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cussed are uses of synthetic standards to aid characterization, and an enzymatic method that converts
ADP-ribosylated peptides into ribosyl mono phosphorylated peptides making identification amenable to
traditional phosphopeptide characterization methods. Finally the potential uses of these techniques to
characterize poly ADP-ribosylation sites, and inherent challenges, are addressed.
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1. Biological significance/diversity of modification

ADP-ribosylation is one of many biologically important, but
under studied protein post-translational modifications (PTMs). Cel-
lular processes associated with mono ADP-ribosylation of proteins
range from cell signaling and DNA repair to bacterial pathogen-
esis. ADP-ribosyl transferases (ADPRTs) catalyze the transfer of
ADP-ribose from [3-NAD* to target proteins (Fig. 1A), commonly
at arginine, glutamine, and asparagine residues [1]. Members of
the ADPRT family modify a diverse set of target proteins but
share little sequence homology. For example, the mammalian ADP-
ribosyltransferase, ART-1, modifies defensin-1 which ultimately
blocks the antimicrobial and cytotoxic effects of the defensin
HNP-1 [2]. From the opposite perspective of bacterial infection
of mammalian hosts, bacterial ADPRTs have been implicated in
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pathogenicity through the inactivation of host proteins ranging
from cytoskeletal to G proteins (e.g., Vibrio cholerae, Bordetella per-
tussis and Streptococcus pyogenes [1]).

An additional role of ADP-ribosyl protein modification, in
the form of a branched polymer, serves as a recruitment sig-
nal for nuclear repair proteins. In response to cellular stress or
injury, ADP-ribose protein modifications are produced by poly
ADP-ribose polymerases (PARPs) that catalyze a similar reaction
as ADPRTs. However, after a target protein is initially ADP-
ribosylated, PARPs add additional ADP ribose groups to the first
ADP-ribose creating heterogeneous branched chains of ADP-ribose
polymers (Fig. 1B). Poly ADP-ribosylation is known as a “short-term
regulator” as the modification is rapidly cleaved by poly-(ADP-
ribose)-glycohydrolase (PARG) [3]. The modification alone is very
large and carries many negative charges. The latter fact strongly
suggests that PARP modifications on target proteins sterically
disrupt protein function, protein—protein interactions, as well as
protein-DNA interactions [4]. The most common PARP, PARP-1,
recognizes DNA single strand breaks (SSBs) and sequesters repair
proteins. Although the primary target of PARP-1 is PARP-1 itself,
this enzyme also modifies various nuclear proteins involved in DNA
synthesis, transcription and modulation of chromatin structure
[4]. In normal cells PARP-1 activity is low; however, PARP-activity
increases in cells that have been exposed to DNA-damaging agents
like ionizing radiation [5]. As a result, PARP inhibitors have been
developed as an adjuvant to existing cancer chemo-therapeutic
regimens that stimulate DNA damage [6,7].

Despite numerous molecular assays demonstrating the impor-
tance of ADP-ribosylation, the exact site of ADP-ribosylation and
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Fig. 1. (A) Transfer of ADP-ribose from [3-NAD+ to arginine is catalyzed by ADP-ribosyl transferases and (B) Poly ADP-ribose polymerase (PARP-1) catalyzes ADP-ribosylation

and subsequent ADP-ribose polymers (N).

number of modification targets remain unknown for most mono
ADPRTs and PARPs. Although not as commonly studied as phospho-
rylation or acetylation, over the past decade the use of tandem mass
spectrometry for identifying ADP-ribosylation sites has increased.
While structurally similar to glycation and glycoslation, pro-
cesses where carbohydrate moieties covalently modify amino acid
residues, the addition of ADP-ribose to a protein is slightly more
complex due to the labile pyrophosphate and adenine moieties.
One potential reason for the lag of site identifications is the inter-
ference of ADP-ribose fragment ions that are present in collision
induced dissociation (CID) peptide tandem mass spectra.

A common analytical method to identify sites and protein tar-
gets of PTMs in complex biological samples uses high performance
liquid chromatography (HPLC) coupled to electrospray ionization
(ESI) tandem mass spectrometry (LCMS2) [8,9]. In this analysis CID
is typically employed as the main fragmentation method during
data-dependent ion selection based LC-MS? acquisitions because
instrumental duty cycle is high, allowing for a large number of pep-
tides to be fragmented in an automated fashion leading to high
sequence coverage of identified proteins. Typically, using CID to
sequence unmodified peptides is relatively straightforward as the
majority of fragment ions primarily result from predicted peptide
fragmentation pathways [10]. However, the presence of a PTM on a
peptide canredirect CID fragmentation patterns such that sequence
may not be assigned using a traditional database search [11]. One
of the first papers displaying the tandem mass spectrum of an ADP-
ribosylated peptide, Margarit et al. [12], demonstrated that CID
of an ADP-ribosylated peptide did not result in ‘typical’ peptide
fragmentation, complicating facile sequence interpretation. Subse-
quently, several groups have investigated a range of fragmentation
techniques and acquisition schemes in the attempt to characterize
ADP-ribosylated peptide fragmentation and increase throughput of
modified peptide identifications.

2. Preliminary work

It has been demonstrated that the presence of ADP-ribose
on a peptide influences the CID and infrared multiphoton dis-
sociation (IRMPD) fragmentation patterns to the extent that
ADP-ribosylation can obstruct peptide sequencing [13-15]. With
CID, the major sites of fragmentation occur at the pyrophosphate
bond and terminal adenine of the ADP-ribose backbone (Fig. 2A).
Other fragmentation events along the ADP-ribose backbone are
often seen at lower intensities, and in general few b or y ions are
observed. In contrast, electron capture dissociation (ECD) or elec-
tron transfer dissociation (ETD) of the same peptide will generate
fragment ions that primarily correspond to peptide backbone frag-
mentation and allow for peptide sequencing (Fig. 2B).

Two main techniques have been suggested for the identification
of mono ADP-ribosylated peptides with tandem mass spectrome-
try. Both are based on the observation that ADP-ribose, opposed
to smaller and less labile modifications such as methylation oxi-
dation and acetylation, influences the fragmentation pattern of
ADP-ribosylated peptides to the extent that traditional database
searches specifying an optional 541Da (the net mass addition
to a peptide from ADP-ribosylation) will not adequately iden-
tify all modified peptides. The first method [13] described for
characterization of ADP-ribosylated peptides is referred to as the
“marker ion” approach. In the marker ion approach, peptide ions
detected in a first pass LCMS? experiment that display putative
ADP-ribose marker ions are targeted for ECD fragmentation in a
second LCMS? experiment. To detect the presence of ADP-ribose
specific marker ions in thousands of tandem mass spectra from
the automated LCMS? experiment, Hengel et al. developed PERL
scripts that searched CID and IRMPD peptide tandem mass spec-
tra for the presence of specified diagnostic ions. The precursor
masses of the tandem mass spectra of putative ADP-ribosylated
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Fig. 2. Representative tandem mass spectra of ADP-ribosylated peptides using (A) CID or (B) ECD fragmentation [16].

peptides are then targeted in a second LCMS?2 experiment using ECD
and an inclusion list. The inclusion list prioritizes data-dependent
precursor ion selection from a specified list of ions for ECD frag-
mentation. However, if an ion from the list is not detected in the
precursor ion scan then the normal data-dependent ion selection
process proceeds until the next MS scan. The ECD data are searched
for ADP-ribosylated peptides using a traditional proteomic search
algorithm specifying the addition of 541 to arginine or other mod-
ified amino acids. The large ADP-ribose moiety remains covalently
attached to the peptide during ECD fragmentation, a common fea-
ture of electron based fragmentation methods. While this method
has the disadvantage of requiring multiple LCMS? acquisitions, the
marker ion strategy has the advantage that select diagnostic ions
are not specific to arginine fragmentation and can be used with
any ADPRT independent of amino acid specificity. Additionally, the
marker ion strategy utilizes the high duty cycle of a linear ion
trap together with highly efficient CID to increase precursor ion
sampling and dynamic range. If users had access to instrument
control language the two LCMS?2 experiments could be combined
into one, by triggering additional tandem MS events based on the
observation of an ADP-ribose fragment ion. However instrument
manufactures currently limit user access to underlying instrument
control code.

The second method proposed and implemented by Osago
et al. [14] exploits the observation that ADP-ribosylated arginine
residues fragment to form ornithine upon CID or in-source dissoci-
ation. The intact peptide containing ornithine in the tandem mass
spectrum is then subjected to MS? analysis for peptide sequencing,
and the data is searched with a —42 Da optional modification on
arginine, generating arginine to ornithine peptide identifications.
The main benefit of this method is that data are acquired from a
single LCMS" analysis, however, it is limited to amino acids that
form ornithine upon fragmentation, i.e., arginine. In the cases of
bacterial ADPRTs and PARPs that target amino acids other than argi-
nine, such as glutamic acid, a different MS method for detection and
identification would be required.

Shortly after these initial studies were reported, Zee and Gar-
cia suggested use of ETD to sequence an ADP-ribosylated peptides
[15]. ETD has the advantage over ECD in that it is becoming more
readily available in a wider range of mass analyzers than ECD that
requires an ion cyclotron resonance (ICR) cell mass analyzer for
implementation. Further, ETD may prove to be more useful for
biologists as it has a sensitivity advantage occurring in ion trap
mass analyzers over ECD where ion transfer to the ICR cell is often
inefficient. However, it is important to note that the same general
trend is seen with both fragmentation methods: CID produces ions
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from events primarily along the ADP-ribose backbone while elec-
tron specific methods produce ions that are from peptide backbone
fragmentation.

Despite the need for electron based fragmentation methods, or
MS3, for complete characterization of ADP-ribosylated peptides,
searching CID data against a database of protein sequences with
a 541 mass adduct on amino acids of interest is also a reason-
able first approach for the average laboratory without access to
ECD or ETD. For example, in limited cases where b and y ions are
present (although at much lower intensity than ADP-ribose frag-
ment ions) in tandem mass spectra, select peptide sequences have
been identified as ADP-ribosylated from the CID tandem mass spec-
trum alone [16,17]. However, lack of sequence specific ions may
increase the complexity of data analysis, and limit the ability to
assign the specific amino acid that is modified. Additionally, the
large range of potential peptide sequences, length, and basicity
found in biological samples warrant further fundamental studies
on tandem mass spectrometry of ADP-ribosylated peptides. It is
also worth noting that Oetjen et al. observed a decrease in MS sig-
nal of ADP-ribosylated peptide after processing the sample with
acid present, and suggested that exposure of ADP-ribosylated pep-
tides to acid should be minimized while preparing samples to
prevent loss of the modification [17]. While no reports are out as
yet, the complimentary top-down [18] and bottom up analysis of
large ADP-ribosylated peptides and small proteins is of interest as
it will provide a direct means to catalog modification sites. Increas-
ing the “library” of known ADP-ribosylated peptide/protein tandem
mass spectra would be a large asset for designing automated ADP-
ribosylation analyses, both for acquisition methods and database
searching tools.

3. Nomenclature

Due to the complex nature of ADP-ribosylated peptide frag-
ments, where fragment ions potentially consist of the intact peptide
with or without a range of ADP-ribose fragments, ADP-ribose
fragments alone, or predicted peptide backbone fragments, a sys-
tematic nomenclature was suggested for spectral annotation [13].
The proposed scheme by Hengel et al. is independent of amino
acid linker and allows for annotation of both free ADP-ribose frag-
ment ions and ADP-ribose containing peptide counterparts. The
scheme accounts for fragmentation at the ten single bonds on the
ADP-ribose backbone with either a lower-case letter m indicating
a peptide-free modification fragment ion, or p indicating an intact
peptide plus ADP-ribose fragment covalently attached. Each of the
letters is followed by a subscript number that indicates the site of
fragmentation (Fig. 3A).

For the instance of cross-ring fragment ions, the system of
Domon and Costello for carbohydrate fragmentation nomenclature
[19] was adapted by Hengel et al. such that each carbohydrate ring
is assigned a Roman numeral (i.e., I for the ribose closest to the
peptide, then II, etc.). Cross-ring fragment ions were notated as
numbers indicating which cross ring bond was broken. Similar to
the single bond fragments along ADP-ribose, m and p were used to
designate on which side of the ring the charge was observed. For
example, a fragmentation event at the ribose ring, adjacent to the
guanidine functional group, between bonds zero and two would be
designated as 92p; or >2m; depending on which side the charge is
observed (Fig. 3B).

Given the thorough nature of the Hengel nomenclature, it could
be easily adapted to annotate poly ADP-ribosylated peptide frag-
mentation analysis as well. In this case there is a need to account
from which of the many ADP-ribose monomeric units a particular
fragment originated. For annotation of poly-ADP-ribosylated pro-
teins and peptides, addition of a number preceding the p or m would

indicate which ADP-ribose unit contained the site of fragmentation:
i.e., 4ps would denote a fragment ion consisting of the intact pep-
tide and three full ADP-ribose structures plus a ribose-phosphate
unit of the fourth ADP-ribose in the chain (Fig. 3C).

Most publications have annotated spectra by either joining lines
from the fragment ion to a bond on the structure of ADP-ribose,
or have annotated spectra with chemical abbreviations (i.e., AMP,
etc....) indicating precursor masses that lost a portion of ADP-
ribose with a minus sign; e.g., M - xxx, etc. [14,15,17]. Tao et al.
[20] annotated spectra with lowercase letters for five potential
fragmentation sites on ADP-ribose, including an apostrophe if the
fragment ion contained the intact peptide. B and y ions were anno-
tated with an * if the peptide contained ribose phosphate. Although
this system adequately annotates the spectra in their manuscript,
applying it to spectra that may contain other fragmentation events
along the ADP-ribose backbone would require expansion of their
nomenclature, and peptide fragments containing other portions of
ADP-ribose would require additional symbols. Furthermore, it may
be confusing to some to annotate spectra with the letters c and b
in reference to ADP-ribose fragment ions when these letters are
commonly used to indicate fragmentation along the peptide back-
bone. Thus, we suggest the more complete nomenclature of Osago
et al. [14] be adopted for use with ADP-ribosylated peptides and
poly-ADP-ribosylated peptides.

4. New findings

In addition to the original mass spectrometry studies on argi-
nine ADP-ribosylated peptides [13-15,17], two other reports have
expanded on the use of tandem mass spectrometry for identifying
ADP-ribosylation sites. These are important because in biological
systems, ADP-ribosylation occurs on multiple amino acids in addi-
tion to arginine. Fedorova et al. were the first to investigate the
fragmentation pattern for a synthetic lysine ADP-ribosylated pep-
tide [21]. They observed similar ADP-ribose fragment ions to those
that were detected in the arginine ADP-ribosylated peptide stud-
ies, and demonstrated increased peptide backbone fragmentation
with the use of ECD. Due to the labile nature of the modification, it is
not surprising that fragmentation of the pyrophosphate group was
observed upon matrix assisted laser desorption ionization (MALDI),
even at low energies, and that ESI provided a better precursor ion
signal. Interestingly, Fedorova et al. proposed the use of cyanoboro-
hydride for reduction of the keto-group to increase precursor ion
signal; the 2 Da shift functions in a similar way to 180 labeling for
precursor ion recognition after mixing with an untreated sample
[21]. Tryptic digestion incorporates two oxygen atoms from water
while cleaving proteins at the n-terminal side of lysine or arginine.
If this reaction occurs in heavy (180) water, the mass of the peptide
produced increased by 4 Da. Mixing the heavy labeled peptides with
the unlabeled peptides prior to MS analysis will produce a series
of peaks in the MS spectrum that are 4 Da apart, corresponding to
heavy and light peptides, often providing quantitative information
for two different sample treatments. Similarly, mixing peptides that
were ADP-ribosylated followed by cyanoborohydride reduced pep-
tides with non-modified peptides will produce a similar pair of ions
in the mass spectrum, 2 Da apart, which is useful for determining
which species are ADP-ribosylated in a complex mixture.

The first mass spectrometry study to report a non-arginine
ADP-ribosylated peptide focused on modification to the auto-
modification domain of PARP-1 [20]. A mutant of PARP-1 (where
E998Q alters activity to prevent PARP-1 from further polymer-
izing ADP-ribose chains: essentially changing the enzyme from
a poly ADP-ribosyltransferase to a mono ADP-ribosyltransferase)
was used by Tao et al. to identify auto ADP-ribosylation sites. As
expected the modifications were observed in or near the automod-
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ification domain on glutamic acid and aspartic acid residues. Similar
to other reports a strong signal in the tandem mass spectra from
cleavage at the ADP-ribose pyrophosphate bond was observed.

While a majority of the studies of ADP-ribosylated peptides
to date have been conducted with some form of a high resolu-
tion hybrid instrument (e.g., an LTQ oribtrap or LTQ-FT), both of
which allow some form of electron based fragmentation methods,
others have been successful with less complicated mass analyz-
ers (summarized in Table 1 Hengel et al. RCMS 2010 [16]). It is
worth noting that because of the predictable nature of the frag-
mentation pathways of ADP-riobsylated peptides (i.e., cleavage of
the pyrophosphate and terminal adenine bonds) that use of MS3
or SRM methods on triple quadrupoles, linear ion traps, and Q-
TOFs present equally acceptable approaches to the electron based
methods.

5. Standard preparations

The use of synthetic standards of modified peptides to study
ionization and fragmentation is an important step for identify-
ing novel post-translational modifications in a biological system.
Such standards allow the MS! and MS" behavior of a chemically
modified peptide to be determined under controlled conditions
ahead of trying to interpret similar data from complex biological
mixtures. However, in the case of ADP-ribosylated peptides chem-
ical synthesis is not trivial. Early attempts at ADP-ribosyl peptide
standard production relied on the use of transferase enzymes, or
produced low yields with chemical modification [13,22]. Recently,
two routes of chemical synthesis have been proposed to make rela-
tively pure ADP-ribosylated peptide, or protein, standards without
the use of an enzyme. The first approach involves synthesis of pro-
tected ribosylated asparagines and glutamine building blocks that
are incorporated into peptides via solid phase synthesis, and then
undergo reaction to generate ADP-ribosylated peptides [23]. The
second method uses aminooxy functionalized amino acids for the

incorporation of ADP-ribose onto specific amino acid functional
groups [24].

The ability to generate ADP-ribosylated peptide standards with
high purity opens the door for a large range of biological exper-
iments. For example, modified peptides can be incubated with
PARP-1 to test for substrate specificity for ADP-ribose polymeriza-
tion. They may also be used as an affinity probe for ADP-ribose
binding proteins, or developed as haptens to stimulate ADP-ribose
modification antibodies for protection against bacterial infection.
In general, choosing which modified peptide standard to use is
not a trivial matter, as the behavior of the peptide standard dur-
ing mass spectrometry experiments can dictate success or failure
of the study. In the case of ADP-ribosylation, for optimum results
the best standard peptide will be of similar amino acid sequence,
length, and contain the same modification site as the predicted
ADP-ribosylation sites in the biological system. If some or all of
these are unknown, then a range of mixed standards will increase
the likelihood of success.

6. Poly-ADP ribosylation

To date, there are no published poly-ADP-ribosylated peptide
tandem mass spectra. This is likely due to many problems with
these large branched chain polymers attached to peptides or pro-
teins. For example, the known heterogeneity of the carbohydrate
modification will lead to low signal to noise for any single struc-
ture making it difficult to detect and characterize. Additionally,
attempts to simplify the heavily branched structure by enzy-
matic treatment will result in loss of the connectivity that one
seeks to determine. Thus, the use of tandem mass spectrometry
to characterize this branched chain polymer presents an interest-
ing challenge. While anti-PAR antibodies or vicinal cis diol capture
reagents such as immobilized boronic acid (used to isolate glyca-
tion/glycosylation products containing vicinal cis diols [25]), might
be used to enrich poly ADP-ribose modified proteins from a com-
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plex biological sample, the challenge of assigning structure to
the peptidoglycan-like modification remains. Simplification of the
original polymer through enzymatic or chemical cleavage of the
ADP-ribose moieties from the protein or peptide to increase the
signal to noise of modified peptides and decrease heterogeneity
of the ADP-ribose component may be the most likely strategy
for success, despite loss of structural detail of the modification.
Ideally this would be done in a way that leaves a small chemi-
cal tag consisting of part of the original ADP-ribose structure on
the peptide that could be used to confirm the amino acid site of
modification.

For poly ADP-ribosylated peptides, the large heterogeneity
present in the glycan portion of the molecule may preclude any
characterization without first reducing the glycan to its most basic
subunit. As mentioned above this would aid characterization of
the peptide modification site, but would result in loss of the struc-
tural detail contained in the glycan structure. Therefore, it may be
necessary to utilize alternate approaches to identify and character-
ize poly-ADP-ribosylated peptides other than those discussed for
mono-ADP-ribosylation analysis, or modification site identification
and polymer characterization may require two separate analyses.
One way this has been successfully explored is to stop the poly-
merization reaction with the addition of ADP-ribosylhydrolase 3
(ARH3), which hydrolyzes ester linkages between ADP-ribose units.
This method was used by Messner et al. to identify PARP-1 targets
on histone N terminal tails [26]. However, the method will allow
for the identification of mono ADP-ribosylated peptides only in the
cases where the modified amino acid is not negatively charged
(i.e., glutamic or aspartic acids). Otherwise the entire modification
will be cleaved from the amino acid linker. The work of Messner
et al. successfully demonstrated that PARP-1 targets amino acids
other than glutamic acid. Alternatively, another approach that may
prove successful for identification of the site of peptide poly ADP-
ribosylation is the use of snake venom phosphodiesterase (PDE).

PDEs have historically been used to cleave the pyrophosphate
bond between ADP-ribose units for quantification and character-
ization of poly ADP-ribose units generated by PARP-1 [27]. If snake
venom PDE was used to cleave the pyrophosphate bond on an ADP-
ribosylated peptide, then the resulting peptide-ribose-phosphate
moiety (Fig. 4) would be more amenable to sequence assignment
via CID (as well as ECD and ETD) because this would decrease het-
erogeneity in the glycan to a single structure.

As a preliminary test, Hengel [28] incubated ADP-ribosylated
Kemptide with purified PDE using manufacturer’s suggested con-
ditions at room temperature overnight and analyzed as previously
described [13]. Notably, the CID tandem mass spectrum of PDE
treated ADP-ribosylated Kemptide (Fig. 5A) generated a very differ-
ent fragmentation pattern compared to ADP-ribosylated Kemptide.
In this case the main fragment ion corresponds to a neutral loss of
ribose mono-phosphate (Fig. 5B). As with CID of ADP-ribosylated
Kemptide, very little peptide sequence information was observed.
From these experiments however, it was noted that a prominent
neutral loss of ribose mono-phosphate was observed, similar to the
neutral loss of phosphate by phosphorylated peptides subjected to
CID [8].This provides another approach for characterization of ADP-
ribosylated peptides through MS3 triggering with observed ribose
mono-phosphate neutral loss or multistage activation (MSA), both
of which may be initiated in real time during LCMS? experiments.
While MSA based CID tandem mass spectra of ribose mono-
phosphate modified Kemptide (Fig. 5C) did not allow for further
peptide sequencing, it is predicted from this data that MSA of
PDE treated ADP-ribosylated peptides of different sequences would
provide greater sequence information. Thus, use of PDE to aid in the
analysis of mono-ADP-ribosylated peptides in combination with
MS3 triggered peptide sequencing on the aforementioned neutral
loss will be a viable alternative where access to ECD is not fea-
sible, and is a potential means for poly ADP-ribosylated peptide
analysis.
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7. Conclusions

In conclusion, mass spectrometry is a powerful tool for the
assignment of mono ADP-ribosylation sites. Due to the labile nature
of the peptide-ADP-ribose bonds, MS acquisition schemes have
been tailored for the specific detection and identification of ADP-
ribosylated peptides. The use of electron based fragmentation
methods are extremely useful in preserving the modification upon
fragmentation, while CID produces unique fragment ions that are
useful for confirming the presence of ADP-ribose. Because of the
unique fragment ions observed when fragmenting ADP-ribosylated
peptides, the use of a consistent nomenclature as suggested herein
would be advantageous to the community. Additionally, the use
of synthetic standards is predicted to increase the breadth of
ADP-ribosylation studies, further demonstrating the importance of
ADP-ribosylation in biology.
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