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Abstract

Recent advances in mass spectrometry (MS)-based proteomics have greatly facilitated the robust
identification and quantification of posttranslational modifications (PTMs), including those that
are present at substoichiometric site occupancies. The abnormal posttranslational modification and
accumulation of the microtubule-associated protein tau has been implicated in the pathogenesis of
Alzheimer’s disease (AD), and it is thought that the primary mode of regulation of tau occurs
through PTMs. Several studies have been published regarding tau phosphorylation; however, other
tau PTMs such as ubiquitylation, acetylation, methylation, oxidation, sumoylation, nitration, and
glycosylation have not been analyzed as extensively. The comprehensive detection and delineation
of these PTMs is critical for drug target discovery and validation. Lysine-directed PTMs including
ubiquitylation, acetylation, and methylation play key regulatory roles with respect to the rates of
tau turnover and aggregation. MS-based analytical approaches have been used to gain insight into
the tau lysine-directed PTM signature that is most closely associated with neurofibrillary lesion
formation. This chapter provides details pertaining to the liquid chromatography tandem mass
spectrometry (LC-MS/MS)-based analysis of the lysine-directed posttranslational modification of
tau.
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1 Introduction

In Alzheimer’s disease (AD), the microtubule-associated protein tau dissociates from the
neuronal cytoskeleton and aggregates to form paired helical filaments (PHFs) that comprise
neurofibrillary tangles (NFTs) that are one of the prominent neuropathological hallmarks of
AD [1, 2]. The molecular and cellular mechanisms that regulate tau aggregation remain
unclear; however, it has been postulated that posttranslational modifications (PTMs)
influence tau stability, function, and aggregation propensity [3]. Phosphorylation is the most
well-established tau PTM, and a distinct hierarchical pattern of tau phosphorylation has been
shown to correlate with the progression of AD neuropathology [4, 5]. PHFs of
hyperphosphorylated tau aggregates are known to form the degradation-resistant core of
NFTs in AD [4, 6, 7]. In addition to phosphorylation, tau is also subjected to several other
PTMs that confer pro- or anti-aggregation effects on tau [8]. This chapter will provide




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas and Yang

Page 2

details for the analysis of lysine-directed PTMs of tau, with particular emphasis on
ubiquitylation, methylation, and acetylation.

Lysine residues can participate in electrostatic and hydrophobic interactions [9, 10], and they
are known to play critical roles in tau assembly and toxicity [11]. The lysine-directed
ubiquitylation of tau has been demonstrated to modulate tau accumulation and aggregation
[12, 13]. In non-pathological conditions, tau has been shown to be ubiquitylated and
proteolytically degraded by the ubiquitin-proteasome system [14-16]. The accumulation of
degradation-resistant PHF-tau is linked to the impaired function of the ubiquitin proteasome
system, and although PHF-tau is ubiquitylated, it is not subsequently degraded by the
proteasome system [17-19]. Several ubiquitylation sites within filamentous tau isolated from
AD brain have been identified, and they are all localized to the microtubule-binding repeat
region [20-22].

Lysine methylation has recently been shown to contribute to the regulation of tau
metabolism by directly competing with ubiquitylation and acetylation [22]. Lysine
methylation has also been identified on tau purified from normal human brain [23], wild-
type mice, and a mouse model of AD [24]. These data indicate that lysine methylation is
part of the modification signature that is associated with the preservation of normal tau
function. Acetylation is a relatively novel posttranslational modification of tau that has been
shown to inhibit its degradation and contribute to tauopathy [25, 26]. Studies have shown
that inhibiting histone deacetylase (HDAC)6—a tau deacetylase—has neuroprotective and
beneficial consequences including microtubule stabilization [27, 28]. Hence, the
pharmacological modulation of the levels of tau acetylation has been proposed as a novel
therapeutic strategy. Because the co- occurrence of lysine-directed PTMs on tau has the
potential to affect diverse cellular events, it is imperative to differentiate the lysine-directed
tau PTM signature that is most closely associated with neuropathology in AD.

Recent advances in mass spectrometry (MS)-based proteomics have enabled the
identification and quantification of thousands of PTMs in a single experiment [29-35]. This
is due in large part to the development of highly specific and selective PTM-specific
antibodies, new high performance liquid chromatography, and mass spectrometry
instrumentation and bioinformatic algorithms for peptide and protein identification and PTM
site-localization scoring that enable unambiguous PTM site assignments. Because many
regulatory PTMs, including ubiquitylation and methylation, have low stoichiometry site
occupancies of their target proteins, the use of antibody-based enrichment strategies is
essential to achieve the requisite sensitivity in MS analysis for the comprehensive detection
of these PTMs in complex matrices such as cell lysate and tissue homogenate [29, 31, 34,
36]. In this context, the stoichiometry refers to the fraction of proteins that are modified. For
the majority of these antibody-based enrichment strategies, the enrichment is conducted at
the peptide level after the protein mixture has been enzymatically digested. The amount of
peptide input is typically on the order of a few milligrams. Accordingly, these strategies are
optimized for the large-scale analysis of PTMs. The analysis of PTMs on a single protein of
interest requires a different analytical approach, similar to what will be discussed in this
chapter.
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An inherent challenge in the mass spectrometry-based analysis of PTMs is that modified
peptides can be low abundance and more difficult to identify from their fragmentation
spectra compared to unmodified peptides. Unlike global proteome analysis, PTM analysis
relies on the identification of single peptide species. Although database search engines are
effective at identifying PTM-containing peptides with a defined measure of confidence, their
localization of specific PTM sites can be arbitrary and unreliable [37]. Thus, in addition to
the unambiguous identification of the modified peptides, the localization of modified amino
acids within the peptide(s) of interest requires the calculation of a “localization score” [38].

The quantification of PTMs is important because PTM-based regulation in a biological
context suggests that an amino acid site could be functional. Conducting quantitative MS-
based analysis is essential for the elucidation of the stoichiometry of the specific tau lysine-
directed PTMs that correlate with AD neuropathology. Multiple Reaction Monitoring
(MRM) is a targeted mass spectrometry (MS)-based technology that is becoming
increasingly utilized for protein quantification. MRM-based approaches have been used to
determine the relative abundance of tau polyubiquitylation in human AD brain [20] and
global tau in human CSF [39, 40]. In contrast to MS-based discovery proteomics
experiments, MRM entails the targeted, simultaneous measurements of peptides that serve as
surrogates for the protein targets of interest. MRM-based assays are considered to be the
“gold standard” for MS-based targeted protein quantification because they are highly
specific, precise, and accurate, and they can be multiplexed (hundreds of peptides can be
quantified in a single assay), standardized, and readily reproduced. A targeted proteomics
method that is similar to MRM is parallel reaction monitoring (PRM) wherein an accurate
mass and high resolution mass spectrometer is utilized to permit the parallel detection of all
target product ions [41-46].

A common fit-for-purpose quantification strategy entails the use of stable isotope-labeled
internal peptide standards for relative quantification based on the establishment of
calibration curves of dilutions of the peptide mixtures [47-49]. Because quantitative MS-
based assays are negatively affected by a lack of proper procedures for storing and handling
peptides, careful attention should be paid to the generation, quantification, storage, and
handling of these peptides. Guidelines have been recently established for these practices
[50]. To achieve reliable relative quantification of peptides in complex matrices, targeted
proteomic assays must be analytically characterized with respect to their specificity, lower
limit of quantification (LLOQ), linear range, precision, and repeatability. Various open
source software tools are available to facilitate quantitative proteomic assay data analysis
and sharing [51-54]. A detailed overview of targeted proteomic assays such as MRM and
PRM is provided in several comprehensive reviews [55-60].

2 Materials

2.1 SDS-PAGE and In-Gel Trypsin Digestion

1 Pre-cast NUPAGE Novex 4-20 % Bis-Tris gels (ThermoFisher Scientific).
2. NUuPAGE MES SDS running buffer (ThermoFisher Scientific).
3. NUuPAGE LDS Sample buffer (ThermoFisher Scientific).
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500 mM Dithiothreitol (DTT) in water; aliquot and store at =20 °C.
SeeBlue Pre-stained standard (ThermoFisher Scientific) (see Note 1).
Scalpels (see Note 2).

Gel-loading pipette tips.

Microcentrifuge tubes rinsed with 50 % methanol.

Coomassie blue stain or Silver stain (Silver Quest Silver Staining Kit;
ThermoFisher Scientific) (see Note 3).

Optima LC/MS-grade Water (ThermoFisher Scientific).

1 M Ammonium bicarbonate (Sigma) stock in water; check to ensure pH
is between 7.5 and 9.0.

Optima LC/MS-grade Acetonitrile (ThermoFisher Scientific).
Optima LC/MS-grade Methanol (ThermoFisher Scientific).
30 % methanol.

30 % acetonitrile in 200 MM Ammonium bicarbonate.

100 mM TCEP (“Bond-breaker neutral pH TCEP solution”; ThermoFisher
Scientific): prepare 10 mM solution fresh in 100 mM Ammonium
bicarbonate.

55 mM lodoacetamide (Sigma): prepared in 100 mM Ammonium
bicarbonate; Prepare fresh and keep in the dark—iodoacetamide is light
sensitive.

Digestion buffer: 50 mM Ammonium bicarbonate.

Trypsin solution: 1.5 pg sequencing-grade modified trypsin (Promega) in
50 mM Ammonium bicarbonate.

Acetonitrile/5 % formic acid.

Empore C18 extraction disks.
Optima LC/MS-grade Methanol.
Optima LC/MS-grade Acetonitrile.
Optima LC/MS-grade Water.

Lother pre-stained protein standards are suitable; however, the standard should include proteins with molecular weights close to those

of tau isoforms (~45-65 kDa).

The use of scalpels as opposed to razor blades is preferred so as to minimize the chances of gloves making contact with the gel when
excising gel bands and cutting the bands into smaller pieces. Avoid using latex gloves as these are a common source of keratin

contamination.

There are alternative commercially available mass spectrometry compatible silver staining kits. Mass spectrometry compatible silver
staining methods are those that do not involve the use of glutaraldehyde to fix the proteins in the gel.
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Wash solvent 1: 0.1 % Formic acid in Water.

Elution solvent: 50 % Acetonitrile/0.1 % Formic acid.

2.3 In-Solution Trypsin Digestion

1.

2.4 Liquid Chromatography
1

1 M Ammonium bicarbonate stock in water; ensure that the pH is between
7.5and 9.0.

0.1 % RapiGest SF™ (Waters) in 50 mM Ammonium Bicarbonate.
TCEP (“Bond-breaker neutral pH TCEP solution”).

1 M lodoacetamide stock prepared in 50 mM Ammonium bicarbonate;
prepare fresh.

1 M DTT stock prepared in 50 mM Ammonium bicarbonate; 1 M DTT
stock can be stored in aliquots at —20 °C.

Sequencing-grade modified trypsin.

Mass spectrometry-grade Trifluoroacetic acid (Sigma).

Mobile Phase “A” (aqueous solvent): 3 % Acetonitrile/0.1 % Formic acid
in Water; Water and Acetonitrile: Optima, LC/ MS-grade; Formic acid:
mass spectrometry-grade (Sigma).

Mobile Phase “B” (organic solvent): 90 % Acetonitrile/0.1 % Formic acid.

C18 trap column: 5 mm length x 300 um inner diameter, 5 um Acclaim
PepMap 100 C18 (ThermoFisher Scientific).

C18 analytical column: 50 cm length x 75 pm inner diameter, 2 pm
Acclaim PepMap RSLC C18 EASY-Spray column (ThermoFisher
Scientific).

Dionex UltiMate 3000 RSLCnano LC system (ThermoFisher Scientific).

2.5 Mass Spectrometry and Data Analysis

1

Q Exactive hybrid quadrupole-Orbitrap mass spectrometer equipped with
an EASY-Spray nanospray ionization source (ThermoFisher Scientific) for
peptide and protein identification and parallel reaction monitoring (PRM)-
based targeted proteomics analysis (see Note 4). A triple quadrupole or a
QqTOF mass spectrometer is required for targeted analyses such as
selected/multiple reaction monitoring (SRM/MRM).

Trans-Proteomic Pipeline [61] (see Note 5).

MaxQuant quantitative proteomics software [62, 63].

40ther types of mass spectrometers can be used to analyze the samples; however, for the best results, a mass spectrometer with high
resolution and mass accuracy should be used. This is particularly important for differentiating among PTMs with similar masses such
as trimethylation (42.046950 Da) and acetylation (42.010565 Da); A mass = 0.036385 Da.
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4, MSConvert (freely available via ProteoWizard at http://
proteowizard.sourceforge.net/tools.shtml).

2.6 Targeted MS Data Acquisition: Selected/Multiple Reaction Monitoring (SRM/MRM) or
Parallel Reaction Monitoring (PRM)

1 Synthetic unlabeled and stable isotope-labeled peptides with sequences
that are identical to the peptide(s) of interest to develop the targeted
proteomics assay (see Note 6).

2. Skyline v. 3.5 targeted proteomics software [64].

3 Methods

The methods detailed in this chapter are written based on the analysis of PHF-tau purified
from AD brain tissue. As there are several biological material-based sources of tau (e.g.,
tissue, cerebrospinal fluid, serum), a specific tau purification protocol is not discussed here.
The recommended minimum starting amount of purified tau for the methods described in
this chapter is 20 pg. The protein concentration of the starting material used for the methods
described below should be accurately determined using a BCA assay or similar protein
quantification assay. A workflow entailing the methods that are described in this chapter is
presented in Fig. 1.

3.1 In-Gel Trypsin Digestion

1 Perform SDS-PAGE to electrophoretically separate the tau- containing
sample. Following electrophoresis, wash the gel three times for 10 min per
wash with deionized water to remove any residual SDS.

2. Conduct Coomassie blue staining or Silver staining. After staining is
complete, wash the gel for 10 min with deionized water.

3. Capture an image of the gel. Use a clean scalpel to excise a gel region
corresponding to 50-75 kDa, divide the region into ~2-3 sections and cut
into 1 x 1 mm cubes. Transfer gel pieces to a microcentrifuge tube washed
with 50 % methanol (see Note 7). If using Silver stain, de-stain the gel
pieces before proceeding to the next step.

4, Add 100 % methanol for 5 min to dehydrate the gel pieces. Add a
sufficient volume of methanol to cover the gel pieces.

5. Remove 100 % methanol and add 30 % methanol for 5 min to rehydrate
the gel pieces (see Note 8).

SSeveral other open source and freely available database search engines, algorithms, and software tools such as Mascot [70],
MaxQuant [62, 63], Comet [71], MSGF+ [72], and ID Picker (MyriMatch) [73] can be used; however, be certain to adhere to the
garameters that are outlined in Subheading 3.6.

Detailed guidelines for peptide procurement, characterization, storage, and handling, as well as approaches to the interpretation of the
data generated by targeted MS-based assays have been developed [50].

All steps for in-gel digestion should be performed in a clean laminar flow hood to minimize keratin contamination.

For all steps of the in-gel digestion protocol that entail removing solutions from gel pieces, use a gel-loading pipette tip.
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Remove 30 % methanol and wash the gel pieces twice for 10 min per wash
with water.

Wash the gel pieces three times for 10 min per wash with 30 % acetonitrile
in 100 MM Ammonium bicarbonate.

Dry gel pieces in a vacuum centrifuge (speed vacuum) for 15 min. Gel
pieces will become opaque when dry.

Add 10 mM TCEP (enough volume to cover the gel pieces) and let
incubate for 1 h at 60 °C to reduce protein disulfide bonds.

Briefly centrifuge the gel pieces and discard the liquid.

Add 55 mM iodoacetamide (enough volume to cover the gel pieces) and
let incubate for 45 min at room temperature in the dark to alkylate cysteine
residues.

Briefly centrifuge the gel pieces and discard the liquid.
Wash the gel pieces for 15 min with 200 MM Ammonium bicarbonate.
Discard the liquid. Shrink the gel pieces with 100 % acetonitrile.

Discard the liquid. Dry the gel pieces in a speed vacuum for 15 min.
Ensure that the gel pieces are completely dry to facilitate the absorption of
trypsin into the gel pieces in the next step.

Rehydrate the gel pieces in trypsin solution at 4 °C (on ice) for 45 min.
Add an adequate volume of trypsin solution to completely cover the gel
pieces (see Note 9).

Remove any remaining trypsin solution and add a sufficient volume of
digestion buffer to completely cover the gel pieces.

Let incubate at 37 °C overnight with gentle shaking.

Briefly centrifuge the gel pieces and transfer the supernatant (containing
tryptic peptides) to another microcentrifuge tube washed with 50 %
methanol.

Add 50 mM Ammonium bicarbonate to cover the gel pieces and incubate
at 37 °C with shaking for 15 min.

Add a volume of acetonitrile equal to the volume of 50 mM Ammonium
bicarbonate utilized in step 20 and incubate at 37 °C with shaking for 15
min.

Centrifuge the gel pieces and add the supernatant to the supernatant
collected in step 19.

9Enzymes other than trypsin such as LysC, ArgC, AspN, and GIuC can be used to digest tau. The use of multiple proteases has been
shown to improve the protein sequence coverage obtained from mass spectrometry-based analysis [74].
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Extract the peptides: add acetonitrile/5 % formic acid (50:50) to the gel
pieces and incubate at 37 °C with shaking for 15 min.

Remove the supernatant and combine with the supernatant collected in
steps 19 and 22.

Repeat step 23.

Remove the supernatant and combine with the supernatant collected in
steps 19, 22, and 24.

Dry the combined supernatant in a speed vac.

Desalt the sample using C18 StageTips.

3.2 In-Solution Trypsin Digestion

1

Use at least 20 g protein at a concentration of 0.2-1.0 pg/uL for in-
solution digestion. If protein is in a pellet form, add 0.1 % RapiGest in 50
mM Ammonium Bicarbonate. If protein is in solution, the ideal buffer is
50 mM Ammonium bicarbonate. Conduct buffer exchange if necessary
and add 1:1 (v/v) 0.2 % RapiGest:protein solution.

Denature protein by incubating at 90 °C for 3 min. Cool to room
temperature.

Add TCEP to 5 mM final concentration to reduce protein disulfide bonds.
Vortex and incubate for 30 min at 60 °C. Let cool to room temperature.

Alkylate cysteine residues by adding iodoacetamide to 10 mM final
concentration. Vortex and incubate at room temperature in the dark for 30
min.

Add trypsin to sample at a trypsin:protein ratio of 1:50 (w/w). Let incubate
overnight at 37 °C with gentle shaking (see Note 9).

Stop enzymatic digestion and hydrolyze RapiGest by adding
trifluoroacetic acid to 1 % final concentration. Incubate for 45 min at
37 °C.

Centrifuge at 14,000 x g for 10 min at 4 °C and transfer the supernatant to
a new microcentrifuge tube (see Note 10).

Desalt the sample using a C18-based spin column, cartridge, or tip (see
Note 11).

10 cloudy pellet should appear after centrifugation. When pipetting the supernatant (containing peptides) after completion of the
centrifugation, take caution to not disturb the pellet.

Consider the amount of peptides (measure using UV-based absorbance at 280 nm) and the binding capacity of the column, tip, or
cartridge when selecting the format of the C18-based material used for desalting.

Methods Mol Biol. Author manuscript; available in PMC 2017 January 09.
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Prepare C18 StageTips using two plugs of C18 material in each StageTip
(see Notes 12 and 13).

Reconstitute the dried protein digest sample in 50 puL of Wash Solvent 1.
Wash the StageTip once with 50 pL of 100 % Methanol.

Equilibrate the StageTip twice with 50 uL of Wash Solvent 1.

Load the sample onto the equilibrated StageTip.

Wash and desalt the sample twice with 50 pL of Wash Solvent 1.

Elute the sample into a clean microcentrifuge tube using 50 uL of Elution
Solvent.

Dry the desalted sample in a speed vac. Reconstitute in liquid
chromatography Mobile Phase A. For in-gel digests, use ~1/3 of the
sample for LC-MS/MS analysis. For in-solution digests, load ~1 ug of
peptides.

Utilize an LC method with the following parameters:

1.

a c D

3.5 Mass Spectrometry
1

2.

Gradient pump flow rate = 0.3 pL/min; loading pump flow rate = 5.0 pL/
min.

Column oven temperature = 35 °C.
Autosampler temperature = 6.0 °C.
Sample loading time = 2.5% sample loop volume.

Separation gradient: 60 min linear gradient from 3 to 35 % Mobile Phase
B, followed by 35-90 % B in 5 min, 90 % B for 5 min, and column re-
equilibration with 3 %B for 10 min.

Set spray voltage to 1.8 kV and heated capillary temperature to 180 °C.

Create a data-dependent MS/MS instrument method with the following
parameters:

a. Full scan range: 400-1800 m/ z, positive polarity
b. Ten most abundant ions selected for MS/MS fragmentation
C. Resolution = 70,000

121he original publication of the StageTip procedure provides detailed instructions and illustrations for how to prepare StageTips [75].

Use 2 mL microcentrifuge tubes and StageTip adapters so that the procedure can be completed using a microcentrifuge format.
Conduct all centrifugation steps for the StageTip desalting at 3000-4000 x g for 3-5 min at room temperature or until all of the top-
loaded solution has passed through the extraction disks in the StageTip.

Methods Mol Biol. Author manuscript; available in PMC 2017 January 09.
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Maximum injection time = 100 ms

Dynamic exclusion enabled—exclude ions for 20 s after
being detected once within 20 s (see Note 14).

Automatic gain control target = 5e4
Activation time = 30 ms

Isolation width = 2.0 m/z
Normalized collision energy = 28 %

Charge state exclusion: z= unassigned, 1 and =6

3.6 Mass Spectrometry Data Analysis of Lysine PTMs

1
2.

Use MSConvert to convert the acquired .raw files to .mzML format.

Conduct database search and peptide-spectrum match (PSM) validation
using tools available in the Trans-Proteomic Pipeline [61]. Use the
following database search parameters:

a.

Database: UniProtKB human protein database with
reviewed sequences. The data should also be searched
against a targeted library of tau isoform sequences with the
following UniProt accession numbers: P10637, P10637-2,
P10637-3, P10637-4, P-10637-5, and P10637-6.

Fixed modification: Cys +57.02146 (carbamidomethy
lation).

Variable Lys-directed modifications: Lys +14.01565
(monomethylation), Lys +28.03130 (dimethylation), Lys
+42.04695 (trimethylation), Lys +42.01056 (acetylation),
and Lys +114.042927 (di-Gly; tryptic ubiquitylation
remnant). Other non-Lys-directed variable modifications to
which tau is known to be subjected include the following:
Met +15.99491 (oxidation); Ser, Thr, Tyr +79.96633
(phosphorylation); and Protein N-terminus +42.01056
(acetylation).

Precursor ion mass tolerance = 20 ppm.
Fragment ion (MS/MS) mass tolerance = 0.05 Da.

Maximum missed cleavages = 2.

14The optimum duration for dynamic exclusion should be empirically determined based on the average chromatographic peak width.

Using a dynamic exclusion duration of 20 s with an LC system that generates peak widths of ~40 s permits the acquisition of MS/MS

data for a peptide as it begins to elute as a peak, at the apex of the peak and at the peak tail. The dynamic exclusion settings also affect
the performance of spectral counting methods wherein low abundance proteins are under-sampled and high abundance proteins can be
sampled to a degree such that near-maximum sequence coverage is achieved [76]. Optimization of the dynamic exclusion settings can
increase the reproducibility of spectral counting and the quantification of low or high abundant proteins.

Methods Mol Biol. Author manuscript; available in PMC 2017 January 09.
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g. Maximum modifications per peptide = 6.

h. Enzyme cleavage specificity = trypsin (or enzyme that was
used for the in solution or in gel digestion).

Use PeptideProphet (available as part of the Trans-Proteomic Pipeline) to
validate the peptide search results and set the false discovery rate (FDR) at
1%.

Infer proteins from the identified peptides using ProteinProphet (available
as part of the Trans-Proteomic Pipeline).

Manually inspect spectra of peptides passing the 1 % FDR filter to verify
that the majority of the major fragment ions are assigned. Peptides with C-
terminal ubiquitylation sites should be removed and considered false
positive identifications because ubiquitylation commonly results in a
missed trypsin cleavage site at the modified Lys residue on the
ubiquitylation substrate protein [65].

Determine the PTM site localization probability (PTM score) using
MaxQuant [62, 63]. When evaluating the quality of the data, take into
consideration the delta score, which measures the difference between the
best spectrum-match and the next best match with a different amino acid
sequence. Also consider the score difference between the best and second-
best positioning of a PTM within the same peptide sequence.

If the sample was isotopically labeled (e.g., chemical labeling with iTRAQ
or TMT tags or metabolically labeled using SILAC), use a software
package such as MaxQuant [62, 63] or QuantiMORE [66] to calculate the
peptide and protein ratios (see Notes 15 and 16).

Researchers are encouraged to deposit their raw mass spectrometry data to
repositories such as the ProteomeXchange Consortium via the PRIDE
partner repository [67].

3.7 Label-Free Quantification of Mass Spectrometry Data Using Intensity-Based Peak Area

Integration

Peptide features are quantified by measuring their corresponding spectral intensities or areas
under the peaks in MS or MS/MS spectra (see Note 17).

Search the mass spectrometry data using MaxQuant with the default settings for label-free
quantification wherein peptide intensity values are aggregated by charge state and

15QuantiMORE (formerly named IsoQuant) is freely available for download at http://www.proteomeumb.org/MZw.html.

MaxQuant consists of several independent modules that enable the complete processing of raw mass spectrometry data files. It
supports protein identification, quantification, recalibration, and the quality control of the raw and annotated mass spectra. A thorough
step-by-step protocol explaining how MaxQuant can be used to analyze proteomics datasets was published in a recent edition of

Methods in Molecular Biology [17].

17Among the label-free methods for the quantification of mass spectrometry data, intensity-based quantification methods have been
demonstrated to be more sensitive than spectral counting [78]. Although it is possible to conduct intensity-based quantification by
summing the MS/MS-level feature intensities, quantification on the MS-level has been demonstrated to be more accurate [79].
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modification status [68]. The peptide feature intensities can then be log,-transformed
followed by conducting pairwise comparisons between the samples using an appropriate
statistical test based on how the data are distributed. Intensity-based quantification can also
be performed using other software such as SIEVE.

3.8 Targeted Mass Spectrometry-Based Quantitative Measurement of Peptides Using SRM

or PRM

1 The main steps of targeted mass spectrometry method development are as
follows: (1) generate a hypothesis that can be tested by quantitative protein
measurements; (2) develop the SRM or PRM method using synthetic
peptide standards; (3) refine the method; and (4) validate the method.
These steps are outlined in further detail in [58].

2. Import tau protein sequence into Skyline to conduct in silico digestion,
select peptides of interest, select all y~ion transitions (/7/z > precursor
mi2), select optimal collision energies predicted via mass spectrometer-
specific linear equations, and export the instrument method that will be
used for MS analysis. If the peptide of interest contains a posttranslational
modification, ensure that at least one transition contains the modified

residue.

3. Conduct transition refinement by manual inspection of data analyzed
using Skyline.

4, Establish a scheduled instrument method using retention time prediction in
Skyline.

5. Use the refined scheduled method to develop assay including response

curve generation and determination of repeatability. An example of
guidelines for assay development can be found at https://
assays.cancer.gov/guidance-document/ [69].
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reaction monitoring, 7MT7 tandem mass tags, /TRAQ isobaric tags for relative and absolute
quantification, S/LAC stable isotope labeling by amino acids in cell culture
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