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Abstract

:

Alzheimer’s disease (AD) and frontotemporal dementia (FTD) can be classified as tauopathies, which are a group of neurodegenerative diseases that develop toxic tau aggregates in specific brain regions. These pathological tau inclusions are altered by various post-translational modifications (PTMs) that include phosphorylation, acetylation, and methylation. Tau methylation has emerged as a target of interest for its potential involvement in tau pathomechanisms. Filamentous tau aggregates isolated from patients with AD are methylated at multiple lysine residues, although the exact methyltransferases have not been identified. One strategy to study the site-specific effects of methylation is to create methylation mimetics using a KFC model, which replaces lysine (K) with a hydrophobic group such as phenylalanine (F) to approximate the effects of lysine methylation (C or methyl group). In this study, tau methylmimetics were used to model several functional aspects of tau methylation such as effects on microtubule binding and tau aggregation in cell models. Overall, several tau methylmimetics displayed impaired microtubule binding, and tau methylmimetics enhanced prion-like seeded aggregation in the context of the FTD tau mutation P301L. Like other PTMs, tau methylation is a contributing factor to tau pathogenesis and could be a potential therapeutic drug target for the treatment of different tauopathies.
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1. Introduction


Alzheimer’s disease (AD) is the most common type of dementia, affecting 6.5 million Americans, and this number is projected to rapidly grow to 13.8 million patients by 2060 [1]. AD is characterized by two major types of protein inclusions in the brain: Aβ amyloid plaques and neurofibrillary tangles comprised of tau protein [2]. Tau protein normally promotes microtubule (MT) assembly and stabilizes MTs [3,4]; however, this can be disrupted in disease states associated with the formation of tau inclusions [2]. Pathological tau aggregates are also present in multiple neurodegenerative disorders collectively known as tauopathies, which include frontotemporal dementia (FTD), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and chronic traumatic encephalopathy (CTE) [5,6]. One way to differentiate clinically distinct tauopathies is by mapping the different patterns of protein post-translational modifications (PTM), which can affect both the structural and functional properties of tau protein [7]. Tau is incredibly versatile in a number of PTMs, which include phosphorylation, acetylation, ubiquitination, methylation, and other modifications [7,8,9].



Of these PTMs, tau methylation has been less extensively studied, and much is unknown about its effects on tau structures and functions [10]. Very few tau methyltransferases have been identified except for SETD7 lysine methyltransferase [10,11]. Tau methylation patterns are significantly different between cognitively normal and AD brains based on mass spectrometry studies [9,12,13]. Tau fibrils from AD brains also have specific methylation sites that are uniquely elevated, and methylated tau is a component of tau aggregates [13]. However, in vitro studies have shown that bulk reductive methylation can lead to decreased tau aggregation and reduced MT assembly [9]. So far, few studies have examined individual tau methylation sites and their effects on tau functions.



In the current study, the site-specific effects of tau methylation on MT binding and tau aggregation were investigated. One approach to studying PTMs is the use of mimetics to make amino acid changes to approximate the size and charge of the modification of interest, and this has been successful for phosphorylation and acetylation [14,15]. Based on prior studies on the methylation of other proteins [16,17,18], tau methylmimetics were created using a KFC model by mutating lysine (K) into phenylalanine (F), a bulky hydrophobic group, to approximate the major effects of tau lysine methylation (C or methyl group). Overall, the results show that specific tau methylmimetics can directly modulate MT binding and enhance prion-like seeded aggregation of the P301L tau mutant.




2. Results


2.1. Site Selection for Methylmimetics


A series of tau methylmimetics were selected based on tau lysine methylation sites that were identified from mass spectrometry studies of tau filaments derived from the post-mortem brains of AD patients [13]. These disease-relevant tau methylation sites include K254 and K267, which are the most abundant sites found in tau filaments, but also K174 and K180 [13]. K369 is a potential tau methylation site that is capable of being methylated after in vitro reductive methylation reactions [9]. This site is of particular interest because of its overlap with the K369I tau mutation, which can directly cause familial Pick’s disease [19]. A summary of all the tau methylation sites and the nearby amino acid sequences is shown in more detail in Figure 1.




2.2. Tau Methylmimetics Regulate MT Binding


HEK293T cells were transfected to express wild-type (WT) 0N4R tau or different tau methylmimetics, and these tau variants were compared based on MT binding properties. Tubulin usually remains soluble after cell lysis, but in the presence of the drug paclitaxel, tubulin is actively stabilized and polymerized into MTs [20,21] that are present in pellet fractions after sedimentation via high-speed centrifugation (Figure 2A,B). This approach can be used to isolate proteins that are associated with MTs, such as tau protein, and compare relative MT binding between different proteins or variants. For WT tau without paclitaxel treatment, tubulin primarily remains in the soluble fraction, and almost none of the tau is in the pellet fraction (Figure 2A). After the addition of paclitaxel, most of the tubulin is shifted in the pellet fraction, and tau that binds to MTs can also be found and isolated in the pellet fraction (Figure 2A,B).



For tau methylmimetic sites located in the proline-rich domain, K174F tau showed significantly decreased MT binding compared with WT tau, while K180F tau was not statistically different from WT tau (Figure 2C,D,H). For methylmimetics within the MT binding region, K267F tau presented with decreased MT binding relative to WT tau, while K254F tau was not significantly different from WT tau (Figure 2E,F,H). K369F tau, which is just downstream of the MT binding region, also resulted in decreased MT binding (Figure 2G,H).




2.3. Single-Site Tau Methylmimetics within WT Tau Did Not Affect Tau Aggregation


HEK293T cells were transfected to express WT tau or tau methylmimetics and assessed with a cell-based tau aggregation assay. In this assay, cell lysates are fractionated into Triton-soluble and Triton-insoluble fractions to isolate tau aggregates, and the percent of tau aggregation can be calculated based on a ratio of the insoluble fraction to the sum of the soluble and insoluble fractions. Tau methylmimetics were compared to WT tau, which did not display significant accumulation in the insoluble fraction and almost all of the detectable tau was within the soluble fraction (Figure 3A). This was true for WT tau with or without the addition of K18 fibrillar seeds, which consist of the central tau domain with all four major MT binding repeats. Tau mutation P301L was used as a positive control because it can cause familial forms of FTD [2,22] and is susceptible to prion-like aggregation after seed induction [23,24,25]. Indeed, P301L did not aggregate significantly by itself but showed significant aggregation after the addition of K18 seeds (Figure 3B). Tau methylmimetics K174F, K180F, K254F, K267F, and K369F did not significantly aggregate with or without K18 seeds (Figure 3C–H).




2.4. Tau Methylmimetics Enhance Prion-like Seeded Aggregation in the Context of the P301L Tau Mutation


While tau methylmimetics are not sufficient to induce tau aggregation, they may act as contributing factors and modulators of tau aggregation. To assess the effects of pseudomethylation on pathogenic tau, tau methylmimetics K174F, K180F, K254F, K267F, and K369F were added to the P301L tau mutation in the same plasmid. Compared with P301L tau (Figure 4B), the combination of K174F/P301L, K180F/P301L, and K267F/P301L showed statistically significant increases in intrinsic aggregation (Figure 4C,D,F,H). When cells were treated with exogenous K18 seeds, K174F/P301L tau and K267F/P301L tau also presented with enhanced tau aggregation compared with P301L tau (Figure 4C,F,H). K180F/P301L, K254F/P301L, and K369F/P301L tau were not significantly different from P301L tau in prion-like aggregation after K18 seed induction (Figure 4D,E,G,H).





3. Discussion


Tau is an intrinsically disordered protein with a variety of conformations, and these types of proteins are particularly vulnerable to multiple PTMs [26,27]. Different patterns of PTMs represent a variety of proteoforms that can present as differentiating forms of pathogenic tau involved in diverse tauopathies [7,8]. Among these PTMs, tau methylation is less studied, but disease-specific methylation sites on tau filaments isolated from AD patients have been identified [13]. In this study, methylmimetics were used to model four of these major tau methylation sites at important lysines, including K174, K180, K254, and K267, as well as a potential methylation site, K369.



Other PTMs, including acetylation and phosphorylation, have been known to regulate tau–MT interactions [7,14,28,29]. In this study, we extend the notion that specific tau methylation sites contribute to modulating tau–MT interactions. Of the methylmimetics assessed, we found that three different sites (K174F, K267F, and K369F) decreased tau–MT binding. K174 is within the proline-rich region, which is important for regulating MT functions [30]. Additionally, K267 and K369 are within or close to the MT binding region that directly interacts with the MT interface [31,32]. These findings demonstrate that not all methylation sites within these regions can directly affect MT interactions since K180 in the proline-rich region and K254 in the MT binding region did not alter MT binding. Therefore, it can be surmised that individual methylation sites selectively regulate MT functions.



Prior in vitro studies involving bulk reductive methylation led to overall decreased tau aggregation in terms of both the initiation and elongation phases [9]. This effect could be due to the excessive methylation of multiple sites, and the methylation of individual sites is better able to model its effects on tau aggregation. Tau methylmimetics by themselves did not significantly alter aggregation propensity. However, in the context of the pro-aggregation tau mutation P301L, tau methylmimetics K174F and K267F showed increased tau aggregation after exogenous treatment with K18 seeds. In addition, K174F, K180F, and K267F also increased intrinsic tau aggregation when combined with P301L compared with P301L tau. Within the timeframe of the current studies, single tau methylmimetics alone are not sufficient to initiate tau aggregation, but they can enhance tau aggregation after the process has started or is primed by an initiator of tau misfolding.



A limitation of this study is that tau pseudomethylation does not perfectly capture all the properties of true lysine methylation and can only approximate size and charge. However, pseudomethylation is the best available method to study site-specific tau methylation since few lysine methyltransferases have been identified that act on tau, and multiple enzymes might be involved in methylation reactions [10]. In addition, we cannot exclude the possibility that some effects of methylmimetics may be due to the prevention of other PTMs, such as acetylation and ubiquitination, which also compete for the same lysine residues [10,13].



Overall, the studies on tau methylmimetics have effectively demonstrated that specific lysine sites are important modulators of both MT binding and tau aggregation. In addition to phosphorylation, acetylation, and other modifications, tau methylation contributes to the unique pattern of PTMs found in different tauopathies and will be a potential drug target for immunotherapy and other tau-targeting therapies.




4. Materials and Methods


4.1. K18 Protein Purification and Fibrillization


Tau fibrillar seeds were generated from the tau protein fragment K18, which contains the four major MT binding repeats, from Q244 to E372 (numbering is based on 2N4R full-length tau), as described in prior studies [24,33]. K18 tau was expressed in the BL21 (DE3)/RIL Escherichia coli bacterial strain (New England Biolabs, Ipswich, MA, USA) using the bacterial plasmid pRK172 with the respective tau cDNA inserts but also including an additional N-terminal ATG codon. After growing bacterial cultures in the presence of the antibiotic ampicillin and the induction of tau expression with isopropyl β-d-1 thiogalactopyranide, the bacteria samples were pelleted via centrifugation and resuspended in high-salt RAB buffer (0.1 M MES, pH 7.0, 1 mM EGTA, 0.5 mM MgSO4, 750 mM NaCl, 20 mM NaF) with a cocktail of protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 1 μg/mL each of pepstatin, leupeptin, N-tosyl-l-phenylalanyl chloromethyl ketone, N-tosyl-lysine chloromethyl ketone, and soybean trypsin inhibitor). After homogenization and heating to 100 °C for 10 min, the bacterial debris was pelleted for 20 min at 14,000× g via centrifuge. The supernatant was filtered with a 0.22-micron filtration device and dialyzed overnight in fast protein liquid chromatography (FPLC) buffer A (20 mM PIPES, pH 6.5, 10 mM NaCl, 2 mM DTT, 1 mM EGTA, 1 mM MgSO4, 0.1 mM PMSF). Dialyzed samples were concentrated and purified on a Resource S column via FPLC using an NGC chromatography system (Biorad, Hercules, CA, USA) with a NaCl gradient of 0.5 M. The fractions containing tau proteins were confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie R250 staining. These fractions were then pooled, concentrated, and dialyzed in 20 mM MOPS, pH 6.0. Final protein concentrations were determined with a bicinchoninic acid assay using bovine serum albumin (Thermo Fisher Scientific, Waltham, MA, USA) as the standard, and the output was read using a colorimetric assay.



To create small tau fibrils, K18 tau protein was added to sterile PBS at 1 mg/mL with 50 μM heparin as an anionic inducer of tau aggregation. The mixture was placed in a shaker at 1050 RPM and 37 °C for over two days. To remove the remaining heparin, K18 fibrils were then centrifuged at 100,000× g for 30 min and resuspended in sterile PBS. The purified K18 was sonicated in a water bath for 1 h to create short fibrils [24,33].




4.2. Plasmid Cloning and Site-Directed Mutagenesis


The 0N4R human tau cDNA isoform was cloned into plasmid vector pcDNA3.1(+). Tau methylation mimetics K174F, K180F, K254F, K267F, and K369F were created by mutating the codons for lysines into phenylalanines. Combined constructs K174F/P301L, K180F/P301L, K254F/P301L, K267F/P301L, and K369F/P301L were generated by adding the P301L tau mutation to each methylmimetic in the same plasmid. All of the plasmid constructs were created via site-directed mutagenesis using primers with partially overlapping oligonucleotides during a polymerase chain reaction (PCR) [34]. Q5 high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) was used for site-specific mutagenesis, and PCR reaction mixes contained DNase-free water, Q5 reaction buffer, dNTP nucleotides, forward and reverse primers, and a plasmid template. The restriction enzyme DpnI (New England Biolabs, Ipswich, MA, USA) was used to digest any residual parental dsDNA. The resulting DNA constructs with tau mutants were identified and confirmed via DNA sequencing as a service by Genewiz (South Plainfield, NJ, USA).




4.3. Cell Culture and Calcium Phosphate Transfection


HEK293T cells were maintained and grown in Dulbecco’s modified eagle media with 10% fetal bovine serum at 37 °C and 5% CO2 with added antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin). Cell transfection was performed by using calcium phosphate precipitation, as previously described [24,35]. Cells were split equally into 12-well plates at ~20% confluency. For each well, 1.5 µg of DNA was mixed with 18.75 µL of 0.25 M CaCl2. This mixture was added to an equal amount of 2X BES buffer (50 mM BES, 280 mM NaCl, 1.5 mM Na2HPO4, pH 6.96) and incubated for 15 to 20 min at room temperature. The final solution was added dropwise to each well of cells.



For the cell-seeding studies to study the tau aggregation, 1 µM of K18 tau fibrils (based on the molecular weight of K18 tau peptide) was added to transfected cells one hour after transfection. At 16 h after transfection, cells were washed with PBS, and fresh DMEM in 3% FBS was added to each well. Cells were harvested 48 h after the media change and processed for immunoblotting.




4.4. Cell-Based MT Binding Assay


HEK293T cells were lysed in 200 μL of PEM buffer (80 mM PIPES, pH 6.8, 1 mM EGTA, 1 mM MgCl2) supplemented with 0.1% Triton X-100 detergent, 2 mM GTP, 20 μM of paclitaxel, and a mix of protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 1 μg/mL each of pepstatin, leupeptin, N-tosyl-l-phenylalanyl chloromethyl ketone, N-tosyl-lysine chloromethyl ketone, and soybean trypsin inhibitor) [24,33,36]. Cell lysates were incubated in a 37 °C water bath for 30 min and then sedimented at 100,000× g for 30 min to isolate MTs in the pellet. The supernatant was transferred to a new tube and the pellet (MT fraction with bound proteins) was resuspended in PEM buffer. The pellet fraction was homogenized and SDS sample loading buffer (10 mM Tris, pH 6.8, 1 mM EDTA, 40 mM DTT, 0.005% bromophenol blue, 0.0025% pyronin yellow, 1% SDS, 10% sucrose) was added to both fractions. Equal amounts of supernatant and pellet were loaded in each lane on acrylamide gels for immunoblotting. The percent of MT-bound tau was calculated as tau in the pellet fraction/(supernatant fraction + pellet fraction) × 100.




4.5. Cell-Based Tau Aggregation Assay


HEK293T cells were processed for cellular lysis in 200 μL of Triton Lysis Buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1mM EDTA, 1% Triton X-100, 20 mM NaF) with a mix of protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 1 μg/mL each of pepstatin, leupeptin, N-tosyl-l-phenylalanyl chloromethyl ketone, N-tosyl-lysine chloromethyl ketone, and soybean trypsin inhibitor) [24,33]. Cell lysates were sedimented at 100,000× g and 4 °C for 30 min. The supernatants were collected as Triton-soluble fractions. The pellets or the Triton-insoluble fractions were washed with additional buffer and centrifuged again at 100,000× g and 4 °C for 30 min. After the wash step, the pellets were reconstituted in Triton Lysis Buffer. SDS loading buffer (final concentration of 10 mM Tris, pH 6.8, 1 mM EDTA, 40 mM DTT, 0.005% bromophenol blue, 0.0025% pyronin yellow, 1% SDS, 10% sucrose) was added to both the Triton-soluble and -insoluble fractions, which were heated at 95 °C for 10 min. The Triton-insoluble fraction was probe-sonicated and heated at 95 °C again for 10 min. Percent aggregation was calculated as a function of tau in the insoluble fraction/(insoluble fraction + soluble fraction) × 100.




4.6. Immunoblotting


Subsequently, 10% polyacrylamide gels were prepared using Biorad gel apparatuses and a mix of reagents, including acrylamide, 1.5 M Tris pH 8.8, 10% sodium dodecyl sulfate (SDS), and 10% ammonium persulfate (APS) and polymerized by the catalyst tetramethylethylenediamine (TEMED). A separate stacking gel was made using 0.5 M Tris pH 6.8, acrylamide, APS, SDS, and TEMED. Equal amounts of each sample were loaded on 10% polyacrylamide gels and separated using SDS-PAGE. After electrophoretic transfer, the membranes were blocked in 5% milk with Tris-buffered saline (TBS) solution (50 mM Tris, 150 mM NaCl, pH 7.5) for an hour and incubated in primary antibody overnight at 4 °C. Clone TUB 2.1 is a mouse monoclonal antibody against β-tubulin (Sigma-Aldrich, St. Louis, MO, USA), and 3026 tau antibody is a rabbit polyclonal antibody that detects total human tau [37]. After TBS washes, goat anti-rabbit or anti-mouse secondary antibodies conjugated to horseradish peroxidase (Jackson Immuno Research labs, Westgrove, PA, USA) were added to the membranes for an hour. After several TBS washes, the membranes were exposed and imaged using Western Lightning Plus ECL reagents (PerkinElmer, Waltham, MA, USA). Each lane was semi-quantitatively measured in the ImageJ 2 software using densitometric analysis [38]. Statistical tests were calculated using the GraphPad Prism program for one-way analysis of variance (ANOVA) with post hoc analysis and Dunnett’s test.
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Figure 1. Overview of major tau methylation sites and methylation mimetics that were used in the study. (A) A diagram of the tau protein sequence depicts different regions of the tau protein, including the N-terminal domain, the proline-rich region, the microtubule-binding region, and the C-terminal domain according to numbering based on the 2N4R human tau isoform. Lysine methylation sites that were examined in this study are shown with their nearby amino acid sequences. R1 to R4 represent the four major MT binding repeats that form the microtubule-binding region of tau. (B) Methylmimetics and nearby tau sequences are shown. K174F and K180F are in the proline-rich region. K254F and K267F are in the R1 repeat, while K369F is just outside of the R4 repeat. 
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Figure 2. Tau methylmimetics display site-dependent regulation of MT binding. A cell-based MT binding assay was performed (A) without or (B) with paclitaxel on lysate isolated from HEK293T cells transfected with 0N4R WT tau. In the presence of paclitaxel, the same assay was performed on cells expressing tau methylmimetics (C) K174F, (D) K180F, (E) K254F, (F) K267F, and (G) K369F. Immunoblots were probed with antibodies specific to β-tubulin (clone TUB 2.1) or 3026 antibodies specific to the total tau. S = supernatants; P = pellet fractions. The relative molecular weights are shown on the left. (H) The percent of tau bound to MTs was calculated based on semi-quantitative densitometric analysis. One-way ANOVA with Dunnett’s test was performed with N = 3 for each group. *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ns = not statistically significant. Error bars show standard errors of the mean. 






Figure 2. Tau methylmimetics display site-dependent regulation of MT binding. A cell-based MT binding assay was performed (A) without or (B) with paclitaxel on lysate isolated from HEK293T cells transfected with 0N4R WT tau. In the presence of paclitaxel, the same assay was performed on cells expressing tau methylmimetics (C) K174F, (D) K180F, (E) K254F, (F) K267F, and (G) K369F. Immunoblots were probed with antibodies specific to β-tubulin (clone TUB 2.1) or 3026 antibodies specific to the total tau. S = supernatants; P = pellet fractions. The relative molecular weights are shown on the left. (H) The percent of tau bound to MTs was calculated based on semi-quantitative densitometric analysis. One-way ANOVA with Dunnett’s test was performed with N = 3 for each group. *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ns = not statistically significant. Error bars show standard errors of the mean.



[image: Ijms 24 08286 g002]







[image: Ijms 24 08286 g003 550] 





Figure 3. Single-site tau methylmimetics do not significantly affect intrinsic or prion-type seeded tau aggregation. HEK293T cells were transfected to express either 0N4R WT tau or tau methylmimetics. A cell-based tau aggregation assay was performed either untreated or with the addition of K18 fibrils on cells transfected to express (A) WT, (B) P301L, (C) K174F, (D) K180F, (E) K254F, (F) K267F, or (G) K369F human 0N4R tau. The P301L tau mutant was used as a positive control for seed-induced aggregation. Immunoblots were probed with antibody 3026 for the total tau. The relative molecular weight markers are shown on the left. (H) The graph shows the percent aggregation of WT tau, P301L, and different tau methylmimetics. One-way ANOVA with Dunnett’s test was performed with N = 3 for all groups. **** = p < 0.0001, ns = not statistically significant. Error bars show standard errors of the mean. 
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Figure 4. Tau methylmimetics enhance the prion-like seeded aggregation of tau with the P301L mutation. Cell-based tau aggregation assays were performed to determine intrinsic and K18-seeded aggregation in cells expressing (A) WT 0N4R tau or 0N4R tau mutants (B) P301L, (C) K174F/P301L, (D) K180F/P301L, (E) K254F/P301L, (F) K267F/P301L, and (G) K369F/P301L. Immunoblots were probed with tau antibody 3026. The relative molecular weight markers are on the left. (H) The graph displays the percent aggregation of WT tau and different tau mutations. One-way ANOVA with Dunnett’s test was performed with N = 6 for WT tau and P301L and N = 3 for all other mutations. **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05, ns = not statistically significant. Error bars show standard errors of the mean. 
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