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a b s t r a c t

Arginine (Arg)-specific ADP-ribosylation is one of the posttranslational modifications of proteins and is
thought to play an important role in reversibly regulating functions of the target proteins in eukaryotes.
However, the physiological target protein has not been established. We examined the fragmentation
pattern of both ADP-ribosyl-Arg (ADP-R-Arg) and Arg-ADP-ribosylated peptides by quadrupole tandem
mass spectrometry and found a specific cleavage of ADP-R-Arg into N-(ADP-ribosyl)-carbodiimide
(ADP-R-carbodiimide) and ornithine. Based on this specific fragmentation pattern, we successfully iden-
tified the modification site and sequence of Arg-ADP-ribosylated peptide using a two-step collision and
showed that ADP-R-carbodiimide is an excellent marker ion for precursor ion scanning of Arg-ADP-
ribosylated peptide. We propose that a combination of the precursor ion scanning with ADP-R-carbodi-
imide as a marker ion and two-step collision is useful in searching for physiological target proteins of
Arg-ADP-ribosylation.

� 2009 Elsevier Inc. All rights reserved.

Arginine (Arg)1-specific ADP-ribosylation is a posttranslational
modification of Arg residue of proteins with an ADP-ribose moiety
of nicotinamide adenine dinucleotide (NAD) catalyzed by mono-
ADP-ribosyltransferase (Art) (EC 2.4.2.31) [1]. The transferase,
originally identified in the bacterial world, was also detected in
eukaryotes and cloned from rabbit skeletal muscle [2], mouse lym-
phocytes [3], and chicken heterophils [4] as well as lung [5,6] and
is classified into seven members (Art1–Art7) [1,5,7]. ADP-ribose at-
tached to the guanidino group of Arg residue is reversibly removed
by a ubiquitously distributed enzyme ADP-ribosylarginine hydrolase
(AAH) (EC 3.2.2.19). The presence of both Art and AAH activities in
eukaryotic cells implies that, as is the case with phosphorylation,
the reversible protein Arg-ADP-ribosylation may act as a regulatory
mechanism for the function of the target protein [8].

The physiological importance of Arg-ADP-ribosylation in ani-
mals, however, remains to be elucidated because physiological tar-

get proteins of the modification have not yet been identified. In
eukaryotes, Arts have been reported to modify a number of pro-
teins, including phosphorylase kinase [9], Ca2+-ATPase [10], Mim-
1 (Myb-induced myeloid protein-1) [11,12], actin [13], desmin
[14], and integrins [15]; however, there is no direct evidence of
their in vivo modification [16]. To detect endogenously ADP-
ribosylated proteins, we previously developed a specific method
using anti-ADP-R-Arg antibody (where ADP-R is ADP-ribose) com-
bined with recombinant AAH enzyme and successfully detected
possible target proteins in an Art-abundant tissue, rat skeletal
muscle [17]. Thus, the next step to clarifying the significance of
Arg-ADP-ribosylation in vivo is the identification of the target pro-
teins and determination of the modified Arg residues in the
proteins.

In the field of structural analysis of posttranslationally modified
proteins, collision-induced fragmentation techniques of mass spec-
trometry (MS), such as tandem mass spectrometry (MS/MS) and
MS3, have been shown to have enormous potential, together with
high accuracy and specificity, especially for identifying the modifi-
cations and determining the site and amino acid sequence of target
proteins [18–23]. However, to apply this technique for identifying
Arg-ADP-ribosylated proteins, basic knowledge about the MS/MS
decay of ADP-R-Arg and practical procedures for selecting and
identifying the Arg-ADP-ribosylated peptides are lacking. In this
study, we describe for the first time the specific cleavage pattern
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of Arg-ADP-ribosylation on MS/MS together with the procedures
for identifying and specifically selecting Arg-ADP-ribosylated pep-
tides, and we propose a combination of these procedures for
detecting and sequencing Arg-ADP-ribosylated protein.

Materials and methods

Materials

Dithiothreitol, iodoacetic acid, lysyl endopeptidase (Lys-C), tri-
fluoroacetic acid, ammonium formate, formic acid, acetonitrile,
and methanol were purchased from Wako Pure Chemical Industries
(Osaka, Japan). NAD was obtained from Oriental Yeast (Tokyo, Ja-
pan). ADP-R, Arg, and agmatine were obtained from Sigma (St. Louis,
MO, USA). The peptides angiotensin I (DRVYIHPFHL), des-[Arg9]-
bradykinin (RPPGFSPF), and [Arg8]-vasopressin (CYFQNCPRG) were
designated as P1, P2, and P3, respectively. P1 was obtained from Sig-
ma, and the other peptides were obtained from Peptide Institute
(Osaka, Japan). A silica-based C18 column Atlantis dC18 (column size
2.1 � 150 mm, particle size 3 lm) was obtained from Millipore–
Waters (Milford, MA, USA). Art (0.3 ng proteins/ll) and Mim-1 pro-
tein (2 mg/ll) were purified from chicken spleen according to the
methods described previously [5,11].

Sample preparation

For preparing ADP-R-Arg or ADP-ribosyl agmatine, 100 mM Arg
or agmatine was incubated for 3 h at 30 �C with purified Art en-
zyme (10 ll) and 5 mM NAD in 50 mM Tris–Cl (pH 9.0) in a total
volume of 200 ll. For the modification of peptide, 100 lM P1, P2,
or P3 was incubated with 1 mM NAD under the above-mentioned
conditions. ADP-ribosylated materials were purified by reversed-
phase high-performance liquid chromatography (RP-HPLC) (Gilson
model 305 and 306 pumps, model 805 manometric module, and
model 811B dynamic mixer) with ultraviolet (UV) monitoring at
254 and 215 nm on the C18 column with the mobile phases consist-
ing of 0.1% trifluoroacetic acid in both water (solvent A) and aceto-
nitrile (solvent B) at a flow rate of 0.2 ml/min. The percentage of
solvent B was changed as follows: 0 min, 15%; 10 min, 30%;
35 min, 30%; 36 min, 15%; and 50 min, 15%. The fractions corre-
sponding to the peak at 254 nm separated from that of NAD were
collected. The ADP-ribosylated peptides P1, P2, and P3 were desig-
nated as AP1, AP2, and AP3, respectively. Mim-1 (200 lg) was re-
duced with 10 mM dithiothreitol in 8 M urea/40 mM sodium
bicarbonate for 15 min at 50 �C in a total volume of 850 ll, alkyl-
ated with 50 mM iodoacetic acid for 30 min at room temperature
in the dark, and then digested with 5 lg of Lys-C for 1 h at 37 �C
in 100 ll of 25 mM sodium bicarbonate. The digest (�100 lM)
was combined with the ADP-ribosylated peptides AP1, AP2, and
AP3 (2–12 lM) to prepare the peptide mixture for precursor ion
scanning.

Mass spectrometry

MS was performed on a quadrupole tandem mass spectrometer
equipped with an electrospray ion source (Sciex API 3000, Applied
Biosystems, Foster City, CA, USA). Liquid chromatography (LC) for
LC/MS was performed on a C18 column by RP-HPLC (Shimadzu
LC-10AD pumps, SIL-HTC autosampler, and DGU-14AM degasser)
at a flow rate of 0.15 ml/min. For the analysis of ADP-R-Arg and
ADP-ribosyl agmatine, the mobile phases consisted of 5 mM
ammonium formate (solvent A) and methanol (solvent B). The per-
centage of solvent B was changed as follows: 0 min, 0%; 10 min,
70%; 15 min, 70%; 15.1 min, 0%; and 20 min, 0%. For the peptide
analysis, the mobile phases consisted of 0.1% formic acid in water

(solvent A) and acetonitrile (solvent B). The percentage of solvent B
was changed as follows: 0 min, 15%; 0.5 min, 55%; 5.5 min, 55%;
5.6 min, 15%; and 10 min, 15%. Eluate was electrosprayed directly
into the mass spectrometer. In the positive ion mode, the ion spray
voltage (IS) and declustering potential (DP) were set to 3500 and
70 V, respectively. In the negative ion mode, the IS and DP were
set to�3500 and�96 V, respectively. Nitrogen was used as the col-
lision gas. The collision energy (CE) is provided in each figure leg-
end. For precursor ion scanning, both Q1 and Q3 resolutions were
set to low. For the pseudo-MS3 experiment, only Q1 resolution was
set to low.

Peptide sequence identification by Mascot

A Mascot (Matrix Science) MS/MS ion search program was per-
formed for ‘‘other mammalia” against Swiss–Prot 57.0 database
(428,650 sequences and 154,416,236 residues). The parameter
‘‘fixed modification” of amino acid was set to ‘‘Arg replaced to Orn”
(where Orn is ornithine). The search was conducted using ‘‘semiT-
rypsin” for enzyme specificity, with a maximum of ‘‘one missed
cleavage” allowed and peptide and MS/MS tolerances set at 1.2
and 0.6 Da, respectively.

Results

Identification of fragmentation pattern of Arg-ADP-ribosylation

First, we examined the fragmentation pattern of the simplest
form of Arg-ADP-ribosylation, ADP-R-Arg, on MS/MS. In the nega-
tive ion mode (Fig. 1A), the major product ions were detected at
m/z 346.2 (AMP), 367.3 (ADP-R-Arg–AMP), 426.2 (ADP), 498.5,
540.0 (ADP-R–H2O), and 582.4. Although the ions with an m/z va-
lue smaller than that of ADP-R (m/z 558.3) are ADP-R moiety-spe-
cific products, any product ion with an m/z value larger than that of
ADP-R must consist of both ADP-R- and Arg-derived moieties.
Actually, the ion at m/z 582.4 was assigned as deprotonated ADP-
R-carbodiimide. Because this ion seems to result from cleavage of
the guanidino group of ADP-R-Arg, the residual of ADP-R-Arg,
namely Orn, could also be detected as a product ion. As shown in
Fig. 1B, the ion at m/z 133.1 consistent with protonated Orn was
detected in the positive ion mode. The product ion at m/z 498.5
is considered to result from cleavage of the ribose ring. When an-
other guanidino compound agmatine was ADP-ribosylated and
subjected to MS/MS in the positive ion mode, the ADP-R-carbodi-
imide ion was again detected together with the protonated resid-
ual from agmatine at m/z 89.2 (data not shown). These results
suggest that the cleavage of carbodiimide from the guanidino moi-
ety is a common fragmentation pattern for the ADP-ribosylated
guanidino compounds.

To see whether this specific fragmentation pattern can be ex-
tended to Arg-ADP-ribosylated peptides, ADP-ribosylated angio-
tensin I (AP1) was subjected to MS/MS. As shown in Fig. 2B, in
the negative ion mode, deprotonated ADP-R-carbodiimide at m/z
582.4 was detected together with the ions of ADP-R-derived frag-
ments (at m/z 346.2, 426.2, and 498.5), quite similar to those of
ADP-R-Arg (Fig. 1A). By MS/MS of AP1 in the positive ion mode
(Fig. 2C), the ion at m/z 627.8 (AP1–ADP-R-carbodiimide) was also
detected with protonated ADP-R-carbodiimide, indicating that the
carbodiimide-deprived peptide contains Orn instead of Arg in the
peptide. To confirm this, m/z 627.8 ion observed in the precursor
ion spectrum of AP1 shown in Fig. 2A was subjected to MS/MS in
the positive ion mode (see also next section below). The spectrum
of both b- and y-type product ion series showed that the Arg resi-
due of the peptide is replaced with Orn (Fig. 2D). Thus, Arg-ADP-
ribosylated peptide also fragmented into ADP-R-carbodiimide
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and the residual peptide portion containing Orn. By MS/MS of the
doubly charged protonated molecules of AP2 and AP3 (m/z 723.6
and 813.5, respectively), the ions of ADP-R-carbodiimide-deprived
AP2 and AP3 (m/z 862.9 and 1043.0, respectively) were produced
together with the protonated ADP-R-carbodiimide at m/z 584.4,
again indicating the conversion of Arg to Orn. At least for AP2,
MS/MS of doubly charged protonated ADP-R-carbodiimide-de-
prived AP2 at m/z 432.0 confirmed the conversion by detecting
Orn instead of Arg. This conversion was never detected by
MS/MS of the unmodified peptides P1, P2, and P3 (data not shown).
These results indicate that the splitting into ADP-R-carbodiimide
and Orn is a highly specific fragmentation pattern for Arg-ADP-
ribosylation.

Determination of ADP-ribosylation site and amino acid sequence of
Arg-ADP-ribosylated peptide

In general, the modified site and amino acid sequence of a pos-
sibly modified peptide can be determined by MS/MS. However, as
described above, MS/MS of not the protonated molecule itself but
rather the ion of ADP-R-carbodiimide-deprived peptide should be
enough to determine the site and sequence of the peptide because
the Orn residue itself represents the modification site. The nominal
m/z (X) of the ions of ADP-R-carbodiimide-deprived peptide can be
calculated as follows:

X ¼ ½nða� 1:0Þ � 583:3þm�=m;

where m is the charge of the ADP-R-carbodiimide-deprived peptide,
583.3 and 1.0 denote the nominal mass of ADP-R-carbodiimide and
hydrogen, respectively, and a and n are the m/z and charge of the
protonated molecule of the Arg-ADP-ribosylated peptide, respec-
tively. As for AP1, the ion at m/z 627.8 (a = 919.4, m and n = 2) ob-
served in the precursor ion spectrum of AP1 shown in Fig. 2A,
probably generated by in-source decay [18], was subjected to
MS/MS (Fig. 2D), and the peptide sequence [D-Orn-VYIHPFHL]
was obtained. For AP2, the ion at m/z 432.0 (a = 723.6, m and

n = 2) observed in the precursor ion spectrum of AP2 was subjected
to MS/MS, and the peptide [Orn-PPGFSPF] was obtained (data not
shown). The data set obtained by MS/MS of ADP-R-carbodiimide-
deprived AP1 was enough to identify the original peptide as angio-
tensinogen by Mascot search.

However, on direct fragmentation of the protonated molecule
itself at m/z 919.4 (doubly charged AP1), we were not able to deter-
mine the site or sequence because of the extreme complexity of the
fragmentation pattern derived from the ADP-R moiety as well as
the peptide portion in the product ion spectrum (Fig. 2C). As
expected from the fragmentation pattern of ADP-R-Arg (Fig. 1B),
during MS/MS of AP1, the ADP-R moiety did not remain intact
but rather fragmented into multiple ions (m/z 136.2, 249.9,
348.2, and 428.2) together with their residual parts containing
the peptide chain such as m/z 746.1 (AP1–AMP) and 795.3 (AP1–
adenosine + H2O). The breakdown of the peptide chain of these res-
idues also occurred and again generated many different species in
the peptide portion: m/z 737.7 (b9 product ion of AP1–ADP) and m/
z 745.5 (b7 product ion of AP1–adenine). Similar results were ob-
tained with MS/MS of AP2 and AP3 (data not shown). When the
MS/MS data of the m/z 919.4 ion were analyzed by Mascot search,
no peptide was identified.

These results indicate that MS/MS of the ADP-R-carbodiimide-
deprived peptide, but not of the ADP-ribosylated peptide itself,
by a two-step collision (in-source decay followed by MS/MS in this
experiment) is not only sufficient but also necessary to determine
the modification site and sequence of the modified peptide.

Selection of Arg-ADP-ribosylated peptides by precursor ion scanning

The ADP-R-carbodiimide may be a good marker for a precursor
ion scanning to detect any Arg-ADP-ribosylated peptides in crude
protein digest in searching for target proteins of ADP-ribosylation.
Thus, we tried to specifically select ADP-ribosylated peptides (AP1,
AP2, and AP3) mixed with Lys-C digest of Mim-1 by a precursor ion
scanning with the ADP-R-carbodiimide ion as the marker ion. The
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precursor ion spectra of the mixture in the positive and negative
ion modes are shown in Fig. 3A and B, respectively. Precursor ion
scanning of the mixture for m/z 582.4 of deprotonated ADP-R-car-
bodiimide in the negative ion mode not only detected all ADP-

ribosylated peptides (AP1, AP2, and AP3) but also greatly simplified
the signals of the spectrum (Fig. 3C) compared with the precursor
ion spectrum of the mixture in the negative ion mode (Fig. 3B).
These results indicate the potency of precursor ion scanning for
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ADP-R-carbodiimide in the negative ion mode for a specific selec-
tion of Arg-ADP-ribosylated peptides in crude peptide mixtures.

Discussion

In this study, we have described for the first time the specific
cleavage pattern of Arg-ADP-ribosylation to generate ADP-R-car-
bodiimide and Orn using MS/MS. This finding supports the detec-
tion of ADP-R-carbodiimide, or imidocarbonylamine group linked
to ADP-R, on fast atom bombardment (FAB)–MS of an ADP-ribosy-
lated iron protein nitrogenase [24]. Other than in the previous
study, all structural analyses of ADP-ribosylation by MS have only
described a mass increment of 541.0 Da corresponding to the addi-
tion of ADP-R without further fragmentation [14,25,26] or have
only determined the peptide sequence by MS/MS of the candidate
protein selected with conventional methods such as affinity chro-
matography [27] or radiolabeling [28], both of which lack the abso-
lute and direct evidence of the presence or site of ADP-ribosylation.
Thus, procedures for determining the modification site and se-
quence of the modified peptide together with specific selection
of the modified peptide should be developed. Here we were able
to select Arg-ADP-ribosylated peptide, and directly identify and
localize the modification of peptides, taking advantage of the spe-
cific cleavage pattern of the Arg-ADP-R adduct. The application of
the procedure used in this study should be useful for identifying
the target proteins of Arg-ADP-ribosylation.

We specifically selected the Arg-ADP-ribosylated peptide from
the protein digest by precursor ion scanning in the negative ion
mode with ADP-R-carbodiimide ion (m/z 582.4) used as the marker
ion. This marker ion, containing both the modification group ADP-
R and a part of the modified amino acid Arg, is able to determine
the modification itself as well as the modified site. Precursor ion
scanning techniques have been successfully used to detect other
modifications of proteins such as phosphorylation (m/z 79.0) [19]
and glycosylation (m/z 204.1) [20]. In terms of identifying amino
acid-specific modifications, our marker ion (i.e., ADP-R-carbodiim-
ide) is similar to the marker ion immonium at m/z 216.0, which is
used to identify tyrosine-phosphorylated proteins [21].

Although the modification site and sequence of phosphopep-
tides can be determined by MS/MS [19,21], in the case of glycopep-
tide, which has a tendency for the modification group to be
fragmented on the cleavage of the main peptide, determination
of the modified site and sequence requires a two-step collision or
fragmentation. The first step involves removal of the complex
and labile modification group while leaving a small portion of
the group to mark the modified amino acid, and the second step in-
volves fragmentation of the peptide chain with the small marker
moiety to localize the site and determine the amino acid sequence.
For this purpose, MS3 [22] or pseudo-MS3 [23] has been used. Be-
cause the ADP-R moiety is also easily fragmented on MS or MS/MS,
pseudo-MS3 (as shown in the current study) or MS3 is required to
obtain the fragmentation pattern of the main peptide chain after
the removal of the modification group (i.e., the ADP-R-carbodiim-
ide moiety). To remove this moiety, the first collision can be per-
formed by MS/MS using an ion trap mass spectrometer or may
be archived by in-source decay with a tandem mass spectrometer.

A combination of the above-described methods, namely selec-
tion of candidate peptides by the precursor ion scanning with
ADP-R-carbodiimide as the marker ion and further fragmentation
of the ion of the ADP-R-carbodiimide-deprived peptide, would pro-
vide highly specific and reliable data applicable for MS/MS data-
base searching of protein. Recently, sequencing ADP-ribosylated
kemptide by electron capture dissociation, as well as selecting
the modified peptide with AMP produced by collision-induced dis-
sociation as a diagnostic ion, was reported [29]. We suggest that

ADP-R-carbodiimide instead of AMP as a diagnostic ion would
greatly improve the specificity of searching for Arg-ADP-ribosylat-
ed peptides.

In this study, we found the specific cleavage of ADP-R-Arg into
ADP-R-carbodiimide and Orn by collision-induced dissociation.
Using this feature, we developed the precursor ion scanning with
ADP-R-carbodiimide as the marker ion and two-step collision for
the selection and identification of Arg-ADP-ribosylated peptide,
respectively. We propose that a combination of these two novel
procedures would be greatly helpful to explore the target proteins
for Arg-specific ADP-ribosylation in vivo and lead to a better
understanding of the physiological significance of this modification
in living cells.
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