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Abstract

Poly(ADP-ribose) [pADPr] is a large, structurally complex polymer of repeating ADP-ribose
units. It is biosynthesized from NAD™ by poly(ADP-ribose) polymerases [PARPs] and degraded
to ADP-ribose by poly(ADP-ribose) glycohydrolase. PADPr is involved in many cellular
processes and exerts biological function through covalent modification and non-covalent binding
to specific proteins. Very little is known about molecular recognition and structure activity
relationships for non-covalent interaction between pADPr and its binding proteins, in part because
of lack of access to the polymer on large scale and to units of defined lengths. We prepared
polydisperse pADPr from PARP1 and tankyrase 1 at hundreds of milligram scale by optimizing
enzymatic synthesis and scaling up chromatographic purification methods. We developed and
calibrated an anion exchange chromatography method to assigh pADPr size and scaled it up to
purify defined length polymers on the milligram scale. Furthermore, we present a pADPr profiling
method to characterize the polydispersity of pADPr produced by PARPs under different reaction
conditions and find that substrate proteins affect the pADPr size distribution. These methods will
facilitate structural and biochemical studies of pADPr and its binding proteins.
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Introduction

Poly(ADP-ribose) [pADPr] is a post-translational modification made up of ADPr (adenosine
5’-diphosphoribose) units connected linearly or in a branched fashion (Figure 1) [1]. It is
covalently attached to acidic or basic residues of target proteins and can be quite
heterogeneous in structure, varying in size (number of ADPr units) and shape (degree of
branching) [2; 3]. PADPr is biosynthesized from NAD* (B-nicotinamide adenine
dinucleotide) by enzymes known as PARPs [poly (ADP ribose) polymerases] and degraded
by poly (ADP ribose) glycohydrolase [PARG] to release ADPr molecules (Figure 1) [4].

There are 17 types of PARPs but only one PARG gene [5]. The members of the PARP
superfamily are all related by the presence of a homologous PARP domain [6]. These
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enzymes can be subdivided into six groups based on domain architecture (PARP1 subgroup,
vault PARP, tankyrases, CCCH-PARPSs, macro PARPs, and other) and three categories
based on enzymatic activity (poly, mono, and inactive) [7]. In this paper, we focused on
human PARP1 (hPARP1) and human tankyrase 1 (nTNKS1) because both are known to
synthesize polymers and are amongst the best characterized members of the PARP family. It
should be noted that hPARP1 and hTNKSL1 are also known as ADP-ribosyltransferase 1 and
5 (ARTD1 and ARTD5), respectively, under a recently proposed nomenclature [8].

PARPs and pADPr have been implicated in many cellular processes [1; 5; 9]. PARP1 is
involved in DNA repair/maintenance and transcriptional regulation while TNKS1 has been
implicated in telomere maintenance, assembly of the mitotic spindle, and regulation of
protein stability [10; 11; 12; 13; 14; 15; 16; 17]. PADPr is thought to function through both
covalent and non-covalent interactions. Covalent attachment of pADPr can affect the
structure and function of the modified protein, in part due to the high density of negative
charges on the polymer [18; 19; 20]. Two examples are automodification of PARPS, which
tend to inactivate enzymatic activity, and heteromodification of histones, which relaxes
chromosome packing and increases access to damaged DNA [21].

Non-covalent interactions between pADPr and specific binding proteins are thought to play
arole in the DNA damage response and in regulation of protein stability [22; 23; 24; 25; 26;
27]. The chromatin remodeling enzyme ALC1 is rapidly recruited to DNA damage sites in a
pADPr dependent manner. For the regulation of protein stability, the E3 ubiquitin ligase
RNF146 interacts with tankyrase poly(ADP-ribosyl)ated axin and 3BP2, and ubiquitinylates
them for degradation. Free pADPr has been reported to be a cytotoxic signaling molecule
that causes caspase independent cell death by inducing the release of apoptosis inducing
factor from the mitochondria [28; 29; 30; 31; 32].

Precisely how binding proteins recognize pADPr is unclear but structural studies of binding
proteins interacting with fragments of the polymers have hinted alternative recognition
modes. PADPr binding macro domains, which are present in several binding proteins
including some PARPs, are thought to bind to ADPr units at the tips of pADPr while the
pADPr-binding zinc finger and WWE domains are thought to recognize the PRAMP
(phosphoribosyl AMP) units along the length of the polymer [24; 26; 33; 34]. The structure
of pADPr itself in solution is also unknown. Spectral analysis on pADPr has suggested a
helical structure but nuclear magnetic resonance studies on 13C and 15N labeled polymers
showed an absence of any inherent regular structure [35; 36; 37]. By electron microscopy,
bulk pADPr appeared as “root-like” structures about 100 nm long [38; 39]. Further
characterization is required to fully understand the structure activity relationship of pADPr.

Detailed structural and biochemical characterization of pADPr has been limited in part
because of lack of access to the polymer at large scale. Polydisperse pADPr is commercially
available, at a current price of ~$175 for 1 nmol (~1 pg). Defined length pADPr is not
commercially available. It has been prepared previously, but yields were meager and scale
was insufficient for structural and biochemical studies [40; 41]. Herein we describe an
improved procedure for preparing PARP1 and tankyrase 1 bulk and homogenous polymers
in large scale. We also present convenient methods to assign pADPr size by anion exchange
chromatography using high pressure liquid chromatography (HPLC).

Materials and Methods

HPARP1 (1-1014), hPARP1 (379-1014), and hTNKS1 (1093-1327) constructs were gifts
from J. Pascal. HPARP1 (655-1014) and bovine PARG CF (residues 386—977) constructs
were generously provided by P. Chang and H. Kleine, respectively [7]. The genes for
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hPARP1 (1-1014), hPARP1 (379-1014), and hPARP1 (655-1014) were cloned into the
PET28 expression vector (Novagen) and hexahistidine tagged at the N-terminus [42]. A
PET24(+) expression vector (Novagen) was used for hnTNKS1 (1093-1327) to generate
proteins with the hexahistidine tag at the C-terminus. Bovine PARG CF was cloned into a
pPGEX-2T expression vector (GE Healthcare) with an N-terminal GST tag.

All reagents were purchased from Sigma-Aldrich, Acros, Alfa Aesar, GE Healthcare, RPI
Corp., Roche, Fisher, or VWR and were used without any further purification unless
otherwise stated. Nickel nitriloacetic acid (Ni-NTA) agarose and glutathione agarose beads
were obtained from Qiagen and Sigma-Aldrich, respectively. Gel filtration columns
(superdex 200 and S75) and ECH Sepharose™ 4B media were purchased from GE
Healthcare. DNA Pac PA100 (analytical, guard, and semi-preparative) and Kinetex™ C18
HPLC columns were obtained from Dionex and Phenomenex, respectively.

HPLC analysis and fractionation were performed on an Agilent 1100 series HPLC liquid
chromatography system equipped with a diode array detector, thermostated automatic
sample injector, and a time based fraction collector. For all HPLC analysis, the diode array
detector monitored UV (ultraviolet) absorbance at 254 nm. Aqueous samples were
concentrated on an EZ-2 series Genevac evaporator or a Labconco FreeZone 4.5 liter
console freeze dry system (lyophilizer). All FPLC (fast pressure liquid chromatography)
purifications were performed on a BioLogic DuoFlow™ FPLC system from Bio-Rad at 4°C.
The cell disruptor and NanoDrop 8000 were manufactured by Avestin and Thermo
Scientific, respectively.

Expression of hPARP1 (1-1014), hPARP1 (379-1014), hPARP1 (655-1014), bPARG CF and
hTNKS1 (1093-1327)

All hPARP1 constructs and bovine PARG CF were expressed in Escherichia coli strain
BL21 (DE3) Rosetta2 (Novagen). HTNKS1 (1093-1327) was expressed in strain BL21
(DE3) Rosetta pLysS (Novagen). The cells were grown in terrific broth medium containing
1% glucose, 100 pM ZnCls, 50 pg/ml kanamycin, and 34 pg/ml chloramphenicol. Glucose
and ZnCl, were omitted for "TNKS1 (1093-1327) and bPARG CF, respectively. Ampicillin
(100 pg/ml) was substituted for kanamycin in the bPARG CF growth media. Cells were
grown at 37°C to ODggg = 0.5-1.0 and induced with isopropyl-p-D-thiogalactopyranoside
(0.25 to 0.5 mM) at 16°C for 16-24 h. The cells were pelleted, medium discarded, flash
frozen in liquid nitrogen, and stored at —80°C until purification.

Purification of hPARP1 (1-1014), hPARP1 (379-1014), and hPARP1 (655-1014)

Cells were resuspended in lysis buffer (20 mM Hepes, pH 7.5, 1 mM p-mercaptoethanol, 1
mM PMSF, 1 mM benzamidine, 0.2 % Nonidet™ P40 substitute, 0.2% Tween20, and 500
mM NacCl) and lysed with a cell disruptor. After pelleting cell debris for 90 min at 138,000 x
g, the supernatant was incubated with Ni-NTA at 4°C for 1h. The Ni-NTA beads were
washed with buffer 1 (20 mM Hepes, pH 7.5, 1 mM p-mercaptoethanol, 1 mM PMSF, 1
mM benzamidine, and 500 mM NacCl) containing 20 mM imidazole, and eluted with buffer
1 with 400 mM imidazole. After diluting with 3AB buffer (100 mM Tris, pH 7.5, 0.5 mM
EDTA, and 14 mM B-mercaptoethanol) to decrease the NaCl concentration down to 400
mM, the proteins were slowly loaded (0.20 ml/min) via FPLC onto a 3-aminobenzamide
ECH sepharose 4B column equilibrated with 4 CV (column volume) of 3AB buffer. The
column was washed with 3AB buffer containing 400 mM NaCl (2 CV) and 800 mM NacCl
before eluting with 3AB elution buffer (100 mM Tris, pH 7.5, 0.5 mM EDTA, 14 mM -
mercaptoethanol, 400 mM NacCl, and 1 mM 3-methoxybenzamide) [43]. Desired proteins
were concentrated with an Amicon Ultra centrifugal filter (MWCO = 30 kDa, Millipore),
and gel filtered on a superdex 200 column with GF (gel filtration) buffer 1 (100 mM Tris,
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pH 7.5, 0.1 mM EDTA, 1 mM B-mercaptoethanol, and 150 mM NaCl). Small aliquots of the
proteins were flash frozen in liquid nitrogen and stored at —80°C.

Purification of hTNKS1 (1093-1327)

Cells were resuspended in lysis buffer (50 mM Hepes, pH 7.5, 1 mM p-mercaptoethanol,
cOmplete EDTA-free protease inhibitor cocktail tablets (Roche), 10 % glycerol, 300 mM
NaCl, and 10 mM imidazole) and lysed using a cell disruptor. Cell debris was pelleted for
45 min at 138,000 x g, and the supernatant was incubated with Ni-NTA at 4°C for 1h. The
Ni-NTA beads were washed with buffer 2 (30 mM Hepes, pH 7.5, 1 mM B-
mercaptoethanol, 10% glycerol, 500 mM NaCl, and 50 mM imidazole), and eluted with
buffer 2 containing 500 mM imidazole. Desired proteins were gel filtered on a superdex 200
or S75 column with GF buffer 2 (30 mM Hepes, pH 7.5, 1 mM pB-mercaptoethanol, 50%
glycerol, and 300 mM NacCl). Small aliquots of the proteins were flash frozen in liquid
nitrogen and stored at —80°C.

Purification of bPARG CF

Cells were resuspended in lysis buffer (20 mM Tris, pH 8.0, 5 mM B-mercaptoethanol, 1
mM EDTA, cOmplete protease inhibitor cocktail tablets [Roche], 10 % glycerol, 0.1%
Tween20, and 500 mM NacCl) and lysed using a cell disruptor. The lysed sample was
incubated at 4°C for 1 h to aid solubilization of bPARG CF proteins. Cell debris was
pelleted for 30 min at 138,000 x g, and the supernatant was incubated with glutathione
agarose at 4°C for 1h. The glutathione agarose beads were washed with buffer 3 (100 mM
Tris, pH 8.0, 5 mM B-mercaptoethanol, and 500 mM NaCl), and eluted with buffer 3
containing 20 mM glutathione. Desired proteins were gel filtered on a superdex 200 column
with GF buffer 3 (100 mM Tris, pH 8.0, 5 mM B-mercaptoethanol, and 120 mM NaCl).
Small aliquots of the proteins were flash frozen in liquid nitrogen and stored at —80°C.

PADPr synthesis through automodification reaction: hPARP1 (1-1014), hPARP1 (379—
1014), hPARP1 (655-1014), or hTNKS1 (1093-1327) alone

This method was adapted from Kiehlbauch et al. and Panzeter et al [41; 44]. A reaction
mixture (500 pl) of 100 mM Tris, pH 8.0, 10 mM MgCl,, 1 mM DTT, activated DNA (25
pg/ml, Sigma Aldrich - #D4522), and PARP [10.8 uM, 23.2 uM, 45.5 uM, or 42.9 uM for
hPARP1 (1-1014), hPARP1 (379-1014), hPARP1 (655-1014), or hnTNKS1 (1093-1327),
respectively] was pre-incubated at room temperature for 20 min. For hTNKS1 (1093-1327)
pADPr biosynthesis, the activated DNA and pre-incubation step were both omitted. A
solution of NAD* (20 mM) was added and the reaction was incubated at 30°C [room
temperature for hnTNKS1 (1093-1327)] for 1h or more. A 50 pl aliquot was saved for ion
pairing HPLC analysis.

PADPr synthesis through automodification and heteromodification reactions: hPARP1 (1—
1014) + hPARP1 (379-1014), hTNKS1 (1093-1327) + hPARP1 (379-1014), or hTNKS1 (1093-
1327) + histones

The same condition as automodification reaction was used except that two proteins were
present in the reaction mixture. The protein concentrations were as follows: hPARP1 (1-
1014) (1.88 uM) + hPARP1 (379-1014) (13.7 uM), hTNKS1 (1093-1327) (21.9 uM) +
hPARP1 (379-1014) (21.9 uM), or hnTNKS1 (1093-1327) (21.9 uM) + histones (0.43 mM,
Sigma Aldrich - H9250). For hTNKS1 (1093-1327) containing reactions, the mixture was
incubated at room temperature instead of 30°C and both activated DNA and pre-incubation
step were omitted.
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HPARP1 (379-1014) was originally added to hPARP1 (1-1014) to increase the protein
concentration of the polymerization reaction to at least 1 mg/ml. When isolating bulk
pADPr, it was essential for the protein concentration of the polymerization reaction to be at
least 1 mg/ml. Below this level, it was difficult to obtain an acid insoluble protein precipitate
when the polymerization reaction was treated with 20% trichloracetic acid to stop the
reaction.

Purification of bulk pADPr

To stop the reaction, the mixture (450 pl) was treated with an equal volume of 20%
trichloroacetic acid (450 pl), incubated at 0°C for 15 min, and centrifuged at 20,800 x g for
15 min at 4°C to pellet the precipitates. The pellet was redissolved in 1 M KOH/50 mM
EDTA (100 pl), incubated at 60°C for 1 h with occasional vortexing to detach pADPr from
proteins. AAGE9 buffer (900 pl; 250 mM ammonium acetate, pH 9.0, 6 M guanidine
hydrochloride, and 10 mM EDTA) was added and the pH was adjusted to 9.0 with HCI. The
alkali digested material was loaded onto a 1 ml DHBB (Dihydroxyboryl Bio-Rex 70)
column sequentially equilibrated with 5-10 CV of AAGE9 buffer, 20 CV water, and 5-20
CV of AAGE9 buffer [43; 45]. Note, the binding capacity of DHBB column is around 3 mg
of pADPr/ml of resin. The sample was washed with 10 CV of AAGE9 buffer and 20 CV of
1 M ammonium acetate (pH 9.0) before eluting the pADPr with 6 ml of 37°C water and
collecting 1 ml fractions. Bulk pADPr eluted in the second and third fractions. Samples were
concentrated to dryness with a Genevac evaporator or lyophilizer.

Determining pADPr concentration

PADPr concentration was determined using the equation: [pADPr] = [(Assg)cm™1]/[13,500
cm~IM™1] (Trevigen®). UV absorbance at 258 nm was measured with a NanoDrop 8000.

Enzymatic degradation of pADPr

An aliquot (50 pl) of the pADPr formation reaction was filtered through a 3 kDa Nanosep®
centrifugal device (VWR) to separate the small molecules (found in the filtrate) from
proteins (found in the retentate). The filtrate was subjected to HPLC ion pairing analysis
(see below). The retentate was reconstituted in water (50 pl), and digested with bPARG CF
(0.34 nM) for 30 min at 37°C in a reaction mixture (150 pl final volume) of 200 mM Tris,
pH 8.0, and 10 mM DTT. After filtering the reaction through a 3 kDa Nanosep® centrifugal
device to remove proteins, the filtrate was subjected to ion pairing HPLC analysis.

lon pairing HPLC analysis

lon pairing analysis were performed using a Kinetex™ 2.6 um C18, 100 A, 50 x 2.1 mm
column at a flow rate of 0.2 ml/min and monitoring UV absorbance at 254 nm. The method
was adapted from Di Pierro et al. and uses tetrabutylammonium hydroxide as the counterion
[46]. The column was initially equilibrated with ion pairing buffer A (10 mM
tetrabutylammonium hydroxide, 10 mM KHyPQy, 0.25% methanol, pH 7.0) and a variable
gradient of ion pairing buffer B (2.8 mM tetrabutylammonium hydroxide, 100 mM
KH,PO4, 30% methanol, pH 5.5) was used for elution. The concentration of ion pairing
buffer B in the 32 min method was set as follows: 0 min (0% B), 1 min (0% B), 8 min (60%
B), 21 min (100% B), 23 min (100% B), 24 min (0% B), and 32 min (0% B).

HPLC pADPr profiling

HPLC profiling of pADPr was performed using a DNA Pac PA100 4 x 250 mm analytical
column equipped with a 4 x 50 mm guard column at a flow rate of 1 ml/min and monitoring
UV absorbance at 254 nm. The method was adapted from Kiehlbauch et al. and Fahrer et al
[40; 41]. Bulk pADPr (0.72 umoles) was loaded onto the column equilibrated with dionex
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buffer A (25 mM Tris, pH 9.0) and the polymers were eluted with a variable gradient of
dionex buffer B (25 mM Tris, pH 9.0, and 1 M NaCl). The concentration of dionex buffer B
in the 152 min method was set as follows: 0 min (0% B), 6 min (0% B), 12 min (30% B), 18
min (40% B), 48 min (47% B), 78 min (49% B), 138 min (55% B), 144 min (63% B), 145
min (100% B), 148 min (100% B), 149 min (0% B), and 152 min (0% B).

HPLC pADPr fractionation

A semi-preparative DNA Pac PA100 column (9 x 250 mm) was used to fractionate bulk
pADPr into homogenous polymers. The flow rate was 2 ml/min and ~2.74 pmoles (~3 mg)
of bulk pADPr was loaded onto the column. The column was pre-equilibrated with dionex
buffer A and the concentration of dionex buffer B in the 186 min method was set as follows:
0 min (0% B), 6 min (0% B), 18 min (30% B), 30 min (40% B), 90 min (47% B), 150 min
(49% B), 162 min (55% B), 174 min (63% B), 175 min (100% B), 179 min (100% B), 180
min (0% B), and 186 min (0% B). Two ml fractions were collected and evaporated to
dryness at 35°C with a Genevac evaporator.

Desalting pADPr

Dried pADPr fractions from DNA Pac PA100 columns were reconstituted in water and
desalted on a Sephadex G25 fine (23 ml) column connected to an HPLC system. A solution
of polymers (loaded up to 2 ml max) were eluted isocratically with water at a flow rate of 1
ml/min for 45 min. Desired products, collected in 1 ml fractions, were evaporated to dryness
at 35°C with a Genevac evaporator and a lyophilizer.

Characterization of pADPr with MALDI-TOF mass spectrometer

Results

Desalted, dried, homogenous pADPr were submitted for MALDI-TOF mass spectrometry
analysis at the Scripps Center for Metabolomics and Mass Spectrometry, Scripps Research
Institute in San Diego. Samples were reconstituted in water and analyzed with THAP (2’, 4°,
6’-trihydroxyacetophenone monohydrate) as the matrix.

Purification of PARP1, TNKS1 and PARG enzymes

We expressed and purified three hPARP1 and one hTNKSL1 constructs as candidate enzymes
for scale up of pADPr enzymatic synthesis. The three hPARP1 constructs corresponded to
full length protein [NPARP1 (1-1014)], protein lacking the DNA binding domain [hPARP1
(379-1014)], and protein missing both DNA binding and automodification domains
[hPARP1 (655-1014)] (Figure 2). For nTNKS1, we used a construct that encompassed its
C-terminal catalytic domain [nTNKS1 (1093-1327)] (Figure 2). These four constructs were
chosen because they were all previously found to be capable of biosynthesizing pADPr. [42;
47; 48]

All four constructs were expressed as hexahistidine tagged proteins, N-terminal for the
hPARP1 constructs and C-terminal for hTNKS1 (1093-1327), in bacteria and induced with
IPTG at 16°C for 16-24h. The three hPARP1 proteins were purified with a three step
purification scheme consisting of immobilized metal affinity chromatography (IMAC),
affinity chromatography with 3-aminobenzamide conjugated sepharose, and gel filtration.
The affinity purification step was included to select for correctly folded proteins. The
shortest construct, hPARP1 (655-1014), had the best yield (1247 nmoles of proteins/liter of
culture) while full length hPARP1 (1-1014) had the lowest (14 nmoles of protein/liter of
culture) (Table 1, Figure S1). For hTNKS1 (1093-1327), a two-step purification scheme of
IMAC followed by gel filtration yielded 643 nmoles of proteins/liter of culture (Table 1).
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In addition to the PARPs, we also expressed and purified a PARG protein. This protein was
needed to digest pADPr to confirm the presence of any polymer. The PARG construct,
bovine PARG catalytic fragment (0PARG CF), was also expressed in bacteria and induced
with IPTG at 16°C for 16-24h [49]. Since it was a glutathione S-transferase tagged protein,
purification was accomplished with glutathione agarose affinity chromatography followed
by gel filtration. The bPARG CF yield was 13 nmoles of proteins/liter of culture (Table 1,
Figure S1).

Purified PARP1, TNKS1, and PARG CF proteins are enzymatically active

Automodification reactions followed by PARG digestion assays were performed to
determine if the purified enzymes were active. Each PARP protein was individually
incubated with NAD™ to stimulate pADPr synthesis. After 1 h incubation, the reaction was
filtered through a 3 kDa centrifugal filter to separate small molecules from proteins. The
protein fraction was collected and treated with bPARG CF. After 30 min incubation, the
reaction was filtered through a 3 kDa centrifugal filter and the filtrate was analyzed by ion
pairing HPLC for the presence of ADPr [46]. If the enzymes were active, any pADPr made
would be digested to ADPr by bPARG CF.

All purified PARP proteins were enzymatically active and capable of biosynthesizing
pADPr as evidenced by the presence of an ADPr signal following bPARG CF digestion
(Figure 3, dashed lines). Full length hPARP1 (1-1014) and hTNKS1 (1093-1327) were the
most active proteins polymerizing 689 + 202 and 109 + 27 mol of ADPr/mol of PARP,
respectively (Table 2). The polymerase activity of hPARP1 (1-1014) decreased as larger
segments of its N-terminus were deleted. Removing the DNA binding domain [nPARP1
(379-1014)] reduced the polymerase activity ~40-fold (from 689 + 202 to 16 + 8 mol of
ADPr/mol of PARP). An additional 2-fold decrease in polymerase activity (16 +8to 7 £5
mol of ADPr/mol of PARP) was observed when the automodification domain [hPARP1
(655-1014)] was also deleted (Table 2). The polymerase activity of hPARP1 (1-1014),
hPARP1 (379-1014), and hPARP1 (655-1014) were completely inhibited when treated with
100 uM of ABT-888, a potent hPARP1 inhibitor (K; = 5.2 nM) (data not shown).

Aside from making ADPr polymers, PARPs are also capable of hydrolyzing NAD* to
nicotinamide and ADPr. If the residual NADase activity is more efficient than the
polymerase activity, it presents a problem for pADPr scale up because the enzyme would
consume NAD* without generating pADPr. To measure the NADase activity of PARPs, the
small molecule fraction from the automodification reaction was analyzed for ADPr content
by ion pairing HPLC. Any ADPr molecule generated at this stage originated from NAD*
and is indicative of the level of NADase activity.

HPARP1 (1-1014) and hTNKSL1 (1093-1327) were also the most active in NADase activity
(Figure 3, solid line). During the automodification reaction, hPARP1 (1-1014) and hTNKS1
(1093-1327) generated 89 + 23 and 141 + 20 mol of ADPr/mol of PARP, respectively, from
NAD* (Table 2). Similar to its polymerase activity, the NADase activity of hPARP1 (1-
1014) decreased as more domains from its N-terminus were deleted. However, the reduction
in NADase activity was less pronounced; decreasing only ~2 and ~3.5 fold when one
[hPARP1 (379-1014), 41 = 9 mol of ADPr/mol of PARP] and two domains [nPARP1 (655—
1014), 25 = 7 mol of ADPr/mol of PARP] were deleted, respectively (Table 2).

Chromatographic Profiling of pADPr

Based on polymerase activity, hPARP1 (1-1014) and hTNKS1 (1093-1327) were the most
promising enzymes for pADPr scale up. We next profiled the bulk pADPr biosynthesis
efficiency and polymer size distribution of these two proteins under different reaction

Anal Biochem. Author manuscript; available in PMC 2013 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tan et al.

Page 8

conditions. The aim here was to prescreen for conditions that maximize pADPr yield and/or
influence the size distribution of polymers being made. Starting from purified proteins, bulk
and homogenous pADPr can be obtained in three and five steps, respectively (Figure 4). For
each conditions tested, bulk pADPr were isolated by detachment with potassium hydroxide
treatment followed by affinity chromatography purification with a DHBB column [43; 45].
Bulk polymers were then fractionated on an HPLC by anion exchange chromatography with
an analytical Dionex DNA PAC PA100 column to profile pADPr size distribution [40].

Under the reaction conditions screened, hPARP1 (1-1014) was more efficient at bulk
pADPr biosynthesis than hTNKS1 (1093-1327). HPARP1 (1-1014) generated 71 + 10 mol
pADPr/mol PARP when incubated with activated DNA for 1 h (Figure 5a). When 7 mol
equivalents of hPARP1 (379-1014) was added to the reaction, the efficiency of hPARP1 (1-
1014) increased ~3 fold to 222 + 42 mol of pADPr/mol PARP. For this measurement, we
ignored the contribution from the polymerase activity of hPARP1 (379-1014) because it
was ~40 fold less active than hPARP1 (1-1014) (Table 2). We essentially treated hPARP1
(379-1014) as an enzymatically inactive acceptor protein.

Compared to hPARP1 (1-1014), hTNKS1 (1093-1327) was about two fold less efficient (30
+ 9 mol pADPr/mol PARP) when incubated with NAD* for 1 h (Figure 5a). The bulk
pADPr yield of hTNKS1 (1093-1327) slightly increased at 6 h (42 + 3 mol pADPr/mol
PARP) and was practically the same when allowed to proceed for 24 h (24 + 3 mol pADPr/
mol PARP). Since hPARP1 (379-1014) increased pADPr production of hPARP1 (1-1014),
we wondered if it would also enhance the efficiency of hTNKS1 (1093-1327). When one
molar equivalent of hPARP1 (379-1014) was added, the pADPr production was the same at
1 h (36 £ 5 mol pADPr/mol PARP) and a slight increase was observed after 24 h (46 + 4
mol pADPr/mol PARP) (Figure 5a). Interestingly, the addition of hPARP1 (379-1014)
nearly doubled the bulk pADPr yield of hTNKS1 (1093-1327) at 24 h (46 + 4 versus 25 + 3
mol pADPr/mol PARP).

We next explored the effects of histones on the pADPr production of hTNKS1 (1093-1327).
Histones are confirmed hPARP1 substrates that are known to influence the amount and size
distribution of pADPr generated by hPARP1 [41; 50]. To our knowledge, it’s unknown if
histones are also natural substrates of hTNKSL1 inside the cell. Addition of 10 molar
equivalents of whole histones doubled the pADPr yield of hTNKS1 (1093-1327) at 1 h
incubation from 30 = 9 to 58 £10 mol pADPr/mol PARP (Figure 5a). This increase in
pADPr yield can be attributed to heteromodification of histones (Figures S2).

In understanding the biochemistry of PARPs, it is important to understand how pADPr size
distribution is affected by substrates. To profile the pADPr size distribution, bulk polymers
were fractionated by anion exchange chromatography and the area under the peaks were
integrated to estimate the amount of distinct polymers (Figures S3 and S4). Peaks were
arbitrarily grouped into three polymer sizes: small (2-17 mers), medium (18-34 mers), and
large (>34 mers). Polymer size was determined by submitting a subset of desalted,
homogenous pADPr for MALDI-TOF mass spectrometry analysis to determine the
molecular weight (Table S1). Figure 6 is the resulting calibration trace correlating peaks to
number of ADPr units. The measured molecular mass corresponded to polymers lacking a
terminal ribose phosphate or a ribose bisphosphate group. This is consistent with literature
findings that alkaline release of pADPr from proteins can result in three polymer isoforms:
complete polymer, polymer lacking the terminal ribose phosphate, and polymer missing the
terminal ribose bisphosphate group [51].

For hPARP1 (1-1014) alone, the pADPr size distribution was 28% small, 34% medium, and
38% large (Figure 5b). In the presence of 7 molar equivalents hPARP1 (379-1014), the
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amount of large polymers increased 8% at the expense of medium polymers. For hTNKS1
(1093-1327) alone, the pADPr size distribution at 1 h incubation was 22% small, 29%
medium, and 49% large (Figure 5b). Longer incubation times (6 and 24 h) increased the
amount of large pADPr (+7-9%, from 49% to 56-58%) at the expense small (-4-6%, from
22% to 16-18%) and medium length polymers (-1-6%, from 29% to 23-28%). A shift
towards large polymers were more pronounced when hPARP1 (379-1014) was added to the
reaction. At 1 h incubation, there was a 19% increase in the amount of large polymers and a
decrease of 11% and 8% for small and medium pADPr, respectively (Figure 5b). The same
trend was also observed when comparing hTNKS1 (1093-1327) incubations at 24 h with or
without hPARP1 (379-1014). The changes in small, medium, and large were —7% (from
16% to 9%), —10% (28% to 18%), and +16% (56% to 72%), respectively.

Addition of 10 molar equivalents of whole histones had the opposite effect from hPARP1
(379-1014) in that it preferentially shifted pADPr production towards small and medium
sized polymers. Compared to hTNKS1 (1093-1327) alone, the amount of small and medium
sized polymers increased 5% (from 22% to 27%) and 9% (29 % to 38%), respectively, at the
expense of a 14% decrease (49% to 35%) in the amount of large pADPr (Figure 5b). A
similar trend was previously observed when 10 molar equivalents of histones were added to
hPARP1 (1-1014) [41].

Large scale preparation of bulk pADPr

In the large scale preparation of pADPr, we sought to (1) obtain polymers from different
PARP enzymes, (2) produce tens to hundreds of milligram quantities of pADPr, and (3)
make batches of pADPr enriched in small or large sized polymers. We carried out a total of
four rounds of pADPr scale up, once with hPARP1 (1-1014) and three runs with hnTNKS1
(1093-1327) as the active PARP enzyme (Table 3). In the only run with hPARP1 (1-1014),
we were unable to perform an automodification reaction with hPARP1 (1-1014) alone
because the low expression levels of this protein made it difficult to reach the necessary
protein concentration of 1 mg/ml. We instead ran a reaction with hPARP1 (379-1014)
mixed in to easily reach the 1 mg/ml protein concentration threshold. After lyophilization,
we obtained 14.7 mg of hPARP1 (1-1014) bulk pADPr as a white powder.

In the next three runs, we switched over to hTNKS1 (1093-1327) as the active PARP
because more hTNKS1 (1093-1327) was available and it was decently active at
polymerizing ADPr (Table 1 and 2). Using only hTNKS1 (1093-1327), incubation with
NAD™ for 6 hours at room temperature yielded 119.2 mg of bulk hnTNKS1 pADPr after
purification and lyophilization.

Having produced hPARP1 and hTNKS1 bulk pADPr, we next made a batch of pADPr
enriched in large sized polymers. Compared to the previous run, we increased the scale of
the reaction 6 fold and used 5.36 umol of hTNKS1 (1093-1327) (Table 3). This reaction
was carried out for 21 h at room temperature in the presence of hPARP1 (379-1014)
because this condition was found to produce nearly 72% large polymers (Figure 5b). It
should be noted that we used an equal amount of hPARP1 (379-1014) in terms of weight
rather than molarity as in Figure 5b because an equimolar amount of hPARP1 (379-1014)
would have required more protein than we had on hand. Although the reaction proceeded
smoothly, we encountered column overloading issues during the DHBB purification step.
The 30 ml DHBB column we had used for this preparation was saturated when all the bulk
pADPr from 5.36 pmol of hTNKS1 (1093-1327) was loaded all at once. After purifying the
crude pADPr sample in four batches, this reaction yielded 405 mg of bulk pADPr (Table 3).

In the last round of scale up, only 429 nmol of hTNKS1 (1093-1327) were used but 10
molar equivalents of whole histones were added. Histones were supplemented to bias
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polymer distribution towards shorter pADPr (Figure 5b). The reaction proceeded as planned
and gave 24. 8 mg of bulk pADPr enriched in smaller sized pADPr.

Fractionation of bulk pADPr to homogenous pADPr

To obtain homogenous pADPr, we fractionated bulk pADPr into individual polymers using
an anion exchange chromatography. This approach has been used to fractionate radioactive
or biotin labeled bulk pADPr into distinct polymers [40; 41]. Since we were interested in
obtaining homogenous small and medium sized polymers, we fractionated the 24.8 mg batch
of bulk pADPr made in the presence of histones (Table 3). Using a semi-prep Dionex DNA
PAC PA100 column (9 x 250 mm), the bulk pADPr were fractionated in 3 mg increments.
In this method, the large polymers (>34 mer) were intentionally co-eluted together to reduce
the run time. Resolution on the analytical and semi-prep anion exchange columns were
comparable (Figure S5).

After fractionation, fractions of identical polymers were pooled together and concentrated to
dryness using a Genevac evaporator. After reconstituting in a minimal amount of water, the
samples were desalted in 2 ml batches by gel filtration chromatography on an HPLC system.
Using an FPLC system gave poor results because the UV detector on the FPLC was
significantly less sensitive than that of the HPLC. Samples were then concentrated to
dryness with a Genevac evaporator and a lyophilizer to yield desalted, pADPr of distinct
sizes as a white solid or foam in amounts of up to 2 mg. HPLC analysis of a purified 16-mer
pADPr on an analytical anion exchange column showed a single peak and thus confirmed
the successful isolation of polymer of a specified length (Figure 7).

Discussion

When activated, PARPs can add polymers to themselves via automodification. As the size of
the tethered polymer increases, the buildup of negative charge is thought to kill the
enzymatic activity of the PARP through protein denaturation [52; 53; 54]. Due to this
property, a large supply of active PARP enzymes is needed to generate vast amounts of
pADPr. Previous efforts to obtain bulk and homogenous pADPr have solely focused on
using full length PARP1 [PARP1 (1-1014)] as the active enzyme. This is an excellent
choice based on enzymatic activity but not in terms of protein expression levels in bacteria.
HPARP1 (1-1014) was the most active of the three hPARP1 constructs tested but its
bacterial protein yield of 1.57 mg/liter of culture was the poorest. It appears that hPARP1
(1-1014) is somewhat toxic to bacteria [55]. The smaller hPARP1 constructs, hPARP1
(379-1014) and hPARP1 (655-1014), expressed significantly better in bacteria but are
unsuitable substitutes for hPARP1 (1-1014) in polymer scale up because their enzymatic
activity are 43 to 98 fold lower. The N-terminal DNA binding domain of hPARP1, which
are missing in both smaller constructs, was found to be important for catalytic activity [42;
56].

HTNKS1 is a viable alternative to hPARP1 (1-1014) for pADPr scale up. The catalytic
domain of hnTNKS1 [hTNKS1 (1093-1327)] is enzymatically active and expressed quite
well in bacteria. Despite being ~6 fold less active than hPARP1 (1-1014) and having a
roughly equal level of ADPr polymerization and NADase activity, we were able to obtain
hundreds of milligram amounts of bulk pADPr from hTNKS1 (1093-1327) polymerization
reactions. The most we could manage using hPARP1 (1-1014) as the active enzyme was 15
mg of bulk pADPr. The difference in yield can be readily attributed to having more
hTNKS1 (1093-1327) than hPARP1 (1-1014) enzymes available for /n vitroreactions. If
one absolutely requires large amounts of polymers from hPARP1 (1-1014), we highly
recommend switching to a baculovirus expression system to gain more access to hPARP1
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(1-1014) enzymes. Expressing in S (Spodoptera frugiperada) cells have been shown to
yield up to 40 mg of hPARP1 (1-1014) proteins per liter of culture [57].

This is the first instance of hTNKS1 polymers being prepared in large scale. Compared to
the complex, branched pADPr from hPARP1 (1-1014), hTNKS1(1093-1327) is only
thought to make linear, branchless polymers [7; 47]. Unfortunately, we are unable to
confirm the presence or absence of branching in hTNKS1 (1093-1327) generated polymers
because our ion pairing HPLC method was not sensitive enough. We could not detect the
diagnostic branching degradation product when we digested bulk polymers from either
hPARP1 (1-1014) or A TNKS1 (1093-1327) with phosphodiesterase (data not shown).
Branching is a rare event that is known to occur randomly at a low frequency [41].

Fractionating bulk pADPr is the most feasible route to obtaining polymers of defined
lengths. By biasing pADPTr size distribution, the structural heterogeneity of bulk pADPr is
decreased and our chance of accessing substantial amounts of homogenous polymers
increases. Previous studies have shown high concentrations of histones influences hPARP1
(1-1014) to produce shorter polymers [41; 50]. The same effect was observed when 10
molar equivalents of histones were added to hTNKS1 (1093-1327) polymerization
reactions. There was a 14% increase in the amount of small and medium sized polymers
when histones were present. To our knowledge, histones have not been previously shown to
be substrates of hnTNKS1. We suspect histones shift pADPr distribution towards shorter
polymers by capping polymer ends and blocking further polymer growth. The macrodomain
present in histones are known to bind to the ADPr units at the tips of pADPr [26]. When ~25
mg of bulk pADPr enriched in shorter polymers were fractionated by anion exchange
chromatography, we obtained up to two milligram amounts of homogenous pADPr as a
dried, desalted powder. This is a significant milestone as it is the first instance of milligram
quantities of homogenous polymers being prepared. With more bulk pADPr, it should be
possible to resolve tens of milligram amounts of distinct pADPr. Access to these amounts of
homogenous pADPr will greatly facilitate the further characterization of pADPTr structure
and biochemical properties.

If longer pADPr is desired, one should add hPARP1 (379-1014) to the reaction mixture.
Adding seven molar equivalents of hPARP1 (379-1014) to hPARP1 (1-1014) increased the
amount of large polymers by 12%. The same trend was also observed when hPARP1 (379—
1014) was mixed with hTNKS1 (1093-1327). There was a 16-19% increase in large
polymers after 1 and 24 hour incubation in the presence of one molar equivalent of hPARP1
(379-1014). It’s uncertain why the addition of hPARP (379-1014) would lead to longer
polymers especially since hPARP1 (379-1014) was found to have poor polymerase activity
in automodification reactions (Table 2). Perhaps hPARP1 (379-1014) is capable of adding
ADPT units to preexisting polymers but struggles with initiating pADPr formation.

It’s fascinating to note that different acceptor proteins can have opposite effects on the
polymer size distribution and the same acceptor protein can differentially affect hPARP1 (1-
1014) and hTNKS1 (1093-1327). For both hPARP1 (1-1014) and hTNKS1 (1093-1327),
histones shift the polymer distribution to smaller sizes, while hPARP1 (379-1014) shifts the
profile to larger polymers [41; 50]. Interestingly hPARP1 (379-1014) affected the activity of
hPARP1 (1-1014) and hTNKS1 (1093-1327) differently. For hPARP1 (1-1014), the
increase in large pADPr comes at the expense of only medium size polymers (Figure 5b). In
the case of hTNKS1 (1093-1327), however, both small and medium sized pADPr are
converted into large polymers. Since small, medium, and large polymers are known to have
different levels of biological activity, this highlights the importance of characterizing the
size distribution of PARPs and how it is influenced by different reactions conditions as it
can provide information on the regulation and biological activity of pADPr [28; 40].
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The ion pairing HPLC method described above is a convenient assay for measuring the
enzymatic activity of PARP and PARG enzymes. The original method from Di Pierro et al.
was capable of resolving 38 nucleoside-like compounds in a single 100 minute run [46]. We
have adapted this method into a 32 minute run that can readily detect small molecule starting
material, byproducts, or degradation metabolites of pADPr. This single method was able to
characterize the NADase and polymerase activity of PARP as well as the pADPr
hydrolyzing activities of PARG and phosphodiesterase. This method is more sensitive than
gel shift assays, more guantitative than western blotting, and does not require the use of
radioactivity [42; 58; 59].

The prevailing method to identify pADPr size is to run a high resolution PAGE and
visualize the resolved polymers by radioactivity, immunaoblotting, or silver staining [51; 60;
61; 62; 63]. Bromophenol blue and xylene cyanol were used as size markers because they
co-migrate with ~8 and 20 mers, respectively [59]. This method works well but it’s quite
tedious requiring a large, custom sequencing gel to resolve long polymers and multiple steps
in the visualization process.

An HPLC based method would be a faster and more convenient alternative. The anion
exchange chromatography method to fractionate bulk pADPr was able to resolve at least 50
distinct polymer species. By determining the molecular weights of several peaks with
MALDI-TOF mass spectrometry analysis, we created a reference trace correlating peaks to
polymer size (Figure 6). In this non-isotopic HPLC method, polymer size can easily be
determined by consulting our calibration trace and matching elution time to polymer size.
This method also offers the advantage of not sacrificing precious polymer samples as one
can collect the material when it elutes off the column.

In conclusion, the major challenges to accessing bulk and homogenous pADPr are the self-
inactivating nature of PARPs and the structural heterogeneity of pADPr. Increasing the
amount of PARP enzymes in polymerization reactions is the key to overcoming the first
issue while adding size modulating proteins to reduce the structural heterogeneity of bulk
pADPr can make fractionation into distinct polymers more manageable. Using hTNKS1
(1093-1327) as the active PARP enzyme, we successfully obtained bulk and homogenous
pADPr in two to hundreds of milligram scale. By calibrating peaks to number of ADPr units
on the anion exchange column trace, we established a convenient, non-isotopic HPLC
method for assigning polymer size based on elution time. The same anion exchange
chromatography method was readily applied towards profiling the polydispersity of pADPr
of PARPs under different reaction conditions. With an improved, robust methods for
polymer scale up and characterization, we hope to make pADPr more accessible for future
structural and biochemical studies.

Supplementary Material

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

The metabolism of poly(ADP-ribose) [pADPr]. PARPs [poly(ADP-ribose) polymerases]
biosynthesize pADPr from NAD* while PARG [poly(ADP-ribose) glycohydrolase]
degrades polymer to ADP-ribose [ADPr]. PADPr is covalently attached to aspartic acid,
glutamic acid, or lysine residues of acceptor proteins and the ADPr units of the polymer are
connected linearly or in a branched fashion.
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Figure 2.
Domain architecture of hPARP1 and hTNKS1 constructs. HPS, homopolymeric runs of
histidines, prolines, and serines; SAM, sterile alpha motif.
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Figure 3.

lon pairing HPLC analysis of purified PARP enzymes. Solid and dashed lines are traces
during polymerization and PARG digestion reactions, respectively. Reference standards
from left to right are nicotinamide mono-nucleotide, nicotinamide, NAD*, AMP, ADFPr,
ADP, and ATP.
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Figure 4.

Schematic outline for the biosynthesis and isolation of bulk and homogenous pADPr.
Starting from purified PARP proteins, bulk and homogenous pADPr can be obtained in
three and five steps, respectively. The identities and concentrations of activator and acceptor
protein can be found in the materials and methods.

Anal Biochem. Author manuscript; available in PMC 2013 September 15.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Tan et al.

Page 21

A Efficiency of pADPr Biosynthesis by hPARP1 and hTNKS1
260 | 222%42 |
& 220 { i
& 180 |- : ;
2 10 = ’
E 80 ,
5 60 i
T 40 ;
3 2
[+] |
E 0 l
th 1 1h
| +hPARP1
| (379-1014)
I [7x]
hPARP1 (1-1014)
B Size Distribution of pADPr Biosynthesized by hPARP1 and hTNKS1

B Small (2-17 mers) " Medium (18-34 mers) M Large (>34 mers)

1h

+ hPARP1
(379-1014)

[7x]
hPARP1 (1-1014)

Figureb.

PADPr profiling. (A) Efficiency of bulk pADPr biosynthesis by hPARP1 (1-1014) and
hTNKS1 (1093-1327). (B) Size distribution of pADPr biosynthesized by hPARP1 (1-1014)
and hTNKS1 (1093-1327). Hours represent reaction incubation time while numbers in [ ]
represent molar equivalents. Measured values are the average of at least two independent
experiments.
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Figure6.
Calibration trace correlating peaks to number of ADPr units.
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Figure7.
HPLC trace of an isolated 16-mer pADPr from hTNKS1 (1093-1327) with histones
polymerization reaction.
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Table 1

PARPs and PARG protein purification summary.

Yield
Protein
mg/L of culture | nmoles/L of culture

hPARP1 (1-1014) 1.6 14
hPARP1 (379-1014) 39.2 537
hPARP1 (655-1014) 54.9 1247
hTNKS1 (1093-1327) 18.0 643
bPARG CF 11 13

Values are the average of at least two independent experiments.
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Table 2
Summary of PARP NADase and Polymerase Activity

NADase Activity | PARP Activity
mol of ADPr/ mol of ADPr/
Protein mol of PARP mol of PARP
hPARP1 (1-1014) 89 +23 689 + 202
hPARP1 (379-1014) 41+9 16+8
hPARP1 (655-1014) 25+7 7+5
hTNKS1 (1093-1327) 141+ 20 109 + 27

Values are the average of at least two independent experiments. Reactions were conducted with excess amounts of NAD™.
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Table 3
Summary of bulk pADPr scale up
Rxn PARP Acceptor Rxn Total
Condition | pADPr Yield
A hPARP1 (1-1014) hPARP1 (379-1014) | 1h,30°C 14.7 mg
(2.2 mg, 19 nmol) (10 mg, 137 nmol)
B hTNKS1 (1093-1327) - 6h, RT 119.2 mg
(24.9 mg, 889 nmol)
c hTNKS1 (1093-1327) | hPARP1 (379-1014) 21h, RT 405 mg
(150 mg, 5.36 pmol) (150 mg, 2.05 pmol)
D hTNKS1 (1093-1327) Histone 1h, RT 24.8 mg
(12 mg, 429 nmol) (90 mg, 4.29 pmol)
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