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Abstract

Tau is a microtubule-associated protein that normally interacts in monomeric form with the
neuronal cytoskeleton. In Alzheimer’s disease, however, it aggregates to form the structural
component of neurofibrillary lesions. The transformation is controlled in part by age- and disease-
associated post-translational modifications. Recently we reported that tau isolated from cognitively
normal human brain was methylated on lysine residues, and that high-stoichiometry methylation
depressed tau aggregation propensity /n vitro. However, whether methylation stoichiometry
reached levels needed to influence aggregation propensity in human brain was unknown. Here we
address this problem using liquid chromatography—tandem mass spectrometry approaches and
human-derived tau samples. Results revealed that lysine methylation was present in soluble tau
isolated from cognitively normal elderly cases at multiple sites that only partially overlapped with
the distributions reported for cognitively normal middle aged and AD cohorts, and that the quality
of methylation shifted from predominantly dimethyl-lysine to monomethyl-lysine with aging and
disease. However, bulk mol methylation/mol tau stoichiometries never exceeded 1 mol methyl
group/mol tau protein. We conclude that lysine methylation is a physiological post-translational
modification of tau protein that changes qualitatively with aging and disease, and that
pharmacological elevation of tau methylation may provide a means for protecting against
pathological tau aggregation.
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Introduction

Alzheimer’s disease (AD) is defined in part by the appearance of neurofibrillary lesions in
the neocortex and other brain regions (reviewed in [1, 2]). The lesions accumulate
aggregated forms of tau, a microtubule-associated protein that normally functions in human
brain as an ensemble of six monomeric isoforms to stabilize microtubules and promote their
assembly (reviewed in [3]). The conversion of tau into aggregated forms correlates with
cognitive decline [4], and potentially serves as a vector for spreading tau misfolding across
brain regions [5, 6]. The pathways through which tau aggregates in disease are not fully
characterized but may be initiated and controlled through post-translational modifications
(PTMs). For example, Ser/Thr phosphorylation modulates tau/microtubule affinity [7, 8],
thereby controlling concentrations of free tau on which aggregation rate depends [9].
Phosphorylation also can directly increase tau aggregation propensity [10, 11]. The
phosphorylation sites occupied in normal and disease states overlap substantially but
incompletely (reviewed in [12, 13]), indicating that the qualitative location of
phosphorylation sites may influence tau function in disease. Yet the most compelling case
for involvement of this modification comes from quantification of its stoichiometry, which
increases from 2—3 mol phosphate/mol tau protein in post-mortem samples of cognitively
normal brain to 89 mol/mol in AD brain (reviewed in [14]). It is these quantitative as well as
qualitative differences that characterize “tau hyperphosphorylation” in AD, and support its
proposed function as a gatekeeper for entry into aggregation pathways [14].

Tau also is modified on Lys residues by ubiquitylation and acetylation, and these too are
candidate modifications for influencing tau lesion formation (reviewed in [15]). Because
ubiquitylation is transient and linked to tau clearance [16, 17], its effects on tau aggregation
rate are likely exerted indirectly through control of bulk tau levels. In contrast, Lys
acetylation can raise tau aggregation propensity in biological models [18, 19]. Tau
acetylation has been detected in human brain primarily using highly sensitive
immunological reagents raised against specific sites [19-21], and two of these (AcK174 and
AcK280) have been confirmed using proteomic methods [19, 22]. Although relative tau
acetylation occupancy increases with disease progression in neocortex [19, 23], absolute
stoichiometries have not been reported for any human cohort.

Using proteomic methods, we recently showed that brain-derived human tau protein was
methylated at multiple Lys residues, some of which overlapped with reported acetylation
and ubiquitylation sites [24, 25]. Moreover, tau isolated from cognitively normal middle age
and AD cohorts differed in methyl Lys site distributions [24, 25]. Uniquely among Lys
modifications, however, high-stoichiometry methylation (/.e., ~5 mol methyl groups/mol tau
protein) depressed aggregation propensity of tau /n vitro without inhibiting its microtubule
assembly promoting activity [24]. These findings suggest that Lys methylation could be a
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mechanism for restraining tau aggregation propensity if sufficient site occupancy were
attained. However, as with other Lys modifications, the stoichiometry of tau methylation in
human brain is unknown.

Here we extend mass spectrometry-based detection of tau PTMs to a human cohort
composed of cognitively normal elderly individuals with two objectives in mind. First,
through comparison with the previously reported methyl-Lys site distribution in cognitively
normal middle-aged individuals [24], we examine whether tau methylation sites change with
aging in cognitively normal individuals. A positive result could identify a potential age-
related driver of tau lesion formation, and a biomarker for aggregation risk. Second, we test
whether bulk occupancy of methylation sites changes in soluble tau with aging and with
aggregation in disease. The results show that Lys methylation is detectable in all examined
human cohorts, and that it changes qualitatively with aging and disease, but that its
stoichiometry remains low (<1 mol methyl group/mol tau protein) relative to
phosphorylation in both soluble and aggregated tau preparations.

Materials and Methods

Human brain-derived soluble tau protein

Archival, de-identified postmortem human brain tissue from autopsies performed with
informed consent of each patient or relative was used for tau purification. Soluble brain-
derived tau was enriched using methods detailed previously [26]. All purification steps and
centrifugations were carried out at 4°C unless stated otherwise. Gray matter from neocortical
regions (Table 1) was homogenized (Teflon-glass homogenizer operated ten strokes at 1000
RPM) in 5 volumes of homogenization buffer (20 mM MES, pH 6.8, 80 mM NaCl, 1 mM
MgCl,, 2 MM EGTA, 0.1 mM EDTA, 1 mM PMSF) containing inhibitors of phosphoprotein
phosphatases (10 mM sodium pyrophosphate, 20 mM NaF, 1 mM NazVO,) and
deacetylases (2 uM trichostatin A, 10 mM nicotinamide). After centrifugation (27,000 x g,
20 min), the supernatant was collected, adjusted to 0.5 M NaCl and 2% 2-mercaptoethanol,
boiled for 10 min, and recentrifuged (27,000 x g, 20 min). The resulting heat-stable
supernatant fraction was treated with 2.5% perchloric acid (final concentration). After
isolating the acid-soluble fraction by centrifugation (27,000 x g, 20 min), protein was
concentrated by 20% (w/v) trichloroacetic acid (TCA) precipitation followed by two washes
in cold acetone. Dry protein pellets were stored at —20°C until used.

Human brain-derived tau filaments (PHF-tau)

Authentic human tau filaments were purified from AD cases using a modification of two
procedures [27, 28]. Gray matter from neocortical regions (Table 1) was minced and
homogenized with a blender in five volumes of homogenization buffer containing
phosphoprotein phosphatase and deacetylase inhibitors. The mixture was further
homogenized in a Teflon-glass homogenizer (ten strokes at 1000 RPM) and centrifuged
(27,000 x g, 20 min). After discarding the supernatant, the pellet was resuspended in 10
volumes of 0.8 M NaCl, 10% sucrose, 10 mM MES, pH 7.4, 1 mM EGTA and 0.1 mM
PMSF and rehomogenized and centrifuged as above. After discarding the pellet, the
supernatant was incubated with 1% (w/v) N-laurylsarcosine ionic detergent for 1 h at room
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temperature on an orbital shaker. The mixture was then centrifuged (87,000 x g, 35 min),
and the supernatant was discarded. The pellet was resuspended in 10 mM MES, pH 7.0 (0.2
mL/g tissue), then layered onto a discontinuous sucrose gradient constructed from layers of
1M, 1.5M, and 2 M sucrose prepared in 10 mM MES, pH 7.0. After centrifugation
(112,000 x g, 2.4 h), fractions were removed from the top and examined by TEM. The 1 M
sucrose layer and the 1 M/1.5 M sucrose interface contained the majority of tau filaments
and were stored in aliquots at 80°C until used.

To solubilize filaments, sucrose gradient fractions were incubated (1 h at 37°C) in2 M
guanidinium thiocyanate, then centrifuged at 100,000 x g (40 min at 4°C). The resulting
supernatants were dialyzed (four changes over 30 h at 4°C) in 25 mM ammonium acetate,
pH 7.4, then centrifuged (100,000 x g, 40 min at 4°C) to yield soluble PHF-tau. Samples
were then dried under vacuum and stored at —20°C until used.

T-REx-293-derived tau protein

Stable tetracycline-inducible human 2N4R cells (T-REx-293 tau cells) prepared as described
previously [29] were grown (37°C with 5% CO5) in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin G, 250 ng/ml
amphotericin B, 100 pg/ml streptomycin and 5 pg/ml blasticidin S. To induce tau expression,
cells were treated with tetracycline (500 ng/mL final concentration) for five days. To isolate
soluble tau protein, T-REx-293 tau cells were homogenized in five volumes of
homogenization buffer containing phosphoprotein phosphatase inhibitors plus 100 nM
okadaic acid using a Teflon-glass homogenizer (10 strokes at 1000 RPM), then centrifuged
(27,000 x g, 20 min at 4°C). The resulting supernatant was brought to 0.5 M NaCl and 2%
2-mercaptoethanol, boiled for 10 min, then centrifuged (27,000 x g, 20 min at 4°C) to yield
a heat-stable supernatant. Perchloric acid was then added drop-wise at 4°C with stirring to
2.5% (w/v) final concentration. After isolating the acid-soluble fraction by centrifugation
(27,000 x g, 20 min at 4°C), protein was concentrated by TCA precipitation (20% w/v)
followed by two washes with cold acetone. Dry protein pellets were stored at —20°C until
used. For subsequent analyses, TCA-precipitates were dissolved in 10 mM HEPES pH 7.4,
50 mM NaCl, 0.02% Brij-35.

SDS-PAGE and immunoblots

Tau proteins were separated on 8% acrylamide gels under conditions where all six human
isoforms could be resolved. For direct visualization of tau protein, gels were stained with
Coomassie blue or with silver using the SilverQuest silver staining kit (Thermo-Fisher,
LC6070) following the basic staining protocol outlined in manufacturer’s instructions. For
detection of tau immunoreactivity, gel contents were transferred to polyvinylidene fluoride
or nitrocellulose membranes as described previously [30, 31] which were then probed using
Tau5 as primary antibody (2N4R epitope Ser?10-Arg230, [32, 33]). Immunoreactivity
detected with horseradish peroxidase-labeled goat anti-mouse 1gG (Thermo-Fisher,
G-21040) and Pierce ECL Western Blotting Substrate (Thermo-Fisher, 32109) was captured
on film. Electrophoretic migration was calibrated relative to a ladder of recombinant human
tau isoforms (rPeptide, T-1007-1).
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Proteomic analysis

Human brain-derived tau proteins were excised from Coomassie blue stained SDS-PAGE
gels, trypsinized and the resulting peptides subjected to liquid chromatography—tandem mass
spectrometry (LC-MS/MS) on a hybrid linear ion trap-Orbitrap mass spectrometer (LTQ-
Orbitrap, Thermo Scientific) as described previously [24]. Mass spectra were searched
against a manually curated database containing all known central nervous system isoforms
of human tau using both MASCOT and Bioworks 3.3.1 SP1 with SEQUEST algorithms.
Search parameters [34] included 20 ppm peptide mass tolerance, 1.0 amu fragment
tolerance, static modification Cys + 57.02146 (carbamidomethylation) and variable
modifications: Met +15.99491 (oxidation); Lys +14.01565 (monomethylation); Lys
+28.03130 (dimethylation); Lys +42.04695 (trimethylation); Lys +42.01056 (acetylation);
and Ser/Thr +79.96632 (phosphorylation) and —18.01054 (corresponding to B-elimination of
phospho-Ser and phospho-Thr to dehydroalanine and dehydrobutyrine, respectively). Tryptic
peptides with up to three missed cleavages, charge-state dependent cross correlation (XCorr)
scores = 1.5, 2.5, and 3.0 for 1+, 2+, and 3+ peptides, respectively, and delta correlation
(ACn) > 0.1 were considered initial positive identifications. All MS/MS and spectra of
identified post-translationally modified peptides from the initial screening were subjected to
location probability analysis and manual verification. For MASCOT search results, modified
peptides with initial MSCORE >20 were retained and validated by manual inspection. Only
cases with =50% sequence coverage were included in proteomic analyses reported in Tables
1and 2, and Figs. 1 and 2.

Targeted metabolomics analysis
SDS-PAGE fractionated, membrane-bound tau proteins were excised, hydrolyzed in HCI,
and the resulting amino acid products subjected to LC-MS/MS on Sciex QTRAP 6500
triple-quadrupole mass spectrometer using the transitions and instrument settings described
previously [31]. Spectra were acquired using turbo spray ionization at 2.5 kV in positive ion
mode under control of Analyst 1.7 software. The relative proportion ( (PKX) ) of all peptidyl-

Lys residues in the form of N2-(methyl)-, N®-(dimethyl)-, or Ne-(trimethyl)-L-lysine (1meK,
2meK, and 3meK, respectively) was calculated ratiometrically from mol amounts of all
methyl-Lys species (XmeK) by the equation:

XmeK
P, = :
X Lys+ )y _XmeK

0]

The stoichiometry of total peptidyl-Lys methylation (/.e., mol methyl groups per mol
protein; Sy) was then calculated by summing the relative proportion of each methyl-Lys
species and multiplying it by the number of peptidyl-Lys residues (/) expressed in human
tau:

Sg=N Y XPy @
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This calculation assumed N~ 40.2 mol Lys/mol tau protein, which represents an average
value for all isoforms on the basis of their reported ratios in human brain [35].

Similarly, the relative proportion ((P, )) of all peptidyl-Arg residues in the form of NGC-
X

methyl-L-arginine (1ImeR) or total symmetrical- (NG,N©) and nonsymmetrical- (NG,NG")
dimethyl-Larginine (2meR) was calculated ratiometrically from mol amounts of all methyl-
Arg species (XmeR) by the equation:

XmeR

P, =
X Arg+ Z?{: 1 XmeR

R )

The stoichiometry of peptidyl-Arg methylation (7.e., mol methyl groups per mol protein)
was calculated by summing the relative proportion of each methyl-Arg species and
multiplying it by the number of peptidyl-Arg residues (/) expressed in human tau:

Sg=N D XP, )

This calculation assumed A= 14 mol Arg/mol tau, which is shared by all human brain
isoforms [36].

Statistical methods

Differences among methylation stoichiometries were analyzed by one-way ANOVA and
Tukey’s post hoc multiple comparison test using JMP 14.0 software (SAS Institute, Cary,
NC). The null hypothesis was rejected at p <0.05.

Results

Tau post-translational modifications in cognitively normal elderly human brain

To capture the effects of aging on tau PTMs, soluble tau protein was isolated and purified
from post-mortem brains of cognitively normal elderly humans. The total cohort, which
averaged age 84 = 3 yrs, originated from three independent brain banks, spanned three
neocortical regions, and met behavioral and pathological criteria to serve as non-demented
controls (Table 1). Isolated human tau preparations from six cases were then digested with
trypsin, and the resulting peptide fragments characterized by LC-MS/MS. Relative to 2N4R
tau (the longest isoform in human brain), overall sequence coverage using this approach
exceeded 84% of all amino acid residues, 87% of all Ser/Thr residues, and 84% of all Lys
residues (Fig. 1A).

To identify phosphorylation sites, search parameters for phospho-peptide adducts as well as
peptides containing the products of pSer and pThr B-elimination (dehydroalanine and
dehydrobutyrine, respectively) were employed. As a result, peptides containing
31phosphorylation sites were found within the coverage area (Tables 2 and 3). When viewed
within the context of 2N4R tau, phosphorylation sites localized with greatest frequency
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within the projection and assembly domains outside the microtubule binding region (MTBR)
(Fig. 1B). Identification of phospho-sites varied among cases, but pT181 and pT231 were
replicated in all of them (Fig. 1B). These data confirmed that elderly brain-derived tau
protein samples were extensively modified, and that our methods were adequate for
detecting tau modifications with high mass accuracy.

We next searched for Lys modifications by setting search parameters for Lys acetylation,
methylation, and ubiquitylation. Peptides containing each of the three modifications were
found (Table 3), but unlike phosphorylation sites, they were observed in fewer numbers and
with less replication consistency than phosphorylation sites in this cohort. (Fig. 1B). For
example, acetylation at Lys24 was found in just one case, and three out of four detected
ubiquitylation sites were found in only one case each (Fig. 1AB). In contrast, Lys
methylation appeared at six sites, with five of these corresponding to 1meK (Fig. 1AB).
Nonetheless, only monomethylation at K259 was robust, being observed in four out of six
cases. Overall, monomethylation was the foremost Lys modification in this cohort.

Tau methylation changes with aging and disease

To estimate the effects of aging on tau PTM, the site distribution deduced for cognitively
normal elderly cases was compared to the patterns we reported previously from a cognitively
normal middle age cohort (mean age 55 + 1 yr) analyzed under identical conditions and with
similar overall sequence coverage [24]. With respect to phosphorylation, 22 of the 31 sites
identified in elderly samples were shared between cohorts, with eight sites being unique to
the elderly (Fig. 2A). Six of these (pT52, pT69, pT135, pS137, pT220 and pS324) were low
replication consistency sites, being observed in just one case each (Fig. 1B). In contrast,
pT123 and pS184 were found in at least two cases each, and may represent a more reliable
index of age-related change in phosphorylation state. Unlike phosphorylation, Lys
methylation was more heterogeneous, with modification of only K259, K267 and K290
being shared between the two cohorts. In addition, the elderly cohort contained fewer
dimethylation sites relative to the middle age cohort (Fig. 2A). These data indicate that Lys
methylation patterns differed qualitatively with normal aging.

The PTM pattern of the cognitively normal elderly cohort also was compared to the reported
distributions of Ser/Thr phosphorylation (reviewed in [12]) and Lys methylation [25] in
PHF-tau. The phosphorylation patterns overlapped substantially, with 20 of the 31 sites
identified in elderly samples shared with PHF-tau, and with ten sites being unique to the
elderly (Fig. 2B). However, seven of these sites (pT52, pT135, pS137, pT220, pT263, pS285
and pS324) were observed in just one case each. Conversely, PHF-tau reportedly contains
many sites that were not present in soluble tau isolated from cognitively normal individuals
(Fig. 2B). These results were consistent with previous comparisons between soluble tau
from cognitively normal cases and PHF-tau from AD (reviewed in [12]). With respect to Lys
methylation, both soluble cognitively normal elderly tau and PHF-tau were dominated by
monomethylation, with site overlap limited to K267 and K290 (Fig. 2B). These two sites
also were occupied in the cognitively normal middle age cohort, making them the only
methylation sites shared among all three cohorts investigated (Fig. 2AB). Overall, proteomic
analysis of human tau proteins identified Lys methylation as present in all cohorts, but with
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low consistency among cases relative to phosphorylation, and with substantial variability
among cohorts.

Tau methylation occurs at low stoichiometry

The biological impact of PTMs depends not only on the location of their sites, but also on
site occupancy. To quantify overall site occupancy, the mol/mol stoichiometry of Lys
methylation was determined ratiometrically on tissue-derived tau samples using a targeted
metabolomics approach [31]. Tau samples were first vetted by SDS-PAGE (/.e., under
conditions that resolved all six isoforms) to assess whether they were of sufficient purity for
this approach. When immunoblotted with monoclonal antibody Tau5, soluble tau from
cognitively normal middle age and elderly cases electrophoresed with similar relative
mobility as recombinant human tau isoform standards (Fig. 3AC). On the basis of silver
staining, tau immunoreactive species represented the major proteins in the preparations (Fig.
3BD). In contrast, PHF-tau immunoreactivity prepared from the AD cases migrated more
slowly on SDS-PAGE (Fig. 3E), consistent with established behavior (reviewed in [37]).
Nonetheless, silver staining confirmed that the tau-immunoreactive species were the
principal proteins present in these samples as well (Fig. 3F). Together these data show that
brainderived tau proteins were prepared at adequate levels of purity for ratiometric analysis
[31].

Tissue-derived tau samples were then SDS-PAGE purified, hydrolyzed to individual amino
acids in HCI, then assayed for 1meK, 2meK and 3meK by LC-MS/MS [31]. The highest
stoichiometries of Lys methylation were found in soluble tau from cognitively normal
middle age cases, where 1meK, 2meK and 3meK all reached statistical significance (Fig.
4ABC). Total stoichiometry attained ~0.6 mol methylated residue/mol tau, or ~1 mol methyl
group/mol tau protein in this cohort. In contrast, only 1meK could be quantified in soluble
tau from the cognitively normal elderly cohort, where it attained a stoichiometry of ~0.2 mol
1meK/mol tau (Fig. 4ABC). PHF-tau from the AD cohort failed to reach statistical
significance for any methylLys form (Fig 4ABC). These results reveal that while detectable
by LC-MS/MS methods, the bulk levels of methyl-Lys do not rise to the levels reported to be
associated with depression of tau aggregation propensity [24].

In addition to methyl-Lys, soluble tau isolated from mouse brain reportedly contains methyl-
Aurg residues [38]. To determine whether this modification also resided in human tau,
samples from all three human cohorts were subjected to targeted metabolomics analysis
programmed to detect methyl-Arg. Like methyl-Lys, both NG-methyl-L-arginine (1meR)
and NG ,NG- and NG ,NC’-dimethyl-L-arginine (2meR) are stable to acid hydrolysis and are
detectable by LC/MS-MS [31]. Results showed that stoichiometries of 1meR (Fig. 4D) and
2meR (Fig. 4E) achieved statistical significance in all cohorts (p < 0.05), but at low
stoichiometries (/.¢e., <0.1 mol methylated Arg residue/mol tau protein). These data indicate
that Arg methylation, while detectable, is a very low stoichiometry modification in post-
mortem human brain neocortex.
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3.4. Tau methylation can be modeled in cell culture

To determine whether tau methylation could be recapitulated in cultured cells, T-Rex-293
tau cells stably transfected with human 2N4R tau were investigated. Unlike wild-type
HEK?293 cells, stable T-Rex-293 tau cells support high-level and inducible expression of tau
[29]. On the basis of SDS-PAGE analysis, 2N4R tau isolated from these cells was of
sufficient purity for LC-MS/MS analysis (Fig. 5A). Results showed that 1meK and 2meK
stoichiometries reached statistical significance, with monomethylation being the
predominant modification in these cells (Fig. 5B). Altogether, Lys methylation reached ~0.1
mol methylated residue/mol 2N4R tau in these cells. In contrast, only trace levels of Arg
methylation were detected, which reached statistical significance solely for 2meR (Fig 5B).
These data indicate that tau stable T-Rex-293 cells can recapitulate human tau methylation
signature in an experimentally tractable human cell culture system under basal conditions.

Discussion

These data extend direct mass spectrometry-based detection of tau PTM to a human cohort
composed of cognitively normal elderly individuals. Together with previously reported
results from cognitively normal middle age and AD cohorts [24, 25], the data resolve several
issues associated with Lys modification. First, Lys methylation was detected in all
investigated cohorts, indicating that it is a physiological tau modification. Monomethylation
of K259 was the most consistently observed product within the cognitively normal middle
age and elderly cohorts, whereas mono- or dimethylation of K267 was the most consistently
observed product among all cohorts. Both K259 and K267 reside in a segment of the MTBR
that mediates association between recombinant non-modified tau and microtubules [39] and
that lies adjacent to the core region of AD-derived tau filaments [40]. Because this segment
was not resolved in structural studies of ADderived filaments [41, 42], atomic resolution
images of these sites in aggregates currently are unavailable (although electron density
consistent with K331 methylation was observed in AD-derived tau aggregates [42], peptides
containing this residue were not captured in proteomics experiments [25]). Sites other than
K259 or K267 were observed inconsistently within cohorts, suggesting that they reflected
low occupancy or stochastic modifications. Nonetheless, the predominant form of
methylation was consistent within cohorts, with dimethylated peptides predominating in
cognitively normal middle age relative to elderly cases (and not detectable in AD-aggregate
tau). Together these data indicate that Lys methylation status differs qualitatively with aging
and disease. As established for tau phosphorylation, however, biological impact of tau PTM
also depends on stoichiometry. Here bulk tau methylation stoichiometry was captured using
targeted metabolomics methods [31]. Unlike other ratiometric methods that leverage
proteomic (e.g., FLEXITau, [43]) or immunological technique [44], this approach is not
influenced by neighboring PTMs that can complicate quantification and render it context
dependent. Our quantification data confirmed that tau methylation shifted from
predominantly 2meK to 1meK with aging and disease. However, they also revealed that bulk
stoichiometries of methyl-Lys never rose above ~1 mol methyl group/mol tau in any cohort.
This is well below the levels required to depress tau aggregation propensity /n vitro [24]. We
conclude that methylation levels are probably too low to depress tau aggregation propensity
under normal physiological conditions.
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What then is the significance of tau methylation? One potential application is as a biomarker
of tau modification state, which in addition to changes in phosphorylation state shifts from
predominantly 2meK to 1meK with aging and disease. However, as shown herein, bulk tau
methylation stoichiometries are low, and fragmentation of tau in cerebrospinal fluid [45, 46]
likely lowers detectable levels still further. As a result, utility will likely require detection
sensitivities beyond the low fmol limit of quantification that targeted metabolomics methods
currently deliver [31]). Another potential application is to protect tau against aggregation in
disease by artificially raising its methylation levels. This could be achieved through
pharmacological inhibition of tau demethylases. Indeed, other demethylases are established
targets of AD drug discovery efforts [47]. However, neither the methyltransferases nor
demethylases that act on tau protein are known. Here we showed that tau stable T-Rex-293
cells could recapitulate the Lys methylation pattern seen in human brain. These cells may
offer a route for identifying tau modification enzymes and for determining which
demethylases may be drug discovery targets.

A second finding regarding Lys modification concerned acetylation, which we found on K44
in a single cognitively normal elderly case. It joins K174 and K281 as the third acetylation
site identified by proteomics methods. However, we found that K44 acetylation had low
replication consistency among cases. Because most mammalian Lys acetylation occurs at
low stoichiometry 7n vivo [48, 49], it will be important to establish whether the absolute
stoichiometry of tau acetylation is significant in human cases.

Third, we identified four Lys ubiquitylation sites in the cognitively normal elderly cohort,
two of which (K180 and K280) were novel. This brings the number of reported tau
ubiquitylation sites to 19 (out of ~40 possible Lys residues in all tau isoforms), with the
majority positioned in the MTBR where they overlap with methylation sites (reviewed in
[15]). All sites identified herein displayed low replication consistency, which is in
accordance with the transient and reversible nature of ubiquitylation. Overall, the data point
toward tau ubiquitylation having limited site specificity.

The analysis described herein assumes that Lys post-translational modifications survived
through post mortem interval and laboratory purification. Although effort was made to
control the latter through inclusion of phosphoprotein phosphatase, deacetylase and protease
inhibitors, no inhibitors for putative tau demethylases were available. More importantly, no
treatment could ameliorate the effects of post-mortem interval, which at a minimum can
alter tau phosphorylation patterns [50]. For example, biopsy-derived human tau protein
migrates with marked band shifts on SDS-PAGE [35, 51] whereas post-mortem tau migrates
more closely with non-phospho tau [51]. Similar relative mobilities were found herein (Fig.
3AB). Nonetheless, 31 phosphorylation sites were detected in the cognitively normal elderly
cohort, some with replication consistencies exceeding those observed for any Lys
modification. Although most phosphorylation sites overlapped with those identified
previously in a cognitively normal middle age cohort, some including newly identified T127
[52] were unique to the elderly population. This site, which also is occupied in AD brain
[52], may provide another PTM biomarker of aging and disease.
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In summary, we have demonstrated that soluble tau isolated from cognitively normal elderly
individuals is methylated on Lys residues. Methylation site distribution changes with aging
and disease, but overall stoichiometry is low relative to phosphorylation. Recapitulation of
tau methylation pattern in tau stable T-Rex-293 cells suggests a path forward for identifying
tau methyltransferases/demethylases and interrogating their function in biological model
systems.
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Fig. 1.

Post-translational modification sites on soluble tau proteins isolated from cognitively normal
elderly identified by LC-MS/MS (cases 5, 6, 8-11, Table 1). (A) Identified tryptic peptides
in the context of the human 2N4R isoform (NCBI accession number NP_005901), where the
dotted underline depicts alternatively spliced projection domain segments nl and n2, the
solid underline identifies the MTBR (as defined in [53]), and PHF6/PHF6* mark the
hexapeptide segments involved in filament nucleation [54]. Blue font color depicts sequence
coverage. Phosphorylation (P) and ubiquitylation (Ub) sites are marked by green circles and
purple diamonds, respectively, whereas mono- (1meK) and di-methylation (2meK) sites are
indicated by orange and red squares, respectively. (B) Tau methylation and phosphorylation
site distribution map (2N4R tau), showing location of modification sites relative to
projection domain segments n1 and n2 and MTBR repeats rl1 —r4 (black boxes depict
alternatively spliced segments). The length of each bar corresponds to the number of cases in
which the modification was found (# cases observed).
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Fig. 2.

Modification sites in soluble tau protein isolated from cognitively normal elderly (CNE)
compared with (A) soluble tau from middle age (CNMA) brain, and (B) PHF-tau from AD
brain. Phosphorylation (P) are marked by green circles, whereas mono- (1meK) and di-
methylation (2meK) sites are indicated by orange and red squares, respectively. The MTBR
region is marked by gray shading. Symbols on the diagonal correspond to sites shared in
between compared cohorts, whereas symbols located along the ordinate correspond to those
found exclusively in the elderly relative to the compared cohort. In contrast, symbols located
on the abscissa correspond to (A) sites found exclusively in the middle age cohort, and (B)
sites found exclusively in PHF-tau relative to the cognitively normal elderly population.
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SDS-PAGE analysis of tau proteins isolated from cognitively normal middle age (A,B)
cognitively normal elderly (C,D) and AD (E,F) brain samples. Lanes correspond to case
numbers summarized in Table 1. Electrophoretic migration of all samples is shown relative
to a ladder composed of all six human tau isoforms (rTau). (A, C, E) Gels were subjected to
immunoblot analysis with monoclonal antibody Tau5. (B, D, F) Gels were stained with
silver. Bands excised for targeted metabolomics analysis are marked by brackets.
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Methylation stoichiometries of soluble tau proteins purified from cognitively normal middle
age (CNMA) and elderly (CNE) cases, and of aggregated tau from AD cases were determined
by targeted metabolomics analysis. Each circular point represents methylation stoichiometry
in a single biological replicate in units of mol residue/mol tau protein, whereas each bar

represents the mean of all replicates. *, p < 0.05 compared to zero methylation
stoichiometry, one-way ANOVA,; #, p < 0.05 compared pairwise to all methyl-amino acid

forms, ANOVA with Tukey’s post hoc test; 7.s., not significant.
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Methylation stoichiometries of soluble 2N4R tau isolated from T-Rex-293 tau cells
determined by targeted metabolomics. (A) SDS-PAGE analysis (Coomassie blue stain; £
dye front). (B) Methylation stoichiometries for all analytes estimated by targeted
metabolomics. Each circular point represents methylation stoichiometry in a single technical
replicate in units of mol residue/mol tau protein, whereas each bar represents the mean of all
replicates. *, p < 0.05 compared to zero methylation, one-way ANOVA; 1n.s., not significant.
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