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Abstract

Introduction—Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant enzyme in the cell 

nucleus that regulates genome repair by binding to DNA damage sites and creating the poly(ADP-

ribose) posttranslational modification. PARP-1 hyperactivity leads to cell stress/death associated 

with many prominent diseases (e.g. cardiovascular disease and several common neurodegenerative 

disorders). PARP-1 has notably emerged as an effective clinical target for a growing list of 
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cancers. Clinical PARP-1 inhibitor (PARPi) compounds all bind at the same location at the 

catalytic center of the enzyme to block the binding of substrate NAD+ and prevent poly(ADP-

ribose) production, yet they exhibit vastly different outcomes in tumor cell killing and efficacy in 

the clinic – a paradox that has confounded the development of PARPi. The resolution of this 

paradox likely lies in the realization that the most effective PARPi compounds trap PARP-1 at the 

site of a DNA break, generating a lesion that becomes cytotoxic especially in tumor cells with 

deficiencies in the repair of DNA strand breaks.

Rationale—The molecular roots of PARP-1 trapping on DNA remain poorly understood. We 

focused on the retention of PARP-1 on damaged DNA using purified components, examining a 

panel of PARPi that included those currently approved for clinical use. Solution biophysical 

approaches, especially hydrogen/deuterium exchange-mass spectrometry (HXMS), combined with 

X-ray structures and a battery of biochemical assays were used to interrogate the molecular impact 

of PARPi binding to PARP-1 engaged on DNA damage. Structure-guided modification of PARPi 

through medicinal chemistry was combined with chromatin fractionation to monitor trapped 

PARP-1 and with cell survival assays to assess PARPi efficacy, in order to probe the molecular 

underpinnings of the variable outcomes between clinical PARPi.

Results—HXMS experiments revealed that a critical allosteric regulatory domain of PARP-1, the 

helical domain (HD), is impacted in distinct ways depending on the particular PARPi engaged in 

the NAD+-binding site adjacent to the HD. Certain PARPi destabilized specific HD regions, others 

have no effect on the HD, while others actually stabilized regions of the HD. PARPi that 

destabilized the HD increased PARP-1 affinity for DNA and retained PARP-1 on DNA breaks. 

Conversely, PARPi that stabilized the HD decreased PARP-1 affinity for DNA breaks. PARPi 

molecules were thus classified into three types: Type I, allosteric pro-retention on DNA; Type II, 

non-allosteric; and Type III, allosteric pro-release from DNA. X-ray structure analysis identified 

PARPi contacts with the HD structural element helix αF, which was established to be the 

discriminating factor between the types of PARPi. Type I PARPi contact helix αF to initiate an 

allosteric chain reaction that travels ~40 Å through the multi-domain PARP-1 molecule and 

culminates in increased DNA binding affinity. Structure-guided mutagenesis of helix αF disrupted 

PARPi contacts and abrogated the allosteric effects of a Type I inhibitor, transforming it into a 

non-allosteric, Type II inhibitor. Other mutations that disrupted PARP-1 allostery, including one 

identified in a de novo PARPi resistant patient with ovarian cancer, also prevented Type I PARPi 

from retaining PARP-1 on a DNA break. Type III PARPi influenced PARP-1 allostery in a manner 

that reduced DNA binding and favored DNA release. Structure-inspired modification of a pro-

release (Type III) inhibitor converted it to a pro-retention (Type I) inhibitor that conferred potent 

PARP-1 trapping within the cellular context and increased its ability to kill cancer cells.

Conclusion—Our findings establish the impact of clinical PARPi on PARP-1 allostery and 

demonstrate that allostery plays a critical role in cellular PARP-1 trapping and can increase 

potency toward cancer cell killing. The results illuminate the molecular basis for the fine-tuning of 

PARP-1 to achieve allosteric effects. In contrast to cancer, other diseases would seem to benefit 

from PARP-1 inhibition but not cell death (e.g. cardiovascular disease). Our studies provide the 

molecular understanding to create tunable PARPi for clinical applications where PARP-1 trapping 

is either desirable or undesirable in specific patients.

Graphical Abstract

Zandarashvili et al. Page 2

Science. Author manuscript; available in PMC 2021 April 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PARPi impact on PARP-1 allostery

PARP-1 (tan) uses multiple domains to detect DNA breaks, and DNA damage detection is 

allosterically coupled to poly(ADP-ribose) production. PARPi bind to the catalytic domain to 

inhibit PARP-1 activity. Type I PARPi influence PARP-1 allostery and retain PARP-1 on DNA 

(left, UKTT15 in green), whereas Type III PARPi perturb PARP-1 allostery and release PARP-1 

from DNA (right, veliparib in red). Type II PARPi do not influence PARP-1 allostery.

Abstract

The success of poly(ADP-ribose) polymerase-1 (PARP-1) inhibitors (PARPi) to treat cancer 

relates to their ability to trap PARP-1 at the site of a DNA break. Although different forms of 

PARPi all target the catalytic center of the enzyme, they have variable abilities to trap PARP-1. We 

find that several structurally distinct PARPi drive PARP-1 allostery to promote release from a 

DNA break. Other inhibitors drive allostery to retain PARP-1 on a DNA break. Further, we 

generate a new PARPi compound, converting an allosteric pro-release to a pro-retention compound 

and increasing its ability to kill cancer cells. These developments are pertinent to clinical 

applications where PARP-1 trapping is either desirable or undesirable.

Poly(ADP-ribose) polymerase-1 (PARP-1) is an abundant nuclear protein that monitors 

DNA damage arising from natural chromosomal processes and environmental insults, 

binding to single- and double-stranded DNA breaks (SSB and DSB) within seconds of their 

creation (1–3). Upon binding to a break, PARP-1 autoinhibition is relieved through an 

allosteric activation mechanism (4–6), leading to ~1000-fold increase in utilization of 

substrate NAD+ to build chains of poly(ADP-ribose) (PAR) on protein substrates including 

PARP-1 itself (automodification), and histones (heteromodification) in nucleosomes 

proximal to the break (1, 7, 8). The high density of PAR chains signals the presence and 

location of the DNA break, leading to rapid recruitment of components of the DNA damage 

repair machinery. PARP-1 must then release the DNA break to allow subsequent DNA repair 

reactions (9). PARP-1 also binds to non-damaged chromatin near promoter regions and uses 

its enzymatic activity to regulate gene expression (10–12). The function of PARP-1 is only 

dispensable for cell viability because of redundant activity of a less abundant closely related 

protein, PARP-2 (13).
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A number of different PARP inhibitors (PARPi) have been approved for the treatment of 

breast or ovarian cancers that have defects in DNA repair by homologous recombination, 

including those with either BRCA1 or BRCA2 gene mutations (14–18). A major paradox 

has emerged: while all the different PARPi compounds are high-affinity NAD+ competitive 

inhibitors, they exhibit vastly different outcomes in tumor cell killing (19). The ability to 

“trap” PARP-1 on DNA might be the resolution to this paradox (20, 21). When PARP-1 is 

trapped at a DNA break, the lesion becomes cytotoxic (22, 23). The molecular basis of 

PARP-1 trapping remains poorly understood. The inhibitory potency, the affinity for 

PARP-1, and the half-life of the compound vary between PARPi, all of which might play a 

role in its trapping ability (21, 24–26). One model proposes that some PARPi are 

substantially better than others at trapping PARP-1 because they induce a reverse allosteric 

communication through the PARP-1 molecule from the NAD+/PARPi binding site to the 

DNA binding domains, leading to increased affinity for DNA and retention on the break (21, 

27). An NAD+ analog indeed drives allosteric communication within the PARP-1 molecule, 

promoting retention on single strand break (SSB) DNA (6), suggesting that such allosteric 

communication could be transmitted by PARPi when engaging the NAD+-binding site. Here, 

we interrogate this model and define the molecular impact of PARPi binding to PARP-1 

engaging a SSB.

Different PARPi drive diverse allosteric changes in PARP-1

We employed hydrogen/deuterium exchange-mass spectrometry (HXMS) to measure the 

protein backbone dynamics of PARP-1 (Fig. 1A)(6). We included in our study the non-

clinical PARPi, EB-47, because it mimics NAD+ binding (28, 29), and binds with a high 

affinity (nM range) comparable to clinical PARPi (27, 28). The HXMS experiments were 

performed over a time course (101-105 s; Figs. 1A,B and S1). We found that EB-47 impacts 

PARP-1 allostery similar to the NAD+ analog benzamide adenine dinucleotide (BAD)(6), 

including a highly localized destabilization of the helical domain (HD), and stabilization of 

other contact points (Figs. 1B,C [region iv], S1A, S2B, S3A, and S4). Specifically, EB-47 

binding leads to increased stability (i.e. protection from hydrogen/deuterium exchange) at 

the interfaces of PARP-1 domains, indicating a stronger interaction between these domains 

(Figs. 1B,C [regions i, ii, and iii], S1A, S2B, and S5). In general, peptides in the stabilized 

contact points require 10 times longer (Fig. S3B) to achieve the same level of deuteration as 

in the absence of EB-47, clearly indicating stabilization of domain interactions and their 

contacts with DNA. EB-47 thus provides a second example, after the NAD+ analog BAD, of 

a molecule that engages the PARP-1 active site and allosterically influences PARP-1 DNA 

binding domains.

We next looked for changes in PARP-1 allostery in the presence of five clinical PARPi 

(talazoparib, olaparib, veliparib, niraparib, and rucaparib)(Fig. 1B). Olaparib showed no 

change in allosteric communication or in the DNA binding domains (Figs. 1B, S1, and S2). 

Talazoparib conferred minor increases in exchange in the helical domain (HD) in the αC and 

αF helices. In contrast, niraparib, rucaparib, and veliparib showed stronger allosteric effects 

to the HD. However, the precise HD location and nature of the HX change is opposite from 

what occurs upon EB-47 binding (Figs. 1B, S1, and S2). Further, there is no stabilization of 

interdomain contacts or domain-DNA contacts by niraparib, rucaparib, or veliparib (Figs. 
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1B,C [regions i, ii, and iii], S1, S2, and S3B). Under our conditions >99% of PARP-1 was 

expected to be inhibitor-bound based on established PARPi dissociation constants (19, 28, 

30, 31), and inhibitor saturation was experimentally confirmed since each inhibitor drove 

stabilization of the already well-folded CAT domain at later timepoints (i.e. 104 s; Figs. 

1B,C [region vi] and S1). Moreover, niraparib, rucaparib, or veliparib binding stabilized the 

same HD region that is destabilized when NAD+ or BAD binds. Therefore, binding affinity 

differences between PARPi cannot explain their widely different abilities to influence 

PARP-1 allostery.

DNA-binding domain stabilization corresponds to increased affinity for 

DNA breaks

We directly test whether the different types of allosteric communication invoked by each 

PARPi influenced PARP-1 affinity for a DNA break. We first compared PARPi binding to 

the PARP-1 CAT domain and a CAT domain bearing a deletion of the HD (CATΔHD), since 

the HD can regulate access to the NAD+ binding site (6). All PARPi in our study, including 

EB-47, bound to PARP-1 CAT and to CATΔHD (Fig. 1D), in contrast to NAD+ (or BAD) 

that only bind to CATΔHD (6)(see also Fig. S6). We assessed PARPi influence on PARP-1 

DNA binding, and found that EB-47 caused a large increase in SSB DNA binding affinity, 

while talazoparib and olaparib caused only a small increase in affinity (Fig. 1E). In contrast, 

veliparib, rucaparib, and niraparib all caused a 3–5-fold decrease in affinity (Fig. 1E). We 

used SPR to assess PARPi influence on the dissociation kinetics of PARP-1 from a DNA 

break (Figs. 1F and S7). The dissociation rate constants (kd) for PARP-1 in the presence of 

PARPi (Figs. 1F and S7G and Table S1) followed the same trend as our DNA binding assay 

(Fig. 1E): EB-47 markedly slowed release from DNA, talazoparib and olaparib slowed 

release to a smaller extent, and veliparib, rucaparib, and niraparib slightly accelerated 

release.

Classification of PARPi by their allosteric effects on PARP-1

The different PARPi tested divide into three types (Fig. 2A) based on their allosteric effects 

that we measured through HXMS and DNA binding studies: Type I (EB-47 and BAD), Type 

II (talazoparib and olaparib), and Type III (rucaparib, niraparib, and veliparib). Each of the 

tested clinical PARPi have the potential to trap PARP-1 on DNA based on their potency for 

inhibiting PARP-1 catalytic automodification that is required for rapid release of PARP-1 

from an SSB (Fig. 2A, gray shading)(21, 22, 27). On top of catalytic inhibition, Type I 

inhibitors have a strong allosteric effect, driving instability in the HD (Figs. 1B and 2B). HD 

instability leads to allosteric changes that culminate in stronger contacts with the DNA break 

and slower release (Fig. 1B,E,F). Type II inhibitors are relatively silent/neutral toward 

PARP-1 allostery, producing very small increases in affinity for a DNA break. Type III 

inhibitors stabilize αB and αF helices while leading to increased dynamics in αC and αD 

helices (Fig. 2B,C). Thus, Type III inhibitors also induce HD changes, but in an opposite 

nature to Type I inhibitors (Fig. 2B,C), instead driving release from the DNA break.
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Type I PARPi require the PARP-1 allosteric communication pathway

We disrupted key PARP-1 domain contacts to verify that Type I PARPi act by influencing 

the PARP-1 allosteric network. We chose two mutants at the connection points between the 

HD and the DNA binding domains: W318R (disrupts Zn3/HD interaction; Fig. 2D,E)(4, 5, 

32), and R591C (disrupts Zn1/WGR/HD interaction; Fig. 2D,F)(5). Further, R591C was 

recently identified in a patient with de novo PARPi resistance and shown to reduce the extent 

to which talazoparib “traps” PARP-1 at the site of damaged DNA (33). EB-47 binding led to 

destabilization of the αB and αF helices of the HD for both mutants, similar to WT PARP-1 

(Figs. 3 and S8). However, unlike WT PARP-1, the allosteric connection to the DNA binding 

domains was broken in both mutants (Figs. 3A,B, S8A,B, and S9). Moreover, we found that 

while EB-47 increased the retention of WT PARP-1 on DNA, both W318R and R591C were 

unaffected by EB-47 treatment (Figs. 3C, S8C, and S10). Together, these experiments 

support the hypothesis that Type I PARPi directly engage the PARP-1 allosteric pathway to 

drive pro-retention on SSB DNA.

PARPi contact with the HD modulates PARP-1 SSB retention

We determined a crystal structure of Type I PARPi, EB-47, bound to the CAT domain of 

PARP-1, revealing that it clashes with the HD near two aspartic acid residues, D766/770, on 

helix αF (Figs. 3D). When these EB-47 contacting residues were mutated to alanines 

(D766/770A), EB-47 no longer influenced PARP-1 allostery in HX experiments (Fig. 3A,B). 

Neither EB-47 binding nor the DNA binding ability of the D766/770A mutant was perturbed 

(Figs. S11 and S12). The D766/770A mutant of PARP-1 was released from a DNA break in 

a manner that was insensitive to EB-47, in contrast to WT PARP-1 (Fig. 3C). Thus, 

disruption of specific HD contacts abolishes EB-47 ability to influence PARP-1 allostery 

and retention on a DNA break, essentially converting EB-47 from a Type I to a Type II 

PARPi.

Converting a Type III PARPi into a Type I PARPi

The low cellular PARP-1 trapping capacity of Type III PARPi veliparib is generally thought 

to be at the heart of its weaker single agent activity (relative to talazoparib and olaparib) in 

ovarian cancer (22, 34, 35). Veliparib is predicted to lack HD contacts when bound to 

PARP-1 (Fig. 4A). We developed a series of veliparib variants (design and synthesis to be 

published elsewhere) to introduce HD contacts that might influence PARP-1 allostery and 

retention on a DNA break. One such compound, UKTT15 (Fig. 4B), was found to cause 

strong PARP-1 retention on a DNA break (Figs. 4C and S7G and Table S1), and a 3.5-fold 

increase in PARP-1 affinity for DNA relative to no inhibitor (Fig. 4D). We found that 

UKTT15 yielded profound changes to the HX behavior of PARP-1, relative to those 

measured in the presence of veliparib (Fig. 4E). In particular, HX was increased in the same 

locations as the increases observed with Type I PARPi (Fig. 1B,C [region iv]). Moreover, 

there were decreases in HX in the interdomain contacts of PARP-1, extending to the DNA 

binding domains (Figs. 1C [regions i, ii, and iii] and 4E), also consistent with Type I PARPi 

behavior.
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We determined a crystal structure of CATΔHD bound to UKTT15 (Fig. 4F). UKTT15 

engages the PARP-1 NAD+-binding pocket in a manner similar to veliparib; however, the 

additional chemical groups significantly extend the UKTT15 structure (Fig. 4F and Table 

S2). A crystal structure of PARP-1 CAT bound to UKTT15 was also determined (Fig. 4G 

and Table S2), illustrating how the HD is perturbed in accommodating the extended 

structure of UKTT15 (Figs. 4H, S13C, and S14). The CAT/EB-47 and CAT/UKTT15 

complexes both exhibit HD structural perturbations that were not present in a CAT/rucaparib 

complex crystallized under the same conditions and with the same overall packing 

arrangement (Figs. 4H and S6A). The CAT/EB-47 and CAT/UKTT15 structures thus 

provide a high-resolution view of the initial allosteric effects imposed by these specific 

PARPi structures, with the common theme of steric clashes with the HD (Fig. S14). Despite 

similar allosteric influences on PARP-1, UKTT15 and EB-47 form distinct contacts with 

helix αF of the HD. Indeed, the PARP-1 mutant D766/770A that was resistant to EB-47 

influence on DNA break retention was still retained on DNA in the presence of UKTT15 

(Fig. S15). HX analysis was also consistent with the HD contact differences between 

UKTT15 and EB-47. UKTT15 contacts the N-terminal portion of helix αF, and this region 

exhibited faster hydrogen/deuterium exchange in the presence of EB-47 than in the presence 

of UKTT15 (Figs. S2B and S16A).

We tested whether the Type I PARPi behavior of UKTT15, which is opposite to the Type III 

behavior of veliparib, would translate to better PARP-1 trapping in cells. Chromatin 

fractionation assays monitor PARP-1 trapping in cells and have established that veliparib is a 

poor PARP-1 trapper (21, 27, 36). Compared to veliparib, UKTT15 exhibited an increased 

ability to trap PARP-1 on DNA in MMS-treated CAPAN-1 cells (Fig. 5A), a pancreatic 

cancer cell line carrying a deleterious mutation in the BRCA2 gene. The level of UKTT15-

mediated trapping did not approach the level reached by talazoparib, which was reported to 

be the most efficient trapper of the clinical inhibitors (27). The efficient trapping of 

talazoparib is likely due to its highly potent catalytic inhibition (24), and we have shown that 

talazoparib lacks strong allosteric retention (Fig. 2A). The increased trapping ability of 

UKTT15 relative to veliparib is not due to higher catalytic inhibitory potency. We found that 

veliparib and UKTT15 have similar IC50 values (1.5 and 2.6 nM, respectively, not shown), 

and UKTT15 was not better than veliparib at inhibiting ADP-ribosylation activity in cells 

(Fig. 5B). Consistent with increased cellular trapping potential, UKTT15 treatment led to an 

increase in the PARP-1-GFP residence time at sites of UV laser-induced damage, 

comparable to that caused by talazoparib treatment and in a manner that was dose dependent 

(Fig. 5C,D). In contrast, veliparib led only to a marginal increase of the residence time (Figs. 

5D and S17).

We next tested whether the increased trapping ability of UKTT15 compared to veliparib 

improved its ability to kill cancer cells. Indeed, UKTT15 was more efficient than veliparib at 

killing CAPAN-1 cells in a cell survival experiment (Fig. S18A,B). We also assessed the 

BRCA selectivity of UKTT15 in a SUM149PT-BRCA1rev cell line model, where the 

deleterious BRCA1 mutation is reverted to form a functional BRCA1 allele (37, 38). 

UKTT15 showed killing of the SUM149-BRCA1mut cells at a lower concentration 

compared to the SUM149PT-BRCA1rev cells (Fig. 5E). A similar result was obtained for 

veliparib, albeit at higher concentrations of drug (Fig. 5E). These results suggest that 
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veliparib and UKTT15 have similar specificities for killing BRCA deficient cells, but that 

UKTT15 can achieve this synthetic lethality at a lower drug concentration. The effective 

UKTT15 concentration is thus more in the range of niraparib, rucaparib, and olaparib but 

still higher than talazoparib (Fig. S19). In addition, cell killing at low UKTT15 

concentrations required PARP-1 expression (Figs. 5F and S20), indicating that it maintains 

on-target PARP-1 specificity at those low concentrations. Taking our biophysical (Fig. 4) 

and biochemical (Fig. 5) data into consideration, we conclude that the increased potency of 

UKTT15 for cell killing relative to veliparib is due to its increased pro-SSB DNA retention 

behavior on SSB DNA. Thus, our efforts with chemical derivatives/variants of veliparib 

provide a clear example of structure-based modification of PARPi to influence its allosteric 

behavior.

Discussion

Our work directly addresses the impact that clinical inhibitors have on PARP-1 allostery and 

trapping potential. The concept of “reverse allostery” was first proposed to explain why 

certain PARPi exhibit greater efficiency in moving PARP-1 to an insoluble chromatin-bound 

nuclear fraction of cells – a redistribution termed PARP-1 trapping (21). However, none of 

the clinical PARPi exhibited reverse allostery, and Type III inhibitors actually influenced 

PARP-1 allostery in a manner that was not envisioned – weakening of PARP-1 interaction 

with DNA damage. Our results with UKTT15 already demonstrate that reverse allostery can 

indeed play a role in cellular trapping of PARP-1 and can increase PARPi potency toward 

killing cancer cells. In addition to specificity, catalytic inhibition potency, and 

pharmacodynamics/pharmacokinetics, reverse allostery thus represents a fourth arm in 

assessing and developing new compounds that could be better forms of PARPi. Fine tuning 

of reverse allostery and trapping could also benefit the development of PARPi for treatment 

of other diseases, such as cardiovascular disease that benefit from PARP-1 inhibition but not 

cell death, where a Type III inhibitor with less potent trapping might be best to consider.

While we show that reverse allostery plays an important role in determining the overall 

efficiency of some inhibitors, other factors come into play to explain the trapping potency of 

some Type II and Type III inhibitors (Fig. 6). For instance, talazoparib and olaparib are more 

efficient at trapping PARP-1 on DNA, not because of a reverse allosteric effect, but rather 

due to the absence of the allosteric pro-release effect that is observed for some other PARPi. 

The lack of an influence on PARP-1 allostery by talazoparib and olaparib is thus combined 

with a different level of inhibitory potency and binding attributes that collectively enhance 

PARP-1 trapping efficiency. Our study gives a clear indication that the mode of PARPi 

binding can also influence persistence at DNA breaks through modulation of PARP-1 

allostery, and this contributes to the ultimate ranking of trapping potential for PARPi.

In closing, our study provides fundamental insights into PARP-1 allostery and the influence 

of PARPi on the multi-domain structure of PARP-1 in complex with a DNA break. These 

insights have allowed a classification of PARPi based on the extent to which and the manner 

in which they perturb PARP-1 allostery and in turn interaction with DNA damage. We have 

connected this classification to differences in cellular trapping of PARP-1 and cellular 

toxicity. The potential to now create tunable PARPi will lead to improved clinical outcomes 
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depending upon whether PARP-1 trapping is either desirable or undesirable in specific 

patients.

Materials and methods

HXMS measurements

HXMS experiments were performed by mixing PARP-1 (2.6 μM), SSB-DNA (5 μM) and an 

inhibitor (5.2 μM) where applicable. Deuterium on-exchange was carried out at RT by 

mixing 5 μL of each sample with 15 μL of deuterium on-exchange buffer (10 mM HEPES, 

pD 7.0, 150 mM NaCl, in D2O) yielding a final D2O concentration of 75%. Exchange 

reaction was quenched by mixing sample (20 μL) with 30 μL of ice-cold quench buffer and 

freezing in liquid nitrogen until further use. For the MS analysis, each sample (50 μL) was 

melted on ice, digested using pepsin column and separated on C18 analytical column. The 

effluent was electrosprayed into the mass spectrometer. Resulting MS data was analyzed to 

calculate the deuteration level in each peptide.

Differential scanning fluorimetry (DSF)

Protein melting temperature (TM) was measured using DSF. ΔTM values were calculated by 

subtracting the TM determined for the protein in the absence of compound from theT M 

determined in the presence of compound.

Fluorescence polarization

DNA competition assays and DNA binding affinity measurements were performed using 

FAM-labeled SSB-DNA, PARP-1, unlabeled SSB-DNA and an inhibitor where applicable.

Surface plasmon resonance (SPR)

SPR experiments were performed to assess binding specificity, kinetics, and affinity of 

PARP-1 towards SSB-DNA in presence of different inhibitors.

Chromatin fractionation

Chromatin fractionation assays measured the levels of chromatin-bound PARP-1 in the 

presence or absence of different PARPi.

Measurement of PAR in cells

PAR levels in the presence of different PARPi were measured by western blot using the anti-

pan-ADP-ribose binding reagent.

Cell survival assay

Cell survival assays were performed using different PARPi in CAPAN-1 and SUM149PT 

cells.

Microirradiation assays

Microirradiation assays were used to analyze PARP-1 localization and dissipation at DNA 

damage site in cells.
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Protein crystallization and structure determination

PARP-1 CATΔHD or PARP-1 CAT WT were crystallized in complex with the indicated 

PARPi compounds and the resulting X-ray diffraction data were used to determine structures 

by molecular replacement using existing models in the PDB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PARPi drive distinct allosteric effects through the multi-domain architecture of 
PARP-1, culminating in increases or decreases in affinity for an SSB.
(A) Schematic of HXMS experiments with different forms of PARPi. (B) The percentage 

difference of HX with and without the indicated form of PARPi is calculated for each of 

>150 unique partially overlapping peptides for each indicated timepoint (see also Fig. S1), 

and then the consensus at each amino acid positions is plotted. The color key for binning of 

HX differences is shown to the lower right of the panel. Small white regions indicate gaps in 

peptide coverage. Roman numerals indicate regions highlighted in the structural model in 

panel C. (C) Combined model of the crystal structure of the PARP-1 (Zn1, Zn3, WGR-

CAT)/DNA complex, and the NMR structure of the Zn1-Zn2/SSB-DNA complex (39), 
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highlighting numbered regions of interest and colored by domain. Zn2 was omitted for 

clarity. HD, helical domain; ART, ADP-ribosyl transferase; Zn1/Zn2/Zn3, zinc finger 

domains; WGR, tryptophan-glycine-arginine domain. (D) DSF thermal stability of CAT and 

CATΔHD in the presence of the indicated forms of PARPi. (E) Apparent equilibrium 

binding affinity KD of PARP-1 to SSB-DNA measured by FP in the absence or presence of 

the indicated form of PARPi. (F) Dissociation rate constant kd of PARP-1 from SSB-DNA 

measured by SPR in the absence or presence of the indicated PARPi. For panels D-F, error 

bars represent s.d. from at least three measurements (see also Table S1). The results of 

student’s T-tests are shown (* represents p values <0.01, ** represents p values <0.001; ns, 

represents not significant).
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Figure 2. Three distinct types of PARPi based on the presence and outcome of allosteric changes 
in PARP-1.
(A) Classification of PARPi into three types based on their mechanistic effects on the 

PARP-1/SSB-DNA complex. (B) Percent difference in HX upon binding to the indicated 

form of PARPi at 102 s in the HD region of PARP-1. The horizontal bar on top of the plots 

indicates in red the regions with faster HX when PARP-1 binds to SSB-DNA (“No inh.” – 

no inhibitor). Each small horizontal bar represents a peptide in our data set in the indicated 

region of PARP-1 with coloring indicating the HX difference upon binding each inhibitor. 

(C) A plot of the consensus HX behavior over the region shown in panel B is shown for each 

of the inhibitors, highlighting the regions where there is reciprocal behavior in Type I versus 
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Type III PARPi. (D-F) PARP-1 structure (D) highlighting the allosteric pathway and key 

amino acids involved in interdomain interactions between WGR-Zn3-HD (E) and Zn1-

WGR-HD domains (F).
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Figure 3. Reverse allostery conferred by a Type I PARPi initiates via contact with the HD.
(A) Percent difference in HX upon binding EB-47 is calculated for each peptide in R591C 

and D766/770A mutant versions of PARP-1 and displayed in a similar manner as in Fig. 2B, 

except that the entirety of the protein is shown. A plot of the consensus HX differences for 

WT PARP-1 is shown on the top, and the consensus plot is also shown for R591C and 

D766/770A. (B) HX of a specific peptide from the αB helix of the HD for the WT (left), 

R591C (middle) and D766/770A (right) versions of PARP-1 in the indicated conditions. 

Each experiment was performed in triplicate and * indicates timepoints with a p-value <0.01 

for the t-test between PARP-1/SSB-DNA experiments with or without EB-47. Error bars 

represent s.d. from three measurements. (C) FP DNA competition experiments with WT, 
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R591C, and D766/770A versions of PARP-1 bound to SSB-DNA with or without EB-47. 

Each experiment was performed three times. Student’s t-test was performed at 60 s and 300 

s to compare the percentage of DNA-bound PARP-1 between samples with or without 

EB-47 for each version of protein. The p-value was <0.001 at both times for the wtPARP-1, 

but it was not significant (>0.01) for all the mutant samples. (D) Crystal structure of PARP-1 

CAT domain in complex with EB-47 (see also Table S2). D766 and D770 amino acids are 

shown to highlight the clash between EB-47 and αF helix of the HD (see also Fig. S13).
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Figure 4. Converting a Type III PARPi to Type I.
(A) Crystal structure of PARP-1 CAT domain in complex with veliparib (PDB code 2RD6). 

(B) Chemical structures of veliparib and UKTT15. (C) FP DNA competition experiments 

with WT PARP-1 in complex with SSB-DNA in the presence or absence of the indicated 

compounds. Each experiment was performed three times. A student’s t-test of the release 

difference caused by the presence of PARPi was calculated at 60 s and 300 s and had a p-

value <0.01 at both times for UKTT15, but was not significant (>0.01) for veliparib. (D) KD 

measurements derived from FP DNA binding assay for WT PARP-1 and SSB-DNA in the 

presence or absence of UKTT15. (E) Percentage HX difference for each peptide of the WT 

PARP-1/SSB-DNA complex upon binding of UKTT15 inhibitor (data presented as in Fig. 
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3A). The consensus HX difference plot for the binding of the parent compound, veliparib, is 

shown on top for comparison. (F) Crystal structure of PARP-1 CATΔHD in complex with 

UKTT15. A weighted FO-FC difference electron density map (green) is shown contoured at 

3s around UKTT15 (light blue sticks), illustrating the density present prior to the modeling 

of UKTT15. (G) Crystal structure of PARP-1 CAT domain in complex with UKTT15 (light 

blue spheres), in which the compound adopts a similar overall conformation as that observed 

in panel F (see Fig. S13D for comparison). (H) Weighted 2FO-FC electron density maps 

contoured at 1σ with the designated CAT/PARPi complexes overlaid, and zoomed views 

around the PARPi/αF helix region. The ART and HD domains are well represented in the 

electron density of the CAT/rucaparib complex, whereas in the CAT/UKTT15 complex the 

HD density is weak relative to the ART, most likely reflecting a high level of mobility 

associated with binding UKTT15.
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Figure 5. Toxic effect of PARPi in cancer cells can be tuned through modulation of allosteric 
SSB-DNA retention without altering enzymatic inhibition.
(A) Chromatin fractionation assay for cells in the presence of increasing concentration of 

veliparib, talazoparib or UKTT15 (1, 10 and 25 μM) and treated with 0.01% MMS. (B) PAR 

levels in cells treated with the inhibitor veliparib, talazoparib or UKTT15 at 0.01, 0.1, 1 and 

10 μM in the presence of 0.01% MMS. (C) Kinetics of PARP-1 trapping at sites of DNA 

damage in cells. CAL51 PARP-1−/− cells were transfected with PARP-1-GFP and exposed to 

localized microirradiation. After microirradiation, PARP-1 localization was monitored over 

time. The experiment was performed in the presence of talazoparib, veliparib, or UKTT15, 

as well as a DMSO control representing no inhibitor. Student’s t-test was performed at the 
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150 s time point, comparing the control (DMSO) to the indicated inhibitors, and p-value was 

<0.0001 in all cases. (D) Dose dependence of kinetics of PARP-1 trapping at sites of DNA 

damage in cells in presence of the indicated concentrations of UKTT15. Student’s t-test was 

performed at the 150 s time point, comparing the control (DMSO) to the indicated 

concentrations of UKTT15, and p-value was <0.0001 in all cases. (E) Survival assay for 

SUM149PT-BRCA1mut and SUM149PT-BRCA1rev cells. Students t-test was used to 

calculate p-score between mutant and reverted cell lines for both PARPi. Each concentration 

point with statistically significant difference (p-value<0.01) is denoted with * of 

corresponding color. P-values were also calculated between assays using SUM149PT-

BRCA1mut cells with different inhibitors and statistically significant differences were 

indicated with cyan asterisk. (F) Survival assays for the parental or PARP-1−/− cells in the 

presence of indicated concentrations of UKTT15. Students t-test was used to calculate p-

score between parental and PARP-1−/− cell lines.
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Figure 6. Model for allosteric and non-allosteric contributions to cellular toxicity by Type I, II, 
and III PARPi.
PARP-1 trapping in a cancer cell generates a lesion that becomes toxic over time. The 

effectiveness of enzymatic inhibition is a key contributor for all three PARPi Types (vertical 

dimension of plot). The three PARPi Types vary by how they influence the allosteric 

communication that culminates in a propensity to either be released or retained at the site of 

broken DNA (horizontal dimension). Tuning PARPi towards pro-retention drives trapping 

and cancer cell killing. Tuning towards pro-release may limit trapping and preserve cell 

viability, which is relevant for PARPi use in other disease contexts (e.g. cardiovascular 

disease and several common neurodegenerative diseases).
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