (SSAT) decreases putrescine and SPD levels, reduces loss of neurons in the 

hippocampus and cortex (NeuN+ neurons), but does not change tau aggregate levels 

(Sandusky-Beltran et al., 2019). On the other hand, AAV-mediated overexpression of 

arginase 1 (a polyamine metabolism enzyme) in the rTg4510 mouse model reduces tau 

tangle-like pathology in the hippocampi (i.e. Gallyas silver positive inclusions) and in 

formic-acid insoluble tau, but there was no change in overt neuron loss (Hunt et al., 2015). 

These studies suggest that polyamine pathways are involved in tau-mediated toxicity 
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likely due to non-filamentous forms of pathogenic tau, which complements our findings 

that SPD modification of tau favors the formation of pathogenic tau conformations at the 

expense of forming filamentous tau aggregates. It is noteworthy that the level of tau 

polyamination was not directly examined in the above in vivo studies, which warrants 

further investigation to determine the role tau polyamination and its relationship to 

pathogenic tau species in animal models of tauopathy.  

To date, most in vivo studies have focused on the potential outcomes of cross-

linking tau by TG and the modulation of polyamine metabolism pathways in the context 

of tau aggregation and pathology (Dudek & Johnson, 1993; Halverson et al., 2005; Konno 

et al., 2005; Murthy et al., 1998; Wang et al., 2008), but no studies have assessed the 

impacts of direct polyamination of tau. Here, we show that SPD polyamination alters tau 

function in relationship to microtubule polymerization and the formation of pathological 

tau conformations. Our work suggests that SPD polyamination may direct tau towards 

off-filament pathway of polymerization, where pathological tau conformations are 

increased at the expense of filamentous aggregates (Kjaergaard et al., 2018). Further 

efforts are required to directly test the salience of tau polyamination in human disease 

and models of tauopathy. 

3. Chapter 3: O-GlcNAc Modification Differentially Regulates Microtubule-binding 
And Pathological Conformations Of Tau Isoforms In Vitro 
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CHAPTER 3: O-GLCNAC MODIFICATION DIFFERENTIALLY REGULATES 
MICROTUBULE-BINDING AND PATHOLOGICAL CONFORMATIONS OF TAU 

ISOFORMS IN VITRO 
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Abstract 

 Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the 

accumulation of neurofibrillary tangles in the brain. Local reduction of glucose metabolism 

in the brain is thought to contribute to the pathophysiology of AD through the 

downregulation of the hexosamine biosynthetic pathway. In agreement, post-translational 

modification (PTM) of serine/threonine (S/T) residues of tau with O-linked β-d-N-

acetylglucosamine (O-GlcNAc; referred to as O-GlcNAcylation) is downregulated in the 

AD brain while its phosphorylation and aggregation are increased. Moreover, O-

GlcNAcase (OGA) inhibitor treatment reduces phosphorylated and aggregation of tau in 

mouse models of tauopathy. Importantly, several lines of evidence suggest that 

filamentous tau aggregates may not be the most toxic species of tau in disease. Indeed, 

some pre-filamentous conformational changes of tau protein are intimately linked to 

toxicity and neurodegeneration in tauopathies, such as oligomerization, misfolding, and 

excessive exposure of the phosphatase-activating domain (PAD) located in the extreme 

N-terminus of tau. However, the direct impact of tau O-GlcNAcylation on the development 

of pathological tau conformations is unknown. It is becoming increasingly appreciated that 

PTMs may differentially regulate the pathobiology of tau in an isoform-dependent manner. 

Consequently, it is paramount to investigate the impact of O-GlcNAcylation on the 4R and 

3R tau isoforms. In this work, we assessed the impact of O-GlcNAcylation on the 

development of pathological tau conformations for the longest 4R and 3R tau isoforms 

(hT40 and hT39 respectively) using recombinant proteins. Mass spectrometry indicated 

that tau is modified by O-GlcNAc on multiple S/T mainly concentrated within the proline-

rich domain and C-terminus, including the previously reported S400 along with novel 
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residues. O-GlcNAcylation of hT40 did not impact microtubule polymerization, but 

increased binding to preformed microtubules. O-GlcNAcylation reduces β-sheet 

containing aggregates and seeding capability of hT40. Despite O-GlcNAcylation 

interfering with the formation of seeding competent filamentous tau, it does not alter the 

formation of pathogenic non-filamentous tau conformations (i.e. oligomerization, 

misfolding, and PAD exposure). Like the case with hT40, O-GlcNAcylation reduces β-

sheet containing aggregates without altering microtubule polymerization of hT39. 

Contrary to the case with hT40, O-GlcNAcylation decreases binding of hT39 to preformed 

microtubules. Furthermore, O-GlcNAcylation of hT39 enhances formation of pathogenic 

non-filamentous tau conformations (i.e. oligomerization, misfolding, and PAD exposure). 

Taken together, our data suggest that O-GlcNAcylation regulates the microtubule-binding 

and formation of pathological tau conformations differently between 4R and 3R tau 

isoforms. These findings may have implications on the future testing of OGA inhibitors as 

therapeutics in different tauopathies.  
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Introduction 

Alzheimer’s disease (AD) is a secondary tauopathy that is neuropathologically 

characterized by the accumulation of intracellular neurofibrillary tangles (NFTs) of tau 

(Gotz et al., 2019). Traditionally, the amyloid cascade hypothesis has been the central 

paradigm explaining the pathogenesis of AD, where amyloid-β (Aβ) pathology is thought 

to be the main culprit and primary driver of the disease (Barage & Sonawane, 2015; 

Karran et al., 2011; Naslund et al., 2000; Ricciarelli & Fedele, 2017). Nonetheless, 

therapies targeting the amyloid pathology in AD have shown limited success in clinical 

trials (Budd Haeberlein et al., 2022; van Dyck et al., 2023). Furthermore, primary 

tauopathies [e.g. corticobasal degeneration (CBD), progressive supranuclear palsy 

(PSP), and Pick’s disease (PiD)] standout as examples where tau pathology develops 

independently of Aβ co-pathology (Gotz et al., 2019). Therefore, there is growing interest 

in studying potential factors, other than Aβ, that regulate the pathobiology of tau in health 

and disease (Goedert et al., 2024; Vejandla et al., 2024).  

Our understanding of the processes driving the transition of tau from its soluble 

forms into pathological species has witnessed remarkable progress (Alhadidy & Kanaan, 

2024). Growing evidence points to common mechanisms of conformational changes of 

tau that occur early during the development of tauopathies (Alhadidy & Kanaan, 2024; 

Combs et al., 2016; Garcia-Sierra et al., 2003; Lasagna-Reeves et al., 2012; Mroczko et 

al., 2019; Niewiadomska et al., 2021; Patterson et al., 2011; Weaver et al., 2000). Some 

of these tau conformations contribute to its neurodegenerative effects more intensely than 

filamentous tau aggregates. A conformational change of tau that happens early during 

the deposition of pathological tau in disease is oligomerization (Cox et al., 2016; Kanaan 
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et al., 2016; Lasagna-Reeves et al., 2012; Patterson et al., 2011). Tau oligomers are 

linked to neurodegeneration and several manifestations of cellular dysfunction, such as 

disruption of intracellular transport, impairment of protein degradation, synaptic 

dysfunction, and dysregulating cellular bioenergetics (Niewiadomska et al., 2021). In fact, 

immunotherapy targeting tau oligomers is sufficient to rescue neurodegeneration without 

decreasing tangle-like pathology in mouse models of tauopathy (Castillo-Carranza, 

Sengupta, et al., 2014; Santacruz et al., 2005; Sydow et al., 2011; Van der Jeugd et al., 

2012).  

Another pathological conformation is exposure of the phosphatase-activating 

domain (PAD) in the extreme N-terminus of tau (Gotz et al., 2019). PAD spans amino 

acids 2-18 and becomes abnormally exposed in AD (21734277; 28413156; 26671985). 

Some post-translational modifications (PTMs) (e.g. pT175 and pS199/pS202/pT205) and 

mutations (e.g. P301L) of tau induce excessive PAD exposure, thereby activating a 

signaling pathway regulated by protein phosphatase 1 (PP1) and glycogen synthase 

kinase 3 β (GSK3β) (Christensen et al., 2023; Combs et al., 2021; Hintermayer et al., 

2020; Kanaan et al., 2011). The disrupted regulation of the PP1-GSK3β eventually 

culminates into aberrant phosphorylation of motor proteins (e.g. the kinesin-1 motor 

complex) leading to premature cargo release and dysregulation of intracellular transport 

(Morris & Brady, 2022; Mueller et al., 2021).  

Tau propagation through structurally and functionally connected neurons 

represents a potential mechanism through which tau pathology progresses in the brain 

(Ahmed et al., 2014; Braak & Braak, 1991; Franzmeier et al., 2020; Mezias et al., 2017; 

Schoonhoven et al., 2023). This process entails tau transferring from one cell to another, 
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and then within the recipient cell the transferred “seed” templates the pathological 

conformation in the endogenous tau to form pathology (Clavaguera et al., 2009; de 

Calignon et al., 2012; Fu et al., 2016; Liu et al., 2012). Relatively recently, the Diamond 

group proposed that tau assumes conformational ensembles with different ability to seed 

aggregation (Mirbaha et al., 2018; Mirbaha et al., 2022; Sharma et al., 2018). The 

seeding-competent conformation is dependent upon the aggregation prone motifs of tau 

spanning amino acids 275-VQIINK-280 and 306-VQIVYK-311 (Chen et al., 2019; Falcon 

et al., 2015). Factors driving the transition of tau into seeding-competent conformations 

is an active area of investigation, but there is evidence than tau mutations (e.g. S320F) 

and PTMs (e.g. acetylation and phosphorylation) may regulate the transition process 

(Chen et al., 2023; Despres et al., 2019; Tseng et al., 2021). 

In early disease stages, tau also undergoes misfolding where its N-terminus folds 

over the microtubule-binding repeats (MTBR) region (Carmel et al., 1996; Ferrer et al., 

2014). This conformational change represents a critical checkpoint along the path of tau 

aggregation, and it is detected by the Alz50 and MC1 antibodies developed by Peter 

Davies (Carmel et al., 1996; Jicha et al., 1997; Ksiezak-Reding et al., 1988). 

Oligomerization, PAD exposure, misfolding, and adoption of seeding-competent 

conformation happen early in tauopathies, including 4R/3R (e.g. AD), 4R (e.g. CBD), and 

3R tauopathies (e.g. PiD), among others (Castillo-Carranza, Gerson, et al., 2014; Combs 

et al., 2016; Cox et al., 2016; Ferrer et al., 2014; Montalbano et al., 2023). These findings 

implicate common mechanisms of tau conformational changes and toxicity beginning 

early in tauopathies.  
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Many factors regulate the adoption of pathological conformations by tau including 

mutations (e.g. P301L), protein-protein interactions (e.g. heat shock protein 90 and 

histone deacetylase 6), and PTMs (Alhadidy & Kanaan, 2024). In fact, certain PTMs of 

tau are common among tauopathies and sufficient to induce pathological conformations 

(Ferrer et al., 2014). For example, phosphorylation at sites within the AT8 epitope induces 

oligomerization, PAD exposure, and misfolding of tau (Christensen et al., 2023; 

Jeganathan et al., 2008; Kanaan et al., 2020). Early studies on the PTMs of tau focus 

mainly on their impact on the formation of filamentous tau aggregates (Park et al., 2018). 

Therefore, it is crucial to continue studying new and previously reported PTMs of tau 

through the lens of how they impact pathological conformations (Alhadidy & Kanaan, 

2024). 

 Tau is subject to modification with O-linked β-d-N-acetylglucosamine (O-GlcNAc), 

commonly referred to as O-GlcNAcylation (Arnold et al., 1996; Yang & Qian, 2017). O-

GlcNAcylation is a PTM that involves the incorporation of GlcNAc onto serine/threonine 

(S/T) residues of proteins (Yang & Qian, 2017). GlcNAc moiety is produced and activated 

to uridine diphosphate-N-acetylglucosamine through the hexosamine biosynthetic 

pathway (Paneque et al., 2023). Subsequently, cellular proteins become subject to O-

GlcNAcylation through the action of O-GlcNAc transferase (OGT) enzyme (Aquino-Gil et 

al., 2017). O-GlcNAcylation can be reversed through the action of O-GlcNAcase (OGA) 

enzyme, allowing for recycling of GlcNAc through the GlcNAc salvage pathway (Yang & 

Qian, 2017).  

AD patients show regional hypometabolism in the brain that predicts future decline 

in cognitive and memory functions (Costantini et al., 2008; de Leon et al., 2001; De Santi 
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et al., 2001; Ibanez et al., 1998; Raut et al., 2023). In agreement, O-GlcNAcylation of tau 

and other proteins in the brain is lower in AD compared to nondemented individuals (Liu 

et al., 2004; Liu et al., 2009). These findings instigated an interest in the role played by 

O-GlcNAcylation in regulating tau pathobiology (Gong et al., 2016). O-GlcNAcylation of 

tau affects its aggregation and phosphorylation (Yuzwa et al., 2014; Yuzwa et al., 2012; 

Zhu et al., 2014). In the presence of heparin, O-GlcNAcylation at S400 reduces the rate 

and extent of tau aggregation (Yuzwa et al., 2014; Yuzwa et al., 2012). Also, tau 

modification with O-GlcNAc is inversely related to its phosphorylation in recombinant tau 

proteins, cell lines, rat brain slices, mouse brains, and AD tissue (Gatta et al., 2016; Liu 

et al., 2004; Liu et al., 2009; Smet-Nocca et al., 2011). Indeed, administration of OGA 

inhibitors, such as Thiamet G and MK-8719, in wild-type rats (Yuzwa et al., 2008), 

rTg4510 mice (Graham et al., 2014; Hastings et al., 2017; Wang et al., 2020), and JNPL3 

mice (Yuzwa et al., 2012) enhanced tau O-GlcNAcylation while reducing its 

phosphorylation. Treating animal models with Thiamet G also reduced neuronal loss, 

prevented brain atrophy, and inhibited tau aggregation (Hastings et al., 2017; Wang et 

al., 2020; Yuzwa et al., 2012). However, precisely how O-GlcNAcylation of tau regulates 

the formation of early pathological tau conformations that precede filamentous aggregate 

formation remains unknown (Alhadidy & Kanaan, 2024; Mroczko et al., 2019; 

Niewiadomska et al., 2021).  

Herein, we produced recombinant O-GlcNAc modified 2N4R (hT40) and 2N3R 

(hT39) tau isoforms in bacterial cells by co-transformation. A set of biochemical and 

biophysical assays were employed to determine the impact of O-GlcNAcylation on tau’s 

interaction with microtubules, as well as tau aggregation and adoption of pathological 
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conformations. Our results suggest that tau O-GlcNAcylation does not interfere with MT 

polymerization but may differentially regulate MT binding in an isoform dependent 

fashion. In addition, the findings suggest that O-GlcNAcylation differentially affects the 

formation of pathological tau conformations in a tau isoform dependent manner. Thus, 

further elucidating the temporal profile and role of O-GlcNAcylation in the context of AD 

and other tauopathies is crucial.  

Materials and Methods 

Cloning of OGT enzyme 

The coding sequence (CDS) of human OGT was amplified by polymerase chain 

reaction (PCR) from the OGT ORF vector (abm, #32487011) using the Platinum PCR 

Supermix High Fildelity (Invitrogen, #12532016). Forward and reverse primers were 

designed to amplify OGT CDS while also introducing NdeI and XhoI restriction sites to 

the forward and reverse primers, respectively.  

Forward primer: CATATGATGGCGTCTTCCGTGGG (NdeI site underlined) 

Reverse primer: CTCGAGTTATGCTGACTCAGTGACTTCAA (XhoI site underlined) 

The PCR product was subjected to A tailing using native Taq polymerase 

(Invitrogen, #18038-042) followed by ligation into the pCR2.1-TOPO backbone using the 

TOPO TA cloning (Invitrogen, #450640). The sequence of OGT CDS was confirmed 

using Sanger sequencing. OGT CDS was then digested with NdeI (Thermo, #FD0583) 

and XhoI (Thermo, #FD0694), ran on 1% agarose gel (Biorad, #1613101), and the OGT 

CDS band was extracted using GeneJET Gel Extraction Kit (Thermo, #K0691). In parallel, 

the pHis-hTG2 plasmid (Addgene, #100719) was digested with the same enzymes, ran 

on agarose gel, and the vector band extracted. The vector and OGT CDS DNA were 
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ligated using the T4 enzyme (Thermo, #EL0011). The ligation product was used to 

transform TOP10 Chemically Competent cells (Thermo, #C404010) before plating the 

competent cells in agar plates (Fischer Bioreagents, #BP1423-500) supplemented with 

Kanamycin at 50mg/ml (Sigma, #K1876). Colonies were picked up from the agar plate, 

followed by shaking (250 RPM) in Luria Broth (Fischer Bioreagents, #BP1426-2) at 37° 

C overnight. On the following day, the DNA plasmid was extracted from bacterial cultures 

using QIAprep Spin Miniprep Kit (Qiagen, #27104). The OGT CDS was verified with 

diagnostic digestion and sanger sequencing.    

Preparation of recombinant unmodified and O-GlcNAc-modified tau proteins 

Recombinant tau proteins were prepared by co-transforming BL21 bacteria (NEB, 

#C2527H) with two plasmids: a plasmid expressing tau under the T7 promoter as 

described previously (28882311) and the pHis-OGT plasmid. The purification procedure 

for O-GlcNAc-modified tau proteins was performed using 2 L terrific broth (TB) cultures 

grown in the presence of ampicillin (50 μg/ml) and kanamycin (25 μg/ml) as selection 

markers. Moreover, TB was supplemented with GlcNAc (2 mM; Sigma, #U4375) and 

PUGNAC (10 μM; Sigma, #A7229) to enrich GlcNAc and inhibit the activity of O-

GlcNAcase enzyme, respectively. Unmodified tau proteins were grown in the same way 

with the exception that kanamycin, GlcNAc, and PUGNAC were excluded from TB. 

Bacterial pellets were lysed using 0.5 M NaCl, 10 mM Tris, and 5 mM Imidazole, pH 8 in 

the presence of protease inhibitors and PUGNAC (10 μM) at weight: volume ratio of 1:5. 

PUGNAC was not included in lysing the bacterial pellets for unmodified tau proteins. The 

bacterial lysate was subjected to centrifugation at 107,377 RCF for 45 min at 4 °C using 
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a Type 70 Ti rotor (Beckman Coulter, #337922). Supernatant was collected, then the 

residual bacterial pellet was further lysed in RIPA buffer (10 ml; CST, #9806) 

supplemented with the same inhibitors by sonicating for 4 times, 30 seconds each. 

Another centrifugation step was performed to collect the supernatant extracted with the 

RIPA buffer, followed by pooling the two supernatants (lysis buffer and RIPA buffer) 

together for further purification. The rest of the purification procedure was performed as 

described previously (Combs et al., 2017). Briefly, three stages of fast protein liquid 

chromatography were performed:  heavy metal affinity chromatography using a 5 ml 

HiTrap Talon crude column (Cytiva, #28953767); size exclusion chromatography using 

HiPrep 16/60 Sephacryl S-500 HR (Cytiva, #28935606); anion exchange 

chromatography using 5 ml HiTrap Q HP (Cytiva, #17115401). The elution fractions 

containing the highly purified monomeric tau bands were concentrated to a concentration 

between 2-4 mg/ml and was supplemented with 1 mM DTT. The final unmodified and O-

GlcNAc-modified tau proteins were aliquoted and frozen at -80 °C. The final concentration 

of recombinant tau proteins was determined using the SDS-Lowry method as described 

previously (Combs et al., 2017). 

Western blot validation of recombinant tau proteins 

To confirm the O-GlcNAcylation status of recombinant tau proteins, proteins were 

loaded on 4-20% Novex tris-glycine gels (Invitrogen, #WXP42020BOX) and run at 225 V 

for 45 minutes, followed by transfer on nitrocellulose membrane using the Biorad wet 

transfer system at 40 mAmp for 50 minutes. The membrane was then blocked with 2% 

non-fat dry milk (NFDM) in 1X tris buffer saline (TBS) for 1 hour at room temperature 

followed by incubation in primary antibodies overnight at 4 °C. Primary antibodies used 
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were Tau5 (Nicholas M. Kanaan at Michigan State University, RRID: AB_2721194) 

(LoPresti et al., 1995; Porzig et al., 2007) at 1:100,000 in 2% NFDM and Anti-Tau (GlcNAc 

Ser400) (Anaspec, #AS-55945,) at 1:100 in 2% NFDM. The following day, the blot was 

washed 3 times (5 minutes each) with 1X TBS supplemented with 0.1% Tween 20 (TBS-

T 0.1%). Then, secondary antibodies in 2% NFDM were added for 1 hour at room 

temperature. Secondary antibodies used were peroxidase-conjugated goat anti-mouse 

IgG1 (Thermo Fisher Scientific, #PA1-74421, RRID: AB_10988195) at 1:5000 and 

peroxidase-conjugated goat anti-rabbit IgG (Vector Laboratories, #PI-1000-1, RRID: 

AB_2916034) at 1:2500. The blots were washed 3 times (5 minutes each) with TBS-T 

0.1%, followed by the peroxidase development reaction using the Clarity Max™ Western 

ECL Substrate kit (Biorad, #1705062S). ChemiDoc MP Imaging System and Image Lab 

6.0.1 were used to visualize the chemiluminescence signal verifying the O-GlcNAc tau 

modification status. 

Recombinant tau protein preparation for tandem mass spectrometry  

Unmodified and O-GlcNAc-modified tau proteins were digested using a 

combination of Asp-N (Promega, #V V1621) and rLysC (Promega, #V167A). First, each 

recombinant tau protein sample (10 µg) was subjected to 5 rounds of buffer exchange 

with 25 mM ammonium bicarbonate (AmBic) pH 8 using 0.5 ml Amicon filter with 3K 

MWCO (15,000 RCF for 10 minutes; Millipore, #UFC500396). Then, recombinant tau 

proteins were recovered from the filter by centrifugation at 15,000 RCF for 2 minutes and 

vacuum dried using Vacufuge. The dried pellets of recombinant tau proteins were 

reconstituted in 50 µl of digestion buffer (12.5 mM AmBic pH 8 + acetonitrile (ACN) 50%) 

and incubated at 37 °C for 16-18 hours with Asp-N (150 ng of enzyme). The following 
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day, digested protein samples were subjected to vacuum drying and stored at 4 °C until 

the second digestion was initiated. Lys-C (500 ng of enzyme) was added and incubated 

at 37 °C for 16-18 hours. The following day, digested protein samples were subjected to 

vacuum drying and stored at -20 °C until running on mass spectrometer.  

Tandem mass spectrometry of recombinant tau proteins 

We utilized an approach like that described by Yang et al. (Yang et al., 2021). The 

Vanquish Neo nanoHPLC system interfaced to a Thermo Scientific Orbitrap Eclipse mass 

spectrometer (Thermo Fisher Scientific) was used for analysis. For each sample, 1 μg 

was injected and desalted with an AccalaimTM PepMapTM C18 Nano trap column (3 μm, 

100 Å, 75 μm × 2 cm) in 100% Buffer A (0.1% formic acid in HPLC water) at 3 μl/min for 

5 min. Samples were separated in a linear gradient of 5–35% Buffer B (80% ACN and 

0.1% formic acid) over 105 min and washing at 90% Buffer B for 12 min using an Easy 

Spray PepMapTM RSLC C18 nano column (2 μm, 100 Å, 75 μm × 250 mm). Before the 

following injection, the column was equilibrated at 1.0 % Buffer B for 5 min. Mass spectra 

were collected using data dependent mass spectrometry (MS) analysis with a duty cycle 

of 2 sec. To collect precursor masses, orbitrap [resolution (R) of 120,000 at 200 m/z] with 

internal calibration was used. For precursors carrying charges between 2 and 8 and with 

intensities over 5 × 104 at R = 30,000, stepped HCD spectra at HCD energies of 15, 25, 

and 35% were acquired with dynamic exclusion of 15 sec. The most 20 abundant 

fragments are monitored for oxonium ions with m/z of 138.0545, 204.0867, 366.1396, 

126.005, 144.0655, 168.0654, 186.076, 274.0921, and 292.1027 Da. If at least one 

oxonium ion was detected at 15 ppm mass accuracy, the corresponding precursor ion 

was used to collect an EThcD spectrum in the orbitrap at R of 30,000. For charges of 2 
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and 3, ETD target was 5.0 × 105; for charges of 4 to 8, ETD target was 2.0 × 105. 

Supplemental collision energy at 15% was also included. Reaction time of ETD was 

variable according to the precursor charge state. For a charge of 2, ETD reaction time 

was 125 ms; for a charge of 3, ETD reaction time was 100 ms; for a charge of 4, ETD 

reaction time was 75ms; for charges ≥5, ETD reaction time was 50 ms. 

MS data analysis to determine O-GlcNAc modification sites 

RAW data files were analyzed with the MetaMorpheus software version 1.0.1 

developed by the Smith laboratory (Miller et al., 2023). For hT40 proteins, the following 

FASTA files used were downloaded from Uniprot (November 2021) and used for analysis: 

Escherichia coli (strain K12) (UP000000625), Asp-N (Q9R4J4), Lys-C (Q02SZ7), and full-

length tau (2N4R isoform, P10636-8). The same FASTA files were used to analyze the 

hT39 proteins except for full-length tau (2N4R isoform, P10636-8) that was replaced with 

2N3R tau isoform (P10636-5). A mass shift of +203.079 Da (C8H13NO5) was used to 

search for O-GlcNAc modifications (Ma & Hart, 2017). In addition, the following mass-to-

charge-ratios (m/z) corresponding to diagnostic ions (DIs) were investigated: +126.055 

Da (C6H7NO2), +138.055 Da (C7H7NO2), +144.066 Da (C6H9NO3), +168.066 Da 

(C8H9NO3), +186.076 Da (C8H11NO4), and +204.087 Da (C8H13NO5) (28150883).  

The analysis sequence included mass calibration, global post-translational 

modification discovery (G-PTM-D) (Li et al., 2017), and a classic search. Mass calibration 

was conducted using the following criteria: protease = Asp-N/Lys-C; maximum missed 

cleavages = 2; minimum peptide length = 7; maximum peptide length = unspecified; 

initiator methionine behavior = Variable; variable modifications = Oxidation on M; max 

mods per peptide = 2; max modification isoforms = 1024; precursor mass tolerance = 
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±15.0000 PPM; product mass tolerance = ±25.0000 PPM. The criteria utilized for G-PTM-

D were protease = Asp-N/Lys-C; maximum missed cleavages = 2; minimum peptide 

length = 7; maximum peptide length = unspecified; initiator methionine behavior = 

Variable; max modification isoforms = 1024; variable modifications = Oxidation on M; G-

PTM-D modifications count = 3; precursor mass tolerance(s) = ±5.0000 PPM around 0, 

203.079372521 Da; product mass tolerance = ±20.0000 PPM. Finally, a classic search 

was conducted using the following criteria: protease = Asp-N/Lys-C; search for truncated 

proteins and proteolysis products = False; maximum missed cleavages = 2; minimum 

peptide length = 7; maximum peptide length = unspecified; initiator methionine behavior 

= Variable; variable modifications = Oxidation on M; precursor mass tolerance = ±5.0000 

PPM; product mass tolerance = ±20.0000 PPM; report PSM ambiguity = True. Sites of 

O-GlcNAc modification on tau detected at a false discovery rate of 1% are reported. 

MetaDraw version 1.0.5 was utilized to review the PSMs of modified and unmodified tau 

peptides (samples of these peptides are included in Figures AII.1 and AII.2).  

Tubulin polymerization assay 

Tubulin polymerization in the presence of recombinant tau proteins was assessed 

using the Tubulin Polymerization Assay Kit (Cytoskeleton, #BK011P). Kit reagents were 

reconstituted and stored as indicated in the manual. The assay began by incubating the 

96-well plate provided with the kit at 37 °C for 10 minutes (Synergy H1 Hybrid Multi-Mode 

Reader and Gen5 software v3.11, BioTek). Meanwhile, recombinant tau proteins were 

prepared as 10 μM stocks in general tubulin buffer (80 mM PIPES pH 6.9, 2 mM MgCl2, 

and 0.5 mM EGTA) and left at room temperature. Then, a tubulin master mix was 

prepared and kept on ice using the recipe for enhancer detection (kit manual): 355 µl of 
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Buffer 1, 4.4 µl of 100 mM GTP, and 85 µl of tubulin 10 mg/ml. Once the 10-minute 

incubation of the 96-well plate was over, recombinant tau (10 μM stocks) were loaded (5 

μl) onto the plate and warmed up to 37 °C for exactly 1 minute. Then, the tubulin master 

mix was loaded (50 μl) on each tau protein sample yielding a final tau concentration of 1 

μM. Fluorescence signal was measured for 1 hour to monitor tubulin polymerization using 

the kinetic mode at excitation and emission wavelengths of 360 nm and 450 nm, 

respectively. Each tau protein sample was loaded in duplicate (technical replicates) with 

a sample size of 4 (independent biological replicates). Background levels of blank 

(general tubulin buffer only) were subtracted from the fluorescence readings before 

further analyzing the data. Nonlinear regression using “specific binding with Hill slope” 

was used to fit the tubulin polymerization data in GraphPad Prism v10.2.1 and calculate 

the steady state equilibrium (Vmax) along with the time needed to reach half maximal 

polymerization (Kd). 

Microtubule-binding assay  

Assays were performed in using Microtubule Binding Protein Spin-Down Assay 

Biochem Kit (Cytoskeleton, #BK029). Kit reagents were reconstituted as indicated in the 

manual.  Tubulin aliquots (20 μl) were thawed, supplemented with cushion buffer (2 μl; 

80 mM PIPES pH 7.0, 1 mM MgCl2, 1 mM EGTA, and 60% sucrose), and incubated at 

35 °C for exactly 40 minutes. Then, general tubulin buffer (200 μl; 80 mM PIPES pH 7.0, 

1 mM MgCl2, and 1 mM EGTA) supplemented with paclitaxel at 20 µM was added to the 

polymerized tubulin. Microtubule-binding reactions were set up at room temperature 

including tubulin (10 μl), recombinant tau proteins (1 μM), and general tubulin buffer to a 

final volume of 50 μl. After 30 minutes of incubation at room temperature, binding 
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reactions were loaded on 100 µl of sucrose cushion buffer in 0.2 ml polycarbonate tubes 

(Thermo Scientific, #45233) followed by centrifugation at 100,000 RCF for 40 minutes. 

For all centrifugation steps, S100-AT3 Fixed Angle Rotor (Thermo Scientific, #45585) and 

Sorvall™ MTX 150 Micro-Ultracentrifuge (Thermo Scientific, #46960) were employed. 

Then, 30 µl of the supernatant were carefully removed (Sup) to avoid disturbing the 

microtubule pellet. Laemmli buffer was added to the supernatant immediately (6 µl of 6X 

Laemmli buffer). The rest of the supernatant was discarded, followed by washing the 

microtubule pellet with general tubulin buffer (100 μl) supplemented with 20 µM paclitaxel.  

The microtubule pellet was subjected to centrifugation at 100,000 RCF for an additional 

20 minutes. The previous washing step was repeated one more time, followed by careful 

removal of the supernatant. The final pellet was resuspended in 60 µl of 1X Laemmli 

buffer. The assay was conducted 4 independent times. 

For each biological replicate, Sup and Pellet (15 μl each) were subjected to SDS-

PAGE. Unmodified and O-GlcNAc-modified tau samples were loaded on two separate 4-

20% Novex tris-glycine gels (Invitrogen, #WXP42020) that was run at 225 V for 40-45 

minutes. After SDS-PAGE, the two gels were cut between the 250 and 37 kDa marker 

bands. Two gels were added to the same transfer sandwich and transferred onto one 

nitrocellulose membrane. This step allows for the quantification of tau bands from two 

experimental replicates on the same blot to minimize the variability in blotting procedure 

across samples. The rest of the blotting procedure was performed as described earlier.  

Primary antibodies used were the Tau5 antibody at 1:100,000 (same as above) and the 

tubulin 5H1 antibody at 1:10,000 (Nicholas M. Kanaan at Michigan State University, 

RRID: AB_2832941) (Wang et al., 1993). Secondary antibodies used were goat anti-
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mouse IgG1 680 (LI-COR Biosciences, #926-68050, RRID: AB_2783642) and goat anti-

mouse IgM 800 (LI-COR Biosciences, #926-32280, RRID: AB_2814919) at 1:20,000 

each. LI-COR Odyssey classic imager and Image Studio Lite Ver 5.2 were used to 

visualize fluorescent signals of the antibody probes. Tau bands were quantified in all Sup 

and Pellet fractions followed by calculating the percentage of tau in Pellet relative to total 

tau using the following equation:  

% Tau in Pellet = Tau in Pellet/(Tau in Pellet + Tau in Sup) x 100 

In vitro recombinant tau aggregation reaction  

Aggregation of tau proteins was induced by arachidonic acid (ARA; Cayman 

Chemical, #90010) in 200 μl reactions as described previously (Gamblin, King, Kuret, et 

al., 2000; Tiernan et al., 2016). Briefly, 2 μM of tau (M. Wt. = 43426 for hT39; M. Wt. = 

46673 for hT40) was induced to aggregate in vitro by incubation in tau aggregation buffer 

(10 mM sodium HEPES, 0.1 mM EDTA, 200 mM NaCl, 5 mM DTT, pH 7.6) with 

(aggregated) or without (unaggregated; ethanol vehicle was used) 75 µM ARA. ARA 

stocks were prepared in 100% ethanol at 2 mM immediately prior to use. Finally, ARA 

was added as the final component in the reaction sample and then the samples were 

gently mixed by minimally shaking the tube/cuvette. Aggregation reactions were 

incubated at room temperature for 6 hours.  

Right angle laser light scattering 

As tau polymerizes into aggregates, the intensity of scattered light increases as a 

function of time and is used to measure tau aggregation kinetics (Gamblin, King, Dawson, 

et al., 2000; Tiernan et al., 2016). Laser light scattering (LLS) was measured using class 

IIb laser with wavelength of 475 nm and maximum power of 20 mW (B & W INC., model 
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#BWI-475-20-E) and digital camera (Thor Labs, model #DCC1240M). Images were 

acquired using uc480 Viewer version 4.2 with the pixel clock set at 11 MHz. Images were 

acquired for hT40 samples at a frame rate of 2 fps and exposure of 150 ms, while a frame 

rate of 1 fps and exposure time to 300 ms was used for hT39 samples. Polymerization 

reactions of tau were transferred into glass cuvettes with path length of 5 mm (Starna 

Cells, #3-G-5), and laser light scattering was measured at time zero, prior to addition of 

ARA to obtain baseline measurements. After addition of ARA and gently mixing the 

samples, images were serially acquired at 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 

55, 60, 75, 90, 105, 120, 150, 180, 240, 300, 360 minutes. Each experiment was 

conducted 4 independent times. Image analysis was performed with Adobe Photoshop 

CS6 (Adobe Systems INC.) using the marquee tool. The region of interest used for 

densitometry measurements was set to 150 pixels X 15 pixels and adjusted to the center 

of the glass cuvette within the band of scattered light. Pixel intensity was recorded using 

the histogram feature. Scattered light intensity (Is) measurements during the 6 hours were 

fitted using nonlinear Finke-Watzky function (Morris et al., 2008) according to the 

following equation:  

[B]t = [A]0 – ((k1/k2+[A]0)/(1+(k1/k2[A]0 exp(k1+k2[A]0)t)) 

To compare aggregation kinetics of different proteins, the following parameters 

were calculated: k1 represents the rate constant of nucleation; k2 represents the rate 

constant of elongation; [A]0 represents maximum scattering. 

Thioflavin S fluorescence  

At the end of the tau aggregation reaction with ARA (described above), β-sheet 

containing aggregates were quantified using a thioflavin S assay as described (Tiernan 
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et al., 2016). Immediately before starting the assay, a 0.0175% thioflavin S (ThS) solution 

was prepared in water, filtered through a 0.22 µM membrane, and protected from light. 

Then, 150 μl of each tau sample was mixed with 6 µl of ThS solution and incubated for 5 

minutes at room temperature. The samples (150 µl/well) were then loaded onto a black 

96-well plate (Costar, #3915) and immediately read using the Promega Glomax multi-

detection system at 490 nm excitation and 510-570 nm emission wavelengths. Control 

buffers for unaggregated and aggregated reactions were loaded and read to obtain 

background measurements, then their absorbance values were subtracted from the other 

values before analysis.  

Sample preparation for imaging with transmission electron microscopy 

Transmission electron microscopy (TEM) was used to visualize and measure 

aggregate density and size (Tiernan et al., 2016). To this end, uranyl acetate (UA; 

Electron Microscopy Sciences, #22400) solution was freshly prepared by dissolving 20 

mg of UA in 1 ml of deionized water (DIW) (2% UA solution) at room temperature. After 

UA completely dissolves into DIW, the solution was sterile filtered using 0.22 μM 

membrane (Fisher Scientific, #13-1001-06). To prepare the grids, each unaggregated and 

aggregated tau sample (10 μl each) was fixed with 2% glutaraldehyde (Electron 

Microscopy Sciences, #16100) at room temperature for 10 minutes. Then, each sample 

(5μl) was absorbed onto formvar-coated copper grids (Electron Microscopy Sciences, 

#FCF300-CU) for 1 minute, followed by one rapid rinse in DI water and another rapid 

rinse in UA solution. Finally, the grids were incubated with UA solution for 1 minute at 

room temperature, then the solution was wicked away, and grids were left to dry for at 

least 1.5 hours before imaging. Grids were prepared from 4 independent replicates of 
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unaggregated and aggregated tau grids and imaged using JEOL JEM-1400 Plus electron 

microscope at 80 kV. Electron micrographs were captured and saved through AMT XR81 

digital camera and AMT software version 602.6.    

Quantitative TEM 

For each grid, three images were captured at 5000 X magnification for quantitative 

TEM. Electron micrographs were then processed using ImageJ v1.54 using a method like 

that described by Tiernan et al. (Tiernan et al., 2016). First, the image scale was adjusted 

according to the scale bar attached to the TEM images. Then, images were smoothened 

3 times to allow for the automatic thresholding to capture the visible tau aggregates. 

Finally, the percentage area of aggregated mass (% Area) was collected by the “Analyze 

Particles” command. For the “Analyze Particles” command, size was set at 0-infinity and 

circularity was set at 0-1.  

 Output of “Analyze Particles” command was further processed using GraphPad 

Prism v10.2.1 to obtain frequency distribution using 700 nm2-wide and 50 nm2-wide bins 

for hT40 and hT39, respectively. The sum of particles in 3 images/replicate was 

calculated and counted as 1 independent replicate, with a total of 4 independent 

replicates. The following populations of hT40 were plotted according to criteria like those 

reported by Tiernan et al. (Tiernan et al., 2016): < 700 nm2 for globular aggregates only; 

700-2100 nm2 for globular aggregates > 700 nm2 along with short filaments; 2100-5000 

nm2 for short filaments only; > 5000 nm2 for long filaments only. Aggregates of hT39 were 

globular in nature and split into sizes smaller and larger than 1200 nm2.  
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Western blot for unaggregated and aggregated reactions  

Unaggregated and aggregated tau samples were prepared for SDS-PAGE by 

diluting to 0.5 μM in 6X Laemmli sample buffer. Samples were boiled at 95 °C for 5 

minutes in a heat block, followed by vortex and quick spin down. Samples (500 ng/lane) 

were loaded on 20-well 4-20% Novex tris-glycine gel (Invitrogen, #WXP42020). Proteins 

were transferred to nitrocellulose membrane using the Bio-Rad wet transfer system. The 

blot was blocked with 2% NFDM for 1 hour at room temperature, followed by incubation 

in Tau5 antibody (as above) at a dilution of 1:100,000 in 2% NFDM overnight at 4 °C. The 

following day, the membrane was washed 3 times with TBST, 5 minutes each. The goat 

anti-mouse IgG1 680 (as above) secondary antibody was used at a dilution of 1:20,000 

in 2% NFDM, and membranes were incubated in secondary at room temperature for 1 

hour. Membranes were washed with TBST 3 times, 5 minutes each, before imaging the 

blot using LI-COR Odyssey classic imager and Image Studio Lite Ver 5.2. Tau bands 

corresponding to monomeric tau (monomer band) and higher molecular weight multimers 

(HMW band) were quantified in the unaggregated and aggregated tau samples.  

Sandwich enzyme-linked immunosorbent assay (sELISA) 

To detect pathological tau conformations using conformation-dependent 

antibodies (i.e. TOC1, TOMA1, TNT2, and Alz50), tau samples must be kept under native 

conditions (Castillo-Carranza, Sengupta, et al., 2014; Combs et al., 2016; Combs et al., 

2017; Jicha et al., 1997; Ward et al., 2013). Therefore, sandwich ELISA assays were 

employed to measure pathological tau conformations. All steps were performed at room 

temperature. The following capture antibodies were used in sandwich ELISA assays: 

TOC1 (Nicholas M. Kanaan at Michigan State University, RRID: AB_2832939) to 
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measure TOC1-positive oligomeric tau, TOMA1 (Millipore, #MABN819) to measure 

TOMA1-positive oligomeric tau, TNT2 (Nicholas M. Kanaan at Michigan State University, 

RRID: AB_2736931) to measure PAD exposed tau, Alz50 (P. Davies Albert Einstein 

College of Medicine, New York, USA, RRID: AB_2313937) to measure misfolded tau, and 

Tau13 (Nicholas M. Kanaan at Michigan State University, RRID: AB_2721193) to 

measure total tau (Carmel et al., 1996; Castillo-Carranza, Sengupta, et al., 2014; Combs 

et al., 2016; Combs & Kanaan, 2017; Garcia-Sierra et al., 2003; Hyman, Van Hoesen, et 

al., 1988; Jicha et al., 1997; Patterson et al., 2011; Ward et al., 2013). Capture antibodies 

were diluted to 2 ng/μl in borate saline buffer (100 mM borate acid, 25 mM sodium borate, 

75 mM NaCl, and 0.25 mM thimerosal). Then, sandwich ELISA plates (96-well plates, 

Corning, #3590) were coated with the capture antibodies (50 μl/well) for 1 hour. Wells 

were washed 2 times with ELISA wash buffer (200 μl/well; 100 mM borate acid, 25 mM 

sodium borate, 75 mM NaCl, 0.25 mM thimerosal, 0.4% (w/v) bovine serum albumin, and 

0.05% (v/v) Tween-20), followed by blocking with 5% NFDM in ELISA wash buffer (200 

μl/well) for 1 hour. Two washes with ELISA wash buffer were performed, followed by the 

addition of unaggregated and aggregated tau samples for 1.5 hours. Tau samples were 

prepared from unaggregated and aggregated hT40 reactions in TBS buffer at the 

following concentrations (50 μl /well): 2.5 nM for Tau13; 5 nM for TNT2; 20 nM for TOC1 

and Alz50; 150 nM for TOMA1. Tau samples were prepared from unaggregated and 

aggregated hT39 reactions in TBS buffer at the following concentrations (50 μl/well): 2.5 

nM for Tau13; 20 nM for Alz50; 50 nM for TNT2; 150 nM for TOC1 and TOMA1. Then, 

wells were washed 4 times with ELISA wash buffer (200 μl/well). The detection antibody 

R1 (Nicholas M. Kanaan at Michigan State University, RRID: AB_2832929) (Berry et al., 
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2004) was diluted at 1:10,000 in 5% NFDM and added to the wells (50 μl/well) for 1.5 

hours. Then, sandwich ELISA wells were washed 4 times with ELISA wash buffer. The 

secondary antibody used was Goat Anti-Rabbit IgG Antibody (H+L), Peroxidase (Vector 

Laboratories, #PI-1000-1, RRID: AB_2916034) at 1:5,000 in 5% NFDM for 1 hour 

(50μl/well). After 4 final washes with ELISA wash buffer, the peroxidase reaction was 

developed using 3,3′,5,5′-Tetramethylbenzidine (TMB; 50 μl/well; Sigma, #T0440). The 

peroxidase reaction was stopped with 4% sulphuric acid, followed by reading the 

absorbance at 450nm using SpectraMax Plus 384 microplate reader (Molecular Devices). 

Each assay was run using 4 independent experimental samples.  

The absorbance values were further processed using GraphPad Prism v10.2.1 

according to the following equation to calculate the percentage light absorbed (% Light 

Abs, %A):  

%A =100 - (100 * 10-A) 

Seeding assay in tau biosensor cells   

HEK293 cells stably expressing the repeat domain of tau with the P301S mutation 

fused to CFP or YFP (Tau RD P301S Biosensor Cells; ATCC, #CRL-3275, RRID: 

CVCL_DA04) (Holmes et al., 2014) were grown in DMEM (Gibco) supplemented with 

10% FBS, 1% Penicillin-Streptomycin (Gibco), and 1x GlutaMAX (Gibco), and maintained 

at 37 °C and 5% CO2. A cell aliquot was thawed and passaged at least once before use 

in experiments. Cells were plated at 12,000 cells/well in Poly-D-Lysine coated 96-well 

plates (100μl media/well; Corning, #354461). After 24 hours, Lipofectamine 2000 

(Invitrogen, #11668027) was used to deliver the following treatment samples into cells: 

unaggregated hT40, aggregated hT40 aggregates, unaggregated O-GlcNAc modified 
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hT40, and aggregated O-GlcNAc modified hT40 (at a final concentration of 150 nM). In 

two separate tubes, Lipofectamine reagent or protein sample was diluted in OptiMEM 

(Gibco, #31985062) and incubated at room temperature for 20 minutes. The first tube 

contained 1 µl Lipofectamine 2000 in addition to 9 µl OptiMEM, and the other tube 

contained 7.5 µl unaggregated or aggregated tau + 2.5 µl OptiMEM. Next, the 

Lipofectamine was mixed with the tau protein (20 µl total) and incubated for an additional 

20 minutes at room temperature. The Lipofectamine/protein mixture was then added to 

the cells (20 µl). Two days following treatment, cells were fixed with pre-warmed 4% 

paraformaldehyde (Electron Microscopy Sciences, #15714-S) in 1X cytoskeleton buffer 

(10 mM MES, 138 mM KCl, 3 mM MgCl2, and 4 mM EGTA, pH 6.1) for 20 min at room 

temperature. Then, cells were washed 3 times with 1X TBS, 5 minutes each. The nuclear 

stain DAPI (1:10,000) was included in the first wash. 

Cells were imaged using a Lionheart FX Automated Microscope (BioTek) using a 

10x objective. Nine images per well were captured with GFP and DAPI filter cubes using 

the same acquisition settings. Images were processed and analyzed using Gen5 software 

v3.11 (BioTek). Seeded aggregates and nuclei were detected in the GFP and DAPI 

channels, respectively, using separate sets of size and pixel-intensity thresholds. For 

each well, the total number of aggregates was normalized to the total number of cells to 

obtain the number of seeds per cell (seeds/cell = number of GFP+ objects/number of 

DAPI+ objects).   

Statistics 

Statistical analysis was performed using GraphPad Prism v10.2.1. Unpaired, two-

tailed t-test was employed to analyze the following results: Vmax and Kd of tubulin 



 

 126 

polymerization assay; Max and k1 of LLS for hT40; Max of LLS for hT39; % Area of 

quantitative TEM. Mann-Witney U was used for violations of normality and/or equal 

variances: k2 of LLS data for hT40; k1 and k2 of LLS data for hT39. Two-way analysis of 

variance (ANOVA) followed by the post-hoc Holm-Sidak with all possible comparisons 

were used to analyze the following results: % Tau in pellet of microtubule-binding assay; 

ThS fluorescence; Monomer and HMW bands for stable multimers; % light absorbed of 

sandwich ELISA assays; seeds/cell of seeding assay in RD cells. Differences in outcomes 

were deemed statistically significant at p ≤ 0.05.  

Results 

Co-transformation of bacterial cells with tau and OGT introduces O-GlcNAc modifications 

on serine and threonine residues of tau 

Recombinant hT40 and hT39 proteins modified with O-GlcNAc were produced 

using the co-transformation and purification approaches described in the methods 

section. To confirm the modification status of the final protein preparations, western 

blotting for O-GlcNAc Ser400 tau and total tau was employed. Unmodified hT40 and hT39 

did not have signal with the Anti-Tau O-GlcNAc Ser400 antibody, while the modified hT40 

and hT39 were labeled by the Anti-Tau O-GlcNAc Ser400 antibody (Figure 3.1 A, top 

panel). Both unmodified and modified tau proteins showed similar reactivity to the Tau5 

antibody, a pan-tau antibody (Figure 3.1A, lower panel).  

Availability of O-GlcNAc modified tau antibodies are limited to the Ser400 

modification site antibody. To more robustly identify which S/T residues are modified 

throughout the hT40 and hT39 proteins, MS analysis was employed. MS demonstrated 

that hT40 and hT39 share several of the same O-GlcNAc modified S/T residues, including 
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T175, T181, S400, S413/T414/S416, S422, T427, and S433 (Figure 3.1B). In addition, 

O-GlcNAc modifications on S184/S185 and S195/S198/S199 were detected only in O-

GlcNAc-modified hT40, while modifications on T386 and S396 were detected only in O-

GlcNAc-modified hT39 (Figure 3.1B, lower panel). The O-GlcNAc modifications were 

detected by mass shifts and diagnostics ion in O-GlcNAc-modified hT40 and hT39 

samples. The diagnostics ions observed with O-GlcNAc-modified tau proteins and mass 

spectra of the peptide spanning amino acids 402-429 from the O-GlcNAc-modified hT40 

and hT39 protein preparations are demonstrated in Figures AII.1 and AII.2. 
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Figure 3.1. Identification of S/T residues on tau modified with O-GlcNAc. 
A, western blot of hT40 (left blots) and hT39 (right blots) proteins probed with the Tau5 
(total tau) and Anti-Tau O-GlcNAc-Ser400 antibodies. B, S/T residues modified with O-
GlcNAc on tau as detected by mass spectrometry. Residues are numbered according to 
the sequence of full-length tau (hT40, 2N4R, 441 amino acids). Residues highlighted in 
red are confirmed modification sites in our study. For some O-GlcNAc sites, site-specific 
information could not be determined (in blue). Residues highlighted in green represent O-
GlcNAc modification sites reported in previous studies but not in our study. Asterisk (*) 
represents modification sites common between our study and previous studies. O-
GlcNAc sites are concentrated within the PRD and C-terminus. Abbreviations: O-GlcNAc, 
O-linked-N-acetyl β-d-N-glucosamine; Glc, O-GlcNAcylated; S/T, serine/threonine; hT40, 
2N4R tau isoform; hT39, 2N3R tau isoform; PRD, proline rich domain; MTBRs, 
microtubule-binding repeats. Panel B created with BioRender.com. 
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O-GlcNAc-modified tau does not alter microtubule polymerization in vitro  

Tubulin polymerization assays were used to determine how O-GlcNAc 

modification affects tau ability to modulate the microtubule polymerization kinetics in vitro 

(Figure 3.2A and B). O-GlcNAc-modified hT40 did not change the steady state 

polymerization (Figure 3.2C, left panel; Vmax, t = 1.745, p > 0.05) nor the time to half 

maximal polymerization (Figure 3.2C, right panel; Kd, t = 1.978, p > 0.05) of microtubules 

when compared to unmodified hT40. Similarly, O-GlcNAc-modified hT39 did not alter the 

steady state polymerization (Figure 3.2D, left panel; Vmax, t = 0.1206, p > 0.05) nor the 

time to half maximal polymerization (Figure 3.2D, right panel; Kd, t = 1.583, p > 0.05) of 

microtubules time to half maximal polymerization relative to unmodified hT39. 

 

Figure 3.2. O-GlcNAc modification of tau does not alter tubulin polymerization in 
vitro. 
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Figure 3.2 (cont’d) 
A, curve fit of fluorescence signal corresponding to microtubule polymerization in the 
presence of either unmodified hT40 (black) or O-GlcNAc modified hT40 (red) over 60 
minutes. B, curve fit of fluorescence signal corresponding to microtubule polymerization 
in the presence of either unmodified hT39 (black) or O-GlcNAc modified hT39 (red) over 
60 minutes. C, Vmax of microtubule polymerization for unmodified hT40 and Glc hT40 
proteins (left panel). Kd of microtubule polymerization for unmodified hT40 and Glc hT40 
(right panel). D, Vmax of microtubule polymerization for unmodified hT39 and Glc hT39 
proteins (left panel). Kd of microtubule polymerization for unmodified hT39 and Glc hT39 
(right panel). Abbreviations: O-GlcNAc, O-linked-N-acetyl β-d-N-glucosamine; Glc, O-
GlcNAcylated; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; Vmax, steady state 
equilibrium; Kd, time to half maximal polymerization. Data represented as mean +/- SD. 

O-GlcNAc modification differentially affects binding of tau to microtubules in vitro 

Microtubule-binding assays were used to determine how O-GlcNAc modification 

affects tau’s ability to bind pre-formed microtubules. Experiments were conducted using 

either the hT40 or hT39 tau isoforms independently (Figure 3.3A and C). Two-way 

ANOVA analysis revealed a statistically significant interaction between the PTM status of 

proteins and the presence of microtubules [F(1,12) = 14.59, p < 0.05]. Post-hoc analysis 

showed a statistically significant shift of unmodified and O-GlcNAc-modified hT40 into the 

pellet fraction upon adding them to pre-formed microtubules (t = 19.10, p < 0.05 for hT40; 

t = 24.50, p < 0.05 for Glc hT40). Moreover, there was a significant 30% increase of O-

GlcNAc-modified hT40 in the pelleted microtubule fraction relative to unmodified hT40 

(Figure 3.3B; t = 5.953, p < 0.05).  

For the hT39 isoform, two-way ANOVA showed a statistically significant interaction 

between the PTM status of proteins and the presence of microtubules [F(1, 12) = 21.85, p 

< 0.05]. Furthermore, post-hoc analysis demonstrated a statistically significant shift of 

unmodified and O-GlcNAc-modified hT39 into the pellet fraction upon adding them to pre-

formed microtubules (t = 14.77, p < 0.05 for hT39; t = 8.164, p < 0.05 for Glc hT39). 
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Contrary to the case with hT40, O-GlcNAc-modified hT39 in the pelleted microtubule 

fraction was significantly lower than unmodified hT39 by 45% (Figure 3.3D; t = 6.731, p < 

0.05).  

 

Figure 3.3. O-GlcNAc modification differentially alters binding of tau to 
microtubules in vitro. 
A, western blot of microtubule-binding assay for unmodified and O-GlcNAc modified hT40 
proteins using Tau5 and 5H1 (tubulin) antibodies. B, quantification of the fraction of tau 
detected in the pellet of polymerized microtubules for unmodified and O-GlcNAc modified 
hT40. C, western blot of microtubule-binding assay for unmodified and O-GlcNAc 
modified hT39 proteins using Tau5 and 5H1 (tubulin) antibodies. D, quantification of the 
fraction of tau detected in the pellet of polymerized microtubules for unmodified and O-
GlcNAc modified hT39. Abbreviations: O-GlcNAc, O-linked-N-acetyl β-d-N-glucosamine; 
Glc, O-GlcNAcylated; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; MT,  
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Figure 3.3 (cont’d) 
microtubules; Sup, supernatant. Data represented as mean ± SD. * p ≤ 0.05; ** p ≤ 0.01; 
*** p ≤ 0.001; **** p ≤ 0.0001. 

O-GlcNAc modification of tau alters its aggregation kinetics in vitro 

Right-angle LLS assays were used to determine the impact of O-GlcNAc 

modification on the kinetics of tau aggregation in vitro (Figure 3.4A and B). We observed 

32% reduction the maximum light scattering with O-GlcNAc-modified hT40 compared to 

the unmodified hT40 (Figure 3.4G; t = 4.042, p < 0.05). However, O-GlcNAc modification 

did not affect the rate constants of nucleation (Figure 3.4C; t = 2.212, p > 0.05) or 

elongation (Figure 3.4D; Mann Whitney U = 4, p > 0.05) of hT40 protein. Similarly, O-

GlcNAc modification decreased the maximum light scattering of hT39 proteins by 27% 

(Figure 3.4I; t = 2.523, p < 0.05) and the rate constant of nucleation by 65% (Figure 3.4E; 

Mann Whitney U = 0, p < 0.05). However, O-GlcNAc modification did not affect the rate 

of elongation (Figure F; Mann Whitney U = 7, p > 0.05). 

O-GlcNAc modification of tau reduces its b-sheet containing aggregates in vitro 

ThS assays were performed at the end of aggregation reactions to determine the 

extent of β-sheet containing aggregate formation in vitro. Two-way ANOVA revealed a 

statistically significant interaction between the PTM and aggregation status of proteins 

[F(1, 12) = 15.62, p < 0.05 for hT40 proteins; F(1, 12) = 5.548, p < 0.05 for hT39 proteins]. 

Upon aggregating hT40 and hT39 proteins, there was a significant increase in the ThS 

signal compared to their respective unaggregated samples regardless of the O-GlcNAc 

modification (Figure 3.4H and J; t = 22.19, p < 0.05 for unmodified hT40; t = 16.6, p < 

0.05 for GlcNAc hT40; t = 9.383, p < 0.05 for unmodified hT39; t = 6.052, p < 0.05 for 

GlcNAc hT39). Moreover, the O-GlcNAc-modified aggregates of hT40 and hT39 showed 



 

 133 

lower ThS fluorescence compared to their respective unmodified tau aggregates (Figure 

3.4H and J; 24% reduction, t = 5.448, p < 0.05 for hT40 proteins; 32% reduction, t = 3.394, 

p < 0.05 for hT39 proteins). 

 

Figure 3.4. O-GlcNAc modification of tau decreases the extent of tau 
multimerization and β-sheet containing aggregates in vitro. 
A, LLS of unmodified hT40 and O-GlcNAc-modified hT40. B, LLS of unmodified hT39 and 
O-GlcNAc modified hT39. C, k1 for aggregation of unmodified hT40 and O-GlcNAc 
modified hT40 proteins. D, k2 for aggregation of unmodified hT40 and O-GlcNAc modified 
hT40. E, k1 for aggregation of unmodified hT39 and O-GlcNAc modified hT39 proteins. F, 
k2 for aggregation of unmodified hT39 and O-GlcNAc modified hT39. G, max  
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Figure 3.4 (cont’d) 
polymerization for unmodified hT40 and O-GlcNAc modified hT40. H, ThS fluorescence 
after 6 hours of tau aggregation for unmodified hT40 and O-GlcNAc modified hT40. I, max 
polymerization for unmodified hT39 and O-GlcNAc modified hT39. J, ThS fluorescence 
after 6 hours of tau aggregation for unmodified hT39 and O-GlcNAc modified hT39. 
Abbreviations: O-GlcNAc, O-linked-N-acetyl β-d-N-glucosamine; Glc, O-GlcNAcylated; 
hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; unagg, unaggregated; agg, 
aggregated; LLS, laser light scattering; ThS, thioflavin S; k1, rate constant of nucleation; 
k2, rate constant of elongation; max, maximum light scattering. Data represented as mean 
+/- SD. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.     

O-GlcNAc modification differentially alters the size of tau aggregates in vitro 

Upon investigating the unaggregated and aggregated hT40 samples using TEM 

(Figure 3.5A), there was no significant change in the aggregated mass of O-GlcNAc 

modified hT40 compared to unmodified hT40 (Figure 3.5D; t = 0.3362, p > 0.05). Of note, 

the number of globular aggregates < 700 nm2 was increased upon O-GlcNAcylation of 

hT40 (Figure 3.5C, upper panel). On the other hand, the number of long filamentous 

aggregates (> 5000 nm2) decreased with O-GlcNAc-modified hT40 compared to 

unmodified hT40 (Figure 3.5C, lower panel).  

There was no statistically significant difference in the aggregated mass between 

unmodified and O-GlcNAc modified hT39 (Figure 3.5F; t = 1.875, p > 0.05). The size 

distribution of globular aggregates formed by O-GlcNAc-modified hT39 showed a 

decrease in the number of globular aggregates < 1200 nm2 (Figure 3.5E, upper panel). 

Conversely, the number of globular aggregates > 1200 nm2 was higher with O-GlcNAc-

modified hT39 relative to unmodified hT39 (Figure 3.5E, lower panel).  
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Figure 3.5. O-GlcNAc modification alters the size distribution of tau aggregates in 
vitro. 
A, electron micrographs of unaggregated and aggregated hT40 proteins. Scale bar: 
800nm. Globular aggregates < 700 nm2 highlighted with black arrowheads; short (2100-
5000 nm2) and long (> 5000 nm2) filaments highlighted with blue and red arrowheads, 
respectively. B, electron micrographs of unaggregated and aggregated hT39 proteins. 
Scale bar: 800nm. Globular aggregates < 1200 nm2 highlighted with black arrowheads; 
globular aggregates > 1200 nm2 highlighted with green arrowhead. C, size distribution of 
aggregates formed by unmodified and Glc hT40 proteins. D, total mass of aggregates 
observed with unmodified and Glc hT40 expressed as percentage of field area. E, size 
distribution of aggregates formed by unmodified and Glc hT39 proteins. F, total mass of  
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Figure 3.5 (cont’d) 
aggregates observed with unmodified and Glc hT39 expressed as percentage of field 
area. Abbreviations: O-GlcNAc, O-linked-N-acetyl β-d-N-glucosamine; Glc, O-
GlcNAcylated; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; unagg, unaggregated; 
agg, aggregated; % Area, % of aggregates per field. Data represented as mean ± SD. * 
p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.     

O-GlcNAc modification differentially alters the formation of stable tau multimers in vitro 

Tau aggregation leads to the formation of heat, SDS and reducing condition stable 

multimers. Here, SDS-PAGE and western blotting were employed to assess the extent to 

which O-GlcNAc modification of tau affects the formation of these stable multimers 

(Figure 3.6A and B). Two-way ANOVA showed a significant main effect of aggregation 

on the levels of stable multimers for hT40 proteins [Figure 3.6C; F(1,12) = 83.99, p < 0.05]. 

A significant increase in the stable multimers upon aggregating hT40 proteins regardless 

of the O-GlcNAc modification was observed (3-fold increase, t = 6.431, p < 0.05 for 

unmodified hT40; 3.8-fold increase, t = 6.530, p < 0.05 for GlcNAc hT40). Furthermore, 

two-way ANOVA revealed a significant main effect of aggregation on the levels of 

monomeric tau [Figure 3.6B; F(1,12) = 14.98, p < 0.05]. The intensity of monomeric tau 

band was reduced by 23% in aggregated O-GlcNAc-modified hT40 when compared to 

unaggregated O-GlcNAc-modified hT40 (t = 3.657, p < 0.05). No difference was observed 

in the monomeric tau signal upon aggregating the unmodified hT40 (t = 1.816, p > 0.05). 

We also assessed the extent to which O-GlcNAc modification affect the monomeric 

and stable multimers bands in hT39 proteins. Two-way ANOVA demonstrated a 

significant main effect of aggregation on the levels of monomeric tau in hT39 proteins 

[Figure 3.6E; F(1,12) = 30.81, p < 0.05]. There was a statistically significant reduction in 

monomeric tau signal upon aggregation regardless of the O-GlcNAc modification status 
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(36% decrease, t = 5.536, p < 0.05 for unmodified hT39; 27.5% decrease, t = 3.314, p < 

0.05 for GlcNAc hT39). Furthermore, two-way ANOVA indicated a significant main effect 

of both aggregation and PTM status on the stable tau multimers [Figure 3.6F; F(1,12) = 

11.67, p < 0.05 for aggregation; F(1, 12) = 25.32, p < 0.05 for PTM]. Despite the increase 

in stable multimers upon aggregating O-GlcNAc modified hT39 (t = 3.107, p < 0.05), post-

hoc analysis confirmed that stable multimers were lower with O-GlcNAc-modified hT39 

proteins in the unaggregated and aggregated samples (72% decrease, t = 4.250, p < 0.05 

for unaggregated samples; 37% decrease, t = 5.505, p < 0.05 for aggregated samples).  
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Figure 3.6. O-GlcNAc modification differentially alters the formation of stable tau 
multimers. 
A, western blot of unaggregated and aggregated hT40 samples probed with Tau5 
antibody. B, quantification of monomeric tau bands in hT40 samples. C, quantification of 
HMW tau bands in hT40 samples. D, western blot of unaggregated and aggregated hT39 
samples probed with Tau5 antibody. E, quantification of monomeric tau bands in hT39 
samples. F, quantification of HMW tau bands in hT39 samples. Abbreviations: O-GlcNAc, 
O-linked-N-acetyl β-d-N-glucosamine; Glc, O-GlcNAcylated; hT40, 2N4R tau isoform; 
hT39, 2N3R tau isoform; unagg, unaggregated; agg, aggregated; Mono, monomer band; 
HMW, high molecular weight band. Data represented as mean ± SD. * p ≤ 0.05; ** p ≤ 
0.01; *** p ≤ 0.001; **** p ≤ 0.0001.     
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O-GlcNAc modification differentially alters the formation of pathological tau conformations 
in vitro  

Several antibodies are available to detect oligomeric tau species, which are linked 

to toxicity and neurodegeneration (Alhadidy & Kanaan, 2024; Castillo-Carranza, Gerson, 

et al., 2014; Patterson et al., 2011; Ward et al., 2013). Oligomeric tau species were 

quantified in unaggregated and aggregated tau samples using sandwich ELISAs with two 

different oligomeric tau antibodies (i.e. TOC1 and TOMA1). Two-way ANOVA 

demonstrated a significant interaction between the PTM and aggregation factors on the 

levels of TOC1-positive oligomeric tau in hT40 samples [F(1, 12) = 13.65, p < 0.05]. Post-

hoc analysis showed an increase in TOC1-positive oligomeric tau in the aggregated 

samples of unmodified and O-GlcNAc modified hT40 relative to their respective 

unaggregated tau proteins (Figure 3.7A, left panel for TOC1; t = 40.09, p < 0.05 for 

unmodified hT40; t = 34.86, p < 0.05 for GlcNAc hT40). In addition, aggregated O-GlcNAc 

modified hT40 showed a small (8%) yet significant reduction in TOC1 signal relative to 

the aggregated unmodified hT40 samples (t = 3.916, p < 0.05). Conducting TOC1 

sandwich ELISA assays with the hT39 protein samples [two-way ANOVA; Interaction: F(1, 

12) = 62.15, p < 0.05] revealed increased TOC1-positive oligomeric tau in the aggregated 

samples of unmodified and O-GlcNAc modified hT39 proteins relative to their respective 

unaggregated samples (Figure 3.7A, right panel; t = 19.66, p < 0.05 for unmodified hT39; 

t = 30.81, p < 0.05 for GlcNAc hT39). In contrast to hT40, aggregated O-GlcNAc modified 

hT39 samples had 45% higher TOC1-positive oligomeric tau relative to the aggregated 

samples of unmodified hT39 (t = 11.02, p < 0.05).  



 

 140 

Then, we assessed the levels of TOMA1-positive oligomeric tau species in the 

unmodified and O-GlcNAc-modified tau samples. Aggregation of unmodified and O-

GlcNAc modified hT40 elicited an increase in the TOMA1 signal when compared to the 

unaggregated samples (Figure 3.7B, left panel; Aggregation factor: F(1, 12) = 62.43, p < 

0.05; t = 6.484, p < 0.05 for unmodified hT40; t = 4.691, p < 0.05 for GlcNAc hT40). The 

same finding was also observed upon the aggregation of unmodified and O-GlcNAc 

modified hT39 proteins, where the TOMA1 signal was increased compared to the 

unaggregated hT39 tau samples (Figure 3.7B, right panel; Aggregation factor: F(1, 12) = 

67.75, p < 0.05; t = 19.66, p < 0.05 for unmodified hT39; t = 30.81, p < 0.05 for GlcNAc 

hT39). Unlike the TOC1 results, no differences were observed between unmodified and 

O-GlcNAc modified hT40 and hT39 proteins in unaggregated and aggregated samples.  

Tau is known to adopt pathological conformations associated with modifications of 

monomeric tau and following multimerization (Alhadidy & Kanaan, 2024; Christensen et 

al., 2023; Hintermayer et al., 2020; Kanaan et al., 2011). Those conformations include 

exposure of the PAD of tau that spans amino acids 2-18 and whose abnormal exposure 

has been linked to dysfunction of axonal transport (Combs et al., 2021; Kanaan et al., 

2011; LaPointe et al., 2009). Another misfolded conformation involves the N-terminus of 

tau coming into close proximity to the microtubule-binding region of tau that is thought to 

happen early in disease and precede tau aggregation (Carmel et al., 1996; Hyman, Van 

Hoesen, et al., 1988; Jicha et al., 1997). 

The extent to which O-GlcNAc modification can influence the adoption of 

pathological conformations was assessed using sandwich ELISA with TNT2 for PAD 

exposure and Alz50 for the misfolding. Regardless of O-GlcNAc modification, aggregated 
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hT40 samples showed higher TNT2 signal compared to the unaggregated samples 

(Figure 3.7C, left panel; Aggregation factor: F(1, 12) = 10007, p < 0.05; t = 70.19, p < 0.05 

for unmodified hT40; t = 71.28, p < 0.05 for GlcNAc hT40). On the other hand, two-way 

ANOVA demonstrated a significant interaction between the PTM and aggregation factors 

on the levels of TNT2 signal in hT39 samples [F(1, 12) = 48.81, p < 0.05]. The TNT2 signal 

was higher in the aggregated hT39 relative to the unaggregated samples regardless of 

their modification status (Figure 3.7C, right panel; t = 13.48, p < 0.05 for unmodified hT39; 

t = 23.36, p < 0.05 for GlcNAc hT39). No differences in TNT2 signal were detected among 

the unaggregated samples of unmodified and O-GlcNAc modified hT39 proteins (t = 

0.06469, p > 0.05). However, the TNT2 signal in the aggregated O-GlcNAc modified hT39 

samples was 60% higher than the aggregated samples of unmodified hT39 (t = 9.945, p 

< 0.05).  

Two-way ANOVA demonstrated a significant interaction between the PTM and 

aggregation factors on the levels of Alz50 signal in both hT40 [F(1, 12) = 6.067, p < 0.05] 

and hT39 [F(1, 12) = 6.067, p < 0.05] samples. Alz50-positive misfolded tau was higher in 

the aggregated hT40 samples relative to the unaggregated samples regardless of the O-

GlcNAc modification (Figure 3.7D, left panel; t = 68.42, p < 0.05 for unmodified hT40; t = 

64.93, p < 0.05 for GlcNAc hT40). Of note, Alz50-positive misfolded conformation was 

significantly increased by 40% in the unaggregated O-GlcNAc modified hT40 relative to 

unmodified hT40 (t = 2.832, p < 0.05). However, no difference was observed in the Alz50 

signal between the aggregated samples of unmodified and O-GlcNAc modified hT40 

proteins (t = 0.6514, p > 0.05).  
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Regardless of the O-GlcNAcylation status of proteins, aggregated hT39 samples 

showed higher Alz50 signal compared to the unaggregated samples (Figure 3.7D, right 

panel; t = 13.33, p < 0.05 for unmodified hT39; t = 24.95, p < 0.05 for GlcNAc hT39). On 

the other hand, aggregated O-GlcNAc modified hT39 showed higher Alz50-positive tau 

relative to unmodified hT39 aggregates (t = 11.19, p < 0.05).  

For all unaggregated and aggregated hT40 and hT39 proteins, total tau levels were 

measured using Tau13 as capture antibody (Figure AII.3). No differences were observed 

in total tau levels across the hT40 or the hT39 samples.   
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Figure 3.7. O-GlcNAc modification of tau alters the formation of pathological 
conformations upon aggregation in vitro. 
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Figure 3.7 (cont’d) 
A, sandwich ELISA assay measuring oligomeric tau in unaggregated and aggregated 
hT40 (left panel) and hT39 (right panel) proteins using TOC1 antibody for capture and R1 
antibody for detection. B, sandwich ELISA assay measuring oligomeric tau in 
unaggregated and aggregated hT40 (left panel) and hT39 (right panel) proteins using 
TOMA1 antibody for capture and R1 antibody for detection. C, sandwich ELISA assay 
measuring PAD exposure in unaggregated and aggregated hT40 (left panel) and hT39 
(right panel) proteins using TNT2 antibody for capture and R1 antibody for detection. D, 
sandwich ELISA assay measuring misfolded tau conformation in unaggregated and 
aggregated hT40 (left panel) and hT39 (right panel) proteins using Alz50 antibody for 
capture and R1 antibody for detection. Abbreviations; O-GlcNAc, O-linked-N-acetyl β-d-
N-glucosamine; Glc, O-GlcNAcylated; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; 
unagg, unaggregated; agg, aggregated; TOC1, tau oligomeric complex 1 antibody; 
TOMA1, oligomer-specific monoclonal antibody; TNT2, tau N-terminal 2 antibody to 
measure PAD exposure; Alz50, misfolded tau conformation antibody; R1, tau rabbit 
polyclonal antibody. Data represented as mean ± SD. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; 
**** p ≤ 0.0001.     

O-GlcNAc modification of tau reduces its seeding capability in tau biosensor cells 

Tau RD P301S biosensor cells were used to determine whether O-GlcNAc 

modification alters hT40 seeding competency. In unaggregated samples, no seeding was 

observed with unmodified or O-GlcNAc-modified hT40 treated cells (Figure 3.8A and B). 

Regardless of the O-GlcNAc modification [two-way ANOVA; Interaction: F(1, 12) = 28.78, 

p < 0.05], the aggregated hT40 samples significantly induced seeding in the cells relative 

to the unaggregated samples (t = 11.13, p < 0.05 for unmodified hT40; t = 3.542, p < 0.05 

for GlcNAc hT40). However, significantly less seeding (65% lower) was observed in the 

cells treated with O-GlcNAc modified hT40 aggregates compared to the aggregates of 

unmodified hT40 (t = 7.546, p < 0.05).  
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Figure 3.8. O-GlcNAc modification of tau reduces its seeding competency in tau 
biosensor cells. 
A, images of tau seeds in cells treated with unaggregated and aggregated hT40 proteins 
(green) along with DAPI staining (blue) as a surrogate for cell count. Scale bar: 200 μm. 
B, quantification of number of seeds per cell in cells treated with unaggregated and 
aggregated hT40 proteins. Abbreviations: O-GlcNAc, O-linked-N-acetyl β-d-N-
glucosamine; Glc, O-GlcNAcylated, 2N4R tau isoform; unagg, unaggregated; agg, 
aggregated; GFP, green fluorescent protein channel (green); DAPI, 4',6-diamidino-2-
phenylindole channel (blue).  * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.     

Discussion 

 PTMs regulate several aspects of tau protein biology including aggregation, 

conformational changes, microtubule binding, degradation, and clearance (Alhadidy & 

Kanaan, 2024; Alquezar et al., 2020). Tau is subject to modification with O-GlcNAc as 

reported in studies utilizing recombinant proteins, cell lines, animal models, and AD brains 

(Liu et al., 2004; Liu et al., 2009; Morris et al., 2015; Yuzwa et al., 2014; Yuzwa et al., 

2008; Yuzwa et al., 2011). O-GlcNAcylation of the longest tau isoform (2N4R isoform, 

hT40) competes with phosphorylation and inhibits formation of filamentous tau 

aggregates (Smet-Nocca et al., 2011; Yuzwa et al., 2008; Yuzwa et al., 2012). The 

previously observed effects of O-GlcNAcylation on tau biology are partially attributed to 
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modifying S400 (Cantrelle et al., 2021; Yuzwa et al., 2014). In this work, we show that tau 

is modified by O-GlcNAcylation on S400 in addition to several novel sites (e.g. T175, 

T181, S422, S427, and S433) (Smet-Nocca et al., 2011; Yuzwa et al., 2011). Of note, O-

GlcNAcylation sites are concentrated within the proline-rich domain (PRD) and C-terminal 

domain of tau (Alhadidy & Kanaan, 2024; El Mammeri et al., 2022). 

As mentioned previously, we observed O-GlcNAc modification at sites not 

previously reported, such as T175, T181, S422, S427, and S433. Similarly, previous MS 

studies identified O-GlcNAc modification at sites that was not identifiable in our study 

such as S208, S238, and T231 (Smet-Nocca et al., 2011; Yuzwa et al., 2011). This 

difference in detectable modification sites is not surprising given the challenging nature 

of detecting O-GlcNAc sites using mass spectrometry (Ma & Hart, 2017). Furthermore, 

variations in recombinant protein preparation, bacterial strains used for co-transformation, 

digestion conditions, and MS detection protocols may explain differences in O-GlcNAc 

sites identified among different studies.    

 Several of the O-GlcNAc modification sites, including the novel sites identified in 

our study, are potentially important in the context of disease because they are 

phosphorylated in tauopathies. For example, phosphorylation at T175 and T181 in the 

PRD of tau increases significantly in multiple tauopathies, such as AD, PiD, and CBD 

(Barthelemy et al., 2019; Ferrer et al., 2014; Jack et al., 2018; Liu et al., 2009; 

Moszczynski et al., 2017; Suarez-Calvet et al., 2020; Wesseling et al., 2020; Xia, Prokop, 

et al., 2021). On the C-terminus of tau, phosphorylation at S422 and the PHF-1 epitope 

(S396/S404) is universally upregulated early in several tauopathies (Ferrer et al., 2014; 

Guillozet-Bongaarts et al., 2006; Guillozet-Bongaarts et al., 2007; Kimura et al., 1996; 
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Mondragon-Rodriguez et al., 2014; Otvos et al., 1994; Vana et al., 2011). It is intriguing 

that reduced O-GlcNAcylation of tau is co-incident with increased phosphorylation at 

S422 and PHF-1 (Liu et al., 2009). Therefore, the relationship between O-GlcNAcylation 

and phosphorylation of these sites warrants further investigation (Cantrelle et al., 2021; 

Yuzwa et al., 2008).  

The functional implications of O-GlcNAc modification of tau are not well studied; 

however, PTMs of tau are known to impact its ability to modulate microtubule dynamics 

and binding (Alonso et al., 1994; Amniai et al., 2009; Black et al., 1996; Breuzard et al., 

2013; Cleveland et al., 1977; Cohen et al., 2011; Haj-Yahya et al., 2020; Weingarten et 

al., 1975). Our results show that the rate and extent of microtubule polymerization did not 

change in the presence of O-GlcNAc-modified tau proteins. In agreement, the Vocadlo 

group published identical results where O-GlcNAcylation of hT40 did not alter microtubule 

polymerization (Yuzwa et al., 2014). On the other hand, tau’s binding to microtubules was 

reduced with O-GlcNAcylation of hT39 and increased with O-GlcNAcylation of hT40. 

These findings suggest that O-GlcNAcylation differentially regulates the binding of tau 

isoforms to microtubules   

The opposite effect on hT40 and hT39 is a novel finding, which may be explained 

by the additional hT39-specific modification of T386 and S396 in fifth microtubule-binding 

repeat of tau (R’). Indeed, a recent study by the Hong group utilized nuclear magnetic 

resonance (NMR) to elucidate the role of tau jaws in binding to microtubules (Gustke et 

al., 1994; Mukrasch et al., 2007; Preuss et al., 1997). NMR spectra indicated that the R’ 

binds to Taxol-stabilized microtubules with an affinity higher than any other microtubule-

binding repeats (El Mammeri et al., 2022). In addition, this interface between microtubules 
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and R’ region is sequestered away from water, likely by the dynamic second proline-rich 

domain (P2) and the first microtubule-binding repeat (R1) (El Mammeri et al., 2022). The 

additional modifications at T386 and S396, along with S400, on R’ of hT39 may disrupt 

the sequestration of the R’ microtubule interface from water by modifying the net charge 

of R’. On the other hand, hT40 has less O-GlcNAc-modified sites at the R’ region but 

relatively more abundant O-GlcNAcylation at S184/S185/S195 and S198/S199 of the P2 

region. The heavier density of O-GlcNAcylation at the P2 region may enhance water 

sequestration of the R’ microtubule interface mediated by the dynamicity of P2 and R1 

regions. Taken together, these findings suggest that O-GlcNAcylation may regulate 

microtubule binding a tau isoform-dependent manner.   

O-GlcNAcylation of tau decreases the extent of tau aggregation (LLS) with a 

reduction in β-sheet containing aggregates (ThS). In addition, TEM demonstrated that O-

GlcNAc modification of hT40 disfavors the formation of long filamentous tau aggregates. 

Corroborating our results, Yuzwa et al. previously reported impeded aggregation and 

reduced the b-sheet content of O-GlcNAcylated full-length tau (Yuzwa et al., 2014). On 

the other hand, the size of globular hT39 increases with O-GlcNAcylation, suggesting this 

modification has an impact on tau multimerization. Additional evidence that O-

GlcNAcylation differentially regulates the multimerization of tau isoforms was the direction 

of change in stable multimers formed upon aggregation (Patterson et al., 2011; Tiernan 

et al., 2016). O-GlcNAc-modified hT40 showed an increase in stable multimers upon 

aggregation comparable to that observed with unmodified hT40. Conversely, the stable 

multimers are reduced both in the unaggregated and aggregated conditions of O-

GlcNAcylated hT39 when compared to unmodified hT39. The slightly increased size of 



 

 149 

multimers formed by O-GlcNAcylated hT39 along with their reduced stability under SDS 

and heat suggests that their conformation is different from the multimers formed by the 

unmodified hT39.  

PTMs are intimately linked to processes associated with tau pathobiology, 

including the adoption of pathological conformations linked to tauopathies (Alhadidy & 

Kanaan, 2024). PAD exposure is a pathological tau conformation that occurs early in AD 

and is linked to dysregulation of axonal transport (Kanaan et al., 2011). The resultant 

hyperactivation of PP1-GSK3β mediates the PAD exposure-induced dysregulation of 

axonal transport (Combs et al., 2021; LaPointe et al., 2009). In our experiments, we 

measured the extent of PAD exposure using the TNT2 antibody (Combs et al., 2016). We 

demonstrated that O-GlcNAc modification of hT39 enhances PAD exposure in 

aggregated conditions. Conversely, no change in the extent of PAD exposure was 

detected upon modifying hT40 with O-GlcNAc. One may predict that O-GlcNAc-modified 

hT39 elicits axonal transport abnormalities like those observed with other PTMs, such as 

phosphorylation at T175 (Hintermayer et al., 2020) and at S199/S202/T205 (Christensen 

et al., 2023). 

In addition, oligomerization of tau is an event detected in early Braak stages 

(starting from stage I) before the development of cognitive symptoms in AD patients 

(Lasagna-Reeves et al., 2012; Maeda et al., 2006). Tau oligomers are linked to several 

disease mechanisms including mitochondrial and synaptic dysfunction (Lasagna-Reeves 

et al., 2011), reduced protein synthesis (Jiang et al., 2021), inhibited long-term 

potentiation (Hill et al., 2019), and memory impairment (Fa et al., 2016). The process of 

tau oligomerization can be modulated by PTMs such as phosphorylation at the S199, 
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S202 and T205 (Kanaan et al., 2020). In our experiments, we measured the abundance 

of oligomeric tau species using TOC1 (Patterson et al., 2011; Ward et al., 2013) and 

TOMA1 antibodies (Castillo-Carranza, Gerson, et al., 2014; Montalbano et al., 2023). O-

GlcNAc modification of hT39 increases the oligomeric tau species in aggregated samples, 

suggesting that this PTM may further exacerbate the dysfunctions associated with hT39 

oligomers. On the other hand, O-GlcNAcylation of hT40 does not alter TOMA1-positive 

tau while slightly reducing the TOC1-positive tau in aggregated hT40 samples. Thus, O-

GlcNAcylation may again show isoform-dependent differences in the adoption of 

oligomeric tau species.  

Relatively recently, the Diamond group and others demonstrated that tau seeding 

may play a role in propagating tau pathology between neurons in the brain and in cell 

models (Holmes et al., 2014; Manca et al., 2023; Woerman et al., 2016). The seeding 

capability of tau is linked to conformational changes that either enhance or impede 

seeding (Dinkel et al., 2011; Falcon et al., 2015) and depends on the two motifs regulating 

tau’s propensity to form β-sheet containing aggregates in R2 (275-VQIINK-280) and R3 

(306-VQIVYK-311) (Chen et al., 2019; Falcon et al., 2015; Rojas Quijano et al., 2006; von 

Bergen et al., 2005). Consistent with reduced β-sheet content in O-GlcNAc modified hT40 

aggregates, we observed a reduced capability of O-GlcNAc modified hT40 to seed 

aggregation in tau biosensor HEK cells. This result suggests that the conformations of 

tau species formed by O-GlcNAc modification do not seed tau aggregation as potently as 

unmodified tau. These results suggest O-GlcNAc modification may be protective against 

the formation of seed competent tau species. Unfortunately, a cell line that effectively 
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assess hT39 seeding was not available for testing; thus, the impact of O-GlcNAc 

modification on 3R tau seeding remains unknown.   

Early in disease, tau assumes a misfolded conformation in tauopathies that 

involves the N-terminus of tau folding over its microtubule-binding region and is thought 

to precede the formation of filamentous tau aggregates (Carmel et al., 1996). This 

misfolded conformation is detected with the Alz50 and MC1 antibodies originally 

developed against paired helical filaments isolated from AD (Jicha et al., 1997; Wolozin 

et al., 1986). Nonetheless, these misfolded tau conformations are detectable in 

tauopathies other than AD, such as CBD, PiD, and progressive supranuclear palsy 

(Ferrer et al., 2014). Our results showed that O-GlcNAc modification of hT39 increases 

the Alz50 conformation in aggregated hT39 samples. This finding suggests that O-

GlcNAc modification may increase the propensity of hT39 to adopt aggregation-prone 

conformations. In fact, our TEM data suggests that O-GlcNAcylated hT39 tend to grow 

into globular aggregates that are slightly larger in size when compared to those formed 

by the unmodified hT39 protein. O-GlcNAcylation of hT40 did not alter the extent of Alz50 

conformation formed, suggesting isoform-dependent differences exist with this 

conformation as well.  

Collectively, our findings add to the growing body of literature showing that an 

enzymatic or non-enzymatic PTM may differentially regulate the 4R and 3R tau isoforms 

(Chakraborty et al., 2023; Combs et al., 2011; Liu et al., 2016; Voss & Gamblin, 2009). 

For example, enzyme-mediated acetylation inhibits the aggregation of 2N4R tau isoform 

but increases the aggregation of the 0N3R isoform (Chakraborty et al., 2023). In addition, 
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nonenzymatic glycation enhances aggregation of the 2N4R tau isoform but inhibits 

aggregation of the 1N3R isoform (Liu et al., 2016). 

The effects O-GlcNAcylation has on the different tau isoforms highlights important 

considerations for testing OGA inhibitors in animal models and clinical trials. OGA 

inhibitors were tested for their utility in treating tauopathies using animal models that 

express only 4R human tau isoforms (Graham et al., 2014; Hastings et al., 2017; 

Permanne et al., 2022; Wang et al., 2020). Animal studies suggested that OGA inhibitors 

are beneficial in reducing tangle pathology; hence, they were advanced in the clinical trial 

pipeline for AD (Bartolome-Nebreda et al., 2021; Congdon et al., 2023; Lane-Donovan & 

Boxer, 2024). However, AD pathology is composed of both 4R and 3R proteins, and other 

tauopathies show differences in their tau isoform composition to include only 3R tau (e.g. 

PiD) (Gotz et al., 2019). It would be beneficial to test OGA inhibitors in mouse models 

that express 3R tau isoforms, such as mThy-1 3R Tau, as well as 4R tau isoforms 

(Rockenstein et al., 2015). Given the differential regulation of tau isoforms by O-

GlcNAcylation, it is plausible that OGA inhibitors also differentially affect the tauopathy 

phenotype in mice expressing 4R versus 3R tau isoforms.  

In summary, we report novel O-GlcNAc modification sites on the hT40 and hT39 

isoforms of tau. O-GlcNAcylation affects several aspects of the pathobiology of tau in 

isoform-dependent manner. For hT40, O-GlcNAcylation increases microtubule-binding, 

decreases the filamentous and β-sheet containing aggregates, and inhibits tau seeding 

without altering the formation of pathological tau conformations (e.g. oligomerization and 

PAD exposure). For hT39, O-GlcNAcylation decreases microtubule-binding, decreases 

β-sheet containing aggregates, and markedly enhances the formation of pathological tau 
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conformations (e.g. oligomerization and PAD exposure). Further studies in animal models 

and results from clinical trials will provide further insights into the role played by O-

GlcNAcylation in contributing to or mitigating tauopathies (Bartolome-Nebreda et al., 

2021; Congdon et al., 2023; Lane-Donovan & Boxer, 2024). 
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CHAPTER 4: SUMOYLATION REDUCES KNOWN PATHOLOGICAL 
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Abstract 

 Tauopathies are neurodegenerative diseases characterized by the accumulation 

of intracellular tau inclusions in the brain. Several studies suggest that the filamentous 

neuronal and glial inclusions of tau may not be the most toxic species of tau in disease. 

Indeed, multiple non-filamentous conformational changes of tau protein can contribute to 

toxicity and neurodegeneration in tauopathies, such as oligomerization, misfolding, and 

aberrant exposure of the phosphatase-activating domain located in the far N-terminus. 

Known factors that drive the adoption of pathological tau conformations include 

mutations, protein-protein interactions, and post-translational modifications (PTMs). The 

most studied PTMs of tau are phosphorylation and acetylation, but other less commonly 

studied PTMs of tau were reported; their role in regulating tau pathobiology has not 

received the same attention. SUMOylation is an under-studied PTM of tau that involves 

incorporating small ubiquitin-like modifier (SUMO) isoforms onto its lysine residues. 

SUMOylation colocalizes with tau aggregates in Alzheimer’s disease (AD) and 

progressive supranuclear palsy. Furthermore, enhancing tau SUMOylation mutually 

increases its phosphorylation, reciprocally decreases its ubiquitination, and inhibits tau 

clearance. The impact SUMOylation has on the development of pathological tau 

conformations is not known. Furthermore, the longest tau isoform containing all four 

microtubule-binding repeats, the 2N4R isoform, is the primary subject of prior studies on 

tau SUMOylation. Other isoforms of tau carry only three microtubule-binding repeats, and 

they comprise tau aggregates in tauopathies such as AD, chronic traumatic 

encephalopathy and Pick’s disease. Therefore, we set out to determine the impact of 

SUMOylation on development of pathological tau conformations formed by the longest 
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4R and 3R tau isoforms (hT40 and hT39, respectively) using recombinant proteins. Mass 

spectrometry indicated that tau is modified by SUMOylation on multiple lysine residues 

mainly concentrated within the microtubule-binding region. We also found that SUMO1 

and SUMO2 modification of both tau isoforms significantly impedes microtubule 

polymerization and their ability to bind microtubules. SUMO1- and SUMO2-modified hT40 

aggregation is reduced and shifts from being both globular and filamentous aggregates 

(with unmodified tau) to predominantly globular structures. Furthermore, several 

pathological conformations of hT40 are reduced upon SUMOylation (SUMO1 and 

SUMO2) except for a subset of oligomeric tau species that are increased specifically with 

SUMO2 modification. On the other hand, aggregates of SUMO1- and SUMO2-modified 

hT39 comprise mainly globular aggregates (like unmodified hT39) and pathological tau 

conformations are reduced with both SUMO isoforms. Finally, SUMO1 and SUMO2 hT40 

aggregates do not promote seeding in tau biosensor cells. Taken together, our data 

suggests that SUMOylation of tau disrupts tau-mediated microtubule regulation, favors 

formation of globular tau aggregates over filamentous aggregates, and largely reduces 

adoption of pathological tau conformations. Our findings warrant further investigation of 

tau SUMOylation in human disease and in vivo models of tauopathies to assess its role 

in disease pathogenesis and potential therapeutic avenues.   

 

 



 

 157 

Introduction 

Tauopathies, such as Alzheimer’s disease (AD), represent a heterogenous group 

of neurodegenerative disorders characterized by the intracellular accumulation of 

abnormal tau protein (Gotz et al., 2019). Intracellular tau inclusions are primarily within 

neurons in some tauopathies [e.g. AD and Pick’s disease (PiD)], or within both neuronal 

and glial cells in others [e.g. chronic traumatic encephalopathy (CTE), corticobasal 

degeneration (CBD), and progressive supranuclear palsy (PSP)] (Cherry et al., 2021; 

Kneynsberg et al., 2017). Moreover, tau aggregates are comprised of isoforms containing 

three microtubule-binding repeats (3R) of tau (e.g. PiD), isoforms containing four 

microtubule-binding repeats (4R) of tau (e.g. CBD and PSP), or both the 3R and 4R tau 

isoforms (e.g. AD and CTE) (Cherry et al., 2021; Gotz et al., 2019; Kneynsberg et al., 

2017). Despite their heterogeneity, tauopathies share some common pathological 

features, such as synaptic loss, axonal degeneration, and neuroinflammation (Caamano-

Moreno & Gargini, 2023; Kneynsberg et al., 2017; Langworth-Green et al., 2023). 

A growing body of literature suggests that common mechanisms of conformational 

changes and toxicity of tau, other than filamentous aggregates, are implicated early in 

disease development (Alhadidy & Kanaan, 2024; Combs et al., 2016; Garcia-Sierra et al., 

2003; Lasagna-Reeves et al., 2012; Mroczko et al., 2019; Niewiadomska et al., 2021; 

Patterson et al., 2011; Weaver et al., 2000). A prominent example of such conformations 

that occur early during the deposition of pathological tau is oligomerization (Cox et al., 

2016; Kanaan et al., 2016; Lasagna-Reeves et al., 2012; Patterson et al., 2011). Tau 

oligomers are linked to neurodegeneration and cellular dysfunction, such as disruption of 

intracellular transport, impairment of protein degradation, synaptic dysfunction, and 
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dysregulating cellular bioenergetics (Niewiadomska et al., 2021). Certain post-

translational modifications (PTMs) and tau mutations may facilitate the oligomerization of 

tau (e.g. pS199/pS202/pT205 and P301L, respectively), potentially facilitating tau liquid-

liquid phase separation without inducing filamentous tau aggregation (Boyko & Surewicz, 

2022; Kanaan et al., 2020). 

The second example of a conformational change linked to oligomerization is 

exposure of the phosphatase-activating domain (PAD) in the extreme N-terminus of tau 

(Kanaan et al., 2011). PAD spans amino acids 2-18 and becomes abnormally exposed in 

tauopathies (Combs & Kanaan, 2017; Cox et al., 2016; Kanaan et al., 2016; Kanaan et 

al., 2011). Like oligomerization, excessive PAD exposure is induced by some PTMs (e.g. 

pT175 and pS199/pS202/pT205) and mutations (e.g. P301L) of tau, thereby activating a 

signaling pathway involving protein phosphatase 1 (PP1) and glycogen synthase kinase 

3 β (GSK3β) (Christensen et al., 2023; Combs et al., 2021; Hintermayer et al., 2020; 

Kanaan et al., 2011). Disrupted regulation of the PP1-GSK3β eventually culminates into 

aberrant phosphorylation of motor proteins (e.g. kinesin-1 motor complex) leading to 

premature cargo release and dysregulated axonal transport (Morris & Brady, 2022; 

Mueller et al., 2021).  

Tau pathology propagates from one brain region to another in a way unique to 

each tauopathy (Zhang et al., 2022). This process entails tau first transferring from a cell 

to another followed by seeding of tau pathology in the recipient cell (Clavaguera et al., 

2009; de Calignon et al., 2012; Fu et al., 2016; Liu et al., 2012). More recently, the 

Diamond group proposed that tau assumes two conformational ensembles in tauopathies 

that have different ability to seed aggregation (Mirbaha et al., 2018; Mirbaha et al., 2022; 
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Sharma et al., 2018). The seeding-competent conformation is dependent upon the 

aggregation prone motifs of tau spanning amino acids 275-VQIINK-280 and 306-

VQIVYK-311 (Chen et al., 2019; Falcon et al., 2015). Factors driving the formation of 

seeding-competent conformation ensembles is an active area of investigation, but PTMs 

(e.g. acetylation) and mutations (e.g. S320F) of tau likely play an important role (Chen et 

al., 2023; Tseng et al., 2021). 

In a soluble state, tau is described as an “unfolded” protein that transiently 

assumes a global hairpin folds under native conditions (Jeganathan et al., 2006). The 

global hairpin conformation, also known as the paperclip conformation, is formed by the 

folding of tau’s C-terminus near the microtubule-binding region, and the N-terminus of tau 

folding over the C-terminus (Abraha et al., 2000; Jeganathan et al., 2006). Early during 

pathological tau aggregation, tau assumes a conformation different from the paperclip 

where the N-terminus of tau directly folds over the microtubule-binding region. This third 

conformational change is thought to represent a critical checkpoint along the path of tau 

aggregation, and it is detected by the Alz50 and MC1 antibodies (Carmel et al., 1996; 

Jicha et al., 1997; Ksiezak-Reding et al., 1988). Taken together, accumulating evidence 

posits similar events of conformational changes and toxicity of tau regulated by tau PTMs 

and mutations among many other factors. 

SUMOylation is a lysine directed PTM that involves covalently linking cellular 

proteins with small ubiquitin-like modifier (SUMO) protein (Mahajan et al., 1997; Matunis 

et al., 1996). Mammalian cells express at least three isoforms of SUMO protein: SUMO1, 

SUMO2, and SUMO3 (Acuna et al., 2023; Komiya et al., 2017). SUMO2 and 3 are highly 

homologous sharing more than 90% of protein sequence (usually grouped as SUMO2/3), 
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whereas SUMO1 shows only 50% structural homology to SUMO2/3 (Suk et al., 2023). 

Analogous to the ubiquitination machinery, SUMOylation machinery features an 

activating enzyme (E1), a conjugating enzyme (E2), and a ligase (E3) (Seeler & Dejean, 

2003). Moreover, SUMOylation of proteins is a dynamic and reversible process that 

recycles SUMO and is regulated also by the activity of SUMO proteases (SUMO/sentrin-

specific proteases, SENPs) (Kumar & Zhang, 2015). The E1 enzyme comprises a 

heterodimer composed of SUMO-activating enzyme subunits 1 and 2 (SAE1 and SAE2) 

that utilizes adenosine triphosphate (ATP) to activate SUMO chains (Celen & Sahin, 

2020; Desterro et al., 1999; E. S. Johnson et al., 1997). Unlike ubiquitination, the E2 

enzyme for SUMOylation (ubiquitin-conjugating enzyme 9, Ubc9) can perform the role of 

E3 ligase along with its main conjugating function (Celen & Sahin, 2020; Giraud et al., 

1998; Johnson & Blobel, 1997).  

Interestingly, the SUMOylation pathway regulates a multitude of cellular functions 

(Wilkinson et al., 2010) including the same processes adversely affected in tauopathies 

such as synaptic function (Colnaghi et al., 2019; Henley et al., 2014; Matsuzaki et al., 

2015; Schorova & Martin, 2016), axonal transport (Chen et al., 2018; van Niekerk et al., 

2007), and immune responses (Mao et al., 2022; Wang et al., 2021). Indeed, several 

studies points to a dysregulated SUMO pathway in neurodegenerative disorders including 

AD (Dorval & Fraser, 2007; Lee et al., 2013). GWAS studies in AD brains identified single 

nucleotide polymorphisms (SNPs) in a homolog of SAE2 along with the UBE2I gene 

encoding the E2 enzyme Ubc9 (Ahn et al., 2009; Corneveaux et al., 2010; Grupe et al., 

2007). In addition, the SUMO protease SENP3 is downregulated in late onset AD relative 

to nondemented controls (Weeraratna et al., 2007). Taken together, these findings 
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instigated an interest in targeting SUMOylation pathways as a therapeutic approach for 

AD and other tauopathies (Mandel & Agarwal, 2022). 

In addition to potentially regulating neuronal functions in tauopathies, SUMOylation 

also directly labels tau protein on its lysine residues (Dorval & Fraser, 2006). Supporting 

this notion is the finding that aggregates of phosphorylated tau (labelled with the AT8 

phospho-tau antibody) colocalize with SUMO1 labelling in the cortical neurons of AD 

patients but not in control subjects (Luo et al., 2014). Similarly, phosphorylated (AT8) 4R 

tau aggregates colocalize with SUMO1 staining in both neuronal and glial cells of PSP 

patients but not in control subjects (Takamura et al., 2022). On the contrary, 

phosphorylated tau did not colocalize with SUMO2/3 staining in PSP (Takamura et al., 

2022). Furthermore, a previous report shows that modification of proteins by SUMO1 is 

unaltered but by SUMO2/3 is lower in AD patients relative to controls (Lee et al., 2014). 

These findings suggest that tau is preferentially modified by SUMO1 compared to 

SUMO2/3 in tauopathies due to a global downregulation of protein modification by 

SUMO2/3. However, it could also be that tau is inherently more susceptible to 

modification with SUMO1 compared to SUMO2 as posited by in vitro studies (Dorval & 

Fraser, 2006).  

Studies in cell lines showed an interplay between tau SUMOylation and other 

PTMs, especially ubiquitination and phosphorylation (Dorval & Fraser, 2006; Luo et al., 

2014). Enhancing ubiquitination levels of tau by inhibiting proteasomal degradation (by 

MG132) reduced tau SUMOylation (Dorval & Fraser, 2006). On the other hand, increasing 

tau SUMOylation by overexpressing SUMO1 decreased tau ubiquitination, reduced tau 

degradation, increased tau phosphorylation at disease-relevant sites (i.e. pT205, pT231, 
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pS396, pS404), and increased tau aggregation (Dorval & Fraser, 2006; Luo et al., 2014). 

Similarly, increasing tau phosphorylation by okadaic acid (a phosphatase inhibitor) led to 

an increase in tau SUMOylation (Dorval & Fraser, 2006; Luo et al., 2014). Apart from the 

interplay between SUMOylation and other PTMs, our knowledge of the direct effects 

SUMOylation has on tau biology, such as microtubule dynamics, tau aggregation, and 

formation of pathological tau conformations, remains to be elucidated.  

Herein, we describe a method to produce recombinant SUMO-modified 2N4R and 

2N3R tau isoforms (unmodified, SUMO1-, and SUMO2-modified) in bacterial cells by co-

transformation. Then, a set of biochemical and biophysical assays were employed to 

determine the impact SUMOylation has on microtubule polymerization/binding as well as 

tau aggregation and adoption of its pathological conformations. Our results suggest that 

SUMOylation markedly reduces tau’s ability to stimulate microtubule polymerization and 

bind microtubules in vitro. In addition, SUMOylation of tau reduces multimerization into 

filamentous aggregates and adoption of pathological conformations. Therefore, 

evaluating the effects of tau SUMOylation in vivo is warranted to further characterize the 

effects of SUMOylation within the context of tauopathies.   

Materials and Methods 

Cloning of tobacco etch virus (TEV) protease cleavage site in pSUMO1 and pSUMO2 

Plasmids containing the SUMOylation machinery (i.e. SAE1, SAE2, Ubc9) along 

with either SUMO1 (pSUMO1, Addgene, #52258) and SUMO2 (pSUMO2, Addgene, 

#52259) proteins were a gift from Primo Schär laboratory (Weber et al., 2014). SUMO1 

and SUMO2 proteins are tagged on their N-termini with 6X histidine tag cleavable with 

thrombin. Tau is subject to proteolytic cleavage by thrombin (Arai et al., 2005); thus, we 
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replaced thrombin cleavage site (QDLVPR/M) with TEV protease cleavage site 

(ENLYFQ/M) in both plasmids (see below for details of recombinant tau purification). First, 

the fragment of DNA in pSUMO plasmids between MluI and SphI (contains thrombin 

cleavage site) was amplified by polymerase chain reaction (PCR) using the Platinum PCR 

Supermix High Fildelity (Invitrogen, #12532016): 

Forward primer 1: ACGCGTTGCGCGAGAAGATT (MluI site underlined) 

Reverse primer 1: GCATGCAAAAAACCCCTCAAGAC (SphI site underlined)  

The PCR product was subjected to A tailing using native Taq polymerase 

(Invitrogen, #18038-042) followed by ligation into the pCR2.1-TOPO backbone using 

TOPO TA cloning (Invitrogen, #450640). The sequence of the amplified fragment was 

confirmed using Sanger sequencing with the M13F and M13R primers. Then, site-

directed mutagenesis (Agilent, #210518) was conducted in two steps: mutation of QD to 

EN and mutation of VPR to YFQ. The first site-directed mutagenesis reaction (QD to EN) 

was conducted using the following primer set at an annealing temperature of 61 °C: 

Forward primer 2: CACCATCATCACCACAGCGAGAACCTGGTTCCGCGTATGTCTG 

Reverse primer 2: CAGACATACGCGGAACCAGGTTCTCGCTGTGGTGATGATGGTG 

Successful mutagenesis was confirmed by sanger sequencing using M13F and 

M13R primers. Then, the second site-directed mutagenesis reaction (VPR to YFQ) was 

conducted using the following primer set at an annealing temperature of 66 °C: 

Forward primer 3: CACCACAGCGAGAACCTGTACTTCCAGATGTCTGACCAGGAGGC 

Reverse primer 3: GCCTCCTGGTCAGACATCTGGAAGTACAGGTTCTCGCTGTGGTG 

Successful mutagenesis was confirmed by sanger sequencing M13F and M13R 

primers. pCR2.1-TOPO plasmid carrying the TEV protease cleavage site was digested 
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with MluI (Thermo, #FD0564) and SphI (also called PaeI, Thermo, #FD0604), ran on 1% 

agarose gel (Biorad, #1613101), and the TEV protease fragment was extracted using 

GeneJET Gel Extraction Kit (Thermo, #K0691). In parallel, the pSUMO1 and pSUMO2 

plasmids were digested with the same enzymes, run on an agarose gel, and the linearized 

plasmid vector band extracted. Digested plasmid vector and TEV protease insert 

fragments were then ligated using the T4 enzyme (Thermo, #EL0011). The ligation 

product was used to transform XL10-gold Ultracompetent Cells (Agilent, #200315) before 

plating the competent cells onto agar plates (Fischer Bioreagents, #BP1423-500) 

supplemented with streptomycin at 50µg/ml (Sigma, #S9137). Colonies were picked from 

the agar plate, followed by shaking (250 RPM) in Luria Broth (LB; Fischer Bioreagents, 

#BP1426-2) at 37 °C overnight. On the following day, DNA plasmid was extracted from 

bacterial cultures using QIAprep Spin Miniprep Kit (Qiagen, #27104). Extracted plasmids 

were sent for sanger sequencing to ensure successful cloning. 

Insertion of 6X his tag in tau C-Halo constructs 

SUMOylated tau proteins were purified from bacterial cells co-transformed with C-

Halo tagged tau along with N-His tagged SUMO1 or SUMO2 proteins (see below for 

details of recombinant tau purification). To produce and purify unmodified tau proteins, 

we modified the tau C-Halo constructs to also include a 6X His tag on the Halo tag (C-

HaloHis). We employed overlap extension PCR to amplify the Halo tag region while 

introducing 6X His tag to the C-terminus of Halo tag (Heckman & Pease, 2007). The outer 

primers (primers a and d) were designed to carry restriction sites for KpnI (forward primer) 

and PsiI (reverse primer) to clone the modified HaloHis fragment back into tau C-Halo 

constructs: 
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Primer a: GTTTGGGTACCGAGCCAACCA (KpnI site underlined) 

Primer b: GTGATGATGATGATGATGACCGGAAATCTCCAGAGTAGAC  

(His tag bolded) 

Primer c: CATCATCATCATCATCACTAATAGAATTGGCATGCAAGCTGAT  

(His tag bolded) 

Primer d: CAGCTTATAATGGTTACAAATAAAGCAATAGCATCAC (PsiI site underlined) 

The first round of PCR (PCR Supermix High Fildelity, Invitrogen, #12532016) 

involved setting up two reactions with the same template (Tau C-Halo) along with two 

different primer sets: primers a and b; primers c and d. Successful amplification of the AB 

and CD fragments was confirmed by running the PCR products on 1% agarose gel. Then, 

the AB and CD fragments were extracted from agarose gel using GeneJET Gel Extraction 

Kit (Thermo, #K0691). Concentrations of the two fragments were determined using 

NanoDrop 2000 spectrophotometer (Thermo, #ND-2000).  

The second round of PCR utilized the AB and CD fragments (50ng each for a total 

of 100ng DNA in the reaction) along with primers a and d (the outer primers). To ensure 

successful amplification of the final AD fragment, product of the second round of PCR 

was run on 1% agarose gel, followed by gel extraction. The PCR product was subjected 

to A tailing using native Taq polymerase (Invitrogen, #18038-042) followed by ligation into 

the pCR2.1-TOPO backbone using TOPO TA cloning (Invitrogen, #450640). Sequence 

of the amplified fragment containing the inserted 6X His tag (C-HaloHis) was confirmed 

using Sanger sequencing with M13F and M13R primers. 

 At the final stage of cloning, the pCR2.1-TOPO plasmid containing the C-HaloHis 

fragment was digested with KpnI (Thermo, #FD0524) and PsiI (Thermo, #FD2064). In 

parallel, the tau C-Halo plasmids were digested with the same enzymes, ran on agarose 
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gel, and the plasmid vector band extracted. Digested vector and C-HaloHis fragment were 

then ligated using the T4 enzyme (Thermo, #EL0011). The ligation product was used to 

transform XL10-gold Ultracompetent Cells (Agilent, #200315) before plating the 

competent cells onto agar plates (Fischer Bioreagents, #BP1423-500) supplemented with 

Ampicillin at 100 µg/ml (Sigma, #A0166). Colonies were picked from the agar plate, 

followed by shaking (250 RPM) in Luria Broth (Fischer Bioreagents, #BP1426-2) at 37 °C 

overnight. On the following day, DNA plasmids were extracted from bacterial cultures 

using QIAprep Spin Miniprep Kit (Qiagen, #27104). Extracted plasmids were sent for 

sanger sequencing to ensure successful cloning.  

Purification of recombinant unmodified, SUMO1-, and SUMO2-modified tau proteins 

An illustration of the conceptual framework for the production and purification of 

SUMO-modified tau proteins is depicted in Figure AIII.1. Recombinant tau proteins were 

prepared by co-transforming BL21 bacteria (NEB, #C2527H) with two plasmids: a plasmid 

expressing C-Halo tagged tau under the T7 promoter and either the pSUMO1 or pSUMO2 

plasmids. Purification procedure for SUMO-modified tau proteins was performed using 

4L LB cultures grown in the presence of ampicillin (50 μg/ml) and streptomycin (25 μg/ml) 

as selection markers. Unmodified tau proteins were grown in the same way with the 

exception that streptomycin was excluded from LB. Moreover, bacterial cells were only 

transformed with tau plasmids to produce unmodified tau proteins (i.e. tau C-Halo 

constructs) in the presence of ampicillin at 100 μg/ml.  

Bacterial pellets were lysed using Buffer A (0.5 M NaCl, 10 mM Tris, and 5 mM 

Imidazole, pH 8) in the presence of protease inhibitors [10 μg/mL pepstatin (Fisher 

Scientific, Pittsburgh, PA, BP267125), 10 μg/mL leupeptin (Sigma-Aldrich, St. Louis, MO, 
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L2884), 10 μg/mL bestatin (Sigma, 10874515001), 10 μg/mL aprotinin (Sigma, A6279), 

and 1 mM PMSF (Sigma-Aldrich, 78830)] (Combs et al., 2017). Bacterial lysates were 

subjected to centrifugation at 107,377 RCF for 45 min at 4°C using a Type 70 Ti rotor 

(Beckman Coulter, #337922). Cleared supernatant was then processed through heavy 

metal affinity chromatography using a 5ml HiTrap Talon crude column (Cytiva, 

#28953767) as described previously (Combs et al., 2017). The eluted fractions 

(containing only SUMOylated proteins, including tau) were concentrated to less than 15 

ml (conc talon 1) using 30K MWCO membrane (Millipore, #UFC903024). Then, conc 

talon 1 was subsequently desalted through HiPrep 26/10 desalting column (Cytiva, 

#17508701) to fully buffer exchange the samples into HaloLink buffer [50 mM Tris.HCl, 

pH 8.5; 150 mM NaCl; 1 mM Dithiothreitol (DTT)] using fast protein liquid chromatography 

(FPLC). Desalting column was equilibrated with 5 column volumes (CVs) of HaloLink 

buffer, then protein samples were injected and eluted in 1 CV of HaloLink buffer at a flow 

rate of 5 ml/min (denoted as desalted sample 1 and pre HaloLink sample). Volume of 

desalted sample 1 ranged from 25-30 ml, then it was subjected to the HaloLink purification 

protocol. 

HaloLink resin (Promega, #G1915) was resuspended by vortexing for 30 seconds, 

followed by transferring 20 ml of the resuspended resin to 50 ml conical tube. The resin 

was pelleted by centrifugation at 5,000 RCF for 5 minutes, followed by discarding the 

supernatant. The pellet was then resuspended in 30 ml of HaloLink buffer and rotated on 

a tube revolver for 5 minutes at room temperature. Resin was pelleted by centrifugation 

as described above (wash 1). Two more washes (total of 3 washes) were performed as 

described above, and the resin was kept in the final wash until the desalted sample 1 was 
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ready for further purification. HaloLink resin was pelleted after wash 3 by centrifugation 

followed by adding desalted sample 1 and rotating the tube using tube revolver at room 

temperature for 3 hours. Tau-bound HaloLink resin was pelleted by centrifugation at 5,000 

RCF for 5 minutes, and the supernatant was collected (post HaloLink sample). Following 

the washing protocol used at the beginning of HaloLink procedure, the resin pellet was 

washed 4 times with HaloLink buffer supplemented with NP-40 (Sigma, #NP40S) at 0.1%. 

Supernatant from washes 1 and 4 was saved to determine the efficiency of the purification 

procedure. Finally, the resin was resuspended in 4 ml of HaloLink elution buffer (HaloLink 

buffer supplemented with 0.5 mM EDTA), to which a combination of two TEV protease 

enzymes was added: 900 units of TEV Protease (NEB, #P8112S) and 600 units of 

ProTEV Plus (Promega, #V6101). We used a combination of 2 TEV proteases because 

we empirically determined that NEB TEV protease cleaves better at ENLYFQM (to cleave 

his tag off the N-terminus of SUMO1 or SUMO2), while Promega ProTEV Plus cleaves 

better at ENLYFQS (to cleave Halo tag off the C-terminus of tau). Elution was conducted 

overnight at 4°C using a tube revolver. On the following day, the resin was pelleted by 

centrifugation at 10,000 RCF for 5 minutes. Supernatant from HaloLink elution was 

carefully collected, and the resin was resuspended again in 4 ml of HaloLink elution buffer 

to collect any residual tau. Resuspended resin was pelleted again as described above, 

and the two supernatants from the HaloLink elution were pooled and used for further 

purification.  

HaloLink eluate was subsequently desalted through HiPrep 26/10 desalting 

column to fully buffer exchange the samples into Buffer A. Desalting column was 

equilibrated with 5 CVs of Buffer A, then HaloLink eluate was injected and eluted in 1 CV 
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of Buffer A at a flow rate of 5 ml/min (denoted as desalted sample 2). Volume of desalted 

sample 1 ranged from 20-25 ml, then it was subjected to heavy metal affinity 

chromatography to remove the two TEV protease enzymes (both enzymes are labelled 

with His tag on their N-termini).  

Heavy metal affinity chromatography using a 5 ml HiTrap Talon crude column was 

conducted as described previously (Combs et al., 2017). Flow-through fractions 

containing purified tau were concentrated using 30K MWCO membrane to a 

concentration of 2-4 mg/ml and supplemented with 1 mM DTT. Purified tau proteins were 

aliquoted and frozen at -80 °C, and their final concentrations were determined using the 

SDS-Lowry method as described previously in (Combs et al., 2017). The following 

molecular weights were used to calculate the molarity of recombinant tau preparations: 

hT40, 47232 Da; SUMO1-modifed hT40, 58347 Da; SUMO2-modifed hT40, 57823 Da; 

hT39, 43985 Da; SUMO1-modifed hT39, 55100 Da; SUMO2-modifed hT39, 54576 Da. 

Western blot validation of recombinant tau proteins 

To confirm the SUMOylation status of recombinant tau proteins, proteins were 

loaded on 4-20% Novex tris-glycine gels (Invitrogen, #WXP42020BOX) and run at 225 V 

for 45 minutes, followed by transfer on nitrocellulose membrane using the Biorad wet 

transfer system at 40 mAmp for 50 minutes. The membrane was then blocked with 2% 

non-fat dry milk (NFDM) in 1X tris buffer saline (TBS) for 1 hour at room temperature 

followed by incubation in primary antibodies in 2% NFDM overnight at 4 °C. Primary 

antibodies used were Tau5 (Nicholas M. Kanaan at Michigan State University, RRID: 

AB_2721194) at 1:100,000 (Carmel et al., 1996; LoPresti et al., 1995; Porzig et al., 2007), 

SUMO1 Mouse Monoclonal IgG2b (Cytoskeleton, #ASM01, RRID: AB_2884966) at 
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1:2,000, and SUMO2 Mouse Monoclonal IgG2a (Cytoskeleton, #ASM23, RRID: 

AB_2884967) at 1:500. The following day, the blot was washed 3 times (5 minutes each) 

with 1X TBS supplemented with 0.1% Tween 20 (TBS-T 0.1%). Then, secondary 

antibodies were diluted at 1:20,000 in 2% NFDM and incubated with the membranes for 

1 hour at room temperature. The secondary antibodies were goat anti-mouse IgG1 680 

(LI-COR Biosciences, #926-68050, RRID: AB_2783642), goat anti-mouse IgG2a 800 (LI-

COR Biosciences, #926-32351, RRID: AB_2782998), and goat anti-mouse IgG2b 800 

(LI-COR Biosciences, #926-32352, RRID: AB_2782999). The blot was washed 3 times 

(5 minutes each) with TBS-T 0.1%, followed by imaging with LI-COR Odyssey classic 

imager. Image Studio Lite Ver 5.2 were used to visualize protein bands verifying the 

modification status of tau.  

Recombinant tau protein preparation for tandem mass spectrometry 

Unmodified, SUMO1-, and SUMO2-modified tau proteins were digested using a 

combination of Asp-N (Promega, #V1621) and rLysC (Promega, #V167A). First, each 

recombinant tau protein sample (3 µg) was subjected to 5 rounds of buffer exchange with 

25 mM ammonium bicarbonate (AmBic) pH 8 using 0.5 ml Amicon filter with 3K MWCO 

(15,000 RCF for 10 minutes; Millipore, #UFC500396). Then, recombinant tau proteins 

were recovered from the filter by centrifugation at 15,000 RCF for 2 minutes and vacuum 

dried using a Vacufuge. The dried pellets of recombinant tau proteins were reconstituted 

in 50 µl of digestion buffer [12.5 mM AmBic pH 8 + acetonitrile (ACN) 50%] and incubated 

at 37 °C for 16-18 hours with Asp-N (150 ng of enzyme). The following day, digested 

protein samples were subjected to vacuum drying and stored at 4 °C until the second 

digestion was initiated. Lys-C (500 ng of enzyme) was added and incubated at 37 °C for 
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16-18 hours. The following day, digested protein samples were subjected to vacuum 

drying and stored at -20 °C until running on mass spectrometry (MS). 

Tandem MS of recombinant tau proteins 

 Samples were analyzed using a Vanquish Neo nanoHPLC system interfaced to a 

Thermo Scientific Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific). One μg 

of each digested sample was injected and desalted an AccalaimTM PepMapTM C18 

Nano trap column (3 μm, 100 Å, 75 μm × 2cm) at 3 μL/min with 100% Solvent A (0.1% 

formic acid in HPLC water) for 5 min. The trapped peptides were then separated with an 

Ion Opticks Aurora Ultimate TS C18 nano column (1.7 μm, 120 Å, 75 μm × 250 mm) using 

a linear gradient of 5.0–42.0% solvent B (80% ACN, 0.1% formic acid) over 60 min. Flow 

rate was 250 nl/min and temperature was 40 °C. A wash at 100% B for 7 min followed by 

system equilibration at 1.0 % B for 5 min was completed before each injection. Data 

dependent MS analysis was carried out with a duty cycle of 3 s. Precursor masses were 

detected in the orbitrap at resolution (R) = 120,000 (at m/z 200) with a lock mass of 

445.1200. Data-dependent mass spectrometric analysis was performed. MS1 resolution 

was 120K at 200 m/z with a maximum injection time of 246 ms, AGC target of 4e5, and 

scan range of 350–1500 m/z. MS2 resolution was 30K at 200 m/z, with a maximum 

injection time of 54 ms, AGC target of 5e4, and isolation window of 0.7 m/z. HCD 

normalized collision energy was 30. Only ions with charge states from +2 to +7 were 

selected for fragmentation, and dynamic exclusion was set to 30 s. The electrospray 

voltage was 2.1 kV at a 2.0 mm tip to inlet distance. The ion capillary temperature was 

275 °C and the RF level was 30.0. All other parameters were set as default. 
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MS data analysis to determine SUMO modification sites 

RAW data files were analyzed with the MetaMorpheus software version 1.0.1 

developed by the Smith laboratory (Miller et al., 2023). For hT40 proteins, the following 

FASTA files used were downloaded from Uniprot (November 2021) and used for analysis: 

Escherichia coli (strain K12) (UP000000625), Asp-N (Q9R4J4), Lys-C (Q02SZ7), and full-

length tau (2N4R isoform, P10636-8). The same FASTA files were used to analyze the 

hT39 proteins except for full-length tau (2N4R isoform, P10636-8) that was replaced with 

2N3R tau isoform (P10636-5). Mass shift of +1318.60 Da (C57H86N14O22) for SUMO1 and 

+960.43 Da (C41H60N12O15) for SUMO2 were used to search for SUMOylation sites (Osula 

et al., 2012). In addition, the following masses of diagnostic ions (b ions from the 

fragmentation of SUMO tail left after Asp-N digestion) were investigated: 

For SUMO1 (isopeptide tail = DVIEVYQEQTGG): DV (214.096); DVI (327.180); 

DVIE (456.223); DVIEV (555.292); DVIEVY (718.355); DVIEVYQ (846.413); DVIEVYQE 

(975.456). 

For SUMO2 (isopeptide tail = DVFQQQTGG): DV (214.096); DVF (361.165); 

DVFQ (489.223); DVFQQ (617.282); DVFQQQ (745.341); DVFQQQT (846.388). 

Two diagnostic ions generated by isopeptide tails of SUMO1 and SUMO2 are 

close in mass (underlined). Therefore, three diagnostic ions were required to deem that 

a specific lysine residue is modified by either SUMO1 or SUMO2. The analysis sequence 

included mass calibration, global post-translational modification discovery (G-PTM-D) (Li 

et al., 2017), and a classic search. Mass calibration was conducted using the following 

criteria: protease = Asp-N/Lys-C; maximum missed cleavages = 2; minimum peptide 

length = 7; maximum peptide length = unspecified; initiator methionine behavior = 
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Variable; variable modifications = Oxidation on M; max mods per peptide = 2; max 

modification isoforms = 1024; precursor mass tolerance = ±15.0000 PPM; product mass 

tolerance = ±25.0000 PPM. The criteria utilized for G-PTM-D were protease = Asp-N/Lys-

C; maximum missed cleavages = 2; minimum peptide length = 7; maximum peptide length 

= unspecified; initiator methionine behavior = Variable; max modification isoforms = 1024; 

variable modifications = Oxidation on M; G-PTM-D modifications count = 2; precursor 

mass tolerance(s) = ±5.0000 PPM around 0, 960.43, 1318.60 Da; product mass tolerance 

= ±20.0000 PPM. Finally, a classic search was conducted using the following criteria: 

protease = Asp-N/Lys-C; search for truncated proteins and proteolysis products = False; 

maximum missed cleavages = 2; minimum peptide length = 7; maximum peptide length 

= unspecified; initiator methionine behavior = Variable; variable modifications = Oxidation 

on M; precursor mass tolerance = ±5.0000 PPM; product mass tolerance = ±20.0000 

PPM; report PSM ambiguity = True. Sites of SUMO modification on tau detected at a false 

discovery rate of 1% are reported. MetaDraw version 1.0.5 was utilized to review the 

PSMs of modified and unmodified tau peptides (samples of these peptides are included 

in Figures AIII.2 and AIII.3).  

Tubulin polymerization assay 

Tubulin polymerization in the presence of recombinant tau proteins was assessed 

using the Tubulin Polymerization Assay Kit (Cytoskeleton, #BK011P). Kit reagents were 

reconstituted and stored as indicated in the manual. The assay began by incubating the 

96-well plate provided with the kit at 37 °C for 10 minutes (Synergy H1 Hybrid Multi-Mode 

Reader and Gen5 software v3.11, BioTek). Meanwhile, recombinant tau proteins were 

prepared as 10 μM stocks in general tubulin buffer (80 mM PIPES pH 6.9, 2 mM MgCl2, 
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and 0.5 mM EGTA) and left at room temperature. Then, a tubulin master mix was 

prepared and kept on ice using the recipe for enhancer detection (kit manual): 355 µl of 

Buffer 1, 4.4 ul of 100 mM GTP, and 85 µ of tubulin 10 mg/ml. Once the 10-minute 

incubation of the 96-well plate was over, recombinant tau (10 μM stocks) were loaded (5 

μl) onto the plate and warmed up to 37 °C for exactly 1 minute. Then, the tubulin master 

mix was loaded (50 μl) on each tau protein sample yielding a final tau concentration of 1 

μM. Fluorescence signal was measured for 1 hour to monitor tubulin polymerization using 

the kinetic mode at excitation and emission wavelengths of 360 nm and 450 nm, 

respectively. Each tau protein sample was loaded in duplicate (technical replicates) with 

a sample size of 4 (independent biological replicates). Background levels of blank 

(general tubulin buffer only) were subtracted from the fluorescence readings before 

further analyzing the data. Nonlinear regression using “specific binding with Hill slope” 

was used to fit the tubulin polymerization data in GraphPad Prism v10.2.1 and calculate 

the steady state equilibrium (Vmax) along with the time to reach half maximal 

polymerization (Kd). Kd could not be calculated for SUMO1- and SUMO2-modified hT40 

and hT39 proteins because they failed to induce enough polymerization (fluorescence) 

for proper fitting using specific binding with Hill slope. 

Microtubule-binding assay  

Assays were performed in using Microtubule Binding Protein Spin-Down Assay 

Biochem Kit (Cytoskeleton, #BK029). Kit reagents were reconstituted as indicated in the 

manual.  Tubulin aliquots (20 μl) were thawed, supplemented with cushion buffer (2 μl; 

80 mM PIPES pH 7.0, 1 mM MgCl2, 1 mM EGTA, and 60% sucrose), and incubated at 

35 °C for exactly 40 minutes. Then, general tubulin buffer (200 μl; 80mM PIPES pH 7.0, 
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1 mM MgCl2, and 1 mM EGTA) supplemented with paclitaxel at 20 μM was added to the 

polymerized tubulin. Microtubule-binding reactions were set up at room temperature 

including tubulin (20 μl), recombinant tau proteins (0.5 μM), and general tubulin buffer to 

a final volume of 50 μl. After 30 minutes of incubation at room temperature, binding 

reactions were then loaded on 100 μl of sucrose cushion buffer in 0.2 ml polycarbonate 

tubes (Thermo Scientific, #45233) followed by centrifugation at 100,000 RCF for 40 

minutes. For all centrifugation steps, S100-AT3 Fixed Angle Rotor (Thermo Scientific, 

#45585) and Sorvall™ MTX 150 Micro-Ultracentrifuge (Thermo Scientific, #46960) were 

employed. Then, 30 μl of the supernatant were carefully removed (Sup) to avoid 

disturbing the microtubule pellet. Laemmli buffer was added to the supernatant 

immediately (6 μl of 6X Laemmli buffer). The rest of the supernatant was discarded, 

followed by washing the microtubule pellet with general tubulin buffer (100 μl) 

supplemented with 20 μM paclitaxel. The microtubule pellet was subjected to 

centrifugation at 100,000 RCF for an additional 20 minutes. The previous washing step 

was repeated one more time, followed by careful removal of the supernatant. The final 

pellet was resuspended in 60 μl of 1X Laemmli buffer. The assay was conducted 4 

independent times. 

For each biological replicate, Sup and Pellet (15 μl each) were subjected to SDS-

PAGE. Unmodified, SUMO1-, and SUMO2-modified tau samples were loaded on two 

separate 4-20% Novex tris-glycine gels (Invitrogen, #WXP42020) that was run at 225 V 

for 40-45 minutes. After SDS-PAGE, the two gels were cut between the 250 and 37 kDa 

marker bands and added to the same transfer cassette to transfer onto one nitrocellulose 

membrane. This step allows for the quantification of all tau bands on the same blot to 
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minimize the variability in blotting procedure across samples. The rest of the blotting 

procedure was performed as described earlier.  Primary antibodies used were the Tau5 

antibody at 1:100,000 and the tubulin 5H1 antibody at 1:10,000 (Nicholas M. Kanaan at 

Michigan State University, RRID: AB_2832941) (Wang et al., 1993). Secondary 

antibodies used were goat anti-mouse IgG1 680 and goat anti-mouse IgM 800 (LI-COR 

Biosciences, #926-32280, RRID: AB_2814919) at 1:20,000 each. LI-COR Odyssey 

classic imager and Image Studio Lite Ver 5.2 were used to visualize labeled protein 

bands. Tau bands were quantified in all Sup and Pellet fractions followed by calculating 

the percentage of tau in Pellet relative to total tau:  

% Tau in Pellet = Tau in Pellet/(Tau in Pellet + Tau in Sup) x 100 

In vitro recombinant tau aggregation reaction  

Aggregation of different tau proteins was induced by arachidonic acid (ARA; 

Cayman Chemical, #90010) in 200 μl reactions as described previously (Gamblin, King, 

Kuret, et al., 2000; Tiernan et al., 2016). Briefly, 2 μM of tau was induced to aggregate in 

vitro by incubation in tau aggregation buffer (10 mM sodium HEPES, 0.1 mM EDTA, 200 

mM NaCl, 5 mM DTT, pH 7.6) without (unaggregated; ethanol vehicle) or with 

(aggregated) 75 µM ARA. ARA stocks were prepared in 100% ethanol at 2 mM 

immediately prior to use. Finally, ARA was added as the final component in the reaction 

sample and then the samples were gently mixed by minimally shaking the tube/cuvette. 

Aggregation reactions were incubated at room temperature for 6 hours.  
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Right angle laser light scattering 

As tau polymerizes into larger masses while being exposed to a laser beam, the 

intensity of scattered light increases as a function of time (Gamblin, King, Dawson, et al., 

2000). Therefore, laser light scattering (LLS) helps determine the aggregation kinetics of 

tau (Gamblin, King, Dawson, et al., 2000; Tiernan et al., 2016). LLS was measured using 

class IIb laser with wavelength of 475 nm and maximum power of 20 mW (B & W INC., 

model #BWI-475-20-E) and digital camera (Thor Labs, model #DCC1240M). Images 

were acquired using uc480 Viewer version 4.2 with the pixel clock set at 11 MHz. Images 

were acquired for hT40 samples at a frame rate of 2 fps and exposure of 250 ms, while 

a frame rate of 1 fps and exposure time to 600 ms was used for hT39 samples. 

Polymerization reactions of tau were transferred into glass cuvettes with path length of 5 

mm (Starna Cells, #3-G-5), and laser light scattering was measured at time zero, prior to 

addition of ARA to obtain baseline measurements. After addition of ARA and gently 

mixing the samples, images were serially acquired at 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35, 

40, 45, 50, 55, 60, 75, 90, 105, 120, 150, 180, 240, 300, 360 minutes. Each experiment 

was conducted 4 independent times. Image analysis was performed with Adobe 

Photoshop CS6 (Adobe Systems INC.) using the marquee tool. The region of interest 

used for densitometry measurements was set to 150 pixels X 15 pixels and adjusted to 

the center of the glass cuvette within the band of scattered light. Pixel intensity was 

recorded using the histogram feature. Background levels at the zero-time point were 

subtracted from all readings to obtain corrected signal. Corrected scattered light intensity 

(corrected intensity) measurements during the 6 hours were fitted using nonlinear Finke-

Watzky (FW) function (Morris et al., 2008) according to the following equation:  
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[B]t = [A]0 – ((k1/k2+[A]0)/(1+(k1/k2[A]0 exp(k1+k2[A]0)t)) 

To compare aggregation kinetics of different proteins, the following parameters 

were calculated: k1 representing the rate constant of nucleation; k2 representing the rate 

constant of elongation; [A]0 representing maximum scattering at steady state. k1 and k2 

could not be calculated for SUMO1- and SUMO2-modified hT40 and hT39 proteins 

because they failed to scatter enough light for proper fitting using FW formula. 

Thioflavin S fluorescence  

At the end of the tau aggregation reaction with ARA (described above), β-sheet 

containing aggregates were quantified using a thioflavin S assay as described (Tiernan 

et al., 2016). Immediately before starting the assay, a 0.0175% thioflavin S (ThS) solution 

was prepared in water, filtered through a 0.22 µM membrane, and protected from light. 

Then, 150 μl of each tau sample was mixed with 6 µl of ThS solution and incubated for 5 

minutes at room temperature. The samples (150 µl/well) were then loaded onto a black 

96-well plate (Costar, #3915) and immediately read using the Promega Glomax multi-

detection system at 490 nm excitation and 510-570 nm emission wavelengths. 

Background levels of ThS fluorescence for unaggregated tau samples were subtracted 

from that of their respective aggregated tau samples to calculate the fold-change in ThS 

signal for each recombinant tau protein.   

Sample preparation for imaging with transmission electron microscopy  

Transmission electron microscopy (TEM) allows for the visualization of aggregate 

density and size, providing insights that help explain the results observed with LLS 

(Tiernan et al., 2016). To this end, uranyl acetate (UA; Electron Microscopy Sciences, 

#22400) solution was freshly prepared by dissolving 20 mg of UA in 1ml of deionized 
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water (DIW) (2% UA solution) at room temperature. After UA completely dissolves into 

DIW, the solution was sterile filtered using 0.22 μM membrane (Fisher Scientific, #13-

1001-06). To prepare the grids, each unaggregated and aggregated tau sample (10 μl) 

was first fixed with 2% glutaraldehyde (Electron Microscopy Sciences, #16100) at room 

temperature for 10 minutes. Then, each sample (5 μl) was absorbed onto formvar-coated 

copper grids (Electron Microscopy Sciences, #FCF300-CU) for 1 minute, followed by one 

rapid rinse in DI water and another rapid rinse in UA solution. Finally, the grids were 

incubated with UA solution for 1 minute at room temperature, then the solution was wicked 

away, and grids were left to dry for at least 1.5 hours before imaging. Grids were prepared 

from 4 independent replicates of unaggregated and aggregated tau grids and imaged 

using JEOL JEM-1400 Plus electron microscope at 80 kV. Electron micrographs were 

captured and saved through AMT XR81 digital camera and AMT software version 602.6.    

Quantitative TEM 

For each grid, three images were captured at 5000X magnification for quantitative 

TEM. Electron micrographs were then processed using ImageJ v1.54 using a method like 

that described by Tiernan et al. (Tiernan et al., 2016). First, the image scale was adjusted 

according to the scale bar attached to the TEM images. Then, images were smoothed 5 

times to allow for the automatic thresholding to capture the visible tau aggregates. The 

percentage of area occupied by aggregates (% Area) was collected by the “Analyze 

Particles” command. For the “Analyze Particles” command, size was set at 0-infinity and 

circularity was set at 0-1.  

 Output of “Analyze Particles” command was further processed using GraphPad 

Prism v10.2.1 to obtain frequency distribution using 700 nm2-wide and 50 nm2-wide bins 
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for hT40 and hT39, respectively. The sum of particles in 3 images/replicate was 

calculated and counted as 1 independent replicate, with a total of 4 independent 

replicates. The following populations of hT40 were plotted according to criteria like those 

reported by Tiernan et al. (Tiernan et al., 2016): < 700 nm2 for globular aggregates only; 

700-2100 nm2 for globular aggregates > 700 nm2 along with short filaments; 2100-5000 

nm2 for short filaments only; > 5000 nm2 for long filaments only. Aggregates of hT39 were 

globular in nature and split into sizes smaller and larger than 1600 nm2.  

Sandwich enzyme-linked immunosorbent assay (sELISA) 

To detect pathological tau conformations using conformation-dependent 

antibodies (i.e. TOC1, TOMA1, TNT2, and Alz50), tau samples must be kept under native 

conditions (Castillo-Carranza, Sengupta, et al., 2014; Combs et al., 2016; Combs et al., 

2017; Jicha et al., 1997; Ward et al., 2013). Therefore, sandwich ELISA assays were 

employed to measure pathological tau conformations in 4 independent replicates. All 

steps were performed at room temperature. The following capture antibodies were used 

in sandwich ELISA assays: TOC1 (Nicholas M. Kanaan at Michigan State University, 

RRID: AB_2832939), TOMA1 (Millipore, #MABN819), TNT2 (Nicholas M. Kanaan at 

Michigan State University, RRID: AB_2736931), and Alz50 (P. Davies Albert Einstein 

College of Medicine, New York, USA, RRID: AB_2313937) in addition to Tau13  (Nicholas 

M. Kanaan at Michigan State University, RRID: AB_2721193) to measure total tau 

(Carmel et al., 1996; Castillo-Carranza, Sengupta, et al., 2014; Combs et al., 2016; 

Combs & Kanaan, 2017; Garcia-Sierra et al., 2003; Hyman, Van Hoesen, et al., 1988; 

Jicha et al., 1997; Patterson et al., 2011; Ward et al., 2013). Capture antibodies were 

diluted in borate saline buffer (100 mM borate acid, 25 mM sodium borate, 75 mM NaCl, 
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and 0.25 mM thimerosal) at 2 ng/μl. Then, sandwich ELISA plates (96-well plates, 

Corning, #3590) were coated with the capture antibodies (50 μl/well) for 1 hour. Wells 

were then washed 2 times with ELISA wash buffer (200 μl/well; 100 mM borate acid, 25 

mM sodium borate, 75 mM NaCl, 0.25 mM thimerosal, 0.4% (w/v) bovine serum albumin, 

and 0.05% (v/v) Tween-20), followed by blocking with 5% NFDM in ELISA wash buffer 

(200 μl/well) for 1 hour. Two washes with ELISA wash buffer were performed, followed 

by the addition of unaggregated and aggregated tau samples for 1.5 hours. Tau samples 

were prepared from unaggregated and aggregated hT40 reactions in TBS buffer at the 

following concentrations (50 μl/well): 2.5 nM for Tau13; 5 nM for TNT2; 20 nM for TOC1 

and Alz50; 15 0nM for TOMA1. Tau samples were prepared from unaggregated and 

aggregated hT39 reactions in TBS buffer at the following concentrations (50 μl/well): 2.5 

nM for Tau13; 20 nM for Alz50; 50 nM for TNT2; 150 nM for TOC1 and TOMA1. Then, 

wells were washed 4 times with ELISA wash buffer (200 μl/well). The detection antibody 

R1 (Nicholas M. Kanaan at Michigan State University, RRID: AB_2832929) (Berry et al., 

2004) was diluted at 1:10,000 in 5% NFDM and added to the wells (50 μl/well) for 1.5 

hours. Then, sandwich ELISA wells were washed 4 times with ELISA wash buffer. The 

secondary antibody used was Goat Anti-Rabbit IgG Antibody (H+L), Peroxidase (Vector 

Laboratories, #PI-1000-1, RRID: AB_2916034) at 1:5,000 in 5% NFDM for 1 hour (50 

μl/well). After 4 final washes with ELISA wash buffer, the peroxidase reaction was 

developed using 3,3′,5,5′-Tetramethylbenzidine (TMB; 50 μl/well; Sigma, #T0440). The 

peroxidase reaction was stopped with 4% sulphuric acid, followed by reading the 

absorbance at 450 nm using SpectraMax Plus 384 microplate reader (Molecular 

Devices). 
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The absorbance values were further processed using GraphPad Prism v10.2.1 

according to the following equation to calculate the percentage light absorbed (% Light 

Abs, %A):  

%A =100 - (100 * 10-A) 

Seeding assay in tau biosensor cells   

HEK293 cells stably expressing the repeat domain of tau with the P301S mutation 

fused to CFP or YFP (Tau RD P301S Biosensor Cells; ATCC, #CRL-3275, RRID: 

CVCL_DA04) were grown in DMEM (Gibco) supplemented with 10% FBS, 1% Penicillin-

Streptomycin (Gibco), and 1x GlutaMAX (Gibco), and maintained at 37 °C and 5% CO2 

(Holmes et al., 2014). A cell aliquot was thawed and passaged at least once before use 

in experiments. Cells were plated at 12,000 cells/well in Poly-D-Lysine coated 96-well 

plates (100 μl media/well; Corning, #354461). After 24 hours, Lipofectamine 2000 

(Invitrogen, #11668027) was used to deliver the following treatment samples into cells: 

unaggregated hT40, aggregated hT40 aggregates, unaggregated SUMO1-modified 

hT40, aggregated SUMO1-modified hT40, unaggregated SUMO2-modified hT40, and 

aggregated SUMO2-modified hT40 (at a final concentration of 150 nM). In two separate 

tubes, Lipofectamine reagent or protein sample was diluted in OptiMEM (Gibco, 

#31985062) and incubated at room temperature for 20 minutes. The first tube contained 

1 µl Lipofectamine 2000 in addition to 9 µl OptiMEM, and the other tube contained 7.5 µl 

unaggregated or aggregated tau + 2.5 µl OptiMEM. Next, the Lipofectamine was mixed 

with the tau protein (20 µl) and incubated for an additional 20 minutes at room 

temperature. The Lipofectamine/protein mixture was then added to the cells (20 µl). Two 

days following treatment, cells were fixed with pre-warmed 4% paraformaldehyde 
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(Electron Microscopy Sciences, #15714-S) in 1X cytoskeleton buffer (10 mM MES, 138 

mM KCl, 3 mM MgCl2, and 4 mM EGTA, pH 6.1) for 20 min at room temperature. Then, 

cells were washed 3 times with 1X TBS, 5 minutes each. The nuclear stain DAPI 

(1:10,000) was included in the first wash. 

Cells were imaged using a Lionheart FX Automated Microscope (BioTek) using a 

10x objective. Nine images per well were captured with GFP and DAPI filter cubes using 

the same acquisition settings. Images were processed and analyzed using Gen5 software 

v3.11 (BioTek). Seeded aggregates and nuclei were detected in the GFP and DAPI 

channels, respectively, using separate sets of size and pixel-intensity thresholds. For 

each well, the total number of aggregates was normalized to the total number of cells 

(DAPI+ objects) to obtain the number of seeds per cell (seeds/cell = number of GFP+ 

objects/number of DAPI+ objects). 

Statistics 

Statistical analysis was performed using GraphPad Prism v10.2.1. One-way 

analysis of variance (ANOVA) followed by Holm-Sidak post-hoc test was employed to 

analyze the following results: Vmax of tubulin polymerization assay; % Area from 

quantitative TEM of hT40. Welch's ANOVA test (used in cases of unequal variance across 

groups) followed by Dunnett’s T3 multiple comparisons test were used to analyze the 

following data: Max of LLS; % Area from quantitative TEM of hT39. Two-way ANOVA 

followed by the post-hoc Holm-Sidak with all possible comparisons were used to analyze 

the following results: % Tau in pellet of microtubule-binding assay; Fold change in ThS 

fluorescence; % Light Abs of sandwich ELISA assays; Seeds/cell of seeding assay in RD 

cells. Differences in outcomes were deemed statistically significant at p≤0.05.  
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Results 

Co-transformation of bacterial cells with tau and SUMOylation machinery produces 
SUMO-modified tau 

To ensure successful SUMOylation of recombinant tau proteins, we subjected the 

recombinant tau proteins to western blot for SUMO1, SUMO2 and tau. Unmodified hT40 

(Figure 4.1A and B) and hT39 (Figure 4.2A and B) did not have signal with the SUMO1 

and SUMO2 antibodies. SUMO1-modified hT40 (Figure 4.1A and B) and hT39 (Figure 

4.2A and B) were labeled by the SUMO1 antibody but not by the SUMO2 antibody. On 

the other hand, SUMO2-modified hT40 (Figure 4.1A and B) and hT39 (Figure 4.2A and 

B) were labelled by the SUMO2 antibody but not by the SUMO1 antibody. Both the 

unmodified and modified tau proteins showed similar reactivity to the Tau5 antibody, a 

pan-tau antibody (Figure 4.1A and B for hT40 proteins; Figure 4.2A and B for hT39 

proteins lower panel).  

Commercially available SUMO antibodies do not provide information on the lysine 

residues modified. We employed MS to determine the lysine residues modified by SUMO 

in hT40 and hT39 proteins. MS demonstrated that SUMO1 and SUMO2 modifications 

share several of the lysine residues on both hT40 and hT39, including K67, K87, K150, 

K174, K225, K234, K240, K254, K259, K267, K274, K311, K353, K369, K370, K375, and 

K395 (Figure 4.1C and 2C). Of note, SUMOylation at K281 and K298 by SUMO1 and 

SUMO2 were detectable only in hT40 given that both sites are located within the second 

microtubule-binding repeat (Figure 4.1C).  

SUMO modifications were detected by mass shifts and diagnostics ion in 

SUMOylated hT40 and hT39 samples. At least three diagnostic ions were required to 
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confirm a specific lysine residue was modified with SUMOylation. Examples of mass shifts 

and diagnostics ions observed with SUMO-modified hT40 and hT39 proteins are included 

in Figures AIII.2 and AIII.3, respectively. 

 

Figure 4.1. Identification of lysine residues on hT40 modified with SUMO1 and 
SUMO2. 
A, western blot of hT40 proteins probed with the SUMO1 and Tau5 (total tau) antibodies. 
B, western blot of hT40 proteins probed with the SUMO2 and Tau5 (total tau) antibodies. 
C, lysine residues (K) modified with SUMO1 (upper panel) and SUMO2 (lower panel) on 
hT40 as detected by mass spectrometry. Residues are numbered according to the 
sequence of full-length tau (hT40, 2N4R, 441 amino acids). SUMOylation sites are 
concentrated within microtubule-binding repeats and the flanking regions. Modified K 
residues unique to SUMO1 are highlighted in red. Modified K residues unique to SUMO2 
are highlighted in green. Asterisk * indicates that the modified K residues are shared with 
the hT39 isoform. Abbreviations: SUMOylation, modification with small-ubiquitin-like 
modifier protein; SUMO, small ubiquitin-like modifier; hT40, 2N4R tau isoform; PRD, 
proline rich domain; MTBRs, microtubule-binding repeats. Panel C created with 
BioRender.com. 
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Figure 4.2. Identification of lysine residues on hT39 modified with SUMO1 and 
SUMO2. 
A, western blot of hT39 proteins probed with the SUMO1 and Tau5 (total tau) antibodies. 
B, western blot of hT39 proteins probed with the SUMO2 and Tau5 (total tau) antibodies. 
C, lysine residues (K) modified with SUMO1 (upper panel) and SUMO2 (lower panel) on 
hT39 as detected by mass spectrometry. Residues are numbered according to the 
sequence of full-length tau (hT40, 2N4R, 441 amino acids). SUMOylation sites are 
concentrated within microtubule-binding repeats and the flanking regions. Modified K 
residues unique to SUMO1 are highlighted in red. Modified K residues unique to SUMO2 
are highlighted in green. Asterisk * indicates that the modified K residues are shared with 
the hT40 isoform. Abbreviations: SUMOylation, modification with small-ubiquitin-like 
modifier protein; SUMO, small ubiquitin-like modifier; hT39, 2N3R tau isoform; PRD, 
proline rich domain; MTBRs, microtubule-binding repeats. Panel C created with 
BioRender.com. 
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SUMOylation of tau impedes microtubule polymerization in vitro  

Tubulin polymerization assays were used to determine how SUMO modification 

affects tau’s ability to modulate microtubule polymerization kinetics in vitro (Figure 4.3A 

and C). A statistically significant difference among the means of Vmax for hT40 proteins 

was observed [one-way ANOVA: F(2, 9) = 54.75, p < 0.05]. Modification of hT40 with 

SUMO1 (t = 8.545, p < 0.05) or SUMO2 (t = 9.503, p < 0.05) reduced the steady state 

polymerization relative to unmodified hT40 (Figure 4.3B, Vmax). There was a statistically 

significant different among the means of Vmax for hT39 proteins [F(2, 9) = 854.3, p < 0.05]. 

SUMO1- (t = 36.53, p < 0.05) and SUMO2-modified hT39 (t = 35.02, p < 0.05) 

demonstrated lower steady state microtubule polymerization relative to unmodified hT39 

(Figure 4.3D, Vmax). Kd could not be calculated for SUMO1- and SUMO2-modified hT40 

and hT39 proteins because they failed to induce enough polymerization (i.e. fluorescence 

signal) for proper fitting using specific binding with Hill slope. 
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Figure 4.3. Modification of tau with SUMO1 or SUMO2 impedes tau-induced tubulin 
polymerization in vitro. 
A, curve fit of fluorescence signal corresponding to microtubule polymerization in the 
presence of hT40 proteins over 60 minutes. B, Vmax of microtubule polymerization for 
unmodified, SUMO1-, and SUMO2-modified hT40 proteins. C, curve fit of fluorescence 
signal corresponding to microtubule polymerization in the presence of hT39 proteins tau 
over 60 minutes. D, Vmax of microtubule polymerization for unmodified, SUMO1-, and 
SUMO2-modified hT39 proteins. Abbreviations: SUMOylation, modification with small-
ubiquitin-like modifier protein; SUMO, small ubiquitin-like modifier; hT40, 2N4R tau 
isoform; hT39, 2N3R tau isoform; Vmax, steady state equilibrium. Data represented as 
mean +/- SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001.     
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SUMOylation disrupts tau’s binding to microtubules in vitro 

Microtubule-binding assays were used to determine how SUMO modification 

affects tau’s ability to bind pre-formed microtubules. Experiments were conducted using 

either the hT40 or hT39 tau isoforms independently (Figure 4.4A and B). Two-way 

ANOVA identified a significant interaction between the PTM status of hT40 proteins and 

the microtubule fraction (i.e. supernatant MT-unbound tau and pellet MT-bound tau) in 

the binding reaction [F(2, 18) = 64.22, p < 0.05]. Apart from SUMO2-modified hT40 (t = 

0.9588, p > 0.05), there was a statistically significant increase in the percentage of hT40 

protein in the pellet fraction upon adding them to pre-formed microtubules (Figure 4.4C; t 

= 15.87, p < 0.05 for hT40; t = 13.51, p < 0.05 for S1 hT40). A significant 22% reduction 

in the proportion of SUMO1-modified hT40 in the pelleted microtubule fraction relative to 

unmodified hT40 was detected (Figure 4.4C; t = 3.898, p < 0.05). The percentage of 

SUMO2-modified hT40 in the pelleted microtubule fraction was reduced by 89% relative 

to unmodified hT40 (Figure 4.4C; t = 16.83, p < 0.05). Relative to SUMO1-modified hT40, 

the proportion of SUMO2-modified hT40 was lower in the pelleted microtubule fraction by 

86% (Figure 4.4C; t = 11.97, p < 0.05). 

There was a significant interaction between PTM and the microtubule fraction in 

the binding reaction [F(2, 18) = 55.54, p < 0.05]. A statistically significant increase in the 

percentage of all hT39 proteins in the pellet fraction when pre-formed microtubules were 

present was observed (Figure 4.4D; t = 19.90, p < 0.05 for hT39; t = 6.294, p < 0.05 for 

S1 hT39; t = 7.837, p < 0.05 for S2 hT39). The proportion of SUMO1- and SUMO2-

modified hT39 proteins were less abundant in the pelleted microtubule fraction when 

compared to unmodified hT39 by 70% and 63%, respectively (Figure 4.4D; t = 15.21, p < 
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0.05 for S1 hT39; t = 13.54, p < 0.05 for S2 hT39). The abundance of SUMO2-modified 

hT39 in the pelleted microtubule fraction was no different from SUMO1-modified hT39 

(Figure 4.4D; t = 1.668, p > 0.05).  
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Figure 4.4. SUMOylation impedes binding of tau to microtubules in vitro. 
A, representative western blot of microtubule-binding assay for unmodified, SUMO1-, and 
SUMO2-modified hT40 using Tau5 and 5H1 (tubulin) antibodies. B, representative 
western blot of microtubule-binding assay for unmodified, SUMO1-, and SUMO2-
modified hT39 using Tau5 and 5H1 (tubulin) antibodies. C, quantification of the fraction 
of tau detected in the pellet of polymerized microtubules for unmodified, SUMO1-, and  
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Figure 4.4 (cont’d) 
SUMO2-modified hT40. D, quantification of the fraction of tau detected in the pellet of 
polymerized microtubules for unmodified, SUMO1-, and SUMO2-modified hT39. 
Abbreviations: SUMOylation, modification with small-ubiquitin-like modifier protein; 
SUMO, small ubiquitin-like modifier; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; 
MTs, microtubules; Sup, supernatant. Data represented as mean ± SD. * p≤0.05; ** 
p≤0.01; *** p≤0.001; **** p≤0.0001. 

SUMOylation of tau inhibits its aggregation in vitro 

Right-angle LLS assays were used to determine the impact of SUMOylation on the 

kinetics of tau aggregation in vitro (Figure 4.5A and D). There was a significant difference 

across the maximum light scattering of hT40 proteins [Welch’s ANOVA: F(2, 4.492) = 115.7, 

p < 0.05]. We observed 82% and 97.5% reduction in the maximum light scattering with 

SUMO1- and SUMO2-modified hT40 compared to the unmodified hT40 (Figure 4.5B; t = 

12.10, p < 0.05 for S1 hT40; t = 15.76, p < 0.05 for S2 hT40). Moreover, the maximum 

light scattering was 86.4% lower with SUMO2-modified hT40 when compared to SUMO1-

modified hT40 (Figure 4.5B; t = 4.939, p < 0.05). k1 and k2 could not be calculated for 

SUMO1- and SUMO2-modified hT40 proteins because they failed to scatter enough light 

for proper fitting using FW formula. 

A statistically significant difference was observed across the maximum light 

scattering of hT39 proteins [Welch’s ANOVA: F(2, 4.141) = 137.1, p < 0.05]. Both SUMO1 

and SUMO2 modification of hT39 decreased the maximum light scattering by 95% and 

92%, respectively, when compared to unmodified hT39 (Figure 4.5E; t = 17.84, p < 0.05 

for S1 hT39; t = 14.51, p < 0.05 for S2 hT39). No significant difference in maximum light 

scattering was observed upon comparing SUMO1- to SUMO2-modified hT39 proteins 

(Figure 4.5E; t = 0.7285, p > 0.05). k1 and k2 could not be calculated for SUMO1- and 
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SUMO2-modified hT39 proteins because they failed to scatter enough light for proper 

fitting using FW formula. 

SUMO modification of tau reduces its b-sheet containing aggregates in vitro 

ThS assays were performed at the end of aggregation reactions to determine the 

extent of β-sheet containing aggregate formation in vitro. Two-way ANOVA revealed a 

statistically significant interaction between the PTM and aggregation status of proteins 

[F(2, 17) = 3754, p < 0.05 for hT40 proteins; F(2, 18) = 17.02, p < 0.05 for hT39 proteins]. 

Upon aggregating unmodified hT40 and hT39 proteins, there was a significant increase 

in the ThS signal compared to their respective unaggregated samples (Figure 4.5C and 

F; 450-fold increase, t = 108.1, p < 0.05 for unmodified hT40; 4.25-fold increase, t = 6.881, 

p < 0.05 for unmodified hT39).  

Inducing the aggregation of SUMO2-modified hT40 increased the ThS signal 

relative to the unaggregated SUMO2-modified hT40 (Figure 4.5C; 6.5-fold increase, t = 

6.120, p < 0.05). There was a significant reduction in the ThS signal upon inducing the 

aggregation of SUMO1-modified hT40 relative to the unaggregated SUMO1-modified 

hT40 (89% reduction, t = 6.120, p < 0.05). In addition, SUMO1-modified hT40 showed a 

higher ThS signal in the unaggregated state relative to unmodified and SUMO1-modified 

hT40 unaggregated samples (18.5-fold higher, t = 4.140, p < 0.05 for unmodified hT40; 

3.6-fold higher, t = 2.940, p < 0.05 for SUMO2-modified hT40). The aggregated samples 

of unmodified hT40 showed a higher ThS signal compared to the aggregated SUMO1- 

and SUMO2-modified hT40 samples (227-fold higher, t = 107.8, p < 0.05 for SUMO1-

modified hT40; 13.9-fold higher, t = 100.5, p < 0.05 for SUMO2-modified hT40). Moreover, 

the aggregated SUMO2-modified hT40 showed a higher ThS signal relative to the 
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aggregated samples of SUMO1-modified hT40 (16.4-fold higher, t = 7.336, p < 0.05). The 

aggregated samples of unmodified hT39 gave higher ThS signal compared to aggregated 

samples of SUMO1- and SUMO2-modified hT39 proteins (Figure 4.5F; 16.9-fold higher, 

t = 8.466, p < 0.05 for SUMO1-modified hT39; 19-fold higher, t = 8.526, p < 0.05 for 

SUMO2-modified hT39). 

 

Figure 4.5. SUMOylation of tau reduces tau multimerization in vitro. 
A, LLS of unmodified, SUMO1-, and SUMO2-modified hT40. B, max polymerization (Vmax) 
for unmodified, SUMO1-, and SUMO2-modified hT40. C, thioflavin S assay for 
unaggregated and aggregated hT40 samples. D, LLS of unmodified, SUMO1-, and 
SUMO2-modified hT39. E, Vmax for unmodified, SUMO1-, and SUMO2-modified hT39. F, 
thioflavin S assay for unaggregated and aggregated hT39 samples. Abbreviations: 
SUMOylation, modification with small-ubiquitin-like modifier protein; SUMO, small 
ubiquitin-like modifier; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; LLS, laser light 
scattering; max, maximum light scattering; ThS, thioflavin S. Data represented as mean 
± SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001. 
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SUMO modification decreases the formation of filamentous tau aggregates in vitro 

Unaggregated and aggregated hT40 samples were visualized using TEM and the 

total mass (% Area) and size of aggregates was quantified (Figure 4.6A). One-way 

ANOVA demonstrated a statistically significant difference in the means of % area across 

the hT40 proteins [F(2, 9) = 25.71, p < 0.05]. Aggregated SUMO1- and SUMO2-modified 

hT40 had lower % area when compared to unmodified hT40 (Figure 4.6D; t = 6.301, p < 

0.05 for S1 hT40; t = 6.115, p < 0.05 for S2 hT40).  

The number of globular aggregates < 700 nm2 was higher with both SUMO1 and 

SUMO2 modifications of hT40 relative to unmodified hT40 (Figure 4.6C, upper panel). 

On the other hand, the number of short (2100-5000 nm2) and long filamentous (> 5000 

nm2) aggregates was reduced with both SUMO modifications when compared to 

unmodified hT40 (Figure 4.6C, lower panel). 

There was no significant difference in % area across the different hT39 proteins 

[Figure 4.6F; Welch’s ANOVA: F (2, 5.359) = 3.68, p > 0.05]. SUMO1-modified hT39 

demonstrated lower number of globular aggregates at all sizes when compared to 

unmodified hT39 (Figure 4.6E, upper and lower panels). The number of globular 

aggregates < 1600 nm2 was similar between SUMO2-modified and unmodified hT39 

(Figure 4.6E, upper panel). On the contrary, the number of globular aggregates > 1600 

nm2 was higher with SUMO2-modified hT39 relative to unmodified hT39 (Figure 4.6E, 

lower panel).  
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Figure 4.6. SUMOylation decreases the formation of filamentous tau aggregates in 
vitro. 
A, electron micrograph of unaggregated and aggregated hT40 proteins. Scale bar: 
800nm. Globular aggregates < 700 nm2 highlighted with black arrowheads; short (2100- 
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Figure 4.6 (cont’d) 
5000 nm2) and long (> 5000 nm2) filaments highlighted with blue and red arrowheads, 
respectively. B, electron micrograph of unaggregated and aggregated hT39 proteins. 
Scale bar: 800 nm. Globular aggregates < 1600 nm2 highlighted with black arrowheads; 
globular aggregates > 1600 nm2 highlighted with green arrowhead. C, size distribution of 
aggregates formed by unmodified, SUMO1-, and SUMO2-modified hT40 proteins. D, total 
mass of aggregates observed with unmodified, SUMO1-, and SUMO2-modified hT40 
expressed as percentage of field area. E, size distribution of aggregates formed by 
unmodified, SUMO1-, and SUMO2-modified hT39 proteins. F, total mass of aggregates 
observed with unmodified, SUMO1-, and SUMO2-modified hT39 expressed as 
percentage of field area. Abbreviations: SUMOylation, modification with small-ubiquitin-
like modifier protein; SUMO, small ubiquitin-like modifier; hT40, 2N4R tau isoform; hT39, 
2N3R tau isoform; unagg, unaggregated; agg, aggregated; % Area, % of aggregates per 
field. Data represented as mean ± SD. * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001. 

SUMO modification affects the formation of pathological tau conformations in vitro  

For all unaggregated and aggregated hT40 and hT39 proteins, total tau levels were 

measured using Tau13 as capture antibody (Figure AIII.4). Sandwich ELISA results for 

all conformational tau antibodies were normalized to total tau levels to account for 

differences in Tau13 readings.  

Several antibodies are available to detect oligomeric tau (Alhadidy & Kanaan, 

2024; Castillo-Carranza, Gerson, et al., 2014; Patterson et al., 2011; Ward et al., 2013). 

Oligomeric tau species were quantified in unaggregated and aggregated tau samples 

using non-denaturing sandwich ELISAs with two different oligomeric tau antibodies (i.e. 

TOC1 and TOMA1). Sandwich ELISAs using TOC1 as capture antibody identified a 

statistically significant interaction between PTM and aggregation status (i.e. 

unaggregated or aggregated) of hT40 [F(2, 18) = 54.38, p < 0.05] and hT39 proteins [F(2, 18) 

= 95.69, p < 0.05]. Post-hoc analysis detected a significant increase in oligomeric tau with 

the aggregation of unmodified hT40 (t = 13.89, p < 0.05) and hT39 (t = 17.40, p < 0.05) 

relative to their respective unaggregated tau proteins (Figure 4.7A). In addition, 
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aggregated samples of SUMO1- and SUMO2-modified hT40 (t = 12.64, p < 0.05 for S1 

hT40; t = 11.19, p < 0.05 for S2 hT40) and hT39 (t = 17.75, p < 0.05 for S1 hT39; t = 

16.81, p < 0.05 for S2 hT39) gave little to no TOC1 signal, which was significantly lower 

relative to the aggregated samples of unmodified tau proteins (Figure 4.7A).  

Next, we assessed the abundance of TOMA1-positive oligomeric tau species in 

the unmodified, SUMO1-modified, and SUMO2-modified tau samples. There was a 

statistically significant interaction between PTM and aggregation status of hT40 [two-way 

ANOVA: F(2, 18) = 55.34, p < 0.05] and hT39 proteins [two-way ANOVA: F(2, 18) = 37.57, p 

< 0.05]. Aggregation of unmodified, SUMO1-modified, and SUMO2-modified hT40 

caused an increase in the TOMA1 signal when compared to their respective 

unaggregated samples (Figure 4.7B, left panel; t = 16.65, p < 0.05 for hT40; t = 10.03, p 

< 0.05 for S1 hT40; t = 24.88, p < 0.05 for S2 hT40). Aggregated SUMO1-modified hT40 

showed lower TOMA1 signal relative to the aggregated samples of unmodified hT40 

(Figure 4.7B, left panel; t = 6.705, p < 0.05). On the contrary, aggregated SUMO2-

modified hT40 showed higher TOMA1 signal relative to the aggregated samples of 

unmodified hT40 (t = 8.629, p < 0.05) and SUMO1-modified hT40 (t = 15.33, p < 0.05) 

proteins (Figure 4.7B, left panel).  

TOMA1 signal increased with aggregation of unmodified hT39 relative to the 

unaggregated hT39 tau samples (Figure 4.7B, right panel; t = 10.70, p < 0.05). No 

statistically significant differences were observed between the unaggregated and 

aggregated samples of SUMO1- and SUMO2-modified hT39 proteins (Figure 4.7B, right 

panel; t = 0.08052, p > 0.05 for S1 hT39; t = 0.2639, p > 0.05 for S2 hT39). Moreover, the 

TOMA1 signal in the aggregated SUMO1- and SUMO2-modified hT39 samples was lower 
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than the aggregated unmodified hT39 (Figure 4.7B, right panel; t = 11.04, p < 0.05 for S1 

hT39; t = 10.64, p < 0.05 for S2 hT39).  

Tau is known to adopt pathological conformations associated with modifications of 

monomeric tau and following multimerization (Alhadidy & Kanaan, 2024; Christensen et 

al., 2023; Hintermayer et al., 2020; Kanaan et al., 2011). Those conformations include 

exposure of the PAD of tau that spans amino acids 2-18 and whose abnormal exposure 

is linked to axonal transport dysfunction (Combs et al., 2021; Kanaan et al., 2011; 

LaPointe et al., 2009). Another misfolded conformation involves the N-terminus of tau 

coming into close proximity to the microtubule-binding region of tau, and it occurs early in 

disease before tau aggregation (Carmel et al., 1996; Hyman, Van Hoesen, et al., 1988; 

Jicha et al., 1997). The extent to which SUMO modification can influence the adoption of 

the two conformations was assessed using sandwich ELISA with two antibodies: TNT2 

for PAD exposure and Alz50 for the misfolded conformation.  

A statistically significant interaction was found between the PTM and aggregation 

status (i.e. unaggregated or aggregated) of hT40 [two-way ANOVA, F(2, 18) = 88.92, p < 

0.05] and hT39 [two-way ANOVA, F(2, 18) = 31.55, p < 0.05] proteins. Regardless of the 

tau isoform, aggregated samples of unmodified tau showed higher TNT2 signal compared 

to the unaggregated samples (Figure 4.7C; t = 17.27, p < 0.05 for hT40; t = 10.29, p < 

0.05 for hT39). No statistically significant differences were observed between the 

unaggregated and aggregated samples of SUMO1- and SUMO2-modified hT40 (Figure 

4.7C, left panel; t = 0.4983, p > 0.05 for S1 hT40; t = 1.426, p > 0.05 for S2 hT40) and 

hT39 proteins (Figure 4.7C, right panel; t = 0.4804, p > 0.05 for S1 hT39; t = 0.6452, p > 

0.05 for S2 hT39). The TNT2 signal in the aggregated SUMO1- and SUMO2-modified 



 

 200 

hT40 samples was lower than the aggregated unmodified hT40 (Figure 4.7C, left panel; 

t = 16.32, p < 0.05 for S1 hT40; t = 14.43, p < 0.05 for S2 hT40). Similarly, the aggregated 

SUMO1- and SUMO2-modified hT39 samples had lower TNT2 signal than the 

aggregated unmodified hT39 (Figure 4.7C, right panel; t = 11.23, p < 0.05 for S1 hT39; t 

= 11.45, p < 0.05 for S2 hT39).   

We detected a significant interaction between PTM and aggregation status of both 

hT40 [two-way ANOVA, F(2, 18) = 29.88, p < 0.05] and hT39 [two-way ANOVA, F(2, 18) = 

24.31, p < 0.05] proteins with the Alz50 assay. Alz50-positive misfolded tau was higher 

in the aggregated samples of unmodified and SUMO2-modified hT40 samples relative to 

their respective unaggregated samples (Figure 4.7D, left panel; t = 11.57, p < 0.05 for 

hT40; t = 3.484, p < 0.05 for S2 hT40). However, there was no significant increase in the 

Alz50 signal between the unaggregated and aggregated samples of SUMO1-modified 

hT40 (Figure 4.7D, left panel; t = 1.160, p > 0.05). Alz50 signal was lower in the 

aggregated samples of SUMO1- and SUMO2-modified hT40 relative to the aggregated 

unmodified hT40 (Figure 4.7D, left panel; t = 8.043, p < 0.05 for S1 hT40; t = 8.195, p < 

0.05 for S2 hT40).  

The aggregated samples of unmodified and SUMO1-modified hT39, but not 

SUMO2-modified hT39, had higher Alz50 signal relative to their respective unaggregated 

samples (Figure 4.7D, right panel; t = 10.52, p < 0.05 for hT39; t = 4.497, p < 0.05 for S1 

hT39; t = 0.7464, p > 0.05 for S2 hT39). Aggregated samples of SUMO2-modified hT39 

showed lower Alz50 signal relative to the aggregated samples of unmodified (t = 9.984, 

p < 0.05) and SUMO1-modified hT39 (t = 4.289, p < 0.05) proteins (Figure 4.7D, right 

panel). Moreover, aggregated SUMO1-modified hT39 showed lower Alz50 signal relative 
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to the aggregated samples of unmodified hT39 (Figure 4.7D, right panel; t = 5.969, p < 

0.05). 
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Figure 4.7. SUMOylation alters the formations of pathological tau conformations in 
vitro. 
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Figure 4.7 (cont’d) 
A, sandwich ELISA assay measuring oligomeric tau in unaggregated and aggregated 
hT40 (left panel) and hT39 (right panel) proteins using TOC1 antibody for capture and R1 
antibody for detection. B, sandwich ELISA assay measuring oligomeric tau in 
unaggregated and aggregated hT40 (left panel) and hT39 (right panel) proteins using 
TOMA1 antibody for capture and R1 antibody for detection. C, sandwich ELISA assay 
measuring PAD exposure in unaggregated and aggregated hT40 (left panel) and hT39 
(right panel) proteins using TNT2 antibody for capture and R1 antibody for detection. D, 
sandwich ELISA assay measuring misfolded tau conformation in unaggregated and 
aggregated hT40 (left panel) and hT39 (right panel) proteins using Alz50 antibody for 
capture and R1 antibody for detection. Abbreviations: SUMOylation, modification with 
small-ubiquitin-like modifier protein; SUMO, small ubiquitin-like modifier; hT40, 2N4R tau 
isoform; hT39, 2N3R tau isoform; unagg, unaggregated; agg, aggregated; TOC1, tau 
oligomeric complex 1 antibody; TOMA1, oligomer-specific monoclonal antibody; TNT2, 
tau N-terminal 2 antibody to measure PAD exposure; Alz50, misfolded tau conformation 
antibody; R1, tau rabbit polyclonal antibody. Data represented as mean ± SD. * p≤0.05; 
** p≤0.01; *** p≤0.001; **** p≤0.0001. 

SUMOylation of tau reduces seeding in tau biosensor cells 

Tau RD P301S biosensor cells were used to determine whether SUMO 

modification alters tau seeding competency. The seeding efficiencies of unaggregated 

and aggregated samples of unmodified, SUMO1-modified, and SUMO2-modified hT40 

were tested (Figure 4.8A). We detected a significant interaction between PTM and 

aggregation status of hT40 proteins [F(2, 18) = 2147, p < 0.05]. No seeding was observed 

with the unaggregated samples of unmodified, SUMO1-modified, and SUMO2-modified 

hT40 treated cells (Figure 4.8B). The aggregated samples of unmodified hT40 induced 

significantly more seeding in the cells relative to unaggregated hT40 (t = 81.36, p < 0.05). 

On the other hand, SUMO1- and SUMO2-modified hT40 aggregates failed to induce 

seeding in RD cells, showing seeding signal like their respective unaggregated hT40 

samples (Figure 4.8B; t = 0.22, p > 0.05 for S1 hT40; t = 2.023, p > 0.05 for S2 hT40). 

Moreover, significantly less seeding was observed in the cells treated with SUMO1- and 

SUMO2-modified hT40 compared to the aggregates of unmodified hT40 (Figure 4.8B; t 
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= 81.69, p < 0.05 for S1 hT40; t = 77.89, p < 0.05 for S2 hT40). It is noteworthy that even 

though SUMO1- and SUMO2-modified hT40 aggregates show low levels of seeding, 

SUMO2-modified hT40 aggregates seeded significantly more (4-fold) when compared to 

SUMO1-modified hT40 aggregates (Figure 4.8B; t = 77.89, p < 0.05).   

 

Figure 4.8. SUMOylation of tau reduces seeding in tau biosensor cells. 
A, images of tau seeds in cells treated with unaggregated and aggregated hT40 proteins 
(green) along with DAPI staining (blue) as a surrogate for cell count. Scale bar: 200 μm. 
B, quantification of number of seeds per cell in cells treated with unaggregated and 
aggregated hT40 proteins. Abbreviations: SUMOylation, modification with small-ubiquitin-
like modifier protein; SUMO, small ubiquitin-like modifier; hT40, 2N4R tau isoform; hT39, 
2N3R tau isoform; Un, unaggregated; A, aggregated; GFP, green fluorescent protein 
channel (green); DAPI, 4',6-diamidino-2-phenylindole channel (blue).  * p≤0.05; ** p≤0.01; 
*** p≤0.001; **** p≤0.0001. 

Discussion 

 Several aspects of tau protein biology, including aggregation, conformational 

changes, microtubule binding, degradation, and clearance, are regulated by PTMs 

(Alhadidy & Kanaan, 2024; Alquezar et al., 2020). Tau is subject to SUMO modifications 

as reported in studies utilizing cell lines, animal models, and AD and PSP brains (Dorval 

& Fraser, 2006; Luo et al., 2014; Takahashi et al., 2008; Takamura et al., 2022). However, 

the impact of SUMOyation on tau pathobiology was not thoroughly investigated apart from 
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its relationship with other PTMs such as phosphorylation and ubiquitination (Dorval & 

Fraser, 2006; Luo et al., 2014).  

In this work, we produced recombinant tau proteins modified with either SUMO1 

or SUMO2 by co-transforming bacterial cells with tau and SUMOylation machinery. Our 

MS data shows that hT40 and hT39 isoforms are modified by SUMOylation on lysine 

residues located mainly (about 60% of residues) within the microtubule-binding repeats 

(MTBRs) region of tau (amino acids 244-368) (Alhadidy & Kanaan, 2024). SUMO1 and 

SUMO2 modification sites share the same lysine residues with a few exceptions. For 

example, K130 is a unique modification site by SUMO1 in both tau isoforms. On the other 

hand, K24, K280, and K340 are unique for SUMO2 modification. 

A previously published report investigated two potential SUMO1 modification sites 

(based on the SUMO consensus motif ΨKXE) by site-directed mutagenesis: K340 and 

K385 (Dorval & Fraser, 2006). Mutating K340 to arginine significantly reduced 

modification of hT40 with SUMO1 but mutating K385 did not, suggesting that K340 is the 

main SUMO1 modification site (Dorval & Fraser, 2006; Luo et al., 2014). These findings 

seem at odds with our results using recombinant tau protein modified with SUMO1 

(detected on K347 and K385). We detected no peptide special matches (PSMs) that 

spanned K340 in our SUMO1-modified hT40 and hT39 samples (K340 in hT40 

corresponds to K309 in hT39). This may be driven by SUMO1 modification at K340 

interfering with tau digestion using the Lys-C and Asp-N enzymes. It would be useful in 

future studies to try different combinations of enzymatic digestions to increase the number 

of PSMs spanning K340 of tau proteins.  
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Droval et al. ruled out K385 as a SUMOylation site of tau utilizing site-directed 

mutagenesis and enrichment of SUMO-modified proteins (His tag) followed by tau 

detection with western blot (Dorval & Fraser, 2006). Furthermore, they used the same 

approach to conclude that tau is not subject to modification with SUMO2/3 as much as 

SUMO1. On the other hand, MS (used in our study) is a highly sensitive technique whose 

lower limit of detection is at the femtomolar range (Ho et al., 2003). Therefore, it is not 

surprising that MS may detect SUMO1 modification at K385 or SUMO2 modification sites 

on tau. However, conducting absolute quantitative MS using isotope-labelled standards 

is critical to determine the relative level of tau modification with SUMO1 and SUMO2 at 

different sites (Kito & Ito, 2008). We also identified novel SUMO1 and SUMO2 

modification sites in tau that do not match the SUMO consensus motif ΨKXE (i.e. sites 

other than K340 and K385) as reported in previous studies (Dorval & Fraser, 2006; Luo 

et al., 2014; Rodriguez et al., 2001; Sampson et al., 2001). In addition to the higher 

sensitivity of MS, recent studies consistently report that at least 40% of known 

SUMOylation sites do not conform to the ΨKXE motif (Chang et al., 2018; Zhao et al., 

2014).  

PTMs of tau are also known to impact tau’s ability to modulate microtubule 

dynamics and binding (Alonso et al., 1994; Amniai et al., 2009; Black et al., 1996; 

Breuzard et al., 2013; Cleveland et al., 1977; Cohen et al., 2011; Haj-Yahya et al., 2020; 

Weingarten et al., 1975). Our results show that the binding of SUMOylated tau to 

polymerized microtubules was reduced with both SUMO modifications. Moreover, the 

extent of microtubule polymerization was significantly reduced by the introduction of 

SUMO1 or SUMO2 onto tau. One potential cause of impaired microtubule binding and 
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regulation may be the location of SUMO modification sites. According to the jaws model 

of tau-microtubule interaction, the microtubule-binding repeats of tau mediate the catalytic 

activity of tau as an inducer of microtubule polymerization (Mukrasch et al., 2007; Preuss 

et al., 1997). In addition, the jaws of tau flanking the microtubule-binding region [including 

the fifth microtubule binding repeat (R’; amino acids 369-399) along with amino acids 225-

231 and 243-246 in the second PRD] are critical for tau to bind microtubules (El Mammeri 

et al., 2022; Mukrasch et al., 2007; Preuss et al., 1997). Given that the majority of 

SUMOylation sites are located within the microtubule-binding region of tau (60% of 

modification sites), it is possible that SUMOylation is sterically interfering with tau’s ability 

to induce microtubule polymerization. Our MS data also show that SUMOylation of tau 

takes place within R’ (e.g. K370, K375, and K395) along with the second PRD (e.g. K225, 

K234, and K240). Both regions are part of the tau jaws (Mukrasch et al., 2007; Preuss et 

al., 1997); thus, SUMOylation at these sites may explain the reduced ability of tau to bind 

microtubules.  

The findings that SUMOylation inhibits tau’s binding to microtubules is intriguing 

and raise questions that require further investigation. Phosphorylation of tau at certain 

sites (such as S262 and S214) is known to facilitate detachment of tau from microtubules 

(Man et al., 2023; Schneider et al., 1999). Furthermore, the group that first identified 

SUMOylation as a PTM of tau showed that detaching tau from microtubules (by 

depolymerizing microtubules with colchicine) increases the SUMOylation levels of tau 

(Dorval & Fraser, 2006). It is plausible that as tau phosphorylation increases and binding 

affinity for microtubules is reduced, SUMOylation of tau may occur and further reduce 
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microtubules binding. Thus, elucidating the role played by tau SUMOylation in regulating 

microtubules dynamics and cellular cytoskeleton warrants further investigation.  

We found that hT40 aggregation is reduced upon SUMOylation (LLS, ThS, and 

TEM). Moreover, there is a shift in the aggregate morphology from filamentous into 

globular tau aggregates when tau is SUMOylated. In the case of hT39, the extent of 

aggregation is reduced upon SUMOylation (LLS) with no apparent change in the 

morphology of tau aggregates. These findings may seem contradictory to what one might 

expect based on the previous studies on tau SUMOylation (Luo et al., 2014; Takamura 

et al., 2022). In HEK293 cells, SUMOylation of tau was associated with reduced 

ubiquitination and increased accumulation of tau aggregates (Luo et al., 2014). It is 

possible that SUMOylation of tau is initiated early in disease and acts as a protective 

mechanism that is outcompeted by other pathophysiological processes (e.g. increased 

tau phosphorylation and inhibition of lysosomal and proteasomal degradation) 

culminating in tau aggregation. Future work should aim to test this hypothesis by studying 

the combinatorial effect of phosphorylation and SUMOylation on tau aggregation using 

recombinant tau proteins and in vivo models.  

PTMs are intimately linked to the adoption of pathological tau conformations 

occurring in tauopathies, such as oligomerization (Alhadidy & Kanaan, 2024; Cox et al., 

2016; Kanaan et al., 2016; Kanaan et al., 2020; Lasagna-Reeves et al., 2012; Patterson 

et al., 2011). Indeed, tau oligomers are linked to several disease mechanisms including 

mitochondrial and synaptic dysfunction (Lasagna-Reeves et al., 2011), reduced protein 

synthesis (Jiang et al., 2021), inhibited long-term potentiation (Hill et al., 2019), and 

memory impairment (Fa et al., 2016). In our experiments, we measured the abundance 
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of oligomeric tau species using TOC1 (Patterson et al., 2011; Ward et al., 2013) and 

TOMA1 antibodies (Castillo-Carranza, Gerson, et al., 2014; Montalbano et al., 2023).  

Modifying hT39 with either SUMO1 or SUMO2 decreases the TOC1-positive and 

TOMA1-positive oligomeric tau species in aggregated samples. Similarly, modifying hT40 

with either SUMO isoform decreases the TOC1-positive tau species upon aggregation. 

However, SUMOylation of hT40 decreased TOMA1-positive oligomers with SUMO1 and 

increased TOMA1-positive oligomers with SUMO2. This observation is of interest 

because it shows that SUMOylation can differentially modulate tau oligomers in a SUMO 

isoform-dependent fashion. Moreover, this finding is suggestive of a different 

conformation adopted by SUMO2-modified tau oligomers that is negative for TOC1 but 

positive for TOMA1. Characterization of unmodified, SUMO1-, and SUMO2-modified tau 

oligomers by methods such as atomic force microscopy will be necessary to further 

identify structural factors behind these differences.   

PAD exposure is another pathological tau conformation that occurs early in AD 

and is linked to dysregulation of axonal transport (Kanaan et al., 2011). Ensuing 

hyperactivation of PP1-GSK3β pathway mediates the PAD exposure-induced 

dysregulation of axonal transport (Combs et al., 2021; LaPointe et al., 2009). In our 

experiments, we measured the extent of PAD exposure using the TNT2 antibody (Combs 

et al., 2016). We demonstrated that modifying hT40 and hT39 with either SUMO1 or 

SUMO2 decreases PAD exposure upon aggregating tau. These findings suggest 

SUMOylation of tau may be protective against this specific mechanism of PAD-induced 

transport impairment, but further studies are needed to confirm this potential effect.  
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The Diamond group and others demonstrated that tau seeding may play a role in 

propagating tau pathology between neurons in the brain and cell models (Holmes et al., 

2014; Manca et al., 2023; Woerman et al., 2016). The seeding capability of tau is linked 

to conformational changes that either enhance or impede seeding (Dinkel et al., 2011; 

Falcon et al., 2015). In tau biosensor cells, we observed a reduced capability of both 

SUMO1- and SUMO2-modified hT40 aggregates to seed aggregation in cells. 

Nonetheless, SUMO2-modified hT40 showed slightly higher capability of seeding than 

SUMO1-modified hT40. This result suggests that the conformations of tau species formed 

by SUMOylation are not capable of robust tau seeding, which is consistent with reduced 

aggregation and reduced adoption of several pathogenic tau conformations. 

Unfortunately, a cell line that effectively assesses hT39 seeding was not available for 

testing, thus, the impacts of SUMOylation on 3R tau seeding remains unknown.   

Tau assumes a misfolded conformation in disease conditions, which involves the 

N-terminus of tau folding over its microtubule-binding region (Jeganathan et al., 2008). 

This conformation precedes the formation of filamentous tau aggregates (Carmel et al., 

1996) and is detected with the Alz50 and MC1 antibodies (Jicha et al., 1997; Wolozin et 

al., 1986). The Alz50 conformation is expected to increase in aggregated tau samples 

(Carmel et al., 1996); Indeed, this is what we observed for unmodified, SUMO2-modified 

hT40 and SUMO1-modified hT39. However, we found that SUMO1-modified hT40 and 

SUMO2-modified hT39 did not significantly differ from their respective unaggregated 

proteins. These data represent the third incidence where SUMO isoforms differentially 

affect the aggregation of hT40 and hT39. Taken together with the TOMA1 and seeding 
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results described above, these findings lend more support to the hypothesis that SUMO 

isoforms may differentially regulate the pathobiology of tau isoforms. 

Collectively, it seems that SUMOylation decreases the formation of filamentous 

aggregates and pathological conformations of tau (with few exceptions). It is conceivable 

that the known pathological tau conformations of oligomerization, PAD exposure, 

misfolding, and seeding do not definitively represent all potential pathological 

conformations in tauopathies. For example, phosphorylation at sites within the AT8 

epitope may inhibit axonal transport through a PAD-independent mechanism (Morris et 

al., 2020). In agreement, out results suggest that the know pathological conformations of 

tau are related yet show some degree of independence (e.g. SUMO2-hT40 aggregates 

are TOMA1-positive but TOC1-negative). It is possible that the globular aggregates 

formed by SUMOylated tau adopt a unique pathological conformation that has yet to be 

identified. Comparing the effects of the globular tau aggregates formed by the two SUMO 

isoforms on axonal transport may open a path to identify novel pathological tau 

conformation and/or signaling mechanism. 

Tauopathies show that phosphorylated tau aggregates colocalize with SUMO1 but 

not SUMO2/3 staining in the brain (Luo et al., 2014; Takamura et al., 2022). Literature 

suggests two explanations for these phenomena: either global downregulation of protein 

modifications with SUMO2/3 in tauopathies and/or tau is inherently less susceptible to 

modification with SUMO2/3 (Dorval & Fraser, 2006; Lee et al., 2014). We detected 

SUMO2 modification on hT40 and hT39 mostly at the same sites as SUMO1 modification; 

therefore, it is unlikely that tau is inherently less susceptible to modification by SUMO2/3. 

In fact, in vitro and in vivo models of Aβ pathology show a downregulation of protein 
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modifications with SUMO2/3 but not consistently with SUMO1 (Lee et al., 2014; Soares 

et al., 2022). Given the differential regulation of pathological tau conformations by SUMO1 

and SUMO2, it is plausible that the brain may induce a compensatory mechanism that 

differentially regulate protein modifications with SUMO1 and SUMO2/3. Further 

investigation of dysregulated SUMOylation in tauopathies and mouse models may 

provide valuable insights on the pathobiology of tau.  

In summary, we report novel SUMOylation sites on the hT40 and hT39 isoforms 

of tau. SUMOylation of tau interferes with its ability to bind microtubules and induce their 

polymerization, potentially disrupting normal tau functioning. In addition, SUMOylation 

inhibits the tau aggregation, tau seeding, and reduces the pathological conformations of 

tau (except for TOMA1-positive oligomers with SUMO2-modified hT40). Notably, SUMO 

isoforms affect the pathobiology of tau in an isoform-dependent manner (e.g. TOMA1, 

Alz50, and seeding in hT40; Alz50 in hT39). Studying SUMOylation in animal models of 

tauopathies and human patients will continue to shed light on our understanding of the 

roles SUMOylation plays in tau biology and pathobiology.  

 

5. Chapter 5: Dissertation Discussion 
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Abstract 

The goal of this dissertation was to identify the contribution of three understudied 

post-translational modification (PTMs), polyamination, O-linked-N-acetyl β-d-N-

glucosaminylation (O-GlcNAcylation), and SUMOylation, to the pathobiology of tau 

protein. To answer this question, our approach included using recombinant tau proteins 

modified with each PTM (spermidine for polyamination; O-GlcNAc for O-GlcNAcylation; 

small ubiquitin-like modifier-1 (SUMO1) or SUMO2 proteins for SUMOylation) using either 

in vitro enzymatic reactions or bacterial co-transformation. Then, we determined the 

impact of each PTM on the ability of tau to bind and polymerize microtubules. The 

recombinant tau proteins also were utilized in a series of biochemical and biophysical 

assays to determine the impact of the three PTMs on pathological tau conformations, 

including tau aggregation, oligomerization, exposure of the phosphatase-activating 

domain, misfolding, and seeding. Our findings provide important insights by expanding 

the current knowledge of tau protein biology and pathobiology and opening avenues for 

further investigation. 
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Microtubule Binding and Polymerization  

 Microtubule binding and polymerization is dependent on two regions of tau: the 

microtubule-binding repeats (MTBRs) and the flanking jaws (collectively referred to as the 

microtubule binding core) (Butner & Kirschner, 1991; Devred et al., 2004; Gustke et al., 

1994; Kadavath et al., 2018; Kadavath et al., 2015; Mukrasch et al., 2007; Preuss et al., 

1997). MTBRs are linked to the catalytic capability of tau induce microtubule 

polymerization, while the tau jaws are crucial for targeting tau to microtubules (Mukrasch 

et al., 2007; Preuss et al., 1997). Furthermore, specific lysine (K) residues within or 

flanking the MTBR region of tau are linked to its ability to interfere with a hydrophobic 

pocket in between tubulin heterodimers (Barbier et al., 2019; Kadavath et al., 2015). 

Previous work clearly demonstrated the regulation of tau-induced microtubule 

polymerization and binding mediated by post-translational modifications (PTMs). Most 

PTMs taking place within the MTBR region or jaws of tau interfere with tau’s ability to bind 

to or induce the assembly of microtubules (Ait-Bouziad et al., 2020; Biernat et al., 1993; 

Carlomagno et al., 2017; Cohen et al., 2011; Drewes et al., 1995; Flach et al., 2014; Funk 

et al., 2014; Xia et al., 2023; Yang et al., 2023).  

In this work, SUMOylation sites detected on recombinant tau proteins are located 

mainly within the MTBR region and jaws of tau. Furthermore, SUMOylation of tau 

happens at or nearby K residues critical for tau’s ability to interact with the tubulin 

heterodimer. It is no surprise that SUMOylation of tau by either small ubiquitin-like 

modifider-1 (SUMO1) or SUMO2 isoforms interferes with both the binding of tau to and 

polymerization of microtubules. It is also possible that SUMOylation within those two 

regions causes steric hinderance and/or decreases their positive charge considering that 
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SUMO1 and SUMO2 proteins are negatively charged at physiological pH (Melchior & 

Pichler, 2004). One way to test this hypothesis is to run SUMO-modified tau proteins on 

isoelectric focusing gels that separate proteins based on their isoelectric points in pH 

gradients (Pergande & Cologna, 2017).  

Unlike SUMOylation, most O-linked-N-acetyl β-d-N-glucosaminylation (O-

GlcNAcylation) serine/threonine (S/T) residues are located within the proline-rich domain 

(PRD) and C-terminus of tau with the MTBR region spared. Tubulin polymerization 

assays do not reveal an impact of O-GlcNAcylation on tau-induced microtubule 

polymerization. This observation agrees with sparing S/T residues within the MTBRs from 

modification by O-GlcNAc. Further investigation showed that O-GlcNAcylation of hT40 

increases its binding to microtubules, while O-GlcNAcylation of hT39 decreases its 

binding. O-GlcNAcylation take place on the tau microtubule-binding “jaws” located within 

the second PRD (amino acids 199-243) and the fifth MTBR of tau (R’, amino acids 370-

400), and this explains why binding to microtubules is altered. However, the direction of 

change in microtubule binding by the different isoforms of tau is intriguing and highlights 

another aspect of PTMs regulating the tau-microtubule interactions in an isoform-

dependent fashion.  

As explained in Chapter 3, sequestration of the R’ from water by dynamicity of the 

second PRD along with the first MTBR (R1, amino acids 244-274) is crucial for tau-

microtubule interactions (El Mammeri et al., 2022). By comparing O-GlcNAcylation sites, 

hT39 is more modified by O-GlcNAc on R’ than hT40 while hT40 is more modified by O-

GlcNAc on the second PRD than hT39. Differences in distribution of O-GlcNAc sites on 

the different tau isoforms may give O-GlcNAcylated hT40 higher ability to bind 
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microtubules. This effect is likely mediated by enhanced sequestration of the R’ domain 

through limiting water access to the R’ and increasing water access to the dynamic 

second PRD. Testing this hypothesis directly with O-GlcNAcylated hT40 and hT39 protein 

using nuclear magnetic resonance (NMR) may help to confirm the mechanism by which 

O-GlcNAcylation regulates tau’s binding to microtubules (El Mammeri et al., 2022).   

Polyamination showed a different profile of regulating the tau-microtubule 

interactions. Little to no difference in tau binding to microtubules was detected upon 

polyaminating tau with spermidine (SPD). Considering that no glutamine (Q) residues 

were modified by SPD polyamination within the tau jaws, the results of microtubule-

binding assays appear consistent with this finding. On the other hand, microtubule 

polymerization was enhanced by SPD polyamination of the hT40 and hT39 isoforms. This 

finding is intriguing because MTBRs of tau are almost completely spared from SPD 

polyamination (except for Q307 in hT40). Polyamination of tau occurs predominantly 

within the N-terminus of tau, and only one site was detected at the C-terminus (Q424). It 

is well-known that the PRD and microtubule-binding core of tau carry a net positive 

charge, while the N-terminus carries a net negative charge (Brandt et al., 2020; Castro et 

al., 2019). Furthermore, the N-terminus of tau (amino acids 1-150) interacts with the PRD 

and MTBR regions regulating their binding to tubulin/microtubules (Gustke et al., 1994; 

McKibben & Rhoades, 2019). Given the highly positively charged nature of SPD, it is 

possible that a lower negative charge on the N-terminus of polyaminated tau increases 

accessibility for tubulin/microtubules to the PRD and MTBR regions (Bae et al., 2018).  
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Proposed Refinement of Jaws Model of Tau-Microtubule Interactions 

The traditional jaws model of tau-microtubule interactions emphasizes the 

importance of two regions upstream and downstream of the MTBR region for targeting 

tau to microtubules: the second PRD and R’ (Mukrasch et al., 2007). Deleting either of 

the two domains or reducing their positive charge (e.g. by phosphorylation at T231, S235, 

and S396) markedly reduces the binding of tau to microtubules (Gustke et al., 1994; 

Sengupta et al., 1998). Recent findings along with our studies on tau O-GlcNAcylation 

suggest a refined jaws model, where sequestration of the R’ and dynamicity of the second 

PRD are potent modulators of tau binding to microtubules (El Mammeri et al., 2022; 

Kadavath et al., 2018; Kadavath et al., 2015). Even though some PTMs of tau at the 

second PRD (e.g. phosphorylation) can potentially increase its dynamicity by increasing 

polarity/hydrophilicity, they may also come with the expense of decreasing the positive 

charge on the PRD (Alquezar et al., 2020; Di Primio et al., 2017; Rani et al., 2020). On 

the other hand, modifications that increase polarity/hydrophilicity without reducing the 

positive charge of PRD (e.g. O-GlcNAcylation) can potentially increase binding of tau to 

microtubules (Ma & Hart, 2014; Vaidyanathan et al., 2014).  

Proposed Two-Step Gating and Assembly Model of Tau-induced Microtubule 

Polymerization  

It is conceivable that the interaction of tau with soluble tubulin and polymerized 

microtubules is similarly regulated (Amniai et al., 2009; Fung et al., 2020). In agreement, 

the MTBR and jaws of tau are potent regulators of the tau-induced microtubule 

polymerization (Fauquant et al., 2011; Goode et al., 1997; Savastano et al., 2021). As 

early as the 1990s, it was appreciated that the N-terminus of tau interferes with its ability 
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to induce polymerization of microtubules and this was later confirmed by other groups 

(Derisbourg et al., 2015; McKibben & Rhoades, 2019; Scott et al., 1992). Our findings 

show that accumulation of the positively charged SPD on the N-terminus of tau enhances 

the rate of microtubule assembly. Conversely, modifications of tau that increase the net 

negative charge on its N-terminus (e.g. the R5L mutation) interfere with its ability to 

polymerize and stabilize microtubules (Cario, Savastano, et al., 2022; Cario, 

Wickramasinghe, et al., 2022; Mutreja et al., 2019). The model proposed by the Rhoades 

group is compelling where the N-terminus of tau acts as a gating mechanism that controls 

the interaction of tubulin/microtubules with the microtubule-binding core of tau (Kadavath 

et al., 2015; McKibben & Rhoades, 2019). This places the N-terminal PTMs in a 

potentially crucial region of tau that impacts its microtubule-related biology and 

pathobiology. 

Tau Polymerization into Filamentous Aggregates 

 Paired helical filaments (PHFs) and straight filaments (SFs) represent the building 

blocks of neurofibrillary tau tangles (NFTs); therefore, the formation of filamentous tau 

aggregates is a crucial event in the development of NFTs (Crowther & Wischik, 1985; 

Kidd, 1963; Wischik et al., 1985; Yagishita et al., 1981). The building blocks of filaments 

feature the same core of two tau protofilaments comprising amino acids 306-378 packed 

differently in PHFs and SFs (Fitzpatrick et al., 2017). A common pathway through which 

tau transforms into filamentous structures involves conformational transition from random 

coil or globally folded soluble monomer to insoluble b-sheet structure containing 

conformations (von Bergen et al., 2005). Two hexapeptide motifs (PHF* and PHF) are 

particularly important for this transition: 275-VQIINK-280 and 306-VQIVYK-311 located in 
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R2 (amino acids 275-305) and R3 (amino acids 306-336) of the MTBR region, 

respectively (von Bergen et al., 2001; von Bergen et al., 2000). Furthermore, in vitro 

studies provided evidence that 306-VQIVYK-311 is necessary for the aggregation of both 

4R and 3R tau isoforms (Chen et al., 2019; Ganguly et al., 2015; Li & Lee, 2006).   

In our studies (Chapter 4), SUMOylation of tau converges on the MTBR region of 

tau with both SUMO1 and SUMO2 isoforms. SUMO1 and SUMO2 modify K311 within 

306-VQIVYK-311 motif of R3; SUMO2 modifies K280 within 275-VQIINK-280 motif of R2. 

Therefore, it is likely that SUMOylation inhibits the formation of filamentous tau 

aggregates by directly interfering with the two hexapeptide motifs necessary for b-sheet 

structures. 

In addition to the MTBR region, the N-terminus of tau intramolecularly regulates its 

polymerization into filamentous structures (King et al., 2000). In fact, removal of the N-

terminal domain from full-length tau protein inhibits tau polymerization into filamentous 

structures (Gamblin et al., 2003). On the other hand, some PTMs (e.g. the R5L mutation) 

located in the N-terminal region enhance tau polymerization (Gamblin et al., 2003). 

Furthermore, N-terminal fragments of tau inhibit its polymerization likely by 

intermolecularly stabilizing an interaction between the MTBRs and C-terminal domains of 

tau (Horowitz et al., 2006). Taken together, evidence points to a complex mechanism 

through which N-terminus regulate tau polymerization by intramolecular and 

intermolecular interactions.  

As demonstrated in Chapter 2, SPD polyamination of tau inhibits its polymerization 

into filamentous aggregates. Given that SPD modifications have low/no abundance in the 

MTBR region, it is unlikely that alterations in the MTBRs mediate this inhibition. Instead, 
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at least 70% of the identified SPD-modified Q residues are located on the N-terminus of 

tau between residues Q6-Q124. It seems that decreasing (via removal of N-terminus or 

SPD polyamination) or increasing (via the R5L mutation) negative charge on the N-

terminus inhibits or stimulates tau polymerization, respectively. Thus, it is plausible that 

SPD polyamination induces a conformational change that reduces the N-terminal domain 

enhancement of tau polymerization. In fact, we have evidence (i.e. sandwich ELISA 

assays in Chapter 2) that the N-terminus of polyaminated tau undergoes a conformational 

change that increases exposure of the phosphatase-activating domain (PAD) and the 

Alz50 misfolded conformation (Carmel et al., 1996; Combs et al., 2016).  

A third regulatory mechanism of tau polymerization involves the C-terminus of tau 

(Abraha et al., 2000). Biophysical investigation of full-length tau using fluorescence 

resonance energy transfer (FRET) and deletion mutants indicated that the C-terminus of 

tau folds over the MTBR region near 314-DLSKVTS-320 motif in R3 (Abraha et al., 2000; 

Jeganathan et al., 2008). Unlike the N-terminus of tau, the C-terminus of tau 

intramolecularly inhibits its polymerization into filamentous aggregates (Abraha et al., 

2000; Hornakova et al., 2022). Truncation (e.g. ∆392-441 linked to the MN423 epitope of 

tangle evolution) and phosphorylation (e.g. S396 and S404) of the C-terminus partially 

reverse this inhibition, promoting tau polymerization (Abraha et al., 2000; Cantrelle et al., 

2021; Rankin et al., 2007). Furthermore, the C-terminal fragment spanning amino acids 

422-441 (produced by caspase 3 cleavage in disease) intermolecularly inhibits the 

polymerization of tau into filaments aggregates (Berry et al., 2003).  

In this work (Chapter 3), we demonstrated that O-GlcNAcylation inhibits the extent 

and/or rate of tau polymerization; these findings agree with previously published reports 
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by other groups (Cantrelle et al., 2021; Yuzwa et al., 2014). Of note, O-GlcNAcylation of 

tau induces a mild reduction in the number of filamentous tau aggregates. Previous work 

suggested that O-GlcNAcylation alters local conformations in the C-terminus of tau that 

decrease its polymerization and slightly interfere with filament assembly (Cantrelle et al., 

2021). Given that O-GlcNAcylation occurs mainly in the C-terminus of tau, it is plausible 

that O-GlcNAc further stabilizes the polymerization inhibitory brakes exerted by the C-

terminus of tau. 

Propensity to Seed Tau Aggregation 

 Spreading of tau pathology from one brain region to another is a leading 

hypothesis in the field, and spreading is believed to follow a characteristic pattern that 

depends on the functional connectivity of neurons rather than their proximity (Ahmed et 

al., 2014; Braak & Braak, 1991; Franzmeier et al., 2020; Mezias et al., 2017; 

Schoonhoven et al., 2023). Neuronal activity induces release of tau into the extracellular 

space through synaptic and nonsynaptic mechanisms (Calafate et al., 2015; Fontaine et 

al., 2016; Pooler et al., 2013; Takeda et al., 2015; Yamada et al., 2014). Then, 

neighboring cells internalize the released tau through either fluid-phase endocytosis or 

receptor-mediated endocytosis (e.g. heparan sulfate proteoglycans and low-density 

lipoprotein receptor-related protein 1) (Clavaguera et al., 2009; Frost et al., 2009; Guo & 

Lee, 2011, 2013; Holmes et al., 2013; Rauch et al., 2020). The tau species that propagate 

from one cell to another remain elusive, but evidence supports the involvement of nearly 

all tau species ranging from monomeric to fibrillar forms (Takeda, 2019).  

 After entering neighboring cells, the transmitted tau acts as a template to seed tau 

aggregate formation (Clavaguera et al., 2009; de Calignon et al., 2012; Fu et al., 2016; 
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Liu et al., 2012). Studies in Alzheimer’s disease (AD) and animal models of tauopathy 

suggest that seeding activity precedes and correlates with the development and 

progression of tau pathology (Frey et al., 2023; Holmes et al., 2014). Like the case with 

propagation, the tau species that seeds aggregation of endogenous tau in the recipient 

cell is still poorly defined; evidence suggests that fibrils, soluble oligomers, and even 

monomers seed aggregation under certain conditions (Jackson et al., 2016; Jiang et al., 

2020; Mirbaha et al., 2018; Takeda et al., 2015; Wesseling et al., 2020). Of note, synthetic 

tau fibrils made from recombinant human tau are also seeding competent (Falcon et al., 

2015; Iba et al., 2013; Wu et al., 2013). Further characterization indicated that the two 

hexapeptide motifs in R2 and R3 that regulate the transition of tau into b-sheet structures 

are also critical for its seeding capability (Annadurai et al., 2022; Falcon et al., 2015; 

Mirbaha et al., 2018). The two hexapeptides motifs alter the conformation adopted by tau 

aggregates, regulating its propensity to seed aggregation (Despres et al., 2019; Falcon 

et al., 2015; Sanders et al., 2014).  

 In this dissertation, we showed that all three PTMs (polyamination, O-

GlcNAcylation, and SUMOylation) decrease the seeding capability of 4R tau aggregates. 

That was also accompanied by a reduction in the level of b-sheet content and filamentous 

structures in tau aggregates. The contribution of tau PTMs to the regulation of seeding 

activity is a growing area of investigation. Taken together, our results are strongly 

suggestive of a critical role played by PTMs in regulation tau conformations responsible 

for seeding activity.  
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Pathological Tau Conformations 

Given that NFTs are not as toxic as once thought, earlier conformations and 

multimeric species of tau that are antecedent to fibrillar aggregation have drawn 

increasing attention (Cowan & Mudher, 2013). The formation of tau oligomers is 

considered an early event in the progressive accumulation of pathological tau in 

tauopathies (Lasagna-Reeves et al., 2012; Maeda et al., 2007; Maeda et al., 2006; 

Patterson et al., 2011). Oligomers are sufficient to cause synaptic, mitochondrial, and 

electrophysiological dysfunction as well as dysregulated axonal transport and 

bioenergetics (Cox et al., 2016; Kanaan et al., 2016; Lasagna-Reeves et al., 2012; Maeda 

et al., 2007; Maeda et al., 2006; Niewiadomska et al., 2021; Patterson et al., 2011). 

Furthermore, tau undergoes an additional change early in human disease that exerts 

pathogenicity through conformational exposure of the PAD (Combs et al., 2016; Combs 

& Kanaan, 2017; Kanaan et al., 2011). Excessive exposure of PAD in the extreme N-

terminus of tau activates a signaling pathway that disrupts axonal transport (Kanaan et 

al., 2011; Morris & Brady, 2022; Mueller et al., 2021). A third early conformational change 

that is believed to set the stage for tau to aggregate is the misfolded tau conformation, 

where the N-terminus abnormally folds over the MTBR (Carmel et al., 1996; Jicha et al., 

1997; Ksiezak-Reding et al., 1988). In human disease, these conformations are universal 

in different tauopathies such as AD, corticobasal degeneration (CBD), and Pick’s disease 

(PiD) (Castillo-Carranza, Gerson, et al., 2014; Combs et al., 2016; Cox et al., 2016; Ferrer 

et al., 2014; Montalbano et al., 2023). Taken together, a picture emerges that the 

pathophysiology of tauopathies share common mechanisms of conformational changes 
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and toxicity that involve oligomerization, PAD exposure, and misfolding of tau early in 

disease (Alhadidy & Kanaan, 2024).  

Our work lends further support to the hypothesis that common mechanisms of 

conformational tau changes take place in disease. For the most part, we found the 

direction of change (i.e. increase or decrease) in one pathological tau conformation 

generally parallels that of other conformations. For example, an increase in all 

pathological tau conformations was observed with SPD polyamination before and after 

aggregation. On the other hand, we noticed a reduction in most pathological tau 

conformations with SUMOylation upon aggregation. Even though the effects of O-

GlcNAcylation are isoform-dependent, the direction of change in pathological tau 

conformations is similar for each isoform upon aggregation (i.e. all pathological tau 

conformations increase with O-GlcNAcylated hT39 and remain unaltered with O-

GlcNAcylated hT40).  

However, we encountered one prominent deviation upon SUMOylating hT40 

proteins. A subgroup of tau oligomers (TOMA1-positive oligomers) is increased with 

SUMO2 modification, while another oligomeric tau subgroup (TOC1-positive oligomers) 

is decreased. Given that SUMO2 protein is relatively larger in size (11 kDa) when 

compared to chemical PTMs (e.g. phosphorylation), it is possible that the SUMO2 

modification is interfering with the TOC1 epitope (amino acids 290-224) but not the 

TOMA1 epitope (15917643; 23979027). In fact, two SUMO2 modification sites are 

located on or close to the TOC1 epitope: K224 and K225. No information is currently 

available on TOMA1 epitope. However, it is critical to address this concern by denaturing 

SUMO1- and SUMO2-modified hT40 proteins to expose the continuous TOC1 epitope 
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(e.g. western blot or dot blot) (Cox et al., 2016). Assuming that no interference is observed 

with the TOC1 epitope, then our results would confirm the idea that multiple species of 

tau oligomers exist and show positive reactivity with different tau oligomer-specific 

antibodies. This finding would agree with a report by the Binder group that TOC1 antibody 

labels a subpopulation of tau oligomers (Patterson et al., 2011). Furthermore, such a 

finding is significant because it suggests that PTMs may provide a subtle degree of 

regulation at the levels of oligomer ensembles not well-appreciated previously (Lo et al., 

2019).   

On- and Off-Filament Pathways of Tau Polymerization 

Under physiological conditions, tau lacks a stable three-dimensional structure and 

assumes an ensemble of conformations in vitro, such as the paperclip conformation 

(Abraha et al., 2000; Jeganathan et al., 2006). In disease conditions, tau undergoes 

conformational changes that instigate a cascade of self-assembly that may (on-pathway) 

or may not (off-pathway) lead to the eventual formation of filamentous aggregates (Dear 

et al., 2020; Gerson et al., 2016; Kjaergaard et al., 2018; Muschol & Hoyer, 2023).  

The three PTMs examined in this dissertation show distinct profiles on the 

relationship between filamentous aggregates and pathological conformations of tau: 

reduction in filamentous aggregates along with an increase in pathological conformations 

and oligomers with polyamination, mild reduction in filamentous aggregates along with no 

change or an increase in pathological tau conformations and oligomers with O-

GlcNAcylation, and reduction in filamentous aggregates, pathological conformations 

(mostly) and oligomers with SUMOylation. 
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Polyamination 

 As shown in Chapter 2, SPD polyaminated tau preparations have higher levels of 

pathological conformations in the unaggregated and aggregated states relative to 

unmodified tau preparations. The higher levels of pathological conformations in SPD 

polyaminated tau are hard to reconcile with the accompanying reduction (hT40) or no 

change (hT39) in aggregated mass compared to unmodified tau. One potential 

explanation is that SPD polyamination alters conformation of tau at the monomeric and/or 

low order multimer levels that are not big enough to capture by transmission electron 

microscopy (TEM) but can still be captured with sandwich ELISAs. Another explanation 

is the observation that the final SPD polyaminated tau preparations had residual 

multimers from the polyamination reaction proven hard to remove during purification 

(observed as stable multimers by western blots). Therefore, it is plausible that the residual 

multimers from the polyamination reaction are contributors to the higher levels of 

pathological tau conformations. It seems that the residual multimers do not favor 

elongation upon aggregation, and this explains the reduction in filamentous/b-sheet 

structures. In fact, the residual multimers in the SPD polyaminated tau preparations are 

reminiscent of the recombinant tau dimers used to develop the TOC1 antibody as they 

also did not favor elongation upon inducing aggregation (Patterson et al., 2011). Instead, 

the tau dimers used to develop the TOC1 antibody favored off-pathway oligomerization. 

Taken together, our findings with polyaminated tau are strongly suggestive of the 

emergence of off-pathway multimers positive for the measured pathological 

conformations and do not favor the formation of filamentous aggregates.    
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O-GlcNAcylation 

O-GlcNAcylation was examined in Chapter 3, where O-GlcNAcylation 

demonstrates either no change (hT40) or an increase (hT39) in pathological tau 

conformations. Upon O-GlcNAcylating hT40, there is a mild reduction in filamentous 

aggregates relative to unmodified tau. This mild shift may not contribute significantly to a 

change in the formation of pathological tau conformations (except for a mild decrease in 

TOC1-positive oligomers). It remains unknown whether a higher level of O-GlcNAcylation 

would further decrease the levels of known pathological tau conformations. Furthermore, 

we did not observe a change in pathological tau conformations in the unaggregated 

samples of O-GlcNAcylated hT40. In agreement, Yuzwa et al. reported that O-

GlcNAcylation of hT40 does not affect the global tau fold in monomeric state (paperclip 

structure) (Yuzwa et al., 2014).  

On the other hand, O-GlcNAcylating hT39 induces a mild increase in the size of 

globular aggregates accompanied by elevated levels of the examined pathological tau 

conformations. An increase in size may reflect further addition of monomeric tau to the 

growing globular aggregates, which may entail a change in the conformation of tau 

monomers. Therefore, O-GlcNAcylation of hT39 may favor a conformational change at 

the monomeric or low order multimeric levels that can still be captured with sandwich 

ELISAs. Taken together, it seems likely that O-GlcNAcylation favors the formation of 

globular structures positive for the four pathological conformations examined here.  
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SUMOylation 

 In Chapter 4, we demonstrated that SUMOylation reduces the formation of 

pathological tau conformations in both hT40 (except TOMA1-positive oligomers with 

SUMO2) and hT39 upon aggregation relative to unmodified tau. In the case of hT40, 

reduction in pathological conformations is co-incident with reduced aggregated mass 

compared to unmodified tau. Furthermore, SUMOylation significantly reduces 

filamentous tau aggregates and markedly increases globular structures that do not 

appear to show reactivity for the four pathological tau conformation antibodies tested here 

(except for TOMA1-positive oligomers with SUMO2-modified hT40). In the case of hT39, 

there are no changes in the aggregated mass upon aggregation even though all 

pathological tau conformations appear to exist at lower levels compared to unmodified 

hT39. Therefore, SUMOylation does not necessarily decrease tau polymerization by 

locking it into monomeric unaggregated state, but instead shifts monomeric tau into 

globular aggregates that are not readily detected by the four pathological conformations 

investigated here.  

Future Directions 

Polyamination 

 Cellular polyamines represent a group of nonacetylated (putrescine, spermine, 

and SPD) and acetylated metabolites (acetylated putrescine, acetylated spermine, and 

acetylated SPD) (Bae et al., 2018). In this dissertation, we investigated the impact of SPD 

polyamination on the pathobiology of tau protein (Chapter 2). We chose SPD because it 

is the most elevated polyamine in AD serum and brain (Inoue et al., 2013; Morrison & 

Kish, 1995; Sternberg et al., 2022). Nonetheless, the other nonacetylated and acetylated 
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polyamines may display a distinct profile in terms of regulating the biology and 

pathobiology of tau (Sandusky-Beltran et al., 2019; Sato et al., 2003). It is worthwhile to 

investigate the impact of polyamines other than SPD on tau pathobiology and its 

functional consequences. 

 One interesting observation for SPD polyamination is the increase in pathological 

tau conformations even without inducing aggregation. As described earlier, the residual 

multimers in SPD polyaminated tau preparations may explain this finding. Nonetheless, 

it is also possible that the increase in pathological tau conformations is also a 

manifestation of SPD-modified tau monomers displaying altered conformations and/or 

small order multimers (not visible on TEM). In the literature, there are examples of other 

PTMs alter tau conformations in unaggregated state (e.g. phosphomimic at 

S199/S202/T205 increases PAD exposure) (Christensen et al., 2023; Jeganathan et al., 

2008). In future experiments, we may try additional purification methods to remove 

residual multimers from the tau preparation, while also obtaining high protein yields (e.g. 

size exclusion or anion/cation exchange chromatography) (Takeda et al., 2015).   

 As tau tangle pathology progresses in disease, it may undergo enzymatic cleavage 

by caspases (e.g. caspase 3 and caspase 6). Caspase 6 cleaves tau at D13, whereas 

caspase 3 cleaves tau at D421 (Horowitz et al., 2004; Rissman et al., 2004). PTMs may 

regulate the ability of caspases to cleave tau (e.g. pseudophosphorylation at S422 inhibits 

cleavage by caspase 3) (Guillozet-Bongaarts et al., 2006). We detected SPD 

polyamination sites that are relatively close to both truncation sites: Q6 and Q24 

(surrounding D13) and Q424 (near D421). It would be interesting to determine whether 

SPD modification sites of tau affect the cleaving activity of caspases.  
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 Most evidence on the role that the transglutaminase (TG) enzyme plays in 

regulating tau pathology through polyamination is correlative. For example, the activity of 

TG increases in AD and progressive supranuclear palsy (PSP) cases (G. V. Johnson et 

al., 1997; Zemaitaitis et al., 2003). Furthermore, TG colocalizes with tau pathology in AD, 

and the cross-linking bonds formed by TG are detectable in tau pathology in AD, PSP, 

and mouse models (Halverson et al., 2005; Singer et al., 2002; Wilhelmus et al., 2009; 

Zemaitaitis et al., 2000). In vitro studies determined the tau residues involved in its cross-

linking by TG and showed that tau is also directly modifiable by polyamines in the 

presence of TG (Miller & Johnson, 1995; Murthy et al., 1998). Nonetheless, the extent of 

direct tau modifications by polyamines (e.g. SPD) in tauopathies and when these events 

take place during the development and progression of tangle pathology is still unclear. 

Possibly, the limited biochemical and mass spectrometry (MS) methods to detect 

polyaminated proteins is one reason for the lack of further information (Yu et al., 2015). It 

is also critical to determine whether the detected SPD polyamination sites in our study 

match the sites polyaminated on pathological tau in tauopathies. 

 The role played by polyamines in regulating tau pathology is a growing area of 

interest. Several reports investigated the dysregulation of polyamine pathways in human 

brain and mouse models of tauopathy, suggesting a polyamine stress response (Mein et 

al., 2022; Sandusky-Beltran et al., 2019; Sandusky-Beltran et al., 2021). Most of these 

reports assessed the mutual regulation exerted by polyamine metabolism and tau 

pathology (aggregates) in mouse models of tauopathy, but did not study the effects of 

polyamination modifications to the tau protein (Alhadidy & Kanaan, 2024; Ivanov et al., 

2020). In future studies, it would be helpful to determine the impact that polyamine 
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metabolism has on tau aggregation as well as the other pathological tau conformations 

(i.e. oligomerization, PAD exposure, misfolding, and seeding). Furthermore, testing the 

effects of polyaminated tau in functional assays linked to oligomeric and PAD-exposed 

tau such as axonal transport is a critical next step in understanding the consequences of 

polyamination on tau (Brady et al., 1982; Mueller et al., 2023).  

 Finally, polyamines may alter the cellular biology in ways other than directly 

modifying tau protein. For example, polyamines regulate mitophagy and bioenergetics, 

receptor biology (e.g. glutamate and nicotinic receptors), ion channel activity, and 

inflammation (Guerra et al., 2016). Therefore, it is crucial to investigate the biology of 

polyamines in mouse models with a comprehensive approach that considers other 

biological processes along with the pathobiology of tau.     

O-GlcNAcylation 

 The evidence relating O-GlcNAcylation to tau pathology comes from AD and 

animal models of tauopathy (Gatta et al., 2016; Graham et al., 2014; Hastings et al., 2017; 

Liu et al., 2004; Liu et al., 2009; Wang et al., 2020; Yuzwa et al., 2008). In AD brains, 

levels of O-GlcNAc-modified proteins including the modified soluble tau are reduced 

where O-GlcNAcylation and phosphorylation of tau are inversely proportional to each 

other (Gatta et al., 2016; Graham et al., 2014; Hastings et al., 2017; Liu et al., 2004; Liu 

et al., 2009; Wang et al., 2020; Yuzwa et al., 2008). The role played by O-GlcNAcylation 

in regulating tau pathology in tauopathies other than AD is less clear. Part of this limitation 

comes from the challenge to detect O-GlcNAcylation with biochemical and MS methods 

(Ma & Hart, 2017). Advances in methods of detecting O-GlcNAcylation will provide 

insights on the contribution of O-GlcNAcylation to the pathophysiology of tauopathies. 
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Furthermore, it will help to determine whether the O-GlcNAc-modified sites on the 

recombinant tau protein (e.g. S400) reflect the sites modified in situ (Morris et al., 2015).  

Cleavage of tau by the action of caspases plays a role in the development and 

progression of tangle pathology (Horowitz et al., 2004; Rissman et al., 2004). In the case 

of O-GlcNAcylation, one modification site is particularly relevant for cleavage by 

caspases: S422. Assessing the impact of O-GlcNAcylation at this site on cleavage by 

caspases will provide insights on the interplay between PTMs and tangle evolution. 

Phosphorylation and O-GlcNAcylation of tau are mutually exclusive on S422; thus, it is 

useful to assess the differential regulation of caspase cleavage and other aspects of tau 

pathobiology by comparing O-GlcNAcylated tau to phosphorylated tau.  

Accumulating evidence suggests differential regulation of tau isoforms (4R vs 3R) 

by PTMs (Chakraborty et al., 2023; Combs et al., 2011; Liu et al., 2016; Voss & Gamblin, 

2009). Our results show that O-GlcNAcylation of tau may increase or not affect the 

pathological conformations in 3R and 4R isoforms, respectively. Validation of this 

differential regulation in functional assays linked to oligomeric and PAD-exposed tau such 

as axonal transport is a critical next step (Brady et al., 1982; Mueller et al., 2023). In 

addition, testing therapeutic approaches targeting O-GlcNAcylation [e.g. O-GlcNAcase 

(OGA) inhibitors] in mouse models expressing 4R and 3R tau transgenes will provide 

further insights on the therapeutic potential of O-GlcNAcylation (Rockenstein et al., 2015). 

It is possible that enhancing O-GlcNAcylation of tau by OGA inhibitors is a useful 

therapeutic target for 4R (e.g. CBD) but neither for 3R (e.g. PiD) nor 4R/3R (e.g. AD) 

tauopathies (Gotz et al., 2019).    
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SUMOylation 

SUMO1 but not SUMO2 colocalizes with phosphorylated tau aggregates in AD and 

PSP (Luo et al., 2014; Takamura et al., 2022). However, it is not clear whether SUMO 

modifications also take place on soluble tau. Like polyamination and O-GlcNAcylation, 

SUMOylation is challenging to detect with biochemical and MS methods despite some 

recent advances (Lumpkin et al., 2017; Osula et al., 2012). Addressing this limitation is 

important to determine whether SUMOylation of tau starts early or late in the development 

and progression of disease.  

In Chapter 4, we showed that SUMOylation markedly inhibits the formation of 

filamentous tau aggregates. Our results stand at odds with the published studies showing 

that SUMO1 is associated with tau accumulation and aggregation (Dorval & Fraser, 2006; 

Luo et al., 2014). One critical difference in the studies of tau SUMOylation in this 

dissertation is that we used purified recombinant tau proteins separated from the cellular 

milieu. In fact, the cellular environment integrates biological factors that may reveal an 

outcome of SUMOylation different from that observed in our in vitro protein studies. For 

instance, the previously published reported an interplay between SUMOylation and other 

PTMs of tau (e.g. phosphorylation and ubiquitination) that may alter tau clearance, 

concentration, and aggregation (Dorval & Fraser, 2006; Luo et al., 2014). To better match 

the other factors encountered by SUMOylated tau in the cell, futures studies using 

recombinant tau protein may examine combinations of phosphorylated tau along with 

different SUMO isoforms. Nadel et al. recently used a similar approach to study the impact 

of ubiquitination on tau phosphorylated at AD relevant sites (Drepper et al., 2020; Nadel 

et al., 2023). It is also critical to determine which phosphorylated sites coincides with 
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SUMOylated tau in tauopathies by MS or other approaches to guide future studies (Dorval 

& Fraser, 2006; Luo et al., 2014).   

In this dissertation, recombinant tau proteins modified with polyamination and O-

GlcNAcylation represent a mixture of modified and unmodified proteins. In addition, the 

site-specific patterns of modifications within single tau proteins are undoubtedly a mixture 

and adds complexity to identifying site-specific effects. SUMOylated tau proteins likely 

contain little to no unmodified tau because of the dual tag purification method utilized. 

Even though this approach allowed us to effectively dissect the effects of SUMOylation, 

it does not recapitulate the cellular conditions of having presumably both SUMOylated 

and non-SUMOylated tau proteins, with and without other PTMs. For example, regulation 

of tau biology by the truncated N-terminal and C-terminal fragments may be altered in the 

presence of SUMOylated and non-SUMOylated tau proteins (Abraha et al., 2000; 

Gamblin et al., 2003; Guillozet-Bongaarts et al., 2005; Horowitz et al., 2006; Horowitz et 

al., 2004). These approaches were initial attempts at understanding the potential impact 

of specific modifications, but the future of such work will require additional refinement to 

identify site-specific effects and the interplay between multiple PTMs. 

An intriguing finding with SUMOylated proteins is the globular structures formed 

by SUMO2-modified hT40 protein upon aggregation. These structures display a different 

profile of pathological conformations with reduced TOC1-positivity, PAD exposure, and 

misfolding but increased TOMA1-positivity. Several pathological conformations usually 

coexist in human tauopathies and recombinant tau proteins (Castillo-Carranza, Gerson, 

et al., 2014; Combs et al., 2016; Cox et al., 2016; Ferrer et al., 2014; Montalbano et al., 

2023). Therefore, it is critical to assess the structure of the unique globular aggregates by 
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structural approaches such as atomic force microscopy and cryogenic electron 

microscopy. Furthermore, it is worthwhile to test the effect of SUMO2-modified hT40 

globular aggregates on axonal transport despite a lack of detectable increases in PAD 

exposure (Brady et al., 1982; Mueller et al., 2023). A recent report suggested that a 

conformation other than PAD exposure may also impair axonal transport potentially 

through JNK-mediated mechanisms (Morris et al., 2020). 

Concluding Remarks 

 Tau is subject to a broad range of PTMs, including phosphorylation, acetylation, 

methylation, ubiquitination, nitration (Alquezar et al., 2020). A significant body of literature 

demonstrates that PTMs have roles in regulating tau localization, protein interactions, 

degradation, and aggregation, but the precise impact of specific and combinatorial PTMs 

on the tau’s physiology and pathophysiology requires continued investigation (Alhadidy 

& Kanaan, 2024; Alquezar et al., 2020; Park et al., 2018).  

Phosphorylation and acetylation are the most extensively studied PTMs of tau; yet 

tau is subject to a larger pool of PTMs that have received substantively less attention, 

such as carbamylation, prolyl-isomerization, polyamination, O-GlcNAcylation, and 

SUMOylation among others (Alhadidy & Kanaan, 2024). Furthermore, our understating 

of how PTMs of tau specifically regulate its transition into pathological conformations is 

still being developed by the field. Filling these knowledge gaps requires further 

investigation of the understudied territory of tau PTMs to gain a comprehensive picture of 

tau regulation. 

In this dissertation, I utilized a set of in vitro assays to determine the contribution 

of some understudied PTMs of tau in its transition into pathological conformations (i.e. 
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PAD exposure and misfolding), globular aggregates (i.e. oligomers) and filamentous 

aggregates (Figure 5.1) (Alhadidy & Kanaan, 2024). I encountered three profiles of tau 

regulation with each PTM: reduction in filamentous aggregates along with an increase in 

pathological conformations with polyamination, a mild reduction in filamentous 

aggregates along with no change or an increase in pathological tau conformations with 

O-GlcNAcylation, and a reduction in filamentous aggregates and pathological 

conformations (mostly) with SUMOylation.  

PTMs of tau are usually studied in the context of their impact on tau aggregation 

into filamentous structures, including the most studied phosphorylation and acetylation 

(Alhadidy & Kanaan, 2024). Based on its impact on filamentous tau aggregates, one may 

mistakenly hypothesize that tau polyamination with SPD is protective in tauopathies, but 

there is an associated increase in pathogenic conformations linked to toxicity 

mechanisms. In addition, most efforts testing therapeutic approaches that target PTMs 

utilize mouse models that express 4R tau isoforms (Lewis et al., 2000; Santacruz et al., 

2005; Yoshiyama et al., 2007). For example, studying O-GlcNAcylation of 4R but not 3R 

tau isoforms may lead to the false impression that this PTM is protective in tauopathies: 

however, different tau isoforms comprising the pathological tau inclusions in each disease 

changes the interpretation with this modification (Gotz et al., 2019). The findings in this 

dissertation strongly endorse a more comprehensive approach to study tau PTMs that 

includes the consideration of pathological conformations and aggregation of tau isoforms.  

A recent wave of research efforts aims at advancing our knowledge of tau 

conformations and developing antibodies for their detection. While some novel antibodies 

detect conformation(s) common across tauopathies, other conformation-dependent 
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antibodies differentiate tau pathology of AD from other dementias (Gibbons et al., 2019; 

Paterno et al., 2023; Verelst et al., 2020; Zupancic et al., 2023). Furthermore, novel 

conformation-dependent antibodies detect tau seeds common across tauopathies, while 

others differentiate tau seeds of AD and PSP from CBD and PiD (Gibbons et al., 2020; 

Hitt et al., 2023). Further investigation of these novel conformations and potential 

mechanisms of toxicity will expand the tools available for researchers to fully characterize 

the impact of PTMs on tau pathobiology. 

It is critical to use a multi-pronged approach to generate hypotheses about the role 

of PTMs in regulating tau pathobiology. For example, SUMO1-modified tau proteins in 

this work showed a reduction in tau aggregation into filamentous structures. One may 

conclude that SUMO1 does not favor tau aggregation and consequently is not detectable 

in tau inclusions. Nonetheless, data from cell lines show that modifying tau with SUMO1 

reduces its ubiquitination and further clearance by the proteasome and increases tau 

aggregation (Dorval & Fraser, 2006; Luo et al., 2014). Furthermore, SUMO1 colocalizes 

with tau inclusions in AD and PSP (Luo et al., 2014; Takamura et al., 2022). By integrating 

the data together, alternative explanations can be hypothesized to reconcile this apparent 

discrepancy. For instance, SUMOylation of tau may be inhibitory to filamentous aggregate 

formation but the combination of SUMOylation and phosphorylation may yield a different 

outcome. In fact, such a hypothesis was recently reported with the combination of 

ubiquitination and phosphorylation (Drepper et al., 2020; Nadel et al., 2023). Furthermore, 

it is also plausible that SUMOylation is a compensatory mechanism initiated to prevent 

the aggregation of phosphorylated tau. Along with the reduction of tau ubiquitination and 

clearance upon its SUMOylation, other pathophysiological processes may outcompete 
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SUMOylation culminating into aggregation of SUMOylated tau (Drepper et al., 2020; 

Nadel et al., 2023). A third possibility is that the globular aggregates formed by 

SUMOylated tau become sequestered into neurofibrillary tangles as they mature. 

Therefore, it is critical to include data from multiple in vitro, in vivo, and in situ systems for 

better understanding of tau regulation by PTMs.  

 

Figure 5.1. Summary of biochemical approaches to monitor transition of tau into 
various pathogenic conformations. 
A, soluble tau monomers assume an ensemble of dynamic conformation(s), such as the 
paperclip structure, under physiological conditions. Abnormal modification with mutations, 
post-translational modifications, or other factors such as protein-protein interactions are 
thought to facilitate the adoption of abnormal conformations that facilitate the formation 
of multimeric species. Tau multimerization is dynamic and a complex ensemble of 
conformers are possible, some of which are oligomeric forms that are “off-pathway” for 
forming fibrils and others are” on-pathway” and will facilitate the formation of fibrillar 
structures. B, specific tools have utility in detecting various forms of tau during the 
cascade of changes from physiological monomers to abnormal conformations, oligomeric 
and fibrillar forms of tau. Early abnormal modifications and subsequent conformational 
changes are identified by some tau antibodies (e.g., exposure of the phosphatase-
activating domain (PAD) by Tau N-Terminal (TNT) antibodies) in biochemical assays.  
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Figure 5.1 (cont’d) 
Conformations of tau that precede its aggregation can be monitored by the Alz50 and 
MC-1 antibodies as well. Many of these early conformational changes are seen in 
oligomeric species, and additional antibody reagents are available that specifically bind 
tau oligomers [e.g., Tau Oligomeric Complex 1 (TOC1), Tau Oligomer Monoclonal 
Antibody (TOMA1), and T22]. As oligomeric species mature, they become identifiable 
through 8-Anilino-1-naphthalenesulfonic acid (ANS) assays because of the associated 
hydrophobic clustering. Finally, fibrillar forms of tau are rich in b-sheet structures and 
subsequently biochemical assays using fluorometric dyes [e.g., thioflavin S (ThS), 
thioflavin T (ThT) or thiazine red] that bind these structures identify the formation of 
filamentous tau aggregates. The seeding capacity of abnormal tau species from 
monomeric to fibrillar forms are identifiable using the RD biosensor cell assay (cells 
expressing mutant 4 microtubule-binding repeat domains of tau). Figure created with 
BioRender.com. 
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APPENDIX I (AI) 

 

Figure AI.1. Production and purification strategy of SPD tau using hT40 as an 
example. 
A, in vitro polyamination reaction with SPD is set up in the presence of the TG enzyme. 
The polyamination reaction (stage 1) produces a mixture of tau species that includes 
polyaminated monomeric, multimeric and HMW crosslinked tau. Passing the 
heterogenous mixture of polyaminated tau products through a membrane with 100 kDa 
MWCO (stage 2) separates the polyaminated monomeric (flow-through) from multimeric 
and crosslinked tau species (elution). B-D, mixing tau and SPD in the absence of TG 
does not produce SPD polyaminated/crosslinked tau (stage 1). A Coomassie stained gel 
(B) shows that in the absence of SPD TG gives rise to a mixture of crosslinked products 
that includes intraprotein crosslinked (yellow arrowhead), multimeric (green arrowheads) 
and HMW interprotein crosslinked (red arrowhead) tau species. Adding SPD to the 
reaction dramatically decreases the intraprotein crosslinked tau species, while producing 
SPD polyaminated monomeric tau (purple arrowhead). Immunoblot of samples (C) shows 
that SPD is not incorporated into tau proteins in the absence of TG enzyme. In contrast, 
the presence of TG alone (D) produces a mixed population of intraprotein and interprotein 
crosslinked tau species. When both TG and SPD are present polyaminated monomeric, 
multimeric and HMW crosslinked tau species are produced. E, the polyaminated tau (PA 
tau) was passed through a membrane with 100 kDa MWCO (stage 2). The flow-through  
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Figure AI.1 (cont’d) 
(FL) contains mainly monomeric tau species (purple arrowhead), while only the elution 
(EL) contains the HMW interprotein crosslinked tau species. SPD polyaminated tau in the 
FL was used to conduct the experiments described in this work. The same strategy was 
used to purify a polyaminated version of the longest 3R tau isoform – hT39. Abbreviations: 
SPD, spermidine; TG, transglutaminase enzyme; hT40, 2N4R tau isoform; hT39, 2N3R 
tau isoform; PA tau, polyaminated tau; HMW, high molecular weight; MWCO, molecular 
weight cutoff. Panel A created with BioRender.com. 
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Figure AI.2. Sample mass spectra of tau peptides showing spermidine modification 
at Q424 of hT40. 
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Figure AI.2 (cont’d) 
A, mass spectrum of peptide spanning amino acids 407-438 in unmodified hT40. All 
fragmented y-ions showed no change in mass corresponding to polyamination with SPD 
(e.g. y161+ m/z = 1613.88 equivalent to a mass of 1612.88 Da; green arrowhead). B, mass 
spectrum of peptide spanning amino acids 407-438 in SPD hT40. Fragmented y-ions from 
y16-y20 carry a double positive charge with a mass shift corresponding to polyamination 
with SPD (e.g. y162+ m/z = 871.51 equivalent to a mass of 1741.02 Da; purple arrowhead). 
There was also a reduction in retention time of SPD-modified peptide relative to 
unmodified peptide 407-438. Abbreviations: SPD, spermidine; hT40, 2N4R tau isoform; 
m/z, mass-to-charge ratio.  



 

 323 

 

Figure AI.3. Sample mass spectra of tau peptides showing spermidine modification 
at Q424 of hT39. 
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Figure AI.3 (cont’d) 
A, mass spectrum of peptide spanning amino acids 376-407 (corresponds to 407-438 of 
2N4R tau isoform) in unmodified hT39. All fragmented y-ions showed no change in mass 
corresponding to polyamination with SPD (e.g. y161+ m/z = 1613.87 equivalent to a mass 
of 1612.87 Da; green arrowhead). B, mass spectrum of peptide spanning amino acids 
376-407 in SPD hT39. Fragmented y162+ carries a double positive charge with a mass 
shift corresponding to polyamination with SPD (i.e. y162+ m/z = 871.51 equivalent to a 
mass of 1741.02 Da; purple arrowhead). There was also a reduction in retention time of 
SPD-modified peptide relative to unmodified peptide 376-407. Abbreviations: SPD, 
spermidine; hT39, 2N3R tau isoform; m/z, mass-to-charge ratio. 

 

Figure AI.4. Sandwich ELISA assay to quantify total tau levels. 
A, sandwich ELISA assay measuring total tau in unaggregated and aggregated hT40 
proteins using Tau13 antibody for capture and R1 antibody for detection. B, sandwich 
ELISA assay measuring total tau in unaggregated and aggregated hT39 proteins using 
Tau13 antibody for capture and R1 antibody for detection. Abbreviations: SPD, 
spermidine; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; R1, tau rabbit polyclonal 
antibody. Data represented as mean ± SD.   

7. APPENDIX I 
 

 

 



 

 325 

APPENDIX II (AII)

 

Figure AII.1. Sample mass spectra of tau peptides showing O-GlcNAc modification 
at S422 of hT40. 
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Figure AII.1 (cont’d) 
A, mass spectrum of peptide spanning amino acids 402-429 in unmodified hT40. 
Fragmented y-ions showed no change in mass corresponding to O-GlcNAcylation (e.g. 
b232+ m/z = 1206.56 and b252+ m/z = 1298.62; green arrowheads). B, mass spectrum of 
peptide spanning amino acids 402-429 in O-GlcNAc-modified hT40. Fragmented b-ions 
show a mass shift corresponding to modification with O-GlcNAc (e.g. b232+ m/z = 1308.10 
and b252+ m/z = 1400.16; purple arrowheads). In addition, all six diagnostic ions produced 
by O-GlcNAc fragmentation were observed with O-GlcNAc-modified hT40, but not 
unmodified hT40. Abbreviations: O-GlcNAc, O-linked-N-acetyl β-d-N-glucosamine; hT40, 
2N4R tau isoform; m/z, mass-to-charge ratio; DI, diagnostic ion; D126+, diagnostic ion 
m/z 126Da; D138+, +, diagnostic ion m/z 138Da; D144+, diagnostic ion m/z 144Da; 
D168+, diagnostic ion m/z 168Da; D186+, diagnostic ion m/z 186Da D204+, diagnostic 
ion m/z 204Da.  
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Figure AII.2. Sample mass spectra of tau peptides showing O-GlcNAc modification 
at S422 of hT39. 
A, mass spectrum of peptide spanning amino acids 371-398 in unmodified hT39 
(corresponding to 402-429 in hT40). Fragmented y-ions showed no change in mass 
corresponding to O-GlcNAcylation (e.g. b232+ m/z = 1206.56 and b253+ m/z = 866.08; green  
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Figure AII.2 (cont’d) 
arrowheads). B, mass spectrum of peptide spanning amino acids 371-398 in O-GlcNAc-
modified hT39. Fragmented b-ions show a mass shift corresponding to modification with 
O-GlcNAc (e.g. b232+ m/z = 1308.10 and b252+ m/z = 1400.16; purple arrowheads). In 
addition, all six diagnostic ions produced by O-GlcNAc fragmentation were observed with 
O-GlcNAc-modified hT39, but not unmodified hT39. Abbreviations: O-GlcNAc, O-linked-
N-acetyl β-d-N-glucosamine; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; m/z, 
mass-to-charge ratio; DI, diagnostic ion; D126+, diagnostic ion m/z 126Da; D138+, +, 
diagnostic ion m/z 138Da; D144+, diagnostic ion m/z 144Da; D168+, diagnostic ion m/z 
168Da; D186+, diagnostic ion m/z 186Da D204+, diagnostic ion m/z 204Da. 

 

Figure AII.3. Sandwich ELISA assay to quantify total tau levels using the Tau13 
antibody. 
A, sandwich ELISA assay measuring total tau in unaggregated and aggregated hT40 
proteins using Tau13 antibody for capture and R1 antibody for detection. B, sandwich 
ELISA assay measuring total tau in unaggregated and aggregated hT39 proteins using 
Tau13 antibody for capture and R1 antibody for detection. Abbreviations: O-GlcNAc, O-
linked-N-acetyl β-d-N-glucosamine; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; 
R1, tau rabbit polyclonal antibody. Data represented as mean ± SD. 
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APPENDIX III (AIII) 

 

Figure AIII.1. Production and purification strategy of SUMO-modified tau using 
SUMO1-modified hT40 as an example. 
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Figure AIII.1 (cont’d) 
A, bacterial cells were co-transformed with tau C-Halo and either pSUMO1 or pSUMO2 
plasmids. We purified SUMOylated proteins using His tag-based purification of bacterial 
lysate (1st His tag). SUMOylated tau was captured from the other bacterial protein via 
HaloLink resin-based purification. Tau was eluted from the HaloLink resin using the TEV 
protease enzyme that serves 2 functions – cleaving tau off the HaloLink resin and cleaving 
His tag off the N-terminus of SUMO proteins. The TEV protease enzyme (with an N-
terminal His tag) was removed from the final tau preparation via another round of His tag-
based purification (2nd His tag). B, Coomassie stain of SDS-PAGE gel showing the 
supernatant (Sup), flow-through (FL), wash (W), and elution (EL) fractions of the first talon 
run. SUMOylated tau proteins were visible at molecular weight between 130-230 kDa, 
corresponding to Halo-tagged mono- or poly-/multi- SUMOylated tau products (red 
arrowheads). Band intensities of SUMOylated tau products were reduced in FL relative 
to Sup, suggesting they were successfully bound to the Talon column (his tag-based 
purification). Halo-tagged unmodified tau band was visible at around 100 kDa, and its 
intensity was not reduced in FL relative to Sup (green arrowhead). SUMO1 band was 
visible in Sup at about 18 kDa but not in FL; it was almost completely captured by the 
Talon column as revealed later in the elution fraction (purple arrowhead). C, Coomassie 
gel of the pre-binding, post-binding, W, and EL fractions of HaloLink purification. 
SUMOylated tau (red arrowheads) and SUMO1 bands (purple arrowhead) were markedly 
reduced in the post-binding samples relative to pre-binding. Upon eluting HaloLink resin-
bound proteins with TEV protease enzyme, the primary bands were SUMOylated tau in 
the elution fraction at a reduced molecular weight between 90-210 kDa (red arrowheads). 
SUMO1 bands were almost completely absent in the elution fraction relative to the other 
lanes (purple arrowhead). D, western blot of the pre-binding, post-binding, and EL 
fractions of the HaloLink run probed with the tau R1 antibody (1:10,000) and His tag 
antibody (1:500; Millipore, #OB05-100UG, RRID: AB_564679). The His tag was 
detectable on SUMOylated tau bands in the pre- and post-binding samples but not in the 
elution sample, suggesting the successful cleavage of His tag off the N-terminus of 
SUMO1 protein. E, western blot of the pre-binding, post-binding, and EL fractions of the 
HaloLink run probed with the Tau5 antibody (1:100,000; Nicholas M. Kanaan at Michigan 
State University, RRID: AB_2721194) and HaloTag antibody (1:1,000; Promega, 
#G9281, RRID: AB_713650). The Halo tag was detectable on SUMOylated tau bands in 
the pre- and post-binding samples but not in the elution sample, suggesting the 
successful cleavage of the Halo tag from the C-terminus of SUMOylated tau protein. F, 
western blot of the input, FL, and EL fractions of the 2nd talon run probed with the Tau5 
antibody and TEV protease antibody (1:1,000; Rockland, #200-401-B91S, RRID: 
AB_10894202). Input sample from the preceding HaloLink run had both tau and TEV 
protease enzyme. After passing the input sample through Talon column, tau comes out 
in the FL (because his tag was cleaved off) with no TEV protease. TEV protease comes 
out concentrated in the EL fraction along with any residual SUMOylated tau with His tag 
not cleaved off during elution from the HaloLink resin. SUMO1-modified hT40 in the FL 
was used to conduct the rest of experiments described in this work. Similar strategy was 
used to purify a SUMOylated version of the longest 3R tau isoform–hT39. Abbreviations: 
SUMOylation, modification with small-ubiquitin-like modifier protein; SUMO, small  
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Figure AIII.1 (cont’d) 
ubiquitin-like modifier; hT40, 2N4R tau isoform; hT39, 2N3R tau isoform; TEV protease, 
tobacco etch virus protease; pre, pre-binding sample; post, post-binding sample; FL, flow-
through; W, wash; EL, elution. Panel A created with BioRender.com. 
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Figure AIII.2. Sample mass spectra of tau peptides showing SUMO modification at 
K254 of hT40. 
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Figure AIII.2 (cont’d) 
A, mass spectrum of peptide spanning amino acids 241-257 in SUMO1-modified hT40. 
Fragmented y7 shows mass shift corresponding to modification with SUMO1 (i.e. y72+ m/z 
= 1066.55 equivalent to a mass of 2131.1 Da). B, mass spectrum of peptide spanning 
amino acids 241-257 in SUMO2-modified hT40. Fragmented y7 shows mass shift 
corresponding to modification with SUMO1 (i.e. y71+ m/z = 1773.91 equivalent to a mass 
of 1772.91 Da). Unmodified peptide spanning amino acids 241-257 shows a fragmented 
y72+ ion with a m/z of 407.24 D equivalent to mass of 812.48 Da (spectrum not shown). 
Some diagnostic ions are shared between SUMO1 and SUMO2 (e.g. D215+; green 
arrowhead). However, other diagnostic ions help distinguish between SUMO1 and 
SUMO2 modification (e.g. D556+ for SUMO1 and D746+ for SUMO2; red arrowheads) 
along with mass shifts. Abbreviations: SUMOylation, modification with small-ubiquitin-like 
modifier protein; hT40, 2N4R tau isoform; m/z, mass-to-charge ratio; DI, diagnostic ion. 
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Figure AIII.3. Sample mass spectra of tau peptides showing SUMO modification at 
K254 of hT40. 



 

 335 

Figure AIII.3 (cont’d) 
A, mass spectrum of peptide spanning amino acids 241-257 in SUMO1-modified hT39. 
Fragmented y7 shows mass shift corresponding to modification with SUMO1 (i.e. y72+ 
m/z = 1066.54 equivalent to a mass of 2131.08 Da). B, mass spectrum of peptide 
spanning amino acids 241-257 in SUMO2-modified hT39. Fragmented y7 shows mass 
shift corresponding to modification with SUMO1 (i.e. y72+ m/z = 887.457 equivalent to a 
mass of 1772.91 Da). Unmodified peptide spanning amino acids 241-257 shows a 
fragmented y72+ ion with a m/z of 407.245 equivalent to mass of 812.49 Da (spectrum 
not shown). Some diagnostic ions are shared between SUMO1 and SUMO2 (e.g. D215+ 
and D847+; green arrowhead). However, other diagnostic ions help distinguish between 
SUMO1 and SUMO2 modification (e.g. D457+ along with D556+ for SUMO1 and D618+ 
for SUMO2; red arrowheads) along with mass shifts. Abbreviations: SUMOylation, 
modification with small-ubiquitin-like modifier protein; hT39, 2N3R tau isoform; m/z, mass-
to-charge ratio; DI, diagnostic ion. 

 

Figure AIII.4. Sandwich ELISA assay to quantify total tau levels using the Tau13 
antibody. 
A, sandwich ELISA assay measuring total tau in unaggregated and aggregated hT40 
proteins using Tau13 antibody for capture and R1 antibody for detection. B, sandwich 
ELISA assay measuring total tau in unaggregated and aggregated hT39 proteins using 
Tau13 antibody for capture and R1 antibody for detection. Abbreviations: SUMOylation, 
modification with small-ubiquitin-like modifier protein; hT40, 2N4R tau isoform; hT39, 
2N3R tau isoform; R1, tau rabbit polyclonal antibody. Data represented as mean ± SD. * 
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001. 


