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Abstract

Tauopathies, including Alzheimer's disease (AD), are associated with the aggregation of modified
microtubule associated protein tau. This pathological state of tau is often referred to as
“hyperphosphorylated”. Due to limitations in technology, an accurate quantitative description of
this state is lacking. Here, a mass spectrometry-based assay, FLEXITau, is presented to measure
phosphorylation stoichiometry and provide an unbiased quantitative view of the tau post-
translational modification (PTM) landscape. The power of this assay is demonstrated by
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measuring the state of hyperphosphorylation from tau in a cellular model for AD pathology,
mapping, and calculating site occupancies for over 20 phosphorylations. We further employ
FLEXITau to define the tau PTM landscape present in AD post-mortem brain. As shown in this
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study, the application of this assay provides mechanistic understanding of tau pathology that could

lead to novel therapeutics, and we envision its further use in prognostic and diagnostic approaches

for tauopathies.

Graphical abstract
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Tau is a microtubule (MT)-associated protein that is predominantly expressed in neurons,
where it mostly localizes to axonal regions. Major functions of tau include MT stabilization,
maintenance of axonal transport, and regulation of neurite outgrowth.8.7 Perturbation of tau
regulation can lead to the formation of intraneuronal insoluble aggregates of abnormally
phosphorylated tau, in the form of paired helical filaments (PHFs). Tau aggregates are the
pathological hallmark of a number of neurodegenerative disorders that are collectively called

tauopathies, the most common being Alzheimer's disease (AD), a so-called “secondary

tauopathy”. Phosphorylation on multiple sites is considered to be a major early event in the
formation of tau inclusions.89 part from phosphorylation, several other post-translational
modifications (PTMSs) have been implicated in disease pathogenesis, including acetylation,

310 ybiquitination,211 methylation,® and glycosylation,1213 among others.

The characterization of tau PTMs and their exact relationship to tau pathology has been a
major goal in the field of neurodegeneration, as understanding the nature of tau biochemistry

will identify molecular targets for therapeutics or diagnostic approaches; however a

comprehensive picture is missing. The study of tau PTMs is extremely challenging due to
the large number of modified sites and by the coexistence of multiple types of modifications,

sometimes competing for the same sites.>16:17 To untangle the PTM landscape, many

possible sites have to be analyzed in a qualitative as well as quantitative level. In the case of
phosphorylation, to date over 70 sites (out of the 85 putative sites) have been described.218
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While 28 phosphorylation sites have been exclusively found in tau from AD brain, many
others overlap between AD and normal adult brain, but are phosphorylated to a different
extent, in most cases higher in AD compared to control. In this context, the term
“hyperphosphorylation” has been used widely in the literature, often when a positive signal
is obtained from specific antibodies. One prominent example is the AT8 antibody, which
binds to phosphorylated residues serine (S) and threonine (T) S202/T205. However, the term
hyper-phosphorylation is ambiguous, as in most cases phosphorylation stoichiometry is not
measured. Moreover, information about the total number of phosphorylations or other
modifications, as well as their occupancy, is lacking. Thus, the complexity of the tau PTM
landscape poses a major analytical challenge.

Immunochemistry approaches are the traditional methods used to analyze tau PTMs and a
large array of tau antibodies specific to phosphorylated or otherwise modified epitopes are
available, such as the above-mentioned AT8. While these antibodies are useful in the study
of tau pathology, rigorous quantification using antibodies is difficult because of variable
affinity specificity and selectivity.19-21 Further complicating quantification using antibodies
is the lack of reference standards that need to be generated for every possible PTM/epitope.
Finally, a priori knowledge of particular PTMs is required, and for some sites, no antibodies
exist while for other sites antibodies cannot be raised. These limitations severely constrain
the potential of antibody-based methods as tools to study tau PTMs in a comprehensive and
quantitative manner.

Emerging MS-based proteomics approaches are powerful alternative methods used to
identify proteins and characterize modifications. In the case of tau, exploitation of this
technology resulted in greatly enhanced protein sequence coverage. Many MS-based tau
PTM studies led to the discovery of thus far undescribed tau modifications as well as novel
phosphorylation sites and allowed for the simultaneous analysis of dozens of modification
sites.1:2:522-24 Although they enabled the parallel analysis of different types of modification,
these studies generally characterized only a limited number of PTM types, with the strongest
emphasis on phosphorylation and little focus on less common PTMs. Furthermore, the
majority of these MS-based experiments employed data-dependent acquisition (DDA), a
data collection mode that relies on the “detectability” of the peptide species of interest,
biasing the analysis toward peptides of highest intensity. This particularly handicaps the
identification of PTMs, as the modified species can be present in very low stoichiometries
and/or exhibit decreased flyability compared to the unmodified counterpart.

To address a critical need for an analytical method to measure tau PTMs, we developed the
FLEXITau (Full-Length Expressed stable |sotope-labeled Tau) strategy.2° This assay allows
for the unbiased analysis of tau modifications in a highly quantitative fashion, where the
addition of a stable isotope-labeled tau standard to the biological sample is key to the
quantification. To maximize reproducibility and sensitivity, we expanded on the original
workflow by implementing a selected reaction monitoring (SRM) acquisition method and
developed a sensitive, robust, tau-specific assay. The assay was then used to study human tau
expressed in Sf9 insect cells, a cellular model system that generates tau in a highly
phosphorylated, AD-like state.26:27 The precise phosphorylation state of Sf9-tau was
measured, mapping and quantifying 23 phosphorylations in a site-specific manner. To
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demonstrate the versatility of the assay, we then applied our workflow to tau aggregates
derived from post-mortem AD brain tissue. We found that the performance of the assay is
not compromised by the complexity of the human sample or the heterogeneity of the
modifications on tau. Due to its sensitivity and versatility, FLEXITau is a powerful, robust
tool for investigating tau modifications both /in vitroand in vivo. The application of this
method will greatly enhance our understanding of tau modifications and their role in
pathogenesis. Thus, FLEXITau provides a foundation for the development of better
diagnostic tools and tau-modulating therapeutic strategies.

Experimental Procedures

All details to experimental procedures are included in the Supporting Information (SI).

Results and Discussion

Development of the Quantitative SRM FLEXITau Assay

The overall goal of this study was to develop an SRM workflow to quantify tau
modifications in an unbiased manner. Our approach utilizes a stable isotope-labeled
(“heavy™) full-length tau protein standard that is added to biological specimens prior to
sample processing and MS analysis (Figure 1A). The premise of FLEXITau is to measure
the change in the unmodified peptide species rather than measuring the modified species.2®
For example, if 66.7% of a particular site carries a specific modification, then the abundance
of the unmodified species is decreased to 33.3%.

In a FLEXITau experiment, the tau standard is purified and added to the unlabeled
endogenous (“light”) sample, which is digested using trypsin or other enzymes (Figure 1A).
Due to the mixing of light and heavy species early in the sample processing, we minimize
quantification errors that might arise due to sample loss and technical variability between
samples during preparation. Notably, variability in various batches of extraction/purification
prior to mixing may lead to differences in absolute amounts of the light and heavy proteins;
however this does not affect the relative quantification by FLEXITau which happens on the
peptide level. The digested peptide mixture, containing light and heavy tau peptide species,
is then analyzed by MS. All observed tau peptides are present as pairs, featuring the light
and the heavy isotopologues. The initial mixing ratio is calculated by determining the light-
to-heavy (L/H) ratio of unmodified peptides. As mentioned above, if a peptide from the
sample is modified, this modification results in a reduction in the amount of unmodified
peptide; thus, any deviation of the L/H ratio indicates modification. The extent of
modification of a peptide is calculated by measuring the difference in L/H ratio of the
unmodified peptide species and the mixing ratio. Plotting the FLEXITau data for all tau
peptides sorted from N- to C-terminal results in an intuitive representation of the PTM
landscape across the entire protein. This plot indicates where individual modifications occur
and which domains of a protein are highly modified (Figure 1B).

The quality of the FLEXITau data strongly depends on the sensitive and reproducible MS-
based detection of the unmodified peptide species. To ensure this, we devised a targeted
assay specifically tailored to monitor the unmodified tau, using SRM. SRM is increasingly
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being used in protein quantification because of its outstanding specificity, reproducibility,
and sensitivity.28-32 To maximize the sequence coverage of tau, we developed SRM assays
for tau digested by either trypsin or LysC (SI Table S1). When analyzing purified trypsin-
digested standard using the developed SRM assay, we reproducibly achieved a sequence
coverage of 71% (23 peptides), and the five complementary LysC peptides increased this
number to 75.3% (SI Figure S1B). The sensitivity of the SRM method can be maximized by
acquisition of the transitions in a small retention time window (termed scheduled SRM).
Therefore, we developed a scheduled 30 min LC-SRM method suitable for pure/low
complex tau samples enabling tau modification profile quantification from pure/low
complex tau samples in a sensitive and time efficient manner. Notably, for the analysis of
highly complex samples, we suggest use of a longer gradient in order to maintain specificity
and minimize interfering background signals. Both the tau peptides and the iRT standard
peptides (Biognosys) implemented in the assay allow for quick and accurate peptide
retention time calculation in other gradient lengths.33

Sensitivity of the FLEXITau Assay

To determine the detection limit of the assay and the dependence of the sequence coverage
on concentration, a dilution series of digested heavy tau standard from 800 fmol to 8 amol in
11 dilution steps was analyzed. Samples were measured in triplicate using the developed
scheduled SRM assay, and the signal intensities of the heavy peptides were monitored. We
found that for maximal sequence coverage at least 2 fmol of tau must be injected (Figure
2A); any concentrations below 2 fmol resulted in a decrease in sequence coverage. At 80
amol, a sequence coverage of 51% (25 quantifiable peptides) was measured, and at the
lowest end of the dilution series of 8 amol, the sequence coverage was 38.7% with 15
quantifiable peptides (Figure 2B). Figure 2C shows representative dilution curves for eight
peptides. The average /2 value was 0.97 (S| Figure S2). For the concentration range of 0.4—
400 fmol a A2 value of >0.98 was observed for approximately 90% of the targeted peptides.

In summary, the sensitivity of the assay is highlighted by the successful quantification of
peptides across 5 orders of magnitude, down to 8 amol of injected tau. To achieve maximum
sequence coverage and linearity of quantification, a working range between 2 and 400 fmol
of tau is required. It is worth noting that the optimal working range and reproducibility of
the assay can be affected by interfering signals and should be reassessed in each individual
sample background, particularly in highly complex samples.

Analytical Precision of the FLEXITau Assay

To evaluate precision of the assay, we took advantage of an /n vitro tau expression system in
which the modifications present are well-defined, i.e., human tau protein produced in insect
Sf9 cells via baculovirus transfection.27:34:3% Tau expressed in these cells is phosphorylated
at multiple sites and is thought to have a similar phosphorylation pattern as PHF tau from
AD.35 This Sf9 cellular model system has been used to study tau aggregationZ® and
sequential phosphorylation by multiple kinases.36 This state of phosphorylated tau is often
called hyperphosphorylated, and despite its ambiguity, we use this term throughout this work
for the sake of simplicity.
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We analyzed four different species: (i) tau from untreated Sf9 cells, phosphorylated at a
native level (hereafter termed P-tau), (ii) tau from Sf9 cells treated with a phosphatase
inhibitor (okadaic acid, OA), resulting in an increased level of phosphorylation (PP-tau), (iii)
tau purified from Sf9 cells subsequently treated with alkaline phosphatase (AP) to remove
the phosphorylations (deP-tau), and (iv) tau expressed in Escherichia coli (E. coli) as
unmodified control (ctrl-tau) (Figure 3A). We subjected three independent preparations of
each species to the FLEXITau workflow, and analyzed each sample 3 times. This analysis
resulted in the quantification of 28 targeted peptides in all samples achieving a sequence
coverage of 75% (Sl Figure S1B).

First we assessed the quantification precision of technical replicates (replicate injections)
and biological replicates (different Sf9 cell batches). On average, the median coefficient of
variation (CV) across replicate injections was 3.9% (Figure 3B). ctrl-tau presented the
lowest (3%), and PP-tau the highest variability (5.2%). On average, the biological variability
was higher than the technical variability, with a median %CV of 13.2% (3.5-fold compared
to CV of technical replicates). Again, ctrl-tau presented the lowest variability (median %CV
of 8.2%). In comparison to the technical variability, apart from the increase in median %CV
we also observed a broadening of the CV distribution (SI Figure S3A,B).

Next, to evaluate if the use of an internal standard improves the quantitation reproducibility,
we compared the FLEXITau results to quantification using only peak intensities of
endogenous tau peptides. To this end, we extracted light peak areas for all monitored
peptides in the same data set. Quantification using peak area intensity resulted in a 4-fold
increase of technical variability (15.3%CV) and 2-fold increase in biological variability
(25.3%CV) compared to the FLEXITau quantification of 3.9%CV and 13.2%CV,
respectively (Figure 3C). This corroborates that the employment of the internal standard is
highly beneficial to the precision of the analysis.

Quantitative PTM Profiling of “Hyperphosphorylated” Tau

Next, we assessed the peptide modification landscape in these Sf9-tau samples. Figure 3D
shows the quantification of unmodified tau peptides in the global FLEXITau representation.
Peptides were defined as “modified” if the average of the biological replicates resulted in a
value below 100% and were significantly different from ctrl-tau (student #test, p < 0.05).
Table 1 lists all quantified peptides and their respective modification extent, including the
significance value. On average (mean value of all modified peptides), the modification
extent of PP-tau was 25% higher compared to P-tau (33.0% for P-tau, compared to 42.7%
for PP-tau). Nine peptides (39% of the quantified sequence) appeared to be unmodified in
both species, while the remaining 19 peptides (nearly half of the quantified sequence) were
found to be modified in P-tau and/or PP-tau. From these, the vast majority was modified
both in P-tau and PP-tau; only three peptides (peptides F, R, and T) were modified in PP-tau
only, suggesting that phosphorylation sites in these regions are more accessible to
phosphatases, which are inhibited by the okadaic acid (151IATPRGAAPPGQK 143,
302CGSLGNIHHKPGGGQ-VEVK340, and 354IGSLDNITHVP-GGGNK3¢9; Table 1, pep-
tides highlighted in red).
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To gain a more functional view of the data, we grouped the peptides into their corresponding
tau domains, from N- to C-terminal: acidic region, proline-rich region, repeat region, and C-
terminal tail (Figure 3D, bottom). Our data indicated that each tau domain presented with a
characteristic modification extent (and this trend was maintained upon treatment with
phosphatase inhibitor). The repeat region was the least modified with an average
modification extent of 10.1% and 14.8% for P-tau and PP-tau, respectively; most of the
peptides in this region were unmodified (student £test, p> 0.05; see above). The acidic
region and C-terminal tail showed moderate modification extents (acidic region, 23.1% and
24.5%, and C-terminal tail, 48.9% and 55.9%, for P-tau and PP-tau, respectively). The
proline-rich region depicted the highest modification extent (on average 55.2% and 71.0%
for P-tau and PP-tau, respectively). Interestingly, this region contains residual
phosphorylation in the dephosphorylated Sf9-tau species, deP-tau (consistent with previous
reports2%). The highest modification extent for deP-tau was observed on peptide K and L at
27% for both. This region also harbored the peptide with the highest modification extent of
all peptides, with 90.6% in P-tau and 97.2% in PP-tau (peptide L, 706VAVVRTPPK 34,
Figure 3D and Table 1).

Creating a Quantitative PTM Map

The FLEXITau experiments measured the absolute extent of modification of tau peptides
and relative differences between P-tau and PP-tau. Next we identified the modifications
present on these peptides associated with the quantitative data. To this end, these samples
were analyzed using DDA workflows and mapped the identified PTMs to their
corresponding quantification data (Figure 3E and Table 1). At this point it is important to
note that if an identified phosphorylation is located on the first amino acid after a tryptic
cleavage site, this phosphorylation leads to a miscleavage producing a longer peptide. Thus,
this modification will contribute to the reduction in the abundance of the modified peptide
(containing the modified site) as well as its N-terminal neighboring peptide. In these cases,
the respective site is listed twice in Table 1.

In total, we identified 21 phosphorylation sites on Sf9 P-tau—12 serine and 7 threonine
phosphorylation sites; on PP-tau, 23 phosphorylation sites were identified, including all P-
tau sites, with two additional phosphorylation sites being mapped at T76 and S356.
Biological modifications other than phosphorylation, such as ubiquitination, acetylation, or
glycosylation, were not identified in this analysis (nor has it been previously reported for
Sf9-tau?). Consistent with the FLEXITau data, the proline-rich domain depicted the highest
density of phosphorylation sites with 13 sites total, for both P-tau and PP-tau (this is also
consistent with previous reports?). A comprehensive list of detected modified peptide
species can be found in SI Table S2. Of the 16 peptides identified as significantly modified
by FLEXITau (in both P-tau and PP-tau) 15 were associated with the presence of one or
more phosphorylation sites. Only for peptide B (,4JKDQGGYTMQDQEGDTDAGLKy4) no
corresponding modification could be identified. In this case, FLEXITau analysis showed a
significant modification extent in both P-tau and PP-tau (51%, p = 0.008, and 22%, p=
0.046, respectively), clearly indicating the presence of a modification. Putative
phosphorylation sites on peptide B include Y29, T30, and T39 (Table 1).
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FLEXITau showed three peptides to be exclusively modified in PP-tau but not on P-tau
(Table 1, peptide sequences highlighted in red). In the DDA data, phosphorylation sites
T153, S324, and S356 were identified on these peptides. Unexpectedly, T153 and S324 were
not only detected in PP-tau but also on P-tau. However, the quantitative FLEXITau data
showed that the extent of modification of these peptides in P-tau is minimal (4.2% and
12.4%, respectively; p-value across biological replicates nonsignificant).

The DDA data did not map any PTMs to peptides that were determined as “unmodified” by
FLEXITau, corroborating the quantitative results. The only exception is the peptide
164GQA-NATRIPAK 74, on which T175 was detected as being phosphorylated both in P-tau
and PP-tau. However, the FLEXITau data determined that the modification stoichiometry is
low (<3% for both species), which is below the precision of the assay (%CV = 3.9%; see
above).

The quantitative precision of FLEXITau can point to additional PTMs that are not detected
in DDA experiments as for peptide B above. In one special case (peptide C,
45ESPLQTPTEDGSEEPGSETSDAKGg7), we identified a matching modification as S68;
however FLEXITau data suggested an additional PTM. S68 is located on the first amino acid
after the cleavage site where this phosphorylation contributes to a reduction in the
abundance of unmodified peptide C as well as the following peptide D
(eSTPTAEDVTAPLVDEGAPGKGg7), as described above. Peptide D carries an additional
modification; thus we expect the abundance of unmodified peptide D to be lower than that of
peptide C. However, the abundance of unmodified peptide D was higher than that of peptide
C, reflected by the smaller modification extent (P-tau, —19.9%; PP-tau, —33.4%), compared
to that of peptide C (P-tau, —44.7%; PP-tau, —54.0%). This led us to speculate that peptide C
harbored an additional modification site that was not detected by the DDA experiment. In
the literature, many studies of /n vitro and /n vivo phosphorylated tau, often employing
enrichment strategies, 12223 have been performed. Remarkably, despite the vast amount of
information (see also http://cnr.iop.kcl.ac.uk/hangerlab/tautable, an up-to-date list of all tau
phosphorylation sites), in the N-terminal region only one site has been previously described
in vivo.3":38 Putative phosphorylation sites in this region are T50, T52, and S56. Importantly,
although PTMs other than phosphorylation can be found in the baculovirus infected insect
expression system, neither others nor we have identified these.

In summary, while normal workflows such as DDA experiments cannot possibly map all
modified sites at once,16 the quantitative unbiased view of the modification landscape
provided by FLEXITau can point to additional areas of tau that might be modified,
independent of the type of modification.

Calculation of Site Occupancy Using FLEXITau

In the above analysis, we obtained peptide abundance data for the unmodified peptides and
mapped modification sites using this knowledge. For peptides harboring a single
modification, the peptide modification extent directly reflects the occupancy of the modified
site. Notably this only holds true under the premise that no modification other than the one
detected is present on the respective peptide. In this data set, this situation applies to T175,
S262, S324, S356, and S416/422. However, for many peptides we identified multiple
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phosphorylated sites, in particular in the proline-rich region, as well as in the C-terminal tail
(Table 1 and Figure 3). In these cases, the direct correlation of peptide modification extent
and site occupancy cannot be made. Each site may contribute to the overall peptide
modification extent. Thus, for multiply modified peptides, the peptide modification extent is
the sum of all individual site occupancies.

To determine the individual site occupancies for multiply phosphorylated peptides, a
combinatorial strategy that uses information from “overlapping” peptides was employed (for
a schematic, see Figure 4A). Overlapping peptides are produced by a missed tryptic cleavage
—typically caused by closely located lysines and arginines (Figure 4A, peptides 11/12, K1 -
K4, and V1/VV2). In these cases, when trypsin is used, the primary tryptic peptide has a
miscleaved counterpart whose sequence encompasses the primary tryptic peptide species
with an addition of the following amino acids until the next cleavage site. A missed cleavage
can also occur if a phosphorylation is present on the amino acid in the first position after the
cleavage site (peptides G/H, 12/J, J/K, and V2/W), as briefly mentioned earlier. In these
cases, cleavage is impaired due to the presence of the phosphate group. Thus, the phosphate
on the second peptide causes the reduction in the abundance of both unmodified peptides, N-
and C-terminal to the cleavage site.

Our strategy to calculate site occupancy of multiply phosphorylated peptides is to start with
a single peptide with a single modification, whose site occupancy is therefore defined
(Figure 4A). The stoichiometries of additional sites are then calculated stepwise by using the
quantitative information on each subsequent overlapping peptide. For example, in the case of
the proline-rich region, we started at the N-terminus of this region with peptide G. Its
modification extent equals the occupancy of its single phosphorylation site on residue T175.
The adjacent overlapping peptide (peptide H) contained two detected phosphorylations,
T175 as well as T181. Here, the modification extent of T181 is the difference in
modification extent of peptide G (T175) and peptide H (T181+T175), in this case 56.3% (P-
tau) and 64.4% (PP-tau). This combinatorial strategy allowed us to successfully quantify the
individual stoichiometry of sites T181, S184, S210, S396, and S404. In the case of peptide |
(181 TPPSSGEPPKSGDRg5) we mapped two phosphorylation sites, T181 and S184 using
DDA experiments. However, the total modification extent was higher than the sum of its
quantified single components. Thus, we speculate that the remaining value (7.3% and 16.3%
in P-tau and PP-tau, respectively) corresponds to an additional modification, tentatively
assigned as S195, a site reported previously in AD.3% A summary of site occupancies for all
phosphorylations detected in P-tau and PP-tau is shown in Figure 4B (see also Sl Table S3).
The average amino acid resolved site occupancy was 29.5% (P-tau) and 35.7% (PP-tau). As
expected, these values are lower than the peptide modification extent mentioned above
(33.0% and 42.7%, P-tau and PP-tau, respectively), as there are peptides containing several
sites. The strategy to determine specific amino acid resolved site occupancies described
above cannot always be applied for two reasons: (i) the sites are in close proximity and/or
(ii) there are no adjacent miscleaved peptides. This is the case for the following regions:
S68/T76, S199/S202/T205, T212/S214/T217, and T231/S235. For these sites the joined
occupancy is determined.

Anal Chem. Author manuscript; available in PMC 2018 February 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mair et al.

Page 10

In general, the quantitative PTM landscape suggests that most of the phosphorylation sites
present with low stoichiometries. In P-tau, nearly two-thirds (and in PP-tau, a third) of all
sites are phosphorylated to an extent below 20%. The combination of sites T231/S235 has
the highest occupancy (90.6% and 97.3% for P-tau and PP-tau, respectively). Four other
sites are also phosphorylated at a stoichiometry larger than 50% (T181, S199/S202/T205,
T212/S214/T217, and S404). Notably, all of these are epitopes of commonly used AD
diagnostic antibodies (AT8, AT100, AT180, and PHF1) (see also Figure 4B). Thus, apart
from validating the elevated extent of phosphorylation for these regions, FLEXITau is also
able to precisely quantify this state referred to as hyperphosphorylated by antibodies used
ubiquitously in the study of tauopathies.

Using FLEXITau To Determine the Average Number of Phosphorylations per Tau Molecule

We showed that FLEXITau provides the stoichiometries of identified phosphorylation sites.
Using a recursive approach we next calculated the polynomial probability distribution of a
particular number of sites being phosphorylated at a given time (SI Figure S4A; for details,
see Supporting Information). A shift in the distribution of PP-tau toward to a higher
phosphorylation state by one phosphate compared to P-tau was observed, with PP-tau
showing a maximum likelihood of eight phosphates per tau molecule, compared to seven for
P-tau. The broad base observed for both P-tau and PP-tau shows that there is a wide range of
phosphorylation states for tau ranging from 1 to 14 phosphates in the case of P-tau and from
2 to 15 for PP-tau (full width at half-maximum (fwhm) of 4.7 and 5, P-tau and PP-tau,
respectively). For joined occupancies, we assume two possible extreme scenarios: the
respective sites are present either exclusively alone or exclusively together (SI Figure
S4B,C).

Notably, it is possible that some of the phosphorylations sites that we quantify are dependent
on one another; i.e., a priming site is required for another phosphorylation to occur.36 The
probability estimation does not take into account any site dependencies; if such data are
available, it should be incorporated into this calculation, as this will provide additional
accuracy for the distribution estimation.

It was reported that P-tau and PP-tau carried 12 and 20 phosphates on average, respectively.
26 The discrepancy may be explained by the limited accuracy of low-resolution MALDITOF
analyses used in these studies, and by the lack of a labeled standard for the different
phospho-protein species.# In contrast, our assay uses an internal standard providing
accurate quantification for each peptide. However, the FLEXITau assay covers only 75% of
the amino acid sequence of tau; thus we cannot exclude the possibility of additional
phosphorylated residues in the undetected sequence. Hence the calculation may
underestimate the total number of phosphates present on tau. Importantly, a multimodal
distribution of tau species with differing numbers of tau modifications may exist.
Combinatorial PTM patterns could be measured using complementary top-down mass
spectrometry.41:42
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Using FLEXITau To Examine the PTM Landscape of Human AD-Tau

Above, we exemplify the power of the FLEXITau approach to quantify the modification
landscape of purified, hyperphosphorylated Sf9-tau, i.e., an “artificial” substrate. However,
this assay could be applied in many biological settings, including more complex mixtures.
Thus, to show its versatility, we next aimed to apply FLEXITau to a tau species in a
complex, disease-related human sample and analyzed tau aggregates derived from AD
patient brains using FLEXITau, and to compare this quantitative data to the Sf9-tau to
evaluate this cellular model as a proxy to disease.

A traditional sarkosyl fractionation of post-mortem cortical brain tissue was used to enrich
for insoluble AD tau species (AD-tau) (SI Table S4). AD-tau was subjected to the
FLEXITau workflow, and quantitative data were acquired. The overall modification extent of
AD-tau was more than 2-fold higher than that of the Sf9 model tau (AD-tau 77.2%,
compared to 34.1% in P-tau and 42.4% PP-tau, respectively). AD-tau FLEXITau data are
presented as a heat map from N- to C-terminus in comparison to P-tau and PP-tau (Figure
5A). The data indicate that the N-terminus is considerably more modified in AD-tau
compared with Sf9-tau. Notably, the proline-rich region shows high-modification extent for
both Sf9- and AD-tau, while the repeat regions are less modified in both, particularly R3 and
R4.

To systematically assess the quantitative differences in the extent of modification for Sfo-tau
and AD-tau, we performed a hierarchical cluster analysis of the FLEXITau data (Euclidean
distance, Ward criteria). This analysis grouped the peptides into six distinct classes (1-VI,
Figure 5B). Classes | and 11 contained peptides with no or little modification extent in Sf9-
tau (below 15%), with class | showing none at all and class Il showing minor madification in
AD-tau (below 60%). Class I11 and IV peptides showed drastic differences between Sf9-tau
and AD-tau: peptides in classes Il and 1V showed high-modification stoichiometry in AD-
tau (on average 88%), while Sf9-tau showed little or no modification respectively Finally,
class V and VI peptides were highly modified in all three species: class V contained peptides
that showed enhanced modification in AD-tau, and class VI peptides were modified to a
similar extent in all tau samples. In summary, one-third of the quantified peptides (31% of
tau sequence analyzed) were modified to a similar extent in AD-tau as in the Sf9 species,
while the remaining two-thirds of the peptides showed significantly higher modification
extent in AD-tau.

As mentioned above, many PTMs of PHF-tau from AD brain have been described using
different types of enrichment strategiesl~3215.22 (reviewed in refs 4 and 14). To investigate
the quantitative differences between AD-tau and Sf9 qualitatively, we took advantage of
these data sets and mapped all reported modifications to the peptides from the FLEXITau
data set (Figure 5B, right panel). Most of the differences of AD-tau to Sf9-tau could be
explained by additional modifications on the respective peptides. The peptides that reflected
the biggest changes between Sf9-tau and AD-tau (class 111 and class IV peptides) harbor
multiple additional phosphorylation as well as acetylation sites (such as ac-K274 and ac-
K280), highlighting the importance of modifications other than phosphorylation when
studying tau aggregation. In addition, we note that classes Il and IV include peptides from
exons 2, 3, and 10 that can be spliced out and can thus contribute to the reduced levels of
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unmodified peptides in these regions. Interestingly, we noticed that all ubiquitinylation sites
reported so far! are located on peptides that contain few other modifications and display low
modification extent (class I and Il peptides). Furthermore, peptides highly modified in both
AD-tau and Sf9-tau (classes V and V1) exclusively harbored phosphorylation (and no other
type of modification). Notably, the epitopes of the most commonly used AD diagnostic
antibodies are located on these peptides. However, multiple additional phosphorylation sites
are present on AD-tau that were not identified on Sf9-tau.

We also applied the recursive approach mentioned above to calculate the distribution of the
average number of phosphates per tau molecule. We determined that, on average, AD-tau
contains 10 phosphates per tau molecule and the distribution of sites per tau molecule ranges
between a minimum of 4 to a maximum of 19 (SI Figure S4D,E).

While possibly representing a model for specific phosphor-ylation sites in the proline-rich
domain, altogether these data reveal significant qualitative and quantitative differences
between Sf9-tau and AD-tau, even with respect to phosphorylation. These findings
corroborate the usefulness and necessity of a global unbiased assay such as FLEXITau when
assessing the PTM state of tau or comparing different tau species.

Conclusion

The number and diversity of tau modifications is large, and misregulation of tau PTMs is
believed to directly or indirectly lead to tau aggregation. However, current approaches to
study tau modifications are not capable of capturing the many possible combinations of
PTMs simultaneously, let alone in a quantitative manner. We designed FLEXITau, a highly
sensitive and robust SRM-based assay that measures unmodified peptide species of tau
relative to a heavy standard, rather than aiming for identification of specific PTMs. The key
advantage herein is that FLEXITau can be used to study a limitless number of modification
sites and species without requiring prior information, thus circumventing many issues
typically encountered when using other approaches.2>

Unlike other methods, our assay provides an unbiased, comprehensive understanding of the
existing PTM landscape. The resulting “signature” can be used to determine relative
differences between tau species in a precise manner. In combination with DDA data, site-
specific occupancies as well as the average number of occupied sites at a given time can be
calculated. Due to its unbiased quantitation the assay can also point toward undetected or
even undescribed modifications; those hypothetical sites can be followed up using directed
and targeted analysis, emphasizing the versatility of the assay as a tool to identify novel
modifications without relying on their immediate detection.

Given its precision and versatility, in the future we envision the application of this assay to a
wide range of biological and clinical settings. For examples, with its ability to measure small
changes in the PTM landscape, our assay could facilitate the screening of small compounds
and monitoring the effect of treatment. This is especially important given the recent interest
in tau-targeted therapeutic approaches since the failure of many amyloid-S-targeted
therapeutics in phase 11 clinical trials.#3 Offering both the necessary sensitivity and
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specificity, FLEXITau also has potential as /77 vivo diagnostic biomarker for tau derived from
peripheral fluids such as cerebrospinal fluid or blood, an effort that has been hampered so far
by the lack of methods capable of dealing with the molecular heterogeneity and low
abundance of tau present in body fluids.

In summary, here we report a method that provides a comprehensive, global analysis of tau
PTMs. With its ability to resolve both distribution and occupancy of tau PTMs, we believe
that FLEXITau will massively enhance our mechanistic understanding of tau function and
untangle the role of tau modifications in physiological and pathological conditions. As such,
it will provide a foundation for the development of better diagnostic tools and tau-
modulating therapeutic approaches for tauopathies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FLEXITau experimental workflow. (A) In a typical FLEXITau experiment the heavy tau

standard is generated in the presence of heavily labeled amino acids and added to an

unlabeled endogenous sample in a ratio of approximately 1:1. After enzymatic digest and
LC-MS analysis all unmodified tau peptides will be observed as pairs, featuring the light and
heavy isotopologues. For modified peptides, the modification causes a mass shift, reducing
the amount of detectable unmodified peptide and causing a deviation of the mixing ratio.

The extent of modification on that peptide can be inferred by the amount of “missing”

unmodified species. (B) Plotting of peptide L/H ratios sorted from protein N- to C-terminus
allows for a global visualization of modified peptides and protein regions. Blue, heavy tau;
dark orange, light tau; P, phosphorylation.
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Figure 2.

FLEXITau sequence coverage and detection limit. (A) A dilution series of tau was
performed and peptide intensities were measured using the developed FLEXITau SRM
assay. log 2 peptide abundances (mean value of triplicate measurements) are shown as a heat
map for the quantified peptides, sorted from N- to C-terminus. (B) Achieved sequence
coverage of tau relative to injection amount. Minimal concentration for maximum sequence
coverage is indicated by dotted line. (C) Representative curves of eight peptides (mean value
of triplicate measurements).
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Figure 3.
Quantification of “hyperphosphorylated” tau by FLEXITau (A) Sf9-tau sample preparation.

Sf9 insect cells were transfected with recombinant baculovirus encoding for human 2N4R
wild type tau. Purified Sf9-tau (P-tau) was treated with AP to generate dephosphorylated
Sf9-tau (deP-tau). Phosphatase inhibition by OA prior to cell harvest and tau purification
gives rise to hyperphosphorylated Sf9 (PP-tau). As control, unmodified tau was expressed in
E. coli. (B) Three independent preparations of Sf9-tau were subjected to FLEXITau SRM
analysis (three SRM measurements each). Technical reproducibility (top panel) and
biological reproducibility (bottom panel) of L/H ratio was calculated as %CV. Data are
represented in a boxplot (5-95% whiskers; mean indicated by +). (C) Peak areas were
extracted from the same data set and the %CV calculated. Data are represented as boxplot
(5-95% whiskers; mean indicated by +). (D) FLEXITau data are shown for each tau species
(average of three independent Sf9-tau preparations; bar shows relative error (%CV)).
Peptides sorted from N- to C-terminus are projected onto a schematic of 2N4R tau protein,
respective to their amino acid location. Exons prone to splicing (exons 2, 3, and 10) are
depicted in dark brown. Peptides not modified in P-tau and PP-tau are shown in green;
peptides significantly different from ctrl-tau in orange, and peptides different in PP-tau only
in red (student #test, p < 0.05). (E) Phosphorylated sites identified by LC-MS/MS shotgun
analysis were mapped onto tau peptides that are color coded according to their modification
extent as quantified by the SRM analysis. For the full list of modified peptides see S| Table
S2.
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Figure 4.

Calculation of site occupancies for singly and multiply modified peptides. (A) For peptides
containing a single modification site, the site occupancy equals the peptide modification
extent calculated by the FLEXITau assay (see Table 1). For multiply modified peptides, we
designed a combinatorial approach to stepwise calculate individual site occupancies by
using quantitative information from overlapping peptides: (i) the proline-rich region; eqs 1-
9, with eq 1 starting from N-terminus and eq 5 starting from the C-terminus; (ii) C-terminal
tail, eqs 10 and 11. (B) Phosphorylation extents for all identified sites are shown in percent
(average = std dev of three biological replicates, three measurements each). Sites are sorted
by the amino acid location in the tau sequence N- to C-terminus. Commonly used diagnostic
AD antibodies are shown in blue, with binding epitopes underlined; dotted line indicating
controversy regarding antibody epitope. The gray boxes indicate the highly modified regions
i and ii shown in A. P, phosphate groups.
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GOANATRIPAK T175. Ac-K280 d.h
VOIINK Ac-K274, Ac-K280, exon 10 splicing g.c
STPTAEDVTAPLVDEGAPGK 568, TEY, T71, exon 2 splicing b.def
f AK.TDHGAEIVYK Y394, 5396 abdefh
v IGSTENLK 5262 ab.defh
IATPRGAAPPGOK T153 d.f
HLSNVSSTGSIDMVDSPQLAL...JK 5409, 5412, 5413, 5416, 5422 T427 5433 5435 d el h
KDQGGYTMQDQEGDTDAGLK -
ESPLOTPTEDGSEEPGSETSDAK 5486, T50, §68, exon 2 splicing df
v TPPAPK T175, T181 b,d fh
TPPSSGEPPK.SGDR T181, 5184, 5185 5191 b.dfh
SR.TPSLPTPPTR EPK 5210, T212, 5214, T217 abdefh
' T231, 5235 ab.defh
5396, 5400, T403, S404 ab,deh
Y197, T188, §199, 5202, T205, 5208, 5210 b.d.fh

Applicability of FLEXITau to human disease. (A) Sarkosyl insoluble tau from post-mortem
brains of three different AD patients was subjected to the FLEXITau workflow (triplicate
SRM measurements). The modification extent of each peptide was compared to Sf9-tau (see
also Figure 3D) and in-scale mapped to a schematic tau protein. The color code depicts the
respective modification extent (green, no modification; red, 100% modification). (B)
Peptides were sorted using hierarchical clustering of the FLEXITau data (Euclidean
distance, Ward's criteria). PTMs reported on AD-tau in the literature are listed next to the
corresponding peptide. If no prefix is present, the amino acid site refers to phosphorylation:
ub, ubiquitination, ac, acetylation, bold, modifications detected in Sf9-tau. References: (a)
Cripps et al.,1 (b) Hanger et al.,2 (c) Cohen et al.,3 (d) Martin et al.,* (e) Thomas et al.,> (f)
Noble et al.,}4 (g) Grinberg et al.,> and (h) Dammer et al.22
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