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SUMMARY

Poly(ADP-ribose) polymerase-1 (PARP-1) creates the posttranslational modification PAR from 

substrate NAD+ to regulate multiple cellular processes. DNA breaks sharply elevate PARP-1 

catalytic activity to mount a cell survival repair response, whereas persistent PARP-1 

hyperactivation during severe genotoxic stress is associated with cell death. The mechanism for 

tight control of the robust catalytic potential of PARP-1 remains unclear. By monitoring PARP-1 

dynamics using hydrogen/deuterium exchange-mass spectrometry (HXMS), we unexpectedly find 

that a specific portion of the helical subdomain (HD) of the catalytic domain rapidly unfolds when 

PARP-1 encounters a DNA break. Together with biochemical and crystallographic analysis of HD 

deletion mutants, we show that the HD is an autoinhibitory domain that blocks productive NAD+ 

binding. Our molecular model explains how PARP-1 DNA damage detection leads to local 
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unfolding of the HD that relieves autoinhibition, and has important implications for the design of 

PARP inhibitors.

INTRODUCTION

There is ample and growing evidence that the PARP family of proteins regulate a broad 

spectrum of biological pathways using the ADP-ribose posttranslational modification 

synthesized from NAD+ (Ryu et al., 2015; Vyas et al., 2013; Ame et al., 2004). PARP-1 is 

the founding PARP family member and has long been appreciated as a key player in the 

cellular response to genotoxic stress, where it links DNA damage detection to the acute 

production of poly(ADP-ribose) (PAR), thereby initiating the recruitment of a number of 

DNA repair factors to sites of damage (D’Amours et al., 1999). PARP-1 is involved in 

various DNA repair pathways including base excision repair (BER), homologous 

recombination (HR), non-homologous end joining (NHEJ), and nucleotide excision repair 

(NER) (De Vos et al., 2012; Robu et al., 2013). Although best known for facilitating DNA 

repair, PARP-1 activity has key roles in other cellular processes including gene expression, 

regulation of chromatin structure, and cell fate decisions (Gibson and Kraus, 2012).

A dramatic burst in PARP-1 mediated PAR production is a hallmark of the cellular response 

to DNA damage and contributes to the efficiency of repair and cell survival. However, 

elevated or persistent levels of DNA damage can stimulate PARP-1 PAR production to the 

point of exhausting the cellular energy pools of NAD+ and influencing cell death decisions 

(Fouquerel and Sobol, 2014). Recent studies indicate that PARP-1 hyperactivation can lead 

to a form of cellular necrosis, termed parthanatos, through a PAR-dependent inhibition of 

glycolysis (Andrabi et al., 2014; Fouquerel et al., 2014). The dramatic consequences of 

PARP-1 hyperactivation are also observed in human diseases like Cockayne Syndrome and 

Xeroderma Pigmentosum A, where sustained PARP-1 activation induces NAD+ depletion 

and leads to mitochondrial defects through inactivation of SIRT-1 (Fang et al., 2014; 

Scheibye-Knudsen et al., 2014). In contrast, PARP-1 activity is maintained at much lower 

levels during normal unstressed cellular conditions, but still at a level that allows PARP-1 to 

function in other important biological pathways. The range of PARP-1 activities required for 

biological function, along with the cell fate consequences associated with chronic 

hyperactivation, necessitate tight regulation of PARP-1 catalytic activity. However, many 

questions remain regarding how PARP-1 activity is regulated during both stressed and 

unstressed cellular conditions. The use of PARP inhibitors for cancer treatment underscores 

the need to understand PARP-1 activity and regulation at a molecular level.

PARP-1 has a modular six-domain architecture (Fig. 1A). N-terminal F1 and F2 zinc-finger 

domains (also known as Zn1 and Zn2) bind to a variety of DNA structures in a sequence-

independent manner, including double-strand breaks (DSB), single-strand breaks (SSB), 

extensions, hairpins and cruciforms (D’Silva et al., 1999; Eustermann et al., 2011; Langelier 

et al., 2011a; Lonskaya et al., 2005; Pion et al., 2003). The F3 zinc-binding domain (also 

known as Zn3) has a unique structure and makes contributions to DNA binding and PARP-1 

interdomain contacts that are critical for DNA damage-dependent catalytic activity 

(Langelier et al., 2012; Langelier et al., 2010; Langelier et al., 2008). An automodification 
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domain (AD) contains a BRCA1 C-terminus (BRCT) fold and linker regions that contain 

major sites targeted for PARP-1 automodification (Chapman et al., 2013; Sharifi et al., 

2013; Gagné et al., 2015). The WGR domain participates in DNA binding and forms 

interdomain contacts essential for DNA damage-dependent activation. The catalytic domain 

(CAT) contains two subdomains: a helical domain (HD) that is conserved in DNA damage-

dependent PARPs 1, 2, and 3, and the ADP-ribosyltransferase (ART) domain that contains 

the active site and a fold that is conserved in all PARP family members (Hottiger et al., 

2010).

Four domains of PARP-1 are strictly required for DNA damage-dependent catalytic activity 

(F1, F3, WGR, CAT) (Altmeyer et al., 2009; Ikejima et al., 1990; Langelier et al., 2011a; 

Langelier et al., 2008; Tao et al., 2008). F2 is important for binding and activation by DNA 

single-strand breaks (SSB) (Ikejima et al., 1990) and for recruitment to sites of DNA 

damage (Ali et al., 2012). The crystal structure of the essential PARP-1 domains in complex 

with a DNA double-strand break (DSB), together with biochemical and biophysical analysis, 

have established that F1, F3, and WGR domains collectively bind to DNA damage and 

organize PARP-1 into a collapsed conformation that creates a network of essential 

interdomain contacts (Langelier and Pascal, 2013; Langelier et al., 2012). The PARP-1/DSB 

DNA crystal structure featured a distorted HD compared to the crystal structures of the 

PARP-1 CAT in the absence of DNA and regulatory domains. Specifically, two leucine 

residues (termed the “leucine switch”) were extracted from the HD hydrophobic core. 

Mutations designed to mimic these destabilizing changes in the HD hydrophobic core 

increased PARP-1 activity in the absence of DNA, indicating that alterations to the HD are 

required for PARP-1 activation. However, the mutations did not recapitulate the full 

activation of wild-type PARP-1 by DNA damage. Both activating mutations and PARP-1 

interaction with DNA lead to a decrease in thermal stability, which suggests a change in 

PARP-1 dynamics associated with activation. However, the PARP-1/DSB DNA structure 

provides a static snapshot and there are no direct measurements of PARP-1 dynamics 

reported in the absence or presence of DNA. Importantly, it has remained unclear how the 

observed structural changes (i.e. “leucine switch”) or potential changes in protein dynamics 

might influence PAR synthesis activity in the ART, which exhibited no changes in 

conformation in the PARP-1/DSB DNA structure.

Here, we use hydrogen-deuterium exchange coupled with mass spectrometry (HXMS) to 

measure the dynamics of full-length PARP-1. Unexpectedly, we find that binding to 

damaged DNA coincides with >10,000-fold faster exchange behavior within specific 

portions of the HD, indicating that the impacted helices are conformationally destabilized as 

part of PARP-1 catalytic activation. We further show that the HD is inhibitory to PARP-1 

catalytic activity, with the HD deletion acting like a constitutively hyperactive PARP. 

Furthermore, the autoinhibitory role of the HD is conserved in PARP-2 and PARP-3, the 

other DNA damage-dependent PARPs. Crystal structures of PARP-1 and PARP-2 CAT 

domains harboring HD deletions and bound to PARP inhibitors reveal how unfolding of a 

specific region of the HD allows NAD+ to bind in a productive conformation in the catalytic 

active site, and thereby lead to efficient poly(ADP-ribose) synthesis.
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RESULTS

HXMS analysis of PARP-1 dynamics

We conducted HXMS analysis of full-length PARP-1 in the absence or presence of DNA 

damage using a dumbbell DNA ligand containing a single nucleotide gap as a model of SSB 

damage (see accompanying Eustermann et al., 2015 and Supplemental Experimental 

Procedures). Amide protons are protected from HX when secondary structure engages them 

in hydrogen bonds, for example within an α-helix or the interior of a β-sheet (Englander, 

2006). Thus, HXMS can report on protein structure states and has proven useful to study 

protein dynamics (Englander, 2006), particularly when atomic-level coordinates are 

available for data interpretation (Bassett et al., 2012; DeNizio et al., 2014; Hoofnagle et al., 

2001; Lee et al., 2004; Sekulic et al., 2010; Falk et al., 2015). PARP-1 binds to the DNA 

dumbbell as a monomer with F1 and F2 domains each engaging a different DNA end at the 

break (Eustermann et al., 2015), and with the F3, WGR, and CAT domains assembled as 

observed in the PARP-1/DSB crystal structure (Langelier et al., 2012) and consistent with 

NMR analysis of interdomain contacts on an SSB (Eustermann et al., 2015) (Fig. 1B). 

PARP-1 alone or PARP-1 plus DNA was incubated in D2O exchange buffer over a wide 

range of time points spanning 101 to 105 s. HXMS experiments were thus designed to 

measure the dynamics of PARP-1 in the steady state bound to DNA damage, or in the 

absence of DNA damage. Reaction time points were quenched, peptides were generated by 

proteolysis, and the extent of deuterium incorporation into each peptide was analyzed by MS 

(Fig. S1A). For each peptide, changes in HX in the presence of DNA damage were 

calculated by subtracting the percent deuteration of PARP-1 with DNA from that of PARP-1 

alone. The changes in HX were then mapped onto the combined NMR/crystal structure 

model for PARP-1 bound to SSB DNA (Eustermann et al., 2015).

DNA binding was predicted to slow the rate of HX in peptides at or near the DNA binding 

interface, and indeed, peptides throughout the multi-domain DNA binding interface (F1, F2, 

F3, and WGR domains) were slower to exchange in the PARP-1/SSB DNA damage 

complex (Fig. 1C–E; Fig. S1B; Fig. S2A–C). The greatest protection from exchange (e.g. 

>30% less HX at 100 s) occurred in peptides in close proximity to DNA. With DNA damage 

present, these peptides took 100–1000 times longer to achieve the same level of deuterium 

incorporation observed in the absence of DNA damage. The greatest DNA-induced 

protection from HX is found in F1 and F2 (Fig. 1D–E; Fig. S2A–C), in regions including the 

base-stacking loop and the backbone grip, two structural features known to interact with 

DNA and to contribute to DNA binding affinity (Langelier et al., 2011a, 2012; Eustermann 

et al., 2011, Eustermann et al., 2015). In the WGR, the β-sheet region that contacts DNA 

near the 5′ end (including R587, W589, Y570 and K621; Langelier et al., 2012), and the 

region near residue K600, both showed protection from HX in the presence of DNA (Fig. 

1D–E). HX protection was also observed at PARP-1 domain interfaces; for example, the 

contacts formed between F1 and F3 (Fig. 1D–E: α1 of F3, residues 78–91 of C-terminal 

helix of F1; also Fig. S2E–G), and an interface between the WGR (N567; peptide 562–569) 

and αE of the HD (Fig. 1D, 1F and Fig. S3A; peptide 740–750). The protection from HX at 

domain interfaces typically involved a small number of residues per peptide, in comparison 

to the broader protection observed at the protein-DNA interfaces; however, this observation 
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is consistent with the extent of the domain contacts observed in the PARP-1/DSB crystal 

structure (Langelier et al., 2012). The mechanism of DNA SSB recognition and the process 

that drives the PARP-1 domain assembly that controls allosteric communication to the 

catalytic domain are reported in a separate NMR study by Neuhaus and colleagues 

(Eustermann et al., 2015).

A DNA-dependent increase in HX protection was observed at later time points for the AD of 

PARP-1 (Fig. S2H). The AD includes residues that are targeted for automodification 

(Chapman et al., 2013; Sharifi et al., 2013; Gagné et al., 2015); therefore we speculate that 

the HX protection originates from contacts formed with the CAT as the AD is positioned for 

modification (Fig. S2K). A CAT region proximal to the active site (Fig. 1D, 1F; Fig. S2K; 

Fig. S3A, residues 900–920) also shows a similar and corresponding increase in HX 

protection over the same time scale, consistent with our data interpretation and the 

compacted conformation of PARP-1 on DNA damage.

HXMS detects local unfolding of the HD subdomain

The presence of DNA damage is allosterically signaled to the CAT through interactions 

between the DNA-binding regulatory domains (F1, F3, and WGR) and the HD subdomain 

of the CAT (Langelier et al., 2012). We thus analyzed the extent to which HD dynamics and 

structure are impacted when PARP-1 binds to a DNA break. In striking contrast to the 

slower HX observed in the PARP-1 DNA-binding domains, the HD showed a dramatic 

increase in HX in the presence of DNA (Fig. 1D, 1F). Indeed, the changes in HX incurred 

by the HD are among the largest of any region of PARP-1, with many amide hydrogen 

positions in helix αB and the C-terminal end of αF exchanged by the 10 s time point (Fig. 

S1B, magenta boxes; Fig. S3A) and essentially complete exchange by 100 s in peptides 

unequivocally mapped to these helices (Fig. 2A). HX at such early time points is not 

possible for amide hydrogens involved in the bonds that form a stable helix; thus, the 

HXMS data is more consistent with complete melting of these helical regions or with 

extremely rapid sampling of unfolded states. The rapid exchange of hydrogens starkly 

contrasts with the much slower exchange observed for the very same regions in the absence 

of DNA damage, where the same exchange required as much as 10,000 times longer to 

occur, consistent with these hydrogens contributing to stably folded helices (Fig. 2A–E; Fig. 

S1B; Fig. S3B–C). Other notable HX increases occurred in helices αC and αD of the HD 

(Fig. 1D; Fig. S3A). Collectively, HXMS analysis indicated that αB and the C-terminal end 

of αF of the HD populate an unfolded conformation, or rapidly sample an unfolded 

conformation, upon PARP-1 activation by DNA damage.

To further investigate the relationship between HD unfolding and PARP-1 catalytic activity, 

we examined the HX behavior of a PARP-1 mutant with elevated DNA-independent 

activity. L713 is located in the HD hydrophobic core (Fig. S4B). Mutation L713F elevates 

PARP-1 activity in the absence of DNA damage (Langelier et al., 2012; Miranda et al., 

1995). We could thus analyze potential changes in the dynamics of the CAT domain alone, 

without the regulatory domains of PARP-1. We observed an overall increase in the rate of 

HX throughout the HD of the L713F mutant compared with that of CAT WT (Fig. 2F–G; 

Fig. S4A–B). The earliest increases in HX are centered on the L713F mutation in helix αD 
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(Fig. S4A). At longer exchange times (104 to 105 s), the increases in HX occur in the same 

helices that were observed to unfold in full-length PARP-1 in the presence of DNA damage 

(i.e. αB and C-terminus of αF). The catalytic activity of CAT L713F is approximately 20-

fold higher than that of WT (Langelier et al., 2012), but not nearly the 1,000-fold stimulation 

of full-length PARP-1 observed in the presence of DNA damage (Langelier et al., 2010). 

Correspondingly, the HX behavior of the HD is at an intermediate state of conformational 

destabilization, indicating a relationship between the extent of HD unfolding and the level of 

PARP-1 activation.

HD unfolding requires interdomain communication

We predicted that disruptions to the allosteric communication between PARP-1 domains 

should maintain the HD in the folded and thus inactive state. The W318R mutant of PARP-1 

binds to DNA damage with an affinity similar to that of PARP-1 WT, yet has no detectable 

DNA damage-dependent activity (Langelier et al., 2010; Steffen et al., 2014). W318 is 

positioned on an F3 loop that interacts with WGR residue K633 and HD residue R735 in αE 

(Fig. 3A). The W318R mutation disrupts a critical interface between F3, WGR, and HD 

domains and thus compromises allosteric communication (Langelier et al., 2012). Using 

HXMS, we measured the dynamics of PARP-1 W318R alone or in complex with DNA 

damage, and then analyzed the differences in HX for each peptide (Fig. 3C). Most 

strikingly, although the HX of WT and W318R are similar in the absence of DNA (Fig. 

S1B; Fig. S5A), the HD of W318R displays HX kinetics consistent with a folded domain, 

regardless of the presence or absence of DNA damage (Fig. 3C, 3E; Fig. S5A). The rapid 

HX observed with PARP-1 WT in αB, αC, αD, and αF is entirely absent in the W318R 

mutant, clearly indicating that there is no detectable DNA-induced HD conformational 

destabilization in the W318R mutant. In contrast, F1 and F2 of W318R show a level of 

protection similar to that observed for WT (Fig. 3C–D; Fig. S5B–E), confirming that 

W318R is engaged on the DNA break and consistent with the DNA binding capacity of this 

mutant (Langelier et al., 2010; Steffen et al., 2014). Interestingly, the HX protection 

observed at the F1–F3 interface for WT in the presence of DNA is also observed in the 

W318R mutant, signifying that this interface does form in the context of the mutant (Fig. 

3C, residues 78–90 and 235–243). However, the overall extent of protection observed for F3 

is reduced in W318R compared to WT, suggesting that F3 is less stably bound in the 

complex in the W318R mutant. Moreover, the HX protection observed in the WGR domain 

upon DNA binding is decreased in the W318R mutant, both in the WGR region that contacts 

DNA (residues 585–600) and the regions involved in interactions with F3 (residue K633) 

and the HD (residue 567) (Fig. 3C). These data indicate that despite the proper engagement 

of F1 and F2 on DNA, the W318R mutant perturbs the chain of PARP-1 allosteric 

communication, most prominently at the stage of positioning the WGR domain on DNA. 

Consequently, the appropriate WGR–HD interactions that lead to HD unfolding are 

disturbed, thus shutting down DNA damage-dependent PARP-1 activation.

Notably, ART region 900–920 showed an increase in protection from HX in the presence of 

DNA in both PARP-1 WT and the W318R mutant (Fig. 3C). Similarly, the increase in HX 

protection observed for PARP-1 WT with DNA in the AD region at later time points is 

preserved in the W318R mutant (Fig. S2H–I). These observations are consistent with the 
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W318R mutant maintaining the same global positioning of domains as seen with PARP-1 

WT. As mentioned previously, we interpret these complementary changes in HX to reflect 

the AD being positioned next to the ART for modification when PARP-1 binds to DNA 

(Fig. S2K). Consistently, the activating L713F mutation of the CAT domain alone did not 

show increased ART protection at 900–920 relative to CAT WT (Fig. S4A–B), since the 

regulatory domains and AD are excluded from this analysis. Thus, PARP-1 W318R is 

capable of assembling onto DNA similarly to WT; however, the major deficiency is a 

breakdown in the interdomain communication that can no longer lead to HD unfolding and 

catalytic activation.

The HD is an autoinhibitory domain

The local HD unfolding suggested that certain regions of the HD are not required for 

PARP-1 catalytic activity, at least not in the folded conformation observed in available 

crystal structures. However, there was a possibility that the altered HD conformation could 

still play an active role in promoting PARP-1 activity. We deleted the HD of PARP-1 

(PARP-1 ΔHD) to clarify its role. PARP-1 ΔHD completely removes helices αD, αE, and 

αF, while still allowing αA to contribute to the fold of the ART, and allowing αB and αC to 

provide connector residues to the ART. PARP-1 ΔHD activity was measured in an SDS-

PAGE assay that monitors PARP-1 automodification in the presence of NAD+ as a decrease 

in electrophoretic migration. Remarkably, the HD deletion fully recapitulates the effect of 

DNA binding since the activity of PARP-1 ΔHD in the absence of DNA is very similar to 

the activity of PARP-1 WT in the presence of DNA (Fig. 4A). Moreover, addition of DNA 

to PARP-1 ΔHD does not lead to a further increase in catalytic activity, indicating that HD 

deletion completely bypasses the DNA binding requirement. Notably, deletion of the HD in 

full-length PARP-1 presented major production issues, which we now interpret as a toxic 

effect of the overactive ΔHD protein in E. coli, most likely caused by a depletion of NAD+. 

We overcame this limitation by preparing PARP-1 ΔHD using sortase-mediated joining of 

two PARP-1 fragments (see Supplemental Experimental Procedures).

We also deleted the HD in the isolated CAT domain in order to perform a quantitative 

catalytic analysis of the HD deletion using a colorimetric assay. The colorimetric assay 

requires the presence of a His-tag, which is removed during the sortase reaction and thus 

absent in full-length PARP-1 ΔHD. Initial rates of reactions were compared for CAT ΔHD 

and full-length PARP-1 WT in the presence of DNA (Fig. S6A–B). Our results clearly 

indicate that deleting the HD of PARP-1 increases the reaction rate to the same level reached 

when PARP-1 binds to DNA damage. Thus, the HD acts as an autoinhibitory domain that 

greatly subdues ART catalytic activity. Taken with the HXMS analysis, the local unfolding 

of the HD effectively “deletes” the structure and relieves the autoinhibitory effect.

PARP-2 and PARP-3 share with PARP-1 a common allosteric mechanism of activation in 

response to DNA damage that involves WGR–HD contacts (Langelier et al., 2014). We 

tested if the HD of PARP-2 and PARP-3 also has an inhibitory effect on catalytic activity, 

similar to that observed for PARP-1. HD deletions of PARP-2 and PARP-3 were tested in a 

colorimetric assay that measures the incorporation of ADP-ribose into PAR using 

biotinylated NAD+ (Langelier et al., 2011b). Deletion of the HD of PARP-2 and PARP-3 led 
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to a significant increase in DNA-independent activity (Fig. 4B, 4C), thus indicating that the 

HD has an autoinhibitory effect on each of the DNA damage-dependent PARPs.

Disruption of HD–ART contacts leads to PARP-1 activation

We investigated the mechanism of HD inhibition by exploring the location of HD–ART 

contacts that might be responsible for holding PARP-1 at a low level of activity in the 

absence of DNA damage. The HD has two major interaction points with the ART: αD of 

HD contacts the ART active site loop (ASL; also known as D-loop), and αF of HD contacts 

αJ of the ART (Fig. 5A). These two ART regions exhibited HX increases in the presence of 

DNA, albeit subtle compared to the massive changes observed for HD (Fig. 1D, 1F; Fig. 

S3A). The HD–ART interface between αF and αJ is structurally well conserved between the 

three DNA-dependent PARPs. In contrast, the HD–ART interface between αD and the ASL 

is not structurally conserved between PARPs 1, 2, and 3. Further, the most significant 

increases in HX were located in HD helices αB and αF, in a region adjacent to helix αJ of 

the ART (Fig. 1F). We thus hypothesized that contacts between αJ and αF are disrupted in 

order to relieve HD inhibition of PARP-1. Mutations were made at the αF–αJ interface with 

the expectation that disruptive changes would relieve HD inhibition, leading to mutants with 

an increase in DNA-independent activity. Mutations were designed to replace small non-

polar amino acid sidechains (Ala, Gly) with polar or bulky sidechains (Ser, Leu), thereby 

disrupting the local network of contacts. As hypothesized, mutations at the point of contact 

between αF and αJ led to an increase in DNA-independent activity, 3- to 10-fold greater 

than that of PARP-1 WT (Fig. 5A–C). This level of activation represents approximately 

10% of PARP-1 WT activity in the presence of DNA, indicating that point mutants alone 

cannot fully recapitulate the major structural changes expected based on HXMS analysis.

As a control set of mutations, we also made amino acid substitutions at the second HD–ART 

interface mediated by αD and the ASL. These contacts are primarily made through main 

chain interactions; thus, we created the P882G, P885G, and P885S mutants to disrupt the 

structure and flexibility of the ASL. We observed no effect on DNA-independent activity for 

these individual mutants (Fig. 5D–E). We further created a quadruple substitution mutant of 

the ASL (E883A/A884S/P885S/V887A), as well as mutations of αD at the contact site with 

ASL (S714A and Q717A). None of these mutations at the αD–ASL contact point led to an 

increase in PARP-1 DNA-independent activity, but rather maintained WT levels of activity 

in the absence of DNA (Fig. 5D–E). We did observe a reduction in DNA-dependent activity 

for some of the more severe mutants at the αD–ASL interface, despite similar DNA binding 

affinities (Fig. S6C–D). The observed deficiencies could reflect that αD–ASL contacts serve 

as an anchor point to counterbalance the major unfolding transition occurring in the other 

half of the HD in the presence of DNA.

The HD blocks productive NAD+ binding

Our biochemical data indicated that the HD–ART interface mediated by αF and αJ is 

disrupted during PARP-1 activation. αJ contributes to the base of the NAD+ binding site, 

thus we anticipated that the disruption of αF–αJ contacts could release potential 

conformational restraints placed on αJ, and thereby allow a different and more active 

conformation of αJ. Alternatively, the folded conformation of the HD could position αF 
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such that it interferes with ART activity without the requirement for a change in αJ position. 

To distinguish between these possibilities, we crystallized the CAT domains of PARP-1 and 

PARP-2, each bearing HD deletions (CATΔHD). As expected, both PARP-1 and PARP-2 

CATΔHD exhibited a substantial increase in catalytic activity compared to their respective 

WT versions (Fig. S6E–F). PARP-1 CATΔHD crystals were grown in the presence of the 

inhibitor olaparib, and PARP-2 CATΔHD crystals were grown in the presence of the 

inhibitor EB-47. The crystals of PARP-1 CATΔHD and PARP-2 CATΔHD diffracted to 2.6 

Å and 2.7 Å, respectively, and the structures were determined by molecular replacement 

(Fig. 6A, 6C; Table 1).

The PARP-1 CATΔHD structure revealed that the ART does not show significant structural 

changes in the absence of the inhibitory HD (Fig. 6B). Importantly, the position of αJ is 

unchanged when ΔHD and WT structures are compared (Fig. 6B). Olaparib is well ordered 

in the catalytic active site of PARP-1 (Fig. 6A) with the pyrimidine ring positioned within 

the nicotinamide binding pocket in a manner similar to that observed in a recent crystal 

structure of TNK2 (PARP-5b) in complex with olaparib (Narwal et al., 2012). The 

remainder of olaparib binds to PARP-1 in a different conformation than that seen in the 

TNK2/olaparib structure, and the difference in binding mode likely reflects the major 

differences between the ASL of TNK2 and PARP-1. Indeed, olaparib binding to TNK2 

induces a conformational change in the ASL, where the ASL forms a large part of the 

interaction surface. In contrast, olaparib makes few contacts with the ASL of PARP-1.

The PARP-2 CATΔHD structure also indicates that HD deletion does not induce 

conformational changes in the ART that can explain the increase in catalytic activity (Fig. 

6D). αJ of PARP-2 CATΔHD maintains a position identical to that seen in PARP-2 WT. 

There is a subtle change in the ASL conformation when PARP-2 CATΔHD is compared to 

WT, but the ASL makes a crystal contact that likely dictates the observed conformation. 

Further, alignment of several PARP-1/PARP-2 CAT WT structures indicates that the ASL is 

inherently mobile and adopts variable positions.

EB-47 is well ordered in the PARP-2 CATΔHD structure, with the isoindolinone group at 

one end occupying the nicotinamide binding site (Nic; Fig. 6C), and the adenosine group at 

the opposite end binding adjacent to αJ (Fig. 6C). EB-47 was designed to mimic the 

adenosine group of NAD+ (Jagtap et al., 2004). The PARP-2 CATΔHD complex with 

EB-47 displays a network of contacts with the adenosine group, most notably an interaction 

between the ribose 2′ hydroxyl and H415 (Fig. 7A). H415 forms part of the conserved 

PARP family triad H-Y-E (Gibson and Kraus, 2012), which collectively contribute to the 

PARP NAD+ binding site based on the related diphtheria toxin structure determined in 

complex with substrate NAD+ (Bell and Eisenberg, 1996); there are no structures available 

for PARP family members bound to NAD+. A recent crystal structure of TNK2 in complex 

with EB-47 provided a similar model for adenosine group interaction with a PARP catalytic 

domain (Haikarainen et al., 2013). The TNK2/EB-47 and PARP-2 CATΔHD/EB-47 

structures both indicate that the adenine base is oriented in the anti conformation, similar to 

the orientation observed in an iota-toxin complex (Tsuge et al., 2008), and in contrast to the 

syn conformation observed in the Diphtheria toxin complex with NAD+, commonly used to 

model NAD+ interaction with PARPs.
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We next analyzed whether the HD might interfere with ART function, and thereby lead to 

an inhibitory effect. Comparison of an HD-containing catalytic domain structure to the 

PARP-2 CATΔHD structure indicated that αF in the folded HD conformation sterically 

interferes with the adenosine group of EB-47 (Fig. 7A). Specifically, D326 clashes with the 

adenine base and E322 clashes with the piperazine/carbonyl portion of EB-47, which is 

expected to occupy the same space as the phosphate groups of a bound NAD+. E322 

positioned near the phosphate groups could introduce an unfavorable interaction between 

negatively charged groups. The PARP-2 CATΔHD/EB-47 complex allowed us to model 

PARP-1 interaction with NAD+ based on the observed PARP-2 interactions with the 

adenosine group, and based on the positioning of the EB-47 isoindolinone group in the 

nicotinamide binding site. The model of PARP-1 bound to NAD+ indicates that the folded 

conformation of the HD positions αF to interfere with NAD+ binding (Fig. 7B). Most 

notably, three residues from the same face of αF project toward the NAD+ binding site – 

D770, D766, and E763 (Fig. 7B). D770 is positioned to interfere with binding of the adenine 

base, and the charged side chains of D766 and E763 are positioned to interfere with the 

phosphate groups of NAD+. Importantly, these residues are located on αF near the interface 

with αJ, and in a region that demonstrated a drastic increase in HX in the presence of DNA, 

even at the 10 s time point. Our model suggested that no single residue could account for the 

autoinhibitory role of the HD, but rather that the positioning of several residues on αF 

mediates autoinhibition, consistent with the required unfolding of the helix to relieve 

autoinhibition. We predicted that a combination of mutations that collectively relieves steric 

clashes could potentially overcome autoinhibition of the HD. We performed site-directed 

mutagenesis of PARP-1 residues predicted to interfere with NAD+ binding (D770, D766, 

E763), and assessed their activities in the absence of DNA. Alanine substitutions at each of 

these positions individually did not increase PARP-1 DNA-independent activity; however, 

the combination of the three mutations yielded a substantial increase in DNA-independent 

PARP-1 activity (Fig. 7C). The triple mutant did not reach the activity level obtained with 

an HD deletion (Fig. S6E, approximately 15% of the activity of PARP-1 CAT ΔHD), thus 

indicating that the truncation of these amino acid side chains does not achieve the same 

result as conformational destabilization of αF. Collectively, our results signify that PARP 

interaction with DNA damage induces HD unfolding, thereby locally disrupting αF structure 

and its autoinhibitory interactions near αJ, resulting in a fully competent binding site for 

NAD+ utilization in the poly(ADP-ribosyl)ation reaction (Fig. 7D).

DISCUSSION

PARP-1 catalytic activity is rapidly and acutely elevated upon engaging DNA damage 

during the cellular response to genotoxic stress. We have performed HXMS to evaluate the 

differences in the structure and dynamics of PARP-1 in the absence and presence of DNA 

damage. Strikingly, we observed local unfolding of the HD when PARP-1 is activated by 

DNA damage. The magnitude of the structural changes observed in solution was 

remarkable, with the HX behavior of HD helices indicating a stable fold in the absence of 

DNA, but an unfolded (or very rapidly unfolding) state when PARP-1 engages DNA 

damage. Rapid HX is not consistent with these helices changing position in space to a more 

‘solvent accessible’ location. While HX results have been interpreted as related to surface 
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exposure, the amide protons within a folded α-helix must await helical unfolding (or wait 

for it to rapidly sample unfolded states many times) in order to exchange with protons (or 

deuterons) in solvent (Englander, 2006). It is notable that for the N-terminal portion of helix 

αF, which is ‘solvent exposed’ before and after PARP-1 binding to DNA damage, there is 

essentially no rapid HX (Fig. 2A), consistent with our interpretation that this part of the 

helix remains stably folded while the C-terminal portion of helix αF unfolds when PARP-1 

is bound to DNA damage.

HD unfolding was not anticipated since the helical character of the HD is consistently 

maintained in available crystal structures. The PARP-1/DNA crystal structure provided 

evidence of HD distortion (the “leucine switch”); however, αF and αB retained their helical 

folded conformation (Langelier et al., 2012). αF is moved slightly away from αJ in the 

structure, but in this position αF nevertheless still sterically blocks the adenosine group of 

NAD+ (Fig. 7B). The PARP-1/DNA crystal structure likely represents a snapshot of the HD 

unfolding transition and reports on an intermediate that was stable enough to crystallize. The 

fully activated, unfolded conformation of the HD has a low probability of being captured in 

a crystal lattice; thus highlighting the appropriateness of HXMS analysis. We have made 

several mutations to the HD that should clearly distort its conformation, but none of these 

have led to an increase in activity that equals that reached when PARP-1 interacts with 

DNA, except for the full deletion of the HD. The necessity to remove the contacting 

elements in total through engineered deletions is key to our understanding that a distorted 

but stable HD conformation cannot explain how relief from autoinhibition is achieved in 

PARP-1. Rather, the unfolding (or rapid sampling of unfolded states) of helices within the 

HD is required to relieve autoinhibition.

The constitutive DNA-independent activity of HD deletion mutants of PARPs 1, 2, and 3 

indicate a conserved autoinhibitory role for the HD (Fig. 4), and x-ray structure analysis of 

PARP-1 and PARP-2 HD deletions indicated that the folded conformation of the HD blocks 

productive binding of NAD+ (Fig. 7). Binding to DNA damage organizes PARP-1 domains 

such that a series of interdomain contacts are formed with the HD, primarily through the 

WGR domain but also with contributions from F3 (e.g. N567 and W318 interacting with the 

αE helix of the HD). We envision that the native, folded HD conformation is distorted in 

order to properly form these contacts, and these structural distortions include the 

repositioning of residues that contribute to the folded core of the HD, most notably the 

“leucine switch” and other residues that normally stack against the interior face of the αF 

helix. These HD structural distortions, and potentially other distortions not captured in the 

crystal structure snapshot, lead to the unfolding we observe in αB, αD, and the C-terminal 

portion of αF. Our experiments collectively show in detail that the local unfolding allows 

NAD+ binding, culminating in the massive increase in catalytic activity of PARP-1 when it 

is bound to damaged DNA (Fig. 7D).

There is an interesting parallel between the DNA damage-dependent PARPs and other 

enzymes that robustly consume NAD+ such that inhibition is required to ensure cellular 

viability. For example, the pathogenic bacterium Streptococcus pyogenes produces both an 

NAD+ glycohydrolase toxin (SPN) with an ART-fold that can deplete cellular NAD+ and an 

immunity factor (IFS) that binds to SPN to block NAD+ access to the active site (Kimoto et 
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al., 2006; Meehl et al., 2005; Michos et al., 2006; Smith et al., 2011). The toxicity of SPN in 

human cells is due to NAD+ and ATP depletion (Michos et al., 2006; Smith et al., 2011). 

Similarly, SPN is lethal to S. pyogenes in the absence of IFS, and recombinant SPN 

produced in the absence of IFS is toxic to E. coli. Expression of the PARP HD deletions 

required the presence of a PARP inhibitor, without which the proteins were not expressed, 

or in some cases caused the E. coli cultures to stop growing and/or lyse. These observations 

illustrate the need for an HD autoinhibitory domain to repress ART catalytic activity and 

preserve cell viability under normal conditions. Under conditions of genotoxic stress, HD 

inhibition is relieved in a controlled and temporary way to allow the cellular response to 

DNA damage to proceed.

The HD inhibits ART catalytic activity by blocking productive NAD+ binding, and the 

autoinhibited state leaves the DNA damage-dependent PARPs at a very low basal level of 

activity. All biological pathways that require elevated PARP-1 catalytic activity will 

therefore need to overcome this mechanism of autoinhibition, and there are examples of 

PARP-1 activating signals that stimulate more modest levels of activity than that observed 

with DNA damage. It is thus interesting to highlight that the extent of HD conformational 

destabilization correlates with the extent of catalytic activation (Fig. 2; Fig. 3). PARP-1 

CAT L713F has partial activity relative to PARP-1 activated by DNA damage, and 

correspondingly the HD exhibited increased exchange, but not to the level of complete 

unfolding (Fig. 2F–G). Moreover, the W318R mutation completely shuts down DNA-

dependent PARP-1 activity and also fully prevented HD unfolding (Fig. 3C, 3E). HD 

unfolding is thus critical for PARP-1 activation, and the extent of unfolding can act as a 

regulator of NAD+ access and therefore PARP-1 catalytic output. We expect that other 

PARP-1 activating signals (e.g. phosphorylation, interaction with other proteins) will act to 

either directly perturb HD structure, or perhaps alter HD structure by engaging the WGR 

domain and promoting its interaction with the HD (Fig. 7D).

HD unfolding changes the local environment of the NAD+ binding site, and thus the binding 

location of many of the clinically used PARP inhibitors, which all compete with NAD+ 

(Steffen et al., 2013). The PARP-1 and PARP-2 CAT HD structures, which mimic HD 

unfolding, will thus be useful for analysis of inhibitor interactions with the activated 

conformation of the DNA damage-dependent PARPs. One objective of designing PARP 

selective inhibitors has been to target the adenosine binding pocket and the structural 

variations observed among PARP family members, including the HD (Steffen et al., 2013). 

It will be important to evaluate whether these inhibitors engage dynamic features of the HD, 

such as αF, and how this will impact inhibitor efficacy.

EXPERIMENTAL PROCEDURES

Gene cloning and mutagenesis

The PARP-1 CATΔHD construct used for crystallization was created by replacing PARP-1 

residues 678–787 with an 8-residue linker (GSGSGSGG) in a pET28 construct coding for 

PARP-1 residues 661–1011. The PARP-2 CATΔHD construct used for crystallization was 

created by deleting residues 241–334 from a pET28 construct coding for PARP-2 isoform 2 

residues 216–570.
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Protein Purification

PARP-1, PARP-2, and PARP-3 WT and mutants were expressed and purified as described 

previously using three chromatography steps (Ni2+ affinity, heparin-sepharose, and gel 

filtration) (Langelier et al., 2011b; Langelier et al., 2008; Langelier et al., 2014).

HX reactions

Deuterium on-exchange was performed at room temperature (RT) by adding 5 μL of each 

sample (~14 μg of CAT truncation constructs, ~5 μg of full-length PARP-1 constructs) to 15 

μL of deuterium on-exchange buffer (10 mM HEPES, pD 7.0, 150 mM NaCl) for a final 

D2O content of 75%. A 20 μL aliquot was removed at each time point, and the reaction was 

quenched with 30 μL ice-cold quench buffer (1.66 M guanidine hydrochloride, 10% 

glycerol, and 0.8% formic acid, for a final pH of 2.4–2.5) and rapidly frozen in liquid 

nitrogen.

Protein fragmentation and MS

Each HX sample (50 μL) was thawed on ice and injected into an on-line temperature-

controlled system, as previously described (DeNizio et al., 2014).

SDS-PAGE assay

The SDS-PAGE assay was performed as described previously (Langelier et al., 2008) using 

1 μM protein, 1 μM DNA and 0.5 mM NAD+ where indicated.

Colorimetric Assay

The colorimetic assays were performed essentially as described for PARP-1, PARP-2, and 

PARP-3 (Langelier et al., 2014; Langelier et al., 2008; Langelier et al., 2011b).

Crystallization and Structure Determination

PARP-1 CATΔHD and PARP-2 CATΔHD were crystallized by hanging drop vapor 

diffusion. Diffraction data was collected at the SIBYLS beamline (ALS 12.3.1) and 

processed using XDS (Kabsch, 2010). Structures were determined by molecular replacement 

using PHASER (McCoy, 2007) as implemented in the PHENIX suite (Adams et al., 2010). 

Electron density map inspection and model building was performed using COOT (Emsley et 

al., 2010). Model refinement was performed using PHENIX (Adams et al., 2010), PDB-

REDO (Joosten et al., 2014), and REFMAC5 (Murshudov et al., 2011).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PARP-1 DNA damage detection leads to major decreases in HX in DNA-binding 
domains, and a dramatic increase in HX in the HD
(A) PARP-1 domain architecture.

(B) Combined model of the crystal structure of the PARP-1 (F1, F3, WGR–CAT)/DNA 

complex, and the NMR structure of F1–F2 in complex with an SSB (Eustermann et al., 

2015).

(C) Color key for the binning of HX differences. Percent difference is calculated by 

subtracting the percent deuteration of PARP-1 in complex with DNA from that of PARP-1 

alone.

(D) Percent difference in HX is calculated for each peptide (represented by horizontal bars) 

at the 100 s time point and plotted using the color key in (C). The consensus behavior at 

each PARP-1 residue is displayed in the horizontal bar below the secondary structure 

annotation. White coloring indicates a gap in peptide coverage. Code for structural elements: 

bg, backbone grip; bsl, base stacking loop; (i), F1–F3 interface; (ii), F3–WGR–HD 

interface; (iii), WGR–HD interface. These peptides were identified in a single experiment, 

for which we have corresponding peptide data across all of the time points (see Fig. S3A). 

When available, we present the data for all measurable charge states of the 393 unique 

peptides.

(E, F) Consensus HXMS data from (D) is mapped onto the structure of the DNA binding 

interfaces in (E), and the WGR and CAT domains alone in (F).
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See also Figures S1–S2.

Dawicki-McKenna et al. Page 18

Mol Cell. Author manuscript; available in PMC 2016 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Regions of the HD αB and αF helices unfold when PARP-1 is bound to DNA damage
(A) The percentage deuteration of peptides (represented by horizontal bars) in which all 

measureable residues unequivocally map within either αB or αF helices is plotted for 

PARP-1 alone and the PARP-1/DNA complex at the 100 s time point using the color key in 

panel (B).

(B) Color key for the binning of percentage deuteration.

(C) Raw MS data of a representative peptide from αB of PARP-1 HD. Centroid values are 

indicated with an asterisk. Red and blue dotted lines serve as guides for visualizing 

differences. FD represents the fully deuterated condition used for normalization due to back-

exchange.

(D, E) HXMS of representative peptides from the αB in (D), and the C-terminal end of αF 

in (E) for PARP-1 alone and PARP-1 in complex with DNA. The calculated maximum 

number of exchangeable deuterons (maxD) is indicated.

(F, G) HXMS of representative peptides from the αB in (F), and the C-terminal end of αF in 

(G) for PARP-1 CAT WT and PARP-1 CAT L713F, drawn in red lines. The same peptides 

from FL PARP-1 WT are plotted for comparison (black lines).

See also Figures S3–S4.
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Figure 3. Disruption of PARP-1 interdomain communication prevents HD unfolding
(A) Location of residue W318 (shown as sticks) at the interface of the F3, WGR, and HD 

domains.

(B) and (C) Same as Fig. 1C and 1D for PARP-1 W318R. When available, we present the 

data for all measurable charge states of the 391 unique peptides. A horizontal bar 

representing PARP-1 WT data from Fig. 1D is shown for comparison.

(D, E) HXMS of specific W318R peptides for the F1 domain in (D), and αB in (E), drawn 

in black lines. The same peptides from PARP-1 WT are plotted for comparison (red lines). 

The calculated maximum number of exchangeable deuterons (maxD) is indicated.

See also Figure S5.
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Figure 4. The HD is an autoinhibitory domain of DNA damage-dependent PARPs
(A) Catalytic activity of PARP-1 FL WT and PARP-1 ΔHD (1 μM) in the absence or 

presence of DNA (1 μM) measured using the SDS-PAGE automodification assay.

(B, C) Catalytic activity of PARP-2 and PARP-3 WT and ΔHD mutants (PARP-2: 20 nM, 

DNA: 20 nM; PARP-3: 60 nM, DNA: 480 nM) measured using the colorimetric assay. 

Experiments were performed in triplicate and the averages and standard deviations are 

shown.

See also Figure S6.
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Figure 5. Disruption of HD–ART contacts mediated by αF/αJ increases PARP-1 DNA-
independent activity
(A) Location of mutations at the αF/αJ interface versus the ASL/αD interface.

(B) and (D) DNA-independent catalytic activity of PARP-1 FL WT and mutants (60 nM) 

using the colorimetric assay.

(C) and (E) Fold activation over PARP-1 FL WT at 60 minutes presented as an average of 

three independent experiments with the associated standard deviation.

See also Figure S6.
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Figure 6. Crystal structure analysis of constitutively hyperactive PARP-1 and PARP-2
(A) Crystal structure of PARP-1 CATΔHD (green) bound to olaparib (PDB code 5ds3). The 

weighted FO-FC difference electron density prior to modeling olaparib is shown, with the 

final olaparib coordinates overlayed. The locations of the nicotinamide binding pocket (Nic) 

and the active site loop (ASL) are labeled.

(B) Structural alignment of a PARP-1 catalytic domain crystal structure (purple, 1a26), the 

catalytic domain extracted from the PARP-1/DNA crystal structure (pink, 4dqy), and the 

PARP-1 CATΔHD/olaparib structure (green). Key NAD+ binding site residues are drawn as 

sticks and labeled.

(C) Crystal structure of PARP-2 CATΔHD (cyan) bound to EB-47 (PDB code 5dsy). The 

weighted FO-FC difference electron density prior to modeling EB-47 is shown, with the final 

EB-47 coordinates overlayed. The locations of the nicotinamide binding pocket (Nic) and 

the adenosine binding site (AD) are labeled.

(D) PARP-2 catalytic domain crystal structures (orange, 1gs0; blue, 3kjd) aligned to the 

PARP-2 CATΔHD/EB-47 structure (cyan).

See also Figure S6 and Table 1.
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Figure 7. The HD is an autoinhibitory domain that blocks productive NAD+ binding
(A) The catalytic active site of PARP-2 CATΔHD/EB-47 structure. A complete HD-ART 

catalytic domain structure for PARP-2 (1gs0, in orange) was aligned to PARP-2 CATΔHD 

(5dsy, in cyan), highlighting the conserved position of key ART domain residues, and steric 

clashes introduced by the positioning of residues on αF.

(B) NAD+ was modeled in the active site of PARP-1 based on adenosine contacts observed 

in the PARP-2/EB-47 structure and nicotinamide contacts observed in toxin structures (e.g. 

Diptheria toxin). Key NAD+ binding residues are shown for PARP-1 CATΔHD (green, 

5ds3), chicken PARP-1 (purple, 1a26), and the PARP-1/DNA complex (pink, 4dqy). αF 

residues that project toward the NAD+ binding site are drawn as sticks (D770, D766, E763/

Q763; chicken PARP-1 has a Gln residue at position 763).

(C) DNA-independent catalytic activity of three single mutants and a combined triple 

mutant located on αF compared to WT PARP-1. Experiments were performed in triplicate 

and the averages and standard deviations are shown.

(D) Model for PARP-1 catalytic domain changes associated with activating signals.
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Table 1

Crystallographic statistics

Data Collectiona

PARP-1 ΔHD with olaparib PARP-2 ΔHD with EB-47

Space Group P6122 P212121

Unit Cell Dimensions a=b=94.0 Å, c=135.2 Å
α=β=90°, γ=120°

a=92.2 Å, b=119.9 Å, c=120.7 Å
α=β=γ=90°

1 molecule / asymmetric unit 4 molecules / asymmetric unit

Wavelength (Å) 1.12 1.12

Resolution range (Å) 20–2.6 (2.7–2.6) 50–2.7 (2.8–2.7)

Completeness (%) 99.7 (99.4) 98.4 (87.2)

Average Redundancy 13.8 (13.9) 12.0 (11.5)

Mean (I/σI)b 11.8 (1.4) 11.0 (1.3)

Rmerge (%)b 20.4 (198.0) 25.8 (199.5)

Rpim (%)b 5.6 (54.2) 7.7(60.6)

Mean I CC(1/2)b 0.997 (0.605) 0.994 (0.492)

Model Refinementa

Resolution Range (Å) 20–2.6 (2.66–2.60) 50–2.7 (2.73–2.7)

Number of reflections 10,627 (535) 37,280 (3,524)

Rcryst
c 0.198 (0.392) 0.193 (0.333)

Rfree
c 0.256 (0.422) 0.247 (0.383)

Number of atoms / Average B-factor (Å2) 2,017 / 28.5 8,090 / 55.1

 protein 1,928 / 27.8 7,882 / 55.4

 inhibitor 32 / 22.1 156 / 42.6

 solvent 57 / 55.5 52 / 47.6

Phi/Psi, most favored (%) 93.3 97.6

R.m.s.d. bond angles (°) 1.625 1.331

R.m.s.d. bond lengths (Å) 0.013 0.010

a
Values in parentheses refer to data in the highest resolution shell.

b
As calculated in AIMLESS (Winn et al., 2011): Rmerge = ΣhklΣj|Ij − 〈I〉| / ΣhklΣj Ij. 〈I〉 is the mean intensity of j observations of reflection hkl 

and its symmetry equivalents; Rpim takes into account measurement redundancy when calculating Rmerge; Mean I CC(1/2) is the correlation 

between mean intensities calculated for two randomly chosen half-sets of the data.

c
Rcryst = Σhkl|Fobs − kFcalc|/ Σhkl|Fobs|. Rfree = Rcryst for 5% of reflections excluded from crystallographic refinement.
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