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Abstract
Background: Although ADP-ribosylation has been described five decades ago, only recently a distinction has been
made between eukaryotic intracellular poly- and mono-ADP-ribosylating enzymes. Poly-ADP-ribosylation by ARTD1
(formerly PARP1) is best known for its role in DNA damage repair. Other polymer forming enzymes are ARTD2
(formerly PARP2), ARTD3 (formerly PARP3) and ARTD5/6 (formerly Tankyrase 1/2), the latter being involved in Wnt
signaling and regulation of 3BP2. Thus several different functions of poly-ADP-ribosylation have been well described
whereas intracellular mono-ADP-ribosylation is currently largely undefined. It is for example not known which
proteins function as substrate for the different mono-ARTDs. This is partially due to lack of suitable reagents to
study mono-ADP-ribosylation, which limits the current understanding of this post-translational modification.
Results: We have optimized a novel screening method employing protein microarrays, ProtoArrays®, applied here
for the identification of substrates of ARTD10 (formerly PARP10) and ARTD8 (formerly PARP14). The results of this
substrate screen were validated using in vitro ADP-ribosylation assays with recombinant proteins. Further analysis of
the novel ARTD10 substrate GSK3β revealed mono-ADP-ribosylation as a regulatory mechanism of kinase activity by
non-competitive inhibition in vitro. Additionally, manipulation of the ARTD10 levels in cells accordingly influenced
GSK3β activity. Together these data provide the first evidence for a role of endogenous mono-ADP-ribosylation in
intracellular signaling.
Conclusions: Our findings indicate that substrates of ADP-ribosyltransferases can be identified using protein
microarrays. The discovered substrates of ARTD10 and ARTD8 provide the first sets of proteins that are modified by
mono-ADP-ribosyltransferases in vitro. By studying one of the ARTD10 substrates more closely, the kinase GSK3β, we
identified mono-ADP-ribosylation as a negative regulator of kinase activity.
Keywords: ARTD, Posttranslational modification, ADP-ribosyltransferase, PARP10, PARP14, ARTD8, NAD+,
Kinase activity, Regulation

Lay abstract
Newly synthesized proteins need (i) to find their way
within a cellular environment and (ii) to be controlled in
their functionality. Small modifications termed posttranslational modifications, are added to these proteins to
guide them to different locations, regulate their activity or
induce their breakdown. ADP-ribosylation is a post* Correspondence: luescher@rwth-aachen.de
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translational modification performed by enzymes that use
the cofactor NAD+ to add ADP-ribose to a substrate protein. Some enzymes, like ARTD10, transfer only one
ADP-ribose unit, whereas others, such as ARTD1, transfer
multiple units to form chains of ADP-ribose. It is currently
not known which proteins can be mono-ADP-ribosylated
or what the consequence thereof is. In this study, we
screened approximately 8000 proteins on microarrays to
test which proteins can be modified by ARTD10 and
ARTD8. Subsequently, we validated some of the identified
proteins in in vitro enzymatic assays and could confirm
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that ARTD10 and ARTD8 transfer ADP-ribose to these
proteins. Next, we investigated what the consequence of
mono-ADP-ribosylation is for the ARTD10 substrate
GSK3β, a kinase that controls many physiological processes. We found that mono-ADP-ribosylated GSK3β is
less active than the non-modified protein. Finally, we
expressed ARTD10 and GSK3β together in cells and measured lower GSK3β activity in the presence of ARTD10. In
summary this study provides the first substrates of the
mono-ADP-ribosyltransferases ARTD10 and ARTD8.
Moreover, we could show that mono-ADP-ribosylation
inhibits the activity of a target protein, in vitro and in cells.
These first investigations of a mono-ADP-ribosylated protein show that this modification might have important
roles in signaling processes.

Background
ADP-ribosylation is a posttranslational modification where
ADP-ribose is transferred from the co-factor β-NAD+
onto a substrate, catalyzed by ADP-ribosyltransferases
(ARTs). The eukaryotic transferases can be divided into
two groups, the extracellular ARTCs (formerly ARTs) and
the intracellular ARTDs (formerly PARPs) [1]. The C and
D refer to C2/C3 and diphtheria toxin-like ARTs, respectively, which represent the two distinct structures of catalytic domains that can be distinguished [1]. Of the ARTD
family with 18 members [2], only class 1 enzymes are capable of forming polymers of ADP-ribose (PAR). Class 2
enzymes lack the catalytic glutamate necessary to support
the transition state during the enzymatic reaction. Instead,
they use substrate-assisted catalysis to transfer a single
ADP-ribose unit onto substrates [3]. During this process
the activating glutamate of the substrate is subsequently
ADP-ribosylated, consequently the modified glutamate is
not available for a following second catalytic step and thus
the reaction is limited to mono-ADP-ribosylation. Class 3
members are proposed to be inactive due to the inability
to bind β-NAD+ [3].
Poly-ADP-ribosylation by ARTD1 (formerly PARP1) has
been investigated most thoroughly and is best known for
its role in DNA damage repair and the control of chromatin and gene transcription [4-6]. In addition to ARTD1,
ARTD2 (formerly PARP2) also participates in DNA repair
and Artd1/Artd2 double knockout animals do not survive
[7,8]. ARTD5/6 (formerly Tankyrase 1/2) play a role in
Wnt signaling [9-11] and in controlling the stability of the
adaptor 3BP2, mutations of which are mechanistically
linked to Cherubism [12,13]. The poly-ADP-ribose chains
do not directly regulate the molecules they are synthesized
on, but for example indirectly reduce ARTD1 activity by
disturbing the interaction of ARTD1 with DNA [14] or
serve as scaffolds to recruit other proteins through
domains such as the WWE domain and macrodomains
[4,6,15]. These are often found in DNA repair proteins,
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explaining the role of ARTD1 in this process [16-19].
Moreover the E3 ubiquitin ligase Iduna (RNF146) interacts with PAR through its WWE domain, providing evidence for poly-ADP-ribosylation indirectly regulating
protein stability [9,11,20,21].
In comparison to the polymer forming ARTDs, the
mono-ARTDs remain much less well understood, mainly
because they have only recently been recognized [3] and
because basic research tools such as antibodies recognizing mono-ADP-ribosylated residues are lacking [22].
Some of the mono-ARTDs are suggested to play a role
in immunity [23], however most of the data on the
mono-ARTDs are mainly descriptive and have not yet
revealed the mechanisms underlying the observed phenomena. The founding member of the mono-ARTDs,
ARTD10, was identified as interaction partner of MYC
[24] and was later on demonstrated to mono-ADPribosylate itself and core histones [3]. Although ARTD10
can shuttle into the nucleus, its predominant localization
is cytoplasmic, where it associates at least in part with
dynamic p62/SQSTM1-positive bodies [25]. Moreover,
ARTD10 seems vital for proliferation, as both knockdown and overexpression inhibit normal cell growth, the
latter being dependent on catalytic activity [3,26]. However, it is currently unknown which proteins are modified
by ARTD10 that could mediate this growth inhibitory
phenotype.
To increase our understanding of mono-ADP-ribosylation, we screened for substrates of the mono-ADPribosyltransferases ARTD10 and ARTD8. For this we established the use of protein arrays and were able to identify
potential substrates for both enzymes, with a remarkable
enrichment of kinases. We focused our further studies
on the ARTD10 substrate glycogen synthase kinase 3β
(GSK3β), a kinase with broad physiological relevance
[27,28], and not only confirmed its mono-ADP-ribosylation, but also found that this modification inhibits enzymatic activity. Moreover, siRNA mediated knockdown of
ARTD10 led to an increase in GSK3β activity, suggesting
that endogenous mono-ADP-ribosylation occurs. The data
reported here give a first insight into the functional relevance of mono-ADP-ribosylation and demonstrate that
mono-ADP-ribose can directly regulate the enzymatic
activity of one of its acceptor proteins.

Results
ARTD10 and ARTD8 substrate identification using
ProtoArrays®

To gain insight into the molecular function of monoADP-ribosylation, we screened for substrates of the
mono-ARTDs ARTD10 and ARTD8. Since currently no
approaches have been published to carry out a broad
screening approach for mono-ADP-ribosyltransferases, we
optimized a novel method based on protein microarrays.
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ProtoArrays®, containing approximately 8000 proteins
spotted in tandem on a single array. These arrays have
been used before to study for example phosphorylation
[29]. We incubated the ProtoArrays® with tandem-affinity
purified (TAP)-ARTD10, baculo-derived ARTD8 or BSA
and biotin-labeled NAD+. The modification of proteins on
the array was visualized using streptavidin-AlexaFluor®
647 (Figure 1B). A sub-array is shown with different controls and platelet-derived growth factor subunit B (PDGFB) as top positive signal of ARTD10 (Figure 1C). Moreover
a comparison of several ARTD10 and ARTD8 sub-arrays is
displayed (Additional file 1: Figure S1B). Proteins that
bound biotin or NAD+ and NAD+-consuming enzymes
were identified on the control slides incubated with BSA
and biotin-labeled NAD+. These signals were manually
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We performed initial tests to address whether ARTD10
can use biotin-labeled NAD+ as co-factor (Additional file
1: Figure S1A). Next we established optimal conditions to
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slides. ARTD10 and core histones were loaded as positive
and BSA and GST as negative controls. These slides
were subsequently incubated with tandem affinity purification (TAP)-ARTD10 and biotin-NAD+ and were
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streptavidin (Figure 1A). Because TAP-ARTD10 was able
to modify immobilized core histones, the only known
substrate of ARTD10 besides its ability to automodify [3],
on these control slides, we used similar conditions for
large-scale screening of ARTD10 and ARTD8 substrates.
These screens were performed on protein microarrays,
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Figure 1 Application of ProtoArrays® to identify ARTD10 and ARTD8 substrates. A. Indicated proteins were spotted on nitrocellulose
membranes and subsequently incubated with TAP-ARTD10 and biotin-labeled NAD+ to optimize array conditions. The signals were detected with
HRP-coupled streptavidin. B. Schematic representation of ProtoArray®-based screens. The arrays were incubated with ARTD10, ARTD8 or BSA and
25 μM biotin-β-NAD+ and visualized using streptavidin-AlexaFluor® 647. C. An exemplary magnification of a sub-array from an array incubated
with TAP-ARTD10 is shown with controls and top-outlier PDGF-B indicated. D. Venn diagram showing the overlap between the identified ARTD8
and ARTD10 substrates. E. All putative ARTD8 and ARTD10 substrates sorted according to function.
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(GO:0007243) (Additional file 4: Table S3). The total number of substrates identified was quite small, roughly 1% and
1.7% for ARTD10 and ARTD8, respectively, implying that
these enzymes are rather selective.
To confirm that the hits identified on the arrays are substrates of ARTD10 and ARTD8, we verified several recombinant proteins in in vitro ADP-ribosylation assays. We
validated substrates from different subclasses, which were
purified with diverse methods to exclude artifacts caused
by tags or treatments. The top outlier PDGF-B was verified as ARTD10 substrate in an ADP-ribosylation assay
with BSA as negative control (Figure 2A). Interestingly,
PDGF-B was identified previously as a factor that can be
ADP-ribosylated by an extracellular ADP-ribosyltransferase

removed from the positive hits obtained after incubation
with ARTD10 or ARTD8 before further analysis, such as
the probably automodifying ARTD7 (formerly PARP15).
After these adaptations, 78 and 142 proteins were identified as substrates of ARTD10 and ARTD8, respectively,
with an overlap of 32 proteins (Figure 1D and Additional
file 2: Table S1 and Additional file 3: Table S2). Further
analysis revealed that the largest subgroup of ARTD10
substrates was formed by kinases, followed by receptors
and growth factors (Figure 1E), kinases also form the largest
substrate subgroup of ARTD8 substrates (Figure 1E). This
is also reflected by gene ontology (GO) enrichment analysis,
where multiple GO terms were found that are related
to phosphorylation such as “protein kinase cascade”
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Figure 2 Validation of the ProtoArray results on diverse recombinant proteins. ADP-ribosylation assays with [32P]-NAD+ as cofactor,
analyzed by SDS-PAGE, coomassie blue (CB) staining and autoradiography with A. TAP-ARTD10-G888W or TAP-ARTD10 and BSA or PDGF-B
B. TAP-ARTD10 and IKKε or GSK3 β, or the negative control without ARTD10 C. TAP-ARTD10 and ACVR1(171-499), or the negative control without
ARTD10 D. TAP-ARTD10 and P-TEFb, or the negative control without ARTD10 E. His-ARTD8 and GST-ING5, or the negative control without
His-ARTD8.
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Mono-ADP-ribosylation inhibits GSK3β in vitro

To investigate the consequence of mono-ADP-ribosylation, we focused on the modification of the ARTD10
substrate GSK3β. Because it is currently not possible to
directly measure mono-ADP-ribosylation in cells by
using tools like antibodies, we decided to focus on a kinase so that kinase activity can be determined in response
to mono-ADP-ribosylation as an indirect mean to investigate the consequence of the modification. Furthermore,
GSK3β is not only representative of the largest substrate
group formed by kinases, but also phosphorylates the
ARTD10-interacting oncoprotein MYC [33]. First, we
tested whether recombinant GST-GSK3β purified from
SF9 cells also serves as ARTD10 substrate in an in vitro
ADP-ribosylation assay with TAP-ARTD10. GST-GSK3β
but not GST was indeed substrate of ARTD10
(Figure 3A), whereas the purified GST-GSK3β incubated
with [32P]-NAD in the absence of ARTD10 was not
modified. Next we asked whether mono-ADP-ribosylation
influences the enzymatic activity of GSK3β. GST-GSK3β
was mono-ADP-ribosylated by TAP-ARTD10 and subsequently tested in a kinase assay with radioactively labeled
[32P]-γ-ATP and a primed substrate peptide [27]. The kinase activity of mono-ADP-ribosylated GSK3β was reduced,
in contrast to incubation with ARTD10 without β-NAD+
or with the catalytically inactive ARTD10-G888W, which
resulted in a small increase in activity that might be due to
increased kinase stability, caused by the physical presence
of ARTD10 (Figure 3B). This demonstrated that mono-
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[30]. Several kinases could also be validated in independent
assays, such as NF-κB inhibitor epsilon (IKKε) and GSK3β
(Figure 2B). Of the receptor subclass, the activin receptor 1
(ACVR1) was confirmed using the ARTD10 catalytic domain, GST-ARTD10(818-1025), in the ADP-ribosylation
assay (Figure 2C). The cyclin T subunit of positive transcription elongation factor B (P-TEFb), could also be modified by the full-length TAP-ARTD10 (Figure 2D).
Inhibitor of growth protein 5 (ING5) was confirmed as
ARTD8 substrate (Figure 2E). ARTD8 protects B-cells from
apoptosis by modulating key regulators of apoptosis, such
as caspase-3 [31] and is also necessary for pro-survival
signaling and regulation of glycolytic rate in B-cells [32]. Several substrates identified on the ProtoArrays® are involved
in insulin signaling, such as insulin receptor substrate 1
(IRS1) and protein kinase C zeta type (PRKCZ), through
which glycolysis can be influenced. Proto-oncogene
tyrosine-protein kinase receptor Ret (RET) and protein
kinase C iota type (PRKCI) are two of the identified substrates that potentially link ARTD8 with apoptosis. The
underlying mechanisms through which ARTD8 mediates
its described functions might thus be uncovered through
the substrates we discovered. In the following, we concentrated our further studies on one ARTD10 substrate.
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Figure 3 ARTD10 mono-ADP-ribosylates GSK3β and thereby
non-competitively inhibits its kinase activity in vitro.
A. ADP-ribosylation assay with [32P]-NAD+, TAP-ARTD10 and BSA or
GST-GSK3β, analyzed by SDS-PAGE, coomassie blue (CB) staining and
autoradiography. B. GST-GSK3β was mono-ADP-ribosylated and
subsequently assessed in a kinase assay with a primed substrate
peptide and [32P]-γ-ATP. Incorporated radioactivity was measured by
scintillation counting. C. Substrate peptide was titrated as indicated
in a kinase assay with untreated or mono-ADP-ribosylated
GST-GSK3β and [32P]-γ-ATP. Incorporated radioactivity was measured
by scintillation counting.

ADP-ribosylation can directly influence the enzymatic
activity of a modified protein in vitro, which has not been
shown for any substrate of intracellular mono-ADPribosyltransferases thus far. To understand how monoADP-ribosylation interfered with the catalytic activity of
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GSK3β, in vitro kinase assays were performed with increasing concentrations of substrate peptide. Even high
amounts of peptide failed to restore kinase activity of
mono-ADP-ribosylated GSK3β in these in vitro assays
(Figure 3C), suggesting that mono-ADP-ribosylation is a
non-competitive inhibitor. This is in contrast to Ser-9
phosphorylation of GSK3β, a site that is regulated by upstream signaling cascades and is a substrate of the AKT
kinase, which functions as competitive inhibitor by occupying the site for the priming phosphate of the substrate
[34,35]. This implies that mono-ADP-ribosylation potentially regulates GSK3β activity by a mechanism complementary to inhibition through Ser-9 phosphorylation.

suggesting that mono-ADP-ribosylation by ARTD10 in
cells is taking place and is vital for normal cell physiology. Therefore we co-expressed GFP-ARTD10 or
GFP-ARTD10-G888W together with HA-GSK3β in
U2OS cells and subsequently determined kinase activity
of immunoprecipitated GSK3β. We measured lower kinase activity with co-expression of ARTD10 compared
with controls (Figure 4A), indicating that ARTD10
modified GSK3β in cells and thereby inhibited kinase activity similar to the in vitro assays. In contrast, coexpression of high ARTD10-G888W amounts induced
kinase activity, which might be due to a dominantnegative effect of the catalytically inactive ARTD10
(Figure 4A). GSK3β expression levels were not influenced by co-expression of different ARTD10 constructs
and additionally, the immunoprecipitation efficiencies
were also comparable (Figure 4B). To complement these

ARTD10 modulates GSK3β activity in cells

Our previous study revealed that ARTD10, but not
ARTD10-G888W, interferes with cell proliferation [3],
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overexpression experiments with tests on endogenous
proteins, we performed an siRNA mediated knockdown of
ARTD10. Reducing ARTD10 levels enhanced endogenous
GSK3β activity (Figure 4C), without influencing GSKβ
protein levels (Figure 4D), thereby also hinting at the existence of endogenous mono-ADP-ribosylation by ARTD10.
To further validate these findings, we measured the phosphorylation of the NF-κB subunit RELA/p65 at Ser-468, a
known GSK3β target [36]. ARTD10-G888W overexpression and knockdown of endogenous ARTD10 by shRNA
(initial tests of pSUPER-constructs are displayed in
Additional file 5: Figure S2) increased p65-Ser-468 phosphorylation (Figure 4E), supporting the concept that
mono-ADP-ribosylation of GSK3β by ARTD10 inhibits
kinase activity. Ser-468 phosphorylation of p65 negatively
regulates basal NF-κB activity [36], implying that ARTD10
could influence basal NF-κB activity through regulation of
GSK3β. Recent findings indicate that certain immune signals can induce ARTD10 expression [37,38], also suggesting that ARTD10 is involved in the immune response. It is
currently not possible to directly demonstrate monoADP-ribosylation of GSK3β in cells due to lack of suitable
reagents, but together these findings support the hypothesis that mono-ADP-ribosylation by ARTD10 inhibits
GSK3β activity not only in vitro but also in cells. It
remains to be assessed whether this reflects a general
regulation of GSK3β or whether distinct subpopulations
of GSK3β are affected, thus controlling specific pathways
only without affecting others as has been described for
regulation of GSK3β before [28].

Discussion
Mono-ADP-ribosylation is a currently poorly characterized
post-translational modification. It is not known which proteins serve as substrate of the mono-ARTDs in cells and
what the consequences of mono-ADP-ribosylation are for
these proteins. Furthermore suitable methods are lacking to
investigate mono-ADP-ribosylation in cells. By employing a
protein substrate screen based on ProtoArrays® presented
here (Figure 1), we were able to define potential substrates
for two mono-ARTDs, i.e. ARTD10 and ARTD8 (Figure 2
and Additional file 2: Table S1 and Additional file 3: Table
S2). This method can be adapted for other members of the
ARTD family and also for the ARTC protein family. This
will allow the definition of a set of proteins as targets of individual ADP-ribosyltransferases and, by learning more
about the substrate preferences of the different enzymes,
their physiological roles can be unraveled.
The findings reported here are the first evidence that
mono-ADP-ribosylation by mono-ARTDs can regulate the
enzymatic activity of a substrate, both in vitro (Figure 3)
and in cells (Figure 4). The inhibitory effect measured on
GSK3β in cells was small but consistent in these assays,
which could possibly be caused by enzymes that remove
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the mono-ADP-ribosylation from GSK3β. It is known that
poly-ADP-ribose is degraded very rapidly in cells [2],
however poly-ADP-ribose glycohydrolase (PARG) and
ADP-ribosylhydrolase 3 (ARH3) display no activity towards
mono-ADP-ribosylated proteins [39-41]. We expect that
also mono-ADP-ribosylation is a reversible process and
therefore postulate that enzymes exist that can remove this
modification from a substrate. This may also occur during
cell lysis, especially under the mild conditions applied here
to preserve GSK3β kinase activity. However, because the
nature of such enzyme(s) has not been described thus far, it
is difficult to control their activity. Likewise it is also difficult to detect ubiquitination of proteins without overexpressing ubiquitin and inhibiting the deubiquitinating
enzymes [42]. Alternatively, only a distinct sub-population
of GSK3β might be mono-ADP-ribosylated and therefore
the measured inhibition of kinase activity could be masked
by the unmodified population. This aspect needs to be
addressed once antibodies against mono-ADP-ribosylation
become available. Future analysis has to reveal which
GSK3β substrates are influenced most by its mono-ADPribosylation. Moreover it will be important to define to
what extent the consequence of this modification overlaps
with the inhibitory effect of Ser-9 phosphorylation as well
as other regulatory mechanisms that target GSK3β [43-45].
Because such a remarkable number of kinases were
identified as ARTD8 and ARTD10 substrate (Figure 1D),
it is tempting to speculate that mono-ADP-ribosylation
serves as a general regulator of kinase activity. This has
to be tested, however, by assessing the effect of monoADP-ribosylation on these other identified kinases. Of
interest is also the observation that 10 of the 32 substrates shared between ARTD10 and ARTD8 are kinases.
We noticed that when these two transferases were coexpressed in cells, they co-localized through specific
interaction of the macrodomains of ARTD8 with monoADP-ribosylated ARTD10 (Forst et al., Structure, in
press). This might suggest that some of the substrates that
we identified are co-regulated. It is also possible that these
two transferases act successively. These aspects are in
need of further analysis. The consequences of monoADP-ribosylation for the identified growth factors have
also to be investigated in more detail, where it should also
be addressed when ARTD10 is in spatial proximity to
these potential substrates. Currently, it is not clear if and
when ARTD10 and the identified growth factors interact
to allow modification.
However, these findings imply that mono-ADPribosylation might have an important role to play in the
regulation of multiple processes by modifying substrate
proteins such as GSK3β, IKKε and PDGF-B. This makes
the regulation of ARTD10 itself an interesting research
question, because it is currently also not clear when
ARTD10 is active. At the moment, this is difficult to study
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because no direct read-outs for ARTD10 activity in cells
exist. Furthermore, mono-ADP-ribosylation cannot be
measured as easily by mass spectrometry as for example
phosphorylation [46,47], as also illustrated by the fact that
publications that describe automodification sites in
ARTD1 contradict each other [48,49]. To be able to fully
understand the role of mono-ADP-ribosylation in cell
physiology, reliable methods have to be developed to study
this modification. With antibodies against mono-ADPribosylated amino acids, it could for example be investigated under which circumstances GSK3β is normally
modified by ARTD10 in cells or whether the other in vitro
substrates are indeed also ARTD10 targets in cells.

Conclusions
In order to understand the PTM mono-ADP-ribosylation
better, it is necessary to identify target proteins, which can
be investigated with the screening method presented here.
Furthermore, we establish mono-ADP-ribosylation as a
PTM that can directly regulate the activity of a substrate
kinase. This not only adds another dimension to the regulation of GSK3β, but also provides an example of the
relevance of intracellular mono-ADP-ribosylation. Unfortunately, mono-ADP-ribosylation cannot be directly measured in cells at the moment. A major challenge for the
field will thus be the development of antibodies recognizing mono-ADP-ribosylated residues, as well as of reliable
methods for modification site mapping to enable the further analysis of endogenous mono-ADP-ribosylation by
the ARTD family.
Methods
Cell lines and reagents

U2OS and HeLa cells were kept at a humidified atmosphere at 37°C with 5% CO2 at all times and were cultivated in DMEM supplemented with 10% heat-inactivated
fetal calf serum and 1% penicillin/streptomycin. Transfections were performed using the calcium phosphate precipitation technique. shRNA mediated knockdown was
achieved by co-transfection of two different pSUPER constructs targeting different regions [50]. Dharmacon siRNA
pools were transfected using Lipofectamin (Invitrogen)
according to manufacturer’s instructions at a final concentration of 50 nM.
Cloning and mutagenesis

Cloning of ARTD10 constructs has been described before
[3,24,51]. pSUPER-ARTD10_1 and pSUPER-ARTD10_6
were generated with the following oligonucleotides:
siARTD10_1_for: GAT CCC CGG GTA GAG GGA
TTA TGA CAT TCA AGA GAT GTC ATA ATC CCT
CTA CCC TTT TTG GAA A
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siARTD10_1_rev: AGC TTT TCC AAA AAG GGT
AGA GGG ATT ATG ACA TCT CTT GAA TGT CAT
AAT CCC TCT ACC CGG G
siARTD10_2_for: GAT CCC CGT GCA GGG ACT
GTG ACA ATT TCA AGA GAA TTG TCA CAG TCC
CTG CAC TTT TTG GAA A
siARTD10_2_rev: AGC TTT TCC AAA AAG TGC
AGG GAC TGT GAC AAT TCT CTT GAA ATT GTC
ACA GTC CCT GCA CGG G
siARTD10_3_for: GAT CCC CCT TGA AGG ACC
GGA TAT GAT TCA AGA GAT CAT ATC CGG TCC
TTC AAG TTT TTG GAA A
siARTD10_3_rev: AGC TTT TCC AAA AAC TTG
AAG GAC CGG ATA TGA TCT CTT GAA TCA TAT
CCG GTC CTT CAA GGG G
siARTD10_4_for: GAT CCC CTG GGT CCC ATG
GAG ATC ACT TCA AGA GAG TGA TCT CCA TGG
GAC CCA TTT TTG GAA A
siARTD10_4_rev: AGC TTT TCC AAA AAT GGG
TCC CAT GGA GAT CAC TCT CTT GAA GTG ATC
TCC ATG GGA CCC AGG G
siARTD10_5_for: GAT CCC CAG TGG CAG AAC
GAG TGT TGT TCA AGA GAC AAC ACT CGT TCT
GCC ACT TTT TTG GAA A
siARTD10_5_rev: AGC TTT TCC AAA AAA GTG
GCA GAA CGA GTG TTG TCT CTT GAA CAA CAC
TCG TTC TGC CAC TGG G
siARTD10_6_for: GAT CCC CAG GCC TTG AAG
AGG TGG ACT TCA AGA GAG TCC ACC TCT TCA
AGG CCT TTT TTG GAA A
siARTD10_6_rev: AGC TTT TCC AAA AAA GGC
CTT GAA GAG GTG GAC TCT CTT GAA GTC CAC
CTC TTC AAG GCC TGG G
pcDNA3.1-HA-GSK3β Addgene plasmid 14753 [52]
was used to create pDONR/zeo-GSK3β and pBAC-GSTGSK3β using the GateWay cloning system according to
manufacturer’s recommendations. Primers used were
GSK3_attB1 and GSK3_attB2.
GSK3_attB1: GGG GAC AAG TTT GTA CAA AAA
AGC AGG CTT CAT GTC AGG GCG GCC CAG A
GSK3_attB2: GGG GAC CAC TTT GTA CAA GAA
AGC TGG GTC TTA GGT GGA GTT GGA AGC
TGA TGC AG
Protein purification

Enzymatically active ARTD10 and the inactive ARTD10G888W were purified using the TAP-tagging method as
described before [3]. The GST-tagged catalytic domain
or inactive mutant G888W, comprising amino acids
818-1025, were purified from E.coli strain Bl21, where
protein expression was induced with 0.4 mM IPTG
overnight at 20°C. GST-GSK3β was purified from insect
SF9 cells infected with GST-GSK3β virus, produced after
transfection of pBAC-GST-GSK3β by using BaculoGold
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(BD Biosciences) according to manufacturer’s instructions. Recombinant IKKε, GSK3 β and P-TEFb were purchased from Invitrogen. Recombinant His-ING5 was
purified from E.coli strain Bl21, after induction of protein expression with 1 mM IPTG for 2 hours at 37°C.
Recombinant ACVR1(171-499) was a gift from S. Knapp,
recombinant PDGF-B was a gift from T. Ostendorf and
recombinant His-ARTD8 was a gift from P.O. Hassa.
Western blotting and antibodies

Cells were lysed in TAP-lysis buffer (50 mM Tris pH7.5,
150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v)
NP-40, 1 mM DTT and 100 μM sodium vanadate) supplemented with ProteoBlock Protease inhibitor cocktail
(Fermentas) and cleared by high-speed centrifugation.
After boiling with SDS-sample buffer 10-18%-SDS polyacrylamide gel electrophoresis was used to separate the
proteins followed by transfer to nitrocellulose membrane
(Millipore). Blocking of the membrane was performed at
RT for at least 30 minutes in 5% non-fat milk in TBS-T.
Primary antibodies were incubated at 4°C overnight.
Primary antibodies used are α-GSK3β (H-76, Santa Cruz),
α-GSK3β-S9A (Cell Signaling), α-ARTD10 (5H11, monoclonal antibody raised in rat against ARTD10 fragment 2
(amino acids 206-459), α-tubulin (T6557, Sigma), α-p65
(3987, Cell Signaling), α-p65 phospho Ser 468 (3039, Cell
Signaling), α-GFP (600-301-215, Rockland), α-HA (3 F10,
Roche) and α-MCM2 (N-19, Santa Cruz).
ADP-ribosylation assays

ADP-ribosylation assays were routinely carried out at
30°C for 30 minutes unless indicated otherwise. The reaction mixture (50 mM Tris-HCl, pH 8.0, 0.2 mM DTT,
5 mM MgCl2 and 50 μM β-NAD+ (Sigma) and 1 μCi
[32P]-β-NAD+ (Amersham Biosciences)) was added to
0.5-1 μg purified substrate protein and 0.5 μg enzyme in
a total reaction volume of 30 μl. Reactions were stopped
by adding SDS sample buffer and were subsequently
boiled and run on SDS-PAGE. Incorporated radioactivity
was analyzed by exposure of the dried gel to X-ray film.
Samples used in subsequent kinase assays were cooled
on ice before washing of beads with coupled GSTGSK3β in kinase assay buffer (see below). Alternatively,
50 μM biotin-NAD+ (Trevigen) was added to the reaction
mixture instead of regular β-NAD+ and [32P]-β-NAD+,
followed by analysis by SDS-PAGE and Western Blot.
Kinase assays

Kinase buffer: 5 mM MOPS pH 7.2, 2.5 mM β-glycerophosphate, 1 mM EGTA, 0.4 mM EDTA, 4 mM MgCl2,
50 μM DTT and 40 ng/μl BSA. [32P]-γ-ATP was diluted
to 0.16 μCi/μl in 250 μM ATP in 3x kinase assay buffer.
25 ng GST-GSK3β or precipitated material was incubated in a reaction volume of 25 μl containing 5 μl
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0.16 μCi/μl [32P]-γ-ATP-solution and 5 μg substrate
peptide RRRPASVPPSPSLSRHS(pS)HQRR (Millipore),
unless the substrate peptide was titrated in indicated
concentrations. After incubating at 30°C for 15 minutes
the reaction was stopped by placing on ice. Assays with
immunoprecipitated material were spun-down before
analysis to pellet the beads. Routinely 10 μl aliquots were
spotted on P81 paper in duplicate, washed with 0.5%
phosphoric acid and air-dried before scintillation counting. Beads with immunoprecipitated material were subsequently boiled and analyzed by Western Blot. Data of
the experiments with recombinant proteins are represented as mean ± SD of at least triplicate measurements
from a representative experiment. Data of experiments
with immunoprecipitated material are represented as
mean ± SEM of biological triplicates. Statistical significance was determined by employing two-sided Student’s
t-tests (* = p < 0.05, n.s. = not significant).
ProtoArrays®

ProtoArrays® (v4.1) were purchased from Invitrogen and
contain approximately 8000 proteins spotted in duplicate
on a thin layer of nitrocellulose. All solutions used were
filtered through 0.22 μm filter devices prior to use to
eliminate background-causing dust particles. Arrays
were removed from -20°C and allowed to thaw at room
temperature for 20 minutes. Roti-Block (Roth) was used
to block the arrays by incubating for 1 hour at 4°C, shaking with 50 rpm. Arrays were washed once in plain reaction buffer (50 mM Tris-HCl, pH 8.0) and dried at the
back and sides with Kim wipes. The reaction mixture
(50 mM Tris-HCl, pH 8.0, 0.2 mM DTT, 4 mM MgCl2,
25 μM biotin-NAD+ and approximately 1.5 μg enzyme)
was applied to the slides upon which LifterSlips (Nunc)
were placed on the arrays to prevent evaporation of the
reaction mixture. This was incubated for 1 hour at 30°C
and subsequently washed 3x with 1% fatty-acid-free BSA
in TBS/T, 3x with 0.5% SDS in TBS/T and again 3x with
1% fatty-acid-free BSA, each wash step taking 10 minutes. To detect the biotinylated proteins, streptavidinAlexaFluor® 647 was applied in the dark for 90 minutes
at 4°C at a concentration of 2 μg/ml in 1% fatty-acidfree BSA in TBS/T, after which five 10-minute wash
steps with 1% fatty-acid-free BSA in TBST/T and 5 wash
steps with ddH2O were performed. Arrays were centrifuged at 200xg for 2 minutes to remove residual ddH2O
and subsequently analyzed using an Axon GenePix
4100A microarray reader with the GenePixPro 6.0 program. Results were analyzed with the Prospector software provided by Invitrogen.
Z-scores were calculated to assess statistical significance, according to the following formula: z = (x-μ)/σ
where x is the raw value, μ the population mean and σ
the standard deviation of the population. All proteins
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having a Z-score ≥ 2.5 were considered as a positive hit
and were displayed in the Additional file 2: Table S1 and
Additional file 3: Table S2. Lists containing the Uniprot/
Swissprot IDs of all identified ARTD8 and ARTD10 substrates were generated and subsequently analyzed using
the online Biocompendium high-throughput experimental data analysis platform (biocompendium.embl.de).
Enriched gene ontology (GO) terms are displayed in the
additional tables, with separate tables for ARTD8 and
ARTD10 substrate sets and GO terms for biological processes or GO terms for molecular functions.

Additional files
Additional file 1: Figure S1. A. In vitro ADP-ribosylation assay
performed with GST-ARTD10(818-1025) and biotin-NAD+, analyzed by
SDS-PAGE an Western Blot. ADP-ribosylation was detected with HRPcoupled streptavidin, total protein with a GST-specific antibody. B. Three
different sub-arrays are displayed for the arrays incubated with ARTD10
and the ARTD8. Spots of exemplary proteins indicated with green are
enlarged.
Additional file 2: Table S1. List of identified ARTD10 substrates.
Additional file 3: Table S2. List of identified ARTD8 substrates.
Additional file 4: Table S3. Summary of gene ontology analysis.
Additional file 5 Figure S2. Six different shRNA constructs against
ARTD10 were tested in HeLa cells on overexpressed HA-ARTD10. The
ARTD10 protein levels were normalized against actin.
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