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Citrullination is a posttranslational modification of argi-
nine catalyzed by five peptidylarginine deiminases (PADs)
in humans. The loss of a positive charge may cause struc-
tural or functional alterations, and while the modification
has been linked to several diseases, including rheumatoid
arthritis (RA) and cancer, its physiological or pathophysi-
ological roles remain largely unclear. In part, this is owing
to limitations in available methodology to robustly enrich,
detect, and localize the modification. As a result, only a
few citrullination sites have been identified on human
proteins with high confidence. In this study, we mined
data from mass-spectrometry-based deep proteomic
profiling of 30 human tissues to identify citrullination
sites on endogenous proteins. Database searching of
~70 million tandem mass spectra yielded ~13,000 can-
didate spectra, which were further triaged by spectrum
quality metrics and the detection of the specific neutral
loss of isocyanic acid from citrullinated peptides to re-
duce false positives. Because citrullination is easily con-
fused with deamidation, we synthetized ~2,200 citrulli-
nated and 1,300 deamidated peptides to build a library
of reference spectra. This led to the validation of 375
citrullination sites on 209 human proteins. Further anal-
ysis showed that >80% of the identified modifications
sites were new, and for 56% of the proteins, citrullina-
tion was detected for the first time. Sequence motif
analysis revealed a strong preference for Asp and Gly,
residues around the citrullination site. Interestingly,
while the modification was detected in 26 human tissues
with the highest levels found in the brain and lung,
citrullination levels did not correlate well with protein
expression of the PAD enzymes. Even though the cur-
rent work represents the largest survey of protein cit-
rullination to date, the modification was mostly detected
on high abundant proteins, arguing that the develop-
ment of specific enrichment methods would be required
in order to study the full extent of cellular protein

citrullination. Molecular & Cellular Proteomics 17:
1378-1391, 2018. DOI: 10.1074/mcp.RA118.000696.

Citrullination is a protein posttranslational modification
(PTM) of arginine specifically catalyzed by peptidylarginine
deiminases (PADs)." This irreversible PTM leads to a small
increase in mass of 0.9840 Da and the loss of a positive
charge from the protein that may cause structural and/or
functional alterations. Five PAD isoforms have been found in
humans, PAD1-4 and the catalytically inactive PAD6 (1),
which are believed to have distinct tissue specificities (2—6).
PAD-catalyzed citrullination has been implicated in many cel-
lular processes such as terminal epidermal differentiation,
apoptosis, central nervous system stability, immune re-
sponse, gene regulation, and embryonic development (7, 8).
The modification has gained more attention recently because
its pathological relevance has been established by the iden-
tification of autoantibodies recognizing citrullinated proteins
in rheumatoid arthritis (RA) patients (9). Citrullinated fibrinogen
alpha chain, filaggrin, Type Il collagen, a-enolase, and vimen-
tin have been found in the synovial fluid of RA patients (10),
and these citrullinated antigens have become important bio-
markers for monitoring disease progression (11, 12). Deregu-
lation of PADs expression or activity and increased citrulli-
nated protein levels have also been found in other diseases
such as cancer, multiple sclerosis, and Alzheimer’s disease,
but the functional role of the modification remains largely
unclear (reviewed in (7) and (8)). Furthermore, citrullination has
recently been shown to participate in epigenetic regulation via
the modification of histones (13). The interaction between
coactivators and histone-modifying enzymes can also be reg-
ulated by citrullination, exemplified by the enhanced interac-
tion between the coactivator GRIP1 and the histone acetyl-
transferase p300 when p300 was citrullinated (14). Moreover,
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citrullination of the splicing factor SFPQ has been shown to
antagonize its methylation and thus regulate its association
with mRNA (15).

Despite a lot of emerging biology, protein citrullination is far
less well studied, let alone understood, compared to other
PTMs. This can in part be attributed to a lack of robust
biochemical enrichment and detection methods. The major
current approach is immunodetection relying on the specific-
ity and sensitivity of the antibodies available for this purpose.
However, most of these reagents have narrow or poor spec-
ificity and fail to recognize the PTM globally in human pro-
teomes (16, 17). In addition, the abundance of protein citrul-
lination under physiological conditions is thought to be very
low because, most of the time, the intracellular concentration
of calcium (10-100 nm) may not be sufficient to activate the
calcium-dependent PAD enzymes (7, 18, 19). As for other
PTMs, mass spectrometric analysis is an attractive alternative
as it does not require antibodies for detection. However, the
mass increment of 0.9840 Da compared with the unmodified
arginine is small and in fact identical to the frequently occur-
ring deamidation of Asn/GIn residues (17), leading to serious
ambiguity in database searching of data from complex pro-
teome digests and calling a part of the citrullination literature
into question. Biochemical enrichment is a potential way to
improve the identification of low-abundance citrullinated pep-
tides. Glyoxal derivatives have been reported to react specif-
ically with the ureido group of citrulline under acidic condi-
tions (20, 21), and biotinylated glyoxal derivatives have been
used to enrich citrullinated proteins from the synovial fluid of
RA patients and from cultured cells. This way, Tutturen et al.
reported a 20-fold increase in the detection of citrullinated
spectra, but the peptide identification rate was low due to the
poor fragmentation efficiency of the glyoxal derivatives (22).
Lewallen et al. identified more than 50 potential citrullinated
proteins from human HEK293T cells when overexpressing
PAD2. It is, however, unclear if these proteins would also be
citrullinated under physiological conditions (23). Moreover,
none of these studies unambiguously identified the exact
citrullination sites. Site localization can be greatly facilitated
by the observation that collision-induced dissociation spectra
of citrullinated peptides display a prominent and specific loss
of isocyanic acid (43.0058 Da) from the modified amino acid.
For instance, Jin et al. identified citrullination sites on glial
fibrillary acid protein (GFAP), myelin basic protein, and neu-
rogranin from human brain (24), demonstrating that the diag-
nostic neutral loss enables the identification of endogenous
protein citrullination sites.

Despite the analytical progress over the past years, only
relatively few and unambiguously assigned endogenous cit-

" The abbreviations used are: PAD, peptidylarginine deiminases;
Cit, citrullinations/citrullinated; RA, rheumatoid arthritis; HCD, high
energy collision dissociation; PSM, peptide-spectrum match; FDR,
false discovery rate; iBAQ, intensity-based absolute quantification;
MI, manual inspection.

rullination sites have been identified on human proteins, and
no systematic analysis across human tissues has been con-
ducted. In order to begin to map out the citrullinated human
proteome, we have mined deep proteomes of 30 human
tissues (Wang et al., manuscript in preparation) for endoge-
nous protein citrullination. The analysis demonstrates that the
main challenge is the distinction of citrullination from the
frequently occurring deamidation of Asn and Gin residues. By
using the neutral loss of isocyanic acid, the immonium ion of
citrulline, manual spectrum interpretation as well as using
reference spectra of synthetic citrullinated or deamidated
peptides, we identified 375 bona fide citrullinated sites on 209
human proteins across 26 human tissues. Even though the
present study is, by far, the most comprehensive report on
human protein citrullination, the fact that most modified pro-
teins are of high abundance suggests that protein citrullina-
tion is much more common than previously anticipated. The
results also highlight the need for better methods for the
enrichment of this low-abundance PTM in order to advance
research on its presumably many biological functions.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale—This study is based
on the qualitative reanalysis of deep proteomic profiling of 30 human
tissues with a focus on identifying and validating citrullinated proteins.
The details of the data analysis workflow and the validation experi-
ments are described in the following sections as well as the result
section. Briefly, to identify bona fide citrullination sites in the back-
ground of ~70 million tandem mass spectra, generated by 1,116
LC-MS/MS runs (36 strong anion exchange fractions for each tissue),
we used standard database search statistics (1% FDR at peptide and
protein level), followed by several filtering steps. All citrullination sites
reported in this study were validated by either manual spectrum
interpretation and/or synthetic peptide reference spectra.

Deep Human Tissue Proteome Data—As part of a separate study,
we have created deep proteome data sets from 30 human tissues that
are also used as part of the Human Protein Atlas Project (25). The
details of this project will be published separately (Wang et al., man-
uscript in preparation). Here, we describe the results of mining this
data for the specific purpose of identifying endogenous protein cit-
rullination. Briefly, tissues from different donors and sexes were lysed
in urea-containing buffer, and proteins were digested with trypsin.
Digests of each tissue were separated into 36 fractions by strong
anion exchange chromatography as described (26). Chromatographic
fractions were analyzed by nanoLC-MS/MS on a Q-Exactive+ mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) using a
110-min gradient, resulting in the identification of 11,656 to 112,411
peptides and 8,759 to 12,418 protein groups per tissue (at 1% pep-
tide and protein FDR). Each human tissue digest was analyzed once.

Data Analysis—The data processing steps are illustrated in Fig. 1
and Fig. S1. Briefly, Mascot Distiller (version 2.5.1, Matrix Science,
London) was used to process 1,116 Orbitrap .raw files into peak list
files (.mgf). These were searched using Mascot (version 2.5.1, Matrix
Science, London, UK) against the UniProtKB-Swiss-Prot complete
human proteome, including the canonical and isoform sequences
database (download from www.uniprot.org, version August 2016,
42,158 entries) and supplemented with sequences of common con-
taminants. The search parameters were as follows: fixed modification
of Cys (carbamidomethylation); variable modification of methionine
oxidation, N-terminal acetylation, N-terminal Gin to pyro-Glu conver-
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sion, and deamidation of Arg (citrullination), Asn, and Gin. The neutral
loss of isocyanic acid (HNCO, 43.0058 Da) was added to the defini-
tion of citrullination in the search algorithm. The enzyme specificity
was set to trypsin, allowing for up to two missed cleavage sites.
Peptide mass tolerance was set to 10 ppm and fragment ion mass
tolerance to 0.05 Da. The target decoy option of Mascot was enabled.
Mascot search results (DAT files) were imported into Scaffold (version
4.7.3, Proteome Software, Inc., Portland, OR). Peptide identifications
were initially accepted if they had greater than 90.0% probability to
achieve an FDR less than 1.0% by the Scaffold Local FDR algorithm.
Protein identifications were initially accepted if they had greater than
99.0% probability to achieve an FDR less than 1.0% and contained at
least one identified peptide. Protein probabilities were assigned by
the Protein Prophet algorithm (27). Proteins sharing significant pep-
tide evidence were grouped into clusters. Filters including removing
PSMs with C-terminal citrullination (3,981 PSMs), and poor quality
PSMs (Mascot ion score below identity score; 3,078 PSMs) were
applied to decrease the number of spectra required to be manually
inspected. Next, all spectra assigned to citrullinated PSMs were
extracted from the Mascot peak list files, these were searched again
against Swissprot (see above), and the results file was imported into
Scaffold for visualization and further evaluation of spectra. The list of
identified citrullinated peptides and proteins is shown in Table S1.
Candidate citrullinated PSMs were inspected and validated manually,
placing emphasis on the overall spectrum quality, presence of mod-
ified fragment ions, and the detection of neutral loss ions. Based on
these criteria, the citrullinated PSMs were categorized into poor qual-
ity, ambiguous, and valid (MI, manual inspection). See Table S2 for a
breakdown of PSMs assigned to the different categories.

Synthetic Peptides—To validate potential citrullinated peptides and
to distinguish these from otherwise deamidated peptides, a total of
2,248 unique citrullinated (form short list and long list, Fig. S1), and
1,312 deamidated peptides were synthesized in a total of 25 separate
pools, minimizing the number of isobaric peptides in each pool (Table
S3). This list of synthetic peptides was built from the following criteria.
We included 276 peptides that were valid by manual inspection
(length of 7-25 amino acids; designated as “short list”). A second
“long list” contained 3,506 peptides of all database search results
(poor quality/ambiguous/valid), including 2,194 Cit peptides and
1,312 deamidated peptides. Please, note that 222 Cit peptides in the
short list were also covered by the long list.

LC-MS/MS Measurement and Data Analysis of Synthetic Pep-
tides— All synthetic peptide pools were analyzed by nanoLC-MS/MS
on an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) as previously described (28). Briefly, each peptide pool was
measured using a survey method consisting of an Orbitrap full MS
scan (60,000 resolution, 5 X 10° automatic gain control (AGC) target,
50 ms maximum injection time, 360-1,300 m/z, profile mode), fol-
lowed by MS2 events with a duty cycle of 2 s for the most intense
precursors and a dynamic exclusion set to 5 s as follows: (i) HCD scan
with 28% normalized collision energy and Orbitrap readout (15,000
resolution, 1 X 10° AGC target, 22 ms maximum injection time, inject
ions for all available parallelizable time enabled, 1.3 m/z isolation
width, centroid mode); (ii) CID scan with 35% normalized collision
energy and ion trap readout (rapid mode, 3 X 10* AGC target, 0.25
activation Q, 22-ms maximum injection time, inject ions for all avail-
able parallelizable time enabled, 1.3 m/z isolation width, centroid
mode). For the purpose of this study, only the MS2 spectra from HCD
(NCE 28) fragmentation event with Orbitrap readout were used as
reference spectra. The MS data were processed by Mascot distiller,
and all .raw files were searched by Mascot using the same parame-
ters, database, and acceptance criteria indicated above for the hu-
man tissue data. In addition, we required that PSMs of synthetic
peptides matched to the correct pool in which they were synthesized.

The results file was imported into Scaffold for visualization and further
evaluation of spectra. The list of synthetic peptides identification is
shown in Table S1.

Spectrum Comparisons—As part of the validation process, we
systematically compared HCD spectra of endogenous and synthetic
peptides using spectral-contrast-angle analysis (29) between spectra
extracted and aligned from .mgf files that were identified as the same
modified sequence with matching precursor charge state using a
custom R script. We applied a cutoff of 0.5 for the spectral-contrast-
angle and chose the best matching spectrum (i.e. highest correlation)
of each endogenous peptide for subsequent manual inspection. This
cutoff was chosen based on the observation that most PSMs passed
manual inspection in case they had a spectral-contrast-angle analysis
of 0.5 or higher. Spectra passed examination if most of the intense
fragment ions in the spectra matched to the reference spectra. How-
ever, since the spectral-contrast-angle analysis does not take the
total number of matched peaks into account, spectra with few intense
peaks were disregarded even if they showed high spectral-contrast-
angle correlation with reference spectra.

PADs Expression Profiling—MS-based protein quantification of
PAD isoform expression acrossin the 30 human tissues followed the
intensity-based absolute quantification (iBAQ) approach (30) imple-
mented in MaxQuant (31, 32) (version 1.5.3.30) (Wang et al., manu-
script in preparation). Briefly, iBAQ values (Fig. 6B, left y axis) for a
given protein are derived from the summed intensities of the precur-
sor peptides that map to each protein and divided by the number of
theoretically observable peptides. Therefore, iBAQ values are propor-
tional to the molar quantities of proteins in a sample, which can be
used to roughly estimate the relative abundance of the proteins within
each sample.

Motif Analysis—pLOGO (33) was used to investigate and visualize
the substrate motif preference of PADs. Based on the list of validated
endogenous citrullinated peptides, the amino acid frequencies rang-
ing from -6 to +6 residues around the citrullination site were analyzed
and compared with the respective frequencies of all sequences in
Uniprot as background. Motifs were filtered for statistical significance
(p = 0.05; Bonferroni corrected).

Gene Ontology (GO) Enrichment Analysis—GO analysis was per-
formed using GOrilla (34). For the combined analysis of all Cit proteins
identified in tissues, all genes from the human genome (21,042 en-
tries) were used as background set. For the analysis of citrullinated
proteins identified in individual tissues, only genes were included as
background that were identified in their respective proteomes. The p
value threshold was set to 10e-05.

RESULTS AND DISCUSSION

Mining Deep Human Tissue Proteomes for Protein Citrulli-
nation—The workflow for the identification and validation of
citrullination sites in human protein is shown in Fig. 1 (see Fig.
S1 for more details). After combined database searching of
1,116 peak list files, ~9 million PSMs, including 13,031 puta-
tive citrullinated PSMs (Cit-PSMs) were identified across all
tissues (Figs. S1 and S2, Table S2). We note that these only
represent 0.14% of all PSMs (ranging from 0.03-0.4% de-
pending on the tissue). This not only indicates that citrullina-
tion is an overall low abundance modification, it also suggests
that most of the 13,031 putative Cit-PSMs may be false
matches given the FDR criteria applied to the data (1% at
peptide and protein level). Therefore, additional evidence is
required in order to identify bona fide citrullination events. We
next removed all PSMs in which the C-terminal arginine res-
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Deep proteomes
of 30 human tissues
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Fic. 1. Workflow for the identification and validation of citrulli-
nated peptides in human tissue proteomes.

idue was marked as the citrullination site (C-term Cit) because
previous biochemical work has shown that the catalytic ac-
tivity of trypsin for benzyl citrulline is 10°-fold lower than that
for benzyl arginine (36) therefore resulting in a missed cleav-
age at each citrullination site. Indeed Bennike et al. showed
that more than 50% of false-positive citrullination annotations
in data from the analysis of the synovial fluid of a RA patient
could be removed by requiring a missed cleavage (37). Con-
sistent with this observation, the rate of (erroneous) C-termi-
nal citrullination annotation ranged from 10-48% between
human tissues (Table S2, Fig. S2B). We also removed all
PSMs for which the Mascot ion score was below the identity
threshold thus going beyond a simple FDR cutoff as well as
PSMs of low signal-to-noise ratio or that contained few frag-
ment ions. Depending on the tissue analyzed, these filtering
steps removed 22-85% of all putative Cit-PSMs illustrating
the limitations of current database search algorithms with
respect to unambiguously identifying low frequency PTMs.

Modification Verification by Manual Spectrum Interpreta-
tion—All remaining spectra were manually inspected for the
presence of diagnostic ions (neutral loss of 43.0058 Da, im-
monium ion at 130.0975 m/z), fragment ion coverage of the
putative citrullination site or the presence of Asn or Gin resi-
dues that may be deamidated and thus providing an alterna-
tive interpretation for these PSMs. Fig. 2 illustrates the manual
spectrum validation process by four examples. The HCD
spectrum of the peptide GDFSSANN(R+1)DNTYNR of fibrin-
ogen alpha chain (Fig. 2A; R+1 denoting the citrullinated
residue) displays a near complete y-ion series, including the
citrullination site, and each y-ion that contains the site shows
aloss of isocyanic acid. This PSM therefore represents a bona
fide citrullinated peptide and also localizes the modification
site. A strong Cit-immonium ion is also detected, lending
further support for the presence of the modification. Figs.
2B-D show examples of ambiguous citrullination assign-
ments. The HCD spectrum of E(R+1)YFD(R+1)INENDPEYIR
(Fig. 2B) shows the diagnostic loss of 43 Da from the precur-
sor ion but no y- or b-ions identifying the modification site.
The data shown in Fig. 2C for the peptide ALE(R+1)
GLQDEDGYR show no neutral loss, but the peptide does not
contain Asn or Gin residues leaving a possibility that the
peptide might be citrullinated. Finally, the HCD spectrum
shown for N(R+1)SSAVDPEPQVK does contain an N-terminal
Asn residue that may or may not be deamidated instead of the
assigned citrullinated residue, but no information is present in
the spectrum that would resolve this ambiguity. Based on the
above, manual spectrum interpretation resulted in 2,091 valid
and 3,881 ambiguous Cit-PSMs. Across all 30 tissues, the
validation rate of PSMs by Ml ranged from 0-57% (average of
9%) and 32-73% of all Cit-PSMs remained ambiguous at this
stage (average of 56%; Table S2, Fig. S2).

Modification Verification by Comparison to Synthetic Pep-
tides—One way of independently validating the verification
process is to compare the experimental spectrum of a PTM
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peptide to that of a synthetic standard. As part of the
ProteomeTools project (28), we are generating hundreds of
thousands of modified peptides for this purpose. Based on
the data at hand, we attempted synthesis of 276 citrullinated
peptides (validated by MI) as well as 2,194 further candidate
citrullinated peptides from the result of database searching. In
addition, we included 1,312 peptides in which we replaced
Asn and Gin residues with Asp or Glu, respectively, in putative
citrullinated peptides in order to assess how often citrullina-
tion may be confused with deamidation. Example HCD spec-
tra for an instructive case are shown in Fig. 3. The spectrum
of the endogenous peptide E(R+1)YFD(R+1)INENDPEYIR
(Fig. 3A) did not allow the unambiguous assignment of two
citrullination sites on this peptide because the characteristic
loss of isocyanic acid was only observed from the precursor
ion, and there are two further Asn residues that, if deami-
dated, would offer an alternative explanation. However, the
HCD spectrum of the corresponding synthetic reference pep-
tide (Fig. 3B) is essentially identical to that of the endogenous
peptide (spectral-contrast-angle correlation of 0.76; Table
S4), indicating that the database search made the correct
assignment. This is supported by the spectra of the synthetic
peptides shown in Figs. 3C-F. The presence of Asn deami-
dation in these sequences drastically changes the appear-
ance of the respective HCD spectra (and often the precursor
ion charge state) thus ruling out that the endogenous peptide
is deamidated instead of citrullinated. We next performed
systematic comparisons of all spectra of the 1,567 success-
fully synthetized citrullinated and deamidated peptides with
the respective endogenous peptides using the spectral-con-
trast-angle approach (Table S4). Manual inspection showed
that HCD spectra with spectral contrast angles of >0.5 mostly
represent genuine Cit-PSMs, resulting in the validation of 216
citrullinated peptides. When combining the results of manual
inspection and spectral comparison to synthetic peptides, we
obtained 375 validated citrullination sites on 209 proteins
(Table S5).

Value of Diagnostic Fragment lons— Considering the very
large number of MS2 spectra and search results from our
deep proteome data, manual validation is not feasible in many
cases and may also not be free of error. The presence of ions
diagnostic for citrullination may thus be useful to automate the
process of identifying and validating the modification akin to
the value of such ions for other modifications (e.g. loss of 64
Da from oxidized methionine, immonium ions of phosphoty-
rosine, or acetylated lysine residues (38)). To test this hypoth-

esis, we extracted 295,368 MS2 spectra from 1,116 raw MS
files that contained a putative citrulline immonium ion
(130.0975 m/z; 0.01 m/z tolerance). Database searching of
these spectra identified merely 84 Cit-PSMs of which 39
passed manual inspection representing 19 citrullinated pep-
tides (Table 1, Fig. 4A). This is far lower than the number of
valid citrullinated peptides obtained using all MS2 spectra,
indicating that the detection of a putative citrullination immo-
nium ion is not very diagnostic even though PSMs that do
contain such an immonium ion tend to have a higher valida-
tion rate than PSMs that do not (~50%; Fig. 4B). This was
confirmed by the separate analysis of the corresponding syn-
thetic peptides for which less than 20% of all spectra con-
tained the immonium ion (Fig. 4C). In contrast, the neutral loss
of isocyanic acid from the precursor ion was observed in a
third of all spectra, and the loss from fragment ions was
detectable in nearly 94% of all citrullinated spectra, and 98%
of all validated citrullinated spectra contained at least one of
these three fragment ions. Still, care has to be taken as the
loss of isocyanic acid is not entirely specific for citrulline.
Tandem mass spectra of carbamylated lysine (i.e. homocitrul-
line) residues that can be formed when using urea-containing
lysis buffers show the same loss of isocyanic acid owing to
the structurally very similar side chains of citrulline and ho-
mocitrulline ((39); see Fig. S3 for an example). However, this
would only confound the analysis in very rare cases. Citrulli-
nation and homocitrullination (mass difference of a 14 Da for
the extra CH2 group in homocitrulline) can only be confused
in cases in which a peptide contains at least two missed
cleavage sites, of which one represents a potential citrulline
and the other a homocitrulline or vice versa.

Decision Tree for Citrullination Identification— As mentioned
above, current database search algorithms strongly overesti-
mate the number of potential citrullinated peptides in large
data sets. The results from the systematic and careful analysis
performed here confirmed earlier individual observations but
also enabled us to formulate a decision tree that could be
incorporated into search engines in the future in order to
automate the correct assignment of protein citrullination in
large data sets (Fig. 5). First, it is mandatory to specify deami-
dation as a variable modification because we found this to be
a major source of error. Second, the neutral loss of 43 Da
should be specified in the modification table of the search
engine akin to the loss of 64 Da from oxidized methionine, and
future versions of search engines should use this neutral loss
for scoring. Third, any modification to the C-terminal arginine

Fic. 2. Example HCD tandem mass spectra illustrating criteria for the validation of peptide citrullination. (A) A valid Cit peptide is
characterized by the detection of fragment ions covering the presumed Cit modification site as well as the detection of more than one neutral
loss ion from Cit fragment ions. NL, neutral loss of isocyanic acid. (B) Ambiguous assignments may be represented by a single diagnostic
neutral loss ion and the absence of site-determining fragment ions. Here, the y11 ion determining the Cit site is missing, but a neutral loss from
the precursor ion as well as a b2/b3 pair can be detected that localizes the Cit site. (C) An ambiguous assignment is also made when no neutral
loss ion is detected but the peptide sequence does not contain any residues that may be deamidated (N or Q). (D) Finally, an ambiguous
assignment is also made when the sequence not covered by fragment ions contains N/Q residues, raising the probability that the peptide may

be deamidated rather than citrullinated.
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TABLE |
Data summary for the identification of protein citrullination in human tissues
Search Total Cit aC-term PBelow AMbIGUOLS YValid Valid Valid
approach PSMs PSMs Cit identity score 9 (MI) peptides (Ml) proteins
Database search 8,988,146 13,031 3,981 3,078 3,881 2,091 301 154
Immonium ion 295,838 84 21 14 10 39 19 17

2 PSMs with Cit annotation at the C-terminus of a tryptic peptide were categorically rejected because trypsin would not generate such a
peptide.

b PSMs with Mascot ion scores below the identity threshold were discarded to reduce spurious PSMs.

¢ PSMs with otherwise ambiguous spectra, such as incomplete Cit-containing fragment ion series and sequence ambiguities regarding
deamindation/citrullination.

9 PSMs with at least two neutral loss ions from Cit fragment ions in MS2 spectra. MI, manual inspection.
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Fic. 4. Diagnostic fragment ions in HCD spectra of citrullinated peptides. (A) Comparison of the number of unique Cit peptides identified

by database searching (all tissues) to those whose HCD spectra contain citrulline immonium ion (130.0975 m/z). It is apparent that only a
minority of all Cit peptide spectra contain the immonium ion. (B) In case a Cit immonium ion can be detected, there is a higher chance that
the peptide is a genuine Cit peptide. MI, manual inspection. (C) Comparison of the prevalence of diagnostic ions in HCD spectra of synthetic

peptides. It is apparent, that the neutral loss (NL) ion is of more diagnostic value than the detection of the immonium ion.

should be categorically rejected because trypsin will not gen-
erate such a cleavage. Fourth, particularly in very large data
sets, individual PSM scores should be considered rather than
global or local FDR cutoffs in order to reduce the number or
random matches. Fifth, we found it important to manually
inspect spectra for the presence of diagnostic ions with the
neutral loss of isocyanic acid being more valuable (albeit not
entirely specific) than the detection of the immonium ion. This
step should be straightforward to automate in a search en-
gine. Sixth, any remaining candidates should be checked for
the presence of N/Q residues not covered by fragment ions to
eliminate the modification assignment to remaining deami-
dated PSMs, and the (rare) case of the conversion of lysine
into homocitrulline should also be considered.

The Landscape of Protein Citrullination of Human Tissues—
Having established a rigorous method for the identification of
citrullinated peptides, we examined the distribution of the
modification across the 30 tissues investigated (Fig. 6 and Fig.
S2A, Table S5). The modification was identified in 26 tissues,
and although we cannot make strong quantitative statements,
we note that the number of identified modified proteins and
peptides varied drastically (Fig. S2). The largest number of
citrullinated proteins was found in the brain consistent with
previous studies reporting high levels of citrullination in this
organ and its role in the development of the central nervous
system (40, 41). Our data cover many previously identified
citrullinated proteins, but >80% of the identified modifica-
tions sites were new, and, for 56% of the proteins, citrullina-

Fic. 3. Validation of peptide citrullination by synthetic peptides. (A) HCD spectrum of an endogenously doubly citrullinated peptide from
gamma-adducin from human brain. (B) Reference spectrum of the corresponding synthetic peptide. The two spectra are virtually identical, thus
validating the Cit modification. (C and D) Spectra of synthetic peptides in which citrullinated Arg residues are replaced by deamidated Asn
residues. These spectra are very different from the endogenous peptide shown in Panel A, thus illustrating how such permutations can aid in
the validation of Cit peptides. R(+1), citrullination; N(+1), deamination.
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Fic. 5. Decision tree summarizing the experience obtained in this study and aiding the identification and validation of citrullinated

peptides from HCD spectra. NL, neutral loss of isocyanic acid.

tion was detected for the first time. For example, myelin basic
protein and GFAP are the most well-studied citrullinated pro-
teins in the brain. Hypercitrullination of these proteins shows
an association with multiple sclerosis and Alzheimer’s disease

(42, 43). We identified 11 and 16 in vivo citrullination sites of
myelin basic protein and GFAP from brain, respectively. Ten
of the 11 sites of myelin basic protein were reported in a
previous publication or in Uniprot (24), showing the consis-
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Fic. 6. Analysis of protein citrullination across 30 human tissues. (A) Distribution of Cit peptides and proteins as validated by manual
inspection (MI), comparison to synthetic reference peptide spectra (spectrum comparison, SC), or both. (B) Comparison of PAD isoform
expression and distribution of Cit PSMs and proteins across 30 human tissues. PSMs, peptide spectrum matches; iBAQ, intensity-based

absolute quantification.

tency of our analysis with the current state-of-the-art. GFAP is
a major component of intermediate filaments in astrocytes
and a known substrate of PAD2. Interestingly, we identified 14
novel citrullination sites on GFAP (Table S5), suggesting a
stronger role of the modification for GFAP biology than hith-
erto anticipated. Surprisingly, even among the most highly
citrullinated proteins in the brain, we found citrullination for
the first time (CNP, 2’,3’-cyclic-nucleotide 3’-phosphodies-
terase; six sites, Fig. 7A).

The second highest number of citrullinated peptides was
identified in lung tissue. Previous studies have shown that
(chronic) inflammation induced by smoking and environmen-
tal stimuli such as infection can increase the levels of inflam-
matory cytokines such as TNF-« in the lung and trigger pro-

tein citrullination (44, 45). The notion that citrullination is an
inflammation-dependent process (46) may be substantiated
by our observation that the third highest levels of citrullination
was found in placenta, a tissue with strong systemic inflam-
matory responses during normal pregnancy and acute inflam-
mation during labor (47). Interestingly, the majority of proteins
was only found in a single tissue in a citrullinated form (Fig.
7B). While this may have technical reasons (i.e. low abun-
dance of the modification, varying sampling depth in each
proteome, stochastic nature of data-dependent acquisition), it
is also possible that the modification is regulated in an organ-
specific fashion. To this end, we examined the expression
levels of PAD isoforms across the organs as these enzymes
are the only known proteins that can catalyze the conversion
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Fic. 7. Discovery of citrullinated proteins across human tissues.
Numbers on top of columns indicate the number of tissues in which th

(A) Ranked list of the ten most highly citrullinated proteins in this study.
e protein was found to be citrullinated. (B) Ranked list of how many Cit

proteins were detected in how many tissues. (C) Abundance distributions of all proteins identified in each of 26 human tissues in which

citrullination was detected. Blue circles indicate citrullinated proteins,
partially) modified proteins.

from arginine to citrulline. As shown in Fig. 6B, the expression
of PAD enzymes (estimated by the iBAQ approach) varied
greatly between tissues, consistent with earlier reports (8, 48)
and immunohistochemistry data available for the PAD en-
zymes in the Protein Atlas Project (25). For example, in the
brain, the expression of PAD2 is 1,000-fold higher than that of
PAD4 and at least fivefold higher than in other PAD2-express-
ing tissues. PAD4 was also found in a number of tissues with

and blue horizontal lines indicate the median abundance of the (likely

the highest relative expression in fat tissue and the spleen.
The latter may be rationalized by the presence of a large
number of white blood cells in which PAD4 is highly ex-
pressed (49). The relatively high PAD4 levels in fat and the
detection of citrullinated proteins in this tissue are novel ob-
servations, and one can only speculate what this may mean in
terms of biology. However, a previous study has reported that
PAD-mediated histone hypercitrullination can induce the for-
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mation of macrophage extracellular traps in inflamed adipose
tissue of obese patients (50), making yet another link of cit-
rullination to inflammatory processes. Somewhat surprisingly,
we found that the expression of PAD enzymes was not
strongly correlated with the number of identified Cit-PSMs or
peptides (Fig. 6B). As no activity of PAD6 could so far be
established in vitro or in vivo (1), the citrullination sites iden-
tified in this study most likely stems from enzymatic activity of
PAD1-4. Consistent with information in the literature, the data
suggest that PAD2 may be responsible for most of the PAD
activity in several tissues (51). A possible explanation for the
lack of a clear relationship between citrullination levels and
PAD protein expression levels is that the enzymatic activity of
PADs requires calcium as a co-factor, which is regulated by
intracellular calcium ion levels. One may speculate that the
physiological intracellular concentration of calcium (10-100
nmv) may not always be high enough to activate these enzymes
(7, 18, 19) but that some tissues maintain a pool of these
proteins to be able to activate these rapidly if required. Given
the reasonably large number of identified citrullination sites
(875), we performed a motif analysis to investigate if PAD
enzymes show preferences for certain arginines within a se-
quence (Figs. S4A-C). Although no particularly strong motif
was observed in this analysis, we found that Asp and Ser were
represented more frequently at the -1 position, and Asp and
Gly residues were overrepresented at the +1 position con-
sistent with previous studies arriving at similar conclusions
(52, 53).

Given that we did not perform any enrichment for citrulli-
nated proteins or peptides, the question arose as to how
comprehensive our analysis of the modification may be. When
plotting the abundance of all proteins in all tissues (Fig. 7C), it
became apparent that most proteins for which we identified
citrullination sites were also of very high abundance. This
strongly suggests that there could be many more citrullination
sites on endogenous human proteins than represented by our
or any other study performed to date and highlighting the
strong need for the development of specific enrichment meth-
ods that may enable to describe the landscape of protein
citrullination more comprehensively. The citrullination motif
mentioned above might enable the generation of citrullination-
specific antibodies that might address this need. We identified
a total of 209 citrullinated proteins, and more than half of
these have not been reported before to be modified in this
way. As most of them were only identified in one tissue
(~72%) (Fig. 7B), one might speculate that protein citrullina-
tion may regulate or be regulated by distinct physiological
factors in different tissues. We note here that, for most citrul-
lination sites, we also identified the unmodified peptide, indi-
cating that the modification is substoichiometric, which in turn
could be the reason for why most modification sites were only
identified in one or few tissues. That said, we also found that
a few citrullinated proteins were identified in many tissues,
possibly indicating a broader biological role.

Combined or tissue-centric GO term analysis of citrullinated
proteins did not return strong associations. The majority of
citrullinated proteins was associated with the very broad cat-
egories of cytoskeleton organization or RNA binding. Still,
some interesting observations on individual proteins could be
made. As mentioned in the introduction, citrullination partici-
pates in epigenetic and gene expression control. Interestingly,
in our data, we found that several RNA-binding proteins were
identified in more than one tissue and with more than one
citrullination site. Citrullinated RNA-binding motif protein X
chromosome has been reported (23) and was identified
across 14 tissues with 10 citrullination sites in our study (Fig.
7A). The protein has been reported to regulate tissue-speci-
fic gene transcription and alternative splicing of several
pre-mRNAs (54, 55). As none of the citrullination sites are
located in the N- and C-terminal RNA-binding regions, citrul-
lination of RNA-binding motif protein X chromosome might
not disturb its RNA-binding ability but potentially affect the
structural stability or cellular localization of the protein be-
cause two of the citrullination sites, R223 and R232, are
localized in a region essential for the association with nascent
RNA polymerase Il (RNAPII) and nuclear localization (55). An-
other example is TATA-binding protein-associated factor 2N
(TAF15), which was identified in seven tissues with six citrul-
lination sites. TAF15, together with RNAPII, is part of the
transcription preinitiation complex at distinct promoters (56).
It is interesting that all of the identified citrullination sites are
located between residues 428-550. The possible reason is
that TAF15 contains 21 tandem repeats of the sequence
DR[S,G]GGYGG between residues 407-575, and the arginine
in this sequence is flanked by Asp, Gly, and Ser residues
which are highly favored substrates of PAD2 and PAD4 ac-
cording to our motif analysis and the literature (52, 53). Anti-
citrullinated protein antibodies are present in the majority of
patients with early RA. Hence, the identification of novel cit-
rullinated proteins and sites (i.e. potential epitopes) could aid
in the development of novel or more refined diagnostic targets
for RA. In particular, citrullinated fibrinogen alpha chain, filag-
grin, Type Il collagen, a-enolase, and vimentin are well-known
autoantigens in RA patients (10). In our data, citrullinated
fibrinogen alpha chain, filaggrin, collagen, and vimentin were
also found to be citrullinated in tissues under healthy condi-
tions. Particularly, citrullinated fibrinogen alpha chain was
found in 16 tissues (nine sites), suggesting that site stoichi-
ometry needs considering when using or developing diagnos-
tic markers of RA based on citrullination autoantigens.

In conclusion, this study demonstrated that protein citrulli-
nation is much more frequent than hitherto anticipated and
that it is possible to unambiguously identify this modification
by mass-spectrometry-based proteomics provided that care
is exercised during data analysis. The data also enabled us to
propose changes to database search engines so that the
analysis of protein citrullination may be facilitated in the fu-
ture. Although this study reports the largest number of citrul-
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lination site to date, the potentially many biological roles of the
modification need to be further examined in the future. This
would be greatly aided by the development of chromato-
graphic or antibody-based methods for the enrichment of
citrullinated peptides or proteins akin to what has been
achieved for other PTMs.
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