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Abstract

Arg and Lys undergo multiple enzymatically driven post-translational modifications (PTMs), including
methylation, which is linked to key cellular processes. Today there is not a method that simultaneously
accurately quantifies proteins and the methylome at the site level. We have developed a method that can
differentiate an unmodified peptide from its mono-, di- or tri-methylated Arg or Lys counterpart through a
data independent acquisition approach that is suitable for both triple TOF and Orbitrap mass
spectrometers. This method was further expanded to include Lys acetylation and succinylation, which in
conjunction with methylation allow for simultaneous quantification of Lys PTMs in a single
measurement. Our approach leverages small precursor mass windows to physically separate the various
methylated species within the mass spectrometer from each other during MS2 acquisition while providing
accurate quantitation of low abundant peptides. To assessits biological relevance, we applied this method
to a complex cdlular lysate from differentially methylated in-vivo non-alcoholic steatohepatitis mouse
models. We did this by first creating a biologically hyper-methylated peptide assay library, for mono-, di-
and tri-methylated Lys and mono- and di-methylated Arg to which each experimental sample is
compared. We further expanded the peptide assay library to include Lys acetylation and succinylation,
providing the opportunity to multiplex five Lys and two Arg madification without the need for sample
enrichment. In conclusion: our method, which is suitable for different mass spectrometers along with the
corresponding publicly available mouse liver PTM enriched peptide assay library, provides an easily
adoptable framework needed for studying globa protein methylation, acetylation, and succinylation in
any proteomic experiment when total protein quantification is being carried out. Wide adoption of this

easy approach will alow more rapid integration of PTM studies and knowledge.
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I ntroduction

Reversible post-translational modifications (PTMs) of proteins such as phosphorylation of Ser, Thr, and
Tyr and methylation of Arg and Lys are of great interest as they act as dynamic regulators of cellular
signaling.™ While there have been substantial advancesin biochemical methods for the detection and
subsequent mass spectrometry (M S) to quantify phosphorylation (e.g., metal affinity and immunoaffinity
enrichments), detection of protein methylation has lagged behind.** PhosphositePlus, a depository of
PTMsidentified viaM S has reported 290,117 unique phosphaosites while annotating only 18,394 unique
methyl sites.® The low stoichiometry of PTM peptidoforms has been a persistent limitation to their
detection in shotgun MS, particularly when data dependent precursor selection favors the more abundant
peptides in acomplex sample. Technological advancementsin MS instrument sampling speed have
expanded the dynamic range of precursor sampling for fragmentation by data dependent acquisition
(DDA), and concomitantly enabled reductions in precursor window widths for data independent
acquisition (DIA) based fragmentation while still maintaining reasonable cycle times. The added benefit
of DIA based sampling to reduce missing data and thereby improve the consistency of peptide detection
and quantitation coupled with use of PTM specific peptide assay libraries promises the continued

advancement for the M S-based study of low abundant PTMs, enabling the elucidation of PTM dynamics
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in complex biological systems and a more complete understanding of the complexity of cellular
signaling.*>"°

In proteins, methylation generally occurs on Arg and Lys residues with the e-amino group of Lys being
either mono, di, or trimethylated by protein Lys methyltransferases while Arg can be mono or di-
methylated by protein Arg methyltransferases. In mammalian cells, S-Adenosyl methionine (SAMe) is the
exclusive methyl donor for both Lys and Arg methylation.® Histone methylation of Lysand Argisan
integral part of the histone code known to alter the physical properties of chromatin subsequently altering
gene expression.® Conversely, methylation of non-histone proteins has only recently emerged asa
biologically relevant PTM and recent research has shown itsimportance in cellular signaling and
function.”™ Thisinformation hasin part been obtained from global protein methylation proteomic
analysis which has recently been enabled by the development of labeling and enrichment techniques like
hM SILAC, high and low pH strong cation exchange (SCX) fractionation, and utilizing peptide
immunoprecipitations of methylated Lys and Arg and subsequent mass spectrometry.'®™*° However,
antibody based methyl-enrichments have a number of challenges and limitations: (1) they require alarge
amount of sample and multiple antibodies to cover all methyl forms; (2) they often contain a sequence
bias for antigen recognition, thus selectively assaying a portion of the methylome while masking an
unknown but likely significant portion of methyl-sites; and (3) by nature these approaches do not enrich
the unmodified form of the peptide, hindering quantification of all peptidoforms together and thus
impairing the ability to study the relative abundance of PTMs.2*#

To overcome these limitations and facilitate a comprehensive and technically straightforward quantitative
survey of the methylome in biological samples, we leveraged small precursor acquisition window DIA-
MS, coupled with careful curation of acombined low pH SCX fractionated and methyl peptide
immunoprecipitation enriched peptide library consisting of both unmodified and methylated peptides
against which each experimental sample is extracted and compared. In addition to methylation, Lys

residues can be modified by various other PTMs, including acetylation and succinylation.”? To

understand the extent of Lys PTMs, we expanded our DIA assay library to include succinylated and
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acetylated peptides, thus providing an opportunity to quantify methylated, acetylated, succinylated, and
unmodified peptides from the same sample and acquisition run. This not only alowsfor classical cellular
protein quantification, but also provides quantification of peptidoforms containing Lys methylation,
succinylation, acetylation, and Arg methylation simultaneously. This approach decreases limitations for
PTM analysis as relative quantification of both total protein and three different PTMs can be obtained in
the same mass spectrometry run; allowing for atechnically and analytically better comparison of
proteomic and relative abundance of PTM change in complex lysate across different biological
conditions.

Materialsand M ethods

M ethylated Peptide Synthesis: 100 synthesized unmodified and mono-, di- and tri-methylated peptides
(JPT Peptide Technologies GmbH, Berlin, Germany) were supplied as lyophilized powder. Peptides were
resuspended in 0.1% Formic Acid and pooled at 1:1 ratio, aliquoted, and stored at —-80°C until used.
Stabile Isotopically labeled (SIL) methyl-peptides were synthesized and were supplied as alyophilized
powder. The supplier provided product characterization (MALDI-TOF and HPLC traces) as proof of MW
and purity accuracy. The peptides were of >95% purity (New England Peptide). Peptides were solubilized
in 0.1% Formic Acid and pooled at 1:1 ratio, aliquoted, and stored at —80°C until used.

Liver Tissue Sample Preparation: Livers were obtained from ten-month old methionine
adenosyltransferase A1 knockout (Matla -/-) male mice in a C57BI/6 background with hepatic lipid
accumulation and their aged-matched wild-type (WT) male sibling littermates,® and three-month old
glycine N-methyltransferase knockout (Gnmt -/-) mice in a C57BI/6 background with hepatic lipid
accumulation with age matched WT littermates.?”? Animals were bred and housed in the CIC bioGUNE
animal unit, accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International. Animals were fed with standard commercia chow animal diet (Ref. 2914, Envigo,
Barcelona, Spain).

Frozen mouse livers (n=6/condition) were ground to powder under liquid N2 in acryohomoginizer

(Retsch). Tissue powder was thawed and lysed in 8M urea and 100mM TRIS-HCL, pH 8.0 and samples
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were ultrasonicated (QSonica) at 4 °C for 10 min in 10 second repeating on/off intervals of 10 seconds
and centrifuged at 16,000 x g for 10min at 4 °C. The protein concentration of soluble supernatant was
determined via Bicinchoninic Acid Assay (Thermo). 100ug of protein was reduced with dithiothreitol
(15mM) for 1h at 37 °C, akylated with iodoacetamide (30mM) for 30min at room temperature in the
dark, diluted to afinal concentration of 2M Urea with 100mM TRIS-HCL, pH 8.0 and digested for 16
hours on a shaker at 37 °C with a 1:40 ratio of Trypsin/Lys-C mix (Promega). Each sample was de-salted
using HLB plates (Oasis HLB 30um, 5mg sorbent, Waters).

To establish abroad methylation peptide assay library, 500ug of |ysate from mouse livers (n=1/condition)
was digested as described above. Each sample were de-salted (Oasis HLB, 10 mg sorbent cartridges) and
SCX fractionated as described in Kooij et al.® with some modifications. De-salted peptides were dried
and re-suspended in SCX buffer A (7 mM KH,PO,, 30% ACN, pH 2.65). The SCX columns were
prepared by adding 100 mg of SCX bulk media (polysulfoethyl aspartamide, Nest Group) suspended in
1ml of 30% ACN to an empty 1 ml cartridge (Applied Separations), allowing the slurry to settle and
sealing the column bed with an additional frit. The column was wet with 3 ml of 80% ACN, followed by
a3 ml H,O wash and then equilibrated with 6 ml of SCX buffer A. Samples were |oaded on the columns
and the flow through was collected. Columns were washed two more times with SCX buffer A and the
flowthroughs were combined as the first fraction. Samples were sequentially eluted with 1 ml SCX buffer
A containing four different salt concentrations (10mM KCL, 40 mM KCI, 60mM KCL, and 150 mM
KCI). All 5 fractions were dried, re-suspended in 1ml 1% FA, and desalted on using HLB plates (Oasis
HLB 30um, 5mg sorbent, Waters).

M S acquisition: MS data were acquired on either 6600 TripleT OF (Sciex) or Orbitrap Fusion Lumos
(Thermo) mass spectrometers operating in DDA-MS or DIA-MS mode. iRT Standards (Biognosys) were
added to each sample before acquisition.

The Orbitrap LUMOS mass spectrometer (Thermo Scientific) was equipped with an EasySpray ion
source and connected to Ultimate 3000 nano LC system (Thermo Scientific). Peptides were loaded onto a

PepMap RSLC C18 column (2 um, 100 A, 150 umi.d. x 15 cm, Thermo) using a flow rate of 1.4 pL/min
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for 7 min at 1% B (mobile phase A was 0.1% formic acid in water and mobile phase B was 0.1 % formic
acid in acetonitrile) after which point they were separated with alinear gradient of 5-20%B for 45
minutes, 20-35%B for 15 min, 35-85%B for 3 min, holding at 85%B for 5 minutes and re-equilibrating at
1%B for 5 minutes. Each sample was followed by a blank injection to both clean the column and re-
equilibrate at 1%B. For DIA and DDA-M S methods, the nano-source capillary temperature was set to 300
°C and the spray voltage was set to 1.8 kV. For DDA analysis MS1 scans the AGC target was set to 4x10°
ions with amax fill time of 50 ms. MS2 spectrawere acquired using the TopSpeed method with atotal
cycle time of 3 seconds and an AGC target of 5x104 and amax fill time of 22 ms, and an isolation width
of 1.6 Dain the quadrapole. Precursor ions were fragmented using HCD with anormalized collision
energy of 30% and analyzed in the Orbitrap at 15,000K resolution. M onoisotopic precursor selection was
enabled and only M S1 signals exceeding 50000 counts triggered the M S2 scans, with +1 and unassigned
charge states not being selected for MS2 analysis. Dynamic exclusion was enabled with a repeat count of
1 and exclusion duration of 15 seconds.

For DIA analysis, MS1 scans were acquired in the Orbitrap at aresolution of 60,000 Hz from mass range
400-1000m/z. For MS1 scans the AGC target was set to 3x10° ions with amax fill time of 50 ms. DIA

M S2 scans were acquired in the Orbitrap at aresolution of 15000 Hz with fragmentation in the HCD cell
at anormalized CE of 30. The MS2 AGC was set to 5e4 target ions and amax fill time of 22ms. DIA was
performed using 4Da (150 scan events), 6Da (100 scan events), or 12Da (50 scan events) windows over
the precursor mass range of 400-1000 m/z and the M S2 mass range was set from 100-1500 m/z.
Multiplexed precursor mass window DIA acquisitions were acquired using the approach outlined in Sdoli
et al.,*® using 4Daand 6Da precursor mass windows outlined above.

The 6600 TripleTOF (Sciex) was connected to Eksigent 415 Liquid Chromatography (LC) system that
was operated in micro-flow mode. The mobile phase A was comprised of 0.1% agueous formic acid and
mobile phase B was 0.1% formic acid in acetonitrile. Peptides were pre-loaded onto the trap column
(ChromXP C18CL 10 x 0.3 mm 5 um 120A) at aflow rate of 10 uL/min for 3 min and separated on the

analytical column (ChromXP C18CL 150 x 0.3mm 3 pm 120A) at aflow rate of 5 puL/min using alinear


https://doi.org/10.1101/2020.01.17.910943
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.17.910943; this version posted January 18, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A-B gradient composed of 3-35% A for 60 min, 35-85% B for 2 min, then and isocratic hold at 85% for 5
min with re-equilibrating at 3% A for 7 min. Temperature was set to 30°C for the analytical column.
Source parameters were set to the following values: Gas 1 = 15, Gas 2 = 20, Curtain Gas = 25, Source
temp = 100, and Voltage = 5500V. DDA MS1 scans were acquired using adwell time of 250 msin the
mass range of 400-1250 m/" of 100 counts per second were selected for fragmentation. DDA MS2 scans
were acquired in high-sensitivity mode with dynamic accumulation with adwell time of 25 msfor ions
ranging from +2 to +5 using rolling collision energy and a collision energy spread of 5. lons were
excluded for fragmentation after one occurrence for a duration of 15 seconds.

DIA MS1 scans were acquired using adwell time of 250 msin the mass range of 400-1250 m/z. DIA
MS2 scans were acquired over the precursor range of 400-1250 m/z with the MS2 range of 100-1800 m/z
using 100 variable windows with adwell time of 30ms. Additionally, the same samples were acquired in
DIA using 4Dafixed windows over a precursor range of 400-1000 m/z with a dwell time of 22ms.

M ethyl-Enrichment Sample Preparation: A cell pellet (~1 ml volume) of a hepatoma cell line derived
from a Gnmt -/- mouse® was resuspended in 4 ml urealysis buffer (8 M urea, 100 mM NaCl, 50 mM Tris
pH 8) supplemented with 1X protease inhibitors (Halt, Thermo) and sonicated on ice with a probe
sonicator (Fisher Sonic Dismembrator Model 100, setting 2, 3 x 15 sec). Whole cell extract was then
cleared by centrifugation for 10 mins at 4°C and 14,000 rpm (15,996 x g). A total of 10 mg of protein was
reduced with 10 mM dithiothreitol at 56°C for 30 mins and akylated with 50 mM iodoacetamide for 40
mins at room temperature in the dark. After adding 4 volumes of 25 mM Tris pH 8, proteins were
digested with trypsin (1/200 ratio by mass) overnight at 37°C. The digest was acidified by addition of
trifluoroacetic acid (TFA) to 1% and then desalted with SepPak cartridges (3cc, 200 mg). Dried peptides
were resuspended in 1 ml of phosphate-buffered saline (PBS) and dibasic sodium phosphate was added to
neutralize the pH (~ 50 mM final concentration). Insoluble debris was pelleted by centrifugation for 10
mins at 17,000 x g at room temperature and the supernatant was used for immunoprecipitation of

methylated peptides. Peptide concentration was estimated based on UV absorbance.
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Anti-mono-methyl Lys and anti-di-methyl Lys antibodies were produced by Proteintech Group Inc. using
asynthetic peptide library immunogen consisting of CX6K X6, where X is any amino acid except cysteine
and the central Lysis unmodified, mono-methylated, or di-methylated. The provided anti-serum was
further affinity purified in house. A total of 50 g of each antibody per 1 mg of input peptides were
combined and incubated with magnetic protein A beads (GE, 70 pl slurry per 112 ug antibody) for
several hours on arotator at 4°C. The charged beads were washed 4 x 1 ml with PBS and then incubated
with 1 ml (~3.8 mg) of peptides overnight at 4°C with rotation. The beads were washed 1 x 1 ml with
PBS, 1 x 1 ml with PBS supplemented with 0.8 M NaCl, 1 x 1 ml with PBS, and 1 x 1 ml with water.
Captured peptides were eluted by incubation with 100 pl of 1% TFA for 5 mins at room temperature and
then desalted with C18 stage tips prior to analysisby LC-MS/MS.

M ethyl-Enrichment M S Acquisition: Peptides were analyzed by LC-MSMS using anano EasyLC
1000 system (Thermo) fitted with afused silica column (Polymicro Tech, 75 umi.d. x 20 cm) packed
with ReproSil-Pur 120 C18-AQ (3 um, Dr. Maisch GmbH) and positioned in line with an Orbitrap Fusion
mass spectrometer (Thermo). The chromatography run consisted of a 120 min gradient increasing from
2% to 40% solvent B over 105 mins, 40% to 80% solvent B over 15 mins, and then holding at 80%
solvent B for 10 mins. Water containing 0.1% formic acid and acetonitrile containing 0.1% formic acid
served as solvents A and B, respectively. The mass spectrometer was programmed to perform MS1 scans
in positive profile mode in the Orbitrap at 120,000 resolution covering a range of 300-1500 m/z with a
maximum injection time of 100 ms and AGC target of 1e6. MS2 scans on the most intense ions,
fragmented by HCD, were performed in the Orbitrap in positive centroid mode at 15,000 resolution with a
maximum injection time of 200 ms, AGC target of 15, and NCE of 27. Quadrupole isolation was
enabled with an isolation window of 2 m/z. Dynamic exclusion was set to 30 sec. MS2 scans were
performed over a3 sec cycletime.

Acetyl and Succinyl Enrichment Sample Preparation: Mitochondrial extracts and total protein lysate
were prepared from mouse tissue as previously described.”® Briefly, crude mitochondrial fractions were

isolated from the livers of SIRT5-/- (C57BL/6) mice by differential centrifugation. Total protein lysate
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was also isolated from the livers of WT (C57BL/6) mice. Protein concentration of mitochondrial extracts
and total protein lysate was determined by BCA assay and 1 mg of protein per sample were brought to
equal volumesin 8M ureain 50 mM TEAB buffer and vortexed for 10 min. Samples were reduced with
20 mM dithiothreitol for 30 min at 37C, alkylated in 40 mM iodoacetamide for 30 min at room
temperature, diluted 10-fold in 50mM TEAB, and digested overnight at 37C with trypsin used at 1:50
enzyme protein. Digestion was quenched with formic acid and samples were desalted with OasisHLB 10
mg Sorbent Cartridges, vacuum concentrated to dryness, and resuspended in 1.4mL immunoaffinity
purification buffer. Immunoaffinity enrichments of modified peptides were done using the PTM Scan®
Acetyl-Lys Motif [Ac-K] Kit (#13416) and PTM Scan® Succinyl-Lys Motif [Succ-K] Kit (#13764) (Cell
Signaling Technology, Danvers, MA), using the ‘One-Pot’ affinity enrichment previously described.”® For
one-pot enrichments, 1 mg peptide digests were incubated in atube containing equal parts (~62.5 ug
immobilized antibody) of both the succinyl- and acetyl-Lys antibodies.

Acetyl and Succinyl Enrichment M S Acquisition: Samples were analyzed by reverse-phase HPLC-
ESI-MS/M S using the Eksigent Ultra Plus nana-LC 2D HPLC system (Dublin, CA) combined with a
cHiPLC System, and directly connected to a quadrupole time-of-flight SCIEX TripleTOF 5600 or a
TripleTOF 6600 mass spectrometer (SCIEX, Redwood City, CA). Typically, mass resolution in precursor
scans was ~35,000 (TripleTOF 5600) or 45,000 (TripleTOF 6600), while fragment ion resolution was
~15,000 in *high sensitivity’ product ion scan mode. Injected peptide mixtures initially flow into a C18
pre-column chip (200 pm x 6 mm ChromXP C18-CL chip, 3 um, 300 A, SCIEX) and washed at 2 pl/min
for 10 min with the loading solvent (H20/0.1% formic acid) for desalting. Subsequently, peptides flow to
the 75 pm x 15 cm ChromXP C18-CL chip, 3 um, 300 A, (SCIEX), and eluted at aflow rate of 300
nL/min using a 3 or 4 hr gradient using aqueous and acetonitrile solvent buffers.

For the creation of a spectral library for analysis by the library-based DIA workflow, DDA acquisitions
were carried out on all PTM enrichments to obtain MS/M S spectra for the 30 most abundant precursor

ions (100 msec per MS/MS) following each survey M S1 scan (250 msec), yielding atotal cycle time of

10
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3.3 sec. For collision induced dissociation tandem mass spectrometry the mass window for precursor ion
selection of the quadrupole mass analyzer was set to + 1 m/z using the Analyst 1.7 (build 96) software.
Generation of Spectral Libraries and Database Sear ches: Assay libraries were generated as described
by Parker et al. 2016% with some modifications. Briefly, DDA files were converted to mzXML and
searched through the Trans Proteomic Pipeline (TPP) using 3 algorithms, (1) Comet;* (2) X !tandem!
Native scoring;* and (3) X !tandem! K-scoring® against a reviewed, mouse canonical protein sequence
database, downloaded from the Uniprot database on January 24", 2019, containing 17,002 target proteins
and 17,002 randomized decoy proteins. Peptide probability modeling was performed using the TPP
peptide prophet “xinteract” and the results searches were combined using the TPP “interprophet parser”.
Further filtering was done using Mayu to select peptide spectral match probability values consistent with
a 1% peptide false discovery rate (FDR) and a spectral library was generated using the TPP SpectraST
tool. Retention times were then normalized to ‘indexed’ retention time space™® using the custom python
script spectrast2spectrast_irt.py, publicly available via the MSPROTEOMICSTOOLS python package
(https://github.com/msproteomi cstool /msproteomicstools). Biognosys internal retention time reference
peptides were added to each sample immediately before acquisition and were used for retention time (RT)
aignment. As needed, the expanded Common internal Retention Time standards reference peptides® was
used to align RT in fractionated library samples, removing any outliers as described in Parker et al.
2016.%* Retention time normalized splib files were consolidated to a single spectrum entry for each
modified peptide sequence using the “consensus spectrum” function in Spectrast. These spectral libraries
were then filtered to generate peptide assay libraries by selecting the top twenty most intenseb or y ion
fragments. The resulting file was imported into Skyline for DIA analysis as described in Egertson et al.*®
and was simultaneously converted to the openSWATH library input TraML format with decoys
appended. The Skyline and OpenSWATH assay libraries normalized to ‘indexed’ retention time space
and all raw files used in this study will be available at Panorama
(https://panoramaweb.org/methylation_methods_1.url, Proteome Exchange ID: PXD012621) as a public

resource to the proteomics community.
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Quantitation of Individual Specimen by DIA-M S: Peak group extraction and FDR analysis was done
asoutlined in Parker et al, 2016.% Briefly, raw intensity data for peptide fragments was extracted from
DIA files using the open source openSWATH workflow™ against the sample specific peptide assay.
Then, retention time prediction was made using the Biognosys iRT Standards spiked into each sample.
Target and decoy peptides were then extracted. scored and anal yzed using the mProphet algorithm* to
determine scoring cut-offs consistent with 1% FDR. Peak group extraction data from each DIA file was
combined using the ‘feature alignment’ script, which performs data alignment and modeling analysis
across an experimental dataset.** Finally, all duplicate peptides were removed from the dataset to ensure
that peptide sequences are proteotypic to agiven protein in our FASTA database.

Nor malization and Quantitation: Thetotal ion current associated with the MS2 signal acrossthe
chromatogram was cal culated for normalization using in-house software. This‘MS2 Signa’ of each file
was used to adjust the transition intensity of each peptidein a corresponding file. To obtain a measure of
total protein quantity, all modified (methylated, acetylated, and succinylated) peptides were removed and
analyzed separately. Normalized transition-level data of the unmodified peptides were subsequently
processed using mapDIA to obtain protein level quantitation.** Normalized transition-level data of the all
modified (methylated, acetylated, and succinylated) peptides were then analyzed individually through
mapDIA to obtain peptide level quantitation of PTM containing peptides.

Data Visualization and Validation: The aligned openSWATH output was imported into Skyline® which
was used to visualize and manually validate methylated peptides. The Skyline documents containing DIA
acquisitions extracted against their respective peptide assay libraries are available at Panorama

(https://panoramaweb.org/methylation_methods_1.url, Proteome Exchange ID: PXD012621).

Results
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Figure 1, Schemalic Overview ol Experimenial Design:

(A) An equimolar peol of 400 synthesized pepridas camtaining K[Unmodified], K[Monomethyl], K[Dimethyi],
and K[Trimethyl] residues were acquired in DIA on the Sciex TripleTOF 6600 with 4 Dalton and 100
Varlable Window (VW) precursor mass windows, (B) Same peptide pool was acquired in DIA on the Thenmo
Orbirap Fusion Lwumes with 4, 6, and 12 Dalton pracursor mass windows. (C) Strategy to cifferetriate an
umodifiad peprice from {'s methylated form based off of precursor mass window difference. An uninodified
precursor will be fragmented in a different mass window then is methylared form making it differentiable by
precursor mass window,
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Synthesized M ethylated Peptides

The overall experimenta design for quantifying protein methylation is shown in Figure 1. Although we
initially focus on Lys methylation to devel op the workflow, this approach is applicable to Arg

methylation or any other methylated residue. To establish DIA-MS parameters to alow for differentiating
amethylated peptide from an unmodified peptide, first aDDA-MS library was built on a Sciex 6600
Triple TOF based on the DDA acquisition of a pool of 400 synthesized peptides (400
femtomoles/peptide) containing either K[Unmodified], K[Monomethyl], K[Dimethyl], or K[ Trimethyl].
DIA acquisitions of 400 femtomoles/peptide of the methyl peptide pool were then acquired using a4Da
precursor mass windows and 100 variable mass windows (Figure 1A). A DDA library was also created
from the methyl peptide pool acquired on the Orbitrap Fusion Lumos (200 femtomol es/peptide). DIA
acquisitions of 200 femtomol es/peptide were then acquired with 4, 6, and 12Da fixed precursor mass
windows respectively (Figure 1B). Generally, the unmodified peptide can be physically separated from its
methylated form due to precursor mass difference and thus its fragmentation in a different precursor mass
window allowing for differentiation of the unmodified and methyl peptide by precursor mass window
alone. However, thisis not always the case and depending on precursor mass window size and the charge
on the peptide the methylated peptide will fragment in the same precursor mass window as its unmodified
form. In this case, a site-specific transition or a co-eluting precursor trace is necessary to correctly identify
the post-translational modification (Figure 1C, Table S1). A difference in retention time cannot reliably
be used to differentiate an unmodified peptide and its methyl peptidoform as 58.5% of monomethyl
peptides elute within 30 seconds of each other in a 60-minute gradient while 92.7% elute within 60

seconds making separation through LC aone unpractical for DIA-MS workflows (Figure S1).
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First, we tested whether narrowing the M S1-precursor isolation window width affected the separation of
different methylated peptidoforms from their unmethylated counterparts. For example, when the methyl
peptide pool was acquired on the Orbitrap Lumos Fusion, we can see that with 12Da precursor mass
windows three species of the same peptide have co-fragmented in the same precursor mass window. With
6Da precursor mass windows there are two species of peptide which have co-fragmented in the same
window. With 4Dawindows, the precursor mass window is small enough that there is only one species of
the peptide found (Figure 2 A, B). With the smallest acquisition mass window schema (4Da) 100% of
methylated peptides were separated from their corresponding unmadified forms. Increasing the mass
window just 2 Dareduced the segregation slightly, and increasing mass window to 12Daresulted in only
~ 50% segregation of methylated peptides from unmethylated. (Figure 2C). The 4Da precursor mass
windows separate 100% of both +2 and the smaller m/z +3 charged precursors from their methylated
forms, whereas the commonly used 100 variable precursor mass window acquisition schema has multiple
cases where 2 or more species of peptide co-fragment in the same window (Figure S2, Table S2).

In-vivo PTM DIA Assay Library

Moving next to a complex cellular lysate (liver). Two mouse models of non-alcoholic steatohepatitis
(NASH) where employed, each chosen due to their extreme methylation potential. Gnmt -/- mice have
increased SAMe and are biologically hypermethylated while Matla -/- mice are SAMe deficient and
therefore hypomethylated.®* First, we created a hypermethylated DIA assay library by DDA
acquisitions of 5 SCX fractions from Gnmt -/- mouse livers. We supplemented this library with a DDA
acquisition of amethyl-Lys immunoprecipitation from a hepatoma cell line derived from Gnmt -/- mice. ™
This gave us an assay library of 808 methyl Arg and Lys peptides. We further supplemented the library
with DDA acquisitions of a‘one-pot’ acetyl-Lys and succinyl-Lys immunoaffinity enrichment of
mitochondrial extract and whole liver lysate isolated from WT mouse liver which provided us with 2428
succinylated peptides and 2547 acetyl ated peptides. We then assayed whole liver cellular lysate from
Matla -/- and Gnmt -/- and their WT littermates against this hypermethylated Arg and Lys peptide assay

library acquired in both 4Da and 12Da precursor mass windows on the Orbitrap Fusion Lumos.
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Total Protein Nor malization Allows for More Accurate Quantification of M ethylation in NASH

After extracting 4Da precursor mass window DIA acquisition maps of Gnmt -/- and Matla -/- mouse liver
cellular lysate against the hypermethylated DIA assay library, we quantified 78 methylated peptides with
unmodified peptides quantifiable for the same protein. To determine the relative abundance of PTMs,
having total protein quantification is required. Since we are using a DIA assay library containing both
methylated and unmodified peptides extracted against an unenriched complex lysate, we have the ability
to quantify both methylated Arg and Lys containing peptides and unmodified peptides in a single DIA
acquisition. For example, a uniqgue mono-methylated peptide corresponding to EF1A1 K165(mono-
methyl) was found to be significantly increased in the hypermethylated Gnmt -/- NASH model compared
to WT (p<0.0005), whereas the same site was significantly decreased in the hypomethylated Matla -/-
NASH model compared to WT (p<0.05) (Figure 3A). After normalizing to total protein, by taking aratio
of the intensity of the methylated peptide compared to the intensity of an aggregate of all unmodified
EF1A1 peptides as determined by MapDIA, Matla -/- hypomethylation compared to WT was more
significant (p<0.0005) (Figure 3B). By being able to normalize to the aggregate protein intensity derived
from unmodified peptides in the same MS acquisition we have the ability to look at Methyl/Total ratio
which alows for easy normalization of the methylated peptide to the aggregate protein abundance in one

DIA acquisition and can further the biological insight that one can take away from this type of data.
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To validate our methyl peptide assay library, we synthesized heavy methyl-peptides to match three
proteins localized in different cellular compartments which were present in complex liver lysate from
Gnnmt -/- mice with NASH. Next, these heavy peptides were added to the Gnmt -/- complex liver lysate
and 4Da precursor mass window DIA-MS was carried out. We found co-eluting peaks from all of the
endogenous methyl-peptides and their corresponding synthetic heavy peptides (Figure 3D, Figure S3).
From our SCX fractionated peptide assay library in this study, 53.7% of unmodified peptide precursors
are +2 and 38.5% of precursors are +3. However, looking at only methylated precursors, only 22.2% are
+2 while 58.1% of the methylated precursors are +3 (Figure S10, Table S3). Thisislikely dueto more
missed cleavages due to methylation inhibiting trypsin’s ability creating longer peptides with a higher
charge.”® We can differentiate 80.3% of methylated precursors in our library from their unmodified forms
due to precursor charge state of +2 and +3. When looking further into the 19.7% of peptides that remain
with acharge of +4 or higher and cal culating the respective precursor mass of the methylated peptide and
its corresponding unmodified peptide, we can differentiate 99.1% of the remaining methylated peptides
from their unmodified form by which mass window each precursor fallsin leaving 0.24% (2/808)
unresolvable by 4Da precursor mass windows (Table S3).

False Positive M ethylation I dentification in DIA-M S

Another important consideration is the extent of false positive impact on methyl-peptide identification. In
other words: peptides that are in the same precursor mass window as their unmodified form, yet do not
have any site-specific fragments quantified, and where the peak from the unmodified peptideis being
assigned as methylated. Looking at complex cellular liver lysate from Gnmt -/- mice acquired with 12Da
precursor mass windows, we have an example of an ambiguous identification; the same peak is being
called for the methylated peptide and the unmodified peptide with no site specific transitions for the
methyl-site identified (Figure 4A, B). Looking at the same sample acquired with 4Da precursor mass
windows, although we can still detect the unmodified peptide, we no longer can detect the methylated

peptide, proving that thisis afalse positive. 4Da precursor mass windows separate 100% of +2 and +3
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charged precursors from their methylated forms leading to zero methylation false positive identifications

in complex lysate while 12Da precursor mass windows have over 50% of ambiguous methylated peptides

which are likely false positives. (Figure 4E). False positive identification also occurred for dimethyl

peptides where the unmodified peak was being called as methylated based on the same criteria (Figure

S4).
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Acetylation and Succinylation are Differentially Changed in NASH Subtypes

Next, looking at acetylation and succinylation, we quantified 176 acetylated and 59 succinylated peptides
in the DIA-MS runs on the mouse tissue which had unmodified peptides quantifiable of the same protein.
As with methylation, to determine relative abundance of the modified peptidoform, having total protein
guantification is required. By using a DIA assay library containing both modified and unmodified
peptides and assaying against complex lysate, we have the ability to quantify both acetylated and
succinylated Lys containing peptides and unmodified peptidesin asingle DIA acquisition.

A unique succinylated peptide corresponding to mitochondrial malate mehydrogenase (MDHM)
K165(Succinyl) was significantly increased in the Gnmt -/- NASH model compared to WT (p<0.005)
while the Matla -/- NASH model compared to WT was not significantly changed (Figure 5A). When
normalizing to total protein, by taking aratio of the intensity of the succinylated peptide compared to the
intensity of unmodified MDHM peptides as determined by MapDIA, Matla -/- compared to WT became
significantly decreased in the Matla -/- NASH model compared to WT (p<0.005) while Gnmt -/- NASH
model compared to WT remained significant (p<0.05) (Figure 5B). Furthermore, a peptide proteotypic for
Histone H4 (H4) with three acetyl sites, K8, K12 and K16 respectively was found in the DIA-MS
datasets. This peptide was not significantly changed in either the Gnmt -/- NASH model compared to WT
or the Matla -/- NASH model compared to WT (Figure 6A). When normalizing to total protein, by taking
aratio of the intensity of the acetylated peptide compared to the intensity of unmodified H4 peptides,
Gnmt -/- compared to WT became significantly decreased versus WT (p<0.05) and Matla -/- became
significantly increased compared to WT (p<0.005) (Figure 6B). As with methylation, being able to
normalize to the protein intensity derived from unmodified peptides in the same M S acquisition we have
the ability to look at Succinyl/Total or Acetyl/Tota ratio which provides a more accurate representation

of biological concentrations of the PTM in complex lysate.
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Figure 6. In vivo Acetvation: (A) Quantificaton of the MS2 TIC normallzed intenelty of a proteotypic
peptide mapping to H4 X[8,12,16] Acetyl in Gumer -/- and wild-type littermates and Matia -~ and wild-type
littermates. Data are box and whisker plots of six biological replicates per condition. {B) Quantification of the
intensity of the M52 TIC normalized peptide conteining H4 K|8,12,1¢6] Acetyl divided by the intensity of H4
total protein, determined by H4 unmoditied peptides using MAPDIA in Grent -/- and wild-type littarinates and
Matla +/- and wild-type littcrmates. Data arc box and whisker plofs of six biological replicates per condition.
Two-tailed Student's t-test, *® < 0.005, *P < 0.05 (C) Skylinc Visualization of the XIC of the peptide
containing H4 K[8,12,16] Acetyl

We detected the presence these succinylated and acetylated peptides by showing the highest abundant
transitions found in DDA and DIA acquisitions of ‘one-pot’ acetyl-Lys and succinyl-Lys immunoaffinity
enrichment from WT mouse liver were also found in complex Gnmt -/- liver lysate (Figure S5, S6).
Furthermore, for the tri-acetylated H4 K[9,13,17] peptide, the relative abundance of these transitions were

constant between DIA acquisitions acquired on the Orbitrap Fusion Lumos and the Sciex TripleTOF
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6600. Additionally, these acquisitions were run on instruments located at two different research institutes,
and yet yielded the same confident identifications of an acetylated and succinylated peptide respectively.
Simultaneous Total Protein and PTM Quantification

Total protein quantification was also obtained at the same time as the PTM data because our DIA assay
library was built with SCX fractionated complex cellular lysate, containing both modified peptides as
well as unmodified peptides. Focusing on the total protein datafrom Gnmt -/- mice with NASH and
comparing the 12Da precursor mass window data to the 4Da precursor mass window data, we achieve
marginally better results when searching the 4Da precursor mass window data through OpenSWATH.
Assaying against the same SCX fractionated DDA library, 5,111 proteins, 26,293 peptides, and 341,241
transitions where identified with our 4Da Precursor mass windows. With the 12Da precursor mass
window acquisitions, we matched 4,595 proteins, 22,782 peptides, and 304,365 transitions. (Figure S7).
Accuracy of Peptide Quantitation in 4Da DIA M ethod

To establish the accuracy the peptide quantitation obtained from our 4Da precursor mass window DIA
workflow, we performed adilution series of 71 SIL peptidesin complex liver lysate using both 60 and
120 minute gradients. Observation of enough M S2 spectra across the chromatographic elution profile,
also termed ‘ points across the peak’ is critical for estimating the area-under-the-curve (AUC) of intensity
and elution time, and thus, the quantitative data for a given peptide. The more windows sampled, the
more time spent in a given duty cycle, potentially sacrificing quantitative accuracy. The 4Da DIA method
used in this study has a median cycle time of 6.46 seconds with 1.0% standard deviation and can detect an
average of 6.94 points across a peak in a 60 minute LC gradient. Expanding the LC gradient to 120
minutes, and thus widening chromatographic peaks, an average of 10.24 points across the peak are
detected (Figure S8 A,B). We next estimated the accuracy of quantification of the 4Da DIA method by
examining linearity of SIL peptide AUC across the dilution series (2250fm to 7fm on column) using both
60 and 120 minute gradients. There s linearity in quantification (r*> 0.95) of 87/91 (95.6%) of transitions
corresponding to precursors for the SIL peptides in the 60 gradient and linearity in quantification (r* >

0.95) for 91/91 (100%) of the transitions corresponding to precursors for the SIL peptidesin the 120-
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minute gradient. We additionally looked at the lower end of the dilution curve (100fm to 7fm on column)
to see how the 4da DIA method performs on lower abundant peptides and found a (r*> 0.95) for 84/91
(92.3%) and 85/91 (93.4%) of the transitions corresponding to SIL precursors for the 60 minute gradient
and the 120-minute gradient respectively. Furthermore, we performed a dilution series of the same 71 SIL
peptidesin complex liver lysate with 12Da precursor mass windows in a 120-minute gradient and found
linearity in quantification (r*> 0.95) of 87/91 (95.6%) of transitions corresponding to precursors for the
SIL peptidesin the full dilution series. Unexpectedly, looking at the lower end of the dilution series, we
found that only 59/91 (64.8%) of the transitions corresponding to SIL precursors show linearity in
guantification, showing that the 4Da DIA method provides more accurate quantitation of lower abundant
peptides than a 12Da DIA method on the Orbitrap Fusion Lumos (Figure S8C, Table $4).

Performance of Alternate DIA Data Analysis M ethods

MS1 centric workflows like DIA-Umpire* and the “ DirectDIA” function in Spectronaut® use of MS1
masses in a “ spectral-centric” workflow have the ability to differentiate a modified peptide from an
unmodified peptide by the precursor mass alone. However, these tools rely on a coel uting precursor trace
to accurately identify a peptide. Using the SIL peptides dilution series to mimic low abundant peptidesin
complex liver lysate and visualizing the results in Skyline we found cases where as the concentration of
SIL peptides decreased, a coeluting precursor trace was lost while transitions remained. Although 100%
of SIL peptides had a coeluting precursor trace at 2250 femtomoles on column in both the 60 and 120-
minute gradient, as the concentration of SIL peptides decreased so did their coeluting precursor traces; as
the concentration of SIL peptides approached 7 femtomoles on column, only 36% had coel uting precursor
traces in the 60 min gradient and 46% had coeluting precursor traces in 120-minute gradient (Figure S8
E,F). Accordingly, using MS1 traces of SIL peptidesto determine linearity of quantitation, we found a
sharp decrease in accurate quantitation at the lower end of the dilution curvein 4Daand 12DaDIA
methods (Figure S8D, Table $4). Furthermore, looking at endogenous modified peptides in these same
acquisitions extracted against the PTM enriched peptide assay library; methylated, acetylated, or

succinylated, we found 60.4% of modified peptides do not have a coeluting precursor trace, making them
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undetectable by “MS1-centric” approaches and in the case of methylated peptides undifferentiable from
their unmodified peptidoform without 4Da precursor mass windows (Figure S9 A,B). To further this
point, we next analyzed DIA acquisitions of complex liver lysate using a different data analysis software.
We chose to use Spectronaut’ s software suite as Spectronaut has the ability to analyze DIA datawith a
targeted library based method as well as DirectDIA, a MS1-centric library free approach. Assaying
complex liver lysate DIA acquisitions against the PTM enriched DIA library resulted in quantitation of
188 endogenous modified peptides; methylated, acetylated, or succinylated. DirectDIA analysis of the
same DIA acquisitions resulted in 28 endogenous modified peptides. Assaying the same complex liver
lysate acquired with 12Dawindows using DirectDIA resulted in 35 endogenous PTM containing peptides
(Figure SOC, Table S5). Instead of relying on a coeluting precursor mass as is done with other MS
analytical pipelinesto identify a modified peptide and differentiate a methylated peptide from unmodified
peptide, our method physically separates the unmodified and methylated peptides within the mass
spectrometer by acquiring their precursors into separate mass windows. In addition, using a PTM
enriched peptide assay library, our method allows for the quantitation of low abundant modified peptides
without a M S1 trace.

Discussion

In this study, we have developed a DIA method utilizing 4Da precursor mass windows that is able to
multiplex five Lys and two Arg modifications in complex cellular lysate without the need for sample
enrichment while still allowing for total protein quantification from an aggregate of unmodified peptides.
We have experimentally shown using synthesized unmodified and methylated peptides that the 4Da DIA
method has the ability to physically separate 100% of the observable +2 and +3 methylated precursors
from their unmodified forms. In addition, we applied the 4da DIA method to complex cellular lysate and
have shown the ability of the method to quantify endogenous unmodified peptidesand PTMsin asingle
DIA acquisition. Moreover, the 4da DIA method provides linear peptide quantitation (r>> 0.95) in both a
60 or 120 minute LC gradient and that the quantitation of the 4Da method significantly outperforms a

12Da DIA method for low abundant SIL peptides. We recommend using a 120 minute LC gradient for
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future studies where quantitation isimportant as our method’ s cycle time, 6.46 seconds, achieves more
points across the chromatographic peak with alonger LC gradient. Furthermore, we have shown that our
publicly available PTM enriched assay library in conjunction with 4da precursor mass windows
significantly outperforms M S1 centric workflows for endogenous low abundant modified and unmodified
peptides. Instead of relying on a coeluting precursor trace as is done with other M'S analytical pipelinesto
differentiate a methylated peptide from an unmodified peptide, our method physically separates the
unmodified and methylated peptides by acquiring each precursor in a separate mass window allowing for
the quantitation of low abundant modified peptides without the presence of a precursor trace.

We have further shown that our method can be expanded to quantify Lys methylation, acetylation, and
succinylation in asingle DIA acquisition. The ability to assay multiple biologically relevant Lys PTMs
not only provides an opportunity to quantify methylated, acetylated, and succinylated peptides from the
same sample and acquisition run but also givesinsight into the importance of Lys PTM crosstalk. Lys
residues can be modified by multiple PTMs and crosstalk between these PTM s constitutes a major
regulatory mechanism of protein function.?>* Despite itsimportance in biology, PTM crosstalk is
difficult to study and currently not possible with without enrichment of each respective PTM. Using our
approach, we can assay 946 Lys residues which contain multiple PTMs; 24 Lys residues contain multiple
methyl forms (Figure S121) and 922 Lys residues where crosstalk between acetylation, succinylation, or
methylation occurs, 872 of which have crosstalk between acetylation and succinylation (Figure S11B).
Having the ability to simultaneously identify and quantify peptides with Lys PTM crosstalk will further
our understanding of the role of PTM crosstalk in biological systems.

A previous study by Sdoli et. al., al'so has applied small precursor mass windows to analyze methylation
from histone enriched lysate using multiplexed 6Da precursor mass windows which have the ability to
differentiate a +2 precursor from its unmodified form but not a +3 precursor.* We compared multiplexed
4 and 6Da precursor mass windows using the approach outlined in Sdoli et al., to non-multiplexed
windows on our Gnmt -/- complex liver lysate. Although we were able to find methylated peptides, the

intensity was on average 10 fold lower than our 4Da precursor mass window method. The fragment ions
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do not perfectly overlap causing issues with identification and quantitation of the peaks (Figure S12).
Combined with the long time needed for data analysis to de-multiplex windows with current tools, we
chose to not use that method for this study.

There are some limitations with our approach. Aswith most shotgun analyses of complex samples, the
proteome depth is limited unless fractionation or some form of enrichment is used, and we are only able
to detect the highest abundant methylated, succinylated, and acetylated peptidesin complex lysate.
However, we fedl that the ability to quantitate highly abundant modified peptides as well astotal protein
guantitation from the same DIA acquisition provides a complementary and analytically valuable
alternative despite the limited depth. Another caveat with our strategy is that although the unmodified
peptideis always in a different mass window as the methylated peptide, if the unmethylated counterpart
sequence contains a methionine, there is a chance that the oxidized methionine specieswill end up in the
same precursor mass window as the methylated peptide. In this situation, quantification of a site-specific
transition or a co-eluting precursor trace is needed to verify correct precursor mass. In this case, a
retention time difference is a valuable method for further peptidoform differentiation, as peptides
containing an oxidized methionine elute before their corresponding unmodified peptide by 2.37% ACN
‘gradient units .*® By looking at either the retention time difference from the unmodified peptide, a co-
eluting precursor trace, or by having a site specific transition, one can easily differentiate a methylated
peptide from an oxidized peptide. Additional consideration should be taken when comparing tri-
methylated and acetylated peptides. Acetylation of e-amino groups of Lys results in shifted retention time
with respect to their unmodified counterpart sequences whereas tri-methylation does not.*” Furthermore,
high mass accuracy instrumentation can distinguish these isobaric modifications.*® Therefore the
combination of relative retention time shifts with site-specific transitions allows for the unequivocal
determination of trimethylation vs. acetylation. Finaly, a methylated Lys or Arg often inhibitstrypsin’s
ability to cleave. In order to determine the stochiometric site specific ratio of a modified peptidoform, we
ideally would use an enzyme that would give a methylated peptide without any missed cleavages and

normalize to the intensity of the unmodified peptide which would give a better representation of the
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guantity of the modified peptidoform than our approach. However, to make our method for methylation
guantitation more useful for the proteomics community as awhole, we decided to use Trypsin for our
study asit is currently the most commonly used endoproteinase in the field.

The small precursor mass window DIA approach outlined in this study which is suitable for both triple
TOF and Orbitrap mass spectrometers along with the corresponding publicly available hypermethylated,
acetylated, and succinylated mouse liver methyl peptide assay library provides an easily adoptable
framework needed for studying global protein methylation, acetylation, and succinylation as well as total
protein quantification in any DIA proteomic experiment without the need for enrichment of each
experimental sample. This approach opens up the possibility for studying PTM’s from small experimental
samples like tissue biopsies where there isn’t enough sample for traditional methyl-immunoprecipitations.
Wide adoption of this easy approach will allow more rapid integration of methylation studiesin DIA
proteomic experiments and increase the knowledge of the role of methylation in complex biol ogical
systems.

Conclusion:

In this study we have developed a DIA method utilizing 4Da precursor mass windows that is able to
differentiate all forms of methylated peptides from their unmodified forms using synthesized methylated
peptides. We then interrogated this novel method on in-vivo complex cellular lysate using a
hypermethylated mouse liver assay library which can be used as a community resource. We have shown
that we are able to detect and quantify protein methylation from our approach in two differentially
methylated in-vivo mouse models of NASH aswell as quantify Lys acetylation, succinylation, and total
protein from the same sample. At the same time, we can obtain both site specific methylation, acetylation,
succinylation, and total protein quantity allowing for the determination of relative ratio for each modified
peptidoform. Overall, our study describes a novel approach to simultaneously quantify protein
methylation, acetylation, succinylation, and total protein in in-vivo complex cellular lysate in one DIA

acquisition without the need for enrichment of each biological sample.
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FIGURE LEGENDS

Figure 1. Schematic Overview of Experimental Design: (A) An equimolar pool of 400 synthesized
peptides containing K[Unmodified], K[Monomethyl], K[Dimethyl], and K[Trimethyl] residues were
acquired in DIA on the Sciex TripleTOF 6600 with 4Da and 100 Variable Window (VW) precursor mass
windows. (B) Same peptide pool was acquired in DIA on the Thermo Orbitrap Fusion Lumos with 4, 6,
and 12Da precursor mass windows. (C) Strategy to differentiate an unmodified peptide from its

methylated form based off of precursor mass window difference. An unmodified precursor will be
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fragmented in a different mass window than its methylated form making it differentiable by precursor
mass window.

Figure 2. Synthesized Methylated Peptides: Presence of synthesized methylated and unmodified
peptides acquired on the Thermo Orbitrap Fusion Lumos with 4, 6, and 12Da precursor mass windows
were visualized in Skyline (A) Quantified transitions of DY SSGFGGKY GVQADR (B) Quantified
transitions of DY SSGFGGK[Mel]lYGVQADR (C) Graphical representation of unmodified and
monomethyl +2 and +3 precursors which can be differentiated from their unmodified forms using 4, 6,
and 12Da precursor mass windows. Black represents peptides eluting in different precursor mass
windows while grey represents peptides co-eluting in the same precursor mass window.

Figure 3. In-vivo Methylation: (A) Quantification of the MS2 TIC normalized intensity of peptide
containing Elongation factor 1-alpha 1 (EF1A1) K[165] Mono-Methyl in Gnmt -/- and wild-type
littermates and Matla -/- and wild-type littermates Data are box and whisker plots of six biologica
replicates. Two-tailed Student’s t-test, **xP < 0.005, *P < 0.05 (B) Quantification of the intensity of the
MS2 TIC normalized peptide containing EF1A1 K[165] Mono-Methyl divided by the intensity of EF1A1
total protein, determined by EF1A1 unmodified peptides using MAPDIA in Gnmt -/- and wild-type
littermates and Matla -/- and wild-type littermates Data are box and whisker plots of six biological
replicates per condition. Two-tailed Student’s t-test, ***P < 0.0005 (C) Skyline Visualization of the XIC
of the peptide MDSTEPPY SQK[Methyl]R which corresponds to EF1A1 K[165] Mono-Methyl in Gnmt -
/- complex liver lysate (D) Skyline Visualization of the XIC of a stably isotopicaly labeled peptide
MDSTEPPY SQK[Methyl]R[heavy] which corresponds to EF1A1 K[165] Mono-Methyl spiked into

Gnmt -/- complex liver lysate

Figure 4. M ethylation False Positives: Complex cellular liver lysate from Matla -/- acquired on the
Thermo Orbitrap Fusion Lumos with 4Da and 12Da precursor mass windows visualized in Skyline (A)
Quantified transitions of VETGVLKPGMVVTFAPVNVTTEVK acquired with 12Da precursor mass

window (B) Quantified transitions of VETGVLK[M ethyl]PGMVVTFAPVYNVTTEVK acquired with
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12Da precursor mass windows. This precursor falls in the same mass window as its unmodified form,
elutes at the same time, and contains zero site specific transitions, and therefore is a false positive. (C)
Quantified transitions of VETGVLKPGMVVTFAPVNVTTEVK acquired with 4Da precursor mass
window (D) Quantified transitions of VETGVLK[Methyl[PGMVVTFAPVNVTTEVK acquired with
4Da precursor mass windows. There is no discernable peak showing that the methylated peptide found
with 12Da precursor mass windows is a false positive.(E) Graphical representation of unmodified,
monomethyl, and dimethyl +2 and +3 precursors which can be differentiated from their unmodified
forms using 4 and 12Da precursor mass windows. Grey represents peptides eluting in different precursor
mass windows while blue represents peptides co-eluting in the same precursor mass window.

Figure 5. In-vivo Succinylation: (A) Quantification of the MS2 TIC normalized intensity of peptide
containing MDHM K[165] Succinyl in Gnmt -/- and wild-type littermates and Matla -/- and wild-type
littermates (n=6/condition) Data are box and whisker plots of six biological replicates per condition. Two-
tailed Student’s t-test, =*P < 0.005 (B) Quantification of the intensity of the MS2 TIC normalized peptide
containing MDHM K][165] Succinyl divided by the intensity of MDHM tota protein, determined by
MDHM unmodified peptides using MAPDIA. Data are box and whisker plots of six biological replicates
per condition. Two-tailed Student’s t-test, <P < 0.005, *P < 0.05 (C) Skyline Visualization of the XIC of
the peptide containing MDHM K[165] Succinyl

Figure 6. In-vivo Acetylation: (A) Quantification of the MS2 TIC normalized intensity of a
proteotypic peptide mapping to H4 K[8,12,16] Acetyl in Gnmt -/- and wild-type littermates and Matla -/-
and wild-type littermates. Data are box and whisker plots of six biological replicates per condition. (B)
Quantification of the intensity of the MS2 TIC normalized peptide containing H4 K[8,12,16] Acetyl
divided by the intensity of H4 total protein, determined by H4 unmodified peptides using MAPDIA in
Gnmt -/- and wild-type littermates and Matla -/- and wild-type littermates. Data are box and whisker
plots of six biologica replicates per condition. Two-tailed Student’s t-test, *P < 0.005, *P < 0.05 (C)

Skyline Visualization of the XIC of the peptide containing H4 K[8,12,16] Acetyl
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Figure 1. Schematic Overview of Experimental Design:

(A) An eguimolar pool of 400 synthesized peptides containing K[Unmodified], K[Monomethyl], K[Dimethyl],
and K[Trimethyl] residues were acquired in DIA on the Sciex TripleTOF 6600 with 4 Dalton and 100
Variable Window (VW) precursor mass windows. (B) Same peptide pool was acquired in DIA on the Thermo
Orbitrap Fusion Lumos with 4, 6, and 12 Dalton precursor mass windows. (C) Strategy to differentiate an
unmodified peptide from it’s methylated form based off of precursor mass window difference. An unmodified
precursor will be fragmented in a different mass window than its methylated form making it differentiable by
precursor mass window.
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Figure S1. Retention Time Difference Between M ethylated and Unmodified Peptide: Difference
in retention time of synthesized methylated and unmodified peptides acquired on the Thermo
Orbitrap Fuson Lumos in DIA with 4da precursor mass windows with a 60 minute LC gradient
Circles represent the retention time of an unmodified peptide subtracted from a methylated peptide
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Figure 2. Synthesized M ethylated Peptides: Presence of synthesized methylated and unmodified peptides
acquired on the Thermo Orbitrap Fusion Lumos with 4, 6, and 12 Dalton precursor mass windows were
visualized in Skyline (A) Quantified transitions of DY SSGFGGKY GVQADR (B) Quantified transitions of
DY SSGFGGK[M el]YGVQADR (C) Graphica representation of unmodified and monomethyl +2 and +3
precursors which can be differentiated from their unmodified forms using 4, 6, and 12 Dalton precursor mass
windows. Black represents peptides eluting in different precursor mass windows while grey represents
peptides co-eluting in the same precursor mass window.
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Figure S2. Synthesized M ethyl Peptides: Presence of synthesized methylated and unmodified peptides acquired on the
Sciex TripleTOF 6600 with 4 Dalton precursor mass windows and 100VW were visualized in Skyline (A) Quantified
transitions of MMSKPQTSGAYVLNK. (B) Quantified transitions of MMSK[Mel]PQTSGAYVLNK (C) Graphical
representation of unmodified and monomethyl +2 and +3 precursors which can be differentiated from their unmodified
forms using 4 Dalton and 100VW Precursor Mass Windows. Blue represents peptides eluting in different precursor
mass windows while grey represents peptides co-eluting in the same precursor mass window.
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Figure 3. In-vivo M ethylation: (A) Quantification of the MS2 TIC normalized intensity of peptide containing
EF1A1 K[165] Mono-Methyl in Gnmt -/- and wild-type littermates and Matla -/- and wild-type littermates
Data are box and whisker plots of six biological replicates. Two-tailed Student’s t-test, ***P < 0.005, P < 0.05
(B) Quantification of the intensity of the MS2 TIC normalized peptide containing EF1A1 K[165] Mono-
Methyl divided by the intensity of EF1AL1 total protein, determined by EF1A1 unmodified peptides using
MAPDIA in Gnmt -/- and wild-type littermates and Matla -/- and wild-type littermates Data are box and
whisker plots of six biological replicates per condition. Two-tailed Student’s t-test, ***P < 0.0005 (C) Skyline
Visualization of the XIC of the peptide MDSTEPPY SQK[Methyl]R which corresponds to EF1A1 K[165]
Mono-Methyl in Gnmt -/- complex liver lysate (D) Skyline Visualization of the XIC of a stably isotopically
labeled peptide MDSTEPPY SQK[Methyl|R[heavy] which corresponds to EF1A1 K[165] Mono-Methyl
spiked into Gnmt -/- complex liver lysate
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Figure S3. Validation of Methyl Library: Stable Isotopic Labeled methyl-peptides spiked into in Gnmt -/- complex
liver lysate (A) Skyline Visualization of the XI1C of EIAQDFK[Methyl] TDLR which corresponds to H3C K[80] Mono-
Methyl (D) Skyline Visualization of the XIC of stable isotopically labeled peptide EIAQDFK[Methyl] TDLR[heavy]
which  corresponds to H3C K[80] Mono-Methyl (C) Skyline Visudization of the XIC of
HANLLVGSPSALADQTTEQQLLEASKR[Di-methyl] which corresponds to ASPD R[120] Di-Methyl (D) Skyline
Visualization of the XIC of stable isotopically labeled peptide EIAQDFK[Methyl] TDLR[heavy] which corresponds to
ASPD R[120] Di-Methyl
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Figure 4. Methylation False Positives: Complex cellular liver lysate from Matla -/- acquired on the Thermo
Orbitrap Fusion Lumos with 4 and 12 Dalton precursor mass windows visualized in Skyline (A) Quantified
transitions of VETGVLKPGMVVTFAPVNVTTEVK acquired with 12 Dalton precursor mass window (B)
Quantified transitions of VETGVLK[M ethyl|PGMVVTFAPVYNVTTEVK acquired with 12 Dalton precursor
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Figure $4. M ethylation False Positives. Complex cellular liver lysate from Matla -/- acquired on the Thermo
Orbitrap Fusion Lumos with 4 and 12 Dalton precursor mass windows visualized in Skyline (A) Quantified
transitions of IDGNLVIRPYTPVSSDDDK acquired with 12 Dalton precursor mass window (B) Quantified
transitions of IDGNLVIR[Dimethyl2]PYTPVSSDDDK acquired with 12 Dalton precursor mass windows.
This precursor falls in the same mass window as its unmodified form, elutes at the same time, and contains
zero site gpecific transitions, and therefore is a false positive. (C) Quantified transitions of
IDGNLVIRPYTPVSSDDDK acquired with 4 Dalton precursor mass window (D) Quantified transitions of
IDGNLVIR[Dimethyl]PY TPVSSDDDK acquired with 4 Dalton precursor mass windows. There is no
discernable peak showing that the methylated peptide found with 12 Dalton precursor mass windowsis a false
positive This precursor falls in the same mass window asits unmodified form and is afalse positive
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Figure 5. In-vivo Succinylation: (A) Quantification of the MS2 TIC normalized intensity of peptide
containing MDHM K[165] Succinyl in Gnmt -/- and wild-type littermates and Matla -/- and wild-type
littermates (n=6/condition) Data are box and whisker plots of six biological replicates per condition. Two-
tailled Student’s t-test, **P < 0.005 (B) Quantification of the intensity of the MS2 TIC normalized peptide
containing MDHM K][165] Succinyl divided by the intensity of MDHM total protein, determined by MDHM
unmodified peptides using MAPDIA. Data are box and whisker plots of six biological replicates per condition.
Two-tailed Student’s t-test, **P < 0.005, *P < 0.05 (C) Skyline Visuadization of the XIC of the peptide
containing MDHM K][165] Succinyl
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Figure S5. Validation of Succinylation: (A) Skyline Visuaization of the XIC of the peptide containing
MDHM K[165] Succinyl from Gnmt -/- complex liver lysate acquired on an Orbitrap Fusion Lumos (B)
Skyline Visualization of the XIC of the peptide containing MDHM K[165] Succinyl from a ‘one-pot’ acetyl-
Lys and succinyl-Lys immunoaffinity enrichment from WT mouse liver lysate acquired on a Sciex TripleTOF

6600 (C) Representative spectra of the peptide containing MDHM K[165] acquired on a Sciex TripleTOF
6600
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Figure S6. Validation Of Acetylation: (A) Skyline Visualization of the XIC of the peptide containing H4
K[9,13,17] Acetyl in complex lysate from Gnmt -/- mouse liver acquired on an Orbitrap Fusion Lumos (B)
Skyline Visualization of the XIC of the peptide containing H4 K[9,13,17] Acetyl from a ‘one-pot’ acetyl-Lys
and succinyl-Lys immunoaffinity enrichment from WT mouse liver acquired on a Sciex TripleTOF 6600 (C)
Representative spectra of the peptide containing H4 K[9,13,17] Acetyl from an acetyl immunoprecipitation
acquired on a Sciex TripleTOF 6600
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Figure 6. In-vivo Acetylation: (A) Quantification of the MS2 TIC normalized intensity of a proteotypic
peptide mapping to H4 K[8,12,16] Acetyl in Gnnmt -/- and wild-type littermates and Matla -/- and wild-type
littermates. Data are box and whisker plots of six biological replicates per condition. (B) Quantification of the
intensity of the MS2 TIC normalized peptide containing H4 K[8,12,16] Acetyl divided by the intensity of H4
total protein, determined by H4 unmodified peptides using MAPDIA in Gnmt -/- and wild-type littermates and
Matla -/- and wild-type littermates. Data are box and whisker plots of six biological replicates per condition.
Two-tailed Student’s t-test, **P < 0.005, *P < 0.05 (C) Skyline Visualization of the XIC of the peptide
containing H4 K[8,12,16] Acetyl
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Figure S7. Total Protein Quantitation With 4 and 12
Dalton Precursor Mass Windows: (A) Venn Diagram
representing the of overlap between proteins quantified
using MAPDIA from the 4 and 12 Dalton Precursor Mass
Window DIA acquisitions respectively. Blue represents
proteins quantified in 12 Dalton precursor mass window
and red represents proteins quantified in 4 Dalton precursor
mass windows, (B) Venn Diagram representing the of
overlap between peptides quantified usng MAPDIA from
the 4 and 12 Daton Precursor Mass Window DIA
acquisitions  respectively. Blue represents peptides
guantified in 12 Dalton precursor mass window and red
represents peptides quantified in 4 Dalton precursor mass
windows,
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Precursor Transitions Precursor Transitions
Figure S8. SIL Peptide Dilution Series. 71 SIL peptides were spiked into complex liver lysate in varying
concentrations and acquired on the Thermo Orbitrap Fusion Lumos in DIA with 4da precursor mass windows
(A) Distribution of points across the chromatographic peak of all endogenous peptides with a 60 minute LC
gradient and (B) a 120 minute LC gradient. (C) Box plots showing the accuracy of quantitation using of a
dilution series of SIL peptides in complex liver lysate acquired with different DIA acquisition methods and
gradients for MS2 quantitation and (D) MS1 quantitation. (E) Heatmap corresponding to intensity of SIL
peptides in dilution series with a 60 minute gradient. (F) Heatmap corresponding to intensity of SIL peptidesin

dilution series with a 120 minute gradient. For A/B: All data are mean + s.e.m. of three technical replicates. For C/D: For all
data, center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5
times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots; crosses represent sample means. n =
91 SIL precursors. For E/F: Color represents intensity of peptide, black represents missing data. Data is three replicates per
concentration of SIL peptides.
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Figure S9. Precursor Traces of Endogenous Peptides. Bar graphs representing peptides identified from
complex liver lysate acquired on the Thermo Orbitrap Fusion Lumosin DIA with 4da precursor mass windows
with co-eluting precursor trace. (A) Unmodified peptides (B) Modified peptides which contain Mono-, Di-, or
Tri-methylated Lys, Acetyl Lys, and Succinyl Lys respectively. All data are mean + s.em. of eight biological
replicates. (C) Endogenous modified peptides detected using Spectranaut’s software suite which contain
Mono-, Di-, or Tri-methylated Lys, Acetyl Lys, and Succinyl Lys respectively. Targeted PTM enriched DIA
library based approach was compared to M S1-centric approach (DirectDIA) in both 4 and 12 Dalton precursor
mass windows.
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Figure S10. Precursor Charges of M ethylated Peptides: Precursor charge
states between unmodified and methylated peptides from DDA hyper-methylated
peptide assay library. Blue represents unmodified precursors while grey
represents methylated precursors.
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Figure S11. Multiplexed Precursor Mass Windows : Complex cellular liver lysate from Matla -/- acquired
on the Thermo Orbitrap Fusion Lumos with 4 and 6 Dalton precursor mass windows visualized in Skyline (A)
Quantified transitions of GSFK [Dimethyl]Y AWVLDK acquired with 4 Dalton precursor mass window (B)
Quantified transitions of GSFK [Dimethyl]Y AWVLDK acquired with Multiplexed 4 Dalton precursor mass
windows. 20 random windows were simultaneously acquired and demultiplexed using Skyline. (C) Quantified
transitions of GSFK [Dimethyl]Y AWVLDK acquired with 6 Dalton precursor mass window (D) Quantified
transitions of GSFK [Dimethyl]Y AWV LDK acquired with multiplexed 6 Dalton precursor mass windows. 20
random windows were simultaneously acquired and demultiplexed using Skyline.
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Figure S12. Lysine PTM Crosstalk: Venn Diagrams representing peptides with modified Lys residues. (A)
Venn Diagram representing peptides which contain a Mono-, Di-, and Tri-methylated Lys. (B) Venn Diagram
representing peptides which contain Mono-, Di-, or Tri-methylated Lys, Acetyl Lys, and Succinyl Lys
respectively.
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