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Abstract

ADP-ribosylation is a post-translational modification of proteins found in organisms from all
kingdoms of life which regulates many important biological functions including DNA repair,
chromatin structure, unfolded protein response, and apoptosis. Several cellular enzymes, such as
macrodomain containing proteins PARG and TARGI, reverse protein ADP-ribosylation. Here we
show that human Nudix-Type Motif 16 (hnNUDT16) represents a new enzyme class that can
process protein ADP-ribosylation in vitro, converting it into ribose-5’-phosphate tags covalently
attached to the modified proteins. Furthermore, our data show that ANUDT16 enzymatic activity
can be used to trim ADP-ribosylation on proteins in order to facilitate analysis of ADP-
ribosylation sites in proteins by mass spectrometry.
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Introduction

ADP-ribosylation is a post-translational modification (PTM) of proteins found in organisms
from all kingdoms of life that regulates many important cellular processes [1,2]. The
poly(ADP-ribose) polymerases (PARPSs) are the major family of intracellular enzymes which
transfer ADP-ribose (ADPr) from donor NAD™* onto target proteins, primarily the glutamate
and aspartate residues [2-8]. While some PARPs transfer only a single ADPr unit (mono-
ADPr; MAR), other PARPs are able to attach repeating units of ADPr via a unique 2’,1”-O-
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glycosydic ribose-ribose bond to generate long chains of poly-ADPr (PAR), [5-7].
Poly(ADP-ribosyl)ation (PARylation) is a highly dynamic PTM with an estimated half-life
of only 1-6 min [9]. Poly(ADP-ribose) glycohydrolase (PARG) is the main enzyme in
humans for PAR hydrolysis, which specifically cleaves the ribose-ribose bonds between the
ADPr subunits of the PAR chains using its catalytic macrodomain [10,11,12,13] (Fig. 1A).
Another enzyme that can act on these bonds is ADP-ribosylhydrolase 3 (ARH3) [14].
However, these two enzymes are unable to cleave MAR attached to a protein [11], which is
in turn the substrate for three other macrodomain proteins: terminal ADP-Ribose protein
glycohydrolase (TARG1), MacroD1 and MacroD2 [15-17] (Fig. 1B). Together, this makes
ADP-ribosylation a dynamic, reversible PTM that has been linked to many important
cellular processes such as the DNA damage response, Wnt signalling and NF-kB signaling
[4,18]. Intriguingly, other enzymes may have the potential to process ADP-ribose chains in
yet another way. For example, accumulation of glutamy! ribose-5’-phosphate (glutamyl-
R5P) has been detected in the tissue extracts from a patient that died from neurological
deterioration and renal failure [19], indicating the existence of an unknown cellular
phosphodiesterase that can hydrolyse the pyrophosphate bond within an ADPr molecule
attached to a glutamate group in proteins (thereby releasing adenine monophosphate (AMP)
and peptidyl-R5P, which is subsequently degraded by cellular proteases). More recently,
R5P sites have been also identified on arginine residues of several cellular proteins [20].
Nucleoside diphosphate linked moiety X (Nudix) hydrolases class of enzymes could be
responsible for such reaction products [21,22]. Nudix hydrolases are found in Bacteria,
Viruses, Eukaryotes, and Archaea and some of their family members have been shown to act
on free ADPr [21,22]. Nudix proteins are characterized by a highly conserved 23-amino-acid
Nudix motif, GX5SEX7RE UXEE XG U, where Uis an aliphatic or hydrophobic residue
[21,22]. Nudix enzymes have protective, regulatory, and signalling functions in metabolism
through their ability to remove a wide range of organic pyrophosphates from the cellular
environment [22]. Although prokaryotic Nudix enzymes, like £. coli Orf209 and Thermus
thermofilus HB8 (TtADPRase), and human NUDTS5 and NUDT9 are active as ADPr
pyrophosphatase on free ADPr [21-23], no Nudix proteins were tested for their capacity to
hydrolyse ADP-ribosylation directly linked to proteins. In the present study, we investigated
11 human Nudix enzymes and tested them for the ability to cleave protein PARylation and
MARylation. Among the Nudix members tested in our study, we found human Nudix-Type
Motif 16 (hnNUDT16) as the only one able to remove both PAR- and MARylation (Fig. 1A
and B). Our study represents the first evidence that intracellular phosphodiesterases can
process protein ADP-ribosylation and convert it into another PTM, namely
phosphoribosylation (the functionality of the R5P protein tags in vivo is currently unknown).
We also show that hANUDT16 can be used as a tool to trim the complex protein ADP-
ribosylation into a simple mark easily detectable by mass spectrometry and may represent a
better alternative to the commonly used snake venom Phosphodiesterase | (svPDE) [24-26].

Experimental Procedures

Plasmids and Proteins

PARP1 wild type protein was from Trevigen (high specific activity). PARP1-E988Q was
expressed from pET28a(+) and purified as previously described [15]. pET28a Hisg-
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Herpetosiphon aurantiacus PARP was purified as previously described [11]. hNUDT1 was
expressed from the pET28a(+) vector in E.coli BL21 DE3, hNUDT4 and hNUDT9 were
amplified from cDNA prepared from HL60 cells using PCR and subcloned into the
pET28a(+) vector. Bacterial expression constructs of hNUDT3, hNUDT5, hNUDT10-12 and
hNUDT14-16 in pNIC28-Bsa4 were kind gifts from the Protein Science Facility (PSF) at
Karolinska Institutet. ANUDTS5 was expressed in-house as earlier described [27].
hNUDT3-4, hNUDT9-12 and hNUDT14-16 were initially expressed and purified by PSF at
Karolinska Institutet using HisTrap HP (GE Healthcare) followed by gel filtration on
HilLoad 16/60 Superdex 75 (GE Healthcare). The purity of all protein preparations were
verified by SDS-PAGE followed by Coomassie staining. For expression and purification of
hNUDT16, 1.5 L of transformed Rosetta2 (DE) cells were grown in TB medium in presence
of 100 pg/mL Kanamycin and 34 pg/mL Chloramphenicol at 37°C. When the optical density
(OD) reached 2.0, the temperature was decreased to 18°C. When the OD reached 3.0, the
expression of recombinant protein was induced with isopropyl-thiogalactopyranoside
(IPTG) 0.2 mM and continued over the night. Bacteria were then lysed fusing BugBuster
protein extraction reagent (Novagen) and Benzonase (Sigma) in a buffer composed by 20
mM Tris-HCI pH 8.0, 500 mM NaCl, 10 mM Imidazole, 5 uM B-mercaptoethanol, 10%
glycerol and supplemented with Complete Protease Inhibitor (Roche). After 1 hour
incubation, the lysate was clarified by centrifugation and supernatant applied on 5 mL
HisTrap HP (GE Healthcare) affinity chromatography, the His tagged protein was eluted in
500 mM Imidazole and further purified by size-exclusion chromatography on a Superdex
200 column (GE Healthcare) using AKTA pure (GE Healthcare) dialysing the protein in a
buffer composed by 25 mM Tris pH 8.0, 300 mM NacCl, 10% Glycerol and 1mM DTT.
Protein were then concentrated up to 9 mg/mL using 10 kDa Amicon-Ultra centrifugal filter
(Millipore).

Purification of snake venom Phosphodiesterase

Phosphodiesterase | (svPDE) from Crotalus adamanteus venom was purified as previously
described [24-26], with slightly modifications. Briefly, approximately 2,52 mg dried weight
of partially purified svPDE (Whorthigton) were dissolved in 1 mL of loading buffer (10 mM
Tris-HCI pH 7.5, 50 mM NaCl, 10% Glycerol) and loaded onto a pre-equilibrated 1 mL
HiTrap blue HP (GE Healthcare). The column was washed with 5 column volumes (CV) of
loading buffer followed by an increasing gradient of KPO4 pH 8.0 up to 150 mM. The
svPDE protein was eluted using 1M KPO4 buffer. Desired fractions were pulled and loaded
onto analytical size-exclusion chromatography Superdex 200 (GE Healthcare) using AKTA
pure (GE Healthcare) in a buffer composed of 10 mM Tris pH 8.0, 50 mM NaCl, 15 mM
MgCI2 and 1% Glycerol. The fractions were assayed separately for PAR-hydrolytic and
proteolytic activity. Concentration of desired fractions (~97 kDa molecular weight) was
measured using Nanodrop (Thermo) and stored at -80 °C.

Assay for hydrolysis of free ADP-ribose

Hydrolysis of the free ADP-ribose was assayed for 20 minutes at 22 °C in assay buffer (100
mM TrisAcetate pH 8.0, 40 mM NaCl, 10 mM MgAc, 1 mM DTT and 0,005% Tween 20) in
quadruplicate. Briefly, 50 uM ADP-ribose was incubated together with Nudix enzyme in
buffer containing an excess of the coupled enzyme Calf Intestinal Phosphatase (Sigma) (5U/
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ml), converting formed R5P to inorganic-phosphate (Pi) and ribose. Released Pi was
detected using a colorimetric method using a malachite green reagent [28] and measurement
of the absorbance at 630 nm. The concentrations of Nudix enzymes in the reaction were:
hNUDT1, 250 nM; hNUDTS5, 6 nM; hNUDT?9, 25 nM; hNUDT12, 250 nM; hNUDT14, 4
nM; hNUDT15, 75 nM; hNUDT16 250 nM. The signal was converted to formed Pi per uM
Nudix enzyme per minute using a standard curve (Ag3g=0.01743*[Pi] (UM)).

Nudix activity assays on ADP-ribosylated proteins

Poly(ADP-ribosyl)ated and mono(ADP-ribosylated) PARP1 proteins were prepared as
described [15,29] in a reaction buffer containing 50 mM Tris-HCI (pH 8.0), 4 mM MgCl»,
50 mM NaCl, 0.2 mM DTT, 200 mM NAD"* (Trevigen) and 130 ng activated DNA (BPS
Bioscience). For the PAR hydrolysis activity assays 0.5 uM PARylated PARP1 substrate was
used in 10 pL reaction. We estimate that the average number of the ADP-ribose units in
chains linked to a PARP1 protein prepared this way is 40 units per protein, giving an
approximate concentration of 20 uM monomeric units in the reaction. For the MARylated
PARP1, 2 uM of PARP1-E988Q was used as a substrate. Reactions were stopped by the
addition of PARP1 inhibitor Olaparib (1 uM). The MgCl, (Sigma) concentration was
adjusted to 15 mM to allow full Nudix hydrolase activity. Automodified PARP1 was then
incubated for 3 hours at 30°C with hydrolytic enzymes in 10 uL reaction. Concentrations of
hydrolytic enzymes used are as indicated in figures. Reactions were stopped by addition of
Laemmli loading buffer, samples boiled at 90°C for 1.5 minutes and fractionated by
NUPAGE Novex Bis-Tris 4-12% Gel using MOPS buffer (Invitrogen). PARP1-E988Q
experiments were visualized by autoradiography, experiments using wild-type PARP1 were
visualized by Western blot using a specific anti-PAR antibody.

Thin layer Chromatography (TLC)

The TLC was performed as previously described [11]. PARylated PARP1 was automodified
in presence of [32P]-labelled NAD as described above. The product of reaction was then
cleaned by G25 desalting columns, MgCl, was added to get 15 mM and 10 L reaction
samples were processed by 18 uM of hNUDT16 or 0.5 pM of svPDE as described above. 1
UL of reaction was spotted onto polyethyleneimine (PEI)-cellulose plates (Macherey-Nagel,
Polygram CEL 300 PEI/UV3s54) and developed in 0.15 M LiCl and 0.15 M formic acid.
Dried plates were exposed on X-ray film or visualized by UV254 shadowing.

Immunoblotting

Fractionated proteins on gradient gels were transferred onto nitrocellulose membranes using
Trans-Blot Turbo Transfer System (Biorad) at 1.3A/25V for 20 minutes. Membranes were
blocked in 5% Non-Fat Dry Milk (NFDM; Biorad) diluted in 0.1% Tween 20-PBS and
subsequently incubated with the following primary antibodies: rabbit polyclonal anti-PAR
(1:2000; Trevigen), mouse monoclonal anti-6xHis (1:5000; Clontech), rabbit polyclonal
anti-PARP1 (1:1000, Abcam). Primary antibody incubations were then followed by
incubation with secondary antibodies as indicated and developed with ECL Western blotting
detection reagent (GE Healthcare).
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Preparation samples for Mass Spectrometry analysis

Reactions were performed as above described with slightly modifications. 0.5 uM PARP1
was automodified and incubated with or without 18 pM of recombinant hNUDT16 or 1 uM
of human PARG for 3 hours at 30°C in presence of 15 mM MgCl,. Samples were processed
either by in-gel or in-solution tryptic digestion. For samples processed by in-gel digestion,
reactions were stopped by addition of Laemmli loading buffer, samples were not boiled. 3
pL aliquots of reaction were loaded on SDS-PAGE and probed using anti-PAR antibody. The
remaining samples were resolved on SDS-PAGE and stained using SYPRO-Ruby
(Invitrogen) following manufacturer’s instructions. Gels were visualized and scanned by
Pharos FX plus (Biorad). Proteins were visualized by UV trans-illumination and excised
from the gel for the LC/MS analysis. Protein samples processed by in-solution tryptic
digestion were processed in an alternative way. Briefly, after enzymatic reactions proteins
were precipitated by cold acetone to get the protein mix rid of glycerol. Protein pellets were
then processed for in-solution tryptic digestion.

In-gel Trypsin Digestion

Samples were de-stained in 50 mM ammonium bicarbonate (Sigma) and 50% acetonitrile
(HPLC grade, Fisher), reduced with TCEP (Pierce) and alkylated with chloroacetamide
(Sigma). Proteins were digested using 200 ng trypsin (Promega) for 16 hours at 37°C.
Samples were desalted prior to mass spectrometry using an in-house manufactured C18
reverse-phase tip.

In-solution Trypsin Digestion

After enzymatic reactions, proteins were precipitated by cold acetone. Pellets were dissolved
in 6M Guanidium-chloride (Sigma), reduced with TCEP (Pierce) and alkylated with
chloroacetamide (Sigma). After a 10-fold dilution with 50 mM ammonium bicarbonate
(Fluka), proteins were digested using 200 ng trypsin Gold (Promega) for 16 hours at 37°C.
Samples were desalted prior to mass spectrometry using an in-house manufactured C18
reverse-phase tip.

Mass Spectrometry

Samples from in-gel tryptic digestion were analyzed by LC-MS/MS using a Q Exactive
mass spectrometer (Thermo, Hemel Hempstead) coupled to a Dionex Ultimate 3000
RSLCnano system. Samples were resolved on a 90 min gradient on a home-packed 25 cm
long, by 75 pm inner-diameter column, at a flow-rate of 300 nL min™® run in direct injection.
The Q Exactive was operated in a “Top20” Data Dependent Acquisition mode using HCD
fragmentation. Samples from in solution tryptic digestion were analyzed by LC-MS/MS
using a Q Exactive Plus mass spectrometer (Thermo), essentially as described in [6], with a
following modifications: samples were resolved during a 90 min gradient on a Picofrit C18
column from New Objective (75 pm inner diameter x 25 cm, 1.9 um particle size, 120 A
pore size) and peptides were injected into the mass spectrometer through a Thermo
Scientific Nanospray Flex ion source. In addition to the data dependent acquisition described
in [6], a mass inclusion list was used to improve the quality of the MS/MS spectra.
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Data Analysis

Results

.raw files were converted to .mgf using msconvert V2.1 [30]. .mgf files were searched using
Mascot V2.5 (MatrixScience, London) against human UniProt database. Trypsin enzyme
specificity and up to 2 missed cleavages were allowed. The precursor mass tolerance was 20
ppm and fragment ion tolerance 0.02 Da. The fixed modification was defined as
carbamidomethyl (C) and the variable modifications as oxidation (M), and
phosphoribosylation (+ 212.01 Da) (DE). Neutral losses of H3PO,4 (phosphoric acid, -97.98
Da) and CsHgPO7 (phosphoribosylation, -212.01 Da) were defined in Mascot for the
phosphoribosylation. Spectra were manually inspected and annotated using Mascot
annotation backbone. Raw files were also analysed with Andromeda-based MaxQuant
(version 1.5.0.30). MaxQuant was set up essentially as in [20]. The reported spectrum was
manually validated using stringent criteria.

Screening of human Nudix enzymes for PAR hydrolysing activity

The cDNAs encoding the following human members of Nudix proteins: hNUDT1,
hNUDT3-5, hNUDT9-12 and hNUDT14-16 were cloned into bacterial expression vectors
and proteins subsequently purified (Fig. 2A) [27]. Sequence alignment of the Nudix domains
from proteins taken under consideration in the present study showed high divergence, but
conservation of their main catalytic residues known to be important for phosphodiesterase
activity is still retained (Fig. 2B). To test whether any of human Nudix enzymes exhibit
phosphodiesterase activity against PARylated proteins, we incubated 20 uM of purified
Nudix proteins with PAR covalently linked to PARP1 protein as a substrate for 3 hours. The
concentration of PAR used in this assay (defined in monomeric ADP-ribose units that are
potential substrates for Nudix enzymes) was equimolar relative to the Nudix hydrolase
proteins tested. PAR was visualized by Western blot using an antibody specifically
recognizing poly and oligo chains of ADPr but not MAR. Strikingly, the recombinant
hNUDT9 and especially hNUDT16 showed significant ability to remove the PAR signal
(Fig. 2C, upper panel). hNUDT16 was capable of a quantitative reaction even at shorter time
points and collapsed the PARP1 signal into a single band visualised by the SDS-PAGE (Fig.
2C-E). Furthermore, the analysis of the hNUDT16 reaction products using radiolabelled
PAR as a substrate showed that the main released product was phosphoribosyl-AMP
(PRAMP), as observed for svPDE previously [25] (Fig 2F). All the other Nudix enzymes
tested were incapable of cleaving PAR (Fig 2C), but the activity assays against the free
ADP-ribose revealed that some of them (e.g. hNUDT5, hNUDT12 and hNUDT14) can
hydrolyse this substrate (Fig. 2G).

hNUDT16 is able to efficiently hydrolase PARylated and oligo(ADP-ribosyl)ated proteins

We further tested the range of hANUDT9 and hNUDT16 protein concentrations by PAR
hydrolysis assay and the PAR-removing activity of the Nudix enzymes was compared to
PARG and snake venom phosphodiesterase (svPDE) that served as positive controls (Fig. 3).
As showed in Fig. 3A, hNUDT9 has a very low activity towards PAR. On the other hand,
hNUDT16 hydrolysed PAR more efficiently (Fig. 3B), but this activity was nevertheless still
considerably lower than observed for PARG (Fig. 3C) and svPDE (Fig. 3D). To test whether
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hNUDT16 exhibits a phosphodiesterase activity against oligpADP(ribosyl)ated proteins,
Hisg-tagged Herpetosiphon aurantiacus PARP was automodified and used as substrate for
hNUDT16 [11]. This bacterial PARP was shown previously to produce only short ADPr
chains, up to ten repeats. We observed similar activities of Nudix enzymes against
oligo(ADPribosyl)ation, as seen with the PARylated PARP1 substrate (Fig. 3 E-H).
hNUDT9 did not show significant activity against the oligo(ADP-ribose) (Fig. 3E), while
hNUDT16 was active in a similar range of protein concentrations that were necessary to
remove PAR from PARP1 (Fig. 2F). Again, PARG (Fig. 3G) and svPDE (Fig. 3H) were
notably faster than NUDT16 in hydrolysing short ADP-ribose chains. Altogether, these data
show the ability of hNUDT16 to trim ADPr chains of various lengths covalently linked to a
modified protein.

hNUDT16 processes MAR from modified proteins

In order to investigate whether ANUDT16 is able to remove MAR from proteins, the
recombinant PARP1-E988Q, a PARP1 mutant catalysing MARylation instead of
PARylation, was incubated with decreasing concentrations of ANUDT9 and hNUDT16, as
well as with TARG1 and svPDE that served as positive controls (Fig. 4A). hNUDT16, was
able to remove PARP1-linked MAR, whereas hNUDT9 was not active under the same
conditions. These data suggest that hNUDT16 is able to hydrolyse protein MARylation, in
addition to oligo(ADP-ribosyl)ation and PARylation.

hNUDT16 leaves ribose-5’-phosphate (5RP) tags upon acting on PARylated proteins

As Nudix proteins readily hydrolyse nucleotides at the pyrophosphate bonds [21-23], the
action of hNUDT16 on PARylated proteins should produce a protein covalently linked to a
R5P moiety (leading to a mass shift of 212.01 Da), while releasing the PRAMP as a by-
product (Fig. 1A-B and 2F) [25-26]. To confirm the conversion of PAR to R5P, the peptide
reaction products were analysed by high performance liquid chromatography (HPLC)
coupled to electrospray ionization tandem mass spectrometry (ESI-LC/MS) [31]. PARP1
was first automodified and next incubated with hNUDT16 under the conditions described
above. The protein was then resolved on SDS-PAGE. The efficiency of hNUDT16 reaction
was analyzed using anti-PAR immunoblot (Fig. 4A, left panel). As a result of hNUDT16-
hydrolazing activity, a compacted PARP1 band could be visualised using SYPRO-Ruby
staining and the corresponding gel band excised for the analysis (Fig. 5A, right panel). The
protein was then digested using trypsin and analyzed by LC/MS. Although MS-induced
fragmentation produced a large number of the neutral losses of the full modification (212.01
Da loss) or just the phosphate group (97.98 Da loss) [26], we could also observe several
peptides where the two glutamate residues were covalently linked to the R5P, providing a
direct evidence that a canonical Nudix reaction mechanism took place (Fig. 5B and C).
Importantly, the R5SP-modified peptides could be observed only in the hNUDT16-treated
sample and not in the untreated samples (Fig. 5C). By contrast, no ADPr sites were detected,
confirming the efficiency of ANUDT16-dependent PAR hydrolysis. On the other hand, the
ADP-ribosylated site on the same peptide was detected in the control PARylated sample
treated with the PARG enzyme that is expected to leave the mono(ADP-ribose) mark
(Supplementary Fig. 1). The two R5P sites detected on automodified PARP1 following
hNUDT16 or PARG treatment are in the automodification domain and are known to be
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major ADP-ribosylation sites of PARP1 described in all the studies identifying ADP-
ribosylation sites on PARP1 published so far (Fig 5D) [15,25,26,32,33].

Discussion

A neurodegenerative disorder characterized by an uncontrolled activity of an unknown
enzyme able to cleave ADPr on proteins to AMP and peptidyl-R5P and leading to a
lysosomal accumulation of proteins carrying glutamic covalently blocked by R5P, has been
described previously [19]. This disorder was thought to be due to deficiency of the main
protein deADP-ribosylation enzymes and the subsequent action of an endogenous
phosphodiesterase type of protein on the persisting non-recycled protein ADP-ribosylation.
Another study identified the R5P sites on arginine residues of several cellular vertebrate
proteins [20]. Therefore we sought to discover the cellular phoshodiesterases that could act
on protein ADP-ribosylation. In particular, we focused on enzymes belonging to the Nudix
hydrolase family and identified hNUDT16 as the enzyme able to in vitro cleave the PAR and
MAR linked to modified proteins, leaving the R5P mark (Fig. 5). hNUDT16 is a nuclear and
nucleoplasmic protein firstly described as m(7)G decapping enzyme highly conserved
during evolution [34]. Later on, it was shown that hANUDT16 has a relatively relaxed
specificity and has hydrolytic activity on several purine triphosphates/diphosphates
nucleosides, converting them in corresponding nucleoside monophosphates [35]. The
nuclear localization of ANUDT16 means that in addition to free nucleotides, it also
encounters high levels of protein ADP-ribosylation, especially after cellular stress. Thus, it
is possible that ADP-ribosylation cleaving ability of ANUDT16 observed in vitro may be
significant under certain conditions and it may represent an alternative way of removing
ADP-ribosylation signals in cells. Alternatively, the processing of protein ADP-ribosylation
into bound ribose-phosphate may represent an unfavourable, toxic event that may become
pronounced in pathological conditions (such as already mentioned lysosome storage disease)
when the activity of protein ADP-ribosyl macrodomain proteins is compromised or when
hNUDT16 is overexpressed [15,19]. The progress in the ADP-ribosylation field has been
held back significantly by the lack of reliable mass spectrometry methods to study
modification sites [31]. One of the main issues has been the lack of general biochemical
tools to reduce the size and heterogeneity of the protein PARylation. One recent study
employed hydroxamic acid to reduce sample complexity [32], however, this method can
only capture acidic residues and would not identify e.g. the modified lysines, cysteines or
arginines identified in other studies [6,8,25,26]. Other studies employed the svPDE, a
protein purified from venom of the rattle-snake Crotalus adamanteus to reduce PARylation
into small and readily MS-detectable R5P sites [24,25,26,31]. However, the commercially
available svPDE is costly. More importantly, it contains variable amounts of contaminants
(including 5’nucleotidase, phosphatase and protease), so commercial svPDE preparations
readily require additional purification steps before they can be used [24,25,26 and this
study]. Finally, svPDE cannot be expressed in bacteria and predictably requires
glycosylation for its activity [36]. In this work, we have established the first recombinant
source for an enzyme that can be used as an alternative to svPDE for in vitro conversion of
PARylated and MARylated proteins into proteins containing the R5P mark. Indeed,
hNUDT16 enzyme can be produced recombinantly in large amounts from E. coli with
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minimal costs, so our data also provide an important technical development for the mass
spectrometry analyses of the protein ADP-ribosylation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations footnote

PTM post-translational modification
ADPr ADP-ribose

MAR Mono-ADP-ribose

PAR Poly(ADP-ribose)

MARYylation Mono(ADP-ribosyl)ation
PARylation Poly(ADP-ribosyl)ation

R5P Ribose-5’-phosphate

PRAMP Phosphoribosyl-AMP

svPDE snake venom Phosphodiesterase
HCD Higher-energy Collision Dissociation
MS Mass Spectrometry
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Summary statement

NUDT16 cleaves protein ADP-ribosylation in vitro, converting it into ribose-5’-
phosphate; This novel enzymatic activity suggests an alternative pathway for protein
ADP-ribosylation removal. NUDT16 activity can also be used as an in vitro tool to
improve mass spectrometry-based identification of protein ADP-ribosylation sites.
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Figure 1. Schematic representation of the enzymes that can hydrolyse the protein ADP-
ribosylation.

A and B Schematic representation showing PARylated (A) and MARylated (B) proteins and
the chemical bonds cleaved by hNUDT16, svPDE, PARG, ARH3, TARG1, MacroD1 and
MacroD2.
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Figure 2. Screening of human Nudix enzymes for PAR-hydrolysing activity.

A 2ug of human recombinant Nudix (hNUDT) enzymes were loaded on SDS-PAGE and gel
stained with Coomassie-blue. B ClustualW2 alignment of the Nudix domain belonging to
hNUDT enzymes taken under consideration in the present study. The highly conserved
residues of characteristic Nudix motif GX5EX7TRE UXEE XG Uare in bold in the figure,
while the variable aliphatic/hydrophobic residues (U) are highlighted. C Hydrolysis of the
protein PARylation. 0.5 pM of human recombinant PARP1 was automodified to produce
approximately 20 UM PAR substrate (defined in monomeric ADP-ribose units) and
incubated with buffer only (control), 1 uM human recombinant PARG, 0.5 uM of purified
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svPDE or 20 uM of recombinant hNUDT proteins in 10 pL of reaction for 3 hours at 30°C.
Samples were fractionated on SDS-PAGE and probed using anti-PAR (upper panel), and
anti-PARP1 antibodies (lower panel). D Automodified PARP1 was incubated with 18 uM of
recombinant hNUDT16 for the indicated times and analysed by anti-PAR, anti-PARP1 and
anti-6xHis antibodies. £ Percentage of PAR hydrolysis calculated quantifying anti-PAR
signal of three separate experiments such as that showed in Fig. 2D. Quantification was
made using ImageJ. £0.5 uM of wild type human recombinant PARP1 was automodified in
presence of [32P]-NAD™ and then incubated with buffer (Control), 18 pM of recombinant
hNUDT186, 0.45 uM of purified svPDE and 1 uM of PARG for 3 hours at 30°C. The
products of enzymatic reaction were then assayed by the thin layer chromatography (TLC).
G Hydrolysis of the free ADP-ribose by Nudix enzymes measured by the release of
inorganic phosphate (Pi) upon coupling the reaction with Calf Intestinal Phoshatase. Pi was
detected using a colorimetric assay using malachite green reagent. Data is presented as mean
of duplicates of hydrolysed ADP-ribose (in uM) per uM enzyme per minute.
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Figure 3. hANUDT16 is able to hydrolase PAR- and oligo(ADP-ribosyl)ated proteins.
A-D Automodified PARP1 (prepared as in Fig 2) was incubated with buffer only (control) or

decreasing concentrations of recombinant hNUDT9 (A), hNUDT16 (B), PARG (C) or
SVPDE (D) and analysed with an anti-PAR, anti-PARP1 and anti-6xHis antibodies. Note, the
Hisg-tag in PARG recombinant protein was previously cleaved and, therefore, not
visualizable by anti-6xHis antibody. £-F1 uM of Herpetosiphon aurantiacus PARP (HA
PARP) was automodified and incubated with buffer only (control) or decreasing
concentrations of the recombinant hNUDT9 (£), NUDT16 (F), PARG (G) or svPDE (H),
and analysed with anti-PAR and anti-6xHis antibodies. Due to the proximity of His-tagged
HA PARP and His-tagged hNUDT9, hNUDT9 was indicated by an arrow in anti-6xHis
western blot (lower panel).
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Automodified — PARP1 E988Q
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Autoradiography

Figure 4. hNUDT16 is able to efficiently hydrolase MARylated proteins.
A2 uM of recombinant PARP1-E988Q mutant was automodified using 32P-labeled NAD*

and then incubated with buffer only (control), and decreasing concentration of recombinant
hNUDT9, hNUDT16, TARG1 and decreasing concentrations of purified svPDE. Samples
were loaded on SDS-PAGE and [32P]-NAD™ incorporation was detected by autoradiography.
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Figure 5. hNUDT16 leaves the ribose-5’-phosphate tags on PARylated proteins.
A Recombinant wild-type PARP1 was auto-modified and then incubated with or without

(control) human hNUDT16. Reactions were stopped by addition of Laemmli loading buffer.
A small aliquot of the reaction was loaded on SDS-PAGE and probed using anti-PAR
antibody (left panel). The remaining sample was resolved on the SDS-PAGE and stained
using SYPRO-Ruby. The proteins were visualized by UV trans-illumination and the
compacted band corresponding to PARP1 was excised from the gel for the LC/MS analysis
(panel on the right). B Representative MS/MS spectrum of HCD-induced fragmentation of
the main modified PARP1 peptide (AEPVEVVAPR) carrying the double R5P modification
on the two adjacent glutamate residues (labelled as R5P). The spectrum was annotated using
an in house annotation system. The observed m/z ratio was indicated in brackets only for the
fragmented ions including the Glutamate residues. Legend of ion types: * ion minus NHs, °
ion minus H,0, * peptide charge. C Incidence of modified AEPVEVVAPR PARP1 peptide
in unreacted PARP1, hypo modified PARP1 and hyper modified PARP1 treated with
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hNUDT16. D Schematic representation of the PARP1 domain including the position of the
modification sites.
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