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Abstract

Posttranslational modifications (PTMs) of protein embedded arginines are increasingly being

recognized as playing an important role in both prokaryotic and eukaryotic biology, and it is now

clear that these PTMs modulate a number of cellular processes including DNA binding, gene

transcription, protein-protein interactions, immune system activation, and proteolysis. There are

currently four known enzymatic PTMs of arginine ( i.e., citrullination, methylation,

phosphorylation, ADP-ribosylation), and two non-enzymatic PTMs (i.e., carbonylation, advanced

glycation end-products (AGEs)). Enzymatic modification of arginine is tightly controlled during

normal cellular function, and can be drastically altered in response to various second messengers

and in different disease states. Non-enzymatic arginine modifications are associated with a loss of

metabolite regulation during normal human aging. This abnormally large number of modifications

to a single amino acid creates a diverse set of structural perturbations that can lead to altered

biological responses. While the biological role of methylation has been the most extensively

characterized of the arginine PTMs, recent advances have shown that the once obscure

modification known as citrullination is involved in the onset and progression of inflammatory

diseases and cancer. This review will highlight the reported arginine PTMs and their methods of

detection, with a focus on new chemical methods to detect protein citrullination.

Introduction

The state of a cell is determined by external and internal signals that allow adaptations to

complex environments. These stresses help to regulate normal cellular processes through the

induction of PTMs, which induce or inhibit cell signaling pathways that ultimately

determine the fate of the cell. Among the more than 200 known PTMs, arginine

modifications (Figure 1) have emerged as important PTMs that impact multiple cellular

processes including cell growth, division, gene transcription, kinase signaling, proteolysis,

and DNA/RNA binding. The fact that arginine modifications can effect so many different

cellular processes is unsurprising because this residue is structurally unique in that the

guanidinium is both positively charged and can form extended hydrogen bonding networks

with both proteins and nucleic acids.
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Of the known arginine PTMs, four occur enzymatically (i.e., methylation, citrullination,

phosphorylation, and ADP-ribosylation) and two occur non-enzymatically (i.e.,

carbonylation and advanced glycation end-products). While most specific arginine residues

in proteins have only been shown to be modified by one PTM, histones show multiple

examples where the same arginine residue is subject to both methylation and citrullination,

and it is known that these two modifications antagonize each other, leading to alterations in

gene transcription.1-4 This type of crosstalk is likely to exist for all of the enzymatic and

non-enzymatic PTMs, and given the importance of arginine, it should be clear how

dysregulation of one of these pathways could contribute to the onset and progression of

human disease.5

Given that our understanding of arginine PTMs has been hindered by a lack of robust and

selective detection methods to study their role in human health and disease, below we

highlight several recently described chemical probes that can be used to characterize

arginine PTMs, focusing in particular on protein citrullination. We also describe methods to

detect the other enzymatic and non-enzymatic PTMs, with the hope that the successful

development of citrulline specific probes will inspire the development of new classes of

tools focused on identifying and elucidating the role of the other arginine modifications.

Biological role of arginine citrullination

Citrullination, which is also termed deimination, is a reaction that converts the guanidinium

group of arginine to a ureido group, resulting in the loss of both positive charge and two

potential hydrogen bond donors (Figure 1). This reaction, which is catalyzed by the protein

arginine deiminases (PADs) (i.e., PAD1, 2, 3, 4, 6),5 is an irreversible reaction (there is no

known ‘decitrullinase’) that can antagonize methylation of the same arginine residue.

Methyl-arginines are poor PAD substrates, with rates that are 150- to 1,000-fold slower than

for an unmodified arginine; thus, unmodified arginines are the physiologically relevant

substrates of the PADs.1,2,4,6,7

The PADs have gained significant interest over the past decade due to their role in

eukaryotic gene regulation and involvement in human disease, particularly inflammatory

diseases and cancer.5,8 Interest in the PADs is likely to accelerate, especially with the recent

demonstration that the PAD inhibitor Cl-amidine, developed by the Thompson lab, as well

as the closely related compounds 2-chloroacetamidine and YW3-56, show efficacy in

multiple animal models of human disease, including rheumatoid arthritis,9 ulcerative colitis

and Crohn’s disease,10 spinal cord injury,11 cancer,12-14 and multiple sclerosis.15

Detection of peptidyl-citrulline

Though aberrant PAD activity and protein citrullination have been linked to many human

diseases, elucidating the exact role of this PTM is human cell signaling remains a challenge,

especially since it has been difficult to identify novel PAD substrates. For example, unlike

other PTMs, the ureido group does not provide a chemoselective handle that can be used to

isolate and enrich for citrullinated proteins, as is the case with phosphorylated proteins.

Furthermore, the small 1 Dalton mass increase that occurs upon citrullination is difficult to

disambiguate from other hydrolytic PTMs (e.g. glutamine hydrolysis), which makes the
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detection of citrullinated proteins by MS and MS/MS difficult. Moreover, the fact that

citrullination is a hydrolytic reaction prevents the use of alternative substrates that contain

bioorthogonal handles (e.g., azides, alkynes, and fluorophores) that can be used in place of

the normal substrate to detect and isolate posttranslationally modified proteins. An excellent

example of the latter approach is the demonstration that the AMPylator VopS can use alkyne

or fluorescein derivatized ATP analogues in place of ATP to facilitate the detection/isolation

of AMPylated proteins.16,17

To overcome these challenges, we have focused on creating chemical tools to detect

citrullination that are sensitive and allow the addition of functional handles for analysis. We

will describe these probes, as well as several other chemical biology methods that have been

developed for peptidyl-citrulline detection.

Detection of citrulline by the COLDER assay

Classically, the color development reagent (COLDER) assay is the most common method

used for detecting citrulline levels, and we and others have used this assay extensively to

study the citrullination of small molecule arginine mimetics, peptides, and even

proteins.18-2021,22 For this assay, citrulline levels are quantified by reacting the modified

substrate with 2,3-butanedione monoxime and thiosemicarbazide (TSC) in the presence of

NH4Fe(SO4)2 under strongly acidic conditions.4,19 The ureido group reacts with 2,3-

butanedione monoxime to form an imidazolone that is stabilized by TSC, while Fe3+

facilitates rapid color development at 95° C. While this assay is reasonably fast and cost

effective, it is an endpoint assay and the relatively high limit of detection (0.6 nM) limits its

utility for quantifying the citrullination of less concentrated protein substrates. Additionally,

this method cannot be use to visualize protein citrullination. Regardless of its limitations,

this assay remains important for studying in vitro PAD activity.

Antibody based detection of chemically modified citrulline

A critical advance in the PAD field was the development of an antibody-based approach to

detect chemically modified citrullines.23 Described by Senshu and colleagues, this method

involves the transfer of citrullinated proteins to a nitrocellusose or PVDF membrane. The

blot is then treated with 2,3-butanedione and antipyrine under highly acidic conditions (6M

H2SO4 and 3M H3PO4) in the presence of FeCl3. The blots are then washed and incubated

with a polyclonal antibody that recognizes chemically modified citrulline residues. The

antibody was raised by injecting citrullinated histones, chemically modified by the above

reagents, into rabbits, and the antibodies were purified using a modified citrulline column.

This method has been successfully used for western blotting, as well as

immunohistochemistry to study the tissue specific distribution of citrullinated proteins.24,25

Millipore ultimately commercialized this approach for detecting protein citrullination under

the name Anti-citrulline (modifed) (ACM) detection kit. Using the ACM kit, this

methodology has been used to detect and identify (by MS) a number of citrullinated proteins

in RA synovium; however, the citrullinated residues were not identified.26,2728 Fast and

colleagues also combined this approach with protein microarray technology to identify a

number of PAD4 substrates, including 40S ribosomal protein S2 (RPS2) and ING4.29,30

Although the ACM kit is effective, it suffers from a number of limitations including
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sensitivity, the need for long incubation times, and the adducts generated are not readily

detected by most MS methods.

Proost and colleagues recently developed an alternative immunological detection method by

raising antibodies against three peptides containing citrulline residues that were also

chemically modified by 2,3-butanedione and antipyrine under acidic conditions

(YAGCit*LLTK-NH2, PIECit*TKLY-NH2 and PIECit*TYLK-NH2).21 The antibody

reacts with all three peptides in which citrulline is chemically modified, but not unmodified

control peptides. The authors then demonstrated that this antibody could be used to detect

protein citrullination in 96 well microtiter plates in either a Sandwich ELISA or ELISA

based mode (Figure 2). In the Sandwich ELISA method (Figure 2B), modified citrullinated

proteins are incubated in 96-well plates coated with an antibody that targets the protein of

interest. Subsequently, the anti-modified citrulline antibody is added and its presence

quantified with a peroxidase coupled secondary antibody. In the ELISA based format, which

can be used to directly measure PAD activity, peptide coated microtiter plates are first

incubated with a PAD, and then citrulline residues generated by the enzyme are derivatized

in place, the plates washed, and citrullinated peptides detected with the anti-modified

citrulline antibody and a peroxidase coupled secondary antibody. Bozdag et al. have shown

that this assay can be used to detect changes in PAD activity as a function of added

inhibitor.31

Antibodies that directly bind citrullinated proteins

A number of antibodies that detect unmodified citrulline have also been developed,

including the F95 monoclonal antibody and several commercially available antibodies from

Abcam. The F95 monoclonal antibody was developed by injecting mice with a deca-

citrulline peptide with a C-terminal Gly-Gly-Cys linker covalently fused to KLH by

maleimide chemistry.32 The Abcam antibodies were generated by coupling citrulline

directly to KLH. In both cases, the goal was to generate antibodies that recognize

citrullinated proteins in a context independent manner. A number of sequence dependent

antibodies have also been developed specifically for detecting citrulline in the N-terminal

tail of histone H3 (e.g., citrulline 2, 8, and 17, ab77164 from Abcam), and histone H4 (e.g.,

citrulline 3, ab81797 from Abcam). These antibodies were developed by inoculation with

peptides specific for the histone sequence where arginines were replaced with citrullines.

Although all of these antibodies have shown great utility, they lack complete specificity for

citrulline, thereby limiting their overall utility.

Phenylglyoxal based probes to detect protein citrullination

Fleckenstein and colleagues made a major contribution towards the detection of citrullinated

proteins and furthered our understanding of the chemistry behind the chemical modification

of citrulline by isolating and characterizing (by NMR and MS) the adducts formed upon

reacting citrullinated peptides with 2,3-butanedione and antipyrine under acidic pH.18 As an

extension of these studies, Tutturen et al. showed that phenylglyoxal also modified citrulline

under acidic conditions, and then they synthesized a chemically cleavable phenylglyoxal

derivative on PL-DMA resin and demonstrated that it could be used to isolate citrullinated

proteins.33 While this method represented a huge improvement over existing antibody based
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methods, it cannot be used to visualize proteins. To overcome these limitations, we

synthesized a rhodamine tagged phenylglyoxal derivative, termed Rh-Pg, that can be used to

directly visualize protein citrullination (Figure 3).8 For the resin bound approach, Tutturen et

al. conjugated phenolglyoxal to the resin via a para hydroxy group. In our hands, however,

derivatization at this position was not possible, likely due to the poor nucleophilicity of the

para hydroxy group, which results from conjugation to the glyoxal. To overcome this

synthetic challenge, we first derivatized 3-aminoacetophenone with 2-bromopropionyl

bromide. Displacement of the bromo group with sodium azide generated a click chemistry

compatible compound that survives the harsh oxidizing conditions used to form the glyoxal;

alkynes are unstable under these conditions. The fluorophore was then installed via the

copper catalyzed azide-alkyne cycloaddition reaction using alkyne tagged rhodamine as the

second substrate.

Once synthesized, we demonstrated that Rh-Pg rapidly labels histone H3 and

autodeiminated PAD4 under relatively mild conditions (20% TCA for 30 minutes at 37 °C).

This assay provides a simple and straightforward solution to detect femtomole amounts of

any citrullinated protein. The method is also quantitative and can readily be used to

determine the steady state kinetic parameters for a variety of protein substrates. An

additional advantage of Rh-Pg is that labeling and analysis is complete in less than 3 h

versus >24 h for the antibody based methods.

In addition to its utility for identifying the numbers and types of citrullinated proteins, we

envisioned that our probes would be useful for assessing target engagement; that is,

inhibition of PAD activity in animal models of diseases. As an extension of this idea, we

also hypothesized that these compounds would facilitate the discovery of novel citrullinated

disease biomarkers that could be used for clinical diagnosis and monitoring the efficacy of

various drug regimens. We further hypothesize that this approach will be superior to

traditional biomarkers (the classic examples being cholesterol and PSA levels) because we

will not be detecting gross changes in the level of a particular protein or metabolite, but

instead a posttranslationally modified protein. To provide support for this idea, we used Rh-

Pg to analyze citrulline levels in archived serum samples from a mouse model of DSS

induced ulcerative colitis that had either been treated with the PAD inhibitor Cl-amidine or

vehicle control.341035 Impressively, we observed statistically significant reductions in total

protein citrullination in the mice treated with Cl-amidine compared to the vehicle control.

Moreover, this analysis identified 5 distinct proteins that showed a marked difference in

citrullination levels, as a function of disease severity. Notably, for four of these proteins,

higher citrullination levels strongly correlated with a number of clinical metrics of disease

severity, including colon length and inflammation score.8

Work to generate biotin tagged versions of Rh-Pg is currently ongoing in our lab. These

compounds will facilitate the isolation and identification of the citrullinated proteins present

in whole proteomes, as well as the specific residues that are modified by the PADs in

response to a variety of stimuli. Although the full scope and significance of the Rh-PG and

other related probes is unclear, we predict that they will be powerful chemical probes that

will enable the detection of citrullinated protein biomarkers for other diseases where the

PADs play a role.
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Fluorescent sensors to detect PAD activity

Lawrence and colleagues recently described a fluorescent reporter assay that monitors

citrullination in a continuous fashion.36 The assay utilizes a fluorophore that is attached to

an arginine rich peptide backbone, and a fluorescence quencher that electrostatically

interacts with the positively charged arginines (Figure 4). Upon citrullination by a PAD, the

loss of charge releases the fluorescence quencher, which in turn activates the fluorophore,

resulting in the production of a colorimetric readout at specific wavelengths. This assay can

be tuned to include different fluorescent molecules, allowing multicolor visualization of

PAD-dependent citrullination.

The peptide backbone of the fluorescent probe is Gly-Arg-Gly-Ala, a derivative of a

previously reported PAD4 substrate.20 Several fluorophores were tested, with the majority

of studies being performed using the rhodamine derivative TAMRA attached to the N-

terminus of the peptide (TAMRA-(Gly-Arg-Gly-Ala)3. Substrates were screened against a

library of commercially available dyes, and the negatively charged dye Acid Green 27 was

identified as the most efficient quencher. Among the synthesized PAD substrates, TAMRA-

(Gly-Arg-Gly-Ala)4 in combination with the quencher Acid Green 27 exhibits the most

potent readout, with a 166 ± 10 fold increase in fluorescence upon citrullination. To

demonstrate the possibility of monitoring multiple biological processes at the same time, a

PAD4 TAMRA-(GRGA)3 sensor was analyzed in parallel with a (cAMP)-dependant protein

kinase (PKA) peptide based sensor, Ac-GRTGRRDap(pyrene)SYP-NH2.37 Upon

monitoring the fluorescence of the PAD4 and PKA substrates at 590 and 400 nm,

respectively, increases in fluorescence were only observed in the presence of the respective

enzymes at their wavelengths, thereby monitoring both the enzymatic activities

simultaneously. This assay is an excellent example of the power of chemical probes to

understand the biology of arginine citrullination.

Biological role of methyl-arginine

Protein arginine methylation was identified in 1970, and over the past 40 years has been

found to regulate a number of cellular processes including gene transcription, RNA splicing,

differentiation, and cell division.38-41 Methylation of arginines is carried out by the protein

arginine methyltransferases (PRMTs), a family of proteins that catalyze the methylation of

numerous cytoplasmic and nuclear proteins, using S-adenosylmethionine (SAM) as the

methyl donor.42,43 Arginine methylation comes in three different varieties including the

enzymatic addition of either a single methyl group (NG-monomethyl arginine, MMA) to a

sidechain ω-nitrogen, or the addition of two methyl groups on either the same nitrogen (ω-

NG, NG-asymmetric dimethyl arginine, ADMA) or one on both ω-nitrogens (ω-NG, N’G

symmetric dimethyl arginine, SDMA) (Figure 1). While both mono- and dimethylated

arginine are detected in vitro, almost all in vivo modifications have been identified as

dimethylarginine.44 Although arginine methylation plays a number of critical cellular roles,

its best characterized physiological role is the methylation of histone tails within chromatin,

as well as modification of transcription factors, to help regulate the overall chromatin

architecture and thereby facilitate the activation or repression of specific genes.42,45 Given

the important biological roles that this protein family plays in cell signaling, epigenetic

homeostasis, and human disease (PRMT activity is dysregulated in heart disease and
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cancer46,474843,4942), a greater understanding of PRMT biology will undoubtedly facilitate

the development of therapies targeting these enzymes. In the following sections we describe

a number of methylarginine detection methods using radiolabeled SAM, antibodies, mass

spectrometry, and a recently reported method to chemically modify protein

methyltransferase substrates with an alkyne handle.

Radioactive S-adenosylmethionine (SAM) assays

Radiolabeled SAM (3[H] or 14[C]) has classically been used to detect PRMT activity.

Typically, 3[H]-SAM or 14[C]-SAM are incubated with recombinant PRMTs in the presence

of cell lysates or purified substrate proteins, and the radiolabeled methyl group detected after

SDS-PAGE by in-gel fluorography or phosphorimage analysis.5051 This assay format can

also be used to quantitatively detect peptide methylation by using Tris-Tricine gels with an

internal 14[C] standard.51 Although this method is quite effective with purified proteins, it is

less effective at identifying substrates in cell lysates because of competition for the

radiolabeled SAM. Another disadvantage of this method is that methylated proteins are not

readily isolated and identified by MS and MS2.

Methylarginine antibodies

Similar to the anti-citrulline antibodies, a number of antibodies (e.g., SYM10, SYM11,

ASYM24 from EMD Millipore or ab412, ab413, ab414, ab415 from Abcam) have been

developed to bind and discriminate between mono- and dimethylarginine. Antibodies are

advantageous because they are relatively specific and sensitive for the desired modification,

but have the disadvantage of being expensive when purchased from commercial sources.

Anti-methylarginine antibodies are generated by replacing the arginines in RGG or GRG

target sequences, which are known PRMT substrates, with mono-or dimethylated residues.52

Antibodies for methylarginines in histones have also been developed by creating histone

specific inoculation peptides in which the native arginines have likewise been replaced with

a mono- (e.g., ABE10 from EMD Millipore) or dimethylated arginine (e.g., 04-808 from

EMD Millipore).

Chemical labeling and detection of protein methyltransferase (PMT) substrates

Building on work in the DNA methyltransferase field,53,54 a number of groups have shown

that protein methyltransferases can use a number of SAM analogues as alternative

substrates. In one such example, we demonstrated that PRMT1 could catalyze the transfer of

an aziridine containing analog to the substrate arginine residue to generate a bisubstrate

analog.55 Subsequently, several groups showed that both the PRMTs and the lysine

methyltransferases could catalyze the transfer of a number of different groups, including

alkynes and allylic groups.56,57 A key limitation of this approach has been that the transfer

rates are quite slow, likely due to steric hindrance within the SAM binding pocket. To

overcome this limitation, Luo and colleagues mutated the SAM binding pockets in several

enzymes to accommodate the large size of the functional group being transferred, and

showed that the mutations increase the rates of transfer.58-60. This simple yet elegant

approach is a beautiful extension of the bump-and-hole strategy developed by Shokat and

colleagues for the kinases.61
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More recently, Luo and colleagues synthesized a selenium containing SAM analogue

(ProSeAM (propargylic Se-adenosyl-L-selenomethionine)62 (Figure 5) and demonstrated

that this compound efficiently incorporated an alkyne tag onto both arginines and lysines.

The alkyne was subsequently clicked to biotin to facilitate the isolation of methylated

proteins. This method marks a major step forward in chemical probe development, and will

be a useful resource in elucidating the role of methylarginine in human health and disease.

Biological role of Phosphoarginine

Although the phosphorylation of arginine residues in histone H3 was first reported two

decades ago,63 the first direct evidence that arginines are phosphorylated came only recently

from Fuhrmann and colleagues.64 Here, the authors demonstrated that the bacterial kinase

McsB phosphorylates arginines present in numerous proteins substrates,65 including the

global heat shock regulator CtsR. CtsR is a transcriptional regulator of the bacterial stress

response system, which controls the expression of chaperones of the HSP100/Clp family and

the protease ClpP.66 Phosphorylation of CtsR in its winged HTH domain results in its

release from DNA and is thought to increase the expression of stress response genes.64,67

This effect on DNA binding is unsurprising because the addition of a phosphate group to a

guanidinium nitrogen, forming a phosphoramidate N-P bond, effectively changes the net

charge from the +1 of arginine to −1 of phospho-arginine. Although a phosphoarginine is

highly reactive and unstable under acidic conditions, bacteria encode phosphoarginine

phosphatases, and these enzymes bear striking homology to the low molecular weight

protein tyrosine phosphatases (LMW PTPases). To enrich the phosphoarginine proteome,

Elsholz et al. mutated the B. subtilis arginine phosphatase ywlE and then isolated the

phosphorylated proteins. Demonstrating that arginine phosphorylation plays a pivotal role in

bacterial physiology, the authors identified more than 80 arginine phosphorylated proteins

that play important roles in DNA binding, transcriptional regulation, protein degradation,

motility, competence, and the stress responses.65

Although genome searches for enzymes similar to McsB have only uncovered potential

homologues in gram-positive bacteria, it will be important to develop phosphoarginine

antibodies and other chemical tools to confirm that arginine specific protein kinases and

phosphatases are also present in eukaryotes.

Detection of peptidyl-phosphoarginine

The original, indirect, detection of protein embedded phosphoarginines was done using a

combination of ATP [γ-32P] radiolabeling of histone H3 incubated with nuclear cell extracts

and Edman degradation, observing missing signals for the arginine sites.63 Currently, MS

and 31P NMR are the methods of choice. Phosphoarginine can be detected through multiple

MS methods; however, care has to be taken to preserve the acid labile modification during

sample preparation and to apply gentle fragmentation methods such as electron transfer

dissociation (ETD) or electron-capture dissociation (ECD) that are superior towards

collision-induced dissociation (CID) fragmentations and provide more reliable site

localizations during MS data interpretation.68,69 Initial studies of phospho-CtsR uncovered a

phosphorylated amino acid in the winged HTH domain, and analysis of a CtsR peptide

I57VESKpRGGGGYIRIM71 confirmed the presence of a phosphoarginine at Arg62 through
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ECD MS/MS analysis. Corresponding c- and z-fragment ions revealed a 236 dalton

fragment, which represents a phosphoryl group attached to an arginine residue. The

identification of phosphoarginine containing proteins on a proteome scale is further

complicated by endogenous phosphoarginine phosphatases. Nevertheless, as mentioned

above, it is possible to identify such proteins by knocking out the endogenous phosphatases,

and then digesting the cell lysates with trypsin. Phosphoarginine containing peptides can

then be enriched with TiO2 chromatography, and then separated and analyzed by LC-

MS/MS.

Biological role of arginine ADP-Ribosylation

Another arginine PTM is mono-ADP-ribosylation, which occurs in bacteria and vertebrates

and is catalyzed mainly by bacterial toxins to alter host processes such as actin

polymerization, protein-protein interactions, and conformational changes in gated ion

channels 70. The addition of the ADP-ribose group of NAD+ to arginine results in a 540

dalton mass increase, and a change in the net charge of arginine from +1 to −1 due to the

two phosphate groups in ADP. This reaction is catalyzed by arginine-specific ADP-

ribosyltransferases (ARTs), which are similar to ribosyltransferases that modify different

amino acids and nucleotides.71 The reaction can be reversed enzymatically by ADP-

ribosylarginine specific hydrolases (ARHs) that completely remove the ADP-ribose moiety.

The ADP-ribose can also be removed from peptidyl-arginine in non-enzymatic reactions that

result in the complete reversion to arginine, partial removal by phosphodiesterases resulting

in phosphoribosylated arginine,72 or hydrolysis at the guanidine carbon resulting in an

ornithine residue.73 The biological role of phosphoribosylated arginine and ornithine have

yet to be fully characterized.

Detection of peptidyl-ADP-ribosylarginine

ADP-ribosylation can be analyzed using radioactively labeled [32P]-NAD+ to facilitate

substrate identification and to characterize the properties of the ARTs.71 For example,

proteins from whole cell lysates are labeled and separated by SDS-PAGE radiography, and

the modified proteins identified by MS. Another method for substrate identification is by the

addition of a biotin or etheno-group tag to NAD+, which facilitates detection (western blot

and flow cytometry) and enrichment of proteins with streptavidin or etheno-adenosine-

specific monoclonal antibodies.74 Although ADP-ribosylation is a bulky group that has

previously been used to create antibodies,75 anti-ribosylarginine antibodies are cross-

reactive with other mono- or poly-ADP-ribosylated residues, thereby limiting their utility.

ADP-ribosyl peptides from biological samples can be enriched through selective binding to

a titanium oxide affinity resin,76 or in a novel approach, ‘macro domains’ that specifically

bind ADP-ribosyl moieties were used to selectively purify mono-ADP-ribosylated

proteins.77 The latter study, which resulted in the identification of several new human

substrates, has the potential to revolutionize the field.

Biological role of Non-enzymatic arginine modifications

Peptidyl-arginine is also susceptible to non-enzymatic modifications, including advanced

glycation end-products (AGEs) and carbonylation (Figure 1). AGEs are formed by Malliard

reactions between aldehyde groups on reducing sugars and either proteins, nucleic acids, or
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lipids. The major arginine AGEs are Nδ-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine

(MG-H1), Nω-carboxymethyl-arginine (CMA), and Nω-carboxyethyl-arginine (CEA).

These modifications increase during oxidative stress and cellular aging, and hyperglycemia

accelerates AGE formation.78 Glycation of human LDL by methylglyoxal was also found to

increase atherosclerosis by altering LDL morphology in individuals with diabetes and

cardiovascular disease.79

Carbonylation is an age-associated, irreversible oxidative process that is the result of metal

catalyzed oxidative (MCO) cleavage of amino acid sidechains. There is evidence that

upregulated carbonylation is present in patients with Alzheimer’s disease,80 rheumatoid

arthritis,81 and atherosclerosis.82 Carbonylation either marks proteins for degradation by the

proteasome and Lon protease, or modified residues can escape proteolysis to be processed

further to glutamate semialdehyde (arginine and proline) or aminoadipate semialdehyde

(lysine).83

Detection of AGEs and carbonylation

The three major AGEs of arginine result in a 53-73 dalton increase that is detectable by

protein digestion and subsequent LC-MS/MS.84 Antibodies have been developed for CMA

(e.g., CosmoBio, CAC-AGE-M04)85 and MG-H1,79,86 but not CEA. These antibodies have

been used for immunohistochemistry and ELISA based methods to determine AGE levels in

renal failure,87 cardiovascular disease,79 and diabetes.86 MG-H1 can also be detected by

reaction with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) resulting in

products detectable by HPLC separation and fluorimetry.88 This method was used to

determine that the levels of MG-H1 increased with age in human lens proteins, likely

leading to protein aggregation and cataract formation.89

Arginine carbonylation is a non-enzymatic sidechain hydroxylation, which then collapses to

release the guanidinium group to form a glutamate semialdehyde.90 Glutamate

semialdehyde can be readily detected by MS,91 and the carbonyl can be chemically

derivatized with 2,4-dinitrophenol hydrazine, which can be detected by ultraviolet

spectrophotometry.92 The 2,4-dinitrophenolhydrazone modified proteins can also be

detected with an anti-2,4-dinitrophenolhydroazone antibody, which facilitates detection by

western blotting,9394 immunocytochemistry,95 and ELISA.96 Millipore commercialized this

process as the OxyBlot protein oxidation detection kit (Catalog No. S7150), which is similar

to their ACM kit for the detection of modified citrulline,

Conclusions and future perspectives

Posttranslational modifications of arginine play several key roles in human health and

disease. To better understand current and as yet unidentified PTMs, it is critical that new

chemical and biological tools be developed to detect and analyze arginine derivatives. The

emergence of chemical biology over the past decade has expanded our toolbox past

antibodies and MS for PTM analysis. This renaissance has resulted in new methods for the

isolation and identification of enzyme substrates and modifications, and we hope the

methods described in this review inspire the design of novel chemical biology tools for

further elucidating the biology of PTMs.
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Figure 1.
Posttranslational modifications (PTMs) of arginine that occur within proteins and have been

detected in vivo. MMA = Monomethylarginine, SDMA = Symmetric dimethylarginine,

ADMA = Asymmetric dimethylarginine, MG-H1 = 5-hydro-5-methyl-4-imidazolon-2-yl)-

ornithine, CEA = Carboxyethylarginine, CMA = Carboxymethylarginine.
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Figure 2.
Proost and colleagues developed an assay that uses antipyrine modification of citrulline and

detection by ELISA. A) Peptidyl-citrulline is chemically modified by 2,3-butanedione and

antipyrine under acidic conditions. B) Modified citrulline is detected with an antibody raised

against this moiety, and subsequent ELISAs can be performed to detect protein

citrullination.
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Figure 3.
Rh-PG detection and quantitation of protein citrullination assay developed by Thompson

and colleagues.
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Figure 4.
Lawrence and colleagues developed a fluorescence quencher assay to detect citrullination.

This continuous assay utilizes a substrate bound fluorophore (FL) that is activated upon

release of a quencher when protein citrullination occurs.

Slade et al. Page 18

Biopolymers. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Luo and colleagues developed a reporter assay to detect substrates of protein

methyltransferases (PMTs) by creating a SAM cofactor analogue (ProSeAM, Se-Adenosyl-

L-selenomethionine) that labels methylation sites with an alkyne handle. This handle can be

derivatized by azide containing tags (fluorescent or affinity) to facilitate the detection of

protein methylation (fluorophore), or the enrichment, purification, and identification of PMT

substrates (biotinylation).
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