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Abstract. Methylation of proteins has consider-
able impacts on physiological processes includ-
ing signal transduction, DNA damage repair, tran-
scriptional regulation, gene activation, and inhibi-
tion of gene expression. However, the traditional
proteomics-based approach suffers from limited
identification rates of these critical methylation
sites on endogenous peptides. In this work, a
peptidomics-based workflow was established to
discover and characterize the global methylome

of endogenous peptides in human cells. The reliability of our strategy was validated by methyl-SILAC labeling,
resulting in 83% true-positive identifications in the HeLa cell line. We applied this approach to seven human cell
lines, and 700 methylated forms on 646 putative methylation sites were identified in total, with over 61% of the
methylation sites being newly identified. This study provides a complementary strategy for a traditional
proteomics-based approach that enables identification of missingmethylation sites and creates a first methylome
draft of endogenous peptides of human cell lines, offering a valuable resource for in-depth studies of biological
functions of methylated endogenous peptides.
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Introduction

There has been accumulating evidence suggesting that en-
dogenous peptides play important roles in various biolog-

ical processes [1]. Endogenous peptides are typically derived
from precursor proteins or prohormones. By diversified pro-
teolytic processes in the endoplasmic reticulum, Golgi appara-

tus, and secretory granules, prohormones are cleaved and fur-
ther undergo post-translational modifications (PTMs) to gen-
erate mature forms of peptides with biological functions. In
addition to degradation, short open reading frames (sORF) in
the 5′-untranslated region of eukaryotic mRNAs have also been
shown to produce detectable polypeptides, termed short open
reading frame-encoded peptides (SEP), which have specific
cellular localizations and functions [2].

Endogenous peptides that range in size from 2 to 100 amino
acids in length [3], with masses below 10 kDa, are diffusely
present in organs and body fluids (blood, urine, tears, sweat,
saliva, cerebrospinal fluid, etc.) and participate in cell differen-
tiation, gene expression, neurotransmission regulation and
modulation, tumor development, and immune cell infiltration,
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reflecting the metabolic level of lesions [4]. In addition, endog-
enous peptides have been identified as biomarkers for early
diagnosis of diseases. For example, high-throughput MALDI-
TOF MS-based peptidomic analysis has been conducted to
profile the urine peptidome of the patient with major depressive
disorder (MDD), leading to identification of 5 endogenous
peptides as potential biomarkers [5]. The biological functions
of endogenous peptides have been extensively studied. For
instance, Pep5, an intercellular peptide derived from G1/S
cyclin D2 protein, induces cell death in HeLa cells and several
other tumor cells and reduces by 50% the volume of the rat C6
glioblastoma [6] in vivo. More than 20 antimicrobial peptides
participate in innate immunity, including defensins which act
as internal antibiotics and are able to regulate intestinal micro-
organisms [7]. However, the PTMs of endogenous peptides of
cells are rarely reported.

In contrast to proteomics, peptidomics studies generally do not
use proteolytic enzymes to characterize the primary sequence of
the peptide [8]. Moreover, the mobilities of peptides are higher
than those of proteins, which makes it very difficult to focus
peptides in a gel for gel-based electrophoretic separation. Thus,
strategies different from traditional proteomics need to be devel-
oped for analysis of endogenous peptides. Centrifugal ultrafiltra-
tion with various sizes of molecular weight cutoff (MWCO) was
commonly used in peptidomics. Multiple MWCOs (100 kDa,
10 kDa, 3 kDa) coupled with RP-HPLC were utilized to charac-
terize the secreted peptidome of human colon tumor (LIM1215,
LIM1863) [9]. Another study employed 10 kDaMWCO together
with size exclusion chromatography (SEC) to isolate peptides in
mouse livers [10]. In addition to the membrane-based enrichment
method, nanoporous silica materials had also been used to isolate
low molecular weight (LMW) proteins and peptides from the
serum of nude mice with MDA-MB-231 human breast cancer
lung metastasis [11] as well as human plasma [12]. Even though
the physicochemical properties of nanoporous materials, like pore
size, pore structure, and surface affinity, had been optimized to get
better enrichment efficiency, the complexity and cost of the
experiments were higher than extraction methods based on selec-
tive precipitation. Selective precipitation with acid addition or
organic solvent to remove the large abundant proteins had been
a typical and effective strategy for peptide isolation and purifica-
tion. Different agents had been reported previously [13, 14],
which provided an alternative and more straightforward means
for peptide enrichment.

Post-translational modification analysis has been an impor-
tant aspect in proteomics and peptidomics. In addition to phos-
phorylation [15, 16] and glycosylation [17], methylation also
has considerable impact on protein function and underlying
physiological processes, including signal transduction, repair
of DNA damage, transcriptional regulation, gene activation,
and inhibition of gene expression. Methylation occurs more
frequently on arginine and lysine, compared with other amino
acid residues (aspartic acid, asparagine, glutamine, glutamic
acid, histidine, cysteine) and N terminus or C terminus of
proteins. N-Methylation occurs more frequently compared
with O-methylation and S-methylation and commonly occurs

at arginine (Arg) and lysine (Lys) in six forms [18], including
mono-methylated, asymmetric di-methylated and symmetric
di-methylated arginine, and mono-, di-, and tri-methylated
lysine. The global profiling of methylated endogenous peptides
in cells is challenging and often complicated due to low abun-
dance and low stoichiometry. Therefore, enrichment of meth-
ylated peptides is often needed for methylation identification.
Three different enrichment methods were compared by
Uhlmann et al. [19], including strong cation exchange (SCX),
isoelectric focusing (IEF), and hydrophilic interaction chroma-
tography (HILIC), with the results indicating that HILIC had an
excellent capacity to enrich methylated peptides.

Inspired by these prior studies, we exploited the antibody-
free enrichment strategy of DOMAIN (de-glyco-assisted meth-
ylation site identification) [20], which was previously devel-
oped by our group based on HILIC enrichment, to semi-
specifically enrich methylated peptides. In the current work,
two highly complementary extraction methods (hot water and
acidified methanol) were employed to extract endogenous pep-
tides from human cells. Methylated endogenous peptides were
then enriched by the DOMAIN technique and detected by
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) (Figure 1). We further validated the results by screening
of methylated endogenous peptides in hM-SILAC (heavy
methyl stable isotope labeling by amino acid in cell culture)-
labeled HeLa cells. This work represents the first report on
large-scale characterization of methylation of endogenous pep-
tides in cancer cells.

Experimental Procedures
Cell Culture

HeLa (human cervical cancer cell), SGC7901 (human gastric
cancer cell), HepG2 (human hepatocellular cancer cell), A549
(human lung cancer cell), and 293T (human renal epithelial cell)
were cultured in DMEMmedium (HyClone) supplemented with
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin
(Sigma-Aldrich) and incubated at 37 °C in a humidified chamber
with 5%CO2. THP1 (humanmonocytic cell) cells were cultured
in RPMI 1640 medium (HyClone) supplemented with 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin (Sigma-
Aldrich) and incubated at 37 °C in a humidified chamber with
5%CO2. For SILAC labeling, HeLa cells were grown in SILAC
DMEM medium (Thermo Scientific) supplemented with 10%
dialyzed FBS (Gibco), 1% penicillin/streptomycin (Sigma-Al-
drich), L-lysine (Sigma), L-arginine (Sigma), L-leucine (Sigma),
and L- and CD3-methionine (Cambridge Isotope Laboratories,
Inc.), and were grown at 37 °C in a humidified 5% CO2-
containing atmosphere for at least 10 cell doublings. The SILAC
label efficiency was measured by mass spectrometry.

Extraction of Endogenous Peptides

Cells were digested by trypsin (Gibco) and collected into
1.5-mL tubes by centrifugation at 1000 rpm for 5 min. Cells
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were washed with PBS (Gibco, pH 7.4) for three times before
extraction and then divided into two parts. To enhance the
efficiency of endogenous peptide extraction, both hot water
and acidified methanol were used in the extraction steps.

For the water extraction method, as previously described by
Fricker et al. [21], cells were resuspendedwith 1mL of hot water
(80 °C) and incubated in metal bath at 80 °C for 20 min. The
tube was then centrifuged at 4 °C, 13000 rpm, for 15 min and
stored at − 80 °C overnight. The sample was thawed the next day
and centrifuged at 4 °C, 13000 rpm, for 30 min. The supernatant
was transferred to a new 1.5-mL tube, evaporated to 750 μL by
vacuum centrifuge, and cooled on ice. Seventy-five microliters
of pre-cooled 0.1 M HCl was added in the sample to a final
concentration of 10 mM. After incubation on ice for 15 min, the
tube was centrifuged at 4 °C, 13000 rpm, for 40 min. The
supernatant was collected and evaporated for further treatment.

For another method, cells were resuspended with 1 mL of
ice-cooled acidified methanol (90% methanol, 1% acetic acid,
9% water, v/v), sonicated 2 min at 30% power, and centrifuged
at 4 °C, 20000×g for 10 min. The supernatant was transferred
to a new tube while the pellet was resuspended with 400 μL of
acidified methanol and another cycle of sonication, and centri-
fugation was repeated as previously described. The superna-
tants collected from two steps were combined and evaporated
in a vacuum centrifuge.

Sample Desalting

Endogenous peptides extracted using hot water and acidified
methanol were resuspended with 400 μL of 0.1% formic acid
(FA) separately and prepared for desalting. The C18 Solid
Phase Extraction (SPE) column (Phenomenex, 30 mg) was
washed with 100% acetonitrile (ACN) and 0.1% FA

successively for three times to activate the column. The endog-
enous peptide samples were loaded on the column for three
times. After that, the SPE columnwas washed with 0.1% FA to
remove the unbound impurities and salt. Finally, the peptides
were eluted by 40% ACN and 0.1% FA from the SPE column
and the eluate was collected in an EP tube and dried by
SpeedVac.

Deglycosylation

Following our previously reported protocol [20], deglycosyla-
tion prior to methylated peptide enrichment using the HILIC
method can effectively increase the enrichment efficiency.
Based on this observation, the desalted sample was deglyco-
sylated by PNGase F to reduce the interference of glycosylated
peptides for methylated peptide enrichment via HILIC. The
dried sample was dissolved in 20mMHEPES solution and was
incubated with PNGase F (500 units/μL) at 37 °C for 4 h. The
digested product was heated in metal bath at 95 °C for 3 min to
denature the PNGase F and evaporated in a vacuum.

Methylated Peptide Enrichment by HILIC-Tip

Approximately 100 μg desalted sample was dissolved in 100 μL
of binding buffer (80% ACN, 5% FA). After that, 3 mg of ZIC-
HILIC (Merck, particle size 10 μm) beads was suspended and
incubated with 1 mL of 0.5% FA for 5 min on a vertical rotating
mixer to activate the HILICmedia. After dislodging the 0.5% FA,
the HILIC beads were incubated with 1 mL of binding buffer for
5 min. The binding buffer was removed, and HILIC beads were
resuspended and incubated with a sample solution for 2 h. The
mixture was then loaded on a T-400 pipet tip, which was prefilled
with a C8 disk (Empore) for five times. The HILIC-tip was

Figure 1. Workflow for the analysis of methylated endogenous peptides. Endogenous peptides were extracted by hot water and
acidified methanol. Glycosylated peptides were digested with PNGase F tominimize their interference formethylpeptide enrichment
on the HILIC column. Methylated peptides were enriched by HILIC-tips and analyzed by LC-MS/MS.

X. Yan et al.: Mapping Methylation Sites on Endogenous Peptides of Human Cell Lines 2539



washed ten times by binding buffer to eliminate unbound pep-
tides, and methylated peptides were eluted by 200 μL of elution
buffer (40% ACN, 0.5% FA). One microgram of eluted peptides
from each of the two extraction methods was taken out, mixed
well, and prepared for MS analysis.

LC-MS/MS Analysis

The endogenous methylated peptides were analyzed using an
EASY-nLC 1200 nano-HPLC system (Thermo Fisher Scientific)
coupled to anOrbitrap Fusion Lumosmass spectrometer (Thermo
Fisher Scientific). The sample was resuspended in 0.1% FA and
captured on a trap column (3 μm C18 particles, 2 cm× 100 μm
ID). The loaded peptides were separated on a 30-cm analyt-
ical column (1.9 μm C18 particles, 30 cm × 150 μm ID) at a
500-μL/min flow rate for 150 min. An aqueous solution with
0.1% FA and 80%ACNwith 0.1% FAwas utilized as solvents A
and B, respectively. More detailed LC parameters are shown in
Table S1. The electrospray voltage was 2.1 kV. The mass spec-
trometer was operated in a data-dependent acquisition mode with
a resolution of 120,000 at full scan mode. Survey scan was
acquired after accumulating 5e5 ions in Orbitrap for m/z 300–
1400; the top 30 most intense ions in each scan were automati-
cally selected for HCD fragmentation with normalized collision
energy of 32% and measured in an Orbitrap analyzer operating at
a resolution of 15,000. The maximum injection time was 80 ms
for full scans and 100 ms for MS/MS scans, and dynamic exclu-
sion of previously acquired precursor ions was enabled at 25 s.

Database Search and Data Analysis

The mass spectrometry raw data files were analyzed using the
PEAKS Studio 8.5 (Bioinformatics Solutions Inc., Canada)
[22]. All three technical replicates were searched individually
against a human protein database downloaded from UniProt
encompassing 20,180 entries. A de novo process was per-
formed before the database search. The mass tolerance was
set to 10 ppm for precursor ions and 0.02 Da for fragment ions.
Mono-methylation, di-methylation, and tri-methylation were
set as variable modifications. For the SILAC sample, heavy-
mono-methylation, heavy-di-methylation, and heavy-tri-
methylation were also added. No enzyme was selected, and
up to 3 variable post-translational modifications were allowed
for each peptide. The discovered peptides were filtered by a
false discovery rate (FDR) of 1% and a score of 20. iceLogo
[23] was used to analyze the sequence characteristics of meth-
ylated peptides, and ± 6 residues around methylated sites were
subjected to analysis. The DAVID Bioinformatics [24, 25]
database was utilized to conduct GO analysis.

Results and Discussion
Extraction and Enrichment of Methylated Endoge-
nous Peptides

Cell samples contain a large number of endogenous peptides,
which have highly variable abundances, and physical and

chemical properties. The use of different extraction solvents
provides distinct environments for peptide dissolution. Hot
water and acidified methanol were two mainly used reagents
in the extraction of peptides as previously reported [21, 26–28];
we speculated that the combined use of these two methods may
improve the extraction coverage. To examine the extraction
efficiency, the endogenous peptide samples derived fromHeLa
cells by two methods were desalted by C18 SPE column and
analyzed using LC-MS/MS. As show in Figure 2a, most of the
endogenous peptides extracted by acidified methanol were
diluted and were distributed in the first 40 min, while the
extracts of hot water had a unique distribution in the last
30 min. The retention time (RT) analysis illustrated the benefit
of complementary methods for extraction of endogenous
peptides.

Next, we evaluated methods at the level of identified pep-
tides. The raw data of the MS result was searched against the
human protein database from UniProt using PEAKS
(Figure 2b). A total number of 4635 endogenous peptides were
identified in the first replicate (an average of 5395 peptides in
two replicates), while the co-identified endogenous peptides
were 6.4% of the total peptides. Comparing endogenous pep-
tides with identical retention time (Figure 3b, d) that were
isolated by two reagents mentioned above, we found that some
peptides derived from acidified methanol, such as
ESRAQLGGPEAAKSDETAAK in Figure 3a, which show
lower intensities of precursor and fragment ions, resulting in
poor spectral quality, were accurately identified with high-
quality tandem MS spectra in samples extracted by hot water.
A similar phenomenon was also observed in extracted peptides
by hot water (Figure 3c). Different solvents could be favorable
for extracting different kinds of peptides and enhance the
signals of peptides in MS detection. These results further
support that the combined usage of the two complementary
methods can efficiently reduce the omission of endogenous
peptides and increase the overall coverage of peptidome iden-
tification. Endogenous peptides extracted by two methods span
a wide range from 5 to 65 amino acids in length with molecular
weights below 10 kDa, and most of these peptides contain
around 15 amino acids (Figure 2c, d), which is consistent with
the sequence length of endogenous peptides. Furthermore, an
average of 174 methylated peptides has been identified in each
replicate. The majority of methylated peptides identified in the
first replicate are hydrophilic with themedianGRAVY score of
− 0.99 and − 0.88 (Figure 2c), which is in accordance with the
previous report [20]. Our results indicate that complementary
use of the two extraction methods can dramatically improve the
identification rate of endogenous peptides.

Evaluation of the Confidence of the Methylated
Peptide Identifications

It had been reported that the side chains of aspartic acid
and glutamic acid could be attacked by the OH group of
methanol which induced in vitro methylation that caused
false identification [29]. Although there was no such
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evidence that methanol or acetic acid interfered with the
methylation of K and R, we tested the reliability of our
strategy by hM-SILAC labeling. Cells were respectively
cultured in medium containing light and heavy (CH3 and
CD3) methionine. During the cell metabolism, methionine
was converted to S-adenosyl methionine (AdoMet). The
heavy or light AdoMet acted as a methyl donor to incor-
porate isotopic labeled methyl groups to methylation sites,
which generated mass differences of 3 Da, 6 Da, and 9 Da,
respectively, on mono-, di, and tri-methylated peptides. In
our study, the endogenous peptides were prepared from
SILAC-labeled cells with a 98% substitution rate. Subse-
quently, the heavy and light-labeled methyl peptides were
mixed at a ratio of 1:1, followed by further enrichment and
LC-MS/MS analysis. If the identified methylated peptide
was a true-positive result, it could be metabolically labeled
to show a mass shift compared with the unlabeled methyl
peptide (Figure 4a). In contrast, there was no observed
peak pair for the false-positive identifications.

A total of 104methylated peptideswere detected, andmore than
83% of them showed SILAC pairs (Figure 4b). The mass errors of
methylated peptides with SILAC pairs were within 10 ppm
(Figure 4), significantly lower than that without SILAC pairs.
Nonetheless, the hM-SILAC experiments confirmed that the ma-
jority of the identified methylated peptides resulted from in vivo
methylation occurring via S-adenosyl-L-methionine (SAM)-depen-
dent pathways. One of the possible reasons for the false-positive
identification was the random degradation of proteins during

sample preparation. Although caution has been exercised during
experimental operation, the degradation of some proteins was still
inevitable. However, the high positive rate of methylation identifi-
cation confirmed the identifications of methylated peptides and also
demonstrated the reliability of our strategy.

Methylation Sites and Forms Identified in Different
Cells

Since the credibility of our strategy was verified by the
hM-SILAC experiment, we applied the approach to enrich
and analyze methylated endogenous peptides in seven cell
lines including HeLa, A549, HepG2, SGC7901, MCF7,
THP1, and 293T to simply profile and characterize the
methylation of endogenous peptides in human. The Pear-
son correlation coefficient values were greater than 0.95
among three technical replicates of each cell line, indicat-
ing high reproducibility of our strategy (Figure 5a). The
methylated peptides were exported by filtering with strin-
gent criteria from the database searching results. Further-
more, manual curation was conducted using the following
criteria: (1) the fragment ions on methylated sites; (2) the
major peaks (peaks with the highest abundance) which
were matched along with at least four consecutive b/y
fragment ions, or (3) the minor peaks wich were matched
along with at least six consecutive b/y ion fragments. In
total, 700 methylated forms on 646 methylated sites were
identified in all seven cell lines, as shown in Figure 5b.

Figure 2. Comparisons of the two extraction methods. (a) The histogram distribution of endogenous peptides extracted by two
methods during LC elution. (b) Venn diagram comparing the numbers of endogenous peptides obtained from two extraction
methods. (c) Physicochemical properties of endogenous peptides and methylated peptides identified from HeLa cells. (d) Box plot
of molecular weights of endogenous peptides extracted by hot water and acidified methanol from HeLa cells
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Figure 3. Mass spectrometric evaluation of the complementary use of hot water and acidified methanol for methylated peptide
extraction. (a) The MS/MS fragmentation pattern and (b) the precursor of peptide ESRAQLGGPEAAKSDETAAK obtained by two
extraction methods. (c) The MS/MS fragment and (d) the precursor of peptide TQEKNPLPSKETIEQEKQ obtained by two extraction
methods
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Figure 4. Bioinformatics analysis of identified methylated peptides in 7 cell lines. (a) GO molecular functions, GO biological
processes, and GO cellular components enriched in the precursor proteins of methylated peptides. (b) Heatmap of the methylation
sites identified in seven cell lines. The adjusted p value < 0.05 was taken as the cutoff criteria for GO analysis. (c, d) Motifs enriched
around the identified Lys and Arg methylated sites within ± 6 amino acid distance
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Among them, 435 methylated forms were on the lysine
residues, and 265 methylation forms occurred on the argi-
nine residues. Compared with the identified protein meth-
ylation sites which were included in PhosphoSitePlus
(http://www.phosphosite.org) [30], 69.7% methylated
forms (61.7% of methylated sites) were newly found in
our study (Figure 5c). Our data indicated that a large
proportion of methylation modifications were missing in
previous reports, and our integrated peptidomics approach
can significantly expand the characterization of new meth-
ylation sites in methylome. The lists of methylation forms
and methylation sites are respectively shown in Table S2
and Table S3.

Our approach allowed identification of diverse methylation
forms on arginine and lysine. The dataset included 22.5% of
methylation sites with multiple forms. For example, mono-, di-,

and tri-methylated lysine were simultaneously observed on the
position 10 of precursor protein P68431 in SGC7901, A549, and
HeLa cells (Table S2). The methylated lysine 10 of histone H3
generated a binding site for HP1 protein which was implicated in
the gene silencing and supra-nucleosomal chromatin structure [31].
In addition, threemethylated forms of lysinewere found on position
28 of precursor protein P68431 (human histone H3.1) (Figure 5d)
in all cell lines except for 293T, whichwere reported to be involved
in transcription silencing [32]. Moreover, the acetylation on the
same position of the precursor protein mentioned above had also
been found in a previous study [33], suggesting potential functional
switch between transcriptional activation and silencing. Mono- and
di-methylated arginines were simultaneously observed on position
468 of precursor protein Q9UN86, while only the mono-
methylation formwas annotated by a previous study [34]. Previous
studies indicated that protein methylation was a dynamically

Figure 5. Global view of methylpeptidome of seven cell lines. (a) Pearson correlation coefficient values for identification results of
seven cell lines. Each experiment contains three technical replicates. (b) Bar plots showing the identified methylated forms of
different cells. (c) Bar plots showing newmethylated forms identified in different cells. (d) MS/MSspectra of annotated sites (P68431-
28K) containing three forms of lysine methylation, including mono-methylation (upper), di-methylation (middle), and tri-methylation
(bottom)
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Figure 6. Evaluation of confidence of the methylated peptide identifications. (a) Mass spectrum showing the isotopic distribution of
light-labeled and heavy-labeled methylpeptide, RGPPPPPPGR(28.03)GGR(28.03)GGSR(28.03)A. (b) Pie chart showing the percent-
age of methylated peptides with SILAC pair. (c) Box plot of precursor mass errors of peptides with/without SILAC pairs. (d) Plot of
PEAKS peptide score versus precursor mass error
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regulated process. Our dataset provided a valuable resource of a full
complement of methylated peptides with site-specific information,
which could help further understand about the regulatory dynamics
and the underlying mechanisms of this important PTM in various
biological processes.

Bioinformatics Analysis of Identified Methylome

So far, there are no reports on the function of methylated
endogenous peptides. In this work, we analyzed the function
of the precursor proteins, which may provide insights into the
potential biological function of methylated endogenous pep-
tides. Gene ontology annotation analysis was conducted by
using bioinformatic tool DAVID [24]. Precursor proteins of
methylated peptides were mainly distributed in the nucleus,
extracellular exosomes, nucleoplasms, ribosomes, and intracel-
lular ribonuleoprotein complexes. In terms of the category of
biological process, precursor proteins were mostly involved in
SRP-dependent co-translational membrane targeting, transla-
tional initiation, viral transcription, nuclear-transcribed mRNA
catabolic process, and mRNA splicing via spliceosome
(Figure 6a). Additionally, the precursor proteins that participat-
ed in poly(A) RNA binding were more enriched than those in
nucleotide binding, RNA binding and structural constituent of
ribosome, and protein binding.

As shown in Figure 5a, the distribution of endogenous peptides
among seven cell lines revealed apparent differences. Since the
Pearson correlation coefficient values among three replicates of
different cells were high, supporting the reliability and robustness
of our method, we considered that the distribution characteristics
mentioned above were caused by biological differences, rather
than the applied method or other human interferences. Thus, we
clustered the methylation sites co-expressed in seven cell lines as
well as those specifically expressed in single-cell types. The GO
analysis results of precursor proteins from co-expressed methyla-
tion sites indicated that the viral transcription and nucleosome
assembly were the top two enriched biological processes
(Figure 6b). The precursor proteins of cell-specific methylation
sites exhibit diverse biological processes. For instance, the meth-
ylation site P68104-36K specifically occurred in MCF7 cell.
EEF1A1was reported upregulated in invasive breast cancer cells,
suggesting a role in mediating invasive activity [35]. The methyl-
ation on K36 of eEF1A1 protein which was catalyzed by eEF1A-
KMT4 was reported to affect few specific codons and in turn
regulated the eEF1A1 function [36].

To investigate sequence specificity of the identified methyl-
ated peptidome, iceLogo [23] was used to align the sequence
motifs. As shown in Figure 6c, a typical motif RGG was
significantly enriched. However, no significantly enriched mo-
tifs were found on methylation sites of lysine (Figure 6d), com-
pared with arginine, suggesting more sequence diversity and
possible different regulatory mechanisms. Our results obtained
by peptidomics approaches were consistent with previously
reported ones by traditional proteomics approaches [19, 20, 37,
38]. With the increasing number of methylation sites to be found
and verified in future peptidome studies, the discovery of these

motifs provided the possibility for further study on the mecha-
nism and functions of endogenous peptide methylation. More
detailed information about motifs on methylated Arg and Lys in
each cell line could be found in Fig. S1 and Fig. S2.

Conclusions
In this work, a peptidomics-based approach was
established for the global analysis of methylated endog-
enous peptides in human cells. The combined use of hot
water and acidified methanol extraction significantly in-
creased the coverage of resulting endogenous peptides,
which enabled in-depth profiling of methylation in cells.
The hM-SILAC experiments indicated that the majority
of methylpeptides were identified with SILAC pairs. The
high positive rate of identification suggested that the
extraction methods could reliably identify methylation
on arginine and lysine, without the induction of exoge-
nous interference. Our peptidomic study provided the
first global view of methylated endogenous peptides in
several human cell lines, which serves as a valuable
resource for future investigation of functional roles of
these methylated endogenous peptides.
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