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Abstract

ADP-ribosylation is essential for cell function, yet there is a dearth of methods for detecting this
post-translational modification in cells. Here, we describe a clickable aminooxy alkyne (AO-
alkyne) probe that can detect cellular ADP-ribosylation on acidic amino acids following Cu-
catalyzed conjugation to an azide-containing reporter. Using AO-alkyne, we show that PARP10
and PARP11 are auto-ADP-ribosylated in cells. We also demonstrate that AO-alkyne can be used
to monitor stimulus-induced ADP-ribosylation in cells. Functional studies using AO-alkyne
support a previously unknown mechanism for ADP-ribosylation on acidic amino acids, wherein a
glutamate or aspartate at the initial C1’-position of ADP-ribose transfers to the C2’ position. This
new mechanism for ADP-ribosylation has important implications for how glutamyl/aspartyl-ADP-
ribose is recognized by proteins in cells.
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ADP-ribosylation has emerged as a major post-translational modification in cells. ADP-
ribosylation is catalyzed by a family of 17 enzymes in humans known as poly-ADP-ribose
polymerases (PARPs), which transfer ADP-ribose (ADPr) from nicotinamide adenine
dinucleotide (NAD™) to amino acids on target proteins to form monomers (mono-ADP-
ribosylation) or polymers (poly-ADP-ribosylation) of ADPr.1 Despite their name, the
majority of the PARP family members catalyze mono-ADP-ribosylation; in fact, only four
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PARPs (PARP1, 2, 5a/b) have been shown to be bona fide poly-ADPr polymerases.?
Methods for detecting ADP-ribosylation in general, and mono-ADP-ribosylation in
particular, in cells are lacking. The use of radiolabeled NAD* and NAD™ variants, such as
biotin-NAD* 3 or 6-alkyne-NAD™ 45 followed by click chemistry with an azide reporter has
been useful for detecting mono-ADP-ribosylation in vitro but cannot be used for detecting
ADP-ribosylation in cells. We therefore sought a strategy for detecting ADP-ribosylation in
cells.

We focused our initial efforts on detecting proteins modified by ADPr on the acidic amino
acids glutamate (Glu) and aspartate (Asp) since recent proteomics studies demonstrate that
these are major sites of ADP-ribosylation in the cell.®7 Seminal studies in the late 1970s
demonstrated that the Glu- and Asp-ADPr bond is cleaved rapidly by high concentrations of
hydroxylamine.8:? The proposed mechanism for this cleavage involves transacylation from
the ester between Glu or Asp and ADPr to hydroxylamine, resulting in the formation of a
hydroxamic acid derivative at the site of modification, with concomitant release of free
ADPr. This mechanism was exploited in a recent study that sought to characterize the Glu/
Asp-ADP-ribosylated proteome.’ Based on this mechanism, we designed an aminooxy
alkyne probe (AO-alkyne, 1) (Figure 1a and Supporting Scheme 1) for the detection of
mono-ADP-ribosylation of proteins on acidic amino acids. We envisioned that AO-alkyne
would react with the ester of Glu/ Asp-ADPr forming an alkyne hydroxamic ester that could
be subsequently detected after Cu-catalyzed conjugation (“click chemistry™) to an azide
reporter.

We first determined if 1 could detect PARP10-mediated ADPr modification of SRSF protein
kinase 2 (SRPK2; Figure 1b). Previous studies demonstrated that SRPK2 is a substrate of
PARP10,1011 which transfers ADPr onto acidic amino acids in target proteins.12 We treated
human PARP10 catalytic domain (hPARP10.,) and SRPK2 with NAD™* (100 uM) and then
added 1 (100 uM) at various pH values followed by click conjugation to a biotin-azide
reporter. Labeling of SRPK2 by 1 was NAD*-dependent and maximal at pH 5 (Figure 1c).
In contrast, no labeling was detected at pH values greater than 7 (Figure 1c¢). These
observations are inconsistent with a mechanism involving transacylation of the ester
modification linking ADPr to its protein target, which occurs at neutral and slightly basic pH
values. Instead, we hypothesize that 1 forms an oxime bond with Glu/Asp-ADPr on SRPK2,
the formation of which is optimal at pH 4-5. Recently, it was shown that substituted anilines
catalyze oxime bond formation at neutral pH.13 Indeed, when p-phenylenediamine (PDA)
was added together with 1 at pH 7, we observed labeling of Glu/Asp-ADP-ribosylated
SRPK?2 (Figure 1d). The less effective oxime catalyst, aniline, did not result in labeling
(Figure 1d). Using our optimized labeling conditions, we were also able to detect ADP-
ribosylation of SRPK2 by another PARP, PARP15, which catalyzes mono-ADP-ribosylation
(Supporting Figure 1).2 Taken together, these results suggest that 1 is reacting with an
aldehyde that is present on Glu/Asp-ADPr, leading to formation of a stable oxime.

The terminal ribose ring of free ADPr tautomerizes between a ring-closed and a ring-opened
form; the latter form contains an aldehyde at the C1’-position capable of reacting with an
amino-oxy group at pH 4-5.14 If PARP10-mediated ADP-ribosylation of acidic amino acids
involves the formation of a glycoside bond between Glu/Asp and the C1’-position of the
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terminal ribose ring—which is the currently accepted model for ADP-ribosylation of acidic
amino acids2—how does 1 react with Glu/Asp-ADPr to form an oxime? We propose that a
transfer of the Glu/Asp from the C1’ position to another site (i.e., C2’) on the ribose ring is
occurring (Figure 2a). This proposed C1’-C2’ transfer frees up the C1’ position, enabling 1
to react with the open-chain aldehyde form at C1’ at acidic pH or in the presence of PDA
catalysis at neutral pH.

To test this proposed mechanism, we treated Glu/Asp-ADP-ribosylated SRPK2 with sodium
borohydride (NaBHy), which should reduce the C1’ aldehyde, preventing oxime bond
formation with an aminooxy probe. Indeed, we found that increasing concentrations of
NaBH, blocked labeling of Glu/Asp-ADP-ribosylated SPRK2 by aminooxy-biotin (AO-
biotin; Figure 2b). While ester bonds are stable to NaBH, reduction,1> we wanted to rule out
hydrolysis of ADPr at the ester linkage due to an increase in pH from NaBH, decomposition
in aqueous medium. We repeated the previous borohydride reduction experiment using an
NAD* variant containing an alkyne modification at the N6 position of the adenosine ring (6-
a-NAD™)# instead of native NAD*. The alkyne handle can be conjugated to an azide
reporter and provides a secondary means to detect ADPr modification. Whereas NaBH,
blocked AO-biotin-mediated labeling of 6-a-ADP-ribosylated SRPK?2, it did not block click-
chemistry-mediated labeling of 6-a-ADP-ribosylated SRPK2 with biotin-azide (Figure 2c).
Therefore, the Glu/Asp-ADPr modification does not undergo hydrolysis at the ester linkage
under reaction conditions that contain NaBHy, remaining attached to its protein target
SRPK2. Together, these results support the presence of an aldehyde at the C1/ position of
Glu/Asp-ADPr that is capable of reacting with an aminooxy probe.

Our proposed mechanism suggests that a C1’-aldehyde and a C2/-Glu/Asp ester exist on the
same ADPr modification site. To examine this idea, we determined if we could
simultaneously label 6-a-Glu/Asp-ADP-ribosylated SRPK2 with an aminooxy TAMRA
(AO-TAMRA) probe and an Alexa Fluor 488-azide (AF488-azide) probe using click
chemistry. We found that 6-a-Glu/Asp-ADP-ribosylated SRPK2 is labeled with both
fluorescent probes, as demonstrated by in-gel fluorescence scanning (Figure 2d). Taken
together, our results support our proposed mechanism in which the Glu/Asp that is initially
attached to the C1’ position of ADPr is transferred to the C2’ position, where transfer to the
C3’ position could also occur due to a C2/—-C3’ equilibrium.

Recently, two independent studies demonstrated that a family of macrodomain-containing
proteins (MacroD1 and D2) reverses mono-ADP-ribosylation on acidic amino acids on
proteins.16:17 The authors propose two divergent mechanisms of mono-ADPr reversal: in
one study, the authors propose that the acidic amino acid is attached to the C1’ position and
that MacroD’s hydrolyze the glycosidic bond between Glu/Asp and ADPr;16 in the other
study, the authors propose that the acidic amino acid is attached to the C2’ position and that
MacroD’s hydrolyze the ester bond between Glu/Asp and ADPr.1” The latter model is based
on the structural similarity between ADPr and the sirtuin deacetylation product 2/-O-acetyl-
ADPr, which was the first characterized substrate of MacroD’s.18:19 Our results support the
second model of MacroD-mediated reversal of ADP-ribosylation on acidic amino acids.

ACS Chem Biol. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan and Cohen

Page 4

Having examined the mechanism of PARP10-mediated ADP-ribosylation of acidic amino
acids, we next sought to determine if 1 could detect mono-ADP-ribosylation of PARP10 in
cells. Human embryonic kidney (HEK) 293T cells expressing GFP-tagged PARP10 (GFP-
PARP10 WT) were treated with 1 (100 uM) in the presence of the oxime catalyst PDA.
Click conjugation of biotin-azide in lysates derived from GFP-PARP10 WT transfected
HEK 293T cells resulted in labeling of a single band ~175 kDa, which is the size of GFP-
PARP10 WT (Figure 3a). No labeling was observed without the oxime catalysis or in the
presence of aniline, consistent with our in vitro studies (Supporting Figure 2). To determine
if this labeling is due to PARP10 catalytic activity, we performed the same experiment with
a catalytically inactive PARP10 mutant, PARP10 G888W (GFP-PARP10 GW).20 In
contrast to results with GFP-PARP10 WT, no labeling was observed in GFP-PARP10 GW
expressing cells (Figure 3a). These results are consistent with PARP10 undergoing
automodification in cells, which has been demonstrated previously in vitro,212 but not in
cells.

We next determined if we could use 1 to visualize ADP-ribosylated PARP10 in cells using
fluorescence microscopy. In cells treated with 1 followed by click conjugation to
rhodamine-azide after fixation we detected fluorescent labeling that colocalized with GFP-
PARP10 WT (Figure 3b,c and Supporting Figure 3). The discrete localization of PARP10
protein and activity in large puncta in the cytoplasm is consistent with previous PARP10
localization studies.?! Importantly, we did not detect labeling in cells expressing GFP-
PARP10 GW (Figure 3b,c and Supporting Figure 3). Together, these results demonstrate the
utility of 1 for detecting PARP10 catalytic activity in cells.

While these results demonstrate that 1 can efficiently detect the activity of PARP10 in cells,
we wanted to determine if 1 could be used to detect the activity of others PARPS that
catalyze ADP-ribosylation on acidic amino acids on protein targets in cells. We first
determined if we could detect the activity of PARP11, which catalyzes mono-ADP-
ribosylation, presumably on acidic amino acids.2 Consistent with a recent study, we found
that GFP-PARP11 localized in a distinct puncate pattern in the nucleus.?? In cells treated
with 1 followed by click conjugation to rhodamine-azide after fixation, we detected
fluorescent labeling that colocalized with GFP-PARP11 (Supporting Figure 4). This result
not only demonstrates that we can detect the activity in cells of another PARP that catalyzes
mono-ADP-ribosylation but also confirms that PARP11 catalyzes ADP-ribosylation on
acidic amino acids. We next focused on PARP1 and PARP2 since these PARPs are known
to catalyze poly-ADP-ribosylation on acidic amino acids in protein targets. To stimulate
PARP1/2 activity, we used hydrogen peroxide (H205,), which activates PARP1/2 by
inducing oxidative DNA damage in the nucleus.23:24 We observed extensive biotin labeling
in HEK 293T cells treated with H,O, (500 pM) followed by treatment with 1 and PDA and
subsequent click conjugation with biotin-azide in cell lysates (Figure 4a). This labeling was
blocked by veliparib (3 uM),2° a potent inhibitor of PARP1/2, demonstrating that labeling
by 1 is dependent on PARP1/2 activity (Figure 4a). Using rhodamine-azide during the click
conjugation step on fixed cells demonstrated that the HoO»-induced labeling was confined to
the nucleus (Figure 4b), which is consistent with previous studies using an antibody specific
for poly-ADP-ribosylation.2426 The nuclear specific labeling was also blocked by veliparib
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(Figure 4b). Together, these results demonstrate that 1 can be used to detect stimulus-
induced, endogenous ADP-ribosylation.

In summary, AO-alkyne not only provided new insights into the mechanism of ADP-
ribosylation on acidic amino acids but also demonstrated utility as a probe to detect both
mono- and poly-ADP-ribosylation in cells. Given that acidic amino acids are major targets
of ADP-ribosylation in cells, AO-alkyne will be a useful probe for examining this
modification in cells under various stimulation paradigms, and for detecting changes in
ADP-ribosylation in diseased cells (e.g., cancer cells). Moreover, AO-alkyne can be used to
examine ADP-ribosylation of acidic amino acids on a subcellular level, which will provide
important insight into the spatial regulation of ADP-ribosylation in cells.

Chemical Synthesis

General—!H NMR spectra were recorded on a Bruker DPX spectrometer at 400 MHz.
Chemical shifts are reported as parts per million (ppm) downfield from an internal
tetramethylsilane standard or solvent references. Dichloromethane (DCM), pyridine (pyr),
and N,N-diisopropylethylamine (DIPEA) were dried using a solvent purification system
manufactured by Glass Contour, Inc. (Laguna Beach, CA). All other solvents were of ACS
chemical grade (Fisher Scientific) and used without further purification unless otherwise
indicated. Commercially available starting reagents were used without further purification.
(Boc-aminooxy)acetic acid (98%, Acros Organics), trifluoroacetic acid pentafluorophenyl
ester (TFA-OPfp, 98%, Sigma-Aldrich), and monopropargylamine (99%, Acros Organics)
were used as received.

Pentafluorophenyl (Boc-aminooxy)acetate 3—(Boc-aminooxy)-acetic acid (100 mg,
0.523 mmol) and anhydrous pyridine (46 pL, 0.570 mmol, 1.1 equiv) were dissolved in
anhydrous DCM (3 mL). To the solution was added TFA-OPfp (176 mg, 0.628 mmol, 1.2
equiv), and the reaction was stirred at room temperature for 1 h. The reaction was
concentrated in vacuo. The crude residue was redissolved in EtOAc (5 mL), washed with
5% ag. NaHCOg3 (3 x 5 mL) and brine (1 x 5 mL), dried over Na,SOy, filtered, and
concentrated in vacuo to yield a white solid (133 mg, 71%) that was used in subsequent
reactions without further purification. 1TH NMR (400 MHz, DMSO-dg): §10.41 (s, 1H), 4.89
(s, 2H), 1.42 (s, 9H).

2-(Boc-aminooxy)-N-propargylacetamide 4—Compound 3 (80 mg, 0.224 mmol) was
dissolved in anhydrous DCM (3 mL), followed by the addition of DIPEA (43 uL, 0.246
mmol, 1.1 equiv) and propargylamine (16 pL, 0.250 mmol, 1.1 equiv). The reaction was
stirred at room temperature for 1 h, after which the DCM was removed in vacuo. The crude
residue was redissolved in EtOAc (5 mL), washed with 5% ag. NaHCO3 (3 x 5 mL) and
brine (1 x 5 mL), dried over Na,SQOy, filtered, and concentrated in vacuo to yield a light
yellow oil (49 mg, 96%) that was used in the following deprotection step without further
protection. ITH NMR (400 MHz, DMSO-dg): §10.28 (s, 1H), 8.39 (t, 1H), 4.18 (s, 2H), 3.91
(dd, 2H), 3.13 (t, 1H), 1.41 (s, 9H).

ACS Chem Biol. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morgan and Cohen

Page 6

2-Aminooxy-N-(propargyl)acetamide (AO-alkyne) 1—Compound 4 (22 mg, 0.096
mmol) was dissolved in 4 N HCI in dioxane (1.9 mL), and the reaction was stirred at room
temperature for 1 h, in which a yellow color gradually developed. The reaction was
concentrated in vacuo. The crude yellow residue was taken up in a minimal amount of
MeOH (1 mL) and precipitated into anhydrous Et,O (20 mL) to form a cloudy suspension.
After storage at —20 °C overnight, a precipitate formed, which was collected via
centrifugation. The solid was rinsed with Et,O (10 mL) and dried in vacuo to yield the HCI
salt of the product as a light orange solid (10 mg, 63%). 'H NMR (400 MHz, DMSO-dg): &
10.74 (bs, 3H), 8.70 (t, 1H), 4.49 (s, 2H), 3.91 (dd, 2H), 3.18 (t, 1H).

Other Methods

Cloning and Mutagenesis—cDNA encoding human PARP10 was obtained from a
HeLa cell cDNA library. cDNA encoding mouse PARP11 was obtained from a mouse
embryonic day 16 cDNA library. Full-length PARP11 was cloned into pEGFP-C1
(Clontech). The catalytic domain (residues 809-1017) of PARP10 was PCR-amplified from
the cDNA library using primers with noncomplementary restriction enzyme sites located at
the 5" and 3’ ends. The catalytic domain (residues 481-661) of PARP15 was PCR-amplified
from a synthetic PARP15 (human) gene fragment (GeneArt Strings DNA Fragments, Life
Technologies) using primers with noncomplementary restriction enzyme sites located at the
5" and 3’ ends. Amplified products for both PARP10.,; and PARP15.,; were cloned into
pET-28b+ (Novagen) for expression. The construct for His-tagged SRPK2 (human) was
obtained from Addgene (Plasmid #39047) in pNIC28-Bsa4 and contains a deletion of
internal segment 268-518. The construct for full length GFP-tagged PARP10 for
mammalian expression was obtained from Paul Chang at Massachusetts Institute of
Technology (Cambridge, MA). The PARP10 G888W (GW) mutant was generated using the
QuickChange Il XL site-directed mutagenesis kit (Agilent). Plasmids were sequenced from
both the 5’ and 3’ direction to confirm the coding sequence.

Expression and Purification of PARP10c4t, PARP155t, and SRPK2—PARP104,
PARP15.4, and SRPK2 were expressed in the Escherichia coli BL21 pRARE?2 strain (EMD
Millipore). Cells were first cultured in LB medium overnight at 225 rpm and 37 °C in an
Excella E24 Incubator (New Brunswick Scientific). One liter of TB medium (12 g Bacto
Tryptone (BD Biosciences), 24 g of Bacto Yeast Extract (BD Biosciences), 0.4% glycerol,
17 mM KH,POy4, 72 mM KHPOy, 50 pg/mL kanamycin, and 34 ug/mL chloramphenicol)
were inoculated with the starting culture and grown to ODggp = 0.8-1.0 at 225 rpm and 37
°C. The temperature was reduced to 16 °C, and expression was induced by adding isopropyl
f-d-thiogalactoside (IPTG) to 0.4 mM. After incubation at 16 °C for 18-24 h, cells were
harvested by centrifugation at 6000g for 10 min. The cell pellet was resuspended in a lysis
buffer (100 mM HEPES, pH 7.5, 0.5 mM tris(2-carboxyethyl)-phosphine hydrochloride
(TCEP-HCI, Thermo Scientific Pierce), 500 mM NaCl, 10 mM imidazole, 10% glycerol, 1
mM benzamidine, 1 mM phenylmethylsulfonyl fluoride (PMSF), 8.3 mg/L DNase |
(Roche)) at 4 °C, subjected to cell lysis using a Sonifier 450 (Branson) at 4 °C, and the
resulting lysate was clarified by centrifugation at 12 000g for 30 min at 4 °C. Lysates were
incubated with prewashed Ni-NTA agarose resin (50% slurry, Qiagen) with end-over-end
rotation at 4 °C for 1 h. Following extensive washing with buffer B1 + 25 (20 mM HEPES,
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pH 7.5, 0.5 mM TCEP-HCI, 1 mM PMSF, 1 mM benzamidine, 500 mM NaCl, 25 mM
imidazole), protein was eluted in buffer B1 + 200 (20 mM HEPES, pH 7.5, 0.5 mM
TCEP-HCI, 500 mM NaCl, 200 mM imidazole) for PARP10¢,: and PARP15., and B1 +
100 (20 mM HEPES, pH 7.5, 0.5 mM TCEP-HCI, 500 mM NaCl, 100 mM imidazole) for
SRPK?2. Fractions containing desired protein were collected and dialyzed to 50 mM Tris-
HCI, pH 7.5,0.1 mM EDTA, 1 mM f#Me, and 0.4 M NaCl at 4 °C. Protein concentrations
were determined by Bradford assay with BSA standards, and purity was assessed by
PageBlue staining (Pierce) after SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Greater than or equal to 90% purity was achieved for PARP10.,; and PARP15,;. Greater
than or equal to 50% purity was achieved for SRPK2.

ADP-ribosylation Assay for PARP10 with AO-alkyne Labeling and Immunoblot
Detection—A total of 810 ng of PARP10,: and 2.8 ug of SPRK2 were incubated with 100
UM NAD™ in a reaction buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl, 4 mM MgCI2, 0.5
mM TCEP-HCI) at 30 °C for 1 h. The reaction was quenched by the addition of 10% SDS to
a final concentration of 2%. A 3.5x stock of AO-alkyne at pH 5 (525 mM acetate, 787.5 mM
NaCl), pH 6, pH 7, and pH 8 (all 525 mM phosphate, 787.5 mM NaCl) with or without
catalyst (at 35 mM) was added to the reaction mixture (final [AO-alkyne] = 100 uM) and
incubated at room temperature for 1 h. A 4x stock of CB (400 uM of tris[(1-
benzyl-1H-1,2,3-triazol-4-yl)methyl]Jamine (TBTA), 4 mM CuSOQy, 400 uM biotin-azide
(Biotin-PEG3-Azide, Click Chemistry Tools), 4 mM TCEP-HCI in 1x phosphate buffered
saline (PBS) with 1% SDS) was added to the reaction mixture (final [biotin-azide] = 100
uUM) and incubated at room temperature for 30 min. A 4x sample buffer with 5% /£
mercaptoethanol (BME) was added. The reaction was diluted 1:40 with a 1x sample buffer
prior to fractionation by SDS-PAGE, and subsequent immunoblot detection was performed
using a ChemiDoc MP Imaging System (Bio-Rad). Coomassie staining was performed on
undiluted reaction mixtures after fractionation by SDS-PAGE. Each experiment was
repeated at least twice; shown are representative images.

ADP-ribosylation Assay for PARP10 and PARP15 with AO-alkyne Labeling
and Fluorescence Detection—A total of 405 ng of either PARP10.4: or PARP15.,; and
1.4 pg of SPRK2 were incubated with NAD™ (0, 1, 10, 50, 100 pM) in reaction buffer (50
mM Tris-HCI pH 8.0, 100 mM NaCl, 4 mM MgCl2, 0.5 mM TCEP-HCI) at 30 °C for 1 h.
The reaction was quenched by the addition of 10% SDS to a final concentration of 2%. A
3.5% stock of AO-alkyne at pH 5 (525 mM acetate, 787.5 mM NaCl, 35 mM PDA) was
added to the reaction mixture (final [AO-alkyne] = 100 pM) and incubated at room
temperature for 1 h. A 4.5x stock of CB (450 uM of TBTA, 4.5 mM CuS04, 450 uM
rhodamine-azide (Sulforhodamine B Azide, Click Chemistry Tools), 4.5 mM TCEP-HCl in
1x PBS with 1% SDS) was added to the reaction mixture (final [rhodamine-azide] = 100
KM) and incubated at room temperature for 30 min. A 4x sample buffer (with 5% BME) was
added prior to fractionation by SDS-PAGE, and subsequent fluorescence detection was
performed using a ChemiDoc MP Imaging System (Bio-Rad). Coomassie staining of the
same gel was performed after fluorophore visualization.
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Borohydride Reduction—ADP-ribosylation of SRPK2 by PARP10.,; was performed as
outlined above except using 911 ng of PARP10.,; and 3.15 ug of SRPK2 with either NAD*
or 6-a-NAD* at 100 pM. The reaction was quenched by the addition of 10% SDS to a final
concentration of 2%. The reaction mixture was aliquoted, and 3x NaBH, solutions in 1x
PBS were added for final concentrations of 10 mM NaBH,4, 1 mM NaBHy, and PBS only
(no NaBHy). The reaction was incubated at room temperature for 15 min. A 4.5x stock of
AO-biotin (Aldehyde Reactive Probe, ARP, Cayman Chemical) in pH 5 buffer (675 mM
acetate, 1 M NaCl, 45 mM PDA) or a 4.5x stock of biotin-azide in pH 5 CB (675 mM
acetate, 1 M NaCl, 450 uM of TBTA, 4.5 mM CuSQy, 450 uM biotin-azide, 4.5 mM
TCEP-HCI) was added for a final concentration of 100 pM for both AO-biotin and biotin-
azide. The reaction was incubated at room temperature for 1 h prior to dilution with a 4x
sample buffer (with 5% BME). The reaction was diluted 1:20 with a 1x sample buffer prior
to fractionation by SDS-PAGE, and subsequent immunoblot detection was performed using
a ChemiDoc MP Imaging System. Coomassie staining was performed after fractionation by
SDS-PAGE on undiluted reaction mixtures of a replicate experiment performed with twice
the amount of both PARP10.,: and SRPK2. Each experiment was repeated at least twice;
shown are representative images.

Dual Fluorophore Labeling—ADP-ribosylation of SRPK2 by PARP10.;: Was
performed as outlined above using 810 ng of PARP10., and 2.8 pug of SRPK2 with 6-a-
NAD* at 100 pM. The reaction was quenched by the addition of 10% SDS to a final
concentration of 2%. A 3.5x stock of AO-TAMRA (Aminooxy-5(6)-TAMRA, Cayman
Chemical) in pH 5 buffer (525 mM acetate, 787.5 mM NaCl, 35 mM PDA) or a 3.5x mock
solution (containing all components except substitution of DMSO for AO-TAMRA) was
added to the reaction mixture (final [AO-TAMRA] = 100 uM). The reaction was incubated
at room temperature for 1 h. A 4.5x stock of CB (450 uM of TBTA, 4.5 mM CuSQy, 450
UM AF488-azide (Alexa Fluor 488 Azide, Life Technologies), 4.5 mM TCEP-HCI in 1x
PBS with 1% SDS) or a 4.5x mock solution (containing all components except substitution
of DMSO for AF488-azide) was added to the reaction mixture (final [AF488-azide] = 100
uM) and incubated at room temperature for 30 min. A 4x sample buffer (with 5% BME) was
added prior to fractionation by SDS-PAGE. Imaging was performed on a Typhoon 9400
(GE Healthcare Life Sciences) using recommended laser settings and filter sets for AF488
(Ex, 488 nm; PMT, 400 V; Em, 526 nm SP) and TAMRA (Ex, 532 nm; PMT, 400 V; Em,
580 nm BP 30 nm). Coomassie staining of the same gel was performed after fluorophore
visualization. Each experiment was repeated at least twice; shown are representative images.

Cell Culture and Reagents—HEK 293T cells were grown at 37 °C and 5% CO,. Cells
were passaged in DMEM + 10% FBS (Gibco) + penicillin/streptomycin (Invitrogen).
Antibodies used for immunoblot detection were a-GFP (ab13970, Abcam) and goat a-
chicken IgY-HRP (sc-2428, Santa Cruz Biotechnology). Primary antibodies (stored at 1 mg
mL~1) were used at 1:5000 and secondary antibodies at 1:5000 for immunoblot assays.
Streptavidin-HRP (Jackson ImmunoR-esearch) was stored at =20 °C in a 50% glycerol mix
(0.5 mg mL™1) and was used at 1:1000 for immunoblot assays.
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Transfection of HEK 293T Cells—HEK 293T cells were grown in six-well plates to a
confluency of 80-90%. Cells were transfected with 2 pg of plasmid DNA using standard
CalPhos (Clontech) transfection techniques. After incubation for 7 h, cells were washed with
medium (1 mL) and fed fresh medium (2 mL) and allowed to grow overnight. Transfection
efficiency was verified via microscopy and ranged from 50 to 60%.

H>0, Treatment of HEK 293T Cells—HEK 293T cells were grown in six-well plates to
a confluency of 50-60%. Cells were pretreated with medium containing veliparib (3 pM) or
DMSO for 10 min. Half of the medium was removed, and 2x H,0, was added. This
medium was added back to cells (final [H,05,] = 500 uM) and incubated for 15 min.

AO-Alkyne Cellular Labeling and Click Conjugation of Lysates—Cells were
treated with 1 (100 uM) and PDA (10 mM) and incubated for 1 h. The medium was
removed and cells were washed with cold (4 °C) PBS and lysed by freezing in N (I) and
thawing in either cold PBS or buffer containing 25 mM HEPES at pH 7.5, 50 mM NacCl,
10% glycerol, 1% Nonidet P-40 (NP-40), and 1x complete EDTA-free protease inhibitor
cocktail (Roche) and subjected to centrifugation at 50009 for 5 min for PBS samples at 4 °C
and 14 000g for 5 min at 4 °C for all other samples. Total protein concentration in the lysate
was determined by Bradford assay with a BSA standard curve. Lysates containing
normalized protein levels were subjected to click conjugation with 9x CB (900 uM of
TBTA, 9 mM CuSOQy, 900 uM biotin-azide, 9 mM TCEP-HCI in 1x PBS with 1% SDS) and
incubated at room temperature for 30 min. A 4x sample buffer (with 5% BME) was added
prior to fractionation by SDS-PAGE.

Click Conjugation of AO-alkyne Labeled Cells and Microscopy—Cells were
labeled with 1 as above. The medium was removed and replaced with fresh medium for 5
min. Cells were washed with 1x PBS and fixed with 4% PFA in 1x PBS for 15 min at room
temperature. The cells were washed 3 x 5 min with 1x PBS. Cells were permeabilized with
0.2% Triton X-100 in 1x PBS for 5 min at room temperature followed by washing with 1x
PBS for 5 min. The cells were blocked in 3% BSA in 1x PBS at 4 °C for 2 h. The Click-iT
Cell Reaction Buffer Kit (Life Technologies) was used for in-cell click conjugation of
rhodamine-azide (1 uM, Sulforhodamine B Azide, Click Chemistry Tools). Cells were
washed 2x with 3% BSA and ddH,0. Coverslips were mounted with ProLong Gold
Antifade Mountant with DAPI (Life Technologies). Images were taken on a Zeiss ApoTome
wide-field microscope with the following channel parameters: blue, Ex: 380/40, Em:
445/50; green, Ex: 470/40, Em: 525/50; red: Ex: 545/ 25, Em: 605/70 and objectives: 20 x
0.8 PlanApo, 60 x 1.4 PlanApo. Images were processed in Zen 2012 (Zeiss) and levels were
linearly adjusted in Adobe Photoshop CS5.

Supplemental Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AO-alkyne, a clickable aminooxy probe that can detect ADP-ribosylation of acidic amino
acids. (a) Structure of bifunctional probe, AO-alkyne (1). The probe contains an aminooxy
group for conjugation with the ADPr modification on acidic amino acids and an alkyne
handle for subsequent click conjugation with an azido reporter. (b) Schematic showing
PARP10 transferring the ADPr moiety of NAD™ onto its protein target SRPK2. (c) AO-
alkyne-mediated labeling of ADPr-modified SRPK2 is pH dependent. SRPK2 was ADP-
ribosylated by human PARP10 catalytic domain (nPARP10) in the presence of NAD*
(100 pM). AO-alkyne selectively labels ADPr-modified SRPK2 in pH 5 acetate buffer as
demonstrated by click conjugation with biotin-azide (100 uM). Proteins were resolved by
SDS/PAGE and detected by Western blot with Streptavidin-HRP. (d) p-phenylenediamine
(PDA, 10 mM) catalyzes the labeling of ADPr-modified SRPK2 by 1. ADPr-modified
SRPK?2 in pH 7 phosphate buffer was treated with 1 (100 uM) followed by click conjugation
with biotin-azide (100 pM). Proteins were resolved by SDS/PAGE and detected by Western
blot with Streptavidin-HRP. In contrast to PDA, aniline (an) results in no labeling at pH 7.
Coomassie (Coom) Brilliant Blue staining was used to demonstrate even loading.

ACS Chem Biol. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Morgan and Cohen Page 13

Protein
target o
ADP ADP ADP o ADP \)\\N/HHE
I o
0 12 O 0 o H-,N’O\)LN/\ 0 P i
o o transfer_ o OH - |2OH ’ H = WOH
- acidic pH
OH OH OH 0. O OH 0. O arcemyR OH 0O O
ADPr on acidic residues Y
(Glu/Asp) \
Protein Protein Protein
target target target
b - d
6-a-NAD® 6-a-NAD* - - - + + +
oo U R L R NaBH, (mM) 10 10 1 1 AO-TAMRA + - + + - +
NaBH,(mM) - 10 1 - 10 1 i S
kDa 58 AO-biotin + - + - + - AF488-N. - + + u + +
7 S _hon sanN - - o o0 SN s

kDa 5
16 e e W0 0 W|coom K03 SO S ww __ gumlbiotin N S el
= —oon o I verye

46—'- - s - - -]Coom

Figure2.
AO-alkyne reveals an unanticipated mechanism of ADP-ribosylation on acidic residues. (a)

Proposed mechanism of PARP catalyzed ADP-ribosylation of acidic residues, glutamate
(Glu) and aspartate (Asp). In this mechanism, the Glu/Asp side chain undergoes a 1'-2’
transfer. The ribose ring is in equilibrium between its open and closed conformation. At
acidic pH or in the presence of catalysis at neutral pH, 1 reacts with the free aldehyde at the
CY’ position, resulting in the formation of a stable oxime. (b) Borohydride reduction after
ADP-ribosylation blocks labeling of SRPK2 by AO-biotin. SRPK2 was ADP-ribosylated by
hPARP10. in the presence of NAD™ (100 uM). ADPr-modified SRPK2 was then treated
with NaBH,4 for 15 min at RT prior to AO-biotin (100 pM) treatment at pH 5 with PDA
catalysis. Click conjugation was then performed with biotin-azide (100 uM). Proteins were
resolved by SDS/PAGE and detected by Western blot with Streptavidin-HRP. (c)
Borohydride reduction does not result in a loss of the ADPr modification. SRPK2 was ADP-
ribosylated by hPARP10.; in the presence of the clickable NAD* analogue, 6-a-NAD* (100
uUM). 6-a-ADPr-modified SRPK2 was then treated with NaBH, for 15 min at RT prior to
AO-biotin (100 uM) treatment at pH 5 with PDA catalysis. Under some conditions, click
conjugation was performed with biotin-azide (100 uM). Proteins were resolved by SDS/
PAGE and detected by Western blot with Streptavidin-HRP. (d) Dual labeling of ADPr at
the C1’ position and at the N6 position of ADPr. SRPK2 was ADP-ribosylated by
hPARP10. in the presence of 6-a-NAD* (100 uM). AO-TAMRA (100 puM) was reacted
with 6-a-ADPr-SRPK?2 at pH 5 with the PDA catalysis followed by click conjugation of
AF488-azide (100 pM). Proteins were resolved by SDS/PAGE and detected by in-gel
fluorescence scanning (Typhoon 9400).
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Figure 3.
AO-alkyne detects auto-ADP-ribosylation of PARP10 in cells. (a) HEK 293T cells

expressing either GFP-PARP10 WT or GFP-PARP10 GW (catalytically dead) were treated
with 1 (100 uM) and PDA (10 mM) for 1 h at 37 °C. Lysates were then subjected to click
conjugation with biotin-azide (100 uM). Proteins were resolved by SDS/PAGE and detected
by Western blot with either Streptavidin-HRP or an antibody against GFP. Bands marked
with an asterisk represent endogenous biotinylated proteins. (b) HEK 293T cells
overexpressing either GFP-PARP10 WT and GFP-PARP10 GW (catalytically dead) were
treated similarly as in a. After fixation, permeabilization, and blocking, the cells were
subjected to click conjugation with rhodamine-azide (1 pM) for 30 min. Scale bar
corresponds to 20 pm. (c) Quantitation of rhodamine-positive HEK293T cells expressing
GFP-PARP10 WT or GFP-PARP10 GW (see also Supporting Figure 3). The number of
rhodamine-positive cells was normalized to GFP-positive cells for both GFP-PARP10 WT
(n = 32) and GFP-PARP10 GW (n = 47). Error bars represent SEM.
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AO-alkyne detects ADPr modification catalyzed by endogenous PARPs activated during
oxidative stress. (a) HEK 293T cells were treated with HoO, (500 uM) for 15 min at 37 °C
in the presence of the PARP1/2 inhibitor veliparib (3 uM) or DMSO (control) followed by
incubation with 1 (100 uM) and PDA (10 mM) for 1 h at 37 °C. Lysates were subjected to
click conjugation with biotin-azide (100 uM) and analyzed via immunoblot. Staining of the
membrane with Ponceau S serves as a loading control. (b) Cells were treated similarly as in
a. After fixation, permeabilization, and blocking, the cells were subjected to click
conjugation with rhodamine-azide (1 uM) for 30 min. Scale bar corresponds to 50 pm.
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