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ABSTRACT: This review focuses on discussing key mechanisms in disease
pathogenesis mediated by the protein post-translational modification citrullina-
tion. These processes are discussed in depth in the context of complex diseases
such as rheumatoid arthritis, cancer, central nervous system disorders, and
cardiovascular disease. Additionally, a critical evaluation of challenges in
laboratory detection of citrullination sites is also outlined. In this context, the
role of mass spectrometry is discussed with a focus on contemporary techniques
that offer promising options to detect the exact site of protein citrullination.
Novel methods described in the paper have the potential to detect and quantify
the occurrence of post-translational modification sites for diagnosis and
therapeutic purposes with a high degree of specificity and sensitivity.
Furthermore, they offer a much faster performance than traditional techniques
making them ideal for large-scale experimentation.
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1. INTRODUCTION

Citrullination is a protein post-translational modification
(PTM) that has a role in the pathogenesis of human diseases.
It can be a key mediator of multifactorial conditions such as
rheumatic arthritis, cancer, multiple sclerosis, and cardiovas-
cular disease. However, the low cellular abundance of
citrullinated proteins, as well as the low stoichiometry of
citrullinated residues within modified proteins (among other
factors), makes it difficult to identify and quantify the extent of
citrullination in samples through traditional laboratory
methods. The focus of this paper is to investigate and
determine the role of citrullination in the pathogenesis of
disease and explain novel citrullination-specific mass spec-
trometry (MS) approaches. The reviewed literature presented
in this paper will provide clarity in the current state of
understanding of citrullination-mediated mechanisms in
disease onset and its progression, and summarizes MS methods
that can isolate specific sites of modification that may serve as
probable targets for diagnosis and treatment.

2. CITRULLINATION AS A PROTEIN
POST-TRANSLATIONAL MODIFICATION

Modification of proteins following the translation of mRNA
(mRNA) is a normal physiological process. Scientists have
been able to identify more than 200 PTMs in eukaryotes.1

PTMs can influence protein cellular localization, turnover, and
interaction with substrates and/or proteins. PTMs may also
affect their inherent function or activity state.2 The main PTM

addressed in the context of disease pathogenesis in the rest of
the paper is citrullination.
Citrullination is the deimination of the amino acid arginine

characterized by the hydrolysis of nitrogen atoms of one of its
side chains. This irreversible PTM converts the guanidium
group of the arginine residue to an ureido group. The reaction
leads to the production of the nonstandard amino acid
citrulline, ammonia release, and the loss of a positive charge
with a monoisotopic mass contrast of +0.984016 (Figure 1),
lowering the overall charge of the protein each time the
reaction takes place. Citrullination, as an enzymatic reaction,
can take place in alkaline solutions at ambient temperatures.
Peptidylarginine deiminases (PADs), enzymes dependent on
Ca2+, act as catalysts for protein citrullination.3 The five PAD
enzymes expressed in the human body are PAD 1−4 and PAD
6.4 The guanidine group of arginine provides a positive charge
at physiological pH, while citrulline has a neutral charge
(Figure 1). The charge difference has a direct impact on the
isoelectric point of the protein, its ability to form hydrogen
bonds, and its charge distribution. Citrullination can also
increase the local and global hydrophobicity of the modified
peptide,5 which in turn indicates that citrullination can modify

Received: June 27, 2020
Published: September 23, 2020

Reviewspubs.acs.org/jpr

© 2020 American Chemical Society
38

https://dx.doi.org/10.1021/acs.jproteome.0c00474
J. Proteome Res. 2021, 20, 38−48

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
G

L
IA

R
I 

on
 N

ov
em

be
r 

9,
 2

02
1 

at
 1

3:
33

:5
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Vitorino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sofia+Guedes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carla+Vitorino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rita+Ferreira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+Amado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+E.+Van+Eyk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jproteome.0c00474&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00474?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00474?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00474?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00474?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00474?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jprobs/20/1?ref=pdf
https://pubs.acs.org/toc/jprobs/20/1?ref=pdf
https://pubs.acs.org/toc/jprobs/20/1?ref=pdf
https://pubs.acs.org/toc/jprobs/20/1?ref=pdf
pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00474?ref=pdf
https://pubs.acs.org/jpr?ref=pdf
https://pubs.acs.org/jpr?ref=pdf


protein folding, change its polarity, or trigger denaturation,
thus making citrullinated proteins potentially more susceptible
to degradation by enzymatic activity.6 Research evidence
suggests that cellular protein such as histones, vimentin, and
filaggrin and extracellular matrix proteins such as collagens may
be citrullinated under normal and/or disease conditions.7

Citrullination has physiological significance as well as a role
in disease pathogenesis. Physiological processes manifesting
citrullination include gene regulation, apoptosis, and epidermal
terminal differentiation.8,9 It also plays a part in immune
system functions, apoptosis, and skin physiology.6,10 There is
also an ever growing number of pathological circumstances
where citrullinated proteins are linked to multiple sclerosis,
rheumatoid arthritis, Alzheimer’s disease, cancer, central
nervous system disorders, and cardiovascular disease.4,11−14

This is illustrated in Supplemental Table 1, which further
summarizes the ongoing information regarding citrullinated
proteins, their biological role, associated pathologies, and the
methodology employed for enrichment and/or detection.
Recently, there is indication of a role for citrullination in
epigenetic regulation, as citrullination can alter histones
directly or through the interaction of citrullinated histone-
modifying enzymes and coactivators. Furthermore, citrullina-
tion can alter transcription by potentially antagonizing the
methylation of splicing factors such as SFPF and its association
with mRNA.15

3. POST TRANSLATIONAL MODIFICATIONS AND
PATHOGENESIS OF DISEASE

3.1. Rheumatoid Arthritis (RA)

In RA, protein and peptide citrullination contribute to the
inflammation of the synovial membrane’s joints. The research
community is largely interested in understanding the
significance of anti-citrullinated protein antibodies (ACPAs)
found in the sera of affected individuals.16 Dysregulation of

PAD enzyme, citrullination, and its contribution to the
formation of neutrophil extracellular traps (NETs) containing
DNA and protein from neutrophils, as a result of inflammation,
is characteristic of the pathogenesis of RA. RA synovium
contains high levels of citrullinated proteins.17 In fact,
anticyclic citrullinated proteins (anti-CCPs) are an important
type of ACPAs and are used to diagnose RA in its early, as well
as, advanced stages.18 As already described, filaggrin,
fibronectin, fibrinogen alpha and beta chains, vimentin, and
collagen are autoantigens for the ACPAs and are present in the
synovial fluid.19−21 Tutturen and team applied MS to
determine the degree of citrullination and frequency of
citrullinated peptides present in the synovial fluid obtained
from patients with RA. They identified new autoantigens,
PAD4 and alpha-enolase, as well as known proteins fibrinogen
alpha chain, fibrinogen beta chain, and vimentin. Interestingly,
different citrullination protein patterns existed in different
patients with RA.11

Shelef and team linked the presence of citrullinated
fibronectin with synovial fibroblasts in RA.22 Under normal
physiological conditions, fibronectin acts as the mediator for
several synovial fibroblast functions. However, when fibronec-
tin is citrullinated, fibroblast adhesion and migration on the
modified fibronectin are impaired. The authors elucidated that
citrullinated fibronectin in RA can modify the behavior of both
rheumatoid and normal synovial fibroblasts. They stated that
much deeper research is required to discover the role of
citrullinated extracellular matrix proteins and citrullinated
fibronectin in RA.22

Yu and team suggested that citrullinated proteins may be
generated in human fibroblast-like synoviocytes by PAD2, an
event induced by hypoxia in RA synovium.36 Exposure to
hypoxia increased the levels of both PAD2, as well as
citrullinated proteins, while PAD4 levels were decreased.
Hypoxia also increased the levels of IL-6 and IL-8.23

Figure 1. Citrullination as the protein arginine deiminases-catalyzed reaction80 with an annotated spectrum of an illustrative citrullinated peptide.
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Sohn et al. found that citrullinated histones from neutrophils
were targeted by ACPAs during an autoimmune response,12

and increased histone citrullination could be linked to an
increased innate immunostimulatory capacity.24 They pro-
posed that specific citrullinated histone proteins activated
cytokine production by macrophages, which in turn activated
neutrophils. Furthermore, histones cH2A and cH2B also acted
as autoantigens in stimulating the innate immune response.12

RA patients are known to experience coronary heart disease
and atherosclerosis to a greater degree than normal subjects
do.25 Spinelli and researchers further explored the role of anti-
citrullinated protein antibodies (ACPAs) in their review of
atherosclerosis.26 The studies also included that RA patients
with comorbid Porphyromonas gingivalis could also produce
PAD enzymes leading to the development of RA in these
susceptible individuals. Linking this evidence together with an
ACPA-specific response to citrullination revealed the link
between RA and citrullination.27,28 Other studies demon-
strated a correlation between the coronary artery calcium score
and citrullinated fibrinogen and vimentin. PAD enzymes and
citrullinated proteins were also detected in the perivascular
myocardial interstitium of patients diagnosed with RA.29,30

Moreover, the proper diagnosis and identification of early RA
patients should be based on the presence of ACPAs together
with rheumatoid factor (RF) and anti-carbamylated protein
(anti-CarP) antibodies.31 Carbamylated proteins have been
positively associated with the erosive form of RA. Moreover,
antibodies to carbamylated proteins can be detected before the
onset of RA, similar to the ACPA and rheumatoid factor.32,33

Carbamylation of low-density lipoprotein (LDL) leads to
endothelial dysfunction through the lectin-type oxidized LDL
receptor 1 that is a proposed biomarker for RA. Carbamylated
LDL may have several other adverse reactions, such as
uncoupling of endothelial nitric oxide synthase that reduces
nitric oxide bioavailability and impairs endothelium vaso-
dilation. Many more mechanisms of carbamylated LDL in the
pathogenesis of atherosclerosis are still under study.34,35

3.2. Cardiovascular Disease and Heart Failure

Fert-Bober and colleagues performed a comprehensive experi-
ment on human and mouse heart tissue using the
citrullination-targeted proteomic strategy through a data-
independent acquisition method (discussed in section 3).
They were able to identify and validate 304 citrullinated sites
mapping 145 proteins in human myocardium, from healthy
individuals and also with two different forms of heart failure.36

Through RT-PCR, they confirmed PAD2 as the main isoform
found in both cardiac fibroblasts and cardiomyocytes, while
PAD1 and PAD4 were only expressed in cardiac fibroblasts.
Interestingly, protein citrullination was shown to be dominant
in sacromeric and mitochondrial subproteome. Furthermore,
increased citrullination of enzymes involved in metabolic
pathways was observed and found in ischemia cases, but not in
idiopathic dilated cardiomyopathy (IDCM) cases. The
sacromeric proteins are involved in muscle contraction via
ATP-dependent interaction between F-actin and myosin and
are regulated by tropomyosin. Among significant findings was
the ability of citrullinated F-actin to modulate the enzymatic
activity of biologically active fragment of myosin (heavy
meromyosin, HMM). Citrullinated F-actin also modulated
citrullinated tropomyosin by blocking the ability of myosin to
bind to the actin filament. Citrullination in sacromeric proteins
is suggestive of PTM regulation for cardiac contractility.36

Furthermore, apolipoprotein A-1 (apoA-1), present in high-
density lipoproteins (HDLs), offers protective effects against
atherosclerosis by suppressing low-density lipoprotein (LDL)
oxidation. Dysfunctional HDL is characteristic of cardiovas-
cular disease (CVD). Dysfunctional HDL is the result of PTM
modification of apoA-1 that triggers inflammatory processes
and promotes the development of CVD in individuals with
atherosclerosis. Loss of function of HDL is the result of
oxidized phospholipid accumulation in HDL, with the
potential to mediate inflammation and oxidation.37,38 As
suggested, a higher risk of CVD in RA populations is, in
part, the result of shared inflammatory events between the two
processes.39

Anti-citrullinated protein antibodies (ACPA) are associated
with adverse outcomes in cardiovascular disease.40 The
presence of these anti-citrullinated antibodies that are not
specific to RA may account for a possible autoimmune
component mediating inflammation in other pathological
conditions such as cardiovascular disease.41 Westerlind and
researchers further elaborated on the role of ACPA from their
experimental testing of antibody load with a follow-up period
of 12 years. Results indicated that ACPA has a clear link with
cardiovascular disease as a comorbid condition in RA
individuals. The individual ACPAs, more so, the total number
of ACPAs found (antibody load), raised the risk of
cardiovascular disease.42 Hermans and colleagues also worked
on a similar research initiative to identify the long-term
outcomes associated with ACPA in patients diagnosed with
ST-elevation myocardial infarction (STEMI) and without RA
as a concomitant condition. On testing the association, they
found an increased “cumulative cardiac mortality” and an
increased incidence of reinfarction and mortality. The study
established ACPA as a potential risk factor for cardiovascular
disease.43

3.3. CNS Disorders: Multiple Sclerosis, Alzheimer’s, Stroke,
and Injury

Increased levels of MBP and GFAP found in the cells, tissues,
serum, cerebral spinal fluid, and other body fluids of spinal
cord and brain occur in patients diagnosed with multiple
sclerosis. Neither the exact modification site nor the PAD
enzyme isoform has been identified, although the PAD2
isoform is predominant in the central nervous system. GFAP is
an intermediate filament protein found in the cytoskeleton and
serves as an important biomarker for brain injury and stroke.
GFAP is also citrullinated in multiple sclerosis.44 Patients
suffering from brain injury also had circulating MBP and
GFAP. In fact, increased circulating GFAP and UCH1
(ubiquitin carboxyl-terminal hydrolase) are FDA-approved
for diagnosis of traumatic brain injury.45,46

Another brain protein neurogranin (NRGN) responsible for
learning was found in the cerebral spinal fluid of patients
diagnosed with Alzheimer’s disease. Researchers used direct
MS approach to identify 12 sites of endogenous citrullination
in the MBP protein, 4 endogenous citrullinated residues in the
GFAP protein, and 1 in NRGN protein. Their findings also
suggested that methylation of arginine prevented citrullination
catalyzed by PAD2 at the site of the same residue. Researchers
concluded that citrullination of arginine in CNS-specific
proteins increases the immunogenicity of proteins. Autoanti-
bodies against the citrullinated proteins act as autoantigens
after brain injury and may exacerbate it. Detecting and
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blocking antibodies may serve as an important step for a better
prognosis, stratification of risk, and therapy.4,47

3.4. Cancer

Citrullination may have a significant role in the pathogenesis of
cancer. Limited evidence exists on the influence of
citrullination in the progression of tumors.48 In an attempt
to study the citrullination-cancer link, Yuzhalin identified
increased PAD4 expression in tumors and peripheral blood of
patients diagnosed with lung cancer.49−51 Benign tumors and
nontumor-inflamed tissues did not show any such character-
istic.49 In the case of metastasis, PAD4 levels were even higher
than primary tumors.52 These findings are suggestive of the
role of citrullination in disease progression, from benign tissue
overgrowth to an invasive form of cancer. Citrullination also
affected cell signaling in cancer cells such as removing the
methylation tag from histones, PAD4 and p53 interactions
with implications in apoptosis, PAD4 mediated p53-to-ING4
binding leading to repression of p53 acetylation and inhibition
of downstream p21 expression, inhibition of Wnt/beta-catenin
signaling, and PAD2-mediated activation of androgen signal-
ing. So far, research evidence appears to point to a potential
link between the formation of NETs and citrullination, and its
potential role in inducing antitumor immunity.14

4. METHODS FOR PROTEIN CITRULLINATED
ANALYSIS

4.1. Pitfalls of Existing Approaches for Laboratory
Detection of Protein Citrullination

A classical method for detection of protein citrullination is the
Color Development Reagent (COLDER assay), which relies
on the chemical derivatization of the urea group but cannot
detect citrullinated proteins in low concentration nor provide
information about which amino acid residue is modified.
Regarding citrullinated, antibody-based detection system for
proteins offer greater sensitivity, but do not exhibit the
required sensitivity. Traditional MS approaches are challenging
and arduous, as a high level of mass accuracy is required to
detect the small change in mass among other reasons but
provide both protein and site information (and quantification).
The MS approach has been optimized through the
incorporation of additional processes such as collision-induced
dissociation (CID), neutral loss, and enriched citrullination-

specific peptide libraries that can be used alone or in
combination with protein enrichment approaches53 (as
illustrated in Figure 2), these approaches being discussed in
the rest of this section.
A common approach in detecting protein citrullination is to

chemically modify the citrulline ureido group, through the use
of antipyrine and diacetylmonoxime, and staining the
polyclonal antibodies with the ability to detect modified
citrulline. The same technique also helps visualize citrullinated
proteins in tissues with immunohistochemistry or using the
combination of gel electrophoresis and Western blotting and
afterward identifying the protein by peptide mass finger-
printing. The method has limitations in terms of only being
able to detect whether protein citrullination has taken place
and cannot identify the exact sites of citrullination.54−57

One way to get around this problem is the use of
diacetylmonoxime−antipyrine derivatization for targeting
citrullinated peptides, themselves. This method uses liquid
chromatography-tandem MS, and the detection of a signature
ion that is generated by CID fragmentation. In an analogous
approach, protein citrulline residues can be modified using 2,3-
butandione.58 Another MS signature ion for citrullination with
the CID fragmentation method is the neutral loss of isocyanic
acid of the citrullinated peptides. Scientists also presented a
technique to visualize protein citrullination by using a
rhodamine-phenylglyoxal probe before performing SDS-
PAGE and fluorescent analysis or cutting out the gel spot
and analysis by MS.59

4.2. Mass Spectrometry Approaches for Identifying
Citrullinated Proteins

The identification of citrullinated residues cannot be detected
directly using immunostaining or standard chemical derivatiza-
tion approaches.4 Therefore, mass spectrometry appears as the
technique of choice. In traditional MS approaches, a protease
digests proteins before analysis by MS. A common protease
used in MS analysis is trypsin, which cleaves the C-terminal of
arginine or lysine unless it is succeeded by proline. Trypsin
may not cleave after citrulline as it lacks the positive charge.3

Although Bennike and colleagues have reported the inability of
trypsin to cleave citrulline residue by using 24 synthetic
peptide sets with arginine and citrulline containing sequences
from citrullinated proteins reported in the literature,3 others
have shown that trypsin is able to cleave citrullinated residues

Figure 2. Mass spectrometry approach to analyze citrullinated peptides.
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but probably at a different/lower rate.4 These authors also
suggest that it is probably protein specific. Regardless, these
data suggest that when searching large MS generated peptide
data sets that identify an extreme C-terminal citrullinated
residue, it should be further investigated and the spectra
manually validated.
An interesting study conducted by Bennike et al.

demonstrated that a synthetic peptide pair SP10 and
SP10CE, with Arg or citrulline residue within the sequence
480-PAPDRKGFRLLLASPR/CitSCYK-499, was only cleaved
at arginine residues.60 Preceding digestion, SP10 was detected
by extracted ion chromatography (XIC). After digestion, three
peptide fragments PAPDR, LLLASPR, and SCYK were
identified, relating to a total cleavage after 495Arg. However,
in SP10CE, PAPDR, and LLLASPCitSCYK peptide fragments
were distinguished after digestion.
As inferred above, MS is the preferred method for the

identification and quantification of proteins and peptides with
PTMs. Validation of these identifications, i.e., peptides carrying
PTMs, is a challenge as heterogeneous protein mixtures as they
may only contain a small number of modified peptides.
Targeted analysis of PTM-peptides generally includes an
enrichment step such as detecting phosphorylation of serine
and threonine by neutral loss scans. However, selective
enrichment has not been carried out for citrullinated proteins
and collision-induced dissociation (CID) that refers to the
neutral loss of isocyanic acid from polypeptide-bound citrulline
serves as a marker for the diagnosis of protein citrullination.61

Lee and colleagues performed data mining from mass-
spectrometry-based deep proteomic profiling to identify
citrullinated residues on endogenous proteins.62 Their sample
consisted of 30 different human tissues. The methods used in
the experiment were a neutral loss of isocyanic acid with the
manual interpretation of the spectrum and the use of reference
spectra of deiminated peptides or synthetically citrullinated
peptides. They validated 375 sites of citrullination on 209
human proteins. Their research identified a high level of novel
modification sites (more than 80% of the identified
citrullinated sites were validated). Furthermore, citrullination
was detected for the first time in 56% of the citrullinated
proteins. Gly and Asp residues were largely found among
citrullinated sites. Twenty-six human tissues were characterized
by the modification; however, it is not clear if there is a linear
or conformational consensus sequence for citrullination.
Interestingly, there was increased levels of citrullination in
the brain and lung tissues, suggestive of a level of tissue-
specificity. However, researchers were unable to identify a
relationship between the citrullinated proteins abundance and
PAD enzymes activity. Researchers indicated that it was
challenging to distinguish citrullination from deamidation of
Gln and Asn residues, which occurred frequently. Lee and
team admitted that a comprehensive study of cellular protein
citrullination would only be possible through methods that
involve protein enrichment.15

4.3. Novel Probes to Quantify Citrullination Peptides and
Proteins

A significant area of research in the context of understanding
citrullination in disease pathogenesis is the elucidation of PAD
biology and the effects of its dysregulation in the manifestation
of the disease. Toward this end, Lewallen and colleagues
synthesized phenylglyoxal-based probes and demonstrated the
use of biotin-PG in detecting protein citrullination and

monitoring the activity of PAD inhibitor BB-Cl-amidine.
They also indicated that RNA splicing apparatus components
could be substrates for PAD enzymes. Another important
discovery was that citrullination could possibly antagonize
arginine methylation. A key advantage of their approach is the
previous protein enrichment by enhancing peptide coverage.
Their method is capable of uncovering a full range of
substrates linked to PAD enzyme activity in a range of cell
signaling mechanisms. This process is capable of detecting
citrullinated proteins with a high level of confidence.63

Researchers used streptavidin−biotin beads with BB-CL to
capture protein and perform on-bead tryptic digestion. After
digestion, only unmodified or non-citrullinated peptides are
released. A cleavable biotin linker may be the final step to
release citrullinated peptides into the mixture for further
analysis by MS.63 Therefore, their enrichment boosts
citrullinated proteome coverage by reducing sample complex-
ity before its analysis using MS.57 Tutturen et al. used citrulline
specific biotinylation as the chosen strategy for protein
enrichment. Their objective was to detect citrullinated peptides
in the synovial fluid for patients diagnosed with rheumatoid
arthritis. The enrichment technique was highly effective, and
the estimated number of citrullinated peptides evident from
the presence of a modification-specific signature ion was 13
times greater than nonenriched protein.11

Another plausible protein enrichment technique is depend-
ent on the reaction between the ureido residue of citrulline and
glyoxal derivative glyoxal benzoic acid (GBA) in a strong acidic
medium.64 To do so, the GBA molecule has been coupled with
a biotin moiety, which resulted in biotinylation of citrulline
peptides when modified by biotin-PEG-GBA (BPG). This
process allowed their selective enrichment using streptavidin
beads. To calculate the sensitivity and specificity of the protein
enrichment, enzymatically deiminated peptides or enriched
synthetic citrulline peptides were spiked on a heterogeneous
biological digest. Their improved method of streptavidin
enrichment and BPG labeling resulted in a 20-fold increase in
sensitivity. The tool is highly sensitive and specific and may be
used in biological processes with a high degree of confidence.57

4.4. Fragmentation Characteristics of Citrullinated
Peptides

Stensland and colleagues suggested a targeted MS-based
method to detect citrullinated peptides postchemical mod-
ification. Their approach combined liquid chromatography
with tandem MS analysis, where collision-induced fragmenta-
tion (CID) and electron-transfer dissociation (ETD) were
performed alternately. The citrullinated residues of a model
protein deiminated in vitro were identified using CID for
specific and signature ion-based detection and ETD for peptide
sequence determination.16

Jin and team identified five citrullination sites of glial
fibrillary acid protein (GFAP), two sites on neurogranin
(NRGN) and 14 sites of myelin basic protein (MBP) in a
group of patients diagnosed with Alzheimer’s disease.4 Since
the identification of citrullinated proteins in complex mixtures
poses significant challenges, researchers recommended higher-
energy collisional dissociation (HCD) triggered by CID for
optimal MS-based identification of proteins to identify MBP,
GFAP, and NRGN in vivo and in vitro. Results indicated that
CID-triggered-HCD along with high-resolution MS coupled to
reversed-phase HPLC (RP-HPLC) separation served as an
ideal approach to identify citrullinated peptides. Their method
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was effective for complex protein matrices and had a high
confidence level.
Steckel and colleagues optimized MS measurements by

focusing on fragmentation of deiminated proteins.65 They

analyzed a solution of purified nonmodified and citrullinated
peptides and used low-energy collision-induced detection
method of tandem MS. Their research successfully elucidated
the “citrulline effect” and suggested its use as a complementary

Figure 3. Tandem mass spectra of the modified versus nonmodified doubly protonated peptide precursors. Panel A shows the modified versus
nonmodified peptide NH2-IEAIRGQILSK-COOH originated from transforming growth factor beta-1 proprotein (TGFB1_HUMAN). Panel B
shows the modified versus nonmodified peptide NH2-EMSGDVRDAFVAIVQSVK-COOH originated from annexin (E5RK69_HUMAN).
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tool for the modification site confirmation, through the
simultaneous identification of specific fragmentation ions
along with the losses of isocyanic acid from fragment ions or
protonated molecules.58 This group specifically focused on
features of fragmentation in citrullinated peptides using protein
epitopes that are significant in the pathogenesis of rheumatoid
arthritis (RA).
RA is characterized by the generation of citrullinated

autoantigens which are recognized by antibodies and trigger
chronic inflammation. To further study this mechanism,
Steckel and colleagues selected model peptides from epitope
regions of proteins that act as substrates for PAD enzymes.58

The selected proteins were collagen, filaggrin, and fibrin. The
advantage of using model peptides resided in their ability to
present basic, acidic, neutral, and aromatic side chains, in order
to apply the mobile proton theory and to find the
fragmentation characteristics of peptides. They classified the
peptides as those containing no mobile protons, partially
mobile protons, and mobile protons. Their experiment
identified the major fragmentation pathways of deiminated
peptides. These pathways were conventional sequential
fragmentation, specific sequential fragmentation pathways
such as citrulline effect, and the neutral loss of isocyanic
acid. These insights could provide identification and
sequencing of deiminated peptides with greater reliability,
specificity, and speed.58

4.5. Overcoming Misidentification of Citrullination

De Ceuleneer and his research group proposed to explore an
isotope strategy for the detection of citrullinated peptides.66

They streamlined their general strategy utilizing isotope-
marked synthetic peptides by RP-HLPC. Their strategy
depended on comparing the isotopic sites of citrullinated
and noncitrullinated PADs which partially overlap if the
modified form is present, since it will cause a deviation from
the original nonmodified isotopic distribution pattern. This
approach was successfully applied to synovial fluid samples
obtained from RA patients, even though an additional step was
required to differentiate between citrullinated and deamidation
of Gln and Asp compared to the unmodified peptide.67 In a
study conducted by Lee et al., on high energy collision
dissociation (HCD), spectrum of E(R+1)YFD(R+1)INEND-
PEYIR peptide showed a loss of 43 Da on the modification
site. It suggested the process of citrullination,15 as the peptide
comprised Asn or Gln residues and gave a final peptide
fragment ALE(R+1)GLQDEDGYR. As always, spectra vali-
dation is mandatory as the loss of isocyanic acid is not
altogether specific for citrulline. Pair mass spectra of
carbamylated Lys (i.e., homocitrulline) deposits that can be
framed when utilizing urea containing lysis buffers show a
similar loss of isocyanic acid inferable from fundamentally the
same side chains of citrulline and homocitrulline. Citrullination
and homocitrullination (mass distinction of a 14 Da for the
extra CH2 bunch in homocitrulline) can be confounded in
cases in which a peptide contains at any rate two missed
cleavage destinations of which one speaks to a potential
citrulline and the other a homocitrulline or the other way
around. Thus, we recommend manual validation of MS spectra
to ensure citrullination is correctly assigned. Figure 3 shows
two pairs of modified versus nonmodified peptides spectra
from two distinct proteins, respectively, transforming growth
factor beta-1 proprotein (TGFB1_HUMAN) (Figure 3A) and
annexin (E5RK69_HUMAN) (Figure 3B) (data were available

through PRIDE PXD003132 and reprocessed using Peptide-
Shaker).68 Both proteins were identified as citrullinated in the
context of RA.69 Modified peptides spectra clearly evidence the
citrulline effect characterized by an enhanced cleavage
preference at the C-terminus of citrullinated residues upon
collision-induced dissociation (CID) tandem mass spectrom-
etry, which results in a marked abundance of series y ions for
tryptic peptides.70

Fert-Bober and team assumed a different approach to
identify, quantify, and validate citrullination residues while
circumventing the challenges associated with current methods
in preparing samples and analyzing data.71 Their research was
in response to the widespread false positive results through MS
in the PTMs domain. Identifying the extent and degree of
citrullination is a significant challenge due to the inherently
limited capability of existing techniques in detecting and
localizing the modification even after applying the required
enrichment. The result is evident in the form of only a small
fraction of citrullination available and a mandatory high degree
of confidence for further exploration.15,47,72,73 Their method
was more efficient than the current citrullination quantification
methods, as scientists were able to achieve a 4-fold increase in
the coverage of the citrullinated proteome of their analysis
carried out across six mouse organs.71

To prepare the hyper-citrullinated library, researchers
isolated six tissue samples from three wild-type mouse models.
They split the samples into two parts and treated one of them
with a PAD cocktail, in order to allow for an afterward
determination of all possible citrullination targets. They treated
the second sample with water to act as a control sample. Lys-C
was employed to digest samples while removing any potential
issues that can arise due to differences in trypsin digestion of a
modified versus nonmodified Lys. Data-independent acquis-
ition-MS was used for quantification. Finally, they validated the
accuracy of the site-specific citrullination based on a number of
rules which they provide as an algorithm for others researchers
to employ.71 Data acquired for the various mouse tissue
showed that citrullinated proteins belonged to different
functional groups, but their distribution was tissue specific.
Data also indicated involvement of multiple physiological
processes not pointed out by previous research studies. Brain
tissue had the highest percentage of citrullinated protein,
followed by lung and kidney tissues. Comparison of this mouse
data with a collection of human citrullinated proteins indicated
that 34 sites overlapped in both models.

5. CONCLUSION
The identification and quantification of protein citrullination is
a particularly challenging area, and more rigor is required in
the field to draw plausible conclusions. With respect to
laboratory detection of these PTM sites, meaningful
conclusions will require additional research to further enlighten
the ongoing technical specifications of proteomics laboratory
tools and approaches, as well as to standardize them. So far, the
most widely studied PTMs are Ser/Thr phosphorylation, Lys
methylation, ubiquitination, acetylation, and N-linked glyco-
sylation.74 Although MS technique optimizations allow
researchers the freedom to quantify thousands of proteins,
liberating them from focusing on only a few specific pathways,
a high level of sensitivity, specificity, accuracy, resolution, and
robustness in the technique is still required. Advancements in
MS approaches improves “stability and uniqueness” in the
peptides identified in this process. The next challenge relies on
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improving the right statistical techniques and considering
possible bias in clinical studies to open up new avenues in the
practice of “personalized medicine”. Prujin sums up the
research works undertaken so far and hints at the need to
differentiate between the physiological and pathological
significance of citrullination in experiments targeted at RA
pathogenesis. Highly specific conclusions are required to
elucidate the role of specific citrullination sites, extracellular
traps, enzymatic responses, ACPAs, and epitopes.75 To achieve
a high level of accuracy, laboratory approaches must be
supported by online analysis and prediction tools that combine
available data and machine learning algorithms to identify
sequence motifs and enzymes. They offer visualization
techniques and assist in the discovery of functional proteins.
However, considerable research is still required to figure out
complex biological events in vivo such as PTM crosstalk, and
enzymatic activity. The later, regarding PADs activity and
consensus site specificity, represents a very important topic for
researchers to address. Recent studies have aimed at
discovering tissue-specific preferences of citrullinated sites in
order to further correlate with different PAD isoforms and
tissue-based consensus sequence motifs.76 Stensland and team
have determined that approximately one-fifth of PAD4
substrates contained an RG/RGG motif in human tissue and
plasma.77 Instead, it pointed to an enrichment of glutamic acid
residues in the N-terminus of citrullinated sites in heart and
lung tissue versus a preference for lysine residues in the N-
terminus of citrullinated site found in muscle tissue.8,78,79

Identification and correlation of compartment-specific se-
quence motifs of citrullinated proteins/peptides to specific
PAD isoforms should be performed with the combination of
MS-based approaches combined with knock down mutants or
inhibitors, as performed for kinases (S/T/Y), as a way to
further characterize PADs site interaction or specificity to
citrullinated residues/motifs in either a physiological or a
pathological context.
This paper presents a review of the role of citrullination

concerning the pathogenesis of RA, cancer, CNS disorders,
and cardiac disease. It also emphasizes novel techniques in MS
and optimizations that would help detect precise citrullination
sites of diagnostic and therapeutic significance. Future research
efforts must aim at studying mainly relevant citrullinated
epitopes, environmental factors, and enzyme isotopes to
identify viable therapeutic targets.
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