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Abstract

Poly-(ADP-ribose) polymerase 1 and 2 (PARP1 and PARP2), upon binding damaged DNA,
become activated to add long chains of poly-(ADP-ribose) (PAR) to themselves and other nuclear
proteins. This activation is an essential part of the DNA damage response. The PAR modifications
recruit the DNA repair machinery to sites of DNA damage and result in base excision and single-
strand break repair, homologous recombination, nucleotide excision repair, and alternative non-
homologous end-joining. More recently, both PARP1 and PARP2 have been shown to bind to or
be activated by RNA, a property that could interfere with the function of PARP1 and PARP2 in the
response to DNA damage or lead to necrosis by depletion of cellular NAD*. We have
quantitatively evaluated the /n vitro binding of a variety of RNAs to PARP1 and PARP2 and
queried the ability of these RNAs to switch on enzymatic activity. We find that while both proteins
bind RNAs without specificity toward sequence or structure, their interaction with RNA does not
lead to auto-PARylation. Thus, although PARP1 and PARP2 are promiscuous with respect to
activation by DNA, they both demonstrate exquisite selectivity against activation by RNA.
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Human poly-(ADP-ribose) polymerase 1 and 2 (PARP1, UniProtKB P09874; PARP2,
UniProtkK B QO9UGNS5) are essential components of the DNA damage response pathwayl 4.
Both proteins are members of the large family of diphtheria toxin-like ADP-
ribosyltransferases and both are enzymatically activated upon binding to a diverse collection
of DNA lesions. When active, they use NAD* to polymerize long chains of poly-(ADP-
ribose) (PAR) onto themselves and other nuclear acceptor proteins such as histones. These
PAR chains recruit many DNA repair proteins that contain PAR-binding motifs®. Knock-out
experiments in mice show that PARP1 directly activates base excision repair, homologous
recombination, nucleotide excision repair, and alternative non-homologous end-joining®,
whereas PARP2 appears to be important in single-strand break repair and homologous
recombination’-8. PARP1 is a validated target for cancer therapy, with olaparib, niraparib,
and rucaparib in clinical use for treatment of ovarian and/or breast cancer in BRCA1/2
negative patients®. Hundreds of Phase Il and Phase 111 clinical trials for inhibitors of PARPs
are currently ongoing to treat breast and ovarian cancer, non-small cell lung cancer, prostate
cancer, and glioblastoma, either as monotherapy or in combination with chemo- or
radiotherapy.

Both PARP1 and PARP2 are primarily associated with the acute response to DNA damage
that leads to the large increase in PARylation activity?, triggered by the conformational
changes that result in enzymatic activation10. Essentially all types of DNA lesions activate
PARP1, including single stranded DNA, single strand breaks of double-stranded DNA with
or without 5’-phosphorylation, blunt ended or overhanging double strand breaks, hairpins,
and cruciforms!1-16, PARP2 shows more selectivity than PARP1, with a preference for DNA
breaks containing a 5’-phosphatel’:18, Although the catalytic domains and mechanisms of
activation by DNA-binding appear to be conserved between PARP1 and PARP210, the two
proteins have very different DNA-binding domains (Fig. 1). PARP1 has three Zn-fingers and
a WGR-domain, while PARP2 only has an unstructured N-terminal domain and a WGR-
domain.
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PARP1, PARP2, and PARylation activity are involved in other cellular processes such as
processing of Okazaki fragments!®, rRNA processing2%, and formation of ribonucleoprotein
stress granules?L. In some of these other roles, RNA (both double strand and single strand,
with various secondary structures) has been shown to bind and/or activate PARP1 and/or
PARP216:22.23 pARP1 might play a role in RNA biogenesis through its interaction with GC-
rich regions of RNAZ4, Most recently, the role of PARP1 in RNA biogenesis has been further
elucidated by showing that small nucleolar RNAs (snoRNAs) bind and activate PARP1,
leading to the association between PARP1 and the rRNA processing factor DDX2125. In
contrast, RNA/DNA hybrids appear to be disfavored for binding to PARP126,

Given that the concentrations of huclear RNA and DNA are both extremely high, we were
interested in testing the generality and specificity of RNA binding and RNA-triggered
activation of both PARP1 and PARP2. Additionally, given that activation of PARP1/2 is
primarily associated with binding to damaged DNA, we wanted to investigate the generality
of activation by RNA, as spurious activation of PARP1/2 could lead to the improper
recruitment of the DNA repair machinery to RNA and/or depletion of NAD™ resulting in cell
death?’.

To test this, we prepared 18 different RNAs representing a wide diversity in terms of length
and secondary structure, including some that have been previously shown to interact with
PARP1 or PARP2 (Table 1, Fig. S1, Table S1). Each of these RNAs (except the 19mer,
which was prepared by chemical synthesis) was prepared by in vitro transcription. This
strategy has the advantage that DNA templates used for transcription are significantly longer
than the product RNAs, facilitating the purification of the RNAs by gel electrophoresis. For
binding assays, RNAs were labeled at the 3’-end with a fluorescein isothiocyanate (FITC)-
tag. The integrity of both labeled and unlabeled RNAs was verified by gel electrophoresis
(Fig. S2 and S3).

Binding of this set of RNAs to PARP1 and/or PARP2, was monitored through the change in
polarization of the fluorescently labeled RNASs upon titrating protein. As a control we
included the well-characterized p18mer DNA28, which yielded Kps of 13 and 59 nM for
PARP1 and PARP2, respectively (Fig. 2A, Table 1). In agreement with previous reports, the
19mer bound weakly (700 nM)24, and sno74 bound tightly (16 nM)?° to PARP1 (Fig. 2A,
Table 1). Comparing all 18 RNAs, the longer the RNA the tighter it bound to PARP1, with a
linear correlation between the In(Kp) and length of RNA (Table 1, Fig. 2B). These results
suggest non-specific binding of RNA with respect to sequence and structure. The most
notable outlier to the linear correlation, sno74 RNA, in Fig. 2B is readily understood. This
RNA is sufficiently long (202 nts, molecular weight 65 kDa) that it exceeds the size of the
DNA-binding domains of PARP1(10 — 15 kDa) and thus does not bind more tightly than the
shorter ¢5 and 45S RNAs. The increase in binding affinity with length suggests that a single
DNA-binding domain in PARP1 (e.g. Zn1, Zn2, Zn3, WGR) engages a short RNA whereas
multiple domains, potentially, far removed, are involved in binding a long RNA.

In contrast, PARP2 bound to all RNAs with an affinity around 20 nM, with only a slightly
weaker affinity observed for RNAs shorter than 50 nts (Fig. 2B, Table 1). These results
suggest that PARP2 also binds RNA non-specifically with respect to sequence and structure,
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but that PARP2 has a smaller RNA-binding region most likely encompassing the small (76
residues) and highly cationic (pl = 11.4) N-terminal domain (Fig. 1).

We next tested the 18 different RNAs in an activation assay wherein we monitored the
incorporation of 32P-ADPR from 32P-NAD™ into protein using an acid precipitation/
filtration assay. The advantages of this assay compared to smear2%30 or other gel-based
assaysl’ are high sensitivity, reproducibility and throughput, allowing us to perform assays
under conditions of linearity with respect to product formation (Fig. S4). Additionally, this
assay does not rely on a modified NAD* (e.g. biotinylated-NAD*)31, which may have
unanticipated consequences for the activity or specificity of PARP1 or PARP2. As it is
possible that the fluorescent tag in the RNA could disrupt a potentially productive
interaction with PARP1 or PARP2, we utilized untagged RNAs. We emphasize that
adherence to good enzymological practices is a prerequisite to interpreting the potentially
different levels of activation between DNA and RNA.

While none of the 18 RNAs tested at saturating concentrations (1 uM) activated PARP2
significantly, some of the RNA samples (at 1 M) did activate PARP1 to levels almost
comparable to the p18mer DNA (at 200 nM) (Table 1). There was no obvious pattern with
respect to sequence, length, predicted secondary structure, or affinity as to which RNAs
triggered PARylation. We therefore tested the possibility that the activating RNA
preparations were contaminated with DNA by treating them with DNase, or as a control,
RNase, and then repeating the activation experiments. Treatment with RNase, but not
DNase, eliminated most of the nucleic acid material seen following denaturing gel
electrophoresis (Fig. S5). Dramatically, DNase treatment reduced all of the apparent RNA-
dependent activity of PARP1 to background levels (Fig. 3, Table 1) suggesting that
contaminating DNA is responsible for the observed activation. In contrast, RNase treatment
led to only a small reduction in apparent activation, supporting the conclusion that the
observed activation was caused by DNA contamination (Table 1). We estimate that the
contaminating DNA comprises at most 3% of the amount of RNA, a level that would
generally be undetectable by gel electrophoresis. Of note, control p18mer DNA treated with
DNase retained some activity (19%, Table 1), despite using a rigorous digestion protocol.
This incomplete loss of DNA-dependent activation is not surprising given that DNase
digests of DNA yield primarily 2mers, 4mers, and 8mers32, the latter being sufficiently long
to be a robust activator of PARP133,

Our results demonstrate how difficult it is to completely eliminate DNA contamination in
RNA samples prepared by in vitro transcription, and they provide a reasonable explanation
for the activation of PARP1 by RNA observed previously22:23.25 Also, our finding that
contaminating DNA in the RNA preparations is the source of PARP1 activation is consistent
with the lack of activation of PARP2 by any RNA. PARP2 requires 5’-phosphorylation of its
DNA and commercially synthesized DNAs do not typically have a 5’-phosphate. Because of
the high affinity of PARP1 and PARP2 for DNA and typical PARP assay conditions (15 — 60
min), contamination of DNA in RNA (and protein) samples is a particularly treacherous
problem that can lead to misleading results.
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In conclusion, we have shown that whereas RNA binds to both PARP1 and PARP2 with a
variety of affinities, it does so in a mode that is distinct from DNA as it does not lead to
activation of either PARP1 or PARP2. Given that PARP1 is activated by a wide variety of
DNA structures (from single stranded DNA to blunt-ended breaks to G-quadruplexes), such
discrimination against activation by RNA is surprising, especially since PARP1 is capable of
binding tightly to RNA. DNA-mediated activation of PARP1 involves a complex series of
structural changes wherein DNA-protein contacts in the Znl, Zn3, and WGR domains
mediates the opening of the HD-domain and access of NAD* to the active sitel0. Clearly, the
binding of RNA does not trigger analogous conformational changes that lead to activation.
Our findings also highlight that DNA contamination is prevalent in RNA samples made by
commonly accepted practices, and that it is very difficult to remove to levels that will not
trigger activation of PARP1.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Domain organization of PARP1 and PARP2 showing the differences in DNA-binding
domains and the conserved catalytic domains.
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Figure 2:
A) Representative binding curves for p18mer DNA, 19mer RNA, and sno74 RNA to PARP1

as determined by fluorescence polarization. The Kp values derived from these and replicate
determinations are listed in Table 1. B) A plot comparing the Kps (from Table 1) with the
length of the RNA demonstrating a strong length-dependence in affinity for PARP1 (linear
fit R2 = 0.88) but not for PARP2 (R? = 0.17).
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Figure 3:

Representative phosphoimager scan of 10 different RNAs (and p18mer DNA control), as
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indicated on the right, tested for activation of PARylation by monitoring the incorporation of
32p_ADP from 32P-NAD™ for PARP1 (left) and PARP2 (right). The columns labeled titrate
DNA contain serial dilutions (1:2) of p18mer DNA (0 — 200 nM). The columns labeled
untreated, DNase, RNase contain the RNA (or DNA) samples, as indicated on the right (at 1
UM), after no additional treatment, DNase treatment, or RNase treatment.

Biochemistry. Author manuscript; available in PMC 2020 July 28.



Page 11

Nakamoto et al.

y=UEFT 9=UEF6T | €=UpFLe | €=UEFT- | 9=UCTFTIG | v=ULFOT 202 yL0Us
z y=UZ¥22 ] - =Uy F AT 9=Up F 4T 99T N
E=UyF§ YP=UTF.T | €=UBTFGZ | €=Uy FT- | p=ugF8l 9=UGFET vt sa
G=UEFT- | ¥=U9FT¢ | €=UOT¥8y | €=Uy FT- | 9=UGT¥89 | E=UTTF¥T veT gToUs
14 y=UZFCT pu pu L y=uUgzz F9¢ 1T 605Ql
Z=UvyF0 p=UTFET | €=UGFHT | G=UEFZ- | 9=U/F8 | E=UYTF.C 11T zoeal
14 y=UTT ¥ G¢ pu pu T4 7=UGZ ¥ TG 60T TT7Al
Z=UEFe- | v=ULFLE C=UGFT | g=UEFG- | €=UZ¥9 | 9=U9E F6ST 18 naVNY}
z y=UgFel | ¢=U¥F0T | Z=UTFT- | €=Uy Fcl €=U8 ¥ GE 98 s0zal
=Uy FI- y=UEF8 €=U/FO0T | €=UGFZ- | P=UGF2T | P=UPTFE 8 gydaly
= y=U9 ¥ 82 pu pu (0]8 #=U 65 F 2¢T 28 €TUCTY
Z=UGF9- | v=UBFOF | e=ueFy- | €=UeF¥- | v=UpFp- | p=UpEF0SE e Gseh
G- 9=U /T ¥68 pu pu G- #=U 0ST ¥ 068 14 No1o £g
Z=Uz¥e- | 9=UBFLc | z=uSFy- | z=ueF9- | €=uzF9- | y=UOvTF 0wy g€ 8AUB
1 ¥=U6 ¥ 9T pu pu G- ¥=U 9 ¥ 2S¢ 8z L0ey
Z=uz¥e y=U9 ¥ Z=UTF0 | ¢=uT¥¢- | €=U€¥G- | ¥=U0STF 0Ly T4 €SU00Y
- y=U9 ¥ 6T pu pu L- €=U 06T ¥ 08¥ T4 TSUOOY
€=UTF¢ | p=UGTFGS | €=U.FT | €=ueFe- | v=UpF0 | L=U0EZFO00L 67 1BWeT
€=UTT ¥66 | OT=UGT ¥ 69 pu pu E=UETF06 | TI=UBTFET 81 (vNQ) Jowgtd
o (Nu) 9 aseNY PPop | aseNa P9 o (INu) 9 (3u) yibue aweu
Zddvd Tddvd

"AJU0 WNY pareaiun 1oy umoys st ¥Bo, aul ‘2ddvd 104 "8SeNd YHM pareall WNY pue ‘aseNy UM pareal YN ‘YNY paleaun

10J UMOUs sI %04 ‘TdHWd 104 “uonrewsoju) bunuoddng ayr ul paquiasap se (INU 002) WNQ 0 suonesuadsuod Bunelnes Aq usss AllAIoe JO Junowe

3yl yum uosrtiedwod Aq paausp ase (WNY AT T 1e) sanjea %oy 104 "uoljewoju] Buiioddns ul paquiasap se uonenba Buipuig-1ybn sy1 01 Buimiy wouy
paALIap ale sanjeA ‘sdy| 104 ‘sajealjdal JO Jaquinu pue SUOIRIASD PJePUELS YIIM UMOYS 8Je ‘83uo AJuo pawiopiad siuswiiadxe 104 850yl 1d89xa ‘sanjen ||

"2dYVd Pue TdHVd YIMSYNY 1ueeiip 8T Jo) (PEop) uoireanoe jusosed pue (s93) siueisuoo Buipulg
‘T 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Biochemistry. Author manuscript; available in PMC 2020 July 28.



	Abstract
	Graphical Abstract
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1.

