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ABSTRACT: Poly(ADP-ribosyl)ation is an essential post-transla-
tional modification with the biopolymer poly(ADP-ribose) (PAR).
The reaction is catalyzed by poly(ADP-ribose) polymerases
(PARPs) and plays key roles in cellular physiology and stress
response. PARP inhibitors are currently being tested in clinical
cancer treatment, in combination therapy, or as monotherapeutic
agents by inducing synthetic lethality. We have developed an
accurate and sensitive bioanalytical platform based on isotope
dilution mass spectrometry in order to quantify steady-state and
stress-induced PAR levels in cells and tissues and to characterize
pharmacological properties of PARP inhibitors. In contrast to
existing PAR-detection techniques, the LC−MS/MS method uses
authentic isotope-labeled standards, which provide unequivocal
chemical specificity to quantify cellular PAR in absolute terms with femtomol sensitivity. Using this platform we analyzed
steady-state levels as well as stress-induced dynamics of poly(ADP-ribosyl)ation in a series of biological systems including cancer
cell lines, mouse tissues, and primary human lymphocytes. Our results demonstrate a rapid and transient stress-induced increase
in PAR levels by >100-fold in a dose- and time-dependent manner with significant differences between cell types and individual
human lymphocyte donors. Furthermore, ex vivo pharmacodynamic studies in human lymphocytes provide new insight into
pharmacological properties of clinically relevant PARP inhibitors. Finally, we adapted the LC−MS/MS method to quantify
poly(ADP-ribosyl)ation in solid tissues and identified tissue-dependent associations between PARP1 expression and PAR levels
in a series of different mouse organs. In conclusion, this study demonstrates that mass spectrometric quantification of cellular
poly(ADP-ribosyl)ation has a wide range of applications in basic research as well as in drug development.

Poly(ADP-ribosyl)ation (PARylation) is a multifaceted
post-translational modification that plays key roles in

cellular physiology and genotoxic stress response.1,2 Given the
importance of PARylation in cell function, numerous
approaches have been developed to characterize and quantify
the polymeric modification, yet all suffer from inherent
limitations. Here we describe a novel mass spectrometry
platform that overcomes these problems, and we applied this to
a series of biological systems to characterize cellular
PARylation.
PARylation mainly takes place in the nucleus and to a lesser

extent also in the cytoplasm.1−3 The reaction is carried out by
poly(ADP-ribose) polymerases (PARPs, also named ARTDs4)
that use NAD+ to synthesize poly(ADP-ribose) (PAR) with
variable branching and chain length of up to 200 ADP-ribose
units (Figure 1).4 With nucleic acid-like properties, PAR differs
from DNA and RNA by the presence of 1′−2″ ribose−ribose
glycosidic linkages, 5′−5″ pyrophosphate linkages, and
branching with ADP-ribose moieties linked by 1‴−2″
ribose−ribose glycosidic bonds.2,5 PARylation occurs in a

covalent manner by modifying specific amino acids or
noncovalently via distinct PAR binding motifs.1,2,4,6 Thereby,
it modulates physicochemical properties of target proteins,
including histones and PARPs themselves (automodification).
Of note, stress-induced PARylation is transient, since PAR is
rapidly hydrolyzed by poly(ADP-ribose) glycohydrolase
(PARG).7 Of the 17 human PARP gene family members,
PARP1 contributes to ∼90% of the cellular PAR synthesis upon
induction of genotoxic stress.1,8−12 DNA-damage-dependent
PARylation has pleiotropic functions in genome maintenance,
including DNA repair,1 telomere length regulation,13,14 and
reinitiation of stalled replication forks.15 In addition, it is
involved in a host of cell functions, such as chromatin
remodeling,16 transcription,17 signaling,18−20 cell cycle,18

apoptosis,19 and epigenetics.16 These functions link PARylation
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to mechanisms of inflammation and metabolism,21 as well as
tumor suppression and longevity assurance, for which PARP
inhibitors are currently being clinically evaluated in tumor
therapy.1,22−25

Given the significance of PARylation in biomolecular
research and pharmaceutical drug development, its accurate
and reliable quantification is essential for investigating its
complex role on a cellular and organismic level. However, in
particular the quantitative analysis of basal PAR levels in cells is
a challenging task that requires analyte-specific, highly sensitive
methods. Early techniques to study cellular PAR levels used
dihydroxyboryl-biorex (DHBB) affinity chromatography to
isolate PAR,26−29 which was followed by compound derivatiza-
tion and LC-based detection. These techniques, first developed
by Jacobson et al.,26 allowed accurate quantification; however,
routine usage was hampered by the amount of cellular material
required, radioactive labeling or derivatization of the analytes,
and the overall time-consuming procedure. Other approaches
were based on treating cells with radioactively labeled PAR
precursors such as adenine.29,30 Although leading to precise
results, these techniques were prone to overestimate PAR
levels, due to artificial DNA damage induced by the radioactive
isotopes and subsequent collateral PARP activation. Most
current tools to quantify PAR rely on antibodies, which due to
their convenience are widely used in basic research as well as
preclinical and clinical studies.31,32 However, such approaches
are limited with regards to sensitivity and linearity of
quantification. For example, one of the most widely used
anti-PAR antibody, i.e., 10H, prefers binding to long PAR
chains over short ones, thus leading to a potential under-
estimation of PAR levels and lack of linearity in quantifica-
tion.33,34 Furthermore, immuno-based methods lack chemical
specificity and do not use internal standards to control for
losses during sample preparation.
Isotope dilution mass spectrometry is the current gold

standard to quantify nucleosides derived from DNA and RNA,

including enzymatic modifications and damage products,35,36

but corresponding methods to quantify cellular PAR have so far
not been described. To overcome the limitations of earlier PAR
quantification methods, we developed an HPLC-coupled
tandem mass spectrometric (LC−MS/MS) platform to
robustly and accurately quantify PARylation in cells and tissues
in absolute terms with formerly unmet sensitivity and chemical
specificity. Using this method, we determine PAR levels in
various biological systems revealing cell type- and tissue-specific
differences in PARylation dynamics. Furthermore, ex vivo
pharmacodynamic studies in human lymphocytes using
clinically relevant PARP inhibitors demonstrate that this
method has a wide range of applications in basic research as
well as pharmaceutical drug development.

■ RESULTS AND DISCUSSION
An LC−MS/MS-Based Platform for Quantifying Cel-

lular PAR.We developed a highly sensitive and precise method
to quantify cellular PARylation based on isotope dilution mass
spectrometry. To optimize reproducibility, sensitivity, and
specificity of PAR quantification and to enhance sample
throughput, the LC−MS/MS-based method implements
several important innovations compared to previous ap-
proaches.26 First, stable-isotope-labeled PAR was synthesized
and used as an authentic internal standard; second,
commercially available RNA isolation kits were adapted to
extract PAR from cells and tissues in a standardized, routine
manner; third, characteristic PAR-derived nucleosides were
generated by enzymatic digestion and separated chromato-
graphically; and fourth, these products were quantified by
means of tandem mass spectrometry. The overall method
workflow comprises four key steps that can be accomplished in
about 2 days (Figure 1): (i) precipitation of all cellular
macromolecules by trichloroacetic acid (TCA) and addition of
the internal standard; (ii) detachment of protein-bound PAR by
alkaline treatment and removal of DNA, RNA, and proteins by

Figure 1. Method design. (A) Central steps of sample preparation for mass spectrometric quantification of R-Ado. (B) PAR can be quantitatively
detached from acceptor proteins by alkaline treatment. Subsequent digestion of PAR with phosphodiesterase and alkaline phosphatase releases
adenosine from the PAR termini and other unique nucleosides, i.e., ribosyladenosine (R-Ado) and diribosyladenosine (R2-Ado), which are
characteristic for the linear or branched part of the polymer, respectively. (C) LC−MS/MS chromatogram of Ado, R-Ado, and R2-Ado obtained
from digested PAR synthesized in vitro.
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enzymatic digestion; (iii) PAR extraction either by solid-phase
extraction or DHBB affinity chromatography; and (iv)
enzymatic digestion of PAR to individual characteristic
nucleosides and mass spectrometric analysis.
(i) To achieve the most rigorous quantification possible, after

TCA precipitation of cellular macromolecules, 13C,15N-labeled
PAR was added in defined amounts to each sample as an
authentic chemical standard. This approach ensures unequiv-
ocal chemical specificity for the analyte and minimizes technical
variability of the method. Since 13C,15N-labeled PAR is not
commercially available and its synthesis has not been described
before, we developed a one-step in vitro protocol for the
synthesis of 13C,15N-labeled PAR (Supplementary Figure S1).
This reaction is based on the use of recombinant (rec.)
NMNAT1, which converts 13C,15N-labeled ATP and non-
labeled nicotinamide mononucleotide (NMN) to 13C,15N-
labeled NAD+. This serves as a substrate for rec. PARP1 to
synthesize 13C,15N-labeled PAR. The quality and nature of
labeled PAR was validated using the anti-PAR-specific
monoclonal antibody (mAB) 10H in combination with LC−
MS/MS characterization (Supplementary Figure S1C).
(ii) In TCA-precipitated material, PAR was quantitatively

detached from proteins by alkaline treatment, which also
converts monomeric protein-bound ADP-ribose to 5′-AMP,
rendering this method specific for PAR. Thereafter, DNA,
RNA, and proteins were digested by DNase, RNase, and
proteinase K, respectively, which served as a means to reduce

the complexity of the sample, since if present in large excess
compared to PAR, these macromolecules may interfere with
PAR purification efficacy and LC−MS/MS quantification.
Proteinase K digestion also served as a second means to
ensure the formation of protein-free PAR molecules.
(iii) Next, PAR was extracted via solid-phase extraction or

DHBB-affinity chromatography. The latter is the classical
method to selectively extract cellular PAR,30,37 but this method
has some limitations and is not suited for routine analyses, due
to the variability in the quality of the prepared DHBB batches,
the large volumes used for washing and elution, and the overall
time-consuming procedure. To overcome these hurdles, we
reasoned that RNA isolation methods may be suitable of PAR
extraction, given the similar chemical structure of the building
blocks of PAR and RNA. Therefore, we tested a set of
commercially available RNA extraction kits and compared those
to classical DHBB chromatography and phenol/chloroform
extraction. Two RNA extraction kits, i.e., the Roche High pure
microRNA isolation kit (R) and the PeqLab PeqGold RNA
pure kit (PL), led to a high recovery of PAR in terms of
quantity and quality, i.e., no loss of overall PAR signal and no
bias in the extraction efficacy of PAR of different chain length
was observed (Supplementary Figure S2A). To test if these
methods can be used to extract cellular PAR, untreated or
H2O2-treated COPF5 cells were subjected to the different
purification methods. Using immuno-slot blotting, basal PAR
levels from untreated cells were below the limit of detection in

Figure 2. Development of an LC−MS/MS-based method for the quantification of cellular PAR. (A) PAR extraction from untreated or H2O2-
stimulated (5 mM) COPF5 cells using phenol/chloroform (Ph/Chl) extraction, dihydroxyboryl Biorex (DHBB) affinity chromatography (DHBB),
or commercially available RNA extraction kits, i.e., Roche High pure microRNA isolation kit (R), PeqLab PeqGold RNA pure kit (PL), or Qiagen
RNeasy kit (Q). Extracted PAR samples were immobilized on a nylon membrane and detected using the PAR-specific mAB 10H. (B) Densitometric
quantification of the slot-blot shown in panel A. (C) LC−MS/MS quantification of cellular PAR levels extracted from COPF5 cells via classical
DHBB chromatography or kit (R). Data represent means from two independent experiments. (D) LC−MS/MS chromatograms of cellular ribosyl-
adenosine (blue) and corresponding internal standard (red) from digested PAR isolated from 1 × 107 untreated or H2O2-stimulated (100 μM)
freshly isolated human PBMCs. (E) Evaluation of method robustness as assessed in independent experiments with PBMCs isolated from one donor
(technical variability). Cells were treated with 100 μM H2O2 for 5 min. (F) Analysis of interdonor variability (biological variability). PBMCs were
isolated from different donors and stimulated with 100 μM H2O2 for 5 min. Data represent means ± SEM; ***P < 0.001 (Student’s t test).
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1 × 107 cells (Figure 2A), but a PAR-derived signal was
detected in H2O2-stimulated cells with all extraction methods
used. Except for phenol/chloroform extraction, all other
extraction methods demonstrated efficient recovery rates,
with the strongest signal detected with kit R (Figure 2B).
(iv) Since PAR is highly variable in chain length, it was

hydrolyzed to characteristic monomeric nucleosides using
phosphodiesterase (PDE) and alkaline phosphatase (AP)
prior to LC−MS/MS analysis (Supplementary Figure S2B).
Digestion products include adenosine (Ado), ribosyladenosine
(R-Ado), and diribosyladenosine (R2-Ado), which are charac-
teristic of the terminal, linear, or branched part of the polymer,
respectively. Whereas R-Ado and R2-Ado are diagnostic for
PAR, Ado is not, since it can also be derived from cellular RNA.
Samples were subjected to HPLC to reduce the complexity of
the sample and hence to enhance sensitivity of the subsequent
mass spectrometric quantification. This method permits
baseline separation of all expected PAR-digestion products
within a runtime of 20 min (Figure 1B). Since cellular PAR
consists >98−99% of R-Ado (see refs 27 and 28 and Figure
4C), we focused on this analyte for quantification. Daughter ion
scans of R-Ado (m/z of 400) revealed that after collision-
induced fragmentation the most prevalent ion represents
adenine (m/z of 136) (Supplementary Figure S3A). Therefore
the transitions of m/z 400 → 136 and m/z 415 → 146 were
monitored for the quantification of unlabeled and 13C/15N-
labeled R-Ado, respectively. The limits of quantification for R-
Ado were <50 fmol on different LC−MS/MS systems used. We
quantified the cellular PAR referring to the area ratio of
unlabeled R-Ado to 13C,15N-labeled R-Ado. Usually we
observed a recovery rate of 13C,15N-labeled R-Ado of 50−
60%, which is comparable to that of other techniques. Absolute
PAR values were then calculated by means of calibration curves
(Supplementary Figure S3B). These were acquired on a daily
basis using unlabeled and 13C/15N-labeled R-Ado standards,
which were purified from in vitro-synthesized PAR (Supple-
mentary Figure S3C).
Characterization of Cellular PARylation Dynamics.

Three different cell types, i.e., COPF5 cells, HeLa cells, and
primary human PBMCs, were used to validate the method in
terms of sensitivity, robustness, and performance in comparison
with immuno-based PAR detection techniques. These results
revealed cell-type-specific characteristics of toxicant-induced
PARylation dynamics.

LC−MS/MS analysis of PAR extracted from COPF5 cells
confirmed results by immuno-slot blotting, demonstrating that
DHBB-chromatography as well as kit R yielded comparable
recovery rates of PAR (Figure 2B and C). Next, we analyzed
PARylation in a clinically relevant cell type; to this end, we
isolated PBMCs from fresh blood of healthy volunteers. Using
LC−MS/MS-based quantification, it was possible to determine
basal PAR levels above the limit of quantification in <10 million
unstimulated PBMCs, which corresponds to <10 mL of whole
blood (Figure 2D). The absolute R-Ado levels were in the
range of 0.0−0.06 amol/cell and increased by >50-fold in
H2O2-treated PBMCs (Figure 2D−F). Assuming an average
chain length of 10 ADP-ribose units per PAR molecule
(PAR10mer), this corresponds to about 3,000 PAR10mer
molecules under physiological conditions and >150,000
molecules upon induction of genotoxic stress. Notably, these
results are in full accordance with published values in different
cell types using earlier techniques,26 demonstrating the
reliability of our method.
To assess robustness and reproducibility of the method,

independent experiments were performed on separate days
using PBMCs from the same donor. As is evident from Figure
2E, H2O2 treatment resulted in a highly significant induction of
PAR levels with standard deviations of <11% and <16% for
untreated and H2O2-treated cells, respectively. Interestingly,
when analyzing PAR levels in PBMCs from different donors, to
assess biological interdonor variability, it became apparent that
basal PAR levels show little variation between donors, ranging
from 0.02 to 0.06 amol/cell. In contrast, H2O2-induced levels
displayed considerable interdonor variation, ranging from ∼1 to
>10 amol/cell, which corresponds to an induction level of 20−
300-fold (Figure 2F). These results point to considerable
heterogeneity in the stress-induced PARylation response in the
human population.
Next, we evaluated the sensitivity and quantitative range of

our method by comparing it with immuno-based epifluor-
escence microscopy (IF) in HeLa cells, which is widely used to
evaluate relative differences in PARylation on a single cell
level.31 Using IF, we did not detect PAR-derived signals above
background in untreated cells (Figure 3). In contrast, LC−MS/
MS analysis yielded R-Ado peaks above the limit of
quantification using 5 million untreated cells, which corre-
sponds to one subconfluent 10-cm Petri dish, with levels
ranging from 0.05 to 0.1 amol/cell (Figure 3B). Both methods

Figure 3. Comparison of PAR quantification by immunofluorescence microscopy and LC−MS/MS in HeLa cells. Cells were treated with increasing
doses of H2O2, and PAR production was analyzed after 5 min. (A) Representative images from immunofluorescence-based (IF) PAR detection using
the anti-PAR-specific mAB 10H. (B) Densitometric evaluation of IF analysis (black curve) after background subtraction of secondary antibody
control and LC−MS/MS quantification of PAR levels (blue curve). Data represent means ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA
followed by Dunnett’s multiple comparison test). Curves were fitted using a sigmoidal model with variable slope.
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demonstrated an increase in PAR-derived signals in cells treated
with increasing doses of H2O2. However, while IF-based
analysis detected increases of PAR-derived signals above
background at 100 μM H2O2 (Figure 3), the LC−MS/MS
method revealed a trend for PARP induction already at an
H2O2 concentration of 10 μM, which reached statistical
significance at 50 μM (Figure 3B). These results indicate that
the LC−MS/MS method is able to detect cellular PAR with
much higher sensitivity compared to that of classical IF, even
under physiological conditions and upon induction of mild
genotoxic stress. The detection of basal PAR levels is achievable
in a convenient number of cells, i.e., <5−10 million cells
depending on cell type, which corresponds to one subconfluent
10-cm Petri dish of adherent cells in culture or 10 mL of human
blood.
To analyze DNA-damage-induced PARylation dynamics, we

performed dose−response and time-course experiments in
COPF5 cells and PBMCs. Whereas basal PAR levels in COPF5
cells were in the same range as observed for PBMCs and HeLa
cells, i.e., 0.02−0.13 amol/cell, cell-type-specific responses
became evident upon induction of DNA damage. Thus, after
treating cells for 5 min with 100 μM H2O2, COPF5 cells
displayed a 16-fold increase in PAR levels, whereas PBMCs
isolated from a single donor on different days showed a 53-fold
increase in PAR levels (Figure 4A). The lower induction levels
of PARylation in COPF5 cells compared to PBMCs and HeLa
cells could originate from either more efficient antioxidant
defense systems in COPF5 cells or differences in PARP
regulatory mechanisms. Time-course experiments revealed a
cell-type-specific, highly dynamic, and transient nature of
PARylation in COPF5 cells and PBMCs upon induction of
DNA damage. Thus, H2O2 treatment resulted in peak levels of
PAR after 2.5 and 10 min in PBMCs and COPF5 cells,
respectively (Figure 4B). Thereafter, PAR levels declined
rapidly, most likely due to PARG activity. Whereas levels
decreased nearly to background levels already after 15 min in
PBMCs, in COPF5 cells 30% of maximum PAR levels were still
detectable 30 min after H2O2 treatment. In conclusion, these
results indicate that the LC−MS/MS method can serve as a
diagnostic tool to monitor the impact of genotoxic exposure or
treatment on human tissue (e.g., PBMC or tumor tissue).
Furthermore, the finding that different cell types and PBMCs
from different donors show considerable variability in
PARylation dynamics could be of fundamental importance
with respect to the use of PARP inhibitors in cancer therapy, in

particular, when applied in combination with DNA-damaging
chemotherapeutics.
It is noteworthy that the digestion product R2-Ado, which is

diagnostic for PAR branching points, was also detected in
H2O2-treated cells (Figure 4C and Supplementary Figure S3D).
By comparing the area ratios of R2-Ado to R-Ado, it can be
estimated that the branching frequency of PAR was 1−2% in
different cell types (Figure 4C), which is in accordance with
previously published values.27 No dose−response relationship
was observed for the R2-Ado/R-Ado ratio, suggesting that dose-
dependent increases in PAR levels arise from the formation of
more PAR molecules rather than from increases in chain length.
It should be stressed that these values give an estimate of PAR
branching, since a completely confident determination of
branching sites requires the purification of sufficient amounts
of unlabeled and 13C,15N-labeled R2-Ado to acquire corre-
sponding calibration curves. This requires large-scale, prepara-
tive PAR synthesis and subsequent HPLC purification of R2-
Ado.

Using the LC−MS/MS Method as a Tool for Cancer
and PARylation Research. PARP inhibitors are currently
under clinical evaluation in cancer treatment either in
combination with classical chemo- or radiotherapy or as
stand-alone drugs following the concept of synthetic lethal-
ity.1,22−24 On the basis of our investigations in PBMCs, we
tested, whether the LC−MS/MS method is suitable for
analyzing the ex vivo efficacy of PARP inhibitors in a clinically
relevant cell type. Therefore, we isolated PBMCs from healthy
donors and incubated them with increasing concentrations of
either of two PARP inhibitors currently in clinical evaluation,
i.e., ABT-888 or olaparib, prior to stimulation with H2O2 and
LC−MS/MS analysis (Figure 5). Both compounds showed a
similar dose-dependent inhibition of cellular PARylation with
IC50 values <1 μM. Notably, these values vary from those
determined by PAR immunoassays,38 demonstrating that the
detection of PAR with background sensitivity significantly
influences the outcome of pharmacodynamic studies. Impor-
tantly, inhibitor-specific differences became apparent at higher
inhibitor concentrations of 10 μM. In this case, we detected
PAR levels of 0.4−0.9 amol/cell in cells preincubated ABT-888,
which are above background levels of <0.1 amol/cell, whereas
10 μM olaparib almost completely suppressed H2O2-induced
PARP activity to levels of 0.1−0.2 amol/cell.
LC−MS/MS-based techniques are widely used in pharma-

ceutical drug development based on their reliability, chemical

Figure 4. DNA-damage-induced dynamics of cellular PARylation. (A) Dose−response curves of PAR levels in COPF5 cells and PBMCs (isolated
from the same donor, interday variability) treated with H2O2 for 5 min. Curves were fitted using a sigmoidal model with variable slope. (B) Time
course of PAR formation in COPF5 cells and PBMCs treated with 100 μM H2O2. Data represent means ± SEM from at least three independent
experiments. In each experiment PBMCs were isolated from one donor on different days. (C) Assessment of PAR branching by evaluation of the R2-
Ado/R-Ado area ratios in COPF5 cells and PBMCs upon H2O2 stimulation as indicated.
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specificity, and automation potential. PBMCs represent a
valuable pharmacodynamic surrogate for tumor biopsies in
clinical trials, because they are readily accessible, their collection
is noninvasive, and they allow longitudinal evaluation of drug
activity during therapeutic treatment schedules.38 Our findings
that different cell types and PBMCs from different donors
display substantial variability in PARylation dynamics suggest
that measuring PARP activity may be useful to define dosing
and timing of DNA-damaging chemotherapeutics, when used in
combination with PARP inhibitors. In addition to the ex vivo
pharmacodynamic studies as described here, the LC−MS/MS
method can be extended for the analysis of PAR levels in solid
tissues. In vivo measurements of PARP activity can be
important to identify patients that are susceptible to PARP
inhibitor treatment. Furthermore, in human tumor biopsies,
analysis of PARylation can be valuable to study drug
bioavailability in the target organ by measuring its ability to
inhibit PARP activity. As described in the following, our
analyses of PARylation in mouse tissues lay the foundation of
such studies (Figure 6).
The analysis of basal PAR levels is largely unexplored but

potentially of high relevance, as several groups report that
PARylation is responsible for cellular functions also in the
absence of genotoxic stress.1,2,4,10,17 To obtain first insight into

the physiological significance of PARylation within the
mammalian organism, we adapted the procedure to analyze
PARylation in mouse tissues. To this end, tissues were
harvested, disrupted in 10% TCA, and essentially processed
as were cellular samples with slight modifications. As cell
numbers are not available for tissue samples, an important
modification represents the normalization of the mass-
spectrometric R-Ado signal to the tissue DNA content.
Therefore, the DNA content of each sample was determined
using a fluorescence-spectrophotometric method based on the
usage of the DNA binding dye Hoechst 33342 (Supplementary
Figure S4A). This normalization method provided reproducible
results within a range of tissue amounts typically subjected to
analysis (50 to 200 mg) (Supplementary Figure S4B). To
induce tissue PAR formation, we irradiated freshly harvested
spleen and liver samples ex vivo using increasing doses of X-
rays, which are able to penetrate the tissue, thereby inducing
DNA strand breaks and oxidative base lesions. Liver and spleen
both showed a dose-dependent induction of PAR formation
(Figure 6A). Interestingly, basal PAR levels turned out to be
∼2-fold lower in spleen compared to liver. However, whereas
PAR formation was induced only by ∼4-fold in liver upon high-
dose X-ray irradiation, PAR levels were observed to be ∼20-fold
higher in irradiated spleens compared to untreated samples.
Notably, screening of 7 different mouse organs revealed R-Ado
levels above the limit of quantification in all organs analyzed
(Figure 6B). To our knowledge this is the first comparative
analysis reporting PAR levels in a spectrum of different mouse
tissues. Substantial differences in basal PAR levels were
detected in these tissues, e.g., revealing ∼10-fold higher PAR
levels in heart as compared to lung tissue. Interestingly, organs
with moderate PARP1 expression levels, such as lung, liver,
kidney, and heart, displayed a strong positive correlation
between PARP1 expression and basal PAR levels, pointing to
tissue-dependent associations between PARP1 expression and
poly(ADP-ribosylation) levels. In contrast, organs with high
PARP1expression levels, such as spleen, thymus, and testis,
showed low basal levels of cellular PAR (Figure 6C). This may
be related to stringent regulatory mechanisms to control PARP
activity, such as posttranslational modifications of PARPs,
intracellular NAD+ levels, or PARG activity. In general this
suggests that basal PAR levels may play significant roles in
normal tissue function.
In conclusion, PARylation is emerging as a ubiquitous post-

translational protein modification with central functions on a
cellular and organismic level. We have developed and applied
an LC−MS/MS-based bioanalytical platform for absolute
quantification of steady-state and stress-induced PAR levels in

Figure 5. Ex vivo pharmacodynamic analysis of PARP inhibitors. (A)
Method design. (B, C) PARP inhibition curves for ABT-888 (B) and
olaparib (C) in PBMCs treated with 100 μM H2O2 for 5 min. Each
experiment was performed with PBMCs isolated from a single donor,
respectively, on different days (interday variability). Data represent
means ± SEM from three independent experiments. Curves were
fitted using a sigmoidal model with variable slope.

Figure 6. Analysis of PARylation in mouse tissue. X-ray-induced (A) and basal (B) PAR levels in mouse tissue normalized to tissue DNA content.
Data represent means ± SEM from at least three independent experiments. *P < 0.05, **P < 0.01 (Friedman test). (C) Correlation analysis of PAR
levels and PARP1 mRNA expression levels as analyzed by RT-qPCR.
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cells and tissues, which overcomes several limitations
commonly encountered in PAR quantification. By using isotope
dilution mass spectrometry, our method shows improved
chemical specificity and sensitivity compared to previous
methods.26−29,31,32 Furthermore, our protocol ensures quick
and reliable sample preparation, which allows screening of
multiple samples in parallel. Thereby, this approach combines
the accuracy and precision of a chemical, bioanalytical
technique with the convenience of a standardized, routine
method. As demonstrated by analyzing PARylation dynamics in
cancer cell lines and human PBMCs as well as characterizing
pharmacological properties of PARP inhibitors, the LC−MS/
MS platform represents a valuable tool to facilitate our
understanding on PARylation metabolism during physiological
and pathophysiological conditions.

■ METHODS
Antibodies and Recombinant Proteins. The anti-PAR specific

mouse monoclonal antibody 10H was immunopurified on a protein A
column (Sigma-Aldrich) from hybridoma cell culture supernatant as
described previously.33 Recombinant NMNAT1 was a gift from M.
Ziegler (University of Bergen). Recombinant hPARP1 was overex-
pressed in Sf 9 cells using the baculovirus system and purified as
described previously.39,40

In Vitro Synthesis of PAR. 13C,15N-Labeled PAR was synthesized
in a 140 μL reaction mixture containing 60 mM HEPES (pH 7.4), 7
mM MgCl2, 1.2 mM 13C15N-labeled ATP (B.A.C.H. UG), 1.2 mM
nicotinamide mononucleotide (NMN), 4 mM DTT, 60 μg/mL
histone H1, 60 μg/mL histone HIIa, 50 μg/mL octameric
oligonucleotide GGAATTCC (Life Technologies), 3.8 × 10−2 U/
mL NMNAT1, and 150 nM hPARP1. After incubation at 37 °C for 1
h, the reaction was stopped by adding 1 mL of ice-cold 20% TCA (v/
w), and 13C,15N-labeled PAR was purified as described previously.34

The overall reaction efficacy was ∼30%. HPLC analysis was performed
using a Hydro-RP column 80A, 250 mm × 4.6 mm, particle size 4 μm
(Phenomenex), heated at 25 °C. For gradients details see
Supplementary Table S1. Unlabeled PAR was synthesized and purified
as described previously.34

Monitoring of NAD+ Formation. Formation of NAD+ was
monitored by HPLC as described previously41 with some
modifications. Briefly, the reaction containing 60 mM HEPES (pH
7.4), 7 mM MgCl2, 1.2 mM ATP, 1.2 mM NMN, 1.1 × 10−2−1.1 ×
10−1 U/mL NMNAT1, 4 mM DTT was stopped by adding 50 μL ice-
cold 1.2 M HClO4. After incubation on ice for 10 min, samples were
centrifuged for 1 min at 16000 × g: The supernatant was neutralized
by adding 35 μL of 1 M K2CO3. Samples were incubated on ice for 15
min and centrifuged for 1 min at 16000 × g. To remove enzymes, the
supernatant was filtered through a 10 kDa cutoff filter (nanosep 10K,
Pall). Samples were snap-frozen in liquid nitrogen and stored at −80°
until further usage. For HPLC analysis, samples were diluted 1:10 and
injected into a Hydro-RP column 80A 250 × 4.6 mm particle size 4
μm (Phenomenex) heated at 25 °C. For gradients details see
Supplementary Table S1.
Cells Culture. HeLa S3 cells were grown in DMEM supplemented

with 100 U/mL penicillin, 0.1 mg/mL streptomycin (Life
Technologies), and 10% FCS (Biochrom) at 37 °C, 95% humidity
and 5% CO2. COPF5 cells were additionally supplemented with 0.8
mg/mL G418 (PAA) for transgene selection. To isolate human
PBMCs, peripheral venous blood was collected in citrate S-
Monovettes (Sarstedt) from healthy 20−55-year-old donors. All
experiments were conducted in accordance with the Declaration of
Helsinki, and ethical clearance was obtained from the University of
Konstanz Ethics Committee. Aliquots of 10 mL of blood were diluted
in 10 mL of PBS [137 mM NaCl, 3 mM KH2PO4, 10 mM Na2HPO4,
pH 7.4]. Thereafter, the solution was gently placed on top of 15 mL of
Biocoll (Biochrom) in a 50-mL conical tube and centrifuged without
brake at 800 × g and RT for 15 min. The recovered PBMCs were
washed twice with PBS and cell numbers were determined using a

CASY cell counter (Schar̈fe System). For the PARP inhibitor
experiments, cells were preincubated with ABT-888 (Enzo Life
Science) or olaparib (Selleckchem) for 30 min.

Immuno-based PAR Detection. Immunofluorescence analysis
was carried out as described previously using MeOH/acetic acid (3:1)
fixation.42 For immuno-slot-blot analysis, PAR extracted from COPF5
cells was vacuum aspirated onto a positively charged nylon membrane
(Amersham Biosciences) using a slot-blot manifold (Schleicher &
Schuell). After incubation at 90 °C, the membrane was blocked with
5% (w/v) skim milk powder in 10 mM Tris-HCl (pH 8.0), 150 mM
NaCl, and 0.05% (v/v) Tween 20 (TNT buffer). PAR was detected by
incubating the membrane with monoclonal mouse-anti-PAR antibody
(10H) diluted 1:300 in 5% (w/v) skim milk powder in TNT buffer for
1 h. Subsequently membranes were washed thrice in TNT buffer for 5
min and incubated for 1 h with peroxidase-conjugated anti-mouse IgG
(DakoCytomation) diluted 1:2000 in 5% (w/v) skim milk in TNT
buffer. Membranes were washed thrice for 5 min in TNT buffer, and
signals were visualized using the enhanced chemiluminescence
reaction kit (GE Healthcare).

Purification of Cellular PAR. In the case of COPF5 and HeLa
cells, medium was removed, and cells were rinsed with PBS (pH 7.4),
treated with or without H2O2 in PBS, and incubated at 37 °C. After
removal of PBS, cells were harvested by addition of 2 mL of 20% TCA
(w/v), and the acid-insoluble material was detached from the dishes by
scraping with a rubber policeman. TCA precipitation of PBMCs was
performed by adding an equal volume of 20% TCA, followed by
incubation on ice for 15 min. Subsequently, pellets were washed with
ice-cold 70% ethanol, resuspended in 225 μL of 0.5 M KOH, 50 mM
EDTA, and incubated at 37 °C for 45 min. Alkaline treatment was
stopped by adjusting the pH to 7 by dropwise addition of 37% HCl.
Alternatively samples can be neutralized by adding 50 μL of MOPS
buffer (4.8 M, pH 5.9). Afterward, 5 pmol of 13C,15N labeled-PAR
were added. DNA and RNA present in samples were digested by
addition of 44 mM MgCl2, 0.5 mM CaCl2, 0.1 mg/mL DNase I
(Roche), and 55 μg/mL RNase A (Sigma-Aldrich) at 37 °C for 3 h,
following digestion with 0.2 mg/mL proteinase K (Roche) overnight.

The synthesis of the DHBB resin and PAR purification via DHBB
chromatography was essentially carried out as described previ-
ously,30,43 with modifications. Briefly, the suspension was prepared
by dissolving 50 g of BioRex 70 (100−200 mesh) (Bio-Rad) in 300
mL of H2O and allowed to swell for 30 min. Subsequently, water was
aspirated through a glass filter, the resin was washed with 3 L of H2O
by filtration, and then resuspended in 250 mL of H2O. pH was
adjusted to 5.0 using 37% HCl followed by the addition of 5 g of N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride, and the
suspension was stirred at RT for 15 min. Thereafter, a solution
consisting of 5 g of 3-aminophenyl boronic acid dissolved in 32 mL of
H2O was added, pH was adjusted to 5.0, and the suspension was
stirred overnight in darkness. Next, the DHBB material was filtered
through a glass filter and washed with 3 L of H2O, 3 L of 0.1 M NaAc,
1 M NaCl (pH 4.5), 3 L of 0.1 M NaHCO3 1 M NaCl (pH 9.0), 2.5 L
H2O, and 100 mL 6 M guanidine·HCl, 50 mM MOPS, 10 mM EDTA
(pH 6.0). Finally, the DHBB resin was resuspended in an equal
volume of 6 M guanidine·HCl, 50 mM MOPS, 10 mM EDTA pH 6.0
and stored at 4 °C in darkness. DHBB affinity chromatography of PAR
was carried out as described previously,30 with modifications. The
DHBB suspension (2 mL) was centrifuged at 1000 × g for 5 min. The
supernatant was removed, and the resin was mixed with 6 mL of 6 M
guanidine·HCl, 250 mM NH4Ac (pH 9.0). Following centrifugation,
the DHBB material was washed twice with 7 mL of H2O and once
with 6 mL of 6 M guanidine·HCl, 250 mM NH4Ac (pH 9.0). Finally,
the resin was resuspended in an equal volume of 6 M guanidine·HCl,
250 mM NH4Ac (pH 9.0). The PAR-containing TCA precipitate was
resuspended in 1 mL of 6 M guanidine·HCl, 250 mM NH4Ac, 10 mM
EDTA (pH 6.0), followed by addition of 1 mL of 0.5 M KOH, 50 mM
EDTA, and the solution was incubated at 37 °C for 45 min. After the
addition of 8 mL of 6 M guanidine·HCl, 250 mM NH4Ac 10 mM
EDTA, pH was adjusted to 9.0 using 37% HCl. The solution was
incubated with 1 mL of the DHBB resin in a rotator at RT for 2 h in
darkness. Thereafter, the suspension was poured into a PolyPrep
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chromatography column (Bio-Rad), and the flow-through was
collected. The column was rinsed with 10 mL of 6 M guanidine·HCl,
250 mM NH4Ac 10 mM EDTA (pH 9.0) and then washed with 10
mL of 1 M NH4HCO3, 10 mM EDTA (pH 9.0). Elution of PAR was
performed twice with 5 mL of H2O. Samples were dialyzed twice
against water by using dialysis cassettes 2000 MWCO (Pierce).
PAR extraction by phenol/chloroform extraction was carried out as

described previously.34

PAR extractions via the High pure miRNA isolation kit (Roche),
PeqGOLD RNA pure (Peqlab), and RNeasy kit (Qiagen) were
performed analogous to the manufacturers’ recommendations for the
purification of RNA.
For PAR extraction from mouse organs, snap-frozen tissues were

cut in pieces of ∼2 mm and homogenized with a tissue disruptor
Ultra-Turrax T25 (Janke & Kunkel) in 2 mL of 10% TCA (w/v).
Precipitate was centrifuged at 3000 × g and 4 °C for 10 min, washed
twice with 70% EtOH, and air-dried. Then pellets were resuspended in
400 μL of 0.5 M KOH, 50 mM EDTA and incubated at 37 °C for 45
min. The cell debris was pelleted, supernatant was neutralized with 4.8
M MOPS (pH 5.9), and 30 μL aliquots were used for DNA
concentration determination as described previously.44 Briefly, aliquots
were neutralized with 2 M MOPS buffer and diluted in 180 μL of
dilution buffer (0.5 M KOH, 50 mM EDTA, 1 M MOPS). Standard
curves using calf thymus DNA (Sigma-Aldrich) in concentrations from
0 to 150 ng/μL were performed on a daily basis. To this end, standard
solutions were denatured with 0.5 M KOH, 100 mM EDTA at 60 °C
for 1 h and neutralized 1:1 with 2 M MOPS buffer (pH 7). Standard
solutions and samples were incubated for 5 min with 0.5 μg/mL
Hoechst 33342 (Molecular Probes) and subsequently transferred into
a 96-well plate in duplicates. The fluorescent measurements were
carried out using a fluorescence reader FL600 (Biotek) with an
excitation wavelength of 360/40 nm and an emission of 460/40 nm.
Sample Preparation and LC−MS/MS Analysis. PAR was

subjected to digestion with alkaline phosphatase from bovine intestine
mucosa (AP) (Sigma-Aldrich) and phosphodiesterase I (PDE)
(Affymetrix) before LC−MS/MS analysis. Samples were brought to
a final volume of 500 μL in a solution containing 1 mM MgAc, 30 mM
NH4Ac, 10 U AP, and 0.5 U PDE. Following incubation at 37 °C for 3
h, the enzymes were removed using a 10 kDa cutoff filter (Nanosep
10K, Pall) by centrifugation at 14000 × g for 20 min. Cell extracts
were vacuum-dried and resuspended in 100 μL of mobile phase prior
to LC−MS/MS analysis. The digestion with AP and PDE was
monitored by analyzing PAR on modified sequencing gels as described
previously.34 To this end, samples were separated by 20% TBE-PAGE
(500 mM Tris, 500 mM H3BO3, 10 mM EDTA) at 800 V, and
staining was carried out with Color Silver stain kit (Pierce) according
to the manufacturer’s instructions. Afterward, HPLC separation of
digestion products was performed using a Waters 2695 separation
module and a Hypersil Gold aQ column, 150 mm × 2.1 mm particle
size 3 μm (Thermo Scientific), at 30 °C. Compounds were separated
isocratically with 1% acetonitrile supplemented with 0.1% acetic acid at
a flow rate of 0.3 mL/min. The column effluent was coupled to a
Quattro Micro mass spectrometer (Waters) operating in positive ESI
mode (for MS parameters see Supplementary Table S2).
HPLC Purification of Ribosyladenosine. Ribosyladenosine was

purified from AP/PDE-digested in vitro-synthesized PAR for usage as
chemical standard (unlabeled and 13C,15N-labeled). After digestion
with AP and PDE and removal of enzymes by size-exclusion filtration
(see above), digestion products were injected into the HPLC system
(Waters 2695). The separation was carried out using a Hydro-RP
column 80A, 250 mm × 4.6 mm particle size 4 μm (Phenomenex), at
30 °C and a flow rate of 0.5 mL/min. PAR digestion products were
eluted using a gradient protocol as detailed in Supplementary Table
S3.
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