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INTRODUCTION

Citrullination — a posttranslational modification
Proteins and posttranslational modifications

Proteins are macromolecules essential to life, playing a variety of vital roles in all living
organisms. They determine the form and function of cells and provide them with the
ability to communicate. Proteins are composed in a process called protein synthesis
(Figure 1). Genes in the DNA are transcribed into mRNA, which are transported out of
the nucleus into the cytoplasm where ribosomes translate mRNA into polypeptides

chains.

Transcription Translation

DNA MmMRNA —— Protein

Genome Transcriptome Proteome

Figure 1: Protein synthesis. DNA is transcribed into mRNA, which subsequently is translated
into proteins by ribosomes in the cytoplasm.

The natural building blocks for proteins are encoded by DNA and consist of 20 amino
acids, which may be incorporated during protein synthesis to become a protein.
However, after protein translation these amino acids may undergo modifications, so
called posttranslational modifications (PTMs). PTMs considerably increase the diversity
of proteins present in living cells. These modifications may be either permanent or
transient and may result from either targeted, enzymatically catalysed reactions or
spontaneous, chemical reactions in the cell [1]. PTMs occur on nearly all proteins and
are crucial because they may alter physical and chemical properties, folding,
distribution, stability, activity and consequently the functions of the targeted proteins.
More than 200 PTMs are known and most amino acids can undergo several PTMs
during the life time of a protein.



PTMs and autoimmunity

The immune system is an intricate network of organs, cells and molecules that protects
our body from infectious agents and disease. To do so it is conclusive that the
mechanisms driving the immune system manage to discriminate between infectious
agents and self. Though, in some cases autoimmunity may occur. Autoimmunity occurs
when a failure in the mechanism of immunological tolerance leads to an immune
response towards antigens derived from self. During the development of the immune
system in an individual, the maturing lymphocytes in the bone marrow and the thymus
are strictly selected and deleted if they react too strongly to self-peptides. Peripheral
self-peptides are expressed in a wide variety in the thymus and bone marrow to make
this selection possible. However, in the peripheral organs proteins may undergo PTMs
which may alter a protein’s physical and chemical properties, including primary and
tertiary structure and proteolytic degradation. It has been shown that between 50 % and
90 % of proteins in the human body may acquire PTMs [2]. Modifications occurring in
the periphery may not occur in an identical manner in the thymus and therefore
toleration of these modified versions of the proteins during lymphocyte maturation is not
allowed [2]. Some PTMs may affect the degradation of proteins by blocking specific
proteolytic cleavage sites, generating a new immunogenetic or tolerogenic repertoire of
self-peptides. Consequently, self-peptides generated from proteins that have undergone
modification in various cellular processes may be taken up by antigen presenting cells
and presented to autoreactive B and T cells and an immune response will be initiated
[2]. This loss of tolerance towards self may lead to autoimmune disorders. In the
autoimmune disease rheumatoid arthritis (RA), immune response is initiated towards
proteins with the PTM citrullination. The presence of anti-citrullinated protein antibodies
(ACPAs) is in fact used as a diagnostic marker for this disease [3]. The strong link

between citrullinated proteins and RA was the driving force behind this thesis.

Citrullination

Protein citrullination is a PTM which is associated with autoimmunity and
pathophysiology, but also occurs in biological processes in healthy physiology.
Citrullination, also called deimination, is a process where the imine group of the
guanidinium group of a peptidylarginine residue is enzymatically substituted with an
oxygen atom, to form an ureido group resulting in the amino acid citrulline (Figure 2) [4].
Citrulline has its name from the Latin word for watermelon, Citrullus vulgaris, which

contains large amounts of this amino acid. In the context of protein synthesis citrulline is
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a non-standard amino acid, meaning it is not encoded by DNA and thereby not
incorporated into proteins during translation. Consequently, citrulline can only occur in
proteins when arginine is posttranslationally modified. This PTM results in a mass
increase of 0.984 Da and the loss of one positive charge per converted arginine residue
[5]. The loss of a positive charge affects the acidity of the amino acid residue, changing
the isoelectric point from 11.41 for arginine to 5.91 for citrulline [6]. Arginine is an
important amino acid in the context of protein structure and function due to its
structurally unique side chain. The positively charged guanidinium group of the side
chain enables ionic and hydrogen bond formation, with both proteins and nucleic acids.
Consequently, the loss of charge also influences the proteins ability to participate in
bonding networks [7,8]. This may alter the tertiary structure of the protein and has a
pronounced effect on intra- and intermolecular interactions. Modifications of arginine in
general have emerged as important PTMs, that impact multiple cellular processes [9].
These include methylation, phosphorylation, citrullination, ~ADP-ribosylation,
carbonylation and glycation (reviewed in [9]).

Our focus is on protein citrullination, which has been known to be present in proteins
since 1939 [10], but the enzymes responsible for this modification, the peptidylarginine
deiminase (PAD) family, was first described in 1977 [11].

ZT
ZT

Peptidylarginine
deiminase

Ca2\
)‘j H,0 NHg + H* I
*NH;Z “NH, 07 NH,

Arginine Citrulline

Figure 2: Citrullination. Peptidylarginine is converted into peptidylcitrulline by the calcium
dependent enzyme family peptidylarginine deiminases in a posttranslational process.
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Peptidylarginine deiminase

Protein citrullination is catalysed by the calcium dependent enzymes of the
peptidylarginine deiminase (PAD) family (EC 3.5.3.15) [11,12]. In mammals, the PAD
family consists of five isoforms, PAD 1-4 and 6, which share a highly conserved
sequence with 59-71 % sequence identity [13].

Although PAD activity is regulated by pH, with an optimum of pH 7.6, the strongest
known regulator of PAD activity is calcium concentration. A concentration of 40-70 uM
Ca*" is required to obtain half of maximum PAD activity, whereas the lower limit for a
minimum PAD activity is 10 uM, according to kinetic data from Kearny et al. [14].
Calcium concentration in the cytosol and the nucleus is, however, much lower and
fluctuates around 200 nM in resting cells and 1 pyM in activated cells [15-17].
Extracellularly the calcium concentration is about 1.2 mM, but the plasma membrane is
virtually impermeable for calcium [18]. However, by influx of calcium through plasma
membrane channels or from the endoplasmatic reticulum or mitochondria, elevated
calcium concentrations can occur locally in the cells (reviewed in [18]). Nevertheless,
how PAD is activated in vivo is still not fully understood.

The PAD enzymes are naturally widely distributed in many different cell and tissue
types. They participate in physiological processes, however, PAD activity is also
associated with pathology [12,19,20]. Some of the natural substrates of PAD and
possible disease associations are listed in Table 1. All the PAD isoforms are found in the
cytoplasm of the cell, with PAD4 as an exception, which carries a nuclear localisation
signal, and is thus the only PAD isoform that can be transferred into the nucleus, where
it is known to deiminate histones [19]. Recently it has been suggested that also PAD2
might play a role in histone deimination, but this needs more research [21]. PAD activity
was also detected in autophagosomes in dendritic cells, macrophages and B cells,
which resulted in the presentation of citrullinated self-peptides to T cells [22]. The PAD
enzymes may also autocitrullinate, and autocitrullination of two arginine residues close
to the active site, R372 and R374, have been shown to inactivate PAD4 [23]. However,

the physiological meaning of autocitrullination is still unclear.

In the bacteria Porphyromonas gingivalis, which is the causative agent of periodontitis, a
prokaryotic PAD enzyme that can citrullinate proteins has been identified [24]. This
enzyme (AAF06719) is not calcium-dependent and can convert both peptidylarginine
and free L-arginine into citrulline. It is not evolutionary related to vertebrate PAD
enzymes, but shares sequence homology with several arginine deiminases [25].

Interestingly, bacterial PAD activity in periodontitis has been linked to RA [26].
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The PAD enzymes have caught increasing interest during the recent years since PAD

overexpression and up regulated enzyme activity have been observed in several

diseases, of which some will be described in a following section.

Table 1: PAD isoforms in mammals, their natural substrate and disease association.

Modified from [12].

PAD Protein Natural substrate  Biological Diseases

isoform | distribution functions

PAD1 Epidermis, Keratin K1, Cornification of Psoriasis [27]
uterus Filaggrin epidermal tissues

PAD2 Broadly Myelin basic Plasticity of the Multiple
expressed: protein, vimentin, central nervous sclerosis [28],
skeletal muscle,  histones H3 and system, RA [29],
brain, spleen, H4, B- and y-actins  transcription Alzheimers
secretory glands, regulation, innate disease [30],
spinal cord, immune defence, Creutzfeldt-
pituitary gland female reproduction Jackob

disease [31]

PAD3 Epidermis, hair Trichohyalin, Regulation of Unknown
follicles fillaggrin epidermal functions

PAD4 White blood cells Histones H2A, H3 Chromatin RA [32],
(granulocytes and H4, ING4, decondensation, multiple
and monocytes)  p300/CBP, transcription sclerosis [33],

nucleophosmin, regulation, adenoma-
nuclear laminine C ~ tumorigenesis, carcinomas
innate immunity, [34,35]
NET formation
PAD6 Egg, ovary, early Keratin Oocyte cytoskeletal Unknown

embryo

sheet formation and
female fertility,
early embryo
development
(mouse)
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Citrullination in normal physiology

Citrullination represents only a small change in a protein’s chemical structure, but still it
has a pronounced impact on the targeted protein. Therefore it has a role to play in

several cellular events in normal physiology, of which some are mentioned below.

Cell death - necrosis and apoptosis

Citrullination in normal physiology is best studied in the context of cell death; apoptosis
and necrosis. During cell death the cell membrane becomes leaky, allowing an unlimited
influx of calcium ions leading to activation and a higher transcription of PADs [36].
During this process several cytoskeleton proteins undergo citrullination disrupting their
three dimensional structure. One of the first proteins to become citrullinated is vimentin,
which is important for the structural integrity of the cell. Deimination of vimentin impairs
its function and ability to form intermediate filaments and finally changes the phenotype
of the dying cell dramatically [37]. Other intracellular proteins becoming rapidly
citrullinated during cell death are histones, which are basic proteins essential for
chromatin structure. The loss of positive charges caused by citrullination results in a
change of charge state in the nucleosomes, impairing the interaction with the negatively
charged DNA backbone, which is highly dependent on positively charged histones.
Therefore, the reduction of net charge, together with conformational changes, causes

the nucleosomes to open up, making DNA more susceptible for degradation [38].

Citrullination in gene regulation

Protein deimination of histones may also play a role in regulating various chromatin
functions, including gene ftranscription, repair of DNA damage and
condensation/decondensation [39]. In fact, histones may undergo several PTMs, and
the repertoire of PTMs occurring on histones is called the “histone code”. The function of
deimination as part of the “histone code” is to alter the interaction between histones and
DNA backbone by neutralising the positive charges. Further, PAD4 may function as a
histone H3 specific arginine deiminase, which has the potential to repress transcription
by blocking methylation by methyltransferase [40]. Arginine methylation coincide with
activation of transcription, but when arginine is citrullinated methylation cannot take
place [40]. In addition, PAD4 has been shown to demethylate mono-methylated arginine

and convert the arginine residue into citrulline, which also represses transcription [40].
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Cytoskeletal proteins

Cytoskeleton proteins are known to be targeted for citrullination during epithelial terminal
differentiation. Proteins important in this process are (pro)filaggrin and the keratins K1
and K10 [5]. Citrullination allows binding between these proteins due to reduction of the
isoelectric point [27]. Further, citrullination enables the protease calpain to cleave
profilaggrin into filaggrin units, which bundles keratin filaments into an organised matrix
[12,41].

Central nervous system

In the central nervous system myelin basic protein (MBP) and glial fibrillary acidic
protein (GFAP) are deiminated by PAD2, which is expressed by asterocytes,
oligodendrocytes and microglial cells [5]. Citrullination of MBP is thought to be essential
for the plasticity of the brain at young age since the ratio between citrullinated MBP and
total MBP decreases rapidly after postnatal life [42]. The role of physiological

citrullination of GFAP is unclear [5].

Immune functions

During the last decade it has been shown that citrullination of the inflammatory
chemokine CXCL8 decreases its signal potency by reducing its binding properties and
prevent it from proteolytic cleavage into a more potent fragment [43]. In addition,
citrullination of CXCL8 abrogated the chemokine’s ability to recruit neutrophils into the
peritoneal cavity and dampened neutrophil extravasation during acute or chronic
inflammation [43]. On the other hand, citrullination of CXCL8 significantly increased this
chemokine’s ability to mobilize neutrophils into the blood circulation [44]. Citrullination
has also been shown in other chemokines such as CXCL12, which was gradually
weakened as leukocyte chemoattractant and HIV inhibitor depending on the degree of
citrullination [45], and CXCL10 and CXCL11, which also reduced their chemoattractive
and signalling capacity upon citrullination [46]. These results indicate that through

citrullination of chemokines PADs can directly modulate immune reactions.

Further, hypercitrullination of histones mediates decondensation of chromatin and
facilitates the formation of neutrophil extracellular traps (NETs) [47]. NET formation is a
feature of the innate immune response towards bacterial infection and inflammation,

where decondensed chromatin nets are used to trap pathogens.
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Citrullination in disease

The presence of citrullinated proteins was initially considered specific for the synovium
of patients with RA [48]. However, later studies reported the presence of citrullinated
proteins in non-RA tissues [49,50]. In fact, citrullinated proteins were found to be present
in a wide range of inflamed tissues and citrullination is now known to occur in almost all
sites of inflammation; being an inflammation dependent process rather than disease
specific [51]. Nevertheless, citrullination does play a role in several diseases (reviewed
in [5,52]), of which some are mentioned below. Elucidation of citrullination patterns in
these diseases may reveal knowledge of the disease mechanisms and could potentially
lead us closer to possible treatments.

Cancer

In recent years, citrullination in tumourigenesis has attracted an increased attention.
Researchers have found a pronounced higher expression of PADI4 genes in various
malignant tumours, but not in benign tumours or surrounding healthy tissues [34].
Elevated serum levels of PAD4 and citrullinated antithrombin were also observed in
patients with malignant tumours [35]. Further, Li et al found that PAD4 was involved in
repressing the expression of a subset of tumour suppressor p53 target genes [53]. And
recently, expression of the PADI2 genes in human mammary gland epithelial cells and
MCD-7 breast cancer cells was detected [54].The high expression of PADI genes in

cancer cells indicates that citrullination may promote tumourigenesis.

Multiple sclerosis

Multiple sclerosis is a chronic disorder of the central nervous system characterised by
local T-cell and macrophage infiltration, leading to demyelination and loss of
neurological function [55]. Hypercitrullination of MBP, resulting in an increased overall
ratio of citrullinated MBP versus total MBP and in the number of citrullines within the
citrullinated MBP molecules, has been described in multiple sclerosis [12,42,56].
Citrullination of MBP results in lower affinity to negatively charged myelin
phosphatidylserine residues, as overall positive charge of MBP is reduced, making MBP
much more prone to degradation by cathepsin D [57]. GFAP, which is an asterocyte-

specific intermediate filament, has also been shown to undergo deimination and
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increased amounts of citrullinated GFAP are present in the brain of patients with multiple

sclerosis [58]. Therefore citrullination is thought to play an important role in this disease.

Psoriasis

The autoimmune disease psoriasis is characterised by an increased mitotic activity in
the epidermis and this rapid proliferation results in an abnormal cornification [5]. A
decreased level of citrullination of keratin 1 (CK1) has been shown in the psoriatic

epidermis [27], indicating the role of citrullination in this disease.

Rheumatoid arthritis

Protein citrullination in the context of disease is, however, most often linked to the
autoimmune disease RA. RA is affecting around 0.5-1 % of the world’s population [59],
and as for many other autoimmune diseases, women are more likely to develop RA than
men, with a female:male ratio of 3:1 [60]. Although RA can occur at any age, the typical
age for disease onset is between 30 and 50 years. The disease course is characterised
by chronic inflammation of the synovial lining in diarthrodial joints causing bone erosion

and destruction and may lead to severe disabilities [61,62].

RA is further characterised by the presence of anti-citrullinated protein antibodies
(ACPAs) [63] in 62 % of early arthritis patients and 75 % of established arthritis patients,
with a specificity of 95-99 % [64]. ACPA-positive status is strongly associated with the
development of more erosive disease course [65]. ACPA is a collective term including
several antibodies with distinct citrullinated antigen-binding specificity, although a
minority of these may show cross-reactivity with multiple citrullinated epitopes [66,67]. A
continuously growing number of citrullinated proteins present in RA synovium have been
shown to be autoantigenic. These includes citrullinated forms of fibrin [68], vimentin [69],
collagen type Il [70], a-enolase [71], which all are well-established autoantigens.
Recently citrullinated forms of fibronectin [72], and myeloid nuclear differentiation
antigen, apolipoprotein E and actin [73] were found to be autoantigenic. While
citrullination is occurring in most inflammatory sites, the immune response towards
citrullinated proteins seems to be restricted to RA [74].

RA is a complex disease, strongly associated with both genetic and environmental risk
factors, equally contributing to the disease [75,76]. The main genetic contributions are
certain human leukocyte antigen-DRB1 (HLA-DRB1) allelic variants; amongst these are
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DRB1*0101 (DR1), DRB1*0401 (DR4) and DRB1*0404 (DR4) [77]. These DRB1 alleles
encode similar amino acid sequences in the hypervariable region of the HLA class Il
DR chain, especially in position 70 through 74, called the “shared epitope” [78]. The
shared epitope amino acids contribute to the peptide anchoring pocket P4 and makes it
positively charged [79]. Hill et al. demonstrated that the conversion of positively charged
arginine to neutral citrulline in a vimentin derived peptide, dramatically increased the
affinity for this peptide to DR4 [79], which was later confirmed by Snir et al. [80]. Other
citrullinated epitopes have also showed the same increase in affinity and thereby
association with ACPA-positive RA and the shared epitope alleles [81-83]. However, for
a number of fibrin derived peptides this could not be reproduced [84]. Moreover,
recently, Scally et al. presented high resolution crystal structures of HLA-DR4 in
complex with citrullinated aggrecan and vimentin epitopes [85]. They showed that the
binding of citrulline within the electropositive P4 pocket of HLA-DRB1*0401/04 was
conserved. However, van Steendam et al. found that citrulline-dependent T-cell
response is not restricted to RA, as they could not detect any differences in number of
citrulline reactive T-cells when comparing peripheral blood monocytes from healthy
individuals, spondylarthritis ancylopoetica and RA patients, indicating that citrullination
as such gives rise to a universal break in tolerance [86]. Consequently, T-cell response
in RA has to be further investigated.

The main environmental risk factor for developing RA is tobacco smoking [76,87,88]. In
fact, the combination of smoking and the presence of double copies of the shared
epitope genes increase the relative risk for developing RA more than 20 times,
compared to a non-smoker without the shared epitope genes [87]. Other potential
environmental risk factors include silica dust [89,90], mineral oil [91] and other airway

exposures [92].

The trigger or causative agent of RA is, however, not known, but increased citrullination
in the lungs as a result of tobacco smoking [93,94], or increased citrullination in the oral
cavity due to periodontitis and activity of bacterial PAD from P.gingivalis [26,95], have

been hypothesised to initiate RA in genetically susceptible individuals.

Interestingly, ACPA-negative RA seems to be a complete different subset of the RA, as
both genetic and environmental risk factors differs from the ones associated with ACPA-
positive RA [96].
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Methods for the detection of citrullination

As citrullination only increases the mass of the targeted protein by 1 Da per converted
residue this PTM is challenging to investigate. Historically direct MS-based identification
of citrullinated proteins present in a biological sample has not been possible due to
limitations in resolution and sensitivity of MS instrumentation [97]. Therefore several
methods have been developed in order to allow a deeper investigation of protein
citrullination, and to enlighten the role of this modification in various biological
processes. Most of the proteins known to be citrullinated today have been identified by
combining immunodetection after SDS-PAGE and Western blotting followed by MS
analysis for identification. However, many additional methods have been developed in
order to increase citrulline detection and make high throughput approaches. An

overview of existing methods is given in Table 2.

Modification of the citrulline ureido group

The unique ureido group of the citrulline side chain has been the target for various
chemical reactions in order to specifically detect and identify citrullination. Initially this
modification was based on the highly specific reaction between the ureido group of
citrulline and diacetylmonoxime (DAMO) under strong acidic conditions. However,
DAMO is thought to hydrolyse to 2,3-butandione prior to reaction [98] and in more recent
approaches DAMO was replaced by 2,3-butanedione. Based on the modification with
DAMO, Fearon presented in 1939 a colorimetric assay for detection of citrulline where
modified citrulline resulted in a pink/orange colour and could be detected by absorbance
at 530 nm [10], an assay that later has been improved by several research groups [99-
104]. The reaction product was later found to be highly reactive with nucleophiles and
antipyrine is now normally added to the reaction mixture for DAMO/2,3-butanedione
modification of citrulline, resulting in a more stable reaction product and a yellow colour
(Figure 3).

The 2,3-butanedione and antipyrine modification of citrulline residues is the basis for the
most commonly used method for detection of citrullinated proteins today. Senshu and
co-workers generated the so-called anti-modified citrulline antibodies [105] and
presented a method where citrulline residues in proteins were covalently modified on-
blot by 2,3-butanedione and antipyrine after separation by SDS-PAGE and being
transferred onto a polyvinylidenedifluoride membrane by Western blotting. The modified

citrulline residues were visualised by immunodetection using polyclonal antibodies
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against the modified citrulline. This allowed specific detection of citrulline residues
regardless of the protein backbone and flanking amino acids. Although high specificity
and sensitivity were obtained in this method, it cannot provide information about the
identity of the citrullinated protein or its modification site(s). Therefore, immunodetection
was combined with MS by running two parallel 2D-SDS-PAGEs; one for Western
blotting, to designate spots containing citrullinated proteins, and one for conventional
staining followed by MS analysis of the equivalent spot with the same electrophoretic
profile [71,106,107]. This modification technique followed by immunodetection has also
been used in immunohistochemistry to visualise the presence of citrullinated proteins in
tissue sections [51,71,108,109].

Antibodies against unmodified citrulline have also been raised, however, these
antibodies have shown to have poorer recognition rate than e.g. the anti-modified
citrulline antibodies (reviewed in [110]).

Another glyoxal derivative, phenylglyoxal has also been shown to specifically modify the
citrulline ureido group under acidic conditions [111,112]. Bicker and colleagues showed
that protein citrullination could be visualised by treating a protein sample with a
rhodamine-phenylglyoxal probe followed by separation by SDS-PAGE and fluorescent
imaging analysis [113]. The sensitivity of this method was shown to be equal to the
“Senshu-technique”. It further allowed determination of K, values for high affinity protein
substrates. However, identification of citrullinated proteins was not obtained and the
method has been found to be unsuitable for detection of citrullination in complex
samples since strong background reactivity was observed [110].
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Table 2: Overview of the currently available methods for the detection of citrulline residues,
with their advantages and disadvantages (adapted and modified from [114])

Method Advantages Disadvantages

Immuno detection

Antibodies against modified citrulline | Sensitive Time consuming

[115] Specific No location of citrulline within

Applicable to in
vivo samples

protein
No identification

MS analysis with modification

2,3-butanedione + antipyrine. Specific Large sample amounts
Detection by UV+ MALDI-MS [98]

2,3-butanedione + antipyrine. Specific Large sample amounts
Detection through signature ion at Specialized equipment
201.1 m/z after CID + ETD [111]

Selective enrichment after Specific Large sample amounts

modification with 4-
hydroxyphenylglyoxal [112]

Reduction of
sample complexity

2,3-butanedione and LC-MS Specific Large sample amounts
detection [116] Widely available

equipment
Stable isotope labelling with H,0'® Specific Inapplicable for analysis of in
[117] vivo citrullination
Br signature by modification with 4- Specific Time consuming
bromophenyl glyoxal [118]
Selective enrichment after Specific Fragmentation of the BPG

modification with biotin-PEG,-
glyoxalbenzoic acid (BPG). Detection
by LC-MS [119]

Reduction of
sample complexity
Sensitive

structure during MS/MS
fragmentation

MS analysis without modification

1 Da gain when compared to non-
citrullinated peptide [120]

Applicable to in
vivo samples

Non-distinguishable from
deamidation of N or Q
Accurate equipment
Incomplete deimination
Charge state distribution

No trypsin cleavage after citrulline
[71,121,122]

Applicable to in
vivo samples

Possible missed cleavage

Accurate mass and retention time
[120]

Applicable to in
vivo samples

Non-distinguishable from
deamidation of N or Q
Time consuming

Neutral loss of 43 Da after CID [123]

Specific
Applicable to in
vivo samples

Specialised equipment

Direct LC-MS/MS analysis [73,124] Specific High resolution

[Tutturen et al., submitted] Straightforward instrumentation
Colorimetric detection

2,3-butanedione + antipyrine Specific No identification

Detecting absorbance [103,104] Sensitive No location of citrulline sites
Rhodamine-phenylglyoxal Specific No identification
modification and UV detection [113] Sensitive No location of citrulline sites

Determine kinetics
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Modification of citrulline followed by mass spectrometric analysis

Although several approaches have been developed based on the specific modification
of the citrulline residue with 2,3-butanedione and antipyrine, the exact chemistry behind
this reaction was not revealed until Holm and co-workers elucidated the reaction
mechanism using nuclear magnetic resonance (NMR, Figure 3) [98]. Further, they
applied these modification conditions to synthetic citrulline-containing peptides and used
UV absorption at 464 nm for detecting the modification structure and determine the
presence of citrulline. This was combined with analysis of the modified peptides by
matrix assisted laser desorption ionisation-time of flight (MALDI-TOF) MS. In this
analysis a +238 Da mass shift of the peptide could be observed, corresponding to the
expected mass shift for this modification.

As a next step, Stensland and colleagues developed a method for targeted analysis of
protein citrullination using the 2,3-butanedione and antipyrine modification followed by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis applying
alternating collision induced dissociation (CID) and electron transfer dissociation (ETD)
fragmentation [111]. They discovered the presence of a modification derived signature
ion at m/z 201.1 in the mass spectra after CID fragmentation (Figure 3-A). Furthermore,
when applying ETD fragmentation the modification structure remained intact and MS/MS
spectra allowed identification of the peptides and their citrullination sites. This method
was demonstrated to be applicable at realistic sample amounts, but nevertheless,

required specialised MS equipment which allows both CID and ETD fragmentation.

Another MS-based approach was presented by De Ceuleneer and co-workers [116].
This approach is based on the specific modification of citrulline using 2,3-butandione
alone, which gives a mass increase of 50 Da per modified residue. They showed that by
subjecting a whole protein digest to modification conditions followed by MS analysis of
both the modified and unmodified version of the same sample, citrullinated peptides
could be identified by comparing the peptide mass fingerprints. This method requires
large sample amounts, but has the advantage of being applicable for a wide variety of

mass spectrometers.

Further, Choi et al. have presented a technique based on phenylglyoxal modification
[118]. They modified the citrulline residue in a peptide by the molecule 4-
bromophenylglyoxal followed by MALDI-TOF MS analysis. Due to the unique isotopic
distribution of Br (almost 50/50 between "°Br and 2'Br) a Br signature was observed in
the mass spectrum showing the first and the third isotopic peaks with similar heights.

This signature facilitated identification of the citrullination site by studying the
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fragmentation spectrum. However, for identification of citrullination in biological samples

the sensitivity may be a limitation.
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Figure 3: Specific modification of citrulline by 2,3-butanedione and antipyrine (adapted from
[98,114]). (A) Indicates the fragmentation site resulting in a signature ion at m/z 201.1 during
CID fragmentation [111], and (B) indicates the fragmentation site within the ureido group of
the citrulline side chain, resulting in a 43 Da neutral loss representing the loss of isocyanic
acid [123].

Mass spectrometric detection without modification

A specific feature of the citrulline residue itself, which happens during LC-MS/MS
analysis of citrullinated peptides was discovered by Hao et al. [123]. They observed that
in CID fragmentation the structure of the citrulline side chain was labile and resulted in a
neutral loss of 43 Da. They further demonstrated that this neutral loss represented the
release of an isocyanic acid moiety from the citrulline ureido group (Figure 3-B). For
characterisation of citrullinated peptides present in a sample, the sample was analysed
by LC-MS/MS and CID spectra were extracted for the neutral losses of 43 Da (singly
charged) and 21.5 Da (doubly charged) for peptide identification.
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This unique fragmentation feature was taken advantage of by Jin et al., who presented a
study where the neutral loss of citrulline in CID fragmentation was used as a signature
ion and a trigger for a second fragmentation of that peptide, using higher energy
dissociation (HCD) fragmentation [125]. HCD fragmentation does not suffer from low
mass cut-off and therefore gives a higher coverage of the peptide sequence than
obtained by CID fragmentation. Whereas CID fragmentation is the dominant
fragmentation pathway for isocyanic acid, and neutral loss fragmentation was
abundantly observed in this fragmentation mode, the abundance of neutral loss
fragmentation was significantly reduced in HCD fragmentation. The authors therefore
found CID triggered HCD fragmentation to be the optimal approach in their investigation
of citrullination of the recombinant proteins MBP and GFAP and in brain tissue samples.

Also other differences in specific features between citrulline and arginine have been
utilised in the investigation of citrullinated proteins. Hermansson et al. presented a
method based on accurate mass and retention time employed in LC-MS/MS analysis
[120]. Based on this method they propose that once the retention time and the mass of a
synthetic citrullinated peptide is known, the same peptide normally occurring in in vivo
samples may be targeted specifically for MS acquisition. The authors could detect
citrullinated fibrinogen peptides extracted from RA synovial samples by determine the
accurate mass and retention time from a previous run of in vitro citrullinated and non-
citrullinated fibrinogen. However, peptides containing asparagines and glutamines had
to be excluded from the analysis, because deamidation of these amino acids result in
the same mass shift as deimination of arginine, namely 0.98 Da. The double analysis
makes this a time consuming approach, and in vivo identifications are limited to peptides
present in the in vitro sample, whereas all other potential citrullinated peptides will be

ignored during acquisition.

Kubota et al. developed a method to determine citrullination sites using '°O stable
isotope labelling followed by MS analysis [117]. This method is applicable for in vitro
studies of citrullination sites after performing PAD treatment of proteins in 50 % H,'%0,
which will result in a characteristic isotope pattern in the mass spectra of citrullinated
peptides.

During the last decades MS technology has improved dramatically, offering high
resolution and high speed data acquisition. The increased sensitivity and mass accuracy
obtained by these new instruments have been shown, by a few studies, to enable
identification of citrullinated proteins by direct MS analysis. Some research groups have
applied direct MS analysis in their attempt to elucidate citrullination patterns in RA

synovial fluid. Van Beers and colleagues separated synovial fluid by SDS-PAGE and
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identified citrullinated proteins by direct MS analysis after in-gel digestion [73]. In the
third publication presented in this thesis, direct MS analysis was performed of RA
synovial fluid after a simple fractionation step performing depletion of immunoglobulin
gamma (IgG) and human serum albumin (HSA), in order to reach citrullinated proteins of
low abundance (Tutturen et al., 2014, submitted). However, also direct MS analysis of
total, unfractionated, in-solution digested synovial fluid, has been published [124]. All
three strategies resulted in the identification of numerous citrullinated proteins, but due
to individual variations in degree of citrullination between patients, as shown by Van
Beers [73], and differences in MS instrumentation applied, the strategies cannot be
compared based on number of identifications.

Enrichment of citrullinated peptides followed by MS analysis

So far, only two strategies have been developed for specific enrichment of citrullinated
peptides from complex mixtures, which both are based on specific modification of the
citrulline ureido group. Both strategies are presented in publications included in this

thesis.

The first method represents a bead-based approach in which beads were functionalised
with the citrulline reactive glyoxal derivative 4-hydroxyphenylglyoxal via a base labile
linker, generating “citrulline reactive beads” (CRBs) [112]. During acidic incubation of a
peptide mixture with CRBs, citrulline residues are covalently modified and thereby
immobilized onto the beads, allowing unbound non-citrullinated peptides to be washed
away. Citrullinated peptides are subsequently released by applying basic conditions in
the presence of guanidinium followed by identification by MS analysis. Although the

specificity is remarkable the sensitivity is still a limitation of that approach.

The second enrichment strategy has both high specificity and sensitivity and represents
an in-solution-based modification approach in which citrulline residues in a complex
mixture are specifically biotinylated using the molecule biotin-PEG,-4-glyoxalbenzoic
acid (BPG) [119]. Thereby their selective enrichment is rendered possible by incubation
with streptavidin beads. After extensive washing of the streptavidin beads in order to
remove non-citrullinated peptides, citrullinated peptides are eluted from the beads by

excess of free biotin and analysed by MS.
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Quantitative determination of degree of citrullination

Although many methods have been developed for the detection and identification of
citrullinated proteins only a few of these can acquire information about the exact
citrullination site and allow quantitation of degree of citrullination. Degree of citrullination

is the percentage of a given arginine residue residing in its citrullinated state.

MS-based quantitation of degree of citrullination is challenging, as citrullination leads to
a mass increase of only 1 Da. For a partially citrullinated peptide the native and
citrullinated isotopic distribution patterns will overlap, complicating the calculation.
However, based on a method for calculation of deamidation described by Robison et al.
[126] Stensland et al. determined degree of citrullination of PADA4-treated synthetic
citrulline-containing peptides based on isotopic distribution patterns obtained by MALDI-
TOF MS analysis [127]. Calculation was performed by subtracting the centroid mass of
the native peptide from the centroid mass of the PAD4-treated peptide, resulting in a
centroid mass corresponding to the average degree of citrullination. Further, De
Ceuleneer et al. based their analysis on the isotope mixture model described by Dasari
et al. [128] and also calculated degree of citrullination of peptides based on their skewed
isotopic distribution pattern [129]. The overlap of isotopic distribution patterns for
partially citrullinated peptides results in a deviation from the theoretical isotopic
distribution pattern for the native peptide which was the basis for calculation. They found
that the skewed isotope distribution pattern of the lowest charge state of the peptide
linearly corresponded to the percentage of citrullination of that peptide. Using this
method they also quantified in vivo degree of citrullination in peptides derived from

synovial fluid samples.

However, the first research group able to quantify in vivo citrullinated peptides was
Hermansson et al. who used the accurate mass and retention time method described
above [120]. The degree of citrullination in RA tissue was calculated as the ratio of the
chromatographic peak areas of the citrullinated and non-citrullinated version of the same
peptide.

In the third publication presented in this thesis individual peptide quantitation was also
obtained using an area under curve approach based on calculations from the software
MaxQuant. Degree of citrullination in proteins identified in RA synovial fluid was
calculated by dividing the sum of intensities of peptide identifications in a particular
citrullination state by the sum of intensities of all identifications of that peptide

independently of modifications.
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AIM OF STUDY

The aim for this thesis was to detect citrullinated peptides by mass spectrometry and to
develop strategies for specific and sensitive enrichment of citrullinated peptides from

complex biological samples.
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SUMMARY OF PAPERS

Paper |
A technique for the specific enrichment of citrulline-containing peptides

In this study we developed a bead-based technique for the selective enrichment of
citrullinated peptides from complex peptide mixtures. First we show that the ureido
group of citrulline can be selectively modified by glyoxal derivatives under strong acidic
conditions, resulting in a covalently modified citrulline residue. Further this glyoxal
derivative was immobilized onto solid phase via a base-cleavable linker, generating the
Citrulline Reactive Beads (CRB). The beads were applied for enrichment of synthetic
citrulline-containing peptides from increasingly more complex samples. The method was
validated by enrichment citrullinated peptides form a digest of enzymatically deiminated

myelin basic protein. Results showed a remarkable specificity.

Paper ll
Specific biotinylation and sensitive enrichment of citrullinated peptides

In this study we present a sensitive in-solution-based technique for the specific
modification and enrichment of citrullinated peptides from complex biological samples.
The technology is based on an in-house synthesised molecule, biotin-PEG-GBA (BPG),
consisting on a 4-glyoxalbenzoic acid (GBA) group, which reacts specifically with the
citrulline ureido group at low pH, and a biotin moiety that binds streptavidin with a very
high affinity. Consequently, upon modification biotin is covalently attached to the
citrullinated peptides present in a biological sample and the modified peptides are
selectively enriched using streptavidin and characterised by MALDI-TOF/TOF MS. The
specificity and sensitivity of this enrichment strategy were demonstrated by enrichment
of synthetic citrulline-containing peptides or enzymatically deiminated peptides spiked

into a heterogeneous biological digest.

28



Paper Il

Assessing the citrullinome in rheumatoid arthritis synovial fluid with and without

enrichment of citrullinated peptides

In this study we assess the citrullinome of RA synovial fluid by direct LC-MS/MS
analysis and by the use of the enrichment strategy presented in Paper Il. Synovial fluid
was depleted for abundant proteins and non-depleted and depleted fractions were
analysed. From direct MS analysis, frequencies of citrullinated peptides together with
the degree of citrullination in individual sites, in addition to a novel in vivio
autocitrullination site in PAD4, were determined. Further, by the use of specific
enrichment the number of citrullinated peptides, estimated by detecting a modification
specific signature ion, was more than thirteen times higher than the number of
citrullinated peptides identified by direct MS analysis. This result strongly indicates that
only a fraction of the citrullinated peptides present in the synovial fluid was identified by
direct MS analysis and that the use of specific enrichment tools most likely will provide

greater insight into the synovial fluid citrullinome.
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METHODOLOGICAL CONSIDERATIONS

Proteases used for sample preparation

Trypsin is by far the most used protease applied for proteolytic digestion of proteins prior
to MS analysis. Trypsin cleaves C-terminally to arginine and lysine residues with high
specificity [130]. However, citrullination of arginine is expected to block tryptic cleavage
at this site because the positive charge needed for enzyme catalysed hydrolysis is
removed [71,121,122]. Missed cleavages will therefore be more often observed for
samples containing citrulline residues than for those which don’t. In some studies this
difference is taken advantage of because it facilitates comparison of chromatograms
and enables identification of citrullination sites. Nevertheless, some studies have
reported C-terminal citrulline in tryptic peptides [23,131], therefore these comparisons
must be carried out very carefully. To avoid this we have used the proteolytic enzyme
endoproteinase LysC (or lysylendopeptidase) in the three publications presented in this
thesis. As this enzyme only cleaves after lysine residues, cleavage occurs
independently of the presence of arginine or citrulline. The disadvantage of using
endoproteinase LysC is that the generated peptide fragments become longer, with an

average size of 20.5 amino acids [132].

Enrichment of citrullinated peptides from complex samples

In proteomic-based studies of PTMs reduction of sample complexity has been a
requirement. Therefore several enrichment techniques have been developed for a
variety of PTMs, which extensively have been applied for the elucidation of their patterns
in biological processes. However, for citrullination no enrichment technology was

available until the first article presented in this thesis was published.

Bead-based enrichment

In Paper | we generated “citrulline reactive beads” for the specific enrichment of
citrullinated peptides from complex peptide mixtures. Beads were functionalised with 4-
hydroxyphenylglyoxal (HPG) via a base-labile linker. Incubation of the citrulline reactive

beads with a peptide mixture at low pH allowed selective immobilisation of citrullinated
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peptides, whereas non-citrullinated peptides were easily washed away. Washing had to
be carried out at acidic conditions to avoid a neutral or slightly basic environment, which
would allow arginine modification to occur leading to immobilisation of non-citrulline-
containing peptides [133]. Further, the presence of guanidinium as a scavenger during
basic cleavage of immobilised citrullinated peptides was required to avoid
carboxymethyl-HPG moieties to modify arginine residues present in the released
citrulline-containing peptides.

Even though this enrichment technique showed a remarkable specificity its sensitivity
was limited. The immobilisation of citrulline reactive glyoxal groups onto relatively big
beads could reduce the chance for citrulline residues present in peptides to encounter
the glyoxal moieties, and thereby result in lower reaction efficiency compared to an in-
solution-based approach. Further, the beads applied (PL-DMA Resins) were porous and
peptides could be trapped inside the beads. Tracking of citrullinated peptides, e.g. by
using radioactive labelled peptides would clarify this. The PL-DMA Resin was chosen
due to its stability during the harsh conditions required for modification (50 %
trifluoroacetic acid and 45 °C). However, ideally, small, non-porous beads, with
resistance to the required modification conditions, and preferably magnetic, should be

used. The use of such beads would most probably significantly increase the sensitivity.

Synthesis of GBA and BPG

In Paper Il we synthesised a citrulline reactive molecule, 4-glyoxalbenzoic acid (GBA),
by selenium dioxide mediated oxidation of 4-acetyllbenzoic acid [134]. The purity of the
product was evaluated by thin layer chromatography (TLC), where 4-acetylbenzoic acid
and GBA ascend the TLC plate at different rates. UV light was used for detection of
aromatic compounds and results showed only one spot when analysing the product.
However, the obtained yield was rather low, approximately 15 %, indicating that the
synthesis procedure could be optimised. On the other hand, since we obtained a
product free from 4-acetylbenzoic acid and the reagents were of low cost, optimising the

synthesis yield was not prioritised.

Further, GBA was coupled to the commercially available molecule amine-PEGz-biotin,
generating the citrulline reactive and biotin labelled molecule, biotin-PEG-GBA (BPG).
After synthesis, BPG was purified using reversed phase chromatography. The eluates
after purification were pooled and divided into aliquots. The identity of BPG was

confirmed by MS and by functional tests where synthetic citrulline-containing peptides
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were modified and analysed by MALDI-TOF/TOF MS. The yield of the purified product,

however, was not determined.

Mass spectrometry in the investigation of citrullination

In the last decades mass spectrometric instrumentation has presented enormous
advances in terms of sensitivity and resolution and thereby increasing mass accuracy
and identification rate. Studies on protein characterisation, including identification of
modification sites for PTMs, have greatly benefitted from such improvements and MS is

extensively used in this field.

MALDI-TOF MS in the analysis of carboxymethyl-HPG and BPG-modified peptides

The use of MALDI-TOF MS enables fast and accurate analysis of simple peptide
mixtures. In Paper | and Paper II MALDI-TOF MS was used to confirm correct
modification of citrulline residues by analysing native and modified peptides in TOF
mode. The modification site was pin-pointed by generating a fragmentation spectrum of
the modified peptide in LIFT mode (TOF/TOF) followed by interpretation of the acquired
spectrum. Further, MALDI-TOF MS was employed in the optimisation of the specificity of
the enrichment strategies. E.g. for the enrichment of a known synthetic citrulline-
containing peptide spiked into a complex mixture, the enriched sample was also
evaluated for the presence of other, non-citrullinated peptides derived from unspecific
binding. Sensitivity was also addressed using MS analysis by detecting the enrichment
of a citrulline-containing peptide spiked into a complex sample in decreasing amounts.
When validating the methods enriched peptides from PAD-treated MBP were analysed
by recording TOF and TOF/TOF spectra. In addition to manual interpretation TOF/TOF
spectra were subjected to database search using the Mascot search engine in order to
identify enriched peptides.

In MALDI, however, basic and aromatic peptides seem to be favoured [135], and
especially arginine-containing peptides are known to ionise better than non-arginine
containing peptides [136,137]. Stensland et al. also showed that citrullination of the
basic and easily protonated arginine residue significantly reduce the response factor, or
ionisation properties, of the citrullinated product when using MALDI [127]. In the

development of the enrichment strategies we compared arginine-containing peptides
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with modified citrulline-containing peptides, which we would expect to have the same
difference in response factor as arginine and citrulline. However, the synthetic citrulline-
containing peptides applied also contained an arginine residue, and therefore the
difference in ionisation properties was not an issue in the analysis of these. For the
enriched PAD-treaded MBP peptides, on the other hand, a difference in response factor
could have contributed to low signal intensities of the enriched non-arginine-containing
peptides.

LC-MS/MS in the analysis of citrullination

For mass spectrometric analysis of complex biological samples LC-MS/MS is the
method of choice. Peptides are separated by reversed phase chromatography by high
performance liquid chromatography (HPLC) before entering the mass spectrometer via

an electrospray ionisation (ESI) source.

The MS instrument used in Paper Ill, a hybrid quadrupole-orbitrap mass spectrometer
(QExactive) with HCD fragmentation mode, provides high resolution, which is a
requirement for direct analysis of citrullination in complex samples. Only high resolution
instruments obtain the mass accuracy needed to distinguish between the citrullinated

and non-citrullinated version of a peptide.

When analysing samples of high complexity, like synovial fluid, a long LC-gradient is
needed to obtain good separation of peptides resulting in high identification rates. As
part of Paper Il we investigated synovial fluid by direct LC-MS/MS analysis and used a
260 minutes multi stepped gradient optimised for the sample. Further, a long gradient
also allows separation of citrullinated peptides from their non-citrullinated counterparts
due to the difference in their hydrophobicity. While MALDI favours arginine-containing

peptides, ESI is less affected by the presence of this amino acid in a peptide [135-137].

Identification of citrullinated proteins in synovial fluid

In Paper lll we present a study where synovial fluid from an ACPA-positive RA patient
was either directly analysed by LC-MS/MS or after enrichment of citrullinated peptides,
as described in Paper Il. A simple sample preparation, including stepwise depletion of
IgG and HSA, was performed and obtained synovial fluid fractions were analysed by a
high resolution hybrid quadrupole-orbitrap mass spectrometer (QExactive).
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From the direct analysis of all synovial fluid fractions, 2595 citrullinated peptides were
identified with redundancy, from which 268 were unique identifications. In total 139
proteins were identified to harbour together 298 citrullination sites. The high number of
citrullinated proteins identified shows a depth of analysis, which has only been shown by

one other, recently published study, where also direct MS analysis was applied [124].

The synovial fluid fractions analysed by the direct approach (except from the Pellet)
were also analysed using the BPG-enrichment strategy, followed by LC-MS/MS
analysis. The obtained raw files were analysed in a similar way as the directly analysed
samples; by using the MaxQuant software [138] and the Andromeda search engine
[139]. The only difference was the addition of the variable modification Arg->BPGmodCit
to the search parameters. This resulted in 109 identifications of BPG-modified
citrullinated peptides with redundancy, of which only 24 were unique peptides. The raw
files obtained for the enriched samples were initially searched using the search engine
Mascot (from Matrix Science), which is the search engine most widely used in
proteomics. This search only identified five BPG-modified peptides, of which four were
unique identifications. The two search engines Mascot and Andromeda both use a
probabilistic scoring model, but different search algorithms. Andromeda is optimised for
orbitrap data, and is based on two levels of scoring; peptide identification scoring and
posterior error probability (PEP) scoring. Mascot only uses the peptide identification
score, which is solely based on MS/MS quality. The PEP score gives the probability of a
false hit based on the peptide identification score and the number of theoretical peptide
candidates in the database. It has been shown that the use of Andromeda gives an
improved identification of heavily modified peptides compared to Mascot [139]. The BPG
modification itself implements a big, bulky structure to the peptide with a mass increase
of 516.2 Da per modified citrulline residue, which may be the reason for why Andromeda
seems to be better suited for characterisation of BPG-modified peptides. As a
consequence of these results we only used MaxQuant and Andromeda for data
analysis. Nevertheless, when compared to the results obtained in the direct MS analysis
of these synovial fluid fractions, the identification rate after BPG enrichment was

disappointingly poor.

Therefore, we wanted to demonstrate the specificity of the enrichment technique, when
applied to a sample with such high complexity as synovial fluid, by a different strategy.
From earlier studies, using both MALDI and ESI, the PEG-spacer within the BPG
molecule was known to easily fragment, resulting in the generation of a specific
signature ion at m/z 270.1 (Figure 4). This signature ion was observed in every MS/MS

spectrum recorded of BPG-modified peptides and was therefore taken as an indicator
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for the fragmentation of a BPG-modified citrullinated peptide. MS/MS spectra acquired
from the non-depleted and the IgG and HSA depleted synovial fluid showed that 95 % of
these contained the signature ion. In contrast, m/z 270.1 was only found in less than
1 % of the MS/MS spectra acquired for same fractions analysed by the direct approach,
demonstrating that the occurrence of ions with isobaric masses to the signature ion in
non-BPG-modified samples are rare. This confirms the remarkable specificity of the
enrichment strategy demonstrated in Paper II.

Further, the numbers of unique citrullinated peptides enriched from non-depleted and
IgG and HSA depleted synovial fluid fractions were estimated by counting unique
monoisotopic precursor masses selected for MS/MS. The numbers were estimated to be
approximately 3600 and 2100, respectively. By direct MS analysis of the same fractions
the numbers of unique citrullinated peptides identified were 119 and 157, respectively;
more than thirteen times lower. This indicates that despite highly increased performance
of MS instrumentation there is still a substantial portion of the synovial fluid citrullinome
that is currently unreachable for direct MS identification. The use of specific enrichment
tools would most likely provide a greater insight into the synovial fluid citrullinome.

Nevertheless, there are obviously still challenges that need to be overcome in the LC-
MS/MS analysis of BPG-modified peptides. A closer investigation of the MS/MS spectra
acquired of BPG-enriched peptides revealed that only 1.4 % of almost 155 000 MS/MS
spectra were of a quality high enough to result in peptide identification. Fragmentation of
the BPG-structure during HCD fragmentation resulted in several BPG-derived ions, in
addition to the m/z 270.1, which could be observed in the majority of the MS/MS
spectra; m/z 227.1, corresponding to the mass of a biotinyl fragment (Figure 4), m/z
286.1, corresponding to a fragmentation site in the PEG-spacer (Figure 4), m/z 246.1
and m/z 332.1, with unknown origin and m/z 517.1 and m/z 535.2, which represents the
BPG molecule itself, with the loss of one water molecule for m/z 517.1. The extensive
BPG fragmentation seemed to reduce fragmentation yield of the peptide backbone
resulting in poor sequence coverage of the analysed peptide and a low quality of MS/MS
spectra. To reduce the interference of the numerous BPG-derived fragment ions during
data analysis, tailor made bioinformatic tools, subtracting these m/z values from the
mass list before submitted to the search algorithms, could be implemented. This could
potentially increase the identification rate of BPG-modified peptides to some extent.
However, the major reason for low identification rate is poor MS/MS quality due to
reduced fragmentation of peptide backbone. Therefore, the optimal solution would
presumably be to introduce a cleavage site into the modification structure, e.g. a base-

labile site cleaved under basic conditions or an S-S linker cleaved under reducing
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conditions. Hereby enriched peptides could be directly cleaved off the streptavidin beads
without elution, resulting in a significantly smaller modification structure left on the
citrulline side chain and more informative MS/MS spectra could be acquired for enriched

peptides leading to their identification.
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Figure 4: Proposed fragmentation sites of the BPG molecule in HCD fragmentation indicated
as blue lines.
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GENERAL DISCUSSION

Citrullination in rheumatoid arthritis

In recent years, citrullination has been increasingly recognised for its involvement in
both health and disease. In important physiological processes, such as apoptosis and
gene regulation, citrullination has been shown to play a role. However, the major focus
in the context of citrullination has been its role in the pathophysiology of several
diseases, and especially in RA. In RA, citrullination seems to play a key role, as
pathology includes both humoral and cellular immune response towards citrullinated
proteins. ACPAs are found in 75 % of patients with established arthritis [64] and can be
detected up to ten years before disease onset [140,141]. However, ACPAs only appear
in patients carrying certain susceptibility genes, with the MHC class || HLA-DRB1 shared
epitope alleles [78] as the most important genetic risk factor [142,143]. How the MHC
class Il influences B-cell activation and ACPA production is still not fully understood,
however, interaction between antigen presenting cells and T cells is required [144].

Despite the value of ACPAs as a predictive diagnostic marker, there is still limited
knowledge about the ACPA antigens in vivo. The importance of citrullination in RA and
the need for a comprehensive characterisation of citrullinated proteins in the RA

synovium was what motivated us to start this project.

Enrichment strategies in the analysis of PTMs

A wide range of techniques have been developed in order to study PTMs, and several of
these are based on specific enrichment of proteins or peptides carrying the PTM of
interest. Although MS technology has improved dramatically in recent years, the
significance of increasing the relative abundance of PTM-bearing proteins by applying
enrichment procedures, was shown to be evident when comparing articles published
from 2010 to 2012 presenting PTM identification and characterisation by MS [145].

Strategies to reduce sample complexity in order to increase the number of identified
PTMs are often based on affinity purification or chemical labelling techniques.

Antibodies specific towards a broad spectrum of PTMs can easily be raised, facilitating
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approaches based on immunoaffinity and immunoprecipitation. These approaches are
widely used for several types of modifications, including acetylation, methylation, protein
acylation and protein ubiquitinylation. Further, several affinity chromatography based
techniques have been developed, where proteins or peptides with affinity to a given
affinity matrix or ligand are retained, whereas those showing no affinity are washed
away. Subsequently, the retained proteins or peptides are eluted using either a
competitive ligand or by changing operational parameters, such as pH or ionic strength.
Such a technique is combined fractional diagonal chromatography (COFRADIC), which
was specifically developed for isolation and characterisation of methionine-containing
peptides [146], but can also be used to study protein N-acetylation [147]. Other
techniques based on affinity chromatography are immobilized metal ion affinity
chromatography (IMAC) [148] and titanium dioxide (TiO,) [149] (reviewed in [150]),
which are the most commonly used enrichment strategies for phosphoanalysis.
Immobilisation strategies have also been developed. E.g. for enrichment of N-
glycoproteins hydrazide chemistry is mostly used, where carbohydrates in the
glycoproteins are oxidised allowing their subsequent immobilisation onto hydrazide-
activated beads [151].

Enrichment strategies for citrullination, however, were not available at the time this
project was initiated. For enrichment of citrullinated proteins or peptides immunoaffinity
purification has been difficult because the molecular change resulting from the
conversion of arginine to citrulline, where a nitrogen and a hydrogen atom are being
substituted by an oxygen atom, is very small. It is therefore challenging to obtain highly
specific antibodies that discriminate between arginine and citrulline within its epitope.
Yet, a few antibodies against unmodified citrulline have been raised (reviewed in [110]).
The most known is an IgM monoclonal antibody designated as F95 [152]. This antibody
was raised against a decacitrullinyl peptide and was further selected for its reactivity
against citrullinated MBP. It has been used for immunohistochemistry and staining on

Western blot, but, to the authors knowledge, not for enrichment.

Due to difficulties in raising specific antibodies against citrulline itself, modification based
techniques would be more suited for the enrichment of this small PTM. Historically,
approaches based on chemical labelling of the citrulline residue have shown remarkable
specificity, as described more detailed in the chapter Introduction. Modification with
DAMO/2,3-butandione and/or antipyrine have been extensively used for citrulline
modification, followed by either on-blot immunostaining with modification specific
antibodies raised in rabbits [115] or MS analysis [98,111,116]. However, neither of these

two variants of the modification allowed enrichment. Therefore, we tested different
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glyoxal derivatives, which contained a second functional group in addition to the
citrulline reactive dicarbonyl group [112]. We found that phenylglyoxal derivatives
modified the ureido citrulline group with the same remarkable specificity as 2,3-
butanedione, however, the modification reaction needed more harsh conditions, such as
50 % trifluoroacetic acid. Encouraged by promising results, we followed that way, what
has resulted in two enrichment strategies. In Paper | we applied the glyoxal derivative 4-
hydroxyphenylglyoxal (HPG) as citrulline reactive group [112]. The hydroxyl group of
HPG was utilized for coupling the molecule onto solid phase, resulting in a bead-based
approach. In Paper Il we synthesised the molecule 4-carboxyphenylglyoxal; or 4-
glyoxalbenzoic acid (GBA), in which the carboxyl group allowed coupling to the amine
group of the biotinylated molecule amine-PEG,-biotin, forming a stable amide bond and
resulting in a citrulline reactive biotin-label [119]. This soluble molecule allowed in-
solution modification of citrulline residues followed by streptavidin based enrichment.
Both methods were shown to be highly specific for the enrichment of citrulline-containing
peptides. A drawback, however, for both methods, might be the chemical aspects in
preparing the CRBs and synthesis of BPG, as both protocols consist of quite many
steps.

The major focus of the discussion of these two methods is of a technical nature, and has

therefore been considered in the chapter Methodological Considerations.

Identification of citrullinated proteins in rheumatoid arthritis

Due to the extreme complexity and the dynamic range of protein composition in body
fluids, like synovial fluids, the analysis of these samples is known to be challenging.
Identification studies of most in vivo PTM patterns therefore usually require enrichment
before analysis. Hence, it was an obvious choice of direction to head for the
development of enrichment strategies to enable identification of in vivo citrullination.
However, in the last years, substantial improvements in MS instrumentation have
enabled identification of citrullination through direct MS analysis [73,124]. On the other
hand, a recent review states that the significance of applying enrichment strategies still
is evident [145]. Therefore, in Paper Ill we present a study where RA synovial fluid is
analysed in a direct proteomic-based approach and after specific BPG enrichment in
order to assess the in vivo citrullination pattern. The results of this study confirmed that

analysis of small PTMs in complex samples clearly benefits from the advances in MS
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technology, which was demonstrated by the high number of identified citrullinated
proteins. However, despite unexpected challenges in the LC-MS/MS analysis of BPG-
modified peptides, the enrichment strategy appeared to be superior to the direct
approach, when it comes to depth of analysis. This strongly indicates that further
development of specific enrichment tools would gain more knowledge and a greater
insight into the in vivo citrullinome. This is discussed in detail in the chapter
Methodological Considerations.

Further, most citrullinated proteins present in RA synovium have been identified by
analysing synovial tissue and synovial fluid. This is in line with the suggestion that
citrullination of intracellular proteins may occur extracellularly, after breakdown of the
membrane of dying cells leading to the release of these proteins, including PADs [74].
This suggestion was proposed since millimolar concentrations of calcium was shown to
be required for PAD activation in vitro [153], whereas intracellular calcium
concentrations normally do not rise above low micromolar levels, even though elevated
calcium concentrations could occur locally in the cells by efflux of calcium from the
endoplasmatic reticulum, mitochondria or through plasma membrane channels [18].
However, it may seem that there still are mechanisms of PAD activation that remain to
be discovered. Recently, Romero and colleagues presented a study where they
demonstrated that citrullination in the RA joint is cell-associated and since it was
characterised by prominent citrullination of a broad range of proteins, they termed this
pattern “hypercitrullination” [124]. By examination of neutrophils and monocytes, which
are largely presented in the RA synovium [154] and also have been shown to be major
sources for PADs in the RA joint [155], they show that hypercitrullination is prominently
induced by the immune-mediated membranolytic pathways, perforin and membrane
attack complex. In another recent study, Darrah et al. from the same group,
demonstrated that the dependency of PAD4 to calcium could be significantly decreased
through interaction with an antibody [153]. This indicates that PAD activity may not be as
dependent on high calcium concentrations as previously thought. Romero et al.
therefore suggests that PAD activity causing hypercitrullination within neutrophils and
monocytes could be induced by interaction with a binding partner, still of unknown
identity, which could decrease the requirement for high calcium concentrations and
thereby allow intracellular citrullination to occur [124]. This opens up for new areas to be

studied in the search of the origin of citrullinated autoantigens in RA.

Several citrullinated autoantigens in the pathogenesis of RA have been identified. These
include citrullinated forms of vimentin [69,156], fibrin (fibrinogen a-and B-chains) [68],

collagen type Il [70,157] and a-enolase [71,157,158], which all are well-established
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autoantigens in RA (reviewed in [159]). Further, more recently, also citrullinated forms of
apolipoprotein E, myeloid nuclear differentiation antigen and actin [73] in addition to
citrullinated fibronectin [72] have been found to be autoantigenic when screened with
ACPA-positive RA sera. Immune response towards citrullinated proteins, in form of
ACPA production, is restricted to RA [74], even though citrullination occur in most, if not
all, inflamed tissues. Therefore, it would be of great interest to elucidate whether it is the
nature of one or a few specific antigens or the antigen load that may initiate the immune
response. Knowledge about this could be achieved by a comprehensive, in-depth
comparison of citrullinated proteins present in synovial samples from different patient
groups; ACPA-positive and ACPA-negative RA and e.g. osteoarthritis. Further, the
majority of citrullinated proteins identified to be autoantigenic have been found by
selecting several citrullinated candidate peptides which were screened with RA sera,
and the ones that were reactive were defined as autoantigenic. However, a more direct
strategy, which would reflect the in vivo situation, could be obtained by eluting antigens
from IgGs isolated from ACPA-positive RA synovial fluid. By mass spectrometric
analysis of eluted antigens quantitative data could be obtained, giving an indication of
which autoantigens are playing a central role in the act of ACPA response.

Homocitrullination - carbamylation of lysine

The enrichment strategies presented in Paper | and Paper Il may also be applied in the
analysis of homocitrullinated proteins, which was demonstrated by the enrichment of

synthetic homocitrulline-containing peptides in unpublished results.

Homocitrulline resembles citrulline in structure and physical properties, as both amino
acids carry an ureido group. Several of the techniques developed for detection of
citrullination presented in the introduction, as well as the enrichment strategies
presented in the Paper | and Paper Il, are based on modification of the ureido group,
leading to modification of both citrulline and homocitrulline residues present in the
sample [160]. Techniques based on visualisation without identification of modified
proteins will not allow distinguishing between citrulline and homocitrulline. However,
when MS is applied for identification the difference in side chain length by one CH,-
molecule, between these two amino acids, can be implemented in the search
parameters and both citrullinated and homocitrullinated peptides will independently be
identified.
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Homocitrullination occur by carbamylation of lysine in a non-enzymatic spontaneous
chemical reaction of urea-derived cyanate with the free NH,-group on lysine residues. In
normal physiology urea concentration is too low to allow carbamylation, however, in
inflammation sites thiocyanate is converted to cyanate by the enzyme myeloperoxidase,

which is released from neutrophils [161].

Both citrullination and homocitrullination results in the loss of a positive charge, therefore
inducing the same biochemical consequences for their targeted proteins. The striking
similarity between these two amino acids, in structure, physical properties and
occurrence in inflammation sites, has raised the question of the role of homocitrullination
in the pathogenesis of RA, and if ACPAs also would recognise
homocitrullinated/carbamylated peptides. Recently, it was shown that carbamylated
proteins were present in the RA joints [162], which were also the presence of
anticarbamylated protein (anti-CarP) antibodies [163]. However, anti-CarP antibodies
and ACPAs were found to be two distinct set of autoantibodies, which did not show
cross reactivity [163]. Nevertheless, the presence of another autoantibody system
recognising carbamylated proteins, in addition to the autoantibody system that
recognises citrullinated proteins, adds new insight into the pathogenesis of RA, and
maybe particularly ACPA-negative RA [163].
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FINAL COMMENTS

In RA, where an immune response is initiated towards citrullinated proteins, the
characterisation of proteins that undergo citrullination and which of these becomes
autoantigenic, could potentially reveal underlying mechanisms in the pathogenesis of

the disease.

Mass spectrometric instrumentation has the last decades improved dramatically now
allowing the identification of several citrullinated proteins present in synovial fluid by
direct MS analysis. However, the use of citrulline specific enrichment strategies have
generated evidence for that many citrullinated peptides present in such a complex
sample go underreported in the direct analysis. This finding strongly supports further
development and optimisation of specific enrichment tools to enable a comprehensive

elucidation of in vivo citrullination.

Characterisation of in vivo citrullination patterns in ACPA-positive RA compared to
ACPA-negative RA and other inflammatory conditions could gain insight into if the
immune response towards citrullinated proteins in ACPA-positive RA is caused by the

presence of certain autoantigens.

Recently, also homocitrullination has been found to play a role in the pathogenicity of
RA. Specific enrichments tools based on chemical modification of the ureido group,
followed by identification of enriched peptides by mass spectrometry, allow
characterisation of both citrullinated and homocitrullinated proteins. This might bring new

insight into our understanding of RA.

43



REFERENCE LIST

1. Cerny M, Skalak J, Cerna H, Brzobohaty B: Advances in purification and separation of
posttranslationally modified proteins. J.Proteomics 2013.

2. Doyle HA, Mamula MJ: Autoantigenesis: the evolution of protein modifications in
autoimmune disease. Curr.Opin.Immunol. 2012, 24:112-118.

3. Schellekens GA, Visser H, de Jong BA, van den Hoogen FH, Hazes JM, Breedveld FC,
van Venrooij WJ: The diagnostic properties of rheumatoid arthritis antibodies
recognizing a cyclic citrullinated peptide. Arthritis Rheum. 2000, 43:155-163.

4. Rothnagel JA, Rogers GE: Citrulline in proteins from the enzymatic deimination of
arginine residues. Methods Enzymol. 1984, 107:624-631.

5. Gyorgy B, Toth E, Tarcsa E, Falus A, Buzas El: Citrullination: a posttranslational
modification in health and disease. Int.J.Biochem.Cell Biol. 2006, 38:1662-1677.

6. Orgovan G, Noszal B: The complete microspeciation of arginine and citrulline.
J.Pharm.Biomed.Anal. 2011, 54:965-971.

7. Tarcsa E, Marekov LN, Mei G, Melino G, Lee SC, Steinert PM: Protein unfolding by
peptidylarginine deiminase. Substrate specificity and structural relationships
of the natural substrates trichohyalin and filaggrin. J.Biol.Chem. 1996,
271:30709-30716.

8. van Venrooij WJ, Pruijn GJ: Citrullination: a small change for a protein with great
consequences for rheumatoid arthritis. Arthritis Res. 2000, 2:249-251.

9. Slade DJ, Subramanian V, Fuhrmann J, Thompson PR: Chemical and biological
methods to detect posttranslational modifications of arginine. Biopolymers
2013.

10. Fearon WR: The carbamido diacetyl reaction: a test for citrulline. Biochem.J. 1939,
33:902-907.

11. Rogers GE, Harding HW, Llewellyn-Smith 1J: The origin of citrulline-containing
proteins in the hair follicle and the chemical nature of trichohyalin, an
intracellular precursor. Biochim.Biophys.Acta 1977, 495:159-175.

12. Vossenaar ER, Zendman AJ, van Venrooij WJ, Pruijn GJ: PAD, a growing family of
citrullinating enzymes: genes, features and involvement in disease. Bioessays
2003, 25:1106-1118.

13. Mechin MC, Sebbag M, Arnaud J, Nachat R, Foulquier C, Adoue V, Coudane F, Duplan
H, Schmitt AM, Chavanas S, et al.: Update on peptidylarginine deiminases and
deimination in skin physiology and severe human diseases. Int.J.Cosmet.Sci.
2007, 29:147-168.

14. Kearney PL, Bhatia M, Jones NG, Yuan L, Glascock MC, Catchings KL, Yamada M,
Thompson PR: Kinetic Characterization of Protein Arginine Deiminase 4: A
Transcriptional Corepressor Implicated in the Onset and Progression of
Rheumatoid Arthritist. Biochemistry 2005, 44:10570-10582.

44



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29

30

Allbritton NL, Oancea E, Kuhn MA, Meyer T: Source of nuclear calcium signals.
Proc.Natl.Acad.Sci.U.S.A 1994, 91:12458-12462.

Petersen OH: Calcium signal compartmentalization. Biol.Res. 2002, 35:177-182.

Lewis RS: Calcium signaling mechanisms in T lymphocytes. Annu.Rev.Immunol.
2001, 19:497-521.

Saris NE, Carafoli E: A historical review of cellular calcium handling, with emphasis
on mitochondria. Biochemistry 2005, 70:187-194.

Bicker KL, Thompson PR: The protein arginine deiminases: Structure, function,
inhibition, and disease. Biopolymers 2013, 99:155-163.

Wang S, Wang Y: Peptidylarginine deiminases in citrullination, gene regulation,
health and pathogenesis. Biochim.Biophys.Acta 2013.

Mohamed BM, Verma NK, Davies AM, McGowan A, Crosbie-Staunton K, Prina-Mello A,
Kelleher D, Botting CH, Causey CP, Thompson PR, et al.: Citrullination of
proteins: a common post-translational modification pathway induced by
different nanoparticles in vitro and in vivo. Nanomedicine 2012, 7:1181-1195.

Ireland JM, Unanue ER: Processing of proteins in autophagy vesicles of antigen-
presenting cells generates citrullinated peptides recognized by the immune
system. Autophagy 2012, 8:429-430.

Andrade F, Darrah E, Gucek M, Cole RN, Rosen A, Zhu X: Autocitrullination of human
peptidylarginine deiminase 4 regulates protein citrullination during cell
activation. Arthritis Rheum. 2010.

McGraw WT, Potempa J, Farley D, Travis J: Purification, characterization, and
sequence analysis of a potential virulence factor from Porphyromonas
gingivalis, peptidylarginine deiminase. Infect.Immun. 1999, 67:3248-3256.

Shirai H, Blundell TL, Mizuguchi K: A novel superfamily of enzymes that catalyze the
modification of guanidino groups. Trends Biochem.Sci. 2001, 26:465-468.

Bingham CO, 3rd, Moni M: Periodontal disease and rheumatoid arthritis: the
evidence accumulates for complex pathobiologic interactions.
Curr.Opin.Rheumatol. 2013, 25:345-353.

Ishida-Yamamoto A, Senshu T, Takahashi H, Akiyama K, Nomura K, lizuka H:
Decreased deiminated keratin K1 in psoriatic hyperproliferative epidermis.
J.Invest.Dermatol. 2000, 114:701-705.

Moscarello MA, Mastronardi FG, Wood DD: The role of citrullinated proteins
suggests a novel mechanism in the pathogenesis of multiple sclerosis.
Neurochem.Res. 2007, 32:251-256.

. Foulquier C, Sebbag M, Clavel C, Chapuy-Regaud S, Al Badine R, Mechin MC, Vincent
C, Nachat R, Yamada M, Takahara H, et al.: Peptidyl arginine deiminase type 2
(PAD-2) and PAD-4 but not PAD-1, PAD-3, and PAD-6 are expressed in
rheumatoid arthritis synovium in close association with tissue inflammation.
Arthritis Rheum. 2007, 56:3541-3553.

. Ishigami A, Ohsawa T, Hiratsuka M, Taguchi H, Kobayashi S, Saito Y, Murayama S,
Asaga H, Toda T, Kimura N, et al.. Abnormal accumulation of citrullinated

45



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

proteins catalyzed by peptidylarginine deiminase in hippocampal extracts
from patients with Alzheimer's disease. J.Neurosci.Res. 2005, 80:120-128.

Jang B, Jin JK, Jeon YC, Cho HJ, Ishigami A, Choi KC, Carp RI, Maruyama N, Kim YS,
Choi EK: Involvement of peptidylarginine deiminase-mediated post-
translational citrullination in pathogenesis of sporadic Creutzfeldt-Jakob
disease. Acta Neuropathol. 2010, 119:199-210.

Anzilotti C, Pratesi F, Tommasi C, Migliorini P: Peptidylarginine deiminase 4 and
citrullination in health and disease. Autoimmun.Rev. 2010, 9:158-160.

Wood DD, Ackerley CA, Brand B, Zhang L, Raijmakers R, Mastronardi FG, Moscarello
MA: Myelin localization of peptidylarginine deiminases 2 and 4: comparison of
PAD2 and PAD4 activities. Lab./Invest. 2008, 88:354-364.

Chang X, Han J: Expression of peptidylarginine deiminase type 4 (PAD4) in various
tumors. Mol.Carcinog. 2006, 45:183-196.

Chang X, Han J, Pang L, Zhao Y, Yang Y, Shen Z: Increased PADI4 expression in
blood and tissues of patients with malignant tumors. BMC.Cancer 2009, 9:40.

Ying S, Dong S, Kawada A, Kojima T, Chavanas S, Mechin MC, Adoue V, Serre G,
Simon M, Takahara H: Transcriptional regulation of peptidylarginine deiminase
expression in human keratinocytes. J.Dermatol.Sci. 2009, 53:2-9.

Inagaki M, Takahara H, Nishi Y, Sugawara K, Sato C: Ca2+-dependent deimination-
induced disassembly of intermediate filaments involves specific modification
of the amino-terminal head domain. J.Biol. Chem. 1989, 264:18119-18127.

Liu GY, Liao YF, Chang WH, Liu CC, Hsieh MC, Hsu PC, Tsay GJ, Hung HC:
Overexpression of peptidylarginine deiminase IV features in apoptosis of
haematopoietic cells. Apoptosis 2006, 11:183-196.

Bannister AJ, Kouzarides T: Regulation of chromatin by histone modifications. Cell
Res. 2011, 21:381-395.

Cuthbert GL, Daujat S, Snowden AW, Erdjument-Bromage H, Hagiwara T, Yamada M,
Schneider R, Gregory PD, Tempst P, Bannister AJ, et al.: Histone deimination
antagonizes arginine methylation. Cell 2004, 118:545-553.

Pearton DJ, Dale BA, Presland RB: Functional analysis of the profilaggrin N-terminal
peptide: identification of domains that regulate nuclear and cytoplasmic
distribution. J./Invest.Dermatol. 2002, 119:661-669.

Moscarello MA, Wood DD, Ackerley C, Boulias C: Myelin in multiple sclerosis is
developmentally immature. J.Clin.Invest. 1994, 94:146-154.

Proost P, Loos T, Mortier A, Schutyser E, Gouwy M, Noppen S, Dillen C, Ronsse |,
Conings R, Struyf S, et al.. Citrullination of CXCL8 by peptidylarginine
deiminase alters receptor usage, prevents proteolysis, and dampens tissue
inflammation. J.Exp.Med. 2008, 205:2085-2097.

Loos T, Opdenakker G, Van DJ, Proost P: Citrullination of CXCL8 increases this

chemokine's ability to mobilize neutrophils into the blood circulation.
Haematologica 2009, 94:1346-1353.

46



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57

Struyf S, Noppen S, Loos T, Mortier A, Gouwy M, Verbeke H, Huskens D, Luangsay S,
Parmentier M, Geboes K, et al.: Citrullination of CXCL12 differentially reduces
CXCR4 and CXCR?7 binding with loss of inflammatory and anti-HIV-1 activity
via CXCR4. J.Immunol. 2009, 182:666-674.

Loos T, Mortier A, Gouwy M, Ronsse |, Put W, Lenaerts JP, Van Damme J, Proost P:
Citrullination of CXCL10 and CXCL11 by peptidylarginine deiminase: a
naturally occurring posttranslational modification of chemokines and new
dimension of immunoregulation. Blood 2008, 112:2648-2656.

Wang Y, Li M, Stadler S, Correll S, Li P, Wang D, Hayama R, Leonelli L, Han H,
Grigoryev SA, et al. Histone hypercitrullination mediates chromatin
decondensation and neutrophil extracellular trap formation. J.Cell Biol. 2009,
184:205-213.

Baeten D, Peene I, Union A, Meheus L, Sebbag M, Serre G, Veys EM, De Keyser F:
Specific presence of intracellular citrullinated proteins in rheumatoid arthritis
synovium: relevance to antifilaggrin autoantibodies. Arthritis Rheum. 2001,
44:2255-2262.

Vossenaar ER, Smeets TJ, Kraan MC, Raats JM, van Venrooij WJ, Tak PP: The
presence of citrullinated proteins is not specific for rheumatoid synovial
tissue. Arthritis Rheum. 2004, 50:3485-3494.

Chapuy-Regaud S, Sebbag M, Baeten D, Clavel C, Foulquier C, De KF, Serre G: Fibrin
deimination in synovial tissue is not specific for rheumatoid arthritis but
commonly occurs during synovitides. J./mmunol. 2005, 174:5057-5064.

Makrygiannakis D, af KE, Lundberg IE, Lofberg R, Ulfgren AK, Klareskog L, Catrina Al:
Citrullination is an inflammation-dependent process. Ann.Rheum.Dis. 2006,
65:1219-1222.

Baka Z, Gyorgy B, Geher P, Buzas El, Falus A, Nagy G: Citrullination under
physiological and pathological conditions. Joint Bone Spine 2012, 79:431-436.

Li P, Yao H, Zhang Z, Li M, Luo Y, Thompson PR, Gilmour DS, Wang Y: Regulation of
p53 target gene expression by peptidylarginine deiminase 4. Mol.Cell Biol.
2008, 28:4745-4758.

Cherrington BD, Zhang X, McElwee JL, Morency E, Anguish LJ, Coonrod SA: Potential
role for PAD2 in gene regulation in breast cancer cells. PloS one 2012,
7:e41242.

Katsara M, Matsoukas J, Deraos G, Apostolopoulos V: Towards immunotherapeutic
drugs and vaccines against multiple sclerosis. Acta Biochim.Biophys.Sin. 2008,
40:636-642.

Wood DD, Bilbao JM, O'Connors P, Moscarello MA: Acute multiple sclerosis (Marburg
type) is associated with developmentally immature myelin basic protein.
Ann.Neurol. 1996, 40:18-24.

. Pritzker LB, Joshi S, Gowan JJ, Harauz G, Moscarello MA: Deimination of myelin
basic protein. 1. Effect of deimination of arginyl residues of myelin basic
protein on its structure and susceptibility to digestion by cathepsin D.
Biochemistry 2000, 39:5374-5381.

47



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Nicholas AP, Sambandam T, Echols JD, Tourtellotte WW: Increased citrullinated glial
fibrillary acidic protein in secondary progressive multiple sclerosis.
J.Comp.Neurol. 2004, 473:128-136.

Gabriel SE, Michaud K: Epidemiological studies in incidence, prevalence, mortality,
and comorbidity of the rheumatic diseases. Arthritis Res.Ther. 2009, 11:229.

Sangha O: Epidemiology of rheumatic diseases. Rheumatology 2000, 39 Suppl 2:3-
12.

Lee DM, Weinblatt ME: Rheumatoid arthritis. Lancet 2001, 358:903-911.
Klareskog L, Catrina Al, Paget S: Rheumatoid arthritis. Lancet 2009, 373:659-672.

Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte LB, van Venrooij WJ:
Citrulline is an essential constituent of antigenic determinants recognized by
rheumatoid arthritis-specific autoantibodies. J.Clin.Invest. 1998, 101:273-281.

van Venrooij WJ, van Beers JJ, Pruijn GJ: Anti-CCP antibodies: the past, the present
and the future. Nat.Rev.Rheumatol. 2011.

Ronnelid J, Wick MC, Lampa J, Lindblad S, Nordmark B, Klareskog L, van Vollenhoven
RF: Longitudinal analysis of citrullinated protein/peptide antibodies (anti-CP)
during 5 year follow up in early rheumatoid arthritis: anti-CP status predicts
worse disease activity and greater radiological progression. Ann.Rheum.Dis.
2005, 64:1744-1749.

Snir O, Widhe M, Hermansson M, von SC, Lindberg J, Hensen S, Lundberg K, Engstrom
A, Venables PJ, Toes RE, et al.: Antibodies to several citrullinated antigens are
enriched in the joints of rheumatoid arthritis patients. Arthritis Rheum. 2010,
62:44-52.

loan-Facsinay A, el-Bannoudi H, Scherer HU, van der Woude D, Menard HA, Lora M,
Trouw LA, Huizinga TW, Toes RE: Anti-cyclic citrullinated peptide antibodies are
a collection of anti-citrullinated protein antibodies and contain overlapping
and non-overlapping reactivities. Ann.Rheum.Dis. 2011, 70:188-193.

Masson-Bessiere C, Sebbag M, Girbal-Neuhauser E, Nogueira L, Vincent C, Senshu T,
Serre G: The major synovial targets of the rheumatoid arthritis-specific
antifilaggrin autoantibodies are deiminated forms of the alpha- and beta-
chains of fibrin. J./mmunol. 2001, 166:4177-4184.

Mathsson L, Mullazehi M, Wick MC, Sjoberg O, van Vollenhoven R, Klareskog L,
Ronnelid J: Antibodies against citrullinated vimentin in rheumatoid arthritis:
higher sensitivity and extended prognostic value concerning future
radiographic progression as compared with antibodies against cyclic
citrullinated peptides. Arthritis Rheum. 2008, 58:36-45.

Burkhardt H, Sehnert B, Bockermann R, Engstrom A, Kalden JR, Holmdahl R: Humoral
immune response to citrullinated collagen type Il determinants in early
rheumatoid arthritis. Eur.J.Immunol. 2005, 35:1643-1652.

Kinloch A, Tatzer V, Wait R, Peston D, Lundberg K, Donatien P, Moyes D, Taylor PC,

Venables PJ: Identification of citrullinated alpha-enolase as a candidate
autoantigen in rheumatoid arthritis. Arthritis Res.Ther. 2005, 7:R1421-R1429.

48



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

van Beers JJ, Willemze A, Stammen-Vogelzangs J, Drijfhout JW, Toes RE, Pruijn GJ:
Anti-citrullinated fibronectin antibodies in rheumatoid arthritis are associated
with human leukocyte antigen-DRB1 shared epitope alleles. Arthritis Res.Ther.
2012, 14:R35.

van Beers JJ, Schwarte CM, Stammen-Vogelzangs J, Oosterink E, Bozic B, Pruijn GJ:
The rheumatoid arthritis synovial fluid citrullinome reveals novel citrullinated
epitopes in apolipoprotein E, myeloid nuclear differentiation antigen, and beta-
actin. Arthritis Rheum. 2013, 65:69-80.

Kinloch A, Lundberg K, Wait R, Wegner N, Lim NH, Zendman AJ, Saxne T, Malmstrom
V, Venables PJ: Synovial fluid is a site of citrullination of autoantigens in
inflammatory arthritis. Arthritis Rheum. 2008, 58:2287-2295.

MacGregor AJ, Snieder H, Rigby AS, Koskenvuo M, Kaprio J, Aho K, Silman AJ:
Characterizing the quantitative genetic contribution to rheumatoid arthritis
using data from twins. Arthritis Rheum. 2000, 43:30-37.

Silman AJ, Newman J, MacGregor AJ: Cigarette smoking increases the risk of
rheumatoid arthritis. Results from a nationwide study of disease-discordant
twins. Arthritis Rheum. 1996, 39:732-735.

Nepom GT, Byers P, Seyfried C, Healey LA, Wilske KR, Stage D, Nepom BS: HLA
genes associated with rheumatoid arthritis. ldentification of susceptibility
alleles using specific oligonucleotide probes. Arthritis Rheum. 1989, 32:15-21.

Gregersen PK, Silver J, Winchester RJ: The shared epitope hypothesis. An approach
to understanding the molecular genetics of susceptibility to rheumatoid
arthritis. Arthritis Rheum. 1987, 30:1205-1213.

Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E: Cutting edge: the
conversion of arginine to citrulline allows for a high-affinity peptide interaction
with the rheumatoid arthritis-associated HLA-DRB1*0401 MHC class |l
molecule. J./mmunol. 2003, 171:538-541.

Snir O, Rieck M, Gebe JA, Yue BB, Rawlings CA, Nepom G, Malmstrom V, Buckner JH:
Identification and functional characterization of T cells reactive to citrullinated-
vimentin in HLA-DRB1*0401 humanized mice and RA patients. Arthritis Rheum.
2011.

Law SC, Street S, Yu CH, Capini C, Ramnoruth S, Nel HJ, van Gorp E, Hyde C, Lau K,
Pahau H, et al.: T-cell autoreactivity to citrullinated autoantigenic peptides in
rheumatoid arthritis patients carrying HLA-DRB1 shared epitope alleles.
Arthritis Res. Ther. 2012, 14:R118.

von Delwig A, Locke J, Robinson JH, Ng WF: Response of Th17 cells to a
citrullinated arthritogenic aggrecan peptide in patients with rheumatoid
arthritis. Arthritis Rheum. 2010, 62:143-149.

Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B, Jevnikar AM, Lee DM, Hueber W,
Robinson WH, Cairns E: Arthritis induced by posttranslationally modified
(citrullinated) fibrinogen in DR4-IE transgenic mice. J.Exp.Med. 2008, 205:967-
979.

Auger |, Sebbag M, Vincent C, Balandraud N, Guis S, Nogueira L, Svensson B,
Cantagrel A, Serre G, Roudier J: Influence of HLA-DR genes on the production

49



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95

96

97.

of rheumatoid arthritis-specific autoantibodies to citrullinated fibrinogen.
Arthritis Rheum. 2005, 52:3424-3432.

Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, Loh KL, Wijeyewickrema LC, Eckle
SB, van Heemst J, Pike RN, et al.: A molecular basis for the association of the
HLA-DRB1 locus, citrullination, and rheumatoid arthritis. J.Exp.Med. 2013,
210:2569-2582.

Van Steendam K, De Ceuleneer M, Tilleman K, Elewaut D, De Keyser F, Deforce D:
Quantification of IFNgamma- and IL17-producing cells after stimulation with
citrullinated proteins in healthy subjects and RA patients. Rheumatol.int. 2013,
33:2661-2664.

Klareskog L, Stolt P, Lundberg K, Kallberg H, Bengtsson C, Grunewald J, Ronnelid J,
Harris HE, Ulfgren AK, Rantapaa-Dahlqvist S, et al.: A new model for an etiology
of rheumatoid arthritis: smoking may trigger HLA-DR (shared epitope)-
restricted immune reactions to autoantigens modified by citrullination. Arthritis
Rheum. 2006, 54:38-46.

Karlson EW, Lee IM, Cook NR, Manson JE, Buring JE, Hennekens CH: A retrospective
cohort study of cigarette smoking and risk of rheumatoid arthritis in female
health professionals. Arthritis Rheum. 1999, 42:910-917.

Klockars M, Koskela RS, Jarvinen E, Kolari PJ, Rossi A: Silica exposure and
rheumatoid arthritis: a follow up study of granite workers 1940-81. Br.Med.J.
1987, 294:997-1000.

Stolt P, Yahya A, Bengtsson C, Kallberg H, Ronnelid J, Lundberg |, Klareskog L,
Alfredsson L: Silica exposure among male current smokers is associated with a
high risk of developing ACPA-positive rheumatoid arthritis. Ann.Rheum.Dis.
2010, 69:1072-1076.

Sverdrup B, Kallberg H, Bengtsson C, Lundberg |, Padyukov L, Alfredsson L, Klareskog
L: Association between occupational exposure to mineral oil and rheumatoid
arthritis: results from the Swedish EIRA case-control study. Arthritis Res.Ther.
2005, 7:R1296-1303.

Olsson AR, Skogh T, Axelson O, Wingren G: Occupations and exposures in the work
environment as determinants for rheumatoid arthritis. Occup.Environ.Med.
2004, 61:233-238.

Klareskog L, Padyukov L, Alfredsson L: Smoking as a trigger for inflammatory
rheumatic diseases. Curr.Opin.Rheumatol. 2007, 19:49-54.

Klareskog L, Ronnelid J, Lundberg K, Padyukov L, Alfredsson L: Immunity to
Citrullinated Proteins in Rheumatoid Arthritis. Annu.Rev.Immunol. 2008, 26:651.

. Janssen KM, Vissink A, de Smit MJ, Westra J, Brouwer E: Lessons to be learned from
periodontitis. Curr.Opin.Rheumatol. 2013, 25:241-247.

. Ohmura K, Terao C, Maruya E, Katayama M, Matoba K, Shimada K, Murasawa A, Honjo
S, Takasugi K, Tohma S, et al.: Anti-citrullinated peptide antibody-negative RA
is a genetically distinct subset: a definitive study using only bone-erosive
ACPA-negative rheumatoid arthritis. Rheumatology 2010, 49:2298-2304.

Valkenborg D, Mertens |, Lemiere F, Witters E, Burzykowski T: The isotopic
distribution conundrum. Mass Spectrom.Rev. 2012, 31:96-109.

50



98. Holm A, Rise F, Sessler N, Sollid LM, Undheim K, Fleckenstein B: Specific
modification of peptide-bound citrulline residues. Anal.Biochem. 2006, 352:68-
76.

99. Zarabian B, Koushesh F, Vassef A: Modified methods for measuring citrulline and
carbamoyl-beta-alanine with reduced light sensitivity and sucrose
interference. Anal.Biochem. 1987, 166:113-119.

100. Boyde TR, Rahmatullah M: Optimization of conditions for the colorimetric
determination of citrulline, using diacetyl monoxime. Anal.Biochem. 1980,
107:424-431.

101. Guthohrlein G, Knappe J: Modified determination of citrulline. Anal.Biochem. 1968,
26:188-191.

102. Hunninghake D, Grisolia S: A sensitive and convenient micromethod for estimation
of urea, citrulline, and carbamyl derivatives. Anal.Biochem. 1966, 16:200-205.

103. Knipp M, Vasak M: A colorimetric 96-well microtiter plate assay for the
determination of enzymatically formed citrulline. Anal.Biochem. 2000, 286:257-
264.

104. Sugawara K, Yoshizawa Y, Tzeng S, Epstein WL, Fukuyama K: Colorimetric
determination of citrulline residues in proteins. Anal.Biochem. 1998, 265:92-96.

105. Senshu T, Sato T, Inoue T, Akiyama K, Asaga H: Detection of citrulline residues in
deiminated proteins on polyvinylidene difluoride membrane. Anal.Biochem.
1992, 203:94-100.

106. Matsuo K, Xiang Y, Nakamura H, Masuko K, Yudoh K, Noyori K, Nishioka K, Saito T,
Kato T: Identification of Novel Citrullinated Autoantigens of Synovium in
Rheumatoid Arthritis Using a Proteomic Approach. Arthritis Res.Ther. 2006,
8:R175.

107. Tabushi Y, Nakanishi T, Takeuchi T, Nakajima M, Ueda K, Kotani T, Makino S, Shimizu
A, Hanafusa T, Takubo T: Detection of citrullinated proteins in synovial fluids
derived from patients with rheumatoid arthritis by proteomics-based analysis.
Ann.Clin.Biochem. 2008, 45:413-417.

108. Makrygiannakis D, Hermansson M, Ulfgren AK, Nicholas AP, Zendman AJ, Eklund A,
Grunewald J, Skold CM, Klareskog L, Catrina Al: Smoking increases
peptidylarginine deiminase 2 enzyme expression in human lungs and
increases citrullination in BAL cells. Ann.Rheum.Dis. 2008, 67:1488-1492.

109. Senshu T, Kan S, Ogawa H, Manabe M, Asaga H: Preferential deimination of keratin
K1 and filaggrin during the terminal differentiation of human epidermis.
Biochem.Biophys.Res.Commun. 1996, 225:712-719.

110. Hensen SM, Pruijn GJ: Methods for the detection of peptidylarginine deiminase
activity and protein citrullination. Mol.Cell.Proteomics 2013.

111. Stensland M, Holm A, Kiehne A, Fleckenstein B: Targeted analysis of protein

citrullination using chemical modification and tandem mass spectrometry.
Rapid Commun.Mass Spectrom. 2009, 23:2754-2762.

51



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Tutturen AE, Holm A, Jorgensen M, Stadtmuller P, Rise F, Fleckenstein B: A
technique for the specific enrichment of citrulline-containing peptides.
Anal.Biochem. 2010, 403:43-51.

Bicker KL, Subramanian V, Chumanevich AA, Hofseth LJ, Thompson PR: Seeing
citrulline: development of a phenylglyoxal-based probe to visualize protein
citrullination. J.Am.Chem.Soc. 2012, 134:17015-17018.

De Ceuleneer M, Van SK, Dhaenens M, Deforce D: In vivo relevance of citrullinated
proteins and the challenges in their detection. Proteomics 2012, 12:752-760.

Senshu T, Akiyama K, Kan S, Asaga H, Ishigami A, Manabe M: Detection of
deiminated proteins in rat skin: probing with a monospecific antibody after
modification of citrulline residues. J./Invest.Dermatol. 1995, 105:163-169.

De Ceuleneer M, De Wit V, Van Steendam K, Van Nieuwerburgh F, Tilleman K,
Deforce D: Modification of citrulline residues with 2,3-butanedione facilitates
their detection by liquid chromatography/mass spectrometry. Rapid
Commun.Mass Spectrom. 2011, 25:1536-1542.

Kubota K, Yoneyama-Takazawa T, Ichikawa K: Determination of sites citrullinated
by peptidylarginine deiminase using 180 stable isotope labeling and mass
spectrometry. Rapid Commun.Mass Spectrom. 2005, 19:683-688.

Choi M, Song JS, Kim HJ, Cha S, Lee EY: Matrix-assisted laser desorption
ionization-time of flight mass spectrometry identification of peptide
citrullination site using Br signature. Anal.Biochem. 2013, 437:62-67.

Tutturen AE, Holm A, Fleckenstein B: Specific biotinylation and sensitive
enrichment of citrullinated peptides. Anal.Bioanal.Chem. 2013, 405:9321-9331.

Hermansson M, Artemenko K, Ossipova E, Eriksson H, Lengqvist J, Makrygiannakis D,
Catrina Al, Nicholas AP, Klareskog L, Savitski M, et al.: MS analysis of rheumatoid
arthritic synovial tissue identifies specific citrullination sites on fibrinogen.
Proteomics Clin.Appl. 2010, 4:511-518.

Kleinnijenhuis AJ, Hedegaard C, Lundvig D, Sundbye S, Issinger OG, Jensen ON,
Jensen PH: Identification of multiple post-translational modifications in the
porcine brain specific p25alpha. J.Neurochem. 2008, 106:925-933.

Ordonez A, Martinez-Martinez |, Corrales FJ, Miqueo C, Minano A, Vicente V, Corral J:
Effect of citrullination on the function and conformation of antithrombin. FEBS
J. 2009, 276:6763-6772.

Hao G, Wang D, Gu J, Shen Q, Gross SS, Wang Y: Neutral Loss of Isocyanic Acid
in Peptide CID Spectra: A Novel Diagnostic Marker for Mass Spectrometric
Identification of Protein Citrullination. J.Am.Soc.Mass Spectrom. 2008, 20:723-
727.

Romero V, Fert-Bober J, Nigrovic PA, Darrah E, Haque UJ, Lee DM, van Eyk J, Rosen
A, Andrade F: Immune-mediated pore-forming pathways induce cellular
hypercitrullination and generate citrullinated autoantigens in rheumatoid
arthritis. Sci. Transl.Med. 2013, 5:209ra150.

Jin Z, Fu Z, Yang J, Troncosco J, Everett AD, Van Eyk JE: Identification and

characterization of citrulline-modified brain proteins by combining HCD and
CID fragmentation. Proteomics 2013, 13:2682-2691.

52



126.

127

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Robinson NE, Robinson AB: Molecular clocks. Proc.Natl.Acad.Sci.U.S.A 2001,
98:944-949.

. Stensland ME, Pollmann S, Molberg O, Sollid LM, Fleckenstein B: Primary sequence,
together with other factors, influence peptide deimination by peptidylarginine
deiminase-4. Biol. Chem. 2009, 390:99-107.

Dasari S, Wilmarth PA, Reddy AP, Robertson LJ, Nagalla SR, David LL:
Quantification of isotopically overlapping deamidated and 18o-labeled
peptides using isotopic envelope mixture modeling. J.Proteome Res. 2009,
8:1263-1270.

De Ceuleneer M, Van Steendam K, Dhaenens M, Elewaut D, Deforce D:
Quantification of citrullination by means of skewed isotope distribution
pattern. J.Proteome Res. 2012, 11:5245-5251.

Olsen JV, Ong SE, Mann M: Trypsin cleaves exclusively C-terminal to arginine and
lysine residues. Mol.Cell.Proteomics 2004, 3:608-614.

Zhao X, Okeke NL, Sharpe O, Batliwalla FM, Lee AT, Ho PP, Tomooka BH, Gregersen
PK, Robinson WH: Circulating immune complexes contain citrullinated
fibrinogen in rheumatoid arthritis. Arthritis Res. Ther. 2008, 10:R94.

Cagney G, Amiri S, Premawaradena T, Lindo M, Emili A: In silico proteome analysis
to facilitate proteomics experiments using mass spectrometry. Proteome Sci.
2003, 1:5.

Gao Y, Wang Y: Site-selective modifications of arginine residues in human
hemoglobin induced by methylglyoxal. Biochemistry 2006, 45:15654-15660.

Wagner R, Garrett RA: A new RNA-RNA crosslinking reagent and its application to
ribosomal 5S RNA. Nucleic Acids Res. 1978, 5:4065-4075.

Stapels MD, Barofsky DF: Complementary use of MALDI and ESI for the HPLC-
MS/MS analysis of DNA-binding proteins. Anal.Chem. 2004, 76:5423-5430.

Krause E, Wenschuh H, Jungblut PR: The dominance of arginine-containing
peptides in MALDI-derived tryptic mass fingerprints of proteins. Anal.Chem.
1999, 71:4160-4165.

Rietschel B, Arrey TN, Meyer B, Bornemann S, Schuerken M, Karas M, Poetsch A:
Elastase digests: new ammunition for shotgun membrane proteomics.
Mol.Cell.Proteomics 2009, 8:1029-1043.

Cox J, Mann M: MaxQuant enables high peptide identification rates, individualized
p.p.b.-range mass accuracies and proteome-wide protein quantification.
Nat.Biotechnol. 2008, 26:1367-1372.

Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M: Andromeda: a
peptide search engine integrated into the MaxQuant environment. J.Proteome
Res. 2011, 10:1794-1805.

Nielen MM, van Schaardenburg D, Reesink HW, van de Stadt RJ, van der Horst-
Bruinsma |E, de Koning MH, Habibuw MR, Vandenbroucke JP, Dijkmans BA:
Specific autoantibodies precede the symptoms of rheumatoid arthritis: a study
of serial measurements in blood donors. Arthritis Rheum. 2004, 50:380-386.

53



141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Rantapaa-Dahlqvist S, de Jong BA, Berglin E, Hallmans G, Wadell G, Stenlund H,
Sundin U, van Venrooij WJ: Antibodies against cyclic citrullinated peptide and
IgA rheumatoid factor predict the development of rheumatoid arthritis. Arthritis
Rheum. 2003, 48:2741-2749.

Plenge RM, Seielstad M, Padyukov L, Lee AT, Remmers EF, Ding B, Liew A, Khalili H,
Chandrasekaran A, Davies LR, et al.: TRAF1-C5 as a risk locus for rheumatoid
arthritis--a genomewide study. N.Engl.J.Med. 2007, 357:1199-1209.

Genome-wide association study of 14,000 cases of seven common diseases and
3,000 shared controls. Nature 2007, 447:661-678.

Uysal H, Nandakumar KS, Kessel C, Haag S, Carlsen S, Burkhardt H, Holmdahl R:
Antibodies to citrullinated proteins: molecular interactions and
arthritogenicity. /mmunol.Rev. 2010, 233:9-33.

Silva AM, Vitorino R, Domingues MR, Spickett CM, Domingues P: Post-translational
Modifications and Mass Spectrometry Detection. Free Radic.Biol.Med. 2013,
65C:925-941.

Gevaert K, Van Damme J, Goethals M, Thomas GR, Hoorelbeke B, Demol H, Martens
L, Puype M, Staes A, Vandekerckhove J: Chromatographic isolation of
methionine-containing peptides for gel-free proteome analysis: identification
of more than 800 Escherichia coli proteins. Mol.Cell.Proteomics 2002, 1:896-903.

Van Damme P, Van Damme J, Demol H, Staes A, Vandekerckhove J, Gevaert K: A
review of COFRADIC techniques targeting protein N-terminal acetylation. BMC
Proc. 2009, 3 Suppl 6:S6.

Andersson L, Porath J: Isolation of phosphoproteins by immobilized metal (Fe3+)
affinity chromatography. Anal.Biochem. 1986, 154:250-254.

Sano A, Nakamura H: Titania as a chemo-affinity support for the column-switching
HPLC analysis of phosphopeptides: application to the characterization of
phosphorylation sites in proteins by combination with protease digestion and
electrospray ionization mass spectrometry. Anal.Sci. 2004, 20:861-864.

Thingholm TE, Jensen ON, Robinson PJ, Larsen MR: SIMAC (sequential elution from
IMAC), a phosphoproteomics strategy for the rapid separation of
monophosphorylated from multiply phosphorylated peptides.
Mol.Cell.Proteomics 2008, 7:661-671.

Zhang H, Li XJ, Martin DB, Aebersold R: Identification and quantification of N-linked
glycoproteins using hydrazide chemistry, stable isotope labeling and mass
spectrometry. Nat.Biotechnol. 2003, 21:660-666.

Nicholas AP, Whitaker JN: Preparation of a monoclonal antibody to citrullinated
epitopes: its characterization and some applications to immunohistochemistry
in human brain. Glia 2002, 37:328-336.

Darrah E, Giles JT, OIs ML, Bull HG, Andrade F, Rosen A: Erosive rheumatoid
arthritis is associated with antibodies that activate PAD4 by increasing
calcium sensitivity. Sci. Transl.Med. 2013, 5:186ra165.

Norberg B, Bjelle A, Eriksson S: Joint fluid leukocytosis of patients with rheumatoid

arthritis evidence for neutrophil and monocyte chemotaxis in vivo.
Clin.Rheumatol. 1983, 2:237-242.

54



155.

156.

157.

158.

159.

160.

161.

162.

163.

Chang X, Yamada R, Suzuki A, Sawada T, Yoshino S, Tokuhiro S, Yamamoto K:
Localization of peptidylarginine deiminase 4 (PADI4) and citrullinated protein
in synovial tissue of rheumatoid arthritis. Rheumatology 2005, 44:40-50.

Vossenaar ER, Despres N, Lapointe E, van der HA, Lora M, Senshu T, van Venrooij
WJ, Menard HA: Rheumatoid arthritis specific anti-Sa antibodies target
citrullinated vimentin. Arthritis Res. Ther. 2004, 6:R142-R150.

Snir O, Widhe M, von SC, Lindberg J, Padyukov L, Lundberg K, Engstrom A, Venables
PJ, Lundeberg J, Holmdahl R, et al.: Multiple antibody reactivities to citrullinated
antigens in sera from patients with rheumatoid arthritis: association with HLA-
DRB1 alleles. Ann.Rheum.Dis. 2009, 68:736-743.

Mahdi H, Fisher BA, Kallberg H, Plant D, Malmstrom V, Ronnelid J, Charles P, Ding B,
Alfredsson L, Padyukov L, et al.: Specific interaction between genotype,
smoking and autoimmunity to citrullinated alpha-enolase in the etiology of
rheumatoid arthritis. Nat.Genet. 2009, 41:1319-1324.

Wegner N, Lundberg K, Kinloch A, Fisher B, Malmstrom V, Feldmann M, Venables PJ:
Autoimmunity to specific citrullinated proteins gives the first clues to the
etiology of rheumatoid arthritis. /mmunol.Rev. 2010, 233:34-54.

Shi J, Willemze A, Janssen GM, van Veelen PA, Drijfhout JW, Cerami A, Huizinga TW,
Trouw LA, Toes RE: Recognition of citrullinated and carbamylated proteins by
human antibodies: specificity, cross-reactivity and the '"AMC-Senshu' method.
Ann.Rheum.Dis. 2013, 72:148-150.

Wang Z, Nicholls SJ, Rodriguez ER, Kummu O, Horkko S, Barnard J, Reynolds WF,
Topol EJ, DiDonato JA, Hazen SL: Protein carbamylation links inflammation,
smoking, uremia and atherogenesis. Nat.Med. 2007, 13:1176-1184.

Mydel P, Wang Z, Brisslert M, Hellvard A, Dahlberg LE, Hazen SL, Bokarewa M:
Carbamylation-dependent activation of T cells: a novel mechanism in the
pathogenesis of autoimmune arthritis. J./mmunol. 2010, 184:6882-6890.

Shi J, Knevel R, Suwannalai P, van der Linden MP, Janssen GM, van Veelen PA,
Levarht NE, AH vdH-vM, Cerami A, Huizinga TW, et al.: Autoantibodies
recognizing carbamylated proteins are present in sera of patients with
rheumatoid arthritis and predict joint damage. Proc.Natl.Acad.Sci.U.S.A 2011,
108:17372-17377.

55



ERRATA

Thesis

Page 10, line 5

The sentence “Autoimmunity is when the immune system’s mechanism is bypassed and
immune response is elicited by antigens derived from self.” has been changed to
“Autoimmunity occurs when a failure in the mechanism of immunological tolerance leads

to an immune response towards antigens derived from self.”

Page 12, line 13

The sentence “However, by efflux of calcium through plasma membrane channels or
from the endoplasmatic reticulum or mitochondria, elevated calcium concentrations can
occur locally in the cells (reviewed in [18]).” has been changed to “However, by influx of
calcium through plasma membrane channels or from the endoplasmatic reticulum or
mitochondria, elevated calcium concentrations can occur locally in the cells (reviewed in
[18]).”

Page 25, last paragraph

The first sentence “The second enrichment strategy represents an in-solution-based
modification approach...” has been changed to “The second enrichment strategy has
both high specificity and sensitivity and represents an in-solution-based modification
approach...”.

The last sentence “This method showed both high specificity and sensitivity.” has been

removed.

Paper Il
Third page, line 26 in Preparation of biotin-PEG-GBA in Experimental section

The correct wave lengths are 210, 254 and 280 nm
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